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Abstract

Seed germination responses to light influence the timing of weed emergence and management
outcomes. We evaluated (1) variation in light-dependent germination among germplasm
sources, (2) the relationship between primary dormancy and far-red light-enforced germi-
nation inhibition, and (3) the role of seed size in light-dependent dormancy. Between 2022 and
2025, germination of 70 kochia [Bassia scoparia (L.) A. J. Scott] populations and 49 common
lambsquarters (Chenopodium album L.) accessions was evaluated under three light environ-
ments—dark, red, and far red—for both freshly harvested and stored seed. Bassia scoparia
germination did not differ among light environments (ANOVA, P = 0.67), indicating weak
photoblastic regulation at the species level. In contrast, C. album exhibited pronounced
differences in light-dependent germination among accessions (P < 0.0001). Accessions with
greater primary dormancy, defined as the difference between germination of freshly harvested
and stored seed, exhibited stronger far-red-enforced germination inhibition, indicating
coordinated regulation of dormancy depth and light sensitivity. Seed weight was not strongly
associated with primary dormancy (Spearman’s p=0.057, P =0.11) or far-red suppression
(p=0.50, P=0.06). These results indicate that variation in light-dependent dormancy and
germination in C. album is governed primarily by genetic and physiological regulation of light
perception rather than by seed size.

Introduction

Seeds serve as both the starting point and conclusion of an annual plant’s life cycle (Sajeev et al.
2024). Because of the critical role seeds play, especially for annual species, plants have evolved
complex regulatory systems that control when seeds germinate or remain dormant (Franklin
and Whitelam 2005; Graeber et al. 2012). These adaptations ensure that seedlings establish
under favorable conditions while allowing seeds to persist across heterogeneous environments
and time periods (Tuan et al. 2018). In weed species, these mechanisms are particularly
important, because dormancy and germination timing directly influence seedbank persistence,
emergence patterns, crop yield loss potential, and management outcomes in agroecosystems
(Fu et al. 2024; Sajeev et al. 2024; Schwerzel and Thomas 1971).

Light is a key environmental signal that regulates seed germination, through responses
mediated by specialized photoreceptors (Jiang et al. 2016; Shinomura 1997; Tripathi et al. 2019).
These photoreceptors allow seeds to integrate environmental information and determine
suitable conditions for germination (Paik and Huq 2019). Photoperiod, light intensity, and
spectral composition play particularly important roles in regulating plant responses (Meller
et al. 2002; Montgomery and Lagarias 2002). Phytochromes are the primary photoreceptors
involved in sensing light quality and activating metabolic pathways necessary for germination
(Chen et al. 2023; Hu et al. 2024; Simlat et al. 2016; Wei et al. 2023). Phytochrome B (phyB)
primarily mediates low-fluence responses to red light, whereas phytochrome A (phyA) governs
sensitivity to very low fluence and continuous far-red light, producing very low fluence and
high-irradiance responses (VLFR and HIR) (Shichijo et al. 2001; Takaki 2001).

Light quality is particularly important for detecting competition from neighboring
vegetation (Franklin and Whitelam 2005). Green leaves absorb most red wavelengths while
transmitting or reflecting far-red light, thereby lowering the red:far-red (R:FR) ratio beneath
plant canopies. This shift in spectral composition is a reliable indicator of impending shading
and competition for light. Through phytochrome-mediated perception, seeds effectively “sense”
the surrounding environment and adjust germination accordingly (Schmitt and Wulff 1993;
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Uyehara et al. 2024). Germination is often suppressed under far
red-enriched conditions, preventing seedling emergence in shaded
microsites, where competitive pressure is high and establishment
success is reduced (Lee and Lopez-Molina 2012).

Changes in light quality also underlie the suppressive effects of
surface residues and cover crop canopies on weed emergence. As
cover crops develop, they decrease red light, thereby altering the
R:FR ratio at the soil surface, creating spectral conditions that
inhibit germination of photoblastic weed seeds (Camargo Silva and
Bagavathiannan 2023; Horvath et al. 2018; Page et al. 2009). Many
weed species, especially those with smaller seeds, rely on red light
as a cue for germination, and exposure to low R:FR ratios asso-
ciated with canopy shade can maintain dormancy or induce sec-
ondary dormancy (Benech-Arnold et al. 2000). These responses
illustrate how light quality functions as a key ecological signal in
regulating weed emergence.

Seed dormancy and germination behavior strongly influence the
effectiveness of weed management strategies that depend on emer-
gence timing, including the use of cover crops and residue-based
systems (Nakabayashi and Leubner-Metzger 2021; Sias et al. 2021;
Travlos et al. 2020). Preplant burndown herbicides and soil-residual
herbicides are also dependent on weed emergence timing (Owen et al.
2009; Sbatella and Wilson 2010). Kochia [Bassia scoparia (L.) A.].
Scott] and common lambsquarters (Chenopodium album L.) are
widespread and problematic weed species that exhibit contrasting
germination and dormancy characteristics. Although both species are
known to differ in their sensitivity to environmental cues, substantial
intraspecific variation in light-dependent germination has been
reported, particularly in C. album (Eslami 2011; Friesen et al. 2009).
However, the extent to which primary dormancy, far-red
light-enforced inhibition, and seed size interact to regulate
germination responses across germplasm sources within these
species remains unclear.

This study aimed to quantify the germination responses of
B. scoparia and C. album under contrasting light-quality signals,
determine whether primary dormancy is coordinated with far-red
light-enforced inhibition, and evaluate whether seed size is asso-
ciated with light-dependent dormancy responses. Specifically, we
asked: (1) Do populations of B. scoparia and accessions of C. album
respond similarly to light quality with respect to germination? (2)
Is primary dormancy associated with far-red light-enforced
inhibition? (3) Is seed size related to variation in light-dependent
dormancy responses?

Materials and Methods
Plant Materials and Seed Increase

All research was conducted in controlled environments between
2022 and 2025 at the University of Wyoming Laramie Research
and Extension Center (LREC) greenhouse and the seed laboratory
of the Department of Plant Sciences, Laramie, WY. Forty-nine
accessions of C. album were obtained from the USDA Germplasm
Resources Information Network (USDA-GRIN) and propagated
under greenhouse conditions at LREC. In addition, 70 populations
of B. scoparia were collected from Colorado State University and
from agricultural fields in Wyoming, Nebraska, and Montana.
Seed from each germplasm source was increased under a common
maternal environment to generate sufficient seed quantity and
ensure uniform seed stock for germination experiments.

To increase the seed of each germplasm source, plants were
grown in 8.9-cm by 8.9-cm square pots 3.5-inch by 3.5-inch
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square pots filled with BM 7 professional growing mix (Berger
Peat Moss, Saint-Modeste, QC, Canada) and fertilized biweekly
with a water-soluble 15:15:15 (N-P-K) fertilizer. Greenhouse
temperatures were maintained at approximately 24 C during the
day and 21 C at night under a 16-h photoperiod. Plants were
allowed to produce seeds under pollination bags to prevent gene
flow and were left to dry naturally on greenhouse benches for
approximately 1 mo before seed harvest. Seeds were sub-
sequently cleaned using a gravity separator. Once seed was
cleaned, it was either used immediately in a light-quality ger-
mination experiment or placed into storage for later studies.

Germination Studies

Germination experiments were conducted on freshly harvested
seed and then again after 2 yr of storage. The first germination
assay for B. scoparia was conducted approximately 1 mo after seed
harvest. Due to a necessary afterripening requirement, the first
germination assay for C. album was conducted after 6 mo of dry
storage followed by 2 wk of cold stratification at 4 C. Seeds not used
in the initial germination experiments were stored at room tem-
perature (C. album) or in a refrigerator at 4 C (B. scoparia).

Germination experiments employed a factorial treatment
arrangement of light environment (3) and germplasm source
(49 C. album accessions or 70 B. scoparia populations). The
experiment was conducted as a single controlled-environment
run with replication at the petri dish level (three replicates per
treatment combination). Environmental conditions were tightly
controlled to minimize variability. Light environments were
generated using light-emitting diode panels under a 16-h
photoperiod, and included:

1. very low fluence white light (VLF; hereafter referred to as
“dark”): R:FFR =4.2; 0.007 to 0.094 pmol m™ s7!, simulating
VLEFR primarily mediated by phyA;

2. low-fluence red light: RFR=5.3; 157 to 184 pmol m™ s7,
inducing low-fluence responses (LFR) typically mediated by
phyB; and

3. high-irradiance far-red light: R:FR = 0.0003; 29 to 32 pmol
m~2 57}, eliciting HIR mediated by phyA.

These classifications follow established phytochrome response
definitions (Shichijo et al. 2001; Takaki 2001).

For each germplasm source and light environment, three rep-
licate 10-cm-diameter polystyrene petri dishes (VWR International,
Radnor, PA, USA), were prepared, each containing 30 seeds placed
on two moistened sheets of circular blue Anchor germination paper
(Anchor Paper, St Paul, MN, USA). Individual petri dishes served as
experimental units and were randomly assigned to light treatments.
Germination was recorded daily for 14 d, and germinated seeds were
removed after counting. The initial germination experiment on
freshly harvested seed established baseline germination responses of
both species under contrasting light environments.

Far-red suppression of germination was calculated for each
accession (Equation 1) using germination responses under red
light (Treatment 2) and far-red light (Treatment 3). Specifically,
far-red suppression was calculated by dividing the proportion of
germinated seeds under far-red light (germy,) by the proportion of
germinated seeds under red light (germ,). The dark treatment
(Treatment 1) was not included in this calculation, because it does
not provide a directional phytochrome signal for comparison
between active (Pg) and inactive (P,) states. If germination for a
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germplasm source is similar between red and far-red light envi-
ronments, then far-red suppression is near 0. If germination is
completely inhibited under far-red light, then far-red suppression
approaches 1.

Far-red suppression = 1 — (germg/ germ,) [1]

For C. album, the germination study was repeated after 2 yr of dry
storage using the same methods as were used for the freshly
harvested seed, but with only the red light and far-red light
treatments. This allowed us to compare two physiological states
(freshly harvested vs. stored seed) for each germplasm source and
estimate primary dormancy. Primary dormancy was estimated
using a dormancy index (ARed), defined as the difference in final
germination of stored seed (germgoreq) and freshly harvested seed
(germg.qn) when exposed to red light (Equation 2). We used
germination under red light because it was the light environment
most conducive to stimulation of C. album germination. If the
proportion of seeds that germinate after storage is substantially
greater than the proportion of seeds that germinate immediately
after harvest, then ARed will be large, suggesting higher levels of
primary dormancy. Lower values of ARed indicate lower levels of
primary dormancy.

ARed = Red germg,.q—Red germg.g, [2]

To assess whether seed size influenced dormancy or light sensi-
tivity, seeds from each C. album accession were subsampled using a
pie-slice method to obtain representative samples (Copeland and
McDonald 2001). Subsamples were weighed using an analytical
balance, and mean seed weight per accession was calculated from
three replicates.

Statistical Analysis

All statistical analyses were conducted using R software (R Core
Team 2024). The final germination proportion after 14 d was
analyzed using a generalized linear mixed-effects model that
included the effects of light environment and accession or pop-
ulation as fixed effects, and petri dish as a random effect. A
binomial error distribution was used to account for the binomial
nature of germination data. Type IIl ANOV A was conducted using
Satterthwaite’s approximation for degrees of freedom, and esti-
mated marginal means were obtained using the EMMEANS package
(Lenth et al. 2018). Although germination dynamics over time can
be analyzed using nonlinear regression models, our objective was
to compare final germination responses among treatments;
therefore, analyses focused on final germination proportion.

To examine whether primary dormancy was associated with
sensitivity to far-red light, we used Spearman’s rank correlation
analysis on the ARed and far-red suppression metrics across all
accessions. Similarly, relationships between mean seed weight and
dormancy indices (ARed) and far-red suppression were evaluated
using Spearman’s rank correlation analysis. All visualizations were
produced using GGPLOT2 (Wickham et al. 2023), and statistical
significance was evaluated at o = 0.05.

Results and Discussion
Germination Response of Bassia scoparia to Light Quality

Germination of B. scoparia populations differed among light
environments (P < 0.0001) and among populations (P < 0.0001),

but the population by light interaction was not significant
(P =0.67; Figure 1). Across populations, mean final germination
was 90.0% under red light, compared with 86.2% under dark
conditions and 86.7% under far-red light. Germination under dark
and far-red light did not differ, indicating that the response was not
intermediate but rather characterized by a modest (~3% to 4%)
increase under red light. Despite these statistically detectable
differences, germination remained uniformly high across all light
environments, consistent with weak photoblastic regulation at the
species level.

These results are consistent with previous reports showing
that B. scoparia exhibits minimal light-dependent dormancy and
readily germinates across a wide range of environmental con-
ditions (Everitt et al. 1983; Maguire and Overland 1959). Bassia
scoparia seeds are known to possess little primary dormancy and
can germinate rapidly following dispersal, often within 24 h
across a broad temperature range (Mohler et al. 2019). The weak
response to light quality observed here likely reflects an ecological
strategy favoring rapid colonization of disturbed environments,
where immediate germination provides a competitive advantage.
Additionally, the relatively short seed longevity reported for B.
scoparia may further reduce reliance on light-quality cues, as
rapid germination may be favored over prolonged persistence in
the soil seedbank (Mohler et al. 2019). Collectively, these findings
support the conclusion that light quality plays a limited role in
regulating B. scoparia germination relative to other environ-
mental cues.

Germination Response of Chenopodium album to Light
Quality

In contrast to B. scoparia, germination of C. album differed among
accessions and light environments, with a significant accession by
light interaction effect (P < 0.0001; Figure 2). Accessions exhibited
a wide range of responses, from near-complete germination under
red light with strong inhibition under far-red light to consistently
low germination across all light environments. Accessions were
further categorized based on vegetative pigmentation, with point
color indicating leaf pigmentation: purple points represent
accessions that produce purple-pigmented leaves, a trait associated
with anthocyanin accumulation, whereas green points represent
accessions with normal green leaves. This heterogeneity indicates
substantial variation among accessions in light-dependent ger-
mination behavior. Maternal environmental conditions during
seed development may also influence progeny germination
responses to light quality, as demonstrated in other species (Causin
2004). However, in this study, seed increase was conducted under a
common greenhouse environment to minimize maternal envi-
ronmental variation among accessions, although subtle effects
cannot be completely excluded.

These patterns are consistent with well-established phyto-
chrome-mediated control of germination in small-seeded, pho-
toblastic species. Seeds of Chenopodium and related genera
preferentially germinate under high R:FR ratios characteristic of
open soil surfaces, whereas far red—enriched light associated with
canopy shade maintains dormancy (Botto et al. 1996; Taylorson
2008). Similar responses have been reported in Palmer amaranth
(Amaranthus palmeri S. Watson), where afterripened seeds
require red or natural light for germination and are inhibited by
far-red light or darkness (Jha et al. 2010). Previous work has also
demonstrated that in C. album, red light promotes germination
and interacts positively with temperature, stratification, and
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Final Germination

Figure 1. Germination proportion of Bassia scoparia populations under three light environments: far-red light, red light, and dark. Each point represents the mean final
germination (t SE) for a population. Populations are ordered within each panel by final germination to facilitate visual comparison. Germination differed significantly among light
environments (P < 0.0001) and among populations (P < 0.0001), whereas the population by light interaction was not significant (P = 0.67).

nitrate availability (Tang et al. 2022). Notably, accession
PI 700072 deviated strongly from this general pattern, exhibiting
consistently high germination (>80%) across all light environ-
ments, including far-red light and dark conditions. This lack of
light-dependent inhibition distinguishes PI 700072 as an outlier
within the germplasm and indicates a markedly reduced
dependence on phytochrome-mediated light cues for germina-
tion. Chenopodium album is known to produce polymorphic
seeds differing in seed coat color (brown and black), and this
somatic polymorphism has been shown to influence dormancy
depth and responsiveness to environmental cues, including light
and temperature (Williams and Harper 1965; Yao et al. 2010).
Seed polymorphism was observed only in accession PI 700072.
The light-insensitive germination behavior of PI 700072 may
therefore reflect reduced dormancy depth or altered dormancy
heterogeneity. However, seed morph composition was not
quantified in this study, and its contribution to germination
responses could not be assessed.

Together, these results indicate that while C. album generally
exhibits strong light-dependent germination, individual accessions
such as PI 700072 can display near-complete release from light
regulation, highlighting substantial genetic and physiological
diversity in dormancy control that may influence emergence under
shaded, residue-covered, or buried field conditions.

Relationship between Primary Dormancy and Far-Red
Light-enforced Inhibition

Primary dormancy varied widely among C. album accessions, as
indicated by the dormancy index (ARed), which ranged from near
zero to >0.6 (Figure 3). Accessions with low initial germination
under red light exhibited the greatest increase after storage, con-
firming that dry afterripening effectively alleviated primary dor-
mancy. In contrast, accessions that germinated readily when
freshly harvested showed little change following storage, indicating
minimal dormancy at dispersal.

The relationship between primary dormancy and far-red sup-
pression depended on seed physiological status. In freshly harvested
seeds, the association was weak and negative, whereas it became
positive after storage, indicating that accessions with stronger pri-
mary dormancy also exhibited greater sensitivity to far-red inhib-
ition following afterripening (Figure 4). This coordination suggests
shared phytochrome-mediated regulation of dormancy depth and
light sensitivity (Crepy and Casal 2015; Takaki 2001). Dormant
seeds require higher proportions of the active phytochrome form
(Pg) to initiate germination and therefore respond primarily to light
with high R:FR ratios typical of exposed soil surfaces (Benech-
Arnold et al. 2000). Far red-enriched light characteristic of canopy
shade or deeper burial favors the inactive P, form, maintaining
dormancy (Botto et al. 1996).
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Figure 2. Germination proportion of Chenopodium album accessions under three light environments: red light, far-red light, and dark. Each point represents the accession-level
mean final germination proportion (+SE) calculated across three replicate petri dishes (30 seeds per replicate). Accessions are ordered within each panel from lowest to highest
germination to facilitate comparison of accession-specific responses. Point colors indicate leaf pigmentation phenotype (purple vs. non-purple) for each accession. Germination
was significantly affected by light environment (P < 0.0001) and by the accession by light interaction (P < 0.0001), indicating substantial genetic variation in light-dependent

germination responses.
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Figure 3. Relationship between primary dormancy and far-red light suppression in
Chenopodium album accessions. Primary dormancy was quantified as ARed (Redstored —
Redfesn). Far-red suppression was calculated as 1 — (FR/Red). The upper panel shows
freshly harvested seeds, and the lower panel shows seeds after afterripening. Each point
represents an accession; lines indicate fitted trends.

From an ecological perspective, the coordination between primary
dormancy and far-red sensitivity represents a bet-hedging strategy
that promotes persistence in variable soil seedbanks (Vleeshouwers
et al. 1995). Accessions with strong dormancy and high far-red
inhibition remain quiescent under shaded or buried conditions,
whereas with weaker dormancy germinate rapidly when favorable
microsites become available. Such variation likely contributes to the
success of C. album across heterogeneous agricultural environments.

Relationship between Seed Size, Primary Dormancy,
and Far-Red Inhibition

Seed weight was not associated with dormancy-related traits in
C. album (Figure 4). The correlation between seed weight and

primary dormancy (ARed) was not significant (Spearman p = 0.057,
P=0.11). Likewise, seed weight was not related to far-red
suppression after storage (p=0.50, P =0.06), indicating no con-
sistent size-dependent pattern in these responses.

These results indicate that seed size alone is a poor predictor
of either primary dormancy or far-red-enforced inhibition in
C. album. Although larger seeds may theoretically sustain
dormancy for longer periods due to greater carbohydrate
reserves, seed weight was not significantly associated with
dormancy indices or far-red suppression in this study. Instead,
the wide range of dormancy responses observed among seeds of
similar mass suggests that dormancy regulation in C. album is
governed primarily by physiological and genetic factors rather
than by morphological provisioning alone (Rees 1996; Yao et al.
2010). Similar conclusions have been reported across diverse
herbaceous floras, where seed weight did not reliably predict
germination responses to R:FR ratios (Jankowska-Blaszczuk and
Daws 2007). At the genetic level, natural variation in phyto-
chrome-mediated light perception has been shown to underlie
differences in dormancy expression among ecotypes (Taylor
et al. 2017). This study provides additional evidence that
variation in light-dependent dormancy and germination in
C. album is likely driven more by regulatory mechanisms than
by seed size.

Bassia scoparia populations exhibited a consistent germination
response across light environments, indicating weak photoblastic
regulation and minimal influence of light quality on dormancy
expression in this species. In contrast, C. album accessions showed
pronounced population-level variation in light-dependent ger-
mination, reflecting substantial genetic and physiological diversity
in dormancy and light sensitivity across accessions originating
from diverse geographic regions (Supplementary Table SI).
The positive association between primary dormancy and far-red
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Figure 4. Relationships between seed weight and dormancy traits in Chenopodium album. (A) Relationship between seed weight and primary dormancy, expressed as ARed
(Redstored — Redgresn). (B) Relationship between seed weight and far-red suppression after storage, calculated as 1 — (FR/Red). Each point represents an accession; red lines indicate

fitted trends, and orange-shaded areas represent 95% confidence intervals.

light-enforced inhibition after afterripening suggests coordinated
phytochrome-mediated regulation of dormancy depth and light
responsiveness.

Seed weight was not significantly associated with either primary
dormancy or far-red light-enforced inhibition, indicating that seed
size alone does not reliably predict dormancy expression or light-
mediated germination responses in C. album. Instead, variation in
germination behavior appears to be governed primarily by regu-
latory mechanisms controlling light perception and dormancy
cycling. These findings highlight the role of light quality and
dormancy diversity in shaping emergence patterns of C. album,
contributing to its persistence across variable canopy and soil
environments in agricultural systems.

A limitation of this study is the lack of temporal replication
across independent experimental runs. Although environmental
conditions were tightly controlled, additional replication across time
would strengthen inference regarding environmental variability.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/wsc.2026.10121

Acknowledgments. The Chenopodium album seed was acquired from the
USDA Germplasm Resources Information Network (USDA-GRIN). We thank
Todd Gaines (Colorado State University) for providing Bassia scoparia pop-
ulations collected in Colorado. The authors used ChatGPT (OpenAl) to assist
with language editing and manuscript clarity. All scientific content, data
analysis, interpretation, and conclusions were developed, verified, and approved
by the authors.

Funding statement. This research was supported by Hatch Research Capacity
Fund WYO-631-22 from the USDA National Institute of Food and Agriculture.

Competing interests. The authors declare no competing interests.

References

Benech-Arnold RL, Sianchez RA, Forcella F, Kruk BC, Ghersa CM (2000)
Environmental control of dormancy in weed seed banks in soil. Field Crops
Res 67:105-122

Botto JF, Sanchez RA, Whitelam GC, Casal JJ (1996) Phytochrome A mediates
the promotion of seed germination by very low fluences of light and canopy
shade light in Arabidopsis. Plant Physiol 111:439-444

Camargo Silva G, Bagavathiannan M (2023) Mechanisms of weed suppression
by cereal rye cover crop: a review. Agron J 115:1571-1585

Causin HF (2004) Responses to shading in Chenopodium album: the
effect of the maternal environment and the N source supplied. Can ] Bot
82:1371-1381

Chen H, Wang L, Guo S, Li M, Tian Z, Han B, Tang X, Liu B (2023) Effects of
light intensity on seedling emergence and early growth of Liquidambar
formosana Hance. Forests 14:867

Copeland LO, McDonald MB (2001) Principles of Seed Science and
Technology. New York: Springe. 488 p

Crepy MA, Casal J] (2015) Photoreceptor-mediated kin recognition in plants.
New Phytol 205:329-338

Eslami SV (2011) Comparative germination and emergence ecology of two
populations of common lambsquarters (Chenopodium album) from Iran and
Denmark. Weed Sci 59:90-97

Everitt JH, Alaniz MA, Lee JB (1983) Seed germination characteristics of Kochia
scoparia. ] Range Manag 36:57-60

Franklin KA, Whitelam GC (2005) Phytochromes and shade-avoidance
responses in plants. Ann Bot 96:169-175

Friesen LF, Beckie HJ, Warwick SI, Van Acker RC (2009) The biology of
Canadian weeds. 138. Kochia scoparia (L.) Schrad. Can ] Plant Sci
89:141-167

FuY,MalL, LiJ, Hou D, Zeng B, Zhang L, Liu C, Bi Q, Tan ], Yu X, Bi J, Luo L
(2024) Factors influencing seed dormancy and germination and advances in
seed priming technology. Plants 13:1319

Graeber K, Nakabayashi K, Miatton E, Leubner-Metzger G, Soppe WJJ (2012)
Molecular mechanisms of seed dormancy. Plant Cell Environ 35:1769-1786

Horvath DP, Bruggeman S, Moriles-Miller J, Anderson JV, Dogramaci M,
Scheffler BE, Hernandez AG, Foley ME, Clay S (2018) Weed presence altered
biotic stress and light signaling in maize even when weeds were removed
early in the critical weed-free period. Plant Direct 2:e00057

Hu G, LiX, Yang], Yuan Q, Yang S, Fu W, Zhang X, Li Y, Shen Z, Jiang J (2024)
Effects of photoperiod and light quality on germination and growth of
Camellia sinensis ‘HuangKui’. Plants 13:1782

Jankowska-Blaszczuk M, Daws MI (2007) Impact of red:far-red ratios on
germination of temperate forest herbs in relation to shade tolerance, seed
mass and persistence in the soil. Funct Ecol 21:1055-1062

Jha P, Norsworthy JK, Riley MB, Bridges W (2010) Shade and plant location
effects on germination and hormone content of Palmer amaranth
(Amaranthus palmeri) seed. Weed Sci 58:16-21

Jiang Z, Xu G, Jing Y, Tang W, Lin R (2016) Phytochrome B and REVEILLE1/2-
mediated signalling controls seed dormancy and germination in Arabidopsis.
Nat Commun 7:12377

Downloaded from https://www.cambridge.org/core. IP address: 217.74.153.144, on 05 Oct 2026 at 06:37:49, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/wsc.2026.10121


https://doi.org/10.1017/wsc.2026.10121
https://doi.org/10.1017/wsc.2026.10121
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Weed Science

Lee KP, Lopez-Molina L (2012) Control of seed germination in the shade.
Cell Cycle 11:4489-4490

Lenth R, Singmann H, Love ], Buerkner P, Herve M (2018) Emmeans:
Estimated Marginal Means. R Package Version 4.0-3. https://CRAN.R-proje
ct.org/package=emmeans

Maguire JD, Overland A (1959) Laboratory germination of seeds of weedy and
native plants. Agron J 51:271-273

Mohler CL, Teasdale JR, DiTommaso A (2019) Manage Weeds on Your Farm:
A Guide to Ecological Strategies. Beltsville, MD: SARE. 416 p

Moller SG, Ingles PJ, Whitelam GC (2002) The cell biology of phytochrome
signalling. New Phytol 154:553-590

Montgomery BL, Lagarias JC (2002) Phytochrome ancestry: sensors of bilins
and light. Trends Plant Sci 7:357-366

Nakabayashi K, Leubner-Metzger G (2021) Seed dormancy and weed emer-
gence: from simulating environmental change to understanding trait plas-
ticity, adaptive evolution, and population fitness. ] Exp Bot 72:4181-4185

Owen LN, Steckel LE, Koger CH, Main CL, Mueller TC (2009) Evaluation of
spring and fall burndown application timings on control of glyphosate-resistant
horseweed (Conyza canadensis) in no-till cotton. Weed Technol 23:335-339

Page ER, Tollenaar M, Lee EA, Lukens L, Swanton CJ (2009) Does the shade
avoidance response contribute to the critical period for weed control in maize
(Zea mays)? Weed Res 49:563-571

Paik I, Huq E (2019) Plant photoreceptors: multi-functional sensory proteins
and their signaling networks. Semin Cell Dev Biol 92:114-121

R Core Team (2024) R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing. https://www.R-pro
ject.org/

Rees M (1996) Evolutionary ecology of seed dormancy and seed size. Philos
Trans R Soc Lond B Biol Sci 351:1299-1308

Sajeev N, Koornneef M, Bentsink L (2024) A commitment for life: decades of
unraveling the molecular mechanisms behind seed dormancy and germi-
nation. Plant Cell 36:1358-1376

Sbatella GM, Wilson RG (2010) Isoxaflutole shifts Kochia scoparia populations
in continuous corn. Weed Technol 24:392-396

Schmitt J, Wulff RD (1993) Light spectral quality, phytochrome, and plant
competition. Trends Ecol Evol 8:47-51

Schwerzel PJ, Thomas PEL (1971) Weed competition in cotton. PANS 17:30-34

Shichijo C, Katada K, Tanaka O, Hashimoto T (2001) Phytochrome A-mediated
inhibition of seed germination in tomato. Planta 213:764-769

Shinomura T (1997) Phytochrome regulation of seed germination. J Plant Res
110:151-161

Sias C, Wolters BR, Reiter MS, Flessner ML (2021) Cover crops as a weed seed
bank management tool: a review. Ital ] Agron 16:1852

Simlat M, Slezak P, Mo$ M, Warchot M, Skrzypek E, Ptak A (2016) The effect of
light quality on seed germination, seedling growth and selected biochemical
properties of Stevia rebaudiana Bertoni. Sci Hortic 211:295-304

Takaki M (2001) New proposal of classification of seeds based on forms of
phytochrome instead of photoblastism. Rev Bras Fisiol Veg 13:104-108

Tang W, Guo H, Yin J, Ding X, Xu X, Wang T, Yang C, Xiong W, Zhong S,
Tao Q, Sun J (2022) Germination ecology of Chenopodium album and
implications for weed management. PLoS ONE 17:¢0276176

Taylor MA, Cooper MD, Sellamuthu R, Braun P, Migneault A, Browning A,
Perry E, Schmitt J (2017) Interacting effects of genetic variation for seed
dormancy and flowering time on phenology, life history, and fitness. New
Phytol 216:291-302

Taylorson RB (2008) Inhibition of germination in Amaranthus albus seeds by
prolonged irradiation. Seed Sci Res 1:51-56

Travlos I, Gazoulis I, Kanatas P, Tsekoura A, Zannopoulos S, Papastylianou P
(2020) Key factors affecting weed seeds’ germination and emergence. Front
Agron 2:1

Tripathi S, Hoang QTN, Han YJ, Kim JI (2019) Regulation of photo-
morphogenic development by plant phytochromes. Int ] Mol Sci 20:6165

Tuan PA, Sun M, Nguyen TN, Park S, Ayele BT (2018) Molecular mechanisms
of seed germination. Pages 1-24 in Feng H, Nemzer B, DeVries JW, eds.
Sprouted Grains: Nutritional Value, Production and Applications.
Amsterdam: Elsevier

Uyehara IK, Bechinger T, Jordan A, van Kleunen M (2024) Neighbour-
detection causes shifts in allocation across organs. Funct Ecol 38:1848-1858

Vleeshouwers LM, Bouwmeester HJ, Karssen CM (1995) Redefining seed
dormancy. J Ecol 83:1031-1037

WeiY, Wang S, Yu D (2023) The role of light quality in regulating early seedling
development. Plants 12:2746

Wickham H, Navarro D, Pedersen TL (2023) ggplot2: Elegant Graphics for Data
Analysis. 3rd ed. New York: Springer. 211 p

Williams JT, Harper JL (1965) Seed polymorphism and germination in
Chenopodium album. Weed Res 5:141-150

Yao S, Lan H, Zhang F (2010) Variation of seed heteromorphism in
Chenopodium album and response to salinity stress. Ann Bot 105:1015-1025

Downloaded from https://www.cambridge.org/core. IP address: 217.74.153.144, on 05 Oct 2026 at 06:37:49, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/wsc.2026.10121


https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1017/wsc.2026.10121
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

	Light quality differentially regulates germination and dormancy in kochia (Bassiascoparia) and common lambsquarters (Chenopodium album)
	Introduction
	Materials and Methods
	Plant Materials and Seed Increase
	Germination Studies
	Statistical Analysis

	Results and Discussion
	Germination Response of Bassia scoparia to Light Quality
	Germination Response of Chenopodium album to Light Quality
	Relationship between Primary Dormancy and Far-Red Light-enforced Inhibition
	Relationship between Seed Size, Primary Dormancy, and Far-Red Inhibition

	References


