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Transpiration response of
palmer amaranth (Amaranthus
palmeri) to drying soil in
greenhouse conditions

Sofia Cominelli and Andres Patrignani *

Department of Agronomy, Kansas State University, Manhattan, KS, United States
Palmer amaranth (Amaranthus palmeri S. Watson) is a troublesome weed that

can result in substantial crop yield loss in irrigated and rainfed agricultural

systems of the U.S. Great Plains. Knowledge of the transpiration response to

soil drying is necessary to better understand the competitive nature of Palmer

amaranth against crops in limiting soil moisture conditions. The objective was

to quantify the soil matric potential at which the transpiration rate of Palmer

amaranth starts to decline during soil drying conditions. A greenhouse

experiment consisting of six replications of well-watered and stressed plants

growing in columns of a packed silt loam soil on automated load cells was

established in May 2021 in Manhattan, KS. Hourly transpiration rates were

computed as the difference of two consecutive mass readings. Stomatal

conductance was measured every other day on the topmost fully developed

leaf using a leaf porometer. Soil matric potential was estimated using a

measured soil water retention curve. The stomatal conductance of plants

undergoing soil drying conditions started to decrease at a soil matric

potential of -120 kPa and the plant-level transpiration rate started to

decrease at -176 kPa. Palmer amaranth exhibited high (246 g h-1) day-time

transpiration rates when soil water was available at low tension levels (10 to 33

kPa). In advanced stages of development, well-watered plants also exhibited

nighttime transpiration that accounted for ~10% of the day-time transpiration

total. Mean transpiration use efficiency of well-watered and stressed plants

considering total dry biomass was similar (P = 0.247), with values of 10.9 and

11.6 g kg-1, respectively. Overall, this study substantiates the competitive nature

of Palmer amaranth for soil water in sub-humid and semi-arid environments

and highlights the importance of early control of Palmer amaranth to minimize

competition for soil moisture.
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Introduction

Palmer amaranth (Amaranthus palmeri S. Watson) has been

ranked the most troublesome weed among all terrestrial crop

and non-crop areas in the U.S. and Canada (Van Wychen, 2016)

and is one of the most troublesome and economically

detrimental warm-season annual weeds for cropping systems

in the U.S. Great Plains (Massinga et al., 2003; Webster and

Nichols, 2012; Kumar et al., 2020). This problem has been

exacerbated by the appearance of biotypes resistant to ALS-

inhibiting (Sprague et al., 1997; Burgos et al., 2001),

dinitroaniline (Gossett et al., 1992), triazine (Jhala et al., 2014),

4-hydroxyphenylpyruvate dioxygenase (HPPD)-inhibiting

(Nakka et al., 2017; Küpper et al., 2018), and glyphosate

herbicides (Culpepper et al., 2006; Kumar et al., 2019), which

reduces herbicide options and increases the costs of in-season

weed control. Palmer amaranth is a C4 plant with a high

photosynthetic capacity and a rapid growth rate (Ehleringer,

1983) that can compete with summer crops for limited light, soil

nutrients, and soil moisture (Massinga et al., 2003; Korres et al.,

2017). Thus, uncontrolled Palmer amaranth in agricultural fields

can cause substantial crop yield loss in summer crops. For

instance, previous research studies in east Texas showed that

cotton (Gossypium hirsutum L.) lint yield was reduced by up to

54% due to competition with Palmer amaranth (Morgan et al.,

2001). Similarly, field experiments in Kansas with up to eight

plants of Palmer amaranth per linear meter resulted in up to 91%

yield loss in irrigated corn (Zea mays L.) (Massinga et al., 2001)

and 79% yield loss in rainfed soybean [Glycine max (L.) Merr.]

(Bensch et al., 2003).

Competition for water resources between summer crops and

Palmer amaranth becomes particularly relevant in rainfed

cropping systems in sub-humid and semi-arid regions, where

soil water availability is often limited during part or the entire

growing season. Palmer amaranth is a native plant of the

Sonoran Desert (Ehleringer, 1983) and has adaptations for

drought conditions such as extended seedling emergence,

rapid initial shoot and root growth rate, and a combination of

fine shallow roots and deep fibrous roots that may provide a

competitive advantage for soil water uptake against crops in

water limiting conditions (Berger et al., 2015). Previous studies

focusing on the physiological responses of Palmer amaranth

under water-limited conditions have mainly described

photosynthetic characteristics as a function of leaf

conductance and leaf water potential (Ehleringer, 1983; Berger

et al., 2015). Some studies have also investigated the impact of

maternal water environments on germination properties of

progeny seeds (Matzrafi et al., 2021). However, little research

has been conducted to better understand the transpiration

responses of Palmer amaranth to soil drying at the plant level

at daily and sub-daily scales. From a physiological point of view,

Palmer amaranth is expected to follow transpiration dynamics
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similar to that of agricultural crops. When soil water availability

is adequate, plant transpiration can typically cope with the water

demand imposed by atmospheric conditions (Denmead and

Shaw, 1962). Under this circumstance, plants usually exhibit a

transpiration rate that is at or near the potential transpiration

rate (Ray et al., 2002). As the available soil water declines and

plants have to do more work to uptake soil water (Minasny and

McBratney, 2003), plants can no longer maintain maximum

transpiration rates. At this point, a chain of physiological

reactions trigger defense mechanisms like stomatal closure and

leaf rolling to reduce water losses (Corlett et al., 1994; Ray et al.,

2002). Thus, the objective of this experiment was to quantify the

transpiration rate and the soil matric potential at which the

transpiration rate of Palmer amaranth starts to decline during

soil drying conditions compared to well-watered plants. Since

Palmer amaranth is a native plant of desert areas and its

competitive nature for resources has been well documented in

the scientific literature, we hypothesize that the onset at which

the transpiration rate of Palmer amaranth starts to decline

occurs at lower soil matric potentials (i.e., more drought

resistant) than typical agricultural crops. Quantifying the

transpiration rate of Palmer amaranth under well-watered and

water deficit conditions will contribute to the growing body of

scientific literature characterizing the competitive nature of

Palmer amaranth for water resources in agricultural

cropping systems.
Materials and methods

A greenhouse experiment was set to study transpiration

responses of Palmer amaranth to soil drying from 5 May to 31

May 2021 in the facilities of Kansas State University in

Manhattan, KS (39°11’39.2”N, 96°35’03.0”W, 312 m a.s.l.). The

experiment consisted of growing plants of Palmer amaranth in

packed soil columns under well-watered and a soil drying

treatments with six replicates each (i.e., total of 12 plants,

Figure 1) using a complete randomized design since no

apparent gradients in incident solar radiation, air temperature,

and air circulation were evident in the small area (4 m2)

occupied by the experiment. White, plastic cylindrical

containers (28.5 cm in inner diameter and 48.5 cm in height)

were packed with a silt loam soil at a bulk density of 1.15 g cm-3.

The soil in this study had 17% sand and 26% clay, which was

determined using the hydrometer method (Gavlak et al., 2003).

The chemical properties of the soil before any fertilizer

application consisted of total organic carbon of 1.34% (loss-

on-ignition method), total nitrogen (N) of 0.12%, phosphorus

(P) of 5 ppm (Mehlich-3), potassium (K) of 200 ppm, a pH value

of 7.3, and a bulk electrical conductivity of 0.5 mS cm-1 (analysis

performed by the Kansas State University Soil Fertility

Laboratory). Containers were packed gradually by dividing the
frontiersin.org
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container volume into three layers to better control the bulk

density during the packing process. Containers were filled

almost to the top, leaving a small gap of ~3 cm to contain

water during irrigation events. The soil was amended with 51 g

(17 g per layer) of a fast-release commercial fertilizer (Fertilizer

analysis 24-8-16, Miracle Gro, Inc.), 192 g (64 g per layer) of a

slow-release fertilizer (Osmocote, The Scotts Company, LLC.),

and 23.1 g (7.7 g per layer) of fungicide (Marathon, active

ingredient: Imidacloprid) according to the manufacturer’s label

recommendation for healthy plants. All containers were watered

and then left covered for two days before receiving the plants to

allow for soil water redistribution across the entire soil column.

Seeds of Palmer amaranth used in this study were collected

from plants grown at the Kansas State University Department of

Agronomy Ashland Bottoms Experiment Field located near

Manhattan, KS. Plants were grown individually using seedling

trays until they had three true leaves. Twelve plants of similar

size were selected and carefully transplanted into the individual

containers with packed soil for the rest of the experiment. Thus,

each container had one plant of Palmer amaranth located in the

center of the container. The transplanting step was necessary to

ensure uniformity in the initial size of the plants. Seedling roots

were surrounded by soil at all times and the transplanting did

not impose any visual stress on the plants. All plants were

watered periodically for about two weeks until they adapted to

the new container and had a size that allowed us to measure

mass changes due to transpiration. Plants of Palmer amaranth

grew three to eight leaves in ~15 days.

The day before starting the experiment, all the containers were

watered andbrought to a volumetricwater content of 0.33 cm3 cm-3,

which corresponded to amatric potential of ~8 kPa (Figure 2). This

soilmoisture condition ensured sufficient available soil water andan

air-filled porosity >10% to avoid oxygen diffusion rate from
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becoming a limiting factor (Silva et al., 2004). The initial

volumetric water content of each container was within 0.015 cm3

cm-3 of the average water content of all the containers. Then, the

surface of each container was covered with an impermeable clear

polyethylene film (1.52 mm thickness) carefully wrapped around

the stem of Palmer amaranth plants to prevent evaporative losses

duringtheexperiment.To furtherprevent evaporative lossesaround

the stem, a plastic clip (similar to a bread clip) was attached to seal

any remaining gap around the stem. The wrapping of the film

around the stemwas checked periodically to ensure that plantswere

free to grow. Well-watered plants received periodic irrigation to

maintain a matric potential of -10 kPa based on soil tensiometers

installed at 20 cm depth, which was the depth with the highest root

density. Tensiometers were checked twice a day and irrigation of

well-watered plants was done manually. Stressed plants did not

receive any irrigation after the onset of the experiment.

During the entire study period, the mass of each container was

tracked with automated load cells (model PL-100, Meter, Inc.)

connected to a datalogger (model CR300, Campbell Scientific,

Inc.). The load cells were factory-calibrated and included

temperature compensation. The minimum resolution of the

scales was 5 g, which is equivalent to a resolution of 0.078 mm

given the area of the containers. The mass of each container was

recorded at 15-minute intervals and averaged hourly. Hourly

plant transpiration was calculated as the difference between two

consecutive mass observations. In addition, we also recorded air

temperature and relative humidity (model CS125, Campbell

Scientific, Inc.), and photosynthetically active radiation (PAR,

389-692 nm) with a quantum sensor (model CS310, Campbell

Scientific, Inc.). Both sensors were installed at about 1.5 m from

the top of fully developed plants. Vapor pressure deficit (VPD)

was estimated from observations of air temperature and relative

humidity using Tetens equation (Campbell and Norman, 2000)
FIGURE 1

Image illustrating the experimental set up in the greenhouse.
The image shows plants of Palmer amaranth growing in
containers on top of automated load cells.
FIGURE 2

Soil water retention curve for the silt loam soil used in this study.
Different markers represent observations for the three undisturbed
soil samples and the solid line represents the fitted van Genucthen
model. MAE is the mean absolute error of the fitted model.
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(Figure 3). During the experiment, we recorded plant height, stem

diameter, and stomatal conductance using a leaf porometer

(model SC-1, Meter, Inc.). Plant height was measured from the

base of the plant to the highest extended leaf. Stomatal

conductance was measured on the topmost fully expanded leaf

of each plant every other day at 1600 hours. In this experiment

plant transpiration was determined solely from changes in mass.

Leaf stomatal conductance was recorded as an auxiliary variable to

help us refine the timing at which plants started to show signs of

stress due to limiting soil water. The greenhouse ceiling consisted

of clear glass without whitewash and supplemental light was

provided from 0800 to 1800 hours using four 1200 W ballasts

of high-pressure sodium uniformly distributed at about 1.5 m

from the top of the canopy to closely match the solar irradiance

during the summer period at this latitude.

The experiment was terminated when plants in the stress

treatment reached a maximum transpiration rate <6.4 g h-1, a

value that is close to the resolution of 5 g of the automated scales.

At this point, plant leaves and the stem apex exhibited severe

wilting without recovery overnight (Hendrickson and Veihmeyer,

1945). At the end of the experiment, three undisturbed soil
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samples were collected from random containers to create a soil

water retention curve. Since all the containers had the same soil

type and packing procedure, the three soil samples from random

containers were used to create a single soil water retention curve

representative of the silt loam soil. The wet end of the soil water

retention curve was determined in the laboratory using precision

mini-tensiometers (model Hyprop 2, Meter, Inc.) and the dry end

of the soil water retention curve was determined with a dew point

soil water potential meter (model WP4C, Meter, Inc.) (Figure 2).

The van Genuchten (Van Genuchten, 1980) soil water retention

model was fitted to the observations using least squares using

Python 3.7.9 and the SciPy optimize module (Virtanen et al.,

2020). The van Genuchten model (Equation 1) is defined as:

q = qr + qs − qrð Þ 1 + −aymð Þn½ �−m  (1)

where q (cm3 cm-3) is the volumetric soil water content, qs(cm3

cm-3) is the saturated water content, qr (cm3 cm-3) is the residual

water content, ym (kPa) is the soil matric potential, a (kPa-1) is a

fitting parameter sometimes related to the inverse of the air-

entry pressure, n (unitless) is a parameter related to the pore size

distribution, and m (unitless) was assumed equal to 1–1/n
A

B

C

FIGURE 3

Air temperature (A), vapor pressure deficit (B), and greenhouse and outdoors photosynthetically active radiation (PAR, 389-692 nm) (C) during
the experiment from 5 May to 31 May 2021. Outdoors PAR was estimated as 48% of the incident solar radiation.
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(Schaap et al., 2001). Statistical differences between treatment

means for each variable were tested using an independent two-

sample t-test. The statistical analysis was conducted using the

PROC TTEST in SAS (SAS Institute version 9.4). The

assumptions of normality and homoscedasticity were tested

using quantile-quantile plots (i.e., Q-Q plots) and the equality

of variance was also tested using a folded F-test, which are

provided by default in the PROC TTEST routine. In cases where

the assumption of equality of variance was not met, we used the

output corresponding to the Satterthwaite approximation.

At the end of the experiment, plants of Palmer amaranth were

harvested by separating the shoot and the root at the soil surface.

Shoots were placed in paper bags and dried at 65 °C until constant

mass. The root systems were extracted by damping the container

soil on a large tray and removing individual roots by hand with the

help of a 2 mm sieve. Roots were washed and dried at 65 °C until

constant mass. The transpiration use efficiency (TUE, g kg-1) was

computed by dividing the shoot dry biomass (TUEshoot) and the

total plant dry biomass (TUEtotal) by the total transpirationover the

studied period (Sinclair et al., 1984). In this study we favored the

computation of TUE on a mass basis to avoid affecting the TUE

calculations by the choice of container area.

The point at which the plant transpiration rate started to

decrease due to limiting soil moisture conditions was defined

using two independent approaches. The first approach consisted

of using periodic readings of leaf-level stomatal conductance

between well-watered and stressed plants. First appearance of

significant differences in stomatal conductance enabled early

detection of reduced transpiration rates as a result of soil water

deficit, which may be difficult to capture with the load cells. A

second plant-level approach consisted of defining the point at

which the average cumulative transpiration between well-

watered and stressed plants started to diverge. In this case, a

stress inception region was defined between the point at which

the cumulative transpiration starts to diverge and the point at

which the 95% confidence intervals no longer overlap. Some

previous studies have used a linear-plateau approach fitted to the

normalized transpiration ratio as a function of the fraction of

transpirable water (Ray and Sinclair, 1997; Schmidt et al., 2011;

Gholipoor et al., 2012; Andrianasolo et al., 2016). The original

methodology proposed by Ray and Sinclair (1997) is practical,

but requires the computation of the fraction of transpirable soil

water, which relies on the definition of a drained upper limit.

This upper limit is usually estimated by allowing a thoroughly

wetted soil to freely drain for 24-48 hours. This approach works

well in experiments using potting soils and coarse-textured soils,

but not with fine-textured mineral soils, which can result in soil

water held at much lower tension levels than would otherwise

occur in field conditions (Passioura, 2006). A recent study also

found that the definition of upper limits for plant available water

based on fixed soil matric potentials and flux thresholds do not

constitute an adequate soil physical quantity to assess soil water

availability (van Lier, 2017). Thus, in this study we favored the
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use of accurate hourly mass observations to estimate the soil

matric potential at which stressed plants started to exhibit a

lower transpiration rate, which is less subjected to researcher

bias due to arbitrary selection of upper limits.
Results and discussion

The experiment spanned atmospheric conditions that are

typical of spring and summer weather conditions in this region,

with air temperature ranging mostly from 18 to ~35 °C, VPD

ranging from 1.0 to 4.8 kPa, and PAR reaching values of up to

2,000 mmol m-2 s-1 near solar noon in days with clear sky

conditions (Figure 3). The minimum air temperature in this

study was slightly above the typical base temperature of 16 °C for

growth and development of Palmer amaranth, and the

maximum temperature was similar to the optimal temperature

for net photosynthesis of ~36 °C (Ward et al., 2013). Light

conditions inside the greenhouse were similar to outdoors PAR

levels observed at the Manhattan station of the Kansas Mesonet

(Patrignani et al., 2020), which is located at about 1 km from the

experiment site.
Transpiration rate

As expected, plants of both well-watered and stressed

treatments had nearly identical transpiration rates during the

initial stages of the experiment in which soil water was not

limiting (Figure 4). The transpiration rate of both well-watered

and stressed plants was lowest during the night and peaked during

midday,when solar radiation andVPDvalueswere highest.During

this initial period, the stomatal conductance of well-watered and

stressed plants was not significantly different (Figure 4), which

supports the similar transpiration rates observedwith the load cells.

However, as plants of the stressed treatment started to deplete the

available soil water, the transpiration rate started to decline

compared to the transpiration rate of well-watered plants

(Figure 4A). Similarly, the cumulative transpiration of well-

watered and stressed plants started to diverge, a point that

indicates the approximate onset of stress due to soil water deficit

conditions (Figure 4B). The point at which we first observed

significant differences in the mean stomatal conductance between

treatments was on 17 May at 1600 hours (P = 0.047, point P1 in

Figure 4A), which corresponded to a volumetric water content of

0.195 cm3 cm-3 and a soilmatric potential of -120kPa. Similarly, the

point at which the average cumulative transpiration between the

well-watered and stressed plants started to diverge occurred on 18

May 2021 at 1300 hours (dashed line and pointP2 in Figure 4A). At

this point, the soil of the stressed plants had an average volumetric

water content of 0.182 cm3 cm-3 and an estimated soil matric

potential of -176 kPa. Plants in the well-watered treatment had an

averageheightof 36.7cm(SD=6.1cm)andstressed treatmentshad
frontiersin.org
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an average height of 37.9 cm (SD = 5.3 cm), values that were not

statistically different using a t-test (P = 0.723), thus providing

evidence that plants of the two treatments were uniform at the

inception of the soil water stress. The range in soil matric potential

between -120 kPa at P1 and -176 kPa at P2 found in this study was

similar to the recommended soil matric potential to irrigate crops

like alfalfa (Medicago sativa), cotton (Gossypium hirsutum), and

tomato (Solanum lycopersicum L.) (Taylor, 1965; Hanson et al.,

2000), which typically represent plants on the tolerant spectrum for

soil water deficits.
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While during the period indicated between P1 and P2we did not

observe any visual signs of turgor loss on leaves and stems, all plants

undergoing soil drying exhibited clear visual signs of turgor loss

betweenP2 and the point atwhich the 95%CIbetween the treatment

means no longer overlapped (point P3 in Figure 4A). The average

volumetricwater contentatP3was0.154cm
3cm-3and thesoilmatric

potentialwas -536kPa.Theperiod fromP2 toP3 spanneda totalof 58

hours and was characterized by a significantly different (P <0.001)

meanstomatal conductancebetweenwell-wateredplants (441mmol

m-2 s-1) and stressed plants (117 mmol m-2 s-1), a difference that, as
FIGURE 4

Transpiration rate (A) and cumulative transpiration (B) for well-watered and stressed plants of Palmer amaranth. The graphs shows the periods in
which plants were clearly under no stress (light green area) and under stress (light orange area) due to soil water deficit. The figure also shows
the onset at which stressed plants started to exhibit lower transpiration rates (vertical dashed line, point ②) than well-watered plants. The central
white area represents a period of about 3 days in which plants started to exhibit evidence of water stress. Point ① represents the date at which
we first detected significant differences in stomatal conductance between treatments. The interval between points ② and ③ (hatched area)
represents a 58-hour period during which visual signs of turgor loss were observed for the first time in the stressed treatment. Between points ①
and ③ the transpiration rate depended on the interaction between soil moisture conditions and atmospheric demand. The shaded area around
cumulative transpiration curves represent the 95% confidence intervals based on six replicates. The soil matric potential is the median value of
the six replicates. For the measurements of stomatal conductance, NS means non-significantly different at the 5% level, * means P<0.05, and **
means significant at P<0.01 using an independent two-sample t-test.
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expected, persisted until the end of the experiment. Our findings

suggest that the transpiration rate and stomatal conductance of

Palmer amaranth are affected by soil water deficits before exhibiting

visual signs of turgor loss. An observation worth mentioning is that

even well-watered plants occasionally showed temporary decreases

in the transpiration rate as a consequence of the high and sustained

midday atmospheric demand throughout the study period. Similar

responses have been observed in other studies involving grain

sorghum under well-watered conditions, possibly as a consequence

of the internal hydraulic resistance of the plant vascular tissue or by

the limited plant root water uptake (Sinclair et al., 2005).

Unlike previous studies in which plants were subjected to

constant VPD conditions (Ray and Sinclair, 1997; Gholipoor

et al., 2012), our study included diurnal oscillations in VPD

conditions driven by changes in greenhouse temperature and

relative humidity conditions, which are likely closer to field

conditions. Thus, in this study, transpiration rates were

modulated by both the availability of soil moisture and the

atmospheric demand. This interaction across the soil-plant-

atmosphere continuum was clearly evident between P2 and P3
in Figure 4A. For instance, on 18 May with a peak VPD of ~3.5

kPa, the midday transpiration rate of well-watered and stressed

plants dropped for a few hours. On the other hand, on 19 May

with a peak VPD of ~3 kPa and an overall lower atmospheric

demand during the entire day, the well-watered and stressed

plants exhibited comparable midday and daily transpiration

rates. Our findings are in agreement with the landmark study

by Denmead and Shaw (1962), in which pots with corn plants

growing in the field exhibited different transpiration responses

based on coupled soil moisture and atmospheric conditions.

From 20 May 2021 onwards, plants in the soil drying

treatment were no longer able to cope with the atmospheric

demand, and the transpiration rate started to decline rapidly

compared to the well-watered plants. After 22 May 2021, plants

were slowly approaching the permanent wilting point and

exhibited severe water stress characterized by a generalized loss

of turgor in leaves and stems. At this stage, well-watered plants

were also growing rapidly, with average hourly transpiration

rates at solar noon as high as 246 g h-1 (Figure 4A) and

stomatal conductance values of the top fully expanded leaves

of 394 mmol m-2 s-1 under VPD conditions of ~4.1 kPa on

27 May. The highest recorded transpiration rate for a single

plant was 310 g h-1. The high hourly transpiration rate of plants

of Palmer amaranth were likely a consequence of the lack of

competition for soil water and a dense root system exploring

the entire volume of the container. While this high

transpiration rate remains to be validated in field conditions,

our study shows that Palmer amaranth can exhibit high

transpiration rates when soil water is available at or near

field capacity conditions (i.e., soil matric potentials between

-10 and -33 kPa). On 27 May 2021 plants of Palmer amaranth

reached an average height of 79.9 cm (SD = 7.22 cm) and an

average stem diameter at the base of the plant of 18.8 mm (SD
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= 2.67 mm). At this time, we recorded a median daily

transpiration total across the six plants of 2,020 g, a

maximum daily transpiration total for a single plant of 2,420

g, and a maximum day-time transpiration total of 1,857 g. High

transpiration rates observed in this study coupled with the high

photosynthetic rates (Ehleringer, 1983) reported by previous

studies could be the key for outcompeting other plants during

the growing season when resources are plentiful.

Hourly measurements of plant transpiration also allowed us to

detect the occurrence of nighttime transpiration, which unlike

daytime transpiration, is a far less reported process. Considering

the entire duration of the experiment, nighttime transpiration in

well-watered plants represented 7% of the total transpiration

(Figure 5). In the period from 21 May to 29 May 2021, well-

watered plants of Palmer amaranth exhibited measurable

transpiration during nighttime hours (hours with PAR<1 mmol

m-2 s-1), with the highest nighttime transpiration total reaching a

value of 147 g from28May at 2200 hours to 29May at 0600 hours, a

value that represented~10%of the averagedaytime transpirationon

28 and 29 May. During the nighttime, the average VPD of the

greenhouse was 1.4 kPa. Our findings are in agreement with

previous studies also conducted in controlled environmental

conditions, in which the magnitude of nighttime transpiration of

bean (Phaseolus vulgaris L.) and cotton resulted in 12 to 23% of

daytime water losses (De Dios et al., 2015). In some plant species,

nighttime transpiration is regulated by endogenous controls on

stomatal conductance and has been associated with the nocturnal

release of respiratory CO2, which in turn allows for root water

uptake for use in leaf expansion, a positive feedback that would

promote rapid growth rate (De Dios et al., 2015; Fricke, 2019).

Nighttime transpiration can also be a consequence of residual (i.e.,

cuticular) transpiration. It remains unclear why nocturnal
FIGURE 5

Total daytime and nighttime transpiration per hour of the day for
the well-watered plants.
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transpiration did not occur in earlier stages of the experiment. One

possible reason is that in early stagesofdevelopment, plantswere too

small to exhibit a measurable nocturnal transpiration rate with the

automated scales. Additional studies in controlled conditions are

necessary to confirm our findings and to investigate the underlying

regulatingmechanisms (if any) of nighttime transpiration inPalmer

amaranth. The extent to which plants of Palmer amaranth exhibit

nighttime transpiration in field conditions remains unknown and

should also be the subject of future research studies. To our

knowledge, this is the first study reporting the occurrence of

nocturnal transpiration in Palmer amaranth.

At the end of the experiment, stressed plants still exhibited

138 g of daily transpiration even at soil matric potentials of

-1,500 kPa. On the last day of the experiment, the average daily

transpiration of the stressed plants was 32 g and the mean

volumetric water content was 0.099 cm3 cm-3 (SD = 0.008 cm3

cm-3), a value 27% lower than the volumetric water content at

the permanent wilting point (0.136 cm3 cm-3 at -1,500 kPa) and

similar to the residual water content of 0.095 cm3 cm-3 obtained

from the measured soil water retention curve. The soil matric

potential values reported in this study are the average for the

entire container, thus it is possible that plant roots were

accessing pools of pore water held at higher (i.e., less negative)

soil matric potentials. The small, but sustained soil water uptake

at such low soil matric potentials observed in this study may be

an additional competitive mechanism of Palmer amaranth to

thrive in water-limited conditions. Our findings could be useful

in modeling crop-weed competition studies, which often require

the specification of parameters to constrain the lower limit for

root water uptake in weeds and crops.
Cumulative transpiration, biomass, and
transpiration use efficiency

During the experiment, well-watered plants averaged a

cumulative transpiration of 20.4 kg (equivalent to 321 mm based

on selected container diameter), while stressed plants averaged a

cumulative transpiration of only 6.5 kg (equivalent to 102 mm
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based on the selected container diameter) (Table 1). As expected,

the mean cumulative transpiration between the treatments was

significantly different based on a t-test (P <0.001). At the end of the

experiment, well-watered plants had a mean dry shoot biomass of

198 g (SD = 9.5 g) and mean dry root biomass of 24 g (SD = 9.1 g),

resulting in a calculated root-to-shoot ratio of 0.12. On the other

hand, stressed plants had a mean dry shoot biomass of 63 g (SD =

5.3 g) and a mean dry root biomass of 12 g (SD = 1.8 g), which

resulted in a mean root-to-shoot ratio of 0.19 (Table 1). In a similar

study comparing corn plants under well-watered and soil water

deficit conditions, shoot growth was more affected than root

growth, resulting in an increased root-to-shoot ratio in plants

under stress (Benjamin et al., 2014), which is the same response

that we observed in our study. The resulting TUE based on shoot

dry biomass (TUEshoot) and total dry biomass (TUEtotal) between

the well-watered and stressed plants was similar and not

significantly different among treatments (Table 1). The mean

TUEshoot for the well-watered plants was 9.80 g kg-1 (SD =

1.01 g kg-1) and 9.72 g kg-1 (SD = 0.97 g kg-1) for the stressed

plants (Table 1). Similarly, TUEtotal was 10.9 g kg
-1 (SD= 1.01 g kg-1)

for well-watered plants and 11.6 g kg-1 (SD = 0.79 g kg-1) for the

stressed plants (Table 1). Given that both treatments were exposed

to the same environmental conditions and soil nutritional level,

our results follow the fundamental assumptions made by Tanner

and Sinclair (1983), in which drymatter reduction is proportional

to the decrease in transpiration caused by the soil water deficit.
Conclusions

In this study we measured the transpiration rate of Palmer

amaranth under well-watered and soil drying conditions. The

leaf stomatal conductance of plants undergoing soil drying

conditions started to be affected at a soil matric potential of

-120 kPa and the plant-level transpiration rate started to be

affected at a soil matric potential of -176 kPa, both the reduction

in stomatal conductance and plant transpiration rate occurring

before plants exhibited visual symptoms of turgor loss. These

values of soil matric potential provide some evidence to support
TABLE 1 Total transpiration (T), shoot dry mass, root dry mass, total dry mass, shoot-to-root ratio, and transpiration use efficiency (TUE) based
on shoot and total biomass for well-watered and stressed plants of Palmer amaranth.

Variable Units Well-watered Stressed DF† [t-value] p-value

Total Transpiration kg 20.4 (2.6) 6.5 (0.3) 5.1 12.99 <.0001

Shoot Dry Mass g 197.8 (9.45) 63.1 (5.29) 10 30.45 <.0001

Root Dry Mass g 23.6 (9.04) 12.1 (1.81) 5.4 3.05 0.0258

Total Dry Mass g 221.3 (17.63) 75.2 (3.68) 5.4 19.88 <.0001

TUEshoot g kg-1 9.80 (1.01) 9.72 (0.97) 10 0.12 0.9054

TUEtotal g kg-1 10.9 (1.01) 11.6 (0.79) 10 1.23 0.2469

Root-to-Shoot Ratio unitless 0.12 (0.04) 0.19 (0.04) 10 3.03 0.0126
fronti
†Non-integer degrees of freedom (DF) correspond to the t-test using the Satterthwaite approximation since the assumption of equality of variance was not met at the 5% level.
Values between parentheses represent one standard deviation.
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our initial hypothesis that the transpiration response Palmer

amaranth is similar to that of crops on the tolerant spectrum for

soil water deficits. We also found that Palmer amaranth can

exhibit high transpiration rates when soil water is available at

low tension levels (i.e., field capacity), with individual well-

watered plants reaching average transpiration rates of up to

246 g h-1 and up to 2,020 g per day for plants with an

approximate height of 80 cm. The TUE of well-watered and

stressed plants remained almost unchanged and during

advanced stages of growth, nighttime transpiration accounted

for ~10% of the day-time transpiration total. Our study offers

key insights needed to better understand the competitive nature

of Palmer amaranth and manage this troublesome weed in sub-

humid and semi-arid environments. Future research studies

should corroborate the TUE and the magnitude of nighttime

transpiration reported in this study and should investigate the

physiology of nighttime transpiration as a possible mechanism

to outcompete agricultural crops for limited water resources.
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