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Abstract
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Revised: 1 April 2026 Palmer amaranth (Amaranthus palmeri S. Watson) is a highly competitive and drought-tolerant
Accepted: 1 May 2026 weed that poses significant challenges to U.S. agriculture due to its adaptability, prolific seed

production, and herbicide resistance. Understanding how water stress at specific growth stages
affects its development and seed production is critical for optimizing management strategies,
particularly in water-limited environments. This study evaluated the effects of growth stage-
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diameter, and biomass, with reductions of 17% to 35% under severe stress (40% FC). Total
Corresponding author: Rupinder Saini; biomass declined by approximately 17% under severe water limitation. Root biomass at 60% FC
Email: r.saini@ttu.edu decreased by 13% to 14% relative to 100% FC, whereas root length density increased by 11% to
16%, indicating adaptive root elongation under severe water deficit conditions. Despite reductions
in vegetative growth, A. palmeri maintained high reproductive capacity. Seed production at 100%
FC was 48% to 72% higher than at 80% FC and more than 2- to 3-fold greater than at 60% FC.
Furthermore, plants subjected to reproductive-stage stress produced approximately 29% more
seeds than those stressed during the vegetative stage, highlighting strong stage-dependent
reproductive plasticity. Seed germination was highest at 100% FC but declined by approximately
55% at 60% FC. In contrast, germination at 80% FC remained within 10% of optimal levels and
was comparable under 40% FC, suggesting a nonlinear response and potential maternal effects
enhancing seed resilience under stress. The study revealed the importance of early-season weed
control to exploit periods of vulnerability and limit seedbank replenishment. Overall, this study
provides valuable insights for integrating weed management strategies in dryland cropping
systems, where water scarcity and herbicide resistance present ongoing challenges.
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Introduction

Palmer amaranth (Amaranthus palmeri S. Watson) is a fast-growing, highly competitive, and
dioecious annual weed that has emerged as a dominant and economically damaging species in
U.S. agriculture (Van Wychen 2017). Amaranthus palmeri was ranked among the five most
troublesome species in 2009 (Webster and Nichols 2012). It is native to the southwestern United
States and northern Mexico (Sauer 1957). Currently, it has spread throughout the southern and
midwestern United States, thriving in a wide range of agroecosystems. Its rapid expansion and
persistence have been attributed to several biological and ecological factors, such as a Cy4
photosynthetic pathway, prolific seed production, genetic diversity, and widespread herbicide
resistance (Chahal et al. 2018; Ward et al. 2013). It can severely limit crop performance by
restricting the availability of soil nutrients, moisture, and sunlight (Berger et al. 2015).

© The Author(s), 2026. Published by Cambridge Amaranthus palmeri is a major agronomic concern in row-cropping systems, including
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article, distributed under the terms of the 2021; Liphadzi and Dille 2006; Massinga et al. 2001; Ward et al. 2013). Female A. palmeri plants

Creative Commons Attribution licence (https://

creativecommons.org/licenses/by/4.0/), which  4T€ p.rgliﬁc seed producers that can generate %00,000 to 600,009 seefis per pla.nt under optimal
permits unrestricted re-use, distribution and conditions (Keeley et al. 1987). Notably, high seed production is maintained even under
reproduction, provided the original article is competitive or stress-inducing environments (Massinga et al. 2001; Sellers et al. 2003).
properly cited. Amaranthus palmeri’ s high reproductive capacity ensures that a single escape can lead to

substantial seedbank replenishment, exacerbating future infestations and long-term manage-
ment challenges (Norsworthy et al. 2012).

N
3 \ One of the key traits contributing to the success of A. palmeri is its exceptional adaptability to
B/ environmental stress. In particular, its tolerance to drought, heat, and nutrient limitation makes
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Plains (Cominelli and Patrignani 2022; Matzrafi et al. 2021). This
region, historically reliant on irrigation from the Ogallala Aquifer, is
increasingly facing water scarcity due to aquifer depletion and
inconsistent rainfall patterns (Musick et al. 1994; Nativ and Smith
1987). The Ogallala Aquifer in particular has been depleted by more
than 50% of its maximum water storage capacity from 1935 to 2012
(Haacker et al. 2016). As water availability declines, there has been a
significant shift from irrigated to dryland cropping systems, which
intensifies the importance of understanding plant responses to
water-limited conditions.

Water is a critical resource in crop and weed physiology,
influencing plant growth, development, and reproduction. While
crops often suffer from yield penalties under drought stress, certain
weed species, including A. palmeri, may exhibit considerable
plasticity and maintain reproductive success under similar stress
levels. This ability is supported by several physiological and
morphological mechanisms, including efficient stomatal regula-
tion, high water-use efficiency associated with C, photosynthesis,
and rapid root system development that enhances water acquis-
ition under limited moisture conditions (Ehleringer 1983). In
addition, A. palmeri demonstrates strong reproductive plasticity,
allowing it to maintain or reallocate biomass toward seed pro-
duction even under water-limited environments. These adaptive
traits differ from many crop species, which are typically bred for
yield optimization under favorable conditions and often exhibit
reduced physiological flexibility under stress. As a result, A. pal-
meri can persist in dryland systems and outcompete moisture-
stressed crops, further complicating weed management efforts
(Berger et al. 2015; Sandler and Gibson 2019). Despite this, the
effects of water stress on weed species, particularly in relation to
timing and severity, have been underexplored in previous studies.

Earlier studies reported general growth responses of A. palmeri to
moisture stress, including reduction in germination, biomass, and
seed production under severe drought conditions (Chahal et al. 2018;
Chandi et al. 2013; Paudel et al. 2016). However, there is limited
understanding of how the timing of water stress, specifically, the
growth stage at which it is imposed, affects the plant’s physiological
and reproductive outcomes. In many crop species, developmental
stage plays a critical role in drought sensitivity, with early-season
stress often affecting establishment and late-season stress influencing
yield and reproduction (Ma et al. 2017). It is likely that similar
patterns exist in weeds, but data specific to A. palmeri are lacking.

Understanding how A. palmeri responds to water stress at dif-
ferent growth stages is essential for several reasons. First, it can help
identify windows of vulnerability that may be exploited through
early-season weed control measures. Second, it provides insight into
how environmental stressors may influence long-term weed pop-
ulation dynamics by affecting fecundity. Finally, it informs inte-
grated weed management strategies, particularly in dryland
production systems where nonchemical control methods and
optimal timing of intervention are increasingly important due to
herbicide resistance and resource constraints. Therefore, the
objective of this study was to determine the effect of varying degrees
of water stress applied at different growth stages on the growth and
fecundity of A. palmeri under controlled greenhouse conditions.

Materials and Methods
Study Site

The pot experiment was conducted twice (two repetitions) in 2024
at the Horticultural Greenhouse of Texas Tech University,
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Lubbock, TX (33.584°N, 101.887°W). The average air temperature
inside the greenhouse was maintained at 25 C during the day and
20 C at night during both the experiments. No additional lighting
was introduced.

Plant Material and Experimental Design

The A. palmeri seeds used in this study were collected from Quaker
Research Farm, Texas Tech University, Lubbock, TX, in 2022 and
2023. The seeds were stored at room temperature in brown paper
bags before use. The seed germination percentage was determined
before the experiment in Plant and Soil Science Department lab-
oratory. Petri dishes were thoroughly cleaned before starting the
experiment, and 20 A. palmeri seeds were placed in each petri dish,
with three replications. The seeds were watered as needed.
Germination percentage was recorded daily, starting from 4 d after
seed placement and continuing until 15 d.

After the seed germination percentage was calculated, the seeds
for the first and second experiments were planted on March 31,
2024, and May 6, 2024, respectively. Small black plastic pots (5- to
7-cm diameter and 8-cm height) were filled with soil, and 10 seeds
were planted in each pot. When a couple of seedlings reached a
height of 7 to 10 cm; they were transplanted to larger free-draining
11.4-L black plastic pot containing 7.5 kg of finely sieved soil
collected from Quaker Research Farm, Texas Tech University, in
February 2024. The soil was classified as Amarillo sandy clay loam
(fine-loamy, mixed, super active, thermic Aridic Paleustoll) with
23% field capacity (FC) (Singh et al. 2022) and particle size dis-
tribution consisted of 73.2% sand, 10.1% silt, and 16.7% clay
(Parkash et al. 2021). Pebbles were placed underneath each pot to
facilitate drainage. To minimize transplant shock, the pots were
watered for the next 7 d, and thinning was carried out before
initiating water stress treatments. The experiment followed a split-
plot design with five replications. The main factor was the growth
stage at which stress was imposed, including the vegetative-stage
stress (4- to 5-leaf stage) and reproductive stages stress (inflorescence
emergence), while the subfactor was water stress levels: 100%, 80%,
60%, and 40% FC. For the vegetative-stage stress, water stress was
initiated 7 d after transplanting (DATT) to allow plants to establish
and recover from transplant shock, ensuring uniform growth and
minimizing variability before stress imposition. Water stress treat-
ments were maintained until approximately 50% of the plants
reached the inflorescence stage, with irrigation applied according to
the assigned FC levels. However, for reproductive-stage treatment,
water stress was initiated when half of the plants reached inflores-
cence and continued until maturity. Plants not assigned to water
stress treatments were maintained at 100% FC throughout the
experiment. The experiment was repeated over time under the same
greenhouse conditions previously described.

The FieldScout TDR-350 (Spectrum Technologies, Aurora, IL,
USA) was used to monitor soil volumetric water content daily. The
volumetric FC of the soil was 23%, and irrigation was applied to
maintain soil moisture at target levels corresponding to 100%
(23%), 80% (18.4%), 60% (13.8%), and 40% (9.2%) FC.

Data Collection

Growth parameters such as A. palmeri height and plant diameter
were collected at biweekly intervals, starting from 2 wk after
transplanting (WATr) until harvest. Plant height was measured
using a standard measuring scale, and a vernier caliper was used to
determine plant diameter. Stomatal conductance (GSW) and leaf
temperature (7T}.,r) were recorded at 4 WATr and 8 WATTr using a
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Figure 1. Effect of growth stage-specific water stress on height of Amaranthus palmeri. (A) First and (C) second experiments comparing plant height during vegetative and
reproductive stages. (B) First and (D) second experiments showing the effect of different irrigation levels (100%, 80%, 60%, and 40% field capacity [FC]) on plant height. Asterisks (*)
indicate significant differences (P < 0.05) among treatments at respective time points. WATr, weeks after transplanting. Vertical arrows indicate the timing of the shift from

vegetative-stage to reproductive-stage water stress.

LI-600 Porometer/Fluorometer (LI-COR Biosciences, Lincoln, NE,
USA). The aboveground biomass was recorded at the end of each
experiment. Amaranthus palmeri plants were harvested when they
reached 90% maturity and dried in an oven at 60 C for 48 h. The
oven-dried plants were weighed using a calibrated weighing bal-
ance. After harvest, root samples from all the water stress levels
were collected using a stainless-steel split-core sampler (diameter
5 cm), with one core taken per pot. The collected samples were
analyzed for root parameters, such as root biomass and root length
density (RLD) using the WinRHIZO Pro software version 2016a
(Regent Instruments Inc., Quebec, Canada). Following harvest,
seed germination percentage for water-stressed plants was deter-
mined by planting 20 seeds from female plants of each stress level
in 200-cell germination trays (approximately 53 by 27 by 5 to 6 cm)
filled with potting soil and maintained in the greenhouse. These
trays were maintained at 25 C and watered daily to assess
germination.

The germination percentage was calculated by using Equation 1:

Germination percentage (%) = Final number of seeds germinated

Total number of seeds
(1)
Statistical Analysis

The data from both pot experiments were analyzed using split-plot
design ANOVA in R v. 3.5.2 (https://www.r-project.org), with the
AGRICOLAE package (v. 1.2-8). Data analysis was performed sepa-
rately for each experiment due to a significant interaction between
them. The parameter values presented in the tables and figures
represent the mean values across A. palmeri growth stages and

irrigation levels. Treatment means were compared using the LSD test
at a 5% significance level. Figures were generated using SigmaPlot (v.
14; Systat Software, San Jose, CA, USA).

Results and Discussion
Effect of Water Stress on Plant Height and Stem Diameter

The experiment demonstrated how varying degrees of water stress
affected the growth of A. palmeri over a period of 12 WATT. There
were no significant differences in plantheight among stressed plants
at the vegetative and reproductive stages of development in either
experiment (Figure 1A and 1C). Although plants subjected to
reproductive-stage stress might be expected to be taller at early time
intervals due to absence of initial water stress, similar absolute
height values were observed across both treatments, with differences
generally within 5% to 10% across observation times. The absence of
growth stage-specific differences indicates that A. palmeri main-
tains comparable height responses when exposed to varyinglevels of
water stress and recovers rapidly following early stress (Chahal et al.
2018). The consistent height response across treatments indicates a
strong capacity for growth maintenance (physiological tolerance)
rather than stage-specific plasticity. As a C, species adapted to arid
and semiarid environments, A. palmeri can sustain carbon
assimilation and cellular expansion under water-limited conditions,
resulting in similar height responses across developmental stages
(Ward et al. 2013). In contrast, long-term field studies in corn have
shown that water stress imposed at different developmental stages
can differentially affect plant growth and yield (Cakir 2004).

As the water stress levels increased, the plant’s ability to grow
was significantly reduced (Figure 1B and 1D). In the first

Downloaded from https://www.cambridge.org/core. IP address: 217.74.153.144, on 05 Oct 2026 at 04:35:21, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/wsc.2026.10120


https://www.r-project.org
https://doi.org/10.1017/wsc.2026.10120
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Sodhi et al.: Water stress in Amaranthus palmeri

8 re Vegetative stress 1= experiment B 8 r ——100% FC la: expeﬁment
7 -+ Reproductive stress 7 F -+ 80%FC i
— — -+-60% FC a
E6 T E 6 [ —-40%FC pm e
Est Es |
5 =
4 r 3 g
E3 | E . ol
3 g 31 7
a2 r 82
1 r t 1k '
0 L L L L 1 4 0 L 1 L 1 1 J
0 2 4 6 8 10 12 0 2 4 6 8 10 12
WAT WAT
¢ T T Vegetative stress 2 experiment || P g ——100% FC Z'fexperiment
6 “* Reproductive stress 7 b :_28:2’, Eg . /’i e
- — —=-40° —
B 5 | 6 40% FC o
E, 4 E 5t
s 4}
< L -
g’ g, |
S 9 | ]
(=] a2 F
l [ -
I 1 t
0 1 1 1 1 ] 0 1 1 1 ]
0 2 -+ 6 8 10 12 0 2 4 6 8 10 12
WAT WAT

Figure 2. Effect of growth stage-specific water stress on stem diameter of Amaranthus palmeri. (A) First and (C) second experiments comparing stem diameter during vegetative
and reproductive stages. (B) First and (D) second experiments showing the effect of different irrigation levels (100%, 80%, 60%, and 40% field capacity [FC]) on stem diameter.
Asterisks (*) indicate significant differences (P < 0.05) among treatments at respective time points. WATr, weeks after transplanting. Vertical arrows indicate the timing of the shift

from vegetative-stage to reproductive-stage water stress.

experiment, at 2, 4, 6, and 8 WATT, plants grown under 100% FC
consistently showed significantly greater plant height compared
with those under 80%, 60%, and 40% FC (Figure 1B). At 10 WATT,
plants at 100% FC were approximately 17% taller than those at
40% FC and about 8% to 10% taller than those at 60% and 80% FC,
respectively. Although water was not limited, plant height under
100% FC showed no significant increase from 8 until 10 WATr
(harvest), indicating maximum height was attained before harvest
(Figure 1B). This response suggests that after the plants reach
maximum height, further water availability does not promote
additional shoot elongation, because assimilates are preferentially
diverted to reproductive tissues rather than continued stem growth
under favorable moisture conditions (Bazzaz et al. 2000). In the
second experiment, plants subjected to 100% FC showed signifi-
cantly greater plant height compared with those under 40% FC at
various time intervals (Figure 1D). Also, plants subjected to 80%
and 60% FC had significantly greater plant height compared with
40% FC at 6, 8, and 10 WATTr. This significant difference is
attributed to reduced water availability, which ultimately impacts
overall plant growth by disrupting key metabolic processes.
Similarly, increasing water stress has been shown to significantly
reduce the growth potential and height of waterhemp
[Amaranthus tuberculatus (Moq.) Sauer], a closely related C, weed
species (Chauhan 2013; Sarangi et al. 2016). Overall, these results
demonstrate that A. palmeri growth is progressively limited by
increasing water stress, with more significant effects under severe
(40% FC) deficit conditions.

The effects of varying water stress levels on stem diameter were
evaluated across two experiments. In the first experiment, growth
stage did not significantly affect stem diameter (Figure 2A), with
differences between treatments remaining within ~25% at early
stages (e.g., 2 WATTr: 3.8 vs. 3.0 mm) and diminishing to less than

5% by 10 WAT (7.0 to 7.3 mm). In contrast, irrigation level sig-
nificantly influenced stem diameter, with plants at 100% FC
exhibiting greater stem diameter than those at 80%, 60%, and
40% FC at 2 WATT (Figure 2B). At this stage, plants at 100% FC
(~4.2 mm) had stem diameters approximately 70% greater than
those at 40% FC (~2.5 mm). Plant growth is mostly affected by
water limitation, and changes in stem diameter have been found to
be a sensitive indicator of water stress (Ferndndez and Cuevas
2010). However, by 4 and 10 WATT, the stem diameters increased
across all treatments despite reductions in irrigation levels, and
stem diameter was comparable across all treatments by harvest
(Figure 2B). This finding shows the early growth sensitivity of A.
palmeri to water deficit and reveals that it was able to compensate
for early water stress later in development, which might be due to
physiological adaptation or resource reallocation under stress.
Similar compensatory mechanisms have been reported in drought-
tolerant species that can rapidly adjust osmotic balance and
maintain growth once stress increased (Ward et al. 2013). In the
second experiment, similar trends were observed with respect to
growth-stage stress, where no significant differences were detected
between vegetative and reproductive stages at any time point
(Figure 2C). Both stages followed a comparable pattern of
increasing from 2 WATr to 10 WATr. Conversely, at 2 WATT,
plants grown under 100% FC exhibited significantly greater stem
diameter than those subjected to reduced irrigation (Figure 2D).
However, from 4 WATr until harvest, stem diameter was sig-
nificantly greater under moderate water stress (60% and 80% FC)
compared with fully irrigated plants. This response reflects mor-
phological plasticity in A. palmeri, whereby moderate water
limitation promotes greater allocation to stem thickening rather
than continued vertical growth, enhancing mechanical support
under fluctuating soil moisture conditions (Bazzaz et al. 2000;
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Table 1. Effect of water stress on stomatal conductance (GSW) and leaf temperature (Tiear) of Amaranthus palmeriin a greenhouse experiment conducted in Lubbock, TX.2

GSW Tieaf
4 WATr 8 WATr 4 WATr 8 WATr
Growth stage Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2
mmol m2 st C

Vegetative stress 0.09 a 0.11a 0.05a 0.07 a 25.75a 26.20 a 29.08 a 29.60 a
Reproductive stress 0.08 a 0.04 a 0.04 a 0.03 a 26.19 a 2598 a 29.64 a 30.02 a
Irrigation®

100% FC 0.11a 0.14 a 0.04 a 0.04 b 25.87 ab 25.70 b 29.56 a 29.90 a
80% FC 0.09 ab 0.07 ab 0.04 a 0.04 b 25.87 ab 26.10 ab 29.11a 29.70 a
60% FC 0.07 b 0.06 ab 0.03 a 0.04 b 2581 b 2591 b 29.29 a 29.80 a
40% FC 0.07 b 0.04 ab 0.05 a 0.07 a 26.30 a 26.49 a 29.49 a 29.70 a
Growth stage X irrigation NS NS NS NS NS NS NS NS

2Means followed by the same letter within each column and factor (growth stage or irrigation) are not significantly different according to Least Significant Difference (LSD) test at P < 0.05. WATT,

weeks after transplanting.
bFC, field capacity.

Poorter et al. 2012). Amaranthus palmeri, a C4 species adapted to
arid and semiarid environments, can maintain cell turgor and
carbon assimilation under moderate water stress through osmotic
adjustment, allowing continued cell expansion and secondary
growth even when soil moisture is reduced. This physiological
capacity likely contributed to increased stem diameter under
water-limited conditions relative to fully irrigated plants (Ward
et al. 2013; Watts and Tenhumberg 2021).

Effect of Water Stress on Stomatal Conductance and Leaf
Temperature

The effects of growth stage and irrigation levels on GSW and Ti,¢
are presented in (Table 1). There were no significant differences in
GSW and T, between vegetative and reproductive stress treat-
ments at 4 and 8 WATT in either experiment. These results may
suggest that A. palmeri maintained physiological stability across
developmental stages, potentially due to its inherent low-water or
drought tolerance. Cominelli and Patrignani (2022) also reported
that A. palmeri sustained gas exchange and photosynthetic activity
through osmotic adjustment and regulated stomatal behavior, even
under declining soil moisture conditions.

At4WATT, GSW was the highest under 100% field capacity (FC)
in both experiments, whereas the lowest GSW values were observed
under 40% FC, demonstrating a clear decline in stomatal con-
ductance with increasing water deficit. By 8 WATr, GSW values
were generally lower than those observed at 4 WATT across all
treatments. In both experiments, relatively higher GSW values
compared with other treatments were observed at 40% FC at 8
WATT, suggesting physiological acclimation to prolonged water
stress, potentially through osmotic adjustment and partial stomatal
reopening rather than improved plant water status. In the second
experiment, GSW at 40% FC (0.07) was approximately 75% higher
than at 100% FC (0.04) at 8 WATT. Similar stomatal regulation
responses under extended water stress, including partial stomatal
closure and acclimation of photosynthetic processes, have been
reported in drought-tolerant weed species, including A. palmeri
(Cominelli and Patrignani 2022; Flexas et al. 2004; Ward etal. 2013).

Tiear did not exhibit a consistent response to irrigation levels
across sampling times. At 4 WATT, Tj.,¢ values were approximately
26 C across treatments in both experiments, with plants under 40%
FC exhibiting slightly higher leaf temperatures, likely due to
reduced transpirational cooling under water-limited conditions
with differences of approximately 0.4 to 0.6 C (~1.5% to 2.3%)

Table 2. Effect of water stress on root biomass and root length density (RLD) of
Amaranthus palmeri in a greenhouse experiment conducted in Lubbock, TX.?

Root biomass RLD

Growth stage Exp. 1 Exp. 2 Exp. 1 Exp. 2

g ——cmem® —
Vegetative stress 6.27 a 6.22 a 0.081 a 0.066 a
Reproductive stress 6.01 a 5.94 a 0.105 a 0.070 a
Irrigation®
100% FC 6.46 a 6.20 a 0.092 a 0.072 a
80% FC 6.31 ab 6.31a 0.109 a 0.069 a
60% FC 5.68 ¢ 5.53P 0.070 a 0.066 a
40% FC 6.12 b 6.27 a 0.107 a 0.080 a
Growth stage X irrigation NS NS NS NS

2Means followed by the same letter within each column and factor (growth stage or irrigation)
are not significantly different according to Least Significant Difference (LSD) test at P < 0.05.
bFC, field capacity.

higher compared with well-watered treatments. At 8 WATT, Tie.¢
values were relatively uniform across irrigation treatments,
between 29 to 30 C in both experiments, indicating effective
thermal regulation at later growth stages. Collectively, these results
demonstrate that leaf temperature in A. palmeri is more sensitive to
water stress at early growth stages than at later stages, reflecting
increased physiological adaptability to water-limited environ-
ments as plants mature.

Effect of Water Stress on Plant Root Parameters

The water stress treatments did not have a significant effect on
the root biomass and root length density at either vegetative or
reproductive stage in both experiments (Table 2). However,
irrigation level significantly influenced root biomass, with root
biomass significantly reduced at 60% FC compared with other
irrigation levels. In the first experiment, root biomass at 60% FC
(5.68 g) was approximately 12% lower than at 100% FC (6.46 g),
and in the second experiment, root biomass at 60% FC (5.53 g)
was about 11% lower than at 100% FC (6.20 g). This enhanced
root biomass under optimal moisture conditions is likely due to
active cell division and elongation. Similar results were reported
by Vaughn et al. (2016), who observed that the root biomass of
corn and velvetleaf (Abutilon theophrasti Medik.) was maximized
under conditions of maximum water availability. Higher root
biomass under 100% and 80% FC suggests that adequate soil
moisture supports root growth by facilitating cell expansion,
carbon allocation, and nutrient uptake (Lynch 2007). In contrast,
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Table 3. Effect of water stress on the final aboveground biomass, seed production, and seed germination of Amaranthus palmeri in a greenhouse experiment

conducted in Lubbock, TX.a

Aboveground biomass

Seed production Seed germination

Growth stage Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2
g plant? seeds plant™ — % —
Vegetative stress 70.70 a 57.50 a 3,291 a 3,139 b 42 a 38 a
Reproductive stress 69.50 a 56.50 a 4243 a 4,259 a 40 a 35a
Irrigationb
100% FC 72.10 a 61.90 a 6,733 a 6,106 a 46 a 42 a
80% FC 70.20 a 56.70 b 4,548 b 3,561 b 42 a 39a
60% FC 67.40 a 56.50 b 2,377 ¢ 2,489 d 30b 27b
40% FC 70.80 a 53.00 c 3,160 c 2,810 c 40 a 37a
Growth stage X irrigation NS NS NS NS NS NS

2Means followed by the same letter within each column and factor (growth stage or irrigation) are not significantly different according to Least Significant Difference (LSD) test at P < 0.05.

bFC, field capacity.

the reduction in root biomass at 60% FC indicates that moderate
water stress restricted carbon assimilation and root development,
likely as a result of reduced photosynthetic activity and limited
assimilate availability for belowground growth (Farooq et al.
2009). Interestingly, root biomass under 40% FC was comparable
to that observed under well-watered conditions, particularly in
the second experiment. This pattern may reflect an adaptive
response to severe water limitation, whereby plants maintain or
prioritize root investment to enhance soil exploration and water
acquisition. Similar adaptive responses have been documented in
both crops and weed species, where drought stress promotes root
persistence or changes in root architecture rather than a uniform
reduction in root biomass (Comas et al. 2013).

RLD did not show any significant difference among the various
water stress treatments in both experiments (Table 2). In the first
experiment, RLD values were numerically greater at 80% FC (0.109
cm cm™), which was approximately 33% higher than at 60% FC
(0.070), followed by 40% FC. Similarly, in the second experiment,
the highest RLD values were observed at 40% FC (0.080), which
was approximately 21% higher than at 60% FC (0.066). However,
these differences were not statistically significant. This trend could
be a response to water limitation that enables the plant to increase
its soil exploration and improve water uptake efficiency. Such
adaptive responses are consistent with the findings of Kalra et al.
(2024), who reported that roots commonly modify their archi-
tecture under drought to ensure maximum resource capture at
reduced metabolic cost. As drought progresses, plants often allo-
cate greater biomass or elongation capacity to deeper root zones,
facilitating water uptake from subsurface soil layers. Similarly, in
the second experiment, the highest RLD values were observed at
40% FC, further suggesting a tendency toward increased root
elongation under severe water limitation. However, these trends
were not statistically significant. In contrary, Sampathkumar et al.
(2012) showed that mild water stress promotes lateral root and
biomass, whereas severe stress limits root spread and reduces root
mass. Their observation of uneven soil moisture under deficit
irrigation emphasizes the importance of root plasticity to access
water resources, consistent with the root elongation observed here
under severe stress (40% FC).

Effect of Water Stress on Plant Biomass, Seed Production,
and Seed Germination

Plant Biomass
The effects of water stress on the final aboveground biomass, seed
count, and seed germination of A. palmeri were evaluated in two

greenhouse experiments under varying degrees of water stress
levels at various growth stages (Table 3). Biomass is an important
indicator of plant growth that showed no significant differences at
vegetative and reproductive growth stage under water stress
conditions in both experiments (Table 3). In the first experiment,
the final aboveground biomass at vegetative stress was 70.7 g,
which was approximately 2% higher compared with 69.5 g at
reproductive stress. This finding demonstrated that A. palmeri may
have the ability to sustain biomass production across different
growth stages even under stress. It may be due to its inherent C,
drought-tolerance mechanisms (Chandi et al. 2013). Similarly, in
the second experiment, the difference between vegetative and
reproductive stress was less than 2% (57.5 vs. 56.5 g), indicating no
significant effect of growth stage. This lack of significant
differences in biomass under varying growth stages may indicate a
stable physiological response to stress, although slight fluctuations
between the two experiments could be attributed to inherent
experimental variability or environmental conditions in the
greenhouse.

In the first experiment, biomass did not differ significantly
among irrigation treatments; however, values were numerically
greater at 100% FC and appeared to decrease at 80%, 60%, and 40%
FC. In the second experiment, biomass followed a declining trend
with increasing water stress. The highest biomass was recorded at
100% FC, followed by a notable decline at 80% and 60% FC,
dropping further at 40% FC, representing an approximate 14%
decrease under severe water stress. This trend indicates greater
sensitivity to reduced irrigation levels compared with the first
experiment. These results revealed that A. palmeri can tolerate a
moderate decrease in water availability, but the reduction in
biomass becomes more distinct under severe stress (Chahal
et al. 2018).

Seed Production

Seed count, which is a direct measure of reproductive success,
demonstrated significant variation in response to both growth-
stage stress and irrigation levels (Table 3). In both experiments,
when stress was imposed on the plants during the reproductive
growth stage, they produced ~29% higher numbers of seeds than
plants who were given stress during vegetative growth stage.
Amaranthus palmeri produced the highest number of seeds at
100% FC, followed by 80%, 40%, and 60% FC in both experiments.
Seed production at 100% FC was approximately 48% higher than at
80% FC and nearly three times greater than at 60% FC in the first
experiment, and 72% higher than at 80% FC and more than two
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times greater than at 60% FC in the second experiment. This
reduction is likely due to fewer flowers and seed sets resulting from
limited water availability for growth and development under water
stress (Hofer et al. 2023). Plants under 60% FC produced sig-
nificantly lower number of seeds in both experiments compared
with 40% FC. Even under severe water stress or drought con-
ditions, A. palmeri produced a considerable number of seeds in
both experiments. This highlights that water stress alone is
insufficient to limit its reproductive potential and emphasizes the
importance of effective early-season management to minimize
weed pressure, reduce seedbank replenishment, and prevent crop
growth and yield losses at harvest (Legleiter and Johnson 2013).
Similarly, Mausbach et al. (2022) reported that A. theophrasti
produced more seeds under 75% FC than under 100% FC, indi-
cating greater reproductive success under moderate water limi-
tation and demonstrating relatively high resilience to drought
conditions. In contrast, other weed species, including prickly
lettuce (Lactuca serriola L.), silverleaf nightshade (Solanum
elaegnifolium Cav.), A. tuberculatus, and A. palmeri, exhibit
reduced seed production as water stress levels increase (Singh,
et al. 2022).

Seed Germination

Seed germination is a key indicator of seed viability and successful
plant establishment. Across both experiments, germination rates
did not differ between growth stages, yet they showed clear and
significant differences under varying irrigation treatments. The
highest germination was observed at 100% FC, with 46% in the first
experiment and 42% in the second experiment. The results showed
that optimal soil moisture is crucial for successful seedling
emergence, which is supported by the evidence that seed germi-
nation is influenced by environmental factors such as soil moisture,
temperature, and so on (Sidhu et al. 2024). At 80% FC, seed
germination was 42% and 39% in the first and second experiments,
respectively. Although these values were numerically lower than
those observed at 100% FC, the differences were not statistically
significant, suggesting that germination under moderate water
availability was comparable to that at full field capacity. However,
the lowest germination rates were recorded at 60% FC, with 30%
and 27% germination in the first and second experiments,
respectively. This significant reduction in seed germination under
60% FC suggests that moderate water stress adversely affects seed
quality. Water stress during seed filling has been shown to disrupt
assimilate translocation, hormonal balance, and seed reserve
deposition, ultimately reducing germination percentage
(Abdelhamied et al. 2021; Khaeim et al. 2022). Similar declines in
germination under reduced water availability have been docu-
mented in rice (Oryza sativa L.) and wheat (Triticum aestivum L.),
where limited water supply impaired seed imbibition and early
metabolic activity (Ali et al. 2024).

Interestingly, seed germination under 40% FC was comparable
to higher-irrigation treatments, suggesting a potential stress-
threshold response. Severe water limitation may reduce total seed
production but allow the remaining seeds to complete develop-
ment with relatively preserved viability. Such maternal stress
effects, wherein drought alters seed traits and germination
behavior, have been widely reported across crop and weed species
(Matzrafi et al. 2021). These responses may represent an adaptive
strategy enabling seeds to maintain germination capacity under
adverse environmental conditions.

Therefore, this study provides important information on the
growth and reproductive responses of A. palmeri under varying

degrees of water stress during different growth stages, offering
valuable insights for weed management in water-limited agricul-
tural systems. The findings signify the weed’s ability to maintain
high seed production and germination rates even under severe
drought conditions, emphasizing the importance of early-season
control measures to prevent seedbank replenishment and future
infestations. Also, targeting A. palmeri during its vegetative growth
stage, when it is more vulnerable to water stress, could enhance the
effectiveness of management strategies. Moreover, the study
underlines the need for integrated weed management approaches
that combine chemical, mechanical, and cultural practices to
address the challenges posed by A. palmeri’s drought tolerance and
herbicide resistance. In dryland cropping systems, timely inter-
ventions during critical growth stages offer an effective approach to
suppress weed growth while maximizing water-use efficiency.
Furthermore, understanding the weed’s adaptive mechanisms,
such as root elongation under drought, can inform the develop-
ment of strategies to limit its competitive advantage over crops. For
growers in semiarid and arid regions, our research shows the
importance of monitoring soil moisture levels and implementing
proactive weed control measures to minimize crop yield losses. By
utilizing the knowledge from our study, agricultural stakeholders
can develop sustainable practices to mitigate the economic and
ecological impacts of A. palmeri in water-scarce environments.
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