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Abstract

Weeds the most persistent biological
constraint to global agricultural productivity, and the
escalating evolution of herbicide resistance has transformed
this challenge into a full-scale agronomic crisis. Over 500
weed species worldwide have now confirmed resistance to
one or more herbicidal sites of action, driven by decades of
intensive, repetitive herbicide use. Modern weed ecology has
moved  decisively  beyond chemical-control
frameworks, reconceptualizing weeds as dynamic populations
governed by evolutionary selection, seed bank ecology,
phenotypic plasticity, and gene flow. This article reviews
contemporary concepts in weed population biology, the
molecular mechanisms underpinning herbicide resistance,
and the suite of evidence-based management strategies
including integrated weed management (IWM), harvest weed
seed control (HWSC), and site-specific weed management
(SSWM) that offer scientifically validated pathways toward
sustaining long-term weed control efficacy. The central thesis
is that herbicide resistance management is fundamentally an
applied in evolutionary biology, demanding
diversified, reduced-selection strategies that actively deplete
the soil seed bank and limit the fixation of resistance alleles
in weed populations.
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Introduction

More than seventy years after modern agriculture
declared a war on weeds, these plants continue to thrive and
suppress crop yields across every agro-ecological zone on earth
(Mortensen et al., 2012). Despite a global annual investment
exceeding $30 billion in synthetic herbicides, weed-induced
yield losses remain among the most economically significant
of all biotic constraints to food production. The situation has
been dramatically compounded by the evolution of herbicide
resistance defined as the inherited ability of a weed
population to survive and reproduce following exposure to a
herbicide dose that would normally be lethal to the
susceptible wild-type population (Beckie & Reboud, 2009).
The International Survey of Herbicide Resistant Weeds
documents over 500 unique cases of resistance globally, with
glyphosate-resistant species proliferating across North and
South America, Australia, and increasingly Europe and Asia.

The conceptual framework through which scientists
and agronomists understand weeds has undergone a
profound transformation. Rather than treating weeds as

adversaries to be defeated by progressively more powerful
chemical technologies, contemporary weed science positions
them as ecological populations embedded within agro-
ecosystems, exhibiting sophisticated life-history strategies,
rapid evolutionary responses to management interventions,
and complex interactions with soil, climate, and cropping
systems (Mortensen et al., 2012). This ecological paradigm
shift carries far-reaching practical implications: effective weed
management today demands a deep understanding of
population dynamics, evolutionary ecology, resistance
genetics, and the role of the soil seed bank as the central
engine of weed persistence. This article synthesizes these
modern concepts and examines the management strategies
gaining scientific traction as sustainable, durable alternatives
to the relentless escalation of herbicide use.

Weed Ecology: Invasiveness, Life History, and Agro-
ecosystem Dynamics

Modern weed ecology is grounded in population
biology and agro-ecosystem theory. Invasive weed success is
not accidental; it results from the intersection of specific life-
history traits high fecundity, short generation time, broad
environmental tolerance, seed dormancy polymorphism, and
efficient dispersal mechanisms with the particular ecological
conditions created by intensive crop production (Mortensen
etal., 2012). Monoculture systems provide stable, predictable
habitats that favor specialist weed species adapted to specific
cropping environments, while the uniform management
calendars of intensive agriculture inadvertently serve as
reliable ecological signals that synchronize weed germination
and growth with periods of reduced crop competition.

Phenotypic plasticity is a defining characteristic of
successful weed species. Weeds adjust their morphology,
phenology, and reproductive output in response to
management interventions, enabling them to persist even
under control programs. Populations of
Amaranthus species, for example, can vary dramatically in
plant architecture, flowering time, and seed production
depending on crop canopy density, herbicide history, and soil
conditions. This plasticity is not merely phenotypic
adaptation; it represents a reservoir of genetic variation upon
which natural selection can act rapidly when management
conditions change (Beckie et al., 2019). The ecological
interactions between weeds and agro-ecosystems including
competition for light, water, and nutrients, allelopathic
effects, and facilitation of pest and disease constitute the
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biological basis for the economic harm weeds inflict, with
weed competition estimated to reduce global crop yields by
20-40% in the absence of management.

The Soil Seed Bank: Evolutionary Memory and Resistance
Reservoir

The soil seed bank the vertically stratified reservoir
of viable weed seeds in the soil profile is the cornerstone of
weed population persistence and the central evolutionary
memory of the weed community (Buhler et al., 1997). Seeds
distributed at different soil depths experience different
environmental conditions governing dormancy induction,
dormancy release, and germination probability. Surface seeds
are exposed to temperature fluctuations and light cues that
trigger germination, while deeply buried seeds may remain
viable and dormant for vyears or decades, buffering
populations against management-induced mortality events
that would otherwise deplete above-ground populations.

Critically, the seed bank stores the genetic diversity
of the weed population, including rare resistance alleles.
Before a herbicide is ever applied to a field, resistance alleles
may already exist at very low frequencies within the seed bank
typically one in one million to one in ten billion individuals
(Beckie & Reboud, 2009). Repeated herbicide application
eliminates susceptible individuals while selecting for these
rare resistant genotypes, whose offspring accumulate in the
seed bank across generations, progressively shifting the
population  toward resistance. This pre-adaptation
mechanism explains why resistance can emerge within just a
few generations of herbicide use, even for complex resistance
traits. Managing the soil seed bank downward consistently
preventing weed seed return to the soil is therefore
recognized as the unifying strategic objective of durable
resistance management, since a small seed bank limits the
number of individuals available to carry and propagate
resistance alleles.

Molecular Mechanisms of Herbicide Resistance

Herbicide resistance at the molecular level falls into
two broad categories with distinct genetic bases and
management implications. Target-site resistance (TSR) arises
from mutations in the gene encoding the herbicide's target
protein, reducing the binding affinity of the herbicide and
allowing the metabolic pathway to continue functioning.
Widely documented examples include single amino acid
substitutions in the EPSPS gene conferring glyphosate
resistance, mutations in the ALS gene conferring resistance
to sulfonylurea and imidazolinone herbicides, and
substitutions in the ACCase gene conferring resistance to
aryloxyphenoxypropionate herbicides (Delye, 2013). TSR
mutations are typically highly specific, providing resistance to

the affected chemical class while leaving other modes of
action effective.

Non-target-site resistance (NTSR) is mechanistically
more complex and agronomically more problematic. NTSR
encompasses enhanced metabolic
herbicides via cytochrome P450 monooxygenases and
glutathione S-transferases, reduced herbicide uptake through
modified leaf surface characteristics, impaired herbicide
translocation from the site of application, and active
sequestration of herbicide molecules in vacuoles or cell walls
where they cannot reach their target enzymes (Delye, 2013).
NTSR is particularly concerning because a single metabolic
detoxification system can often degrade multiple structurally
unrelated herbicides, conferring broad-spectrum cross-
resistance that dramatically narrows the range of effective
chemical options. The prevalence of NTSR has increased
markedly over the past decade, and its polygenic basis makes
it far more difficult to detect and track with molecular tools

compared to well-defined TSR mutations (Beckie et al.,
2019).

Integrated Weed Management: An
Framework for Control

detoxification  of

Evolutionary

Integrated Weed Management (IWM) represents the
coordinated deployment of multiple control tactics cultural,
mechanical, biological, and chemical in temporally and
spatially diversified sequences. The evolutionary rationale for
IWM is explicit: by alternating and combining diverse
selection pressures, ['WM reduces the intensity of directional
selection for any single resistance mechanism, limiting the
speed at which resistant genotypes can increase to
agronomically damaging frequencies (Mortensen et al.,
2012). Previous studies have demonstrated that WM
approaches can reduce herbicide use by as much as 94%
while maintaining farm profitability, underscoring the
economic as well as ecological viability of this paradigm
(Mortensen et al., 2012).

The renewal of interest in preemergence herbicides
is a defining feature of modern WM science. Over the past
two decades, agricultural systems in many regions became
excessively dependent on postemergence herbicides,
particularly glyphosate within glyphosateresistant crop
systems, which applies selection pressure directly to every
emerged individual in the field. Preemergence herbicides
with residual soil activity reduce the population of plants that
survive to be exposed to postemergence selection, thereby
slowing the generational accumulation of resistance alleles.
The Herbicide Resistance Action Committee (HRAC)
strongly advocates for the integration of residual
preemergence herbicides as a non-negotiable component of
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resistance management programs in high-risk systems Crop Rotation | Diversification of | Disrupts weed life
(HRAC, 2024). and crop  sequences | cycles, reduces
Crop rotation, cover cropping, and competitive Competitive and use of | adaptation to a
cultivar selection are the most important cultural tactics Cultivars VIgoTrous crop | single  cropping
within [WM. Rotating crops changes the available herbicide varietics that | environment, and
modes of action across seasons, disrupts the synchronization SUppress weed | lowers the
between weed and crop phenology that facilitates weed growth  through | dominance of
establishment, and alters the competitive environment in resource resistant weed
ways that disfavour adapted weed species. Breeding for weed- competition and | populations.
competitive crop cultivars those with rapid early canopy canopy closure.
closure, high leaf area index, and allelopathic root chemistry Integrated Integration of | Diversifies
offers a non-chemical approach to suppressing weed Weed cultural, selection pressures
populations through resource competition and interference. Management | mechanical, and prevents the
Mechanical weed control, including strategic tillage, robotic (IWM) biological, and | development  of
inter-row cultivation, and flame weeding, provides additional chemical weed | resistance
layers of mortality that complement chemical applications control tactics | associated  with
while imposing distinct, non-chemical selection pressures. within a unified | reliance on a single
. management control method.
Table 1: Harvest Weed Seed Control, Precision frame%vork
Technologies, and the Future of Weed Management — —

B1es, g Herbicide Alternating Reduces the
Management | Core Mechanism | Key  Resistance Mode-of- herbicides  with | likelihood of
Strategy Management Action different modes of | fixation and

Benefit Rotation action across | spread of target
Preemergence | Application of | Reduces selection seasons or within | site resistance
Herbicides soil-active pressure on cropping systems. | (TSR) and non-
herbicides before | emerged weed targetssite
weed emergence to | populations and resistance (NTSR)
create a chemical | lowers mechanisms.
barrier that | dependence  on
P Harvest Weed Seed Control (HWSC) has emerged
suppresses weed | post-emergence . . . .
ation and | herbicides as one of the most impactful innovations in weed
ermina . . .
g | h management in recent decades. HWSC exploits the fact that
early growth. . . o . .
A - — many economically important weed species including Lolium
Harvest Weed | Collection, Significantly o ‘ .
) . rigidum, Avena fatua, and Raphanus raphanistrum retain a
Seed Control | interception,  or | reduces  annual , ‘ ,
) substantial proportion of their seeds on the plant at crop
(HWSC) destruction of | weed seed bank ,
) ) maturity, where they are collected by the harvester and can
weed seeds during | replenishment, ; . . .
crob harvest using | ofeen by more be intercepted before returning to the soil. Technologies
P ) & o Y including the Harrington Seed Destructor, impact mills, and
technologies such | than 90%, thereby : )

. chaff trailers destroy harvested weed seeds with greater than
as chaff carts, seed | limiting future o o , ) )
imoact mills. and | infestations  and 95% efficacy, dramatically reducing the annual seed input to
a 11'3r iI;dr resistan. the soil seed bank (Walsh et al., 2013). Long-term field

arrow windrow | resistance , , .
burnin lution studies from Australia have demonstrated cumulative
. evolution. . . i
- — — g — reductions in weed seed bank densities of over 90% when
Site-Specific Utilization of | Minimizes . . .
. HWSC is consistently deployed across multiple seasons
Weed sensors, cameras, | herbicide-treated . . .
e (Akhter et al., 2024). This seed bank depletion directly
Management | GPS, artificial | area, reduces : ) o
) ] ) retards the evolution of resistance by limiting the number of
(SSWM) intelligence, and | chemical use by up g ) . .
blorate o 50% nd individuals available in each generation to carry and
variable-ra o, 4 .
] ’ reproduce resistance alleles.
technologies  to | decreases overall
identify and treat | selection pressure Site-Specific Weed Management (SSWM) represents
weeds only where | for herbicide a fundamental paradigm shift from uniform broadcast
they occur. resistance. herbicide applications toward spatially variable, precision-
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targeted interventions guided by real-time field data. Modern
SSWM systems integrate multispectral imaging from
unmanned aerial vehicles or ground-based robots, deep-
learning algorithms for weed species identification and
density mapping, and variable rate application technology
that delivers herbicides only to weed-infested zones within a
field (Bohra et al.,, 2025). Christensen et al. (2009)
demonstrated that such precision systems can reduce overall
herbicide application volumes by up to 50% in row crops
while achieving equivalent or superior weed control. The
evolutionary significance of this reduction is substantial:
smaller treated areas mean smaller effective selection
populations, lower resistance selection intensity, and slower
fixation of alleles field-scale weed

resistance across

populations.
Conclusion

The global herbicide resistance crisis demands a
paradigm shift as fundamental as any in the history of
agriculture from chemical dominance to ecological
intelligence. Weed populations are not static adversaries but
evolving biological systems that respond with remarkable
speed and creativity to the selection pressures imposed by
modern farming. The soil seed bank is both the source of this
evolutionary resilience and its primary management leverage
point: maintaining consistently low seed banks denies weed
populations the demographic scale needed for rapid
resistance evolution. The science is clear that no single
technology or tactic is sufficient. Durable weed management
requires genuine integration the coordinated deployment of
preemergence herbicides, crop rotation, competitive
cultivars, mechanical control, HWSC, and precision
application technologies within an explicitly evolutionary
strategic framework. The path forward, as both ecologists and
agronomists now recognize, is one of diversity, restraint, and
ecological sophistication (Mortensen et al., 2012). The cost
of not taking this path is the progressive erosion of the
chemical tools upon which global food production currently
depends.

References

Beckie, H. J., & Reboud, X. (2009). Selecting for Weed
Resistance: Herbicide Rotation and Mixture. Weed

Technology, 23(3), 363-370. doi:10.1614/WT-09-

008.1

Beckie, H. J., Ashworth, M. B., & Flower, K. C. (2019).
Herbicide  Resistance  Management:  Recent
Developments and  Trends. Plants, 8(6), 161.

https://doi.org/10.3390/plants8060161

Bohra, L. S., Radhamani, S., Fanish, S. A., Ravichandran, V.,
& Maragatham, S. (2025). Advances in site-specific
weed management techniques for sustainable crop
production. Plant Science Today, 12(sp3).

https://doi.org/10.14719/pst.8262
Buhler, D. D., Hartzler, R. G., & Forcella, F. (1997).

Implications of weed seedbank dynamics to weed
management. Weed Science, 45(3), 329-336.
doi:10.1017,/50043174500092948

Christensen, S., Sogaard, H. T., Kudsk, P., Norremark, M.,
Lund, L., Nadimi, E. S., & Jorgensen, R. (2009). Site-
specific weed control technologies. Weed Research,
49(3), 233-241. https://doi.org/10.1111/j.1365-
3180.2009.00696.x

Deélye C. (2013). Unravelling the genetic bases of non-target-
site-based resistance (NTSR) to herbicides: a major
challenge for weed science in the forthcoming

176-187.

decade. Pest management science, 69(2),

https://doi.org/10.1002/ps.3318
Herbicide Resistance Action Committee (HRAC). (2024).

Best management practices for herbicide resistance
prevention. https://hracglobal.com/prevention-
management/best-management-practices

Mortensen, D. A., Egan, J. F., Maxwell, B. D., Ryan, M. R,,
& Smith, R. G. (2012). Navigating a critical juncture
for sustainable weed management. BioScience,

62(1), 75-84.

Neve, P., Vila-Aiub, M. M., & Roux, F. (2009). Evolutionary-
thinking in agricultural weed management. New
Phytologist, 184(4), 783-793.

Walsh, M. J., Aves C. and Powels S. B. (2013). Harvest weed

seed control systems are similarly effective on rigid

ryegrass. Weed Technology, 31, 178-183.

*kkkk Kk kKK

AgriTech
= Today
V=

AgriTech Today Magazine: Volume 4, Issue 3 (June, 2026) 15


https://agritechpublication.com/

