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Abstract
Global climate change and its consequences such as rising temperatures, hydrological cycle (variable rainfall), soil salinity due to inclusion of sea water and rising carbon dioxide (CO2) levels, have an impact on weed species, their population dynamics, growth, reproduction and competitive ability and eventually crop productivity. Among these environmental factors, rising CO2 levels will benefit C3 plants more than C4 plants, but in the near future, plants with C4 pathways will be benefited more from rising temperatures and changing rainfall patterns around the world. Crop weed interaction and competition may be altered as a result of the differential response of C3 and C4 plants and weeds to climate change. Climate change can cause changes in the weed life cycle, community composition, distribution, phenology and infestation. Over the course of the year, some weed species go extinct while others develop into more noxious invaders and evolve genetic artefacts in response to intensifying climatic and non-climatic selection pressures. Due to unfavourable climatic change, weed species release allelo chemicals along with increase the growth of below ground part such as; root or rhizome, particularly in perennial weeds, making the weed more competitive over crops. On the solution side, variations in temperature, CO2 levels and rainfall alter stomatal conductance, cuticle viscosity, transport, uptake, leaf retention duration and herbicide efficacy. Therefore, to adapt and mitigate; it is important to review how climate change can influence the crop-weed interaction, competition, herbicide efficacy and resistance.
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1. Introduction
Climate change is defined as any shift in the state of the climate identified by fluctuations in the mean and/or variability of its properties caused by natural or anthropogenic activities that lasts for a longer period of time, such as decades or more [1][121]. During the past 70 years, shifting towards modern agriculture has been the principal driving factor for climate change, accounting for approximately 30% of greenhouse gas emissions [2]. With this unpredictable change in climate, it is predicted that the world's population will reach 10 billion by 2050 [3]. Therefore, the global challenge for food producers, researchers and policymakers will be to provide enough high-quality food for the expanding human population. Climate change increased atmospheric carbon dioxide (CO2) levels from 280 to 421 ppm between 1750 and 2022; at this rate of increase, global CO2 concentration is expected to reach around 600 ppm by 2050[5][8]. In addition, climate models predicted that rising CO2 concentrations would cause the earth's surface temperature to rise from 1.1 to 6.4°C during the 21st century [6]. Similarly, the average rainfall during the months of wet and winter season is anticipated to rise up to 20% by the year 2070 and there is a higher probability that climate extremes, such as drought and floods, will occur [7].  
The stability of ecosystems will be significantly impacted by extreme weather events and abrupt climate changes, which will change plant life and the agricultural system. Weeds are the primary agricultural pest for crops, as weeds cause a loss of approximately 34% of crop yield [4]. Climatic conditions have a substantial impact on the distribution, population dynamics and life cycle length of agricultural pests, both directly and indirectly via temperature, CO2 increase and sea level rise. Weeds are able to survive in a variety of challenging environmental conditions in crop fields or other disturbed ecosystems due to wide ecological amplitudes and a set of distinctive biological traits like competitiveness, aggressive behaviour, adaptability and high fecundity [9][10]. For example, previously relatively insignificant weeds are becoming regionally important species now. As illustrated in the Table 1, variations in temperature and other climatic factors are likely to modify the ecosystem of different weeds at lower latitudes and altitudes.
In addition to the effect of climate change on the distribution, ecology and composition of weed, it also alters the efficacy of weed management. Warmer and wetter condition modify the chemical characteristic of specific herbicides, altering their efficacy, distribution and translocation on weeds [14][15]. Herbicide efficacy is affected by a number of factors, such as CO2 concentration, temperature, rainfall, wind and relative humidity, either directly by modifying herbicide penetration and translocation in target plants or indirectly by changing the growth and physiological characteristics of the plants [16]. In order to create practical weed management strategies in the context of a changing climate, it is therefore necessary to investigate crop-weed competition.
Table 1. Potential Effects of Climate Change on Various Weeds Important to Agriculture [Modified from 13]
	Scientific Name
	Habitat and nature of the weed
	Expected impact of climate change
	Reference

	Rubus fruticosus
	In most of Europe, Rubus fruticosus is a native plant. In addition to being on the federal noxious weed list in the USA, it is listed as a "weed of national significance" in Australia.
	As it is susceptible to drought and warmer temperatures, expected to retreat higher altitudes
	[138]

	Nassella neesiana
	Nassella trichotoma, which is native to North and South America and exhibits a high tolerance to drought, frequently experiences disturbance events like grazing, fires and drought.
	Because of its high invasiveness (long lifespan, wind and water dispersal of seeds) and ability to withstand drought, it is anticipated that its ranges will expand.
	[150]

	Lantana camara
	The native range of Lantana camara is Central and South America.   A wide-ranging species found predominantly in tropical and sub-tropical environments.
	Due to its sensitivity to drought, it is anticipated to retreat southward.
	[103]

	Prosopis glandulosa
	The shrub or small tree Prosopis glandulosa is indigenous to Mexico, Central America and northern South America. It has proven to be a very aggressive invader, particularly in its native range's frost-free arid and semiarid natural grasslands.
	It is anticipated to continue shifting southward into an area with heavy rainfall. Due to its extreme tolerance to drought, there is some risk that it may move to regions with lower rainfall.
	[96]

	Parthenium hysterophorus
	Mexico in Central America is the native of Parthenium hysterophorus a weed of the subtropical, tropical and warmer temperate zones. It can be found near waterways, railroad tracks and roadside ditches. It is particularly aggressive in disturbed or degraded pastures in semi-arid climates.
	Not suitable for regions with predominant winter rainfall, may shift to regions with predominant summer high rainfall (> 500mm)
	[95]

	Nassella trichotoma
	Southern South America is the native environment of Nassella trichotoma. a weed found in semi-arid and temperate climates. Common habitats for its growth include pastures, grasslands, open woods and drier forests (particularly in highland areas).
	 As it is sensitive to temperature as a drought-tolerant plant, it is anticipated to retreat southward and to higher altitudes
	[70]



2. Impact of Climate Change on Weed Ecology, Distribution and Resistance
Extreme weather events like storms, severe droughts and extreme cold spells are predicted to occur more frequently as a result of climate change. Weed will likely to be benefitted much over the crop as a result of these seasonal changes in the local climate with greater amplitudes. In summary, C3 plants benefit physiologically from rising CO2 levels, but photosynthesis of C4 plants is more efficient than that of C3 plants at higher temperatures [18][19][20]. Although C4 weeds predominate in agriculture, C3 and C3-C4 intermediary weeds would pose a serious crop-weed competition in the years to come. Because of this species interaction, there is an urgent need to explore all possible plant-weed-climate-human continuum combinations [17][21].
2.1. Direct Effect of Climate Change
2.1.1. Weed Response to Elevated CO2 Concentration
The Intergovernmental Panel on Climate Change (UN-IPCC) predicts that atmospheric CO2 concentrations will exceed 700 ppm by the end of the 21st century [22]. Among the 18 most troublesome weeds, 14 are C4 and in this elevated situationC3weeds are more responsive to CO2 enhancement thus, crop-weed competition will be altered in the near future [74][23]. Over the past three decades, numerous studies have been carried out to determine the effects of elevated atmospheric CO2 on weeds with C3 and C4 photosynthetic pathways. All of the studies concluded that CO2 enrichment is more likely to benefit C3 photosynthetic plants over C4 plants [24]. Enhancing the CO2 concentration resulted in a 39% increase in C3 weed growth compared to 18% increase in C4 weed growth [25]. As a result, if the C4 weeds are less susceptible to increased CO2 level then, C3 weed species are more likely to respond. At ambient and elevated CO2 levels (ambient +250 ppm) interactions between soybean and two weed species, Chenopodium album (C3) and Amaranthus retro-flexus (C4) [26] suggests that C. album would benefit more from elevated conditions than soybean and might even become a more dominant weed; on the contrary Amaranthus retro-flexus would benefit less from increased CO2 levels and soybean has the competitive advantage in a mixed flora (Table 2) [26][27]. Along with the high CO2 concentration C3 weeds are more water-efficient (biomass is increased more than water used) thus potentially allowing C3 weeds into drier habitats in the near future [11][28]. However, on the other hand, the effect of increased CO2 on competition between a C3 crop (Oryza sativa) and a C4 weed (Echinochloa crus-galli). suggest that, rice (C3) had significantly higher biomass, tillers, leaf area index and net assimilation rate than barnyard grass at elevated CO2 (ambient + 250 ppm) (C4) (Table 2) [29].   Increasing CO2 favours the growth of C3-C4 intermediate weed; for example, the impact of high CO2 concentration on growth and production of Parthenium hysterophorus (C3-C4 intermediate weed) concluded that in parthenium, elevated CO2 caused plants to grow taller (43% more), produce more leaves (17% more), flowers early and produce more biomass (30%) than ambient CO2 [30].
Weeds are more genetically diverse than crops and many of them reproduce vegetatively (through roots, stolons, etc.). As per recent research, these weeds may collectively exhibit a strong response to the rise in CO2. Since perennial weeds usually spread through underground parts, they may subsequently become even more invasive in response to rising CO2. The effects of elevated CO2 on soil enzyme activities in weeds connected to the rice-wheat ecosystem concluded that CO2 enrichment significantly increased soil enzymes like dehydrogenase, fluorescein diacetate hydrolysis and urease activity in the rhizosphere of weeds particularly in comparison to rice and wheat [33][136]. Carbon dioxide enrichment advanced the maturation of Avena fatua seeds, as per research conducted in Open Top Chambers (OTCs) at the Directorate of Weed Research, Jabalpur, India. The seeds matured 13 days earlier than plants grown in ambient CO2 conditions, which may result in soil seed bank enrichment [32]. Weed with high CO2 fixation rate and other features such as shorter life cycles, vegetative reproduction, or spread seeds would become extremely competitive and invade more in crop field near future.
Table 2. Crop-Weed Interaction at Elevated CO2 Level [Modified from 29]
	Crop species
	Weed species
	Normal situation
	Effect of elevated CO2
	Reference


	Rice (Oryza sativa) (C3)
	Red rice (Oryza sativa spontanea) (C3)
	For every red rice plant /m2, there is a 100–755 kg /ha reduction in rice yield.
	Under conditions of high CO2 levels, red rice is more competitive than cultivated rice.
	[122][151]

	Rice (Oryza sativa) (C3)
	Echinochloa glabrescens (C4)
	Drastically affect the rice and may result in a yield loss of 21–79% for rice.
	A C3 crop may compete better against a C4 weed when CO2 levels are elevated alone, but simultaneous increases in CO2 and temperature may favour the C4 weed.
	[123][152]

	Soybean (Glycine max) (C3)
	Chenopodium album (C3) and Amaranthus retroflexus (C4)
	Amaranthus retroflexus (C4) affect more than Chenopodium album (C3)
	Amaranthus retroflexus would benefit less from increased CO2 and C. album would benefit more than soybean. As a result, C. album might gain popularity.
	[124]



2.1.2. Weed Response to Increased Temperature
The average global temperature is expected to rise by 2.4–6.4°C by the 21st century, as stated by the International Panel on Climate Change (IPCC) [5]. The distribution of weed species in a particular geographic area is significantly influenced by the temperature. As a result of temperature enhancement, some new weeds may become more abundant, exhibit different competing behaviours and displace native weeds and spread into different uninhabited areas. Therefore, a shift in weed distribution to high latitudes and altitudes has an impact on the most important cropping systems, such as rice- and maize-based cropping systems [36]. As a result of synchronising its flowering and fruiting times with the emergence of maize, Setaria viridis, which would be a troublesome weed in maize-based cropping systems, germinated later in the (August) season under warmer conditions [34][37]. It is observed that a 4°C increase in temperature accelerated flowering by 26 and 35 days in C. album (C3) and S. viridis (C4), respectively [38]. It means that C4 weed species can withstand greater temperature changes than C3 weed species.  In a comparative study on the effect of temperature in growth and competitiveness of soybean, Amaranthus virdis (C4) and Xanthium strumarium (C3) revealed that the growth is higher and relative competitiveness is more in Amaranthus virdis than Xanthium strumarium with soybean [40]. Even under stress, the C4 pathway of Amaranthus virdis helps in better temperature utilization and boosts growth [41].   Similarly, it was found that Lantana camara would become more invasive and competitive as a result of global warming and showed increased leaf area (2 times) and stem length (4 times) at elevated temperature (30oC) than at normal (22oC) [42]. The most potentially invasive feature of the weed is that a greater proportion of assimilates are partitioning towards the root, resulting in unusual enlargement in the root mass with rich food reserves, providing rapid and robust regeneration even at high temperatures [82]. Greater increases in root biomass are observed in regions with higher mean annual temperatures than in regions with lower mean annual temperatures [35][43]. Thus, due to the increase in root biomass, the ability of the weed to withstand climatic extremes, such as peak summer droughts, water stress and flooding is increased.
2.1.3. Weed Response to Variable Rainfall 
Climate change is expected to cause variations in the amount and distribution of global precipitation, making future rainfall predictions uncertain. Unpredictable rainfall, drought and flooding would become regular events, making weed distribution, competition, interaction and prevalence in crop ecosystems challenging. Rainfall variability indicates that, the monsoon regions will become more drier, resulting in a 10-20% increase in drought-prone areas [45][39]. In this irregular rainfall, upland rice and rainfed lowland rice encounter serious competition from C4 weeds, as most weeds in rice ecosystems are C4 and yield is affected drastically, as shown in Figure 1. Direct seeded rice (DSR) continues to experience higher yield losses than transplanted rice (TPR); a 35% loss has been reported in TPR. However, in DSR, it could reach 100%. Various pests responsible for the full 40% yield loss in rice account for nearly 10% of the TPR and 32% of the DSR. Leaf area and total dry weight of three C4 grasses like Echinochloa crus-galli, Digitaria ciliaris and Eleusine indica are significantly increased by drought stress in rice eco-system with variable rainfall [47]. In South Asia, a switch from transplanting to direct seeding of rice to save water has already resulted in increased weed competition (sometime up to 100% crop loss) and altered weed dynamics [48]. Even at the lower soil water content, Amaranthus spinosus and Leptochloa chinensis thrived and produced many tillers/branches and leaves than rice [49]. Ratio of biomass between Echinochloa colona and rice increased from 4.7 at 100% of field capacity (FC) to 7.6 at 12.5% FC, showing enhanced weed vigour under water stress conditions [50]. 
In several places of India, the rainfall pattern is gradually changing. Range land weeds such as cheat grass (Bromus tectorum) and yellow star thistle (Centaurea solstitialis) rely on soil moisture for seed germination; thus, higher soil moisture due to prolonged rain increases the seed production of both species [51][52]. Lantana camara, for example, could expand if rainfall increased in some areas [53]. To reduce flood-induced stress, certain weed species have developed avoidance, escape or quiescence strategies. In order to avoid flooding, weeds can complete their life cycle between two subsequent flood events and these flood periods are survived by dormant life stages (e.g., Chenopodium rubrum). Cyperus rotundus can alter their metabolic or morphological growth processes in flooded soils and make them more adapted to the flooded condition of paddy fields by increasing the cross-sectional area of the stem occupied aerenchyma tissue in low land conditions twice that of the species in upland conditions [55]. However, Alternanthera philoxeroides can maintain the integrity of the photosynthetic apparatus under stress and recover quickly from submergence. As a result, a sizeable portion of the carbohydrates will be set aside for post-submergence activity, making it a waterproof plant [56]. A phyto-sociological analysis of the floristic composition of weeds in the Cauvery River delta region of Tamil Nadu state revealed that due to increased precipitation, alien invasive weeds Leptochloa chinensis and Marsilea quadrifolia entered rice fields [44][32]. Due to their amphibious adaptation to the alternating flooded and residual soil moisture condition, these two weed species predominate over native weeds like Echinochloa spp. and others [57]. A general conclusion that can be drawn from the above- mentioned explanation is that increased rainfall would lead to an increase in weed pressure, an increase in the cost of herbicides and an overall increase in the cost of production.
DSR, direct seeded rice; TPR, transplanted rice; RU, rainfed upland; RL, rainfed lowland; IWS, irrigated wet system
Figure 1: The magnitude of yield losses of DSR caused by weeds in different rice-growing ecosystem [133]
2.1.4. Weed Response to Integrated Effect of CO2 and Temperature
As illustrated in Table 3, based on the differences in optimum temperature of C4 spp. and C3 spp. for physiological activities, C4 spp. able to withstand higher temperatures than C3 spp. As a result, increased temperatures linked with elevated CO2 levels may benefit C4 weeds more than C3 crops [32]. As most weeds are C4 and most crops are C3 thus expected temperature changes favour weed shift and weed dominance [58].  An experimental findings concluded that when only elevated CO2 was taken into account rice has more competitive advantage than C4 weed (Echinochloa glabrescens) [12]. However, when both elevated CO2 and elevated temperature were taken into account, rice was found to be less competitive than C4 weed. Another recent study found that the estimated maximum dry weight of rice at ambient+3.4oC was 30.4% higher, while the dry weights of annual and perennial weeds Echinochloa spp, Ludwigia spp, Scirpus planiculmisand Eleocharis kuroguwa were 78.2, 211.8, 63.2 and 124% higher respectively. 
Table 3. The impact of increased CO2 and temperature on major C3 and C4 weeds [Modified from 134].
	Photosynthetic pathway
	Species
	Common name
	Effect of elevated CO2
	Effect of rise in temperature

	C3 type
	Avena fatua
	Wild oat
	High stimulation of photosynthesis and growth with low photorespiration
	Oxygen has a high affinity for the photosynthetic enzyme Rubisco at high temperatures and light levels. Instead of CO2, O2 binds to the Rubisco, reducing plant growth via photorespiration.

	
	Chenopodium album
	Lambsquarters
	
	

	
	Cirsium arvense
	Canada thistle
	
	

	
	Abutilon theophrasti
	Velvetleaf
	
	

	
	Convolvulus arvensis
	Field bindweed
	
	

	
	Xanthium strumarium
	Cocklebur
	
	

	
	Agropyron repens
	Quack grass
	
	

	
	Bromus tectorum
	Cheatgrass
	
	

	C4 type

	Sorghum halepense
	Johnsongrass
	Lower stimulation of photosynthesis and growth as the CO2 compensation rate is very much low around 0-10 ppm and greater efficiency of CO2 fixation through PEP
	In environments with high temperatures, bright light and low soil moisture plant with C4 photosynthesis became benefited.

	
	Sorghum bicolor
	Shatter cane
	
	

	
	Eleusine indica
	Goosegrass
	
	

	
	Echinochloa crus-galli
	Barnyard grass
	
	

	
	Digitaria sanguinalis
	Large crabgrass
	
	

	
	Amaranthus retroflexus
	Redroot pigweed
	
	

	
	Cynodon dactylon
	Bermudagrass
	
	

	
	Cyperus rotundus
	Purple nutsedge
	
	

	
	Amaranthus palmeri
	Palmer amaranth
	
	



2.1.5. Weed Response to Integrated Effect of Rainfall and Temperature
Temperature and rainfall variations caused by climate change have a direct impact on germination and the geo-temporal emergence of weed seeds and seedlings. For example, weed dormancy is likely to be broken earlier or sooner than normal due to increased moisture availability, warmer temperatures and moisture.
2.1.6. Weed Response to Integrated Effect of Rainfall, CO2 and Temperature
Benefits of CO2 fertilization for growth will be countered by a rise in temperature and accompanying soil moisture stress; the final result will depend on the severity of the moisture stress [135]. Plants with C4 photosynthetic metabolism boost photosynthesis and growth under high CO2 concentrations in dry environments. Wheat plant increased the biomass against Phalaris minor as a result of CO2 enrichment but under water stress and increased temperature circumstances Phalaris minor surpassed the wheat growth [62]. Patterson (1986) discovered that increased CO2 levels favoured the growth of a C3 crop (soybean) as well as the C4 weeds Echinochloa crusgalli, Eleusine indica and Digitaria ciliaris by boosting water-use efficiency under drought conditions. However, growth acceleration in the C3 weed is higher than C4.  It could be speculated that increased CO2 decrease water use efficiency of the C4 weeds relative to C3 crops as the biomass yield is more in C3 than C4 weeds; however, C4 weeds could still potentially compete with C3 crops under drought situation as C4 weeds are more adapted towards water stress condition.
2.1.7. Effect of Climate Change on Weed Shift and Seed Bank of Weed
Climate change is expected to affect weed community composition, population dynamics, life cycles, phenology, seed banks and invasiveness. Some weed species may become extinct, while others become more invasive. Climate change causes shifts at three different scales: range shifts at the landscape scale, niche shifts at the community scale and trait shifts of individual species at the population level [63]. Striga asiatica, a root parasite of maize and sorghum may spread from the coastal plains of North and South Carolina and establish itself in the Corn Belt of the United States as a result of climate change-caused range shifts in weed distribution and abundance [64]. The competitive equilibrium between C3 and C4 plants is altered by niche shifts caused by global climatic fluctuations, which also affect seasonal niche separation, species distribution patterns and net primary production in mixed communities [12]. On the other hand, due to the heavy use of different herbicide along with environmental alterations cause trait shift within the population level making weed management less effective. 
Weeds are more diversified and can adapt to different environments, so they can be recruited and germinate faster from the soil seed bank causing natural selection to change and adaptive evolution to occur [66][67].Wilson et al. (1985) found that the weed seed bank is made up of a large number of dominant species (70 to 90%), less dominant species or second groups (10 to 20%) and a small portion of the total seed bank (includes recalcitrant seeds from previous seed banks, newly introduced species and seeds of the previous crop). This final group of total seed emerges as the dominant species as a result of significant geographic range expansion or migration changes [65]. Thus, changes in the dynamics of weed seed banks makes a weed more successful competitor over crop in the near future.
2.2. Indirect Effect of Climate Change on Weed
Weeds are influenced both directly and indirectly by climate change through crop management and land use. Higher temperatures and other conditions are likely to prolong pollinator (insect) breeding cycles and provide more weed pollination, resulting in a rise in weed population. A rise in CO2 levels increases pollen production.   Increased the concentration of CO2 increased pollen production of ragweed (Ambrosia artemisifolia) several times more than normal condition [68][69]. As animals, particularly invasive species migrate to new locations in response to climate change; they are more likely to spread weeds or cause disruptions advantageous to weeds. Climate change make native crop and weed species more vulnerable to weeds by increasing the spread of deadly plant diseases through different emerging weeds.
Rising sea levels cause an increase in salinity in both surface and ground water due to saltwater intrusion. Table 4 shows that weeds are typically more salt tolerant than crop species. Extreme phenotypic plasticity, allelopathic potential, heteromorphic seed production, seed longevity, quicker emergence and faster crop growth rates in weeds than crop [71][72].  A high salt-tolerant rice cultivar FL 478 did not produce as much shoot biomass in saline soil as Echinochloa colona and Echinochloa crus-galli. A comparison between Echinochloa spp and rice shows that growth of Echinochloa spp. will reduce when salinity level is 15-20 dS m-1 but in case of rice it is reduced in just 2 dS m-1[72].
On the other hand, during seasons with high to moderate rainfall (precipitation exceeding evapotranspiration), salts are eliminated by deep percolation; hence, pH is decreased by solubilizing more H+ and Al ions into the soil solution [73]. Soluble aluminium inhibits plant root growth and reduces the plant's capacity to acquire water and nutrients, yet weed growth is aggressive in this situation. For example, Rumex acetosella, Equisetum arvense, Verbascum thapsus and Andropogon virginicus can tolerate acidity more than the crop species in field condition.
Table 4. Physiological and ecological characteristics of some weed species in saline condition [Modified from 72]
	Weed name
	Salt Tolerance
	PS Pathway
	Salt Tolerance mechanism
	References

	Ambrosia artemisiifolia 
	ET
	C3
	Morphological changes include larger seeds, effective water availability and use within the plant.
	[125]

	Atriplex prostrata
	ET
	C3
	Ability to compartmentalise the harmful ions and maintain adequate concentrations of the essential ions, particularly in the cytoplasm 
	[126]

	Cyperus iria
	MT
	C4
	High water use efficiency, restriction in sodium uptake and high uptake of calcium and potassium 
	[127]

	Chenopodium album 
	ET
	C3
	Chenopodium album improves salt tolerance by increasing redox potential in conjunction with high osmolyte and antioxidant production.
	[128]

	Convolvulus arvensis 
	MT
	C3
	Maintenance of high root area and branches in response to increased salinity provide and acceptable mechanism of salinity tolerance
	 [129]

	Echinochloa crus-galli 
	T
	C4
	because of an increase in proline and other biochemical components and restriction in sodium uptake
	[130]

	Portulaca oleracea 
	MT
	C4
	In salt stress, shoots accumulate higher levels of K+, as indicated by the K+/Na+ selectivity coefficients.
	[91]


*MT=moderately tolerant; ET=extremely tolerant; T=tolerant
3. Weed Management Under Climate Change
3.1.  Physical, Mechanical and Cultural Weed Management
Mechanical control is the most popular strategy for weed infestation management in developing countries. Elevated CO2 levels may cause increased belowground storage and root or rhizome growth, particularly in perennial weeds. As a result, more weeds will propagate from belowground structures and fragments left after mechanical tillage which have detrimental effects on weed management (e.g., Cirsium arvense) [75][76]. Weeds including Chondrilla juncea and Solanum elaeagnifolium may respond similarly [77]. To combat this, various cultural approaches provide a possible means of reducing weed pressure. The stale seed bed technique, laser land levelling, zero tillage and competitive cultivars are among the most popular and efficient techniques.
In this changing scenario the cultural/ecological method of weed management is most promising as it helps to increase the crop’s competitive behaviour and weed. By using stale seedbed procedures, crop emerges in weed-free conditions, having competitive advantage over late-emerging weed seedlings, reducing weed growth by up to 50% and increasing grain output by 50.7% [137]. Several studies have found that zero-till fields have lower weed populations than conventional-till fields. Weed suppression is improved by 40 to 60% whenever crop residues are present. Improved microbial activity could also result in weed suppression along with it can also mitigate climate change by considerably reducing energy input (and thus greenhouse gas emissions) from a particular crop [139]. Moisture is distributed evenly across the entire field when the land is levelled properly (Figure 2), promoting uniform crop stand and growth and reducing weed infestation. Weeds can be reduced by up to 45% as a result of improved water coverage by better land levelling [140]. Development of weed-competitive cultivars and the integration of weed-smothering crops into a cropping system reduce the weed population. Cover crops have the advantage of smothering weeds and invasive plants. Weed density and biomass correlated negatively with cover crop biomass as there is a direct competition between the cover crop and weed for resource as well as allelopathic effect. For example, cover cowpea as a cover crop in maize reduce weed biomass by up to 45% [59]. There are numerous different weed problems, so there is no one weed control technique that can be applied in all situations. The integrated weed-management method encourages the blending of several weed-control strategies in order to provide effective, long-lasting, cost-effective and environmentally friendly weed management. Therefore, the development of integrated weed-management techniques should [image: ]be preceded. 

Figure 2: Mechanised land levelling using tractor-drawn planker [140]
3.2. Biological Weed Management 
Introducing a biocontrol agent is a low cost and efficient way to manage weeds because of the self-sustaining behaviour of these organisms. These biological pest controllers have been modified so that they only consume the intended plant (Table 5) [78] [79].  Climate change alters the interactions between invasive plants, herbivorous insects and native plants, reducing the effectiveness of biological control and having unintended consequences for native species. Most bio-control mechanisms function best in a stable environment. Changes in the response of the host plant to high CO2, drought, or flooding affect the fitness, phenology and geographic ranges of plants and insects, which affects the non-target effects of invasive biocontrol insects on native species and ecosystems [142][80]. For example, Environmental Niche Modelling (ENM) for Ambrosia artemisiifolia and its agent reveal that a large portion of the introduced agents are expected to fail when mean annual temperature and rainfall rise [143]. Bio-agent abundance is reduced by 21.6% as a result of CO2-induced changes in plant chemistry and herbivore performance [13]. Direct effects of CO2 on raising starch concentration in leaves and decreasing nitrogen content also have an impact on biocontrol through affecting herbivore behaviour and development rate [32]. Climate change also impacts the global distribution of weeds and bio-control agents. For example, increase in temperature permits subtropical biological control agents to persist on weeds more in temperate environments thus less effective in subtropical region. Salvinia molesta and Alternanthera philoxeroides are two aquatic weeds that may be preferred in southern areas, but a recent study found that these weeds are spreading northward [81]. Thus, biological control programs for these weeds have often limited as the biocontrol agent is more effective in their region [143]. As a result of increased water stress or drought, some weed species may have higher levels of various insect-resistance and allelochemicals [80]. In drier environments, the effectiveness of bio-control may be reduced because water stress affects the development of both host plants and bio-agents.
Table 5. Some common biological control agents reported from different countries [5]
	Weeds
	Bio-agent
	Reporting country
	Kinds of bioagent

	Chondrilla juncea
	Puccina chondrillina
	Australia
	Plant pathogen

	Cyperus rotundus
	Bactra verutana
	India, USA
	Shoot boring moth

	Echinochloa spp.
	Emmalocera spp.
	India 
	Stem boring moth

	Hydrilla verticillata
	Hydrellia pakistanae
	USA
	Shoot fly

	Orobanche cernua
	Sclerotinia sp.
	USA
	Plant pathogen

	Parthenium hysterophorus
	Zygogramma bicolorata Epiblema strenuana Contrachelus sp.
	India
Australia

	Leaf eating beetle, Stem galling insect and Stem galling insect

	Rumex spp.
	Uromyces rumicis Gastrophysa viridula
	USA

	Plant pathogen
Beetle

	Tribulus terrestris
	Microlarinus lareynii and M. lypriformi
	USA
	Pod weevil



3.3. Chemical Weed Management
Herbicide coverage, persistence, mode of action, efficacy and selectivity may be influenced by temperature, CO2, soil moisture, wind speed and other climatic conditions. Herbicide efficacy in sensitive plants is influenced by a number of factors, including herbicide absorption and translocation, herbicide metabolism and herbicide binding to the target site [83][111]. Environmental factors at the plant level may have an impact on these variables (microclimate). Weed resistance to herbicides, on the other hand, is likely to rise due to more aggressive weed growth under future climate conditions, potentially reducing the efficacy of commonly used herbicides [84][85]. Thus, significant effect of climate change on herbicide efficacy must be closely examined.
3.3.1. Effect of Elevated CO2 Level on Herbicide Efficacy, Translocation and Other Factors
Elevated CO2 levels in atmosphere are anticipated to have a significant impact on herbicide efficacy on weeds by diluting the foliar-applied herbicides absorbed in plants, especially in C3 weeds than C4 weeds (reducing the herbicide concentration that binds to the target site of C3 weeds) [61][86]. For example, as shown in the Table 6, Chenopodium albumis a C3 weed with stronger resistance to Glyphosate due to increased growth and biomass at elevated CO2 than any C4 weed (Chloris gayana, Eragostis curvula and Paspalum dilatatum) [87]. Perennial weeds will grow more frequently as CO2 levels rise due to improved photosynthesis, making herbicide control more difficult [88]. It is found that field-grown Canada thistle (Cirsium arvense) grow more vigorously and rapidly due to higher root-to-shoot ratio and diluting effect on glyphosate effectiveness at the below-ground development had a [31]. Elevated CO2 levels might increase leaf cuticular thickness, decrease stomatal number and decrease conductance, thereby restricting herbicide uptake. For example, plants exposed to high CO2 concentrations (720 ppm) are more tolerant to glyphosate than plants subjected to ambient CO2 concentrations of 380 ppm [89]. Efficacy of the linuron was reduced by 15% in wild buckwheat (Polygonum convolvulus) at double-ambient CO2 levels due to its direct impact on photosynthetic activity at elevated CO2 concentrations and its pronounced effect on the efficacy of herbicide chemistries such as Photosystem II inhibitors (PSII) and pigment inhibitors that interfere with photosynthesis.
Table 6. Effects of increased CO2 concentration on glyphosate efficacy for various weed species with different photosynthetic pathways [132].
	Common name
	Scientific name
	Photosynthetic
pathway
	Efficacy change

	Canada thistle
	Cirsium arvense 
	C3
	Reduced

	Dallis grass
	Paspalum dilatatum
	C4
	None

	Lambs quarters
	Chenopodium album
	C3
	Reduced

	Lovegrass
	Eragrostis curvula
	C4
	None

	Quackgrass
	Elytrigia repens 
	C3
	Reduced

	Redroot pigweed
	Amaranthus retroflexus 
	C4
	None

	Rhodes grass
	Chloris gayana
	C4
	None

	Smut grass
	Sporobolus indicus 
	C4
	None



3.3.2. Effect of Increased Temperature Level on Herbicide Efficacy, Translocation and Other Factors
Temperature has a direct impact on the rate of herbicide diffusion, the viscosity of cuticle waxes and the physicochemical properties of the spray solution, all of which can have an immediate effect on herbicide performance. Due to climate change, higher temperature has been demonstrated to reduce the viscosity of cuticular lipids, improving herbicide permeability and diffusion through the cuticle [92][93]. Flumiclorac showed higher activity on Chenopodium album (7x) and Amaranthus retroflexus (3x) as the temperature increased from 10 ◦C to 40 ◦C (Figure 3) [94]. Prolong high temperatures impair the efficacy and selectivity of pre- and post-emergence herbicides. Pre emergence herbicide efficacy is reduced due to variable rainfall before crop sowing and post emergence herbicide efficacy is reduced due to higher plant growth rates at high temperatures results in narrower the herbicide spraying window of crop-weed competition. Increasing temperature and metabolic activity increased the absorption and translocation of several herbicides, resulting in better efficacy of selected herbicides [97]. For example, glyphosate translocation is higher to the meristematic tissues of soybean at 35oC than at 15oC, probably due to increased herbicide movements at higher temperatures [98]. High temperatures, on the other hand, may improve root uptake of herbicides in some situations because of loss in soil organic matter and high transpiration rates.
On the other hand, high temperatures cause temporary herbicide molecules to degrade quickly, aiding in the detoxification of reactive oxygen molecules and reducing herbicide activity on target plants [99]. For example, when Amaranthus palmeri plants were subjected to high temperatures, the efficacy of Mesotrione (an HPPD inhibitor) is reduced by 6 to7 times due to detoxification of reactive oxygen molecules [100]. The high temperature had a significant impact on herbicide (pre-emergence; such as Fluchloralin) volatilization from soils. Triallate also follow the same trends and losses in soil increase from 14% to 60% [101]. Higher temperatures cause plant tissues to contain less protein, reducing the need for aromatic and branched-chain amino acids and decreasing the effectiveness of herbicides that inhibit enzymes, such as glyphosate (N-phosphonomethyl glycine) [102]. So, the effect of temperature on herbicide follows the variable trends in climate change.

Figure3: Effect of temperature on activity of flumiclorac 72 h after treatment
3.3.3. Effect of Variable Rainfall on Herbicide Efficacy, Translocation and Other Factors
Herbicide efficacy varies with rainfall timing and intensity and variations in precipitation patterns may favour herbicide dissipation rather than persistence. Precipitation and relative humidity (RH) are important climatic factors influencing herbicide retention on the leaf surface, as well as absorption and translocation within the plant [104][105]. As a result of climate change, the water cycle is becoming more intense. This will result in more intense droughts and extreme rainstorms, as well as more flooding. In contrast to the subtropics, precipitation is predicted to decrease in the high latitudes [145]. Changes to monsoon precipitation are expected, which will vary by region and rain shower occurs during the rain-fast period reduced the effectiveness of herbicides or increases the crop injury. "Rain-fastness" refers to the amount of time that must elapse after the application of a herbicide without any rain (Table 7). Herbicides with lipophilic characteristics are frequently more rain-fast than water-soluble herbicides [106]. Variable rainfall affects the rain-fastness of the herbicides thus reducing the herbicide efficacy. For example, pendimethalin required 2 hours of rain less to be effective in controlling weeds [146].
Herbicide efficacy decreases as a result of drought-related effects like reduced stomatal aperture, thickening of the cuticle and increased leaf pubescence. For example, Urochloa plantaginea grown under water stress condition and the activity of Acetyl CoA Carboxylase (ACCase) inhibitors was much decreased due to water stress related issue [107]. Plant roots, on the other hand, cannot absorb pre-emergence herbicides in dry conditions. They won't be able to reach their target if the soil is too dry. This allows them to adsorb in soil particles and heavy rains immediately following application may result in herbicide loss due to leaching [108]. Moisture stress may increase herbicide persistence due to slower microbial breakdown in soil [109] thus, under the moisture stress, more application rates or the use of specific surfactants may be required to improve herbicide performance.
Relative humidity may have a greater influence on the uptake of foliar-applied herbicides than temperature. High humidity, on the other hand, reduces the effects of high temperature on drying of droplet due to longer leaf retention time; hence, greater herbicide absorption. The efficiency of Glufosinate ammonium on green foxtail and barley was better when the humidity was high [113]. It is investigated the efficiency of Glufpsinate ammonium on wild oat plants cultivated at high (>95%) and low (40%) relative humidity. Glufpsinate ammonium uptake and efficacy increased dramatically in plants exposed to high RH for 30 minutes before and after herbicide treatment compared to those left at low RH continuously [114]. Cuticle hydration and stomatal opening increase in high humidity, enhancing the penetration of water-soluble herbicides into the leaf surface [106]. Most herbicides were shown to have better uptake and efficacy when plants were subjected to high humidity after spraying, implying that delayed droplet drying, rather than cuticle hydration, could be the cause for higher efficacy at high humidity levels.
Table 7. Rain-fastness of different herbicides
	Herbicides
	Hours until rain-fast

	2,4-D Amine
	6–8

	2,4-D Ester
	1

	Atrazine
	1–2*

	Pinoxaden
	0.5

	Glyphosate
	1-6**

	Paraquat
	0.5

	Tembotrione
	1

	Glufosinate-ammonium
	4

	Imazethapyr
	1

	Sulfosulfuron
	2

	Mesosulfuron
	4

	Metsulfuron
	6

	Dicamba
	4

	Bispyribac sodium
	4-6

	Cyhalofop- butyl
	2

	Pemoxsulam
	1-2

	Quizalofop-ethyl
	1


* Rainfall will improve control from root uptake; 
** Rain can reduce the effectiveness of an application within 6 hours. Heavy rain within 2 hours of application may wash the chemical off the foliage, requiring another treatment.
3.3.4. Effect of Climate Change on Herbicide Resistance
When herbicides are applied repeatedly over several seasons, susceptible plants of a weed species fall dramatically, but resistant biotypes gradually grow to the point that the herbicide appears to be ineffective [147]. Climate change is also increasing to herbicide resistance, notably in C3 weeds, which are more sensitive to CO2 enhancement. For example, reduced efficiency in Cirsium arvense (C3) due to dilution and higher root biomass in a CO2-enriched environment [115]. Herbicide resistance typically results from a single (or multiple) resistant gene that is naturally present in any one individual in a large population over a large area [147]. Climate change affect gene flow and transfer of gene between resistant crop and related weed species, depending on genetic similarities [116]. A long-term study demonstrated that increased CO2 levels (300, 400 and 600 ppm) cause better synchrony in blooming periods and increased outcrossing rates between cultivated rice and Oryza sativa f. spontaneacultivar (StgS) [4]. As a result, as CO2 levels increased, the number of weedy herbicide-resistant hybrid progeny also increased [117][110]. Temperature fluctuations in plants had a significant impact on the range of herbicide sensitivity. For example, Lolium spp. have a varied positive response to ACCase inhibitors at normal temperatures, but their activity decreases as temperatures rise [148]. Another study concluded that pinoxaden absorption was lower at high temperatures than at low temperatures, most likely due to temperature-dependent uptake as well as abiotic and enzymatic hydrolytic activities [149]. Variations in the average temperature and CO2 concentration will increase the resistance mechanism in the near future thus there is an urgent need of integrated weed management.
3.3.5. Effect of Sea Level Induced Salinity on Herbicide Efficacy, Translocation and Other Factors
Atmospheric CO2 increases plant biomass and leaf area, which may be offset by increased salinity thus herbicide efficacy is unchanged. However, foliar adsorption may decrease as a result of salinity-induced anatomical/physiological changes (increased leaf thickness, wax production and stomatal closure) [72]. Atrazine adsorption was increased while desorption was inhibited by sodium ions. This could have a major impact on herbicide persistence in soil, relative control efficacy and overall environmental impact [118]. Sacala et al. (2008) discovered a significant interaction between glufosinate sprays and NaCl stress in maize under hydroponic culture, resulting in a significant decrease in leaf ammonium concentration as compared to the application of just one herbicide. Considering that the phytotoxicity of Glufosinate is due to ammonium accumulation, there may be an antagonism between salinity and Glufosinate [119].  Furthermore, soil salinization reduces microbial activity. Lactofen (and its metabolite desethyl lactofen) and acifluorfen breakdown rates, for example, were slower in salty soils due to the inhibitory effects of salt on soil microorganisms [120]. Lower herbicide persistence linked to global warming may result in diminished herbicide efficacy since weed and crop establishment are both delayed in saline soils. As a result, herbicide applications will need to be rescheduled to coincide with crop emergence dates or employed as early post-emergence treatments.
4. Conclusion and Future Research
Considering all of the studies on the impact of climate change on weed-crop interactions, conclusions may be drawn that weeds are more intelligent than cultivated crops and can adapt to climate change more quickly. Weeds have more adaptive power in changing situation thus more competitive over crop. Apart from climate change, edaphic variables and crop management methods, such as the use of new herbicide classes, are expected to influence weed distribution, translocation and shift. Due to the complexity of the interaction between climate, soil, crops and weeds, considerable research covering wide range of cropping systems under different climatic and edaphic environments is required to develop long-term weed management techniques, improve resilience and provide realistic solution of the climate change problem.
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