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Abstract

Salinization and eutrophication are increasingly severe pollution problems in wetlands.
Myriophyllum spicatum is a cosmopolitan species widely used for pollution control, but
its physiological responses under combined stressors remain largely unknown. Here, we
used mesocosms to investigate the ecophysiological responses of M. spicatum to three
ammonia nitrogen concentrations (0, 1.5, and 3 mg L−1) and two salt concentrations (0
and 5 g L−1). Shoot and stem biomass were significantly affected by both salinity and
nitrogen, whereas leaf phosphorus and stem nitrogen responded only to salinity (two-
way ANOVA, p < 0.05). A significant salinity–nitrogen interaction was observed for stem
biomass (p < 0.05); specifically, low nitrogen alone caused no significant reduction, but
under saline conditions it markedly exacerbated biomass suppression. A significant salt–
nitrogen interaction was detected for stem biomass (p < 0.05), such that low nitrogen
alone did not significantly reduce stem biomass but exacerbated its suppression under
saline conditions. These indicate potential synergistic environmental effects and suggest
that even low nutrient inputs may aggravate stress under salt exposure. Stem biomass
was significantly negatively correlated with malondialdehyde content (Pearson analysis,
p < 0.05). Salt–nitrogen co-stress significantly increased malondialdehyde content (Tukey
HSD test), indicating enhanced lipid peroxidation and associated oxidative damage, which
may represent a physiological mechanism underlying growth inhibition in M. spicatum.
Our findings demonstrate the complex adaptive responses of M. spicatum and emphasize
the need to consider salt–nutrient interactions in conservation and restoration practices.

Keywords: eutrophication; salinity; large submerged plant; spiked watermilfoil;
ecophysiological response; wetlands

1. Introduction
Wetland ecosystems worldwide face escalating threats from the concurrent multi-

ple pressures, particularly salinization and eutrophication [1]. Excessive nutrient inputs,
mainly nitrogen (N) and phosphorus (P), from agricultural runoff and wastewater dis-
charge have led to widespread eutrophication, resulting in harmful algal blooms [2] and
mass mortality of hypoxia-sensitive species [3,4]. Simultaneously, irrigation practices, road
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de-icing salts, and seawater intrusion increase salinity concentrations in water systems,
thereby disrupting osmotic balance and inducing ion toxicity in non-halophytic aquatic
macrophytes [5,6]. These combined stressors trigger complex ecological responses that
threaten aquatic biodiversity and ecosystem functioning like carbon sequestration [7–9].
Plant functional traits provide critical insights into physiological adaptation strategies
under multiple stress conditions. Plants exhibit coordinated adjustments in key traits
including growth parameter, photosynthetic parameters, antioxidant defenses, osmoregu-
latory compounds, and oxidative damage markers [10,11]. These traits frequently show
integration through either synergistic enhancement or trade-off relationships, reflecting
resource allocation priorities under stress constraints. Nitrogen is one of the most important
nutrients influencing the growth and physiological performance of aquatic macrophytes.
Among various nitrogen forms, ammonium (NH4

+) can act as both a nutrient source and
a potential stressor, depending on its concentration and the environmental context. At
moderate concentrations, NH4

+ serves as a readily available nitrogen source supporting
photosynthesis and biomass accumulation; however, when accumulated at high levels
or under alkaline conditions, the conversion of NH4

+ to free ammonia (NH3) can induce
physiological stress and oxidative damage in submerged macrophytes. In natural and
constructed aquatic ecosystems, elevated salinity often co-occurs with increased nitrogen
loading due to agricultural runoff, industrial discharges, or saline intrusion. The interaction
between salinity and nitrogen can therefore produce synergistic or antagonistic effects on
plant physiology, depending on the balance between osmotic adjustment and nitrogen
metabolism. For instance, investment in defensive compounds is often traded off against
growth-related traits, resulting in characteristic response patterns that elucidate under-
lying adaptive mechanisms. Globally, the extent of freshwater salinization and nutrient
enrichment has been accelerating over the past decades, with reports showing that more
than one-third of inland waters are already affected by salinity or nutrient pressures [2].
Such dual pressures not only compromise ecosystem services such as water purification
and carbon storage, but also pose challenges to biodiversity conservation and wetland
management at regional and global scales [4].

Eutrophication exerts both positive and negative influences on aquatic vegetation [12].
Excess ammonium (NH4

+) has been demonstrated to be particularly toxic [13]. One of
the major reasons is its effect on cellular pH homeostasis: the uptake and assimilation of
ammonium release protons (H+) into the cytosol, leading to cytoplasmic acidification. This
pH disturbance may reduce enzymatic activity and interfere with multiple metabolic path-
ways. By contrast, nitrate (NO3

−) uptake is often coupled with proton consumption, which
may alkalinize the cytoplasm. Excess ammonium disrupts cellular pH balance, inhibits
photosystem II electron transport, and induces oxidative damage, ultimately reducing
plant vitality and growth [14]. Notably, these negative effects intensify with exposure
duration. Salinization induces multifaceted morphological and physiological disruptions
in plants, including growth inhibition, decreased relative water content, reduced photo-
synthetic capacity, and altered stomatal behavior [15]. Concurrently, salt stress causes
significant oxidative damage, manifested as elevated concentrations of malondialdehyde
(MDA) and hydrogen peroxide (H2O2) [16]. MDA, a byproduct of lipid peroxidation,
indicates oxidative damage to membrane lipids and thus reflects impairment of cellular
membranes. In response, plants enhance antioxidant enzyme activities and accumulate
osmolytes such as proline and flavonoids [17,18]. Furthermore, the accumulation of sodium
(Na+) and chloride (Cl−) ions exacerbates ionic toxicity [16]. These changes ultimately
affect key functional traits of wetland plants, thereby altering the structure and function
of wetland ecosystems [19]. Although the primary mechanisms of these stressors differ,
they converge on shared pathways of damage, most notably oxidative stress, yet manifest
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contrasting impacts on critical physiological functions [19]. Interactions between these
stressors may result in additive, synergistic, or antagonistic effects on plant traits [19].
Notably, the extent to which osmotic adjustment compounds (e.g., soluble sugars, proline,
and other compatible solutes) are integrated with oxidative stress markers (e.g., MDA) and
antioxidant metabolites (e.g., flavonoids) under combined stress conditions remains insuffi-
ciently characterized. Although several recent studies have addressed multi-stressor effects
on macrophytes, most investigations still emphasize biomass loss or single physiological
responses. Comprehensive evaluations of trait integration under concurrent ammonium
and salinity stress are still lacking, leaving an important gap in understanding the adap-
tive strategies of submerged plants. To date, most studies have concentrated on biomass
responses rather than the coordination of functional traits, leaving a significant knowledge
gap concerning how salt–ammonium interactions govern trait integration and, ultimately,
plant performance.

Myriophyllum spicatum, a perennial submerged macrophyte of the Haloragaceae fam-
ily, exhibits a cosmopolitan distribution across water systems, thriving in ponds, lakes,
and rivers [7]. As a species that plays a fundamental role in N assimilation and water
purification, M. spicatum represents an ideal model organism for investigating these inter-
actions [14]. It demonstrates remarkable ecological adaptability, a high light saturation
point, and significant nutrient removal capacity—effectively reducing concentrations of ni-
trogenous compounds (e.g., nitrite, nitrate, and ammonium) by up to 85% in contaminated
waters [20,21]. Although the species possesses innate anatomical defenses against ammo-
nium stress, such as well-developed aerenchyma facilitating internal oxygen transport,
thicker cortical cell walls, and the capacity to sequester excess ions in central vacuoles, pro-
longed exposure intensifies its negative effects on population development [22]. In addition,
while M. spicatum is recognized for its tolerance to moderate pollution, it undergoes pro-
nounced morphological alterations under salinity stress, including apical meristem death
and shoot dwarfing [23]. Nevertheless, its responses to combined salinity–ammonium
stress remain poorly characterized, particularly with respect to the interactions between
these stressors in shaping trait integration and adaptive strategies.

This study examines the multifactorial effects of NH4
+-N and sodium chloride on M.

spicatum through mesocosm experiments. We specifically test three hypotheses: (1) salt
and ammonium are expected to inhibit the growth of M. spicatum, while simultaneously
triggering adaptive physiological responses; (2) a significant interaction is expected between
salt and ammonium stressors in shaping the physiology and growth of M. spicatum, rather
than producing purely additive effects; and (3) the salt–ammonium interaction may modify
the oxidative damage and osmoregulation, ultimately determining plant resilience. This
study provides crucial insights for the management of aquatic vegetation in increasingly
stressed freshwater ecosystems.

2. Results
2.1. Water Quality and Response of Plant Growth Traits

To evaluate how nitrogen contamination and salinity jointly influence basic water
properties, we first examined pH and electrical conductivity, anticipating that both factors
could alter water chemistry. Regardless of whether salt was added, the different concentra-
tions of NH4

+-N had no significant effect on the water pH (Figure 1a). Similarly, salt had
no significant effect on the water pH at any NH4

+-N concentration. Without salt, NH4
+-N

did not significantly affect water electrical conductivity (Figure 1b). Under saline condi-
tions, the high NH4

+-N concentration resulted in significantly lower electrical conductivity
compared with the treatment without NH4

+-N and with the low NH4
+-N concentration.
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Salt addition significantly increased water electrical conductivity, regardless of the NH4
+-N

concentration (Figure 1b).

Figure 1. Comparisons of water pH (a) and electrical conductivity (b) among salt and ammonia nitro-
gen treatments. Different letters represent significant differences among treatments under multiple
comparisons with the post-hoc Tukey HSD test (α = 0.05). Values are presented as Mean ± SE.

To assess plant growth responses, we analyzed morphological parameters and biomass
allocation, expecting that both salt stress and nitrogen contamination would influence these
traits either independently or interactively. Salt had significant effects on stem length, total
biomass, shoot biomass, and stem biomass (Table 1). Shoot biomass, leaf biomass, and stem
biomass were significantly influenced by NH4

+-N (Table 1). In addition, the interaction of
salt and NH4

+-N significantly affected stem length and stem biomass (Table 1).

Table 1. Two-way ANOVA for the growth traits of Myriophyllum spicatum under salt and ammonium
nitrogen treatments.

F (S) F (N) F (S × N)

Stem Length 28.871 *** 3.140 4.529 *
Total Biomass 6.336 * 2.293 1.348

Root–Shoot
Biomass Ratio 3.282 0.802 1.085

Root Biomass 3.504 0.8620 1.092
Shoot Biomass 7.733 * 4.908 * 1.436
Leaf Biomass 4.054 4.277 * 0.989
Stem Biomass 21.348 *** 5.518 * 5.077 *

Notes: S, salt; N, ammonium nitrogen; S × N, the interaction of salt and ammonium nitrogen. F (S), F (N), and
F (S × N) represent the F values from two-way ANOVA for the effects of salinity (S), nitrogen (N), and their
interaction (S × N), respectively. * p < 0.05, *** p < 0.001.

Under non-saline conditions, high NH4
+-N concentration significantly reduced stem

length compared with the treatment without NH4
+-N. In the presence of salt, stem length

did not differ among NH4
+-N concentrations (Figure 2a). Salt markedly decreased stem

length under the treatments without NH4
+-N and with low NH4

+-N concentration, but had
no effect under high NH4

+-N concentration (Figure 2a). Compared with the control (no salt,
no NH4

+-N), all treatments except low NH4
+-N without salt significantly reduced stem

length (Figure 2a). Under non-saline conditions, the high NH4
+-N treatment significantly

reduced shoot biomass compared with the treatment without NH4
+-N. In the presence of

salt, shoot biomass did not differ significantly among NH4
+-N concentrations (Figure 2e).

Relative to the control, shoot biomass was significantly reduced in the non-saline high
NH4

+-N treatment, as well as in the saline low- and high-NH4
+-N treatments. For stem

biomass, under non-saline conditions, high NH4
+-N concentration resulted in a reduction
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compared with the treatment without NH4
+-N (Figure 2e). Under salinity, stem biomass

remained similar across NH4
+-N concentrations. Salt decreased stem biomass in the

absence of NH4
+-N, but had no significant effect under low or high NH4

+-N concentrations
(Figure 2g). Compared with the control, low NH4

+-N without salt showed no significant
change, whereas the other treatments significantly reduced stem biomass (Figure 2g). Total
biomass (Figure 2b), root-to-shoot ratio (Figure 2c), root biomass (Figure 2d), and leaf
biomass (Figure 2f) did not differ significantly among salt and NH4

+-N concentrations.

Figure 2. Comparisons of stem length (a), total biomass (b), ratio biomass (root–shoot biomass
ratio) (c), root biomass (d), shoot biomass (e), leaf biomass (f), and stem biomass (g) among salt and
ammonia nitrogen treatments. Different letters represent significant differences among treatments
under multiple comparisons with the post-hoc Tukey HSD test (α = 0.05). Values are presented as
Mean ± SE.

2.2. Response of Plant Physiological Traits

To explore how salinity and nitrogen contamination affect nutrient balance and stress
physiology, we further examined nutrient contents as well as stress-related metabolites
and enzyme activities. Salt had significant effects on the P content in leaves, leaf N:P, the
N content in stems, and stem N:P (Table 2). Salt markedly influenced the activities or
concentrations of several stress-related metabolites and enzymes, including the activity
of superoxide dismutase (SOD), the content of MDA, the content of soluble sugars (SS),
and the content of free amino acids (FAA) (Table 2). NH4

+-N showed a significant effect on
FAA (Table 2). The interaction of salt and NH4

+-N significantly affected SS (Table 2).
Leaf N:P did not differ significantly among NH4

+-N concentrations under either saline
or non-saline conditions (Figure 3c). In the absence of NH4

+-N, salt addition markedly
increased leaf N:P compared with the non-saline treatment, whereas under both low
and high NH4

+-N concentration no differences were observed between salt and non-salt
conditions (Figure 3c). Relative to the control (no salt and no NH4

+-N), a significant
increase in leaf N:P occurred only when salt was applied without NH4

+-N, while the
other treatments all showed no significant effects (Figure 3c). Stem N content showed
no significant variation among NH4

+-N concentrations under either saline or non-saline
conditions. Similarly, no differences were detected between salt and non-salt conditions
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at any NH4
+-N concentration (Figure 3d). Compared with the control, stem N increased

significantly only under the combination of salt and high NH4
+-N concentration, whereas

all other treatments had no significant effects (Figure 3d). Leaf N content (Figure 3a), leaf
P content (Figure 3b), stem P content (Figure 3e), and stem N:P (Figure 3f) did not differ
significantly among salt and NH4

+-N treatments.

Table 2. Two-way ANOVA for physiological traits of Myriophyllum spicatum under salt (S) and
ammonium nitrogen (A) treatments.

F (S) F (N) F (S × N)

Leaf N 0.178 0.373 0.074
Leaf P 6.392 * 0.399 1.047

Leaf N:P 11.178 ** 0.197 1.410
Stem N 14.104 ** 2.017 0.121
Stem P 1.336 0.680 0.341

Stem N:P 7.547 * 0.238 0.289
SOD 10.717 ** 0.260 <0.001
MDA 27.188 *** 2.449 1.255

SS 26.417 *** 2.576 4.633 *
FAA 5.555 * 5.534 * 0.761
GS 1.753 0.421 1.078

Notes: S, salt; N, ammonium nitrogen; S × N, the interaction of salt and ammonium nitrogen; N, nitrogen
content; P, phosphorus content; N:P, ratio of N to P content; SOD, activity of superoxide dismutase; MDA, content
of malondialdehyde; SS, content of soluble sugars; FAA, content of free amino acids; GS, activity glutamate
synthetase. F (S), F (N), and F (S × N) represent the F values from two-way ANOVA for the effects of salinity (S),
nitrogen (N), and their interaction (S × N), respectively. * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 3. Comparisons of leaf N (a), leaf P (b), leaf N:P (c), stem N (d), stem P (e), and stem N:P
(f) among salt and ammonia nitrogen treatments. N, nitrogen content; P, phosphorus content; N:P,
ratio of N to P content. Different letters represent significant differences among treatments under
multiple comparisons with the post-hoc Tukey HSD test (α = 0.05). Values are presented as Mean ±
SE.

MDA content did not differ significantly among NH4
+-N concentrations under either

saline or non-saline conditions (Figure 4b). Under both low and high NH4
+-N concentra-
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tion, salt addition resulted in significantly higher MDA concentrations compared with the
corresponding non-saline treatments (Figure 4b). Relative to the control (no salt and no
NH4

+-N), a significant increase in MDA occurred only under the combination of salt and
high NH4

+-N, while the other treatments had no effect (Figure 4b). SS content showed no
significant differences among NH4

+-N treatments under non-saline conditions (Figure 4c).
Under salinity, SS content at high NH4

+-N concentration was significantly higher than
at low NH4

+-N concentration (Figure 4c). Salt addition significantly increased SS concen-
trations in the absence of NH4

+-N and under high NH4
+-N concentration, whereas no

difference was detected at low NH4
+-N concentration (Figure 4c). Compared with the

control, a significant increase in SS occurred only under salt without NH4
+-N and salt

with high NH4
+-N, while the other treatments showed no significant effects (Figure 4c).

SOD activity (Figure 3a), FAA content (Figure 3d), and glutamate synthetase (GS) activity
(Figure 3e) did not differ significantly among the different NH4

+-N concentrations under
either saline or non-saline conditions, and their values were also not significantly different
from the control.

Figure 4. Comparisons of SOD (a), MDA (b), SS (c), FAA (d), and GS (e) among salt and ammonia
nitrogen treatments. SOD, activity of superoxide dismutase; MDA, content of malondialdehyde;
SS, content of soluble sugars; FAA, content of free amino acids; GS, activity glutamate synthetase.
Different letters represent significant differences among treatments under multiple comparisons with
the post-hoc Tukey HSD test (α = 0.05). Values are presented as Mean ± SE.

2.3. Relationship Among Plant Traits

Results from the principal component analysis (PCA) showed that PC1 was primarily
loaded by stem biomass (0.31), stem length (0.31), total biomass (0.30), shoot biomass
(0.29), root biomass (0.27), and leaf biomass (0.27), while negative loadings were mainly
contributed by stem N:P (−0.26), leaf N:P (−0.23), the content of MDA (−0.22), and the
activity of SOD (−0.20). PC2 was characterized by positive loadings of leaf N (0.29), stem
P (0.35), leaf P (0.28), and the content of FAA (0.21), whereas negative contributions were
observed for leaf biomass (−0.31), the content of SS (−0.29), total biomass (−0.28), shoot
biomass (−0.27), stem N:P (−0.27), and leaf N:P (−0.23). PC3 was mainly associated with
positive loadings of the activity of glutamate synthetase (GS, 0.56), MDA (0.40), leaf P (0.27),
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and leaf N (0.20), in contrast to negative loadings of FAA (−0.29) and leaf N:P (−0.30)
(Table A1).

Regardless of salinity, PC1 did not differ significantly among NH4
+-N treatments.

Under the treatments without NH4
+-N and with low NH4

+-N concentration, PC1 was
significantly different between saline and non-saline conditions, whereas no such differ-
ence was detected under high NH4

+-N supply (Figure A1a). PC2 (Figure A1b) and PC3
(Figure A1c) did not vary significantly among NH4

+-N treatments under either saline or
non-saline conditions.

To further clarify the relationships among growth traits, nutrient status, and stress
responses, correlation analyses were conducted to identify potential linkages between
biomass allocation, nutrient content, and physiological indicators. Stem length was pos-
itively correlated with leaf P, leaf biomass, shoot biomass, stem biomass, root biomass,
total biomass, and the root–shoot biomass ratio, and it was negatively correlated with SOD
activity, stem N:P, leaf N:P, and stem N content. Stem biomass exhibited positive correla-
tions with leaf P, leaf biomass, shoot biomass, root biomass, total biomass, and the ratio,
but showed negative correlations with MDA, SOD activity, stem N:P, leaf N:P, and stem N
content. Shoot biomass was positively correlated with leaf biomass, stem biomass, total
biomass, root biomass, and the root–shoot biomass ratio, while being negatively correlated
with stem N. Total biomass was positively associated with leaf biomass, shoot biomass,
stem biomass, stem length, root biomass, and the root–shoot biomass ratio, but negatively
associated with stem N content. Similarly, leaf biomass was positively correlated with
shoot biomass, stem biomass, stem length, root biomass, total biomass, and the root–shoot
biomass ratio, whereas it was negatively correlated with stem N content (Figure 5).

Figure 5. Heatmap for the autocorrelations of Myriophyllum spicatum traits. N, nitrogen content; P,
phosphorus content; N:P, ratio of N to P content; SOD, activity of superoxide dismutase; MDA, content
of malondialdehyde; SS, content of soluble sugars; FAA, content of free amino acids; GS, activity
of glutamate synthetase; Ratio Biomass, root–shoot biomass ratio; Correlations are represented by
shades of color with red being positive and blue being negative. The color closer to 1 or −1 represents
a stronger correlation. * p < 0.05, ** p < 0.01, *** p < 0.001.
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3. Discussion
NH4

+-N has dual effects on submerged macrophytes: at low concentrations it func-
tions as an essential nitrogen source [24], whereas at elevated levels it becomes phytotoxic,
leading to the decline of submerged vegetation and the deterioration of freshwater ecosys-
tems [4,25]. Our results support this dual role: low NH4

+-N concentrations stimulated root
biomass in M. spicatum, improving nutrient acquisition, whereas higher levels significantly
suppressed shoot and stem biomass. Additionally, NH4

+-N reduced pH, consistent with
nitrogen-induced acidification commonly reported in terrestrial ecosystems. Under mod-
erate NH4

+-N stress, plants tended to allocate more biomass to roots to enhance nutrient
uptake, a response that is consistent with the well-known stimulation of root growth under
nitrogen deprivation. By contrast, under nutrient-rich conditions, plants usually reduce
root allocation to mitigate environmental stress [24,26].

In contrast to previous studies suggesting that FAA mitigate ammonium toxic-
ity [27,28], we found no significant differences in FAA concentrations among different
NH4

+-N treatments under non-saline conditions. Furthermore, other oxidative stress and
osmotic adjustment indicators also showed no significant variation among NH4

+-N treat-
ments under non-saline conditions. These observations suggest that M. spicatum may
exhibit metabolic adaptations when exposed solely to NH4

+-N, with growth optimized
through efficient N assimilation rather than relying on the more energy-consuming FAA ac-
cumulation mechanism. Such a strategy conserves carbon resources for biomass allocation
to the roots, thereby enhancing nutrient foraging plasticity. Previous studies have reported
marked increases in FAA concentrations under darkness (by 186%) [29] or excessive ammo-
nium N [30], which may reflect energy-limited conditions where detoxification competes
with photosynthesis for energy resources. In contrast, the lack of FAA accumulation ob-
served in the present study may indicate that M. spicatum avoids additional metabolic costs
by not activating further stress-response pathways, although this interpretation requires
further experimental evidence to confirm. In the present study, the activity of SOD did not
show significant changes under either salinity or NH4

+-N treatments. This result suggests
that M. spicatum may not primarily rely on SOD to mitigate oxidative stress under these
conditions. Several explanations are possible: (i) the applied levels of stress may not have
been sufficient to trigger an up-regulation of SOD; (ii) SOD activity could exhibit temporal
fluctuations, and our sampling time may not have captured its peak response; or (iii) M.
spicatum may preferentially activate alternative antioxidant mechanisms, such as CAT, POD,
or non-enzymatic antioxidants (e.g., ascorbate, glutathione), to maintain redox balance.
Previous studies have also reported stable or unchanged SOD activity in aquatic plants
under specific stress conditions, indicating that the response of antioxidant enzymes is both
species-specific and stress-dependent. Therefore, our findings highlight that the oxidative
defense strategy of M. spicatum under the synergistic effects of salinity and nitrogen may
rely mainly on enzymatic systems other than SOD.

Although the two-way ANOVA did not detect a statistically significant salt × N
interaction (Table 2), post hoc multiple comparisons indicated that the combined high-
salt and high-N treatment resulted in significantly higher MDA concentrations compared
with the control (Figure 4). These findings suggest that although no global interaction
was observed, the simultaneous presence of high salt and N may still intensify lipid
peroxidation under certain extreme conditions. Salt stress significantly inhibited biomass
accumulation and stem elongation in M. spicatum, consistent with previous findings [22,31].
The increase in MDA concentrations indicated that salt-induced oxidative stress may
have led to membrane lipid peroxidation. Moreover, a significant negative correlation
was observed between stem biomass and MDA content, suggesting that oxidative stress
responses could be a potential mechanism limiting growth under stress conditions. The
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elevated SS content indicated a potential contribution to osmotic adjustment, which may
represent one of the physiological strategies helping to maintain cellular homeostasis
under salt stress. Phragmites australis is a widely distributed aquatic species, and previous
studies have indicated that leaf water content can be a reliable predictor of its tolerance
to salinity [32]. In the present study, we observed that lipid peroxidation in M. spicatum
was significantly influenced by the interaction between salinity and nitrogen availability.
These findings suggest that physiological indicators of stress tolerance in aquatic plants
may exhibit species-specific patterns.

Under low concentrations of NH4
+-N, the growth of M. spicatum was not significantly

inhibited. However, when salt stress co-occurred, key growth traits such as shoot biomass,
stem biomass, and stem length were markedly reduced. This indicates that although low
concentrations of N can be absorbed and utilized to support growth, salinity may interfere
with N use and ionic homeostasis, thereby exerting adverse effects on plant development.
Previous studies have shown that elevated salinity disrupts ion balance and osmotic regula-
tion and intensifies oxidative stress, ultimately constraining the growth and photosynthetic
performance of submerged macrophytes [10,33,34]. Under such stress, plants often allocate
resources between growth and defense, for instance by enhancing the synthesis of SS
or antioxidants to improve osmotic adjustment and mitigate oxidative damage [35,36].
Therefore, nutrient control alone may not be sufficient to sustain the long-term recovery
of dominant submerged species, and should be integrated with salinity regulation and
broader watershed management. To our knowledge, this is the first study to experimentally
demonstrate how the combined effects of low nitrogen concentration and salinity jointly
influence the growth dynamics and physiological trade-offs of M. spicatum. This novelty
provides new insight into the interactive mechanisms of nutrient and salt stress, and high-
lights the need to consider multiple environmental drivers simultaneously when designing
management strategies for the restoration of submerged vegetation. Although the actual
concentrations of ammonium and salinity differ across wetlands and seasons, these two
stressors commonly co-occur due to agricultural inputs, wastewater inflow, seawater intru-
sion, or road-deicing activities. Therefore, controlling nutrient runoff—particularly limiting
ammonium loading—could be a practical management strategy to alleviate multi-stressor
effects on macrophyte growth and to support the restoration of submerged vegetation
communities.

4. Materials and Methods
4.1. Experiment Design

The experiment was conducted in a greenhouse at Shandong University in Qingdao,
Shandong Province, China (36◦22′ N, 120◦36′ E). The greenhouse covered approximately
666 m2 and was well ventilated. The average humidity and temperature in the greenhouse
were approximately 80% and 28 ◦C, respectively. Specimens of M. spicatum were collected
from Honghu Lake in Jingzhou, Hubei Province, China. To ensure uniformity, plants were
cut into 25 cm segments, and six segments were planted in each 3.5 L pot at a depth of
5 cm. The substrate consisted of a 1:1 mixture of river sand and sediment, with 2.5 kg
of substrate per pot. Pots were placed into 150 L water-filled buckets, with four pots per
bucket (Figure 6).

The experiment was conducted from July to December 2023. After three months of
growth, treatments were applied by adding ammonium chloride (NH4Cl) and sodium
chloride (NaCl). To simulate nutrient conditions in wetlands, we established three N
treatments: 0 mg L−1 as the control, 1.5 mg L−1 as the low-N treatment, and 3 mg L−1

as the high-N treatment. The concentrations were selected based on N concentrations
observed between restored (≈3 mg L−1) and non-restored (≈6 mg L−1) zones of an urban
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wetland [37], while also considering that natural wetlands generally exhibit lower N
concentrations. Considering the salinity range of 0.40–26.67 g L−1 in estuarine wetlands,
we selected 5 g L−1 as the treatment concentration to simulate the typical habitat of M.
spicatum while avoiding acute mortality [38,39]. We established two treatments: 0 g L−1

as the control and 5 g L−1 as the salt-addition treatment, which corresponds to salinity
concentrations commonly observed in moderately saline soils of coastal and inland salt-
affected regions. The culture medium was prepared using tap water that had been aerated
for 48 h before use to remove residual chlorine and ensure dissolved oxygen equilibrium.
No additional nutrients were supplemented except for the designed ammonium (NH4

+)
and salinity treatments. The full factorial design resulted in six treatment combinations.
Each treatment combination was replicated five times, leading to a total of 30 buckets and
720 plants.

 

Figure 6. The internal view of the greenhouse with mesocosms.

4.2. Parameter Measurements

In December, each pot was brought from the mesocosms. Plants were washed with
tap water to remove sediment. Five healthy leaves from the upper-middle part of the tallest
shoot in each pot were collected to determine the metabolites and antioxidant defense
enzyme activity of M. spicatum. The contents of FAA and MDA were measured using a
Solarbio assay kit (BC 5050 and BC 6410, respectively). The content of SS was measured
by the anthrone colorimetry method [40]. The enzyme activities, including SOD (Solarbio,
BC 5165) and glutamine synthetase activity (GS, Solarbio, BC 0915) were determined using
assay kits.

The stem length of the five longest plants in each pot was measured using a ruler with
an accuracy of 0.1 cm, and the average value was calculated. Subsequently, the plants were
divided into stems, leaves, and roots, then oven-dried at 80 ◦C until a constant weight, and
finally weighed to determine biomass.
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The contents of N and P in the leaves and stems of M. spicatum were measured using a
Kjeldahl N analyzer (K9860, Hanon, China) and the molybdenum blue colorimetric method
(HJ 632-2011), respectively.

The electrical conductivity and pH of water was measured using a pH meter (FiveEasy
Plus™, Mettler Toledo, Switzerland) and conductivity meter (FiveEasy Plus™, Mettler
Toledo, Switzerland), respectively (ISO 10390: 2021 [41]; ISO 11265: 1994 [42]).

4.3. Statistical Analyses

All data analysis and visualization were conducted in R 4.2.3. Two-way ANOVA was
employed to analyze the effects and interaction of salinization and eutrophication on plant
traits. Differences in plant traits among the salt and ammonia N treatments were assessed
using multiple comparisons, with Tukey’s HSD tests conducted via the R package agricolae.
Before performing ANOVA and multiple comparisons, tests for normality and homogeneity
of variances were conducted to ensure the validity of the statistical analyses. Principal
component analysis (PCA) was used to examine trait differences across various gradients
of salt and ammonia N treatments, performed using the R package vegan. Visualizations
were completed with the R packages ggplot2. Each treatment included 20 pots, and the pot
was considered as the experimental unit for statistical analysis.

5. Conclusions
This study demonstrates that salinity and ammonium interactively constrain the

growth of M. spicatum, with combined stress intensifying oxidative damage and thereby
limiting performance. These results highlight nutrient–salinity interactions as a critical
factor shaping the resilience of submerged macrophytes. Recognizing such combined
stressors will be essential for wetland management and restoration, where the persistence
of aquatic vegetation under ongoing salinization and eutrophication is vital for sustaining
ecosystem functions.
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Appendix A

Table A1. Principal component analysis of Myriophyllum spicatum traits.

PC1 PC2 PC3

Stem N −0.24 0.10 −0.10
Root–shoot

Biomass Ratio 0.24 −0.14 −0.12

SS −0.18 −0.29 0.30
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Table A1. Cont.

PC1 PC2 PC3

Leaf N 0.14 0.29 0.20
Stem P 0.14 0.35 0.15

Root Biomass 0.27 −0.24 −0.14
FAA 0.15 0.21 −0.29
MDA −0.22 −0.19 0.40

Leaf N:P −0.23 −0.23 −0.30
Total Biomass 0.30 −0.28 −0.04
Leaf Biomass 0.27 −0.31 0.05

SOD −0.20 −0.21 0.13
Shoot Biomass 0.29 −0.27 0.06

GS −0.11 −0.08 0.56
Leaf P 0.24 0.28 0.27

Stem N:P −0.26 −0.27 −0.18
Stem Biomass 0.31 −0.15 0.05
Stem Length 0.31 −0.14 0.17

Notes: N, nitrogen content; P, phosphorus content; N:P, ratio of N to P content; SOD, activity of superoxide
dismutase; MDA, content of malondialdehyde; SS, content of soluble sugars; FAA, content of free amino acids;
GS, activity of glutamate synthetase.

Figure A1. Comparisons of PC1 (a), PC2 (b), and PC3 (c) among salt and ammonia nitrogen treatments.
Different letters represent significant differences among treatments under multiple comparisons with
the post-hoc Tukey HSD test (α = 0.05). Values are presented as Mean ± SE.

References
1. Dale, P.E.R.; Connelly, R. Wetlands and Human Health: An Overview. Wetl. Ecol. Manag. 2012, 20, 165–171. [CrossRef]
2. Zhou, Q. Long-Term Changes of Nitrogen and Phosphorus Loadings to a Large Lake in North-West Ireland. Water Res. 2000, 34,

922–926. [CrossRef]
3. Ayele, H.S.; Atlabachew, M. Review of Characterization, Factors, Impacts, and Solutions of Lake Eutrophication: Lesson for Lake

Tana, Ethiopia. Environ. Sci. Pollut. Res. 2021, 28, 14233–14252. [CrossRef] [PubMed]
4. Bhagowati, B.; Ahamad, K.U. A Review on Lake Eutrophication Dynamics and Recent Developments in Lake Modeling. Ecohydrol.

Hydrobiol. 2019, 19, 155–166. [CrossRef]
5. Panthi, J.; Pradhanang, S.M.; Nolte, A.; Boving, T.B. Saltwater Intrusion into Coastal Aquifers in the Contiguous United States—A

Systematic Review of Investigation Approaches and Monitoring Networks. Sci. Total Environ. 2022, 836, 155641. [CrossRef]
6. Tursi, A.; Lisco, A.; Chimienti, G.; Mastrototaro, F.; Ungaro, N.; Bottalico, A. Salinity as a Key Factor in Structuring Macrophyte

Assemblages in Transitional Water Bodies: The Case of the Apulian Coastal Lagoons (Southern Italy). Diversity 2023, 15, 615.
[CrossRef]

7. Liu, L.; Du, N.; Eller, F.; Ye, S.; Li, X.; Wei, J.; Guo, Y.; Brix, H.; Guo, W. Ecological Mechanisms of Carbon Sequestration in
Vegetated Coastal Wetland Ecosystem: Exploring the Roles of Biodiversity and Environmental Changes. JMEE 2025, 12, 35–47.
[CrossRef]

https://doi.org/10.1007/s11273-012-9264-4
https://doi.org/10.1016/S0043-1354(99)00199-2
https://doi.org/10.1007/s11356-020-12081-4
https://www.ncbi.nlm.nih.gov/pubmed/33517530
https://doi.org/10.1016/j.ecohyd.2018.03.002
https://doi.org/10.1016/j.scitotenv.2022.155641
https://doi.org/10.3390/d15050615
https://doi.org/10.32908/JMEE.v12.2023102201


Plants 2025, 14, 3305 14 of 15

8. Guo, X.; Song, H.; Wu, P.; Liu, L.; Li, M.; Xie, L.; Jespersen, E.; Ye, S.; Guo, W. Intraspecific Elementome Variation of the Clonal
Grass Phragmites australis Reflects Environmental Variation More than Genetic and Epigenetic Variation. J. Plant Ecol. 2025, 18,
rtaf070. [CrossRef]

9. Liu, L.; Codogno, B.; Wei, W.; Zhang, X.; Gao, J.; Dokuchaeva, V.; Ma, L.; Wu, P.; Yu, Q.; Guo, W. Investigating the Potential
Effects of Microplastics on the Growth and Functional Traits in Two Aquatic Macrophytes (Myriophyllum spicatum and Phragmites
australis) in Mesocosm Experiments. Water 2024, 17, 14. [CrossRef]

10. Flowers, T.J.; Munns, R.; Colmer, T.D. Sodium Chloride Toxicity and the Cellular Basis of Salt Tolerance in Halophytes. Ann. Bot.
2015, 115, 419–431. [CrossRef]

11. Shi, H.; Shi, Q.; Zhou, X.; Cui, C.; Li, X.; Zhang, Z.; Zhu, C. Influence of Surface Water and Groundwater on Functional Traits and
Trade-off Strategies of Oasis Communities at the End of the Keriya River, China. Front. Plant Sci. 2024, 15, 1340137. [CrossRef]

12. Ahmad, S.; Ahmad, R.; Ashraf, M.Y.; Ashraf, M.; Waraich, E.A. Sunflower (Helianthus annuus L.) Response to Drought Stress at
Germination and Seedling Growth Stages. Pak. J. Bot. 2009, 41, 647–654.

13. Yu, Q.; Wang, H.-Z.; Li, Y.; Shao, J.-C.; Liang, X.-M.; Jeppesen, E.; Wang, H.-J. Effects of High Nitrogen Concentrations on the
Growth of Submersed Macrophytes at Moderate Phosphorus Concentrations. Water Res. 2015, 83, 385–395. [CrossRef]

14. Yu, Q.; Wang, H.; Liu, M.; Xu, C.; Ma, Y.; Guo, W.; Jeppesen, E. Interactive Effects of Benthivorous Fish Disturbance and
Ammonium Loading on Two Submersed Macrophytes of Contrasting Growth Forms Based on a Mesocosm Study. Front. Environ.
Sci. 2022, 10, 1024524. [CrossRef]

15. Song, H.; Jespersen, E.; Guo, X.; Du, N.; Xie, L.; Pei, L.; Ye, S.; Wang, R.; Brix, H.; Eller, F.; et al. Differences in Relative Air
Humidity Affect Responses to Soil Salinity in Freshwater and Salt Marsh Populations of the Dominant Grass Species Phragmites
australis. Hydrobiologia 2021, 848, 3353–3369. [CrossRef]

16. Szklarek, S.; Górecka, A.; Wojtal-Frankiewicz, A. The Effects of Road Salt on Freshwater Ecosystems and Solutions for Mitigating
Chloride Pollution—A Review. Sci. Total Environ. 2022, 805, 150289. [CrossRef] [PubMed]

17. Zhao, H.; Zuo, Z.; Yang, L.; Zhang, L.; Lv, T.; Yu, D.; Wang, Z. Similarities and Differences in the Physiological Adaptation to
Water Salinity between Two Life Forms of Aquatic Plants in Alpine and Arid Wetlands. Sci. Total Environ. 2024, 908, 168449.
[CrossRef]

18. Zhou, Q.; Shi, M.; Zhu, Z.; Cheng, L. Ecophysiological Responses of Carpinus turczaninowii L. to Various Salinity Treatments.
Forests 2019, 10, 96. [CrossRef]

19. Zhang, G.; Cai, Y.; Luo, H.; Hong, S.; Song, C.; Yan, J.; Fang, H. Effects of Abiotic Factors on Plant Community Composition and
Functional Traits in the Liaohe Estuary. JMEE 2024, 11, 114–156. [CrossRef]

20. Park, S.-H.; Kwon, N.; Lee, J.-H.; Yoon, J.; Shin, I. Synthetic Ratiometric Fluorescent Probes for Detection of Ions. Chem. Soc. Rev.
2020, 49, 143–179. [CrossRef]

21. Yu, Q.; Wang, H.; Wang, H.; Xu, C.; Liu, M.; Ma, Y.; Li, Y.; Ma, S.; Hamilton, D.P.; Jeppesen, E. Effects of High Ammonium Loading
on Two Submersed Macrophytes of Different Growth Form Based on an 18-Month Pond Experiment. Front. Plant Sci. 2022, 13,
939589. [CrossRef]

22. Xia, W.; Zhu, B.; Qu, X.; Liu, H.; Liu, Y.; Chen, X.; Rudstam, L.G.; Ni, L.; Chen, Y. Effects of Salinity on Sprouting and Growth of
Three Submerged Macrophytes. Ecohydrology 2020, 13, e2235. [CrossRef]

23. Chen, T.; Jiang, H.S.; Wang, Y.; Wang, S.; Yin, L.; Cao, Y. Responses of Five Submerged Macrophytes to NaCl Salinity in a Tropical
Mesocosm Study. Fundam. Appl. Limnol. 2020, 193, 359–370. [CrossRef]

24. Bornette, G.; Puijalon, S. Response of Aquatic Plants to Abiotic Factors: A Review. Aquat. Sci. 2011, 73, 1–14. [CrossRef]
25. Zhang, C.; Chen, X.; Wang, J.; Tan, L. Toxic Effects of Microplastic on Marine Microalgae Skeletonema costatum: Interactions

between Microplastic and Algae. Environ. Pollut. 2017, 220, 1282–1288. [CrossRef] [PubMed]
26. Ayi, Q.; Zeng, B.; Yang, K.; Lin, F.; Zhang, X.; Van Bodegom, P.M.; Cornelissen, J.H.C. Similar Growth Performance but Contrasting

Biomass Allocation of Root-Flooded Terrestrial Plant Alternanthera philoxeroides (Mart.) Griseb. in Response to Nutrient Versus
Dissolved Oxygen Stress. Front. Plant Sci. 2019, 10, 111. [CrossRef] [PubMed]

27. Cao, T.; Xie, P.; Ni, L.; Zhang, M.; Xu, J. Carbon and Nitrogen Metabolism of an Eutrophication Tolerative Macrophyte, Potamogeton
crispus, under NH4

+ Stress and Low Light Availability. Environ. Exp. Bot. 2009, 66, 74–78. [CrossRef]
28. Zhang, M.; Cao, T.; Ni, L.; Xie, P.; Li, Z. Carbon, Nitrogen and Antioxidant Enzyme Responses of Potamogeton crispus to Both Low

Light and High Nutrient Stresses. Environ. Exp. Bot. 2010, 68, 44–50. [CrossRef]
29. Cao, T.; Ni, L.; Xie, P.; Xu, J.; Zhang, M. Effects of Moderate Ammonium Enrichment on Three Submersed Macrophytes under

Contrasting Light Availability: Effects of Ammonium on Macrophytes. Freshw. Biol. 2011, 56, 1620–1629. [CrossRef]
30. Gao, J.; Ren, P.; Zhou, Q.; Zhang, J. Comparative Studies of the Response of Sensitive and Tolerant Submerged Macrophytes to

High Ammonium Concentration Stress. Aquat. Toxicol. 2019, 211, 57–65. [CrossRef]
31. Hillmann, E.R.; La Peyre, M.K. Effects of Salinity and Light on Growth and Interspecific Interactions between Myriophyllum

spicatum L. and Ruppia maritima L. Aquat. Bot. 2019, 155, 25–31. [CrossRef]

https://doi.org/10.1093/jpe/rtaf070
https://doi.org/10.3390/w17010014
https://doi.org/10.1093/aob/mcu217
https://doi.org/10.3389/fpls.2024.1340137
https://doi.org/10.1016/j.watres.2015.06.053
https://doi.org/10.3389/fenvs.2022.1024524
https://doi.org/10.1007/s10750-020-04285-z
https://doi.org/10.1016/j.scitotenv.2021.150289
https://www.ncbi.nlm.nih.gov/pubmed/34536879
https://doi.org/10.1016/j.scitotenv.2023.168449
https://doi.org/10.3390/f10020096
https://doi.org/10.32908/JMEE.v11.2024040701
https://doi.org/10.1039/C9CS00243J
https://doi.org/10.3389/fpls.2022.939589
https://doi.org/10.1002/eco.2235
https://doi.org/10.1127/fal/2020/1303
https://doi.org/10.1007/s00027-010-0162-7
https://doi.org/10.1016/j.envpol.2016.11.005
https://www.ncbi.nlm.nih.gov/pubmed/27876228
https://doi.org/10.3389/fpls.2019.00111
https://www.ncbi.nlm.nih.gov/pubmed/30792729
https://doi.org/10.1016/j.envexpbot.2008.10.004
https://doi.org/10.1016/j.envexpbot.2009.09.003
https://doi.org/10.1111/j.1365-2427.2011.02601.x
https://doi.org/10.1016/j.aquatox.2019.03.020
https://doi.org/10.1016/j.aquabot.2019.02.007


Plants 2025, 14, 3305 15 of 15

32. Sheng, W.; Liu, L.; Wu, Y.; Yin, M.; Yu, Q.; Guo, X.; Song, H.; Guo, W. Exploring Salt Tolerance and Indicator Traits across Four
Temperate Lineages of the Common Wetland Plant, Phragmites australis. Sci. Total Environ. 2024, 912, 169100. [CrossRef] [PubMed]

33. Munns, R.; Tester, M. Mechanisms of Salinity Tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef] [PubMed]
34. Velthuis, M.; Teurlincx, S.; Van Dijk, G.; Smolders, A.J.P.; De SenerpontDomis, L.N. Salinisation Effects on Freshwater Macrophyte

Growth and Establishment in Coastal Eutrophic Agricultural Ditches. Freshw. Biol. 2023, 68, 547–560. [CrossRef]
35. Santini, R.; Vantini Checchio, M.; Correia Nunes, L.S.; Lupino Gratão, P.; Monteiro Camargo, A.F. Do Salinity, Total Nitrogen and

Phosphorus Variation Induce Oxidative Stress in Emergent Macrophytes along a Tropical Estuary? Aquat. Ecol. 2024, 58, 399–409.
[CrossRef]

36. Kang, C.X.; Li, J.; Liu, Y.; Tong, Z. Effects of High Nitrogen Concentration and Low Water Level on the Growth of the Submerged
Macrophyte Vallisneria spinulosa. J. Freshw. Ecol. 2022, 37, 161–172. [CrossRef]

37. Tan, L.; Zhu, Z.; Yu, Y.; Suo, S.; Zhao, M.; Liang, W. Characteristics of Nitrogen and Polycyclic Aromatic Hydrocarbon Pollution
and Their Coupled Remediation Mechanisms in Reclaimed Water Wetlands. Res. Environ. Sci. 2024, 37, 2710–2721. [CrossRef]

38. Song, H.; Guo, X.; Yang, J.; Liu, L.; Li, M.; Wang, J.; Guo, W. Phenotypic Plasticity Variations in Phragmites australis under Different
Plant–Plant Interactions Influenced by Salinity. J. Plant Ecol. 2024, 17, rtae035. [CrossRef]

39. Yu, M.; Li, Y.; Zhang, K.; Yu, J.; Guo, X.; Guan, B.; Yang, J.; Zhou, D.; Wang, X.; Li, X.; et al. Studies on the dynamic boundary of
the fresh-salt water interaction zone of estuary wetland in the Yellow River Delta. Ecol. Eng. 2023, 188, 106893. [CrossRef]

40. Zhang, Y.; Cheng, W.; Di, H.; Yang, S.; Tian, Y.; Tong, Y.; Huang, H.; Escalona, V.H.; Tang, Y.; Li, H.; et al. Variation in Nutritional
Components and Antioxidant Capacity of Different Cultivars and Organs of Basella Alba. Plants 2024, 13, 892. [CrossRef]

41. ISO 10390: 2021; Soil, Treated Biowaste and Sludge-Determination of pH. International Organization for Standardization: Geneva,
Switzerland, 2021.

42. ISO 11265: 1994; Soil Quality—Determination of the Specific Electrical Conductivity. International Organization for Standardiza-
tion: Geneva, Switzerland, 1994.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.scitotenv.2023.169100
https://www.ncbi.nlm.nih.gov/pubmed/38086483
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://www.ncbi.nlm.nih.gov/pubmed/18444910
https://doi.org/10.1111/fwb.14046
https://doi.org/10.1007/s10452-023-10079-x
https://doi.org/10.1080/02705060.2022.2030817
https://doi.org/10.13198/j.issn.1001-6929.2024.08.26
https://doi.org/10.1093/jpe/rtae035
https://doi.org/10.1016/j.ecoleng.2023.106893
https://doi.org/10.3390/plants13060892

	Introduction 
	Results 
	Water Quality and Response of Plant Growth Traits 
	Response of Plant Physiological Traits 
	Relationship Among Plant Traits 

	Discussion 
	Materials and Methods 
	Experiment Design 
	Parameter Measurements 
	Statistical Analyses 

	Conclusions 
	Appendix A
	References

