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Climate change, driven by rising atmospheric carbon dioxide (CO2), increasing

temperatures, and shifting precipitation patterns, is profoundly impacting

agricultural systems worldwide. These environmental changes significantly affect

weed growth, distribution, andmanagement, posing challenges across agronomic,

horticultural, and ornamental crops. This review explores the impacts of climate

change on weeds, focusing on the differential responses of C3 and C4 weed

species to elevated CO2, higher temperatures, and drought stress. It also examines

how these climatic factors influence weed management practices, particularly

herbicide efficacy. While much research has focused on agronomic crops,

ornamental crop productions remain underexplored, despite their unique

challenges. Ornamental production systems often involve diverse plant species

grown in confined spaces,makingweedmanagementmore complex and sensitive

to herbicide residues. These challenges are compounded by the adaptability and

invasiveness of weeds under changing climatic conditions. The review highlights

critical knowledge gaps, particularly the limited understanding of how climatic

factors impact weed physiology and herbicide performance in ornamental

settings. Addressing these gaps is essential to develop climate-resilient strategies

for sustainable weed management across diverse agricultural systems.
KEYWORDS

elevated temperature, increased carbon dioxide, drought, ornamental crops, weed
control, herbicide efficacy
1 Introduction

The ornamental crop industry in the United States, which includes Christmas tree

production, nurseries, greenhouse cultivation, and landscape management, is a billion-dollars

industry. In 2018, a survey conducted by the Green Industry Research Consortium among 1,727

participants reported total annual sales of USD 2.392 billion (Khachatryan et al., 2020). Over the

past 15 years, the container production segment within the nursery industry has been growing

rapidly and is expected to continue expanding. However, a major issue in container-grown
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nurseries is weed infestations. Since resources like water, nutrients, and

soil air are limited within containers, weeds compete with the main

plants for these essentials (Case et al., 2005). Nursery growers estimate

that manually removing weeds from containers costs between USD 500

to USD 4000 per acre (USD 1235 to USD 9880 per hectare). The

economic damage caused by weed infestations can be as high as USD

7000 per acre (USD 17290 per hectare) (Mathers, 2003). So, efficient

weed control is critical, as the impact of weeds is often underestimated

(Case et al., 2005). If weed management practices are improved to

reduce costs, it could significantly benefit the industry (Adams

et al., 1998).

The increase in carbon dioxide (CO2) and other greenhouse gases,

primarily due to human activities like land use changes and fossil fuel

burning, is a major cause of global warming. Higher CO2 levels

generally boost the growth and yield of most plants by enhancing

photosynthesis and water use efficiency (Rogers and Dahlman, 1993;

Amthor, 1995). However, these changes can also affect the growth rates

of both crops and weeds, potentially leading to shifts in vegetation

patterns and altering regional ecosystems (Pagare et al., 2017). Climate

change impacts species’ geographic ranges, life cycles, population

dynamics, and interactions between crops and weeds. Plants with C3

photosynthetic pathways, which include most food crops, are likely to

benefit more from CO2 increases than C4 plants. However, rising

temperatures could give C4 plants, many of which are common weeds,

a competitive advantage over C3 plants. This shift may complicate weed

management, as higher CO2 levels can also increase the growth of some

weed species and make them harder to control. Additionally, warmer

temperatures may speed up the life cycles of certain plants, causing

weeds to mature and decay more quickly (Singh et al., 2011).

Given these challenges, understanding how weeds respond to

elevated CO2 levels, rising temperatures, and drought is essential for

managing their impact on agricultural systems. Climate change

influences weed physiology, growth, and competitive interactions,

while also altering the efficacy of herbicides and other management

practices. This review synthesizes current research on the impacts of

climate change on weeds across agronomic, horticultural, and

ornamental cropping systems. Particular attention is given to the

physiological and morphological responses of C3 and C4 weed species

to changing climatic factors, as well as the effects of these changes on

herbicide performance and broader weed management strategies. By

consolidating findings across multiple disciplines, this review aims to

provide a comprehensive understanding of how climate change

shapes weed dynamics and management approaches.
2 Impact of climate change
on agriculture

2.1 Impact of climate change on
agronomic crops

Agriculture is considered as the most vulnerable sector to climate

change because of to its huge size and sensitivity to weather parameters

which can cause significant economic impacts (Mendelsohn, 2009).

The impact of increasing temperatures, precipitation variation, and

CO2 fertilization differs according to the crop, location, and magnitude
Frontiers in Agronomy 02
of change in the parameters (Adams et al., 1998). Higher temperatures

are likely to shorten the time for crop growth, reducing their overall

yield (Mahato, 2014). If both temperate and tropical regions warm by

2°C, it’s expected that wheat, rice, and maize production will decrease

(Challinor et al., 2014). Climate change projections suggest more

frequent droughts in many parts of the world and the area which

would be affected by droughts expected to increase from 15.4% to

44.0% by 2100. Major crop yields in drought-prone areas could drop by

more than 50% by 2050 and nearly 90% by 2100 (Li et al., 2009). As

atmospheric CO2 levels continue to rise, it’s expected that crop yields

will increase, although the extent of this increase will vary depending

on the type of crop. Particularly, C3 crops are likely to produce greater

yields, and both C3 and C4 crops may require less water under less

stressful conditions (DaMatta et al., 2010). The levels of nutrients like

nitrogen, iron, zinc, and sulfur, primarily found in proteins, decrease in

non-leguminous C3 crops with higher CO2 levels (Uddling et al., 2018).

With increased CO2, rice crops exhibit enhanced vegetative and

reproductive growth and higher seed yields at air temperature of 29°

C; however, seed set decreases with rising temperatures (Madan et al.,

2012). Elevated CO2 levels lead to decreases in zinc and iron content

and the protein concentrations in C3 crops and legumes while C4 plants

remain unaffected by increased CO2 levels (Myers et al., 2014).

Furthermore, higher CO2 levels and rising temperatures are

escalating the threat of potato late blight, rice blast, and sheath

blight, which could severely threaten global food security (Gautam

et al., 2013).

Changes in climate are likely to affect the development and

survival of pathogens in humid and warmer regions (Rosenzweig

et al., 2001; Elad and Pertot, 2014). Changes in an area’s climate or

weather patterns are predicted to increase a crop’s susceptibility to

various pests, diseases, and weeds (Rosenzweig et al., 2001).

However, there are projections that a one-degree increase in

temperature could lead to a 10–25% increase in losses due to

insect pest infestations (Shrestha, 2019). Statistical evidence shows

that increased rainfall and temperatures have raised pesticide costs

for crops such as corn, potatoes, and soybeans, while reducing costs

for wheat in the USA (Chen and McCarl, 2001).

Climate change also affect the microbial populations in soil and

their enzymatic activities. Experiments using temperature gradient

tunnels, with temperatures 4–5°C higher than field conditions,

revealed significantly higher microbial populations. Nitrogen-fixing

bacteria, P-solubilizers, fungi, and enzymatic activities were notably

elevated across a range of temperatures, with optimal conditions

yielding the highest parameters (Kaur et al., 2014). Additionally,

warmer, and more humid regions are conducive to increased

prevalence of insect pests and diseases (Rosenzweig and Liverman,

1992). On the other hand, the growth of endophytic fungi and plant

growth-promoting bacteria can have positive, negative, or neutral

effects, depending on the temperature range (Compant et al., 2010).
2.2 Impact of climate change on
horticultural crops

Climate change significantly impacts horticultural crop

production, particularly affecting the yields of fruits and
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vegetables. The variability in rainfall and rising temperatures,

primary indicators of climate change, are major challenges that

disrupt the growth, development, and productivity of horticultural

crops (Datta, 2013). Unpredictable high temperatures and altered

rainfall patterns lead to heat stress and water scarcity, resulting in

shorter growing periods and decreased production of fruits and

vegetables. These changes not only reduce water availability

essential for crop growth but also negatively impact the

photosynthesis process, crucial for crop development (Malhotra

and Srivastva, 2014; Malhotra, 2015). Specifically, fruit crops such

as bananas may suffer from heat stress, soil moisture stress, and

flooding due to climate change (Kumar and Kumar, 2007).

Similarly, apples, apricots, cherries, and litchis face increased risks

of sunburn and fruit cracking due to high temperatures during the

maturation phase. The changes in climatic conditions also affect the

chilling requirements for pome and stone fruits, altering the timing

of dormancy breaking (Malhotra, 2017).

In the case of vegetables, significant losses are observed in crops

like tomatoes, where high temperatures lead to reduced fruit set,

smaller fruits, and lower quality. This is due to a range of heat-

induced reproductive failures, including bud drop, abnormal flower

development, poor pollen production, and ovule abortion (Hazra

et al., 2007). Peppers also experience inhibited fruit set under high

post-pollination temperatures, highlighting the sensitivity of

fertilization processes to thermal stress. Additionally, vegetables

like tomato, watermelon, potato, squash, soybeans, and carrots are

highly susceptible to damage from air pollution, with yields

potentially reduced by 5-15% when ozone levels exceed 50 ppb

(Narayan, 2009).
2.3 Impact of climate change on
ornamental crop production

The U.S. Green Industry, encompassing horticultural nurseries,

landscape designers, Christmas tree producers and related retail and

distribution sectors, continues to grow robustly despite economic

fluctuations. In 2020, this sector saw a 9% increase in the wholesale

value of floriculture crops from the previous year, with major

contributions from states like Florida, California, and Michigan,

accounting for a significant portion of the national total of $4.80

billion (Usda and National Agricultural Statistics, S, 2021). In

Michigan, the ornamental and landscape industry have a

substantial economic footprint, generating a total impact of $1.26

billion, including related sectors (Michigan Department of and

Rural, 2019). The industry directly employs over 16,000 people,

highlighting its importance to the state’s economy (Knudson, 2018).

Climate change can create unprecedented challenges in this

industry, which vary across different types of ornamental crops.

2.3.1 Impact of climate change on Christmas
tree production

In the United States, the Christmas tree industry is a profitable

sector, encompassing approximately 15,000 farms across nearly

350,000 acres, generating around $250 million in annual sales and
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providing employment for over 100,000 individuals (National

Christmas Tree, A, 2021). However, this area is facing significant

challenges due to climate change and weed management issues.

Rising fall temperatures, a consequence of climate change, are

prompting farmers to harvest trees earlier than usual, often

shifting from late November to mid-October. This adjustment is

primarily to meet market demands but results in the trees

experiencing insufficient cold weather necessary for optimal

needle retention. Consequently, this warmer weather and altered

harvest schedules are compromising the quality of Christmas trees,

as evidenced by studies highlighting the importance of proper cold

acclimation for needle retention (Mitcham-Butler et al., 1988;

MacDonald, 2010; Thiagarajan, 2012; MacDonald et al., 2014).

Additionally, weed infestation poses a severe problem throughout

all stages of Christmas tree production. Often grown in sandy soils

where water resources are scarce, these trees face increased

competition from weeds for these limited resources, elevating

their risk of drought stress. Weeds that overshadow young

saplings can block essential sunlight, hindering photosynthesis,

which is crucial for the development of leaves and overall tree

growth (Roberts and Long, 1992). Effective weed management,

particularly during the critical first three years of a tree’s life, is

essential for the establishment of robust root systems, which are

vital for enduring later drought conditions (Zandstra and

O’Donnell, 2018). Unmanaged weeds not only threaten the

physical growth of Christmas trees but also provide shelter for

harmful wildlife like field mice, rabbits, and deer, further

jeopardizing the trees. Furthermore, weeds compete with

Christmas trees for nutrients, adversely affecting the aesthetic

qualities of the trees, such as needle size and color quality

(Oregon State University, 1981).

2.3.2 Impact of climate change on other
ornamental crop production

Climate change is threatening the growth of the ornamental

crop industry and is affecting other ornamental crops in various

ways. Temperature increases lead to physiological changes in plants,

affecting growth, development, and productivity. An increase in

temperature can lead to a variety of physiological changes in plants,

including increased respiration rates, varied rates of photosynthesis,

and the redistribution of photosynthesis to economically important

parts of the plant. These changes can also alter plant phenology,

reduce the overall crop growing period, and accelerate the days to

flowering and fruiting, as well as speed up fruit maturity, ripening,

and senescence. Additionally, temperature increases might not be

evenly distributed between day and night or across different seasons

(Srinivasa Rao et al., 2010). The blooming of various ornamental

plants like Rhododendron, Orchid, Tulipa, Alstroemeria, Magnolia,

Saussurea, Impatiens, and Narcissus may be adversely affected by

decreasing chilling periods. Some species may become endangered,

while others may experience reduced or less vibrant flowering.

Flowering plant species, particularly those grown in open fields, will

require high humidity and ample water to survive under

challenging conditions. For instance, Chrysanthemum, a short-

day plant, cannot bloom year-round in open fields. Similarly,
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Jasmine ceases to flower at temperatures below 19°C, resulting in

smaller flowers. In tropical orchids, temperatures below 15°C

prevent flowers from fully opening, while temperatures exceeding

35°C can cause buds to drop and spikes to become unmarketable

(Hirpo and Gebeyehu, 2019).

Amid these climatic challenges, the issue of weed infestation in

nursery container production becomes even more critical.

Improvements in weed management could significantly boost

profitability for nursery operators, positively affecting the extensive

nursery market in Michigan. Globally, the ornamental and cut flower

market sees the U.S. holding a 12.5% share, trailing behind China and

Europe (Darras, 2020). Unlike field production where direct soil

sowing allows for effective post-germination weed control via

herbicides or mechanical means, container production needs

preventive measures against weeds due to the impracticality of

direct herbicide application on containerized plants (Altland, 2003).
3 Impacts of weeds in ornamental
crop production

Weeds pose a significant threat to ornamental crop production

by depriving ornamental plants from essential resources, ultimately

reducing plant growth and quality. Unlike agronomic crops,

ornamental plants are not grown for a single season and

harvested, but rather remain in production for several years,

making traditional weed control strategies less effective (Beeson,

1991). In many agronomic crops, guidelines help growers deciding

the best time to control weeds by comparing the cost of weed

management to the expected increase in yield (Smith, 1968;

Cousens, 1987; O’Donovan, 2005; Knezevic, 2014; Swanton et al.,

2020). However, this approach doesn’t work well in ornamental

plant production because of the wide variety of plant species and the

different ways they are grown. Since ornamental plants are valued

for their appearance rather than yield, even a small amount of weed

competition can reduce their marketability, making weed

management more complex (Beeson, 1991). In nursery

environments, weed infestations lead to biomass reductions and

production delays, regardless of species or container size. As weed

density increases, competition effects initially develop slowly but

intensify over time, severely impacting plant growth. For instance,

shoot dry weight reductions of 18%–53% in Japanese holly (Ilex

crenata) and 12%–56% in ligustrum (Ligustrum vulgare) have been

observed when grown under varying levels of weed competition in

different container sizes (Khamare et al., 2023). Presence of a single

redroot pigweed (Amaranthus retroflexus) or large crabgrass

(Digitaria sanguinalis) plant in a 2.4 L container reduced

Japanese holly dry weight by up to 60% (Fretz, 1972). Higher

weed densities, such as five weeds per container of barnyardgrass

(Echinochloa crus-galli), Digitaria sanguinalis, or Chinese foxtail

(Setaria faberi), competing for 83 days, resulted in a 72% reduction

in Bailey’s redosier dogwood (Cornus sericea) shoot dry weight

(Walker and Williams, 1988). Other common weeds, including
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coffeeweed (Senna obtusifolia), cocklebur (Xanthium strumarium),

and eclipta (Eclipta prostrata), have been documented to negatively

affect numerous container-grown ornamentals (Walker and

Williams, 1988; Norcini and Stamps, 1994; Fain et al., 2003;

Khamare et al., 2020). Additionally, weed competition leads to

reduced leaf size, lower flower production, and poor plant vigor,

with bush cinquefoil (Potentilla fruticosa ‘Gold Drop’) experiencing

a 99% decrease in flower production due to Digitaria sanguinalis

(Walker and Williams, 1989).

In Christmas tree production, weeds can hinder the growth of

Christmas trees and reduce tree survival rates. During the critical

establishment phase, particularly the first three years after

transplanting, weed competition for moisture can result in

drought stress, stunted growth, and even tree mortality (Cui and

Smith, 1991; Knowe and Stein, 1995; NeSmith and Lindstrom, 1996;

Schneider et al., 1998; Harper et al., 2005; Zandstra and O’Donnell,

2018). This issue is more severe in sandy soils, where limited water

availability is further depleted by weed competition, making trees

highly susceptible to drought. Additionally, weed shading reduces

photosynthetic activity, limiting leaf area development and overall

tree vigor (Roberts and Long, 1992). As trees mature, weeds

interfere with cultural practices such as pruning and pesticide

applications and can shade lower branches, affecting uniformity

and quality (Brown et al., 1991; Zandstra and O’Donnell, 2018).

Several broadleaf and grassy weeds, including field bindweed

(Convolvulus arvensis), horseweed (Erigeron canadensis), common

ragweed (Ambrosia artemisiifolia), giant foxtail (Setaria faberi), and

large crabgrass (Digitaria sanguinalis), invade tree branches,

making removal difficult. Vining weeds, such as Virginia creeper

(Parthenocissus quinquefolia), poison ivy (Toxicodendron radicans),

and wild grape (Vitis spp.), entangle trees, preventing effective

management without risking herbicide damage (Zandstra and

O’Donnell, 2018). Additionally, weed abrasion on lower branches

can cause needle browning and drop, reducing tree quality and

marketability (Willoughby and Palmer, 1997).
4 Herbicide selectivity of
ornamental crops

Managing weeds in ornamental crop production requires careful

herbicide selection since different species react differently to chemical

applications (Figure 1, Table 1). Several herbicides that are safe for

established ornamentals, can cause damage to newly planted crops,

making weed control especially difficult during propagation (Fausey,

2003). Additionally, because ornamentals vary widely in sensitivity,

herbicide manufacturers must test each species under different

conditions before including them on product labels, limiting

available options for growers (Mervosh and Ahrens, 1998).

Greenhouse production adds another layer of complexity, as

very few herbicides are labeled for indoor use due to concerns about

volatility and crop damage. Herbicide vapors can accumulate in

enclosed spaces and injure crops, while spray drift from ventilation
frontiersin.org

https://doi.org/10.3389/fagro.2025.1556418
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Mou et al. 10.3389/fagro.2025.1556418
systems can cause unintended exposure (Smith, 2019). (Norcini

et al., 1996) noted that herbicide use is lowest in greenhouses

compared to field and container-grown ornamentals, forcing

growers to rely more on alternative weed management strategies.

While herbicides are an important tool in floriculture and

landscaping, their use must be carefully managed to prevent

damage to desirable plants. Poor herbicide selectivity can affect

plant aesthetics, reducing their value in ornamental landscapes

(Seixas et al., 2011; Queiroz et al., 2016).
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5 Impact of climate change on weed
growth and distribution

5.1 Weed response to increasing
CO2 levels

Elevated CO2 levels are also significantly altering the physiology

and morphology of weeds, impacting their growth, reproductive

strategies, and competitive interactions in ecosystems. The current
B

C D

A

FIGURE 1

Injuries in ornamental plants due to herbicide application. (A) phytotoxicity symptoms of Christmas tree (Fraser fir) included burning and curling of
tips. (B) browning and discoloration of needles of Christmas tree (Fraser fir). (C) browning and discoloration of leaves and flowers of Azalea. (D) leaf
chlorosis and discoloration of Petunia.
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levels of atmospheric CO2 are suboptimal for the photosynthesis

process in C3 plants, which lose carbon through photorespiration

process, making their photosynthesis less efficient than in C4 plants.

C4 plants have a special mechanism that concentrates CO2 directly

at the site of carboxylation, effectively reducing the carbon loss seen

in photorespiration (Acock, 1990; Naidu, 2013). With higher CO2

levels, C3 plants experience an increase in photosynthesis because

there’s more CO2 available inside their leaves and CO2 lost by

photorespiration will be less (Manisankar and Ramesh, 2019). This

leads to greater growth and leaf area in C3 plants compared to C4

plants when CO2 levels rise. For instance, the study of Ziska et al.

(1999) showed that the C3 weed Chenopodium album showed

increased photosynthesis and reduced stomatal conductance at

higher CO2 levels, but these changes were not observed in the C4

weed Amaranthus retroflexus. Additionally, C3 weeds such as

parthenium (Parthenium hysterophorus L.) and chromolaena

(Chromolaena odorata L.), were expected to become more robust

and aggressive under higher CO2 conditions (Chandrasena, 2009).

O’Donnell and Adkins (O’Donnell and Adkins, 2001) found

that when the C3 weed wild oat grown at elevated CO2 levels (480

ppm), produced 44% more seed than at lower CO2 levels (357

ppm). Similarly, increased CO2 led to more growth and biomass in

the C4 weed Amaranthus viridis (Naidu, 2013). Increased CO2 not

only promotes greater branching and leaf area but also affects other

characteristics detrimental to human health, such as increased

pollen production in ragweed (Ambrosia artemisiifolia), which

exacerbates allergies, and a rise in spine production in Cirsium
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arvense, which can affect animals grazing in infested areas (Ziska

and Caulfield, 2000; Ziska, 2002). However, the response to CO2 can

vary significantly within and between species, depending on

environmental factors such as temperature, light, moisture, and

nutrient availability (Patterson, 1995).

The rising levels of atmospheric CO2 have significantly

influenced geographical distribution. This change has the

potential to make certain weeds more problematic and to allow

them to expand into new areas (Malarkodi et al., 2017). Weeds that

reproduce vegetatively, such as through roots and stolons, have

shown particularly strong growth responses to the recent increases

in CO2, underscoring the profound impact of elevated CO2 on

invasive species (Ziska and George, 2004). For instance, doubling

CO2 levels can enhance the growth of many invasive plants by 46%.

These invasive plants have grown more quickly than native plants

due to a 30% rise in CO2 levels over the last century (Altland, 2003;

Ziska, 2003). Ziska et al. (2011) suggest that higher CO2 levels could

alter the biology of invasive weeds, enhancing their growth and

potentially increasing their seed dispersal through wind by making

plants taller or larger. This could affect invasive species like Cirsium

arvense L., Sonchus arvensis L., Sonchus oleraceus L., and Carduus

nutans L., known for their wind-dispersed seeds.

Studies have also highlighted how elevated CO2 affects crop-

weed competition, with weeds like velvetleaf (Abutilon theophrasti)

showing increased biomass, thereby reducing the yield and biomass

of competing crops such as sorghum. This interaction is further

complicated when common cocklebur (Xanthium strumarium) is
TABLE 1 Herbicide selectivity of ornamental crops.

Ornamental
Plant

Herbicide Selectivity & Weed Control Efficacy Reference

Gladiolus Atrazine (3.0 kg ha⁻¹), Oxyfluorfen (0.5 kg ha⁻¹) Selective to Gladiolus spp., effectively controlling Eragrostis
tenella, Echinochloa crus-galli, Ageratum conyzoides,
Chenopodium album, Euphorbia hirta, and Indigofera glabra.

(Yadav and Bose, 1987)

Flumioxazin, Linuron, Oryzalin, Pendimethalin,
Prometryn, S-Metolachlor, Sulfentrazone,
Flumioxazin + S-Metolachlor, Isoxaben
+ Oryzalin

Acceptable injuries (<6%) for Gladiolus plants with selective
use of the mentioned herbicides under tested conditions.

(Richardson and
Zandstra, 2006)

Calla Lily Oxyfluorfen (300–340 g ha⁻¹) Selective to Zantedeschia aethiopica (Calla Lily) production,
with minor and transient visual injuries.

(Freitas et al., 2007)

Carnation & Geranium Oryzalin + Oxyfluorfen (13.46 kg ha⁻¹) Caused significant injuries at 10 days after treatment but
plants fully recovered by 28 days after treatment.

(Talbert et al., 1999)

Oryzalin (4.49–8.98 kg ha⁻¹) Initial injuries at 10 days after treatment, but symptoms
were transient.

(Talbert et al., 1999)

Chrysanthemum
& Gaillardia

Metolachlor (4.5 kg ha⁻¹) Selective with transient and acceptable injuries. (Deer, 1993)

Isoxaben, Oxadiazon, Simazine + Metolachlor Caused high and unacceptable visual injuries. (Deer, 1993)

Dahlia, Lance-leaved
Coreopsis, &
Baby’s-breath

Metolachlor (4.6–9.1 kg ha⁻¹), Isoxaben (1.1–2.3
kg ha⁻¹), Oryzalin (2.3–4.6 kg ha⁻¹), Oxadiazon
(4.5–9.0 kg ha⁻¹), Trifluralin (4.5–9.0 kg ha⁻¹)

Selective for most species except Dahlia and Baby’s-breath,
where oryzalin was non-selective and caused
significant injury.

(Staats and Klett, 1993)

Hibiscus Isoxaben (0.56–1.12 kg ha⁻¹), Oryzalin (3.36
kg ha⁻¹)

Selective for Hibiscus moscheutos under tested conditions. (Porter, 1996)

Azalea Oxyfluorfen (2.2 kg ha⁻¹), Oxadiazon (4.5 kg
ha⁻¹), Napropamide (4.5 kg ha⁻¹)

Selective for Rhododendron obtusum. Controlled Portulaca
oleracea, Euphorbia maculata, Oxalis stricta, Senecio vulgaris,
Stellaria media, and Digitaria sanguinalis.

(Beste and Frank, 1985)
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present, as it diminishes sorghum’s growth and potential yield

under higher CO2 levels (Ziska et al., 2004; Ziska and Runion,

2006). The adaptive responses of weeds to increased CO2, such as

enhanced growth and reproductive capacity in Parthenium

hysterophorus (Naidu and Paroha, 2008), indicate a shifting

dynamic that could make managing these species more

challenging under future climate scenarios.

Furthermore, elevated CO2 has been shown to increase the rate

and final percentage of weed seed germination. (Ziska and Bunce,

1993) found that doubling atmospheric CO2 concentration (from

350 to 700 ml l⁻¹) enhanced germination in Amaranthus hybridus

and Chenopodium album . A separate field experiment

demonstrated a significant increase in the total number of weed

seedlings three weeks after tilling under elevated CO2 conditions,

indicating that rising atmospheric CO2 may promote greater

weed establishment.
5.2 Weed response to rising
temperature levels

Temperature plays a crucial role in determining the

distribution, growth, development, and phenology of plants,

making specific species more suited to certain temperature zones.

Plant processes like photosynthesis, respiration, and transpiration

are all highly dependent on temperature, and any changes can

significantly impact plant growth. The reproductive stage of plants

is particularly sensitive to temperature fluctuations. Weeds, like

other plants, react to temperature changes and develop strategies to

adapt or migrate to more suitable conditions (Metz et al., 2007).

With the expected rise in global temperatures, it is likely that C4

weeds, which thrive under warmer conditions, will outcompete C3

weeds, altering existing weed-crop interactions (Tubiello et al.,

2007). Moreover, warmer winters are predicted to enhance the

survival rates of winter annual weeds, and increased summer

temperatures could lead to more vigorous growth of thermophilic

summer annuals, pushing their geographical range further north

(Walck et al., 2011; Hanzlik and Gerowitt, 2012). Elevated

temperatures can also trigger various physiological changes in

weeds, including shortened vegetative phases and life cycles,

reduced tillering, decreased seed filling duration and rate, and

increased oxidative damage (Jagadish et al., 2011). Studies have

shown that weeds like wild oat develop faster in higher

temperatures, which can lead to a denser soil seed bank, giving

them a competitive advantage over crops (O’Donnell and Adkins,

2001). Additionally, certain summer weed species, such as Sida

spinosa (prickly sida), exhibit increased growth and higher root-to-

shoot ratios under elevated temperatures (Tungate et al., 2007). It

has been also found that climate change will facilitate the spread of

weeds like Datura stramonium L., which grows more robustly at

higher temperatures (Cavero et al., 1999). Moreover, Hieracium

aurantiacum L. has been observed to expand rapidly in Australia

due to favorable warm conditions that accelerate its growth and

reproductive cycles (Brinkley and Bomford, 2002).

Temperature have influence on the seed germination of weed

seeds. The study of (Bandara et al., 2017) shows that elevated
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temperatures up to 35°C increased germination, while temperatures

beyond 35°C caused a significant decline. Grasses and broadleaf

weeds showed increased cumulative seed germination (CSG) at 35°

C, whereas sedges showed no significant response. Echinochloa

crus-galli germination increased with rising temperatures, while

Leptochloa chinensis, Lindernia rotundifolia, and Monochoria

vaginalis had higher germination at 35°C but declined beyond

this point. In contrast, Cyperus deformis germination decreased

up to 30°C and then increased at higher temperatures.

Studies have indicated that increased CO2 concentrations may

enhance a plant’s ability to endure both hotter and colder

temperatures. These adaptabilities are often dependent on how

moisture availability is altered through changing rainfall patterns or

other environmental factors such as nitrogen levels (Luo and

Mooney, 1999; Bunce and Ziska, 2000). Weeds, with their broad

ecological tolerance, are expected to take advantage of these

changes, outcompeting more specialized, less adaptable species.

The warming climate is likely to facilitate the northward

migration of tropical and subtropical C4 species, introducing

them into temperate zones where they may become aggressive

new competitors to the existing flora (Parry, 1998). This emerging

scenario highlights the need for innovative and adaptable weed

management strategies to address the challenges posed by an

evolving weed landscape under climate change.
5.3 Weed response to drought

Increasing temperatures are leading to higher evaporation rates,

contributing to drier conditions in monsoon regions, with a

projected 5–8% increase in areas vulnerable to drought (Giannini

et al., 2008; Rodenburg et al., 2011). Predictions for future rainfall

patterns indicate that they will likely become more unpredictable,

with droughts and floods becoming more frequent. Such climatic

shifts will complicate the control and spread of weeds in agricultural

ecosystems, particularly affecting the management of weeds in

spring-sown crops during summer droughts (Peters and Gerowitt,

2014). Prolonged drought conditions are expected to favor the

growth of C4 and parasitic weeds like Striga hermonthica, while

excessive moisture will benefit weeds like Rhamphicarpa fistulosa

(Hochst.) Benth (Rodenburg et al., 2010).

Weeds exhibit various adaptive strategies to cope with drought,

demonstrating significant plasticity in their response to water stress.

For instance, Abutilon theophrasti (velvetleaf) conserves water by

shedding its oldest leaves, prioritizing resources for younger leaves

to support growth and reproduction under drought conditions

(Schmidt et al., 2011). This species also responds to drought by

reducing its overall leaf area to maintain higher leaf water potential,

a strategy observed in other weeds as well (Ward et al., 1999).

Weeds adapt to high temperatures, which often accompany

drought, by developing physical barriers such as leaf hairs or by

changing leaf orientation to reduce solar exposure (Hasanuzzaman

et al., 2013). Additionally, A. theophrasti has been noted to adjust

leaf blade angles to minimize direct sunlight impact, further aiding

in temperature regulation (Karkanis et al., 2011). The lifecycle of

this weed is also shortened under drought, with earlier flowering
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times to ensure reproductive success despite adverse conditions

(Volis et al., 2004; Volis, 2009; Karkanis et al., 2011).

Root architecture plays a crucial role in drought tolerance.

Many weeds increase their root-to-shoot ratios, enhancing their

ability to access deeper water sources during dry periods. This is

particularly evident in species like Sida spinosa and Convolvulus

arvensis, which develop extensive root systems to maximize water

uptake (Mekki, 2007; Sosnoskie and Hanson, 2016). Enhanced root

growth is supported by biochemical adaptations such as increased

solute allocation to roots, which helps plants recover quickly from

water stress (Gilgen and Feller, 2013; 2014).

Moreover, weeds often modify their anatomical structures to

minimize water loss. Abutilon theophrasti increases leaf epicuticular

wax deposition under drought, which helps retain moisture

(Hatterman-Valenti et al., 2011). Some species, like Ecballium

elaterium and Salsola elaeagnifolium, develop denser leaf tissues

with multiple layers of palisade cells, reducing the space for water

vapor to escape and helping maintain hydration (Christodoulakis

et al., 2009, 2011). These physiological and biochemical responses

not only enhance the survival and competitiveness of weeds under

drought conditions.
5.4 Impact of climate change on
weed distribution

Opportunistic weed species can adapt to climate change

effectively due to their advanced dispersal and superior adaptation

abilities (Chapin et al., 1996; Bergmann et al., 2010; Pautasso et al.,

2010). The dispersion of these species is often facilitated by human

activities, such as transportation and trade, which can act as

catalysts. For example, the spread of Ambrosia artemisiifolia is

not always clearly distinguishable from climate-driven mechanisms

(Von der Lippe et al., 2013; Milakovic et al., 2014). The range

extension of maize weeds of the genus Setaria and A. theophrasti to

Northern America may result from the interaction between human

activities and climatic changes (Andersen et al., 1985; Douglas et al.,

1985; Warwick and Black, 1986; Wang and Dekker, 1995).

Climate change is anticipated to significantly influence the

composition of weed species in arable lands. The pace of

predicted climate change surpasses any climate variations

recorded over the past 420,000 years (Petit et al., 1999; Loss et al.,

2011), positioning it as a potentially major factor in shaping the

distribution of arable weeds (Pautasso et al., 2010). Changes in

climate result in modifications to environmental conditions,

including temperature and precipitation, which directly impact

arable weeds. Additionally, these climate changes also indirectly

impact weed dynamics by forcing farmers to adjust their practices,

including choosing different crops and changing the timing of

planting and harvesting (Fleming and Vanclay, 2010).

Higher temperatures influence seed emergence, potentially

making some dormant weeds invasive and altering species

distribution. Increased aridity and elevated CO2 levels particularly

boost the growth of C4 weeds under stress conditions. These

changes enhance the competitive advantage of weeds over crops,

posing increased challenges for agriculture and ecosystem
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management. Elevated CO2 levels enhance the growth of C3

plants more than C4 plants, with C3 plants showing a 41%

growth increase compared to 22% for C4 plants when CO2

concentration is doubled (Poorter, 1993). This is due to decreased

photorespiration and increased net photosynthesis in C3 plants,

improving their overall carbon balance and water use efficiency.

One important example of climate influence is the potential

northward migration of Pueraria lobata (kudzu), an invasive

species often found across the United States. About 15 years ago,

kudzu was predominantly found up to the Ohio Valley and the

Mason-Dixon line, restricted by colder winter temperatures (Sasek

and Strain, 1990). However, recent trends have shown an increase

in kudzu populations linked to rising winter temperatures.

Additionally, the expected rise in nighttime temperatures relative

to daytime temperatures due to global warming could more

significantly reduce seed production in crops compared to weeds,

such as in the case of Vigna unguiculata (Ahmed et al., 1993),

thereby impacting competitive dynamics. As the climate warms,

many weeds that thrive in warm-season conditions, typically

originating from tropical areas, are likely to extend their

range northward.
6 Effect of climate change on weed
management practices

Mechanical methods are predominantly used in developed and

developing countries to manage weed populations. This approach is

globally recognized as a fundamental weed control strategy in

agricultural systems. However, climatic changes, particularly an

increase in CO2 levels, could complicate this method by enhancing

underground carbon storage and consequently boosting the growth

of roots or rhizomes in perennial weeds (Rogers et al., 1994). Such

increases in root ratios and subterranean growth can make it

challenging to eradicate certain perennial weeds, like Canada

thistle (Cirsium arvense), that can regenerate from root fragments

left in the soil after tillage (Ziska et al., 2004). Similar responses may

be seen in weeds such as skeletonweed (Chondrilla juncea) and

silverleaf nightshade (Solanum elaeagnifolium) (Kriticos

et al., 2010).

Moreover, climate change can also influence the effectiveness of

cover crops as a non-chemical weed management method by

altering their establishment, biomass production, and competitive

interactions with weeds. (DuPre et al., 2022) found that rising

temperatures and decreasing moisture availability affected early-

and mid-season cover crop mixtures differently, leading to shifts in

weed biomass and species composition. In semi-arid regions, cover

crops must balance weed suppression with soil moisture

conservation (Kumar et al., 2020). The early-season five-species

mixture, including oat, brassicas, and legumes, produced the highest

biomass and maintained cooler soil temperatures, improving weed

suppression. However, it significantly reduced soil moisture, which

could limit subsequent crop yields, a challenge that may intensify

under warming conditions (Whitlock et al., 2017). In contrast, the

mid-season seven-species mixture, dominated by brassicas, showed

stable biomass production and increased brassica abundance,
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suggesting brassicas may be more resilient for weed suppression in

warming and drying climates (Franco et al., 2021). Species

composition, planting time, and environmental conditions play

key roles in determining cover crop success in weed management

(Carr et al., 2004; Florence and McGuire, 2020; Smith et al., 2020).

Furthermore, climate change impacts on soil temperature,

moisture availability, and weed seed emergence patterns can

significantly influence the effectiveness of mulching as a weed

management strategy. Noted by (Singh et al., 2015) that weed

seeds present at different depths respond to environmental factors

such as temperature fluctuations, soil moisture levels, light

availability, and predator activity. Tillage practices influence weed

seed distribution, with minimum tillage (MT) and zero tillage (ZT)

systems concentrating most weed seeds near the soil surface,

whereas conventional tillage (CT) distributes them more

uniformly throughout the tilled layer (Chauhan and Johnson,

2009). As climate change alters rainfall patterns and soil

temperature, these differences in weed seed placement and

emergence become more pronounced.

Additionally, biological control methods, which involve

introducing host-specific natural enemies such as insects, fungi,

or herbivores to target weeds, are expected to be impacted by

changes in climate. These environmental changes can potentially

affect both the biological control agents and the weeds they target,

leading to diminished efficacy of biocontrol measures. Climatic

changes might disrupt established biocontrol systems by altering

the morphological development and reproductive cycles of the

biocontrol agents. Increased CO2 levels could also change the

chemical properties of weeds, influencing their interactions with

herbivores. This could involve alterations in the carbon-to-nitrogen

ratio in plants, affecting the feeding preferences and growth rates of

herbivorous pests (Singh et al., 2011, 2016). The changes brought by

global warming might even offer new opportunities for employing

certain insect species, like Ophraella communa, as biocontrol agents

against specific weed infestations (Cardarelli et al., 2018).

Furthermore, elevated CO2 levels may alter the secondary

compound profiles of weeds, affecting weed-herbivore interactions

and potentially complicating biocontrol strategies. Increased

atmospheric CO2 could lead to changes in the feeding habits and

growth rates of herbivores, impacting the dynamics of biocontrol

across various ecosystems (Ziska et al., 2005; Malarkodi et al., 2017).

As greenhouse gas concentrations rise, the relationship between

plants and herbivores may evolve, affecting the efficacy of biocontrol

at both spatial and temporal scales. Factors such as drought may

also increase levels of certain insect-resistance chemicals in weeds,

which could render biocontrol methods less effective, particularly in

drier conditions (Gerard et al., 2010). Moreover, temperature

increases might influence the distribution and viability of both

biocontrol agents and their target hosts. For instance, elevated

temperatures could facilitate the migration of biocontrol agents

from subtropical to temperate areas, impacting the overall

effectiveness of biocontrol systems. Faster life cycles of both

biocontrol agents and weeds due to higher temperatures could

further complicate biocontrol strategies (Kriticos et al., 2010).

These complex interactions underscore the challenges and

uncertainties in predicting how climate change will ultimately
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affect the effectiveness of both mechanical and biological weed

control methods. As Patterson (Patterson, 1995) noted, warming

could extend the overwintering range of insect populations,

potentially altering their geographical spread. Additionally,

elevated CO2 may change plant nutrient content, which, along

with shifts in temperature, could influence the activity of insects and

the phenology of both biocontrol agents and weeds (Reeves, 2017).

The differential capacities of weeds and their bioagents to adapt to

these changing conditions make it difficult to predict the outcomes

of such climatic shifts (Holt and Hochberg, 1997).
7 Climate change effect on
herbicide performance

Changes in temperature, wind speed, soil moisture, and

atmospheric humidity can influence the effectiveness of herbicides

(Muzik, 1976). The efficiency of certain herbicides can be altered by

the increasing CO2 levels and warmer and wetter conditions by

influencing the physiology of plants. Glyphosate uptake in plants

like Desmodium tortuosum (Sw.) DC., a C3 weed, is influenced by

atmospheric temperature (Sharma and Singh, 2001). Similarly,

increases in temperature or humidity have been shown to triple

the effectiveness of mesotrione on weeds such as Xanthium

strumarium and A. theophrastii (Johnson and Young, 2002). On

the other hand, the herbicide pyrithiobac, part of the

pyrimidinylthiobenzoic acid group, shows diminished

effectiveness on Amaranthus palmeri L. when temperatures stray

from the 20-34°C range (Mahan et al., 2004). Additionally,

Anderson et al. (1993) found that the effectiveness of glufosinate-

ammonium depends on humidity, as it influences the moisture level

of the plant’s surface (cuticle). Ramsey et al. (2005) reported that

relative humidity impacts the rate at which droplets dry on

plant surfaces.
7.1 Effect of elevated CO2 on
herbicide efficacies

With the increase of the CO2 concentration, the effectiveness of

herbicides may decrease. Increased CO2 levels cause morpho-

physiological and anatomical changes in plants, impacting the

uptake and movement of herbicides within them (Ziska and

Teasdale, 2000; Manea et al., 2011). In C3 plants, there is a

reduction in the number and conductance of stomata, as well as

an increase in leaf thickness, which can interfere with the

absorption of herbicides through the foliage (Nowak et al., 2004;

Ainsworth and Long, 2005). Additionally, higher starch

accumulation on the leaf surface can occur (Patterson, 1995).

Perennial weeds such as rhodes grass (Chloris gayana), weeping

lovegrass (Eragostis curvula), and dallisgrass (Paspalum dilatatum)

might become more problematic if their vegetative growth is

stimulated by enhanced photosynthesis due to elevated CO2

levels. These changes are expected to reduce the effectiveness of

commonly used herbicides like glyphosate, possibly due to a

dilution effect, although the exact mechanism leading to increased
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glyphosate tolerance is still unclear (Manea et al., 2011). One

potential reason could be reduced herbicide translocation as the

root system becomes more robust, and an increased root-to-shoot

ratio may also play a crucial role in herbicide efficacy (Ziska et al.,

2004). Common lambsquarters (Chenopodium album), a C3 plant

has demonstrated a higher tolerance to glyphosate because

increased CO2 promotes its growth and biomass (Ziska et al.,

1999). Furthermore, higher concentrations of CO2 tend to boost

the growth of rhizomes or tubers in many perennial weeds more

than their aboveground parts, potentially complicating the control

of these weeds with herbicides (Patterson et al., 1999). For example,

research on Canada thistle (Cirsium arvense) has shown that

elevated CO2 increases the root-to-shoot ratio in field conditions,

leading to a dilution effect that reduces glyphosate’s effectiveness

due to enhanced below-ground growth (Ziska et al., 2004).

In weed control, the timing of application could also be affected

and decrease the chemical susceptibility of the weeds in the seedling

stage under the elevated CO2 condition. For perennial weeds,

increasing CO2 could stimulate greater below ground growth

(rhizomes, tubers, and roots), diluting the active ingredient and

making chemical control more difficult and costly. At the

biochemical level, CO2 could alter herbicide-specific chemistry in

such a way as to directly reduce the efficacy of the active ingredient

(Bowes, 1996). Rising CO2 levels can decrease the chemical efficacy

in the control of annual and perennial weeds (Ziska and Reunion,

2007). Increased spraying frequency could overcome CO2-induced

reductions in efficacy but could increase residual effects within the

environment (Ziska et al., 2004). Increased use of herbicides for

control of weeds carries further risks for human and animal health

because it could increase the presence of these chemicals in the

environment. Mechanical tillage may lead to additional plant

propagation in a higher CO2 environment, with increased asexual

reproduction from belowground structures and negative effects on

weed control (e.g., Canada thistle) (Malarkodi et al., 2017).
7.2 Effect of rising temperature on
herbicide efficacies

Temperature significantly impacts herbicide effectiveness in

both direct and indirect ways. Temperature influences the

physical properties of herbicides, affecting their diffusion rates,

the viscosity of plant cuticle waxes, and the properties of the

spray solutions themselves (Price, 1983). For instance, higher

temperatures can reduce the viscosity of cuticular lipids and

enhance the herbicide permeability and diffusion which is

evidenced by increased uptake and translocation of 14C-

glyphosate in Desmodium tortuosum at higher temperatures

(Sharma and Singh, 2001). Similarly, the efficacy of Flumiclorac

on common lambsquarters and redroot pigweed significantly

increased with rising temperatures, from 10°C to 40°C (Fausey

and Renner, 2001). However, while higher air temperatures

generally accelerate the absorption and movement of most foliar-

applied herbicides, they can also trigger faster herbicide metabolism

in plants, which might reduce the effectiveness of the herbicide

(Kells et al., 1984; Johnson and Young, 2002). For example,
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although the absorption and translocation of mesotrione in

velvetleaf and common cocklebur tripled at 32°C, its efficacy

decreased markedly on common waterhemp and large crabgrass

under the same conditions (Johnson and Young, 2002).

The effectiveness of specific herbicide is dependent on

temperature. The effectiveness and selectivity of both pre-

emergence and post-emergence herbicides can be reduced due to

prolonged high temperature (Madafiglio et al., 2000; Medd et al.,

2001). This effect can also cause a selective herbicide to behave non-

selectively when temperatures exceed the optimal range (Amare,

2016). Furthermore, Bailey (Bailey, 2003) reported that high

temperatures accelerate the degradation of herbicides, and this

less persistence complicates weed management during colder

seasons and leading to problems with herbicide carry-over in

warmer seasons. Increased temperatures also reduce protein

synthesis in plants, which decreases their demand for amino acids

necessary for the action of enzyme inhibitor herbicides such as

glyphosate [(N-phosphonomethyl) glycine], thereby reducing their

efficacy (Varanasi et al., 2015). Conversely, Patterson et al. (1999)

found that higher temperatures might enhance the uptake and

translocation of many herbicides, potentially increasing their

effectiveness. This is evident in the performance of flumetsulam

against Raphanus raphanistrum and clodinafop-propargyl against

Avena spp., which both show improved efficacy at higher

temperatures (Madafiglio et al., 2000; Medd et al., 2001).

Furthermore, high soil temperatures can diminish the efficacy of

soil-applied herbicides by increasing their volatility and the rate of

microbial degradation. A study by Atienza et al. (2001)

demonstrated that the volatilization of triallate herbicide from

soils increased significantly with temperature, highlighting

substantial losses in both sandy and loamy soils as temperatures

rose from 5°C to 25°C.
7.3 Effect of drought on
herbicide efficacies

Enhanced frequency and intensity of rainfall can significantly

impair the effectiveness of soil-applied herbicides by adversely

affecting their uptake, retention, and overall activity in the soil

(Bailey, 2004; Rodenburg et al., 2011). This can lead to a decreased

ability of these chemicals to control weed populations effectively.

Additionally, environmental condition such as drought can cause

plants to develop physiological changes, such as increased cuticle

thickness and more pronounced leaf pubescence. These adaptations

serve as barriers, making it more difficult for herbicides to penetrate

into the leaves and perform effectively (Patterson, 1995). Such

changes not only impact the efficacy of weed control methods but

also influence the recovery and subsequent growth of both crops

and weeds after herbicide application.

Furthermore, as aridity and drought conditions become more

common, there is an increased risk of herbicides volatilizing into the

atmosphere, which reduces their availability to act on target weeds.

On the other hand, frequent and heavy rainfalls can disrupt the

timing of herbicide applications by shortening the “rain safe

periods,” the critical windows during which herbicides can be
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applied effectively without being washed off by rain. This

complicates scheduling and reduces the flexibility of managing

weed control within agricultural systems.

Intense rainfall events or consistent heavy rains throughout the

year can exacerbate the leaching of soil-applied herbicides,

potentially causing them to percolate through the soil profile and

contaminate groundwater sources (Froud-Williams, 1996). This not

only poses environmental risks but also leads to inefficiencies in

herbicide usage.

To illustrate the impacts of elevated CO2, temperature, and

other climatic factors, including soil moisture, on herbicide efficacy

for both C3 and C4 weeds, Tables 2, 3 summarize key findings from

recent studies.
8 Impact of climate change on
herbicide resistance

Climate change intensifies herbicide resistance by promoting

the dissemination and evolution of resistant biotypes. Elevated CO2

levels have been shown to increase glyphosate tolerance in both C4

species, such as redroot pigweed (Amaranthus retroflexus), and C3
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species, such as common lambsquarters (Chenopodium album)

(Ziska et al., 1999). In Cirsium arvense (Canada thistle), reduced

glyphosate efficacy under elevated CO2 was attributed to increased

root biomass and a dilution effect (Ziska et al., 2004). Similarly,

Elytrigia repens (quackgrass) exhibited greater herbicide resistance

under CO2-enriched environments due to faster growth and a

shortened seedling stage, which is typically the most vulnerable

phase (Ziska and Teasdale, 2000).

The durability of herbicide management in genetically modified

(GM) crops is closely linked to climate stability. Climate variations

can affect the movement of genes and the spread of resistance traits

between GM crops and their related weed species, depending on

their genetic compatibility (Ziska et al., 2019). (Ziska et al., 2012)

observed greater floral synchrony and higher outcrossing rates

between herbicide-resistant rice (Clearfield™ 161) and weedy red

rice (StgS) under elevated CO2 levels (300, 400, and 600 ppm),

leading to an increase in herbicide-resistant hybrid progeny.

However, the impact of elevated temperatures on gene flow and

resistance evolution remains uncertain.

Dissemination of resistant biotypes is also driven by spatial

mechanisms, such as wind dispersal or transportation through farm

machinery, and temporal mechanisms, including persistent seed
TABLE 2 Herbicides efficacy on C3 weeds under different climate change elements.

Climate Change
Element

Herbicides C3 Weeds Result References

Temperature Glyphosate and 2,4-D Ambrosia artemisiifolia,
Ambrosia trifida

The effectiveness of glyphosate and 2,4-D on these species
improves at warmer temperatures (29/17°C day/night)
due to better absorption and translocation compared to
cooler temperatures (20/11°C day/night), irrespective of
glyphosate resistance.

(Ganie et al., 2017)

Temperature Mesotrione Digitaria sanguinalis Efficacy decreased by sevenfold at 32°C due to
rapid metabolism.

(Johnson and
Young, 2002)

Elevated CO2 Glyphosate Cirsium arvense Weed species compete with soybean crop and become
harder to control chemically in response to elevated CO2.

(Ziska, 2010)

Elevated CO2 Glyphosate C3 perennial
(Elytrigia repens)

Sustained growth and increased tolerance to glyphosate at
elevated CO2 in intermediate and older plants.

(Ziska and
Teasdale, 2000)
TABLE 3 Herbicides efficacy on C4 weeds under different climate change elements.

Climate Change
Element

Herbicides C4 Weeds Result References

Temperature Mesotrione Amaranthus palmeri Sensitivity to mesotrione significantly increases when
temperatures drop from 32.5/22.5 to 25/15°C day/night,
but is reduced when grown at 40/30°C day/night
compared to 32.5/22.5 and 25/15°C.

(Godar et al., 2015)

Soil Moisture (SM) Bispyribac Echinochloa crus-galli Increasing soil moisture conditions enhances
herbicide efficacy.

(Koger et al., 2007)

Elevated CO2 Glyphosate Cyperus rotundus L. and
C. esculentus L.

No reduction in herbicide efficacy. (Marble et al., 2015)

Combination of
increased temperature
and elevated CO2

Cyhalofop-butyl Multiple-resistant (MR)
Echinochloa colona

Herbicide efficacy not reduced in susceptible plants. High
CO2 and high temperature increased the resistance level
of MR E. colona.

(Refatti et al., 2019)

Temperature Glyphosate and dicamba Kochia scoparia Decreased dicamba translocation and reduced glyphosate
absorption contribute to poor control at
high temperatures.

(Ou et al., 2018)
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and bud banks, particularly in perennial weeds (Ott et al., 2019).

These processes increase the prevalence of resistant weeds locally

and regionally, compounding management challenges. For

instance, Bassia scoparia (kochia) has become a globally

significant weed due to its widespread resistance to glyphosate,

facilitated by both herbicide selection pressures and climate change

(Kaur et al., 2024).

Additionally, herbicide-resistant crops could alter weed

communities, leading to reduced herbicide efficacy under

changing climatic conditions. These findings underscore the

urgent need to develop adaptive weed management strategies to

mitigate the compounded effects of herbicide resistance and climate

change (Ziska and Teasdale, 2000; Singh et al., 2011).
9 Conclusion and knowledge gaps in
weed management for a changing
climate in ornamental
crop production

The findings from this review indicate that climate change will

significantly impact ornamental crop production, weed

management practices, and the growth and distribution of weeds.

Understanding how weed species respond to elevated CO2, rising

temperatures, and drought stress is critical, particularly given the

unique challenges of ornamental production systems. Unlike

agronomic crops, ornamental crops often involve multiple species

grown in close proximity, where aesthetic qualities are prioritized

over yield, complicating weed management. Limited research has

addressed how climate change affects herbicide efficacy in

ornamental settings, such as Christmas tree production, due to

funding constraints and research focus on agronomic systems.

There is an urgent need to investigate how increasing

temperatures and CO2 levels alter the morphology of weeds,

making them more adaptive to these changing conditions.

Additionally, drought stress and shifting precipitation patterns may

influence weed management practices and herbicide performance in

nurseries and greenhouses. Future research should address these gaps

to develop sustainable, climate-resilient weed management strategies

tailored to ornamental crop production.
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