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Abstract

:

Crop production is a constant battle with weeds, in which weeds, generally, are victorious. Therefore, rather than channeling our efforts into the development of a “silver bullet” to control weeds, the focus should be on sustainable weed management in both natural- and agro-ecosystems. However, sustainable weed management can be a challenge in the context of global climate change. Over the past few decades, global climate change, mostly indicated by phenomena such as increased atmospheric temperature and elevated CO2 levels, is evident due to human activities and natural events. These phenomena also affect regional/local climate, resulting in significant influences on the agricultural systems of a particular region. Rising CO2 levels may give comparative advantages to C3 plants through increased photosynthesis, biomass production and yield, compared to C4 plants. Plants with C4 photosynthetic pathways, on the other hand, are likely to benefit more from rising global temperatures than C3 plants. Thus, the differential responses of C3 and C4 plants to climate change may alter crop–weed interactions and competition outcomes, most likely at the expense of the crop. Climate change will likely cause shifts in weed community compositions, their population dynamics, life cycle, phenology, and infestation pressure. Some weed species may go extinct, while some others may become more aggressive invaders. Weeds are, generally, colonizers and have some unique biological traits and ecological amplitudes that enable them to successfully dominate crops in a habitat with changed environmental conditions. Moreover, climate shifts, especially erratic rainfall and drought, may affect herbicide selectivity and efficacy or the success of bio-control agents resulting in an establishment of a mixed and complex population of C3 and C4 weed species adding to the complexity of weed management. Although elevated CO2 levels will stimulate the productivity of major C3 crops, most troublesome agricultural weeds will likely be more responsive to a rise in CO2 than crops, and thus may dominate the agro-ecosystem. It is predicted that, as temperature rises, the majority of the C4 weeds will flourish and will pose serious crop yield losses. Understanding and assessment of the impact of simultaneous changes in multiple climate factors and their complex interactions on crops and weeds are therefore necessary to formulate an adaptive weed management approach and build resilience. Moreover, strategic policies and strong actions need to be taken to reduce the root causes of CO2 and other greenhouse gas emissions to minimize the impact of climate change on weed biology and management.
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1. Introduction


As the global population is estimated to reach 10 billion by 2050 [1], ensuring sufficient quality food for the burgeoning human population will be a fundamental challenge [2] for food producers, researchers, and policy makers worldwide. The challenges include shrinking natural resources (water, land), ecosystem degradation, pest management, and anthropogenic climate change, among others. It is indisputable that sustainable food production is foremost to ensure food security, which includes availability, accessibility, and system stability [3]. Since climate plays a crucial role in the growth, development, and existence of any living organism, crops are highly vulnerable to any changes in climatic parameters [4]. Moreover, climate is the key determinant of crop distribution at regional and global levels [5], and hence agriculture may be jeopardized by climate change [6]. Climate can potentially interfere with crop productivity and in turn, human welfare to a great extent.



A major threat to crop production that growers continually battle with are undesirable plant species, deemed as weeds. On a global scale, Oerke [7] estimated that weeds caused approximately 34% yield loss in crops. Weeds are opportunist plant species that are well adapted to colonize and, in many cases, dominate an ecosystem by forming an extensive population. Other than wide ecological amplitudes, a set of unique biological characteristics like competitiveness, aggressiveness, adaptability, and high fecundity enable weeds to survive in a wide range of adverse environmental conditions in crop fields or any other disturbed habitats [8]. As per Darwinian concept of “struggle for existence”, weeds are the most successful species evolved on Earth [9]. Unlike other crop pests, weeds share a similar trophic level and compete with crops for limited resources like water and nutrients causing huge crop yield reductions [4]. Apart from yield loss in crops weeds are also known to have negative impact on rangelands [10], forests [11], and ecosystem dynamics including species diversity [12]. Therefore, effective weed control and management are crucial to sustain crop productivity.



Climate change, mostly indicated by global warming, is now a well-accepted phenomenon contributed by both natural and human activities. As per Inter-governmental Panel of Climate Change (IPCC), “climate change refers to any change in the state of climate identified by fluctuations in the mean and/or the variability of its properties due to natural event or human activities, and that persists for a longer period like decades or more”. On the contrary, the United Nations Frame Work Convention on Climate Change (UNFCCC) refers to climate change as “the change of climate that is attributed directly or indirectly to human activity that alters the composition of the global atmosphere and that is in addition to natural climate variability observed for comparable time periods” [13]. Increased temperature and atmospheric CO2 level are considered two major drivers of climate change. The terms “greenhouse gas” and “greenhouse effect” are always used in conjunction with the phenomenon of climate change. The Earth’s surface is warmed by short-wave radiation from the sun, and after intercepting a small part of this radiation, the Earth, in-turn, radiates energy (in longer wavelength) back to space, known as terrestrial radiation [14]. Some atmospheric gases mostly water vapor, CO2 and other trace gases (CH4, N2O, CFCs) absorb some terrestrial radiation that warms up the Earth’s surface. These gases are, therefore, known as greenhouse gases and the rise in temperature effect is called the “natural greenhouse effect” of the atmosphere, because it is somewhat similar to the effect produced by the gases inside the glass panels of a real greenhouse [8,15]. Over the last two centuries, rapid industrialization along with increasing global demand for power intensified fossil fuel (coal, oil, gas) combustion, massive deforestation, bush burning and clearing land for agricultural purposes, and stubble burning has resulting in increased greenhouse gas emission and atmospheric CO2, CH4, and N2O concentrations [8,15].



Atmospheric CO2 concentration has been continuously rising from about 280 ppm (pre-industrial period) till date and may exceed 800 ppm by the end of the 21st century at the current pace of emission due to fossil fuel burning and deforestation [16]. Global climate model projects that mean global surface temperature will increase by 1.5–4.5 °C in the 21st century resulting from doubling of CO2 concentrations and enhanced greenhouse effect [17]. In another report, the IPCC [13] claimed that, since the nineteenth century an average increase of 0.76 °C in the Earth’s mean annual surface temperature has already occurred. It is so alarming that about 50% of the anthropogenic CO2 emissions between 1750 and 2011 have occurred in the last 40 years [18]; of which, around 40% of the CO2 emissions remain in the atmosphere and the rest on land (soil and plant) and in oceans. The unprecedented atmospheric burden of two important greenhouse gases (CO2 and CH4) has emerged as the greatest ecological challenge of the current century [6]. In addition to CO2 enrichment and global warming, human activities also cause interference in ozone (O3) concentrations (decrease in stratospheric and increase in tropospheric layers) along with nitrogenous compound decomposition in ecosystems from the atmosphere, resulting in significant negative impact on natural ecosystems and in turn agricultural productivity [8]. As predicted by global climate models, the mean increases in global temperature by the end of the 21st century will be 1.0–3.7 °C [19]. What is more alarming is that 9 out of the 10 warmest years since 1880 have occurred during the last decade (2000–2010) [20].



Climate change is a looming crisis in agriculture. Both crop and weed species respond to climate change, but the impacts are still unclear in many cases. Especially, the consequences of interactions between two or more factors (like CO2, temperature, water) for either crop or weed species are very poorly understood. Furthermore, the complexity derived from the multiple interacting factors may produce unexpected dramatic indirect effects on the agroecosystem [21]. In general, the stimulatory or inhibitory behavior of climate change on crops might also hold true for weeds [15], but most probably, in many cases, weeds are likely to outcompete crops because of their higher plasticity, superior adaptability, and wider ecological amplitudes compared to crops. There are reasons to believe that increasing temperatures, CO2 concentrations, and associated problems like erratic rainfall, frequent cyclones, and storms will certainly aggravate the problem of weeds and make them difficult to manage. Until now it has been a big question whether or not CO2 fertilization could compensate for the other negative impacts of climate change on crop–weed interaction. Apart from weed biology, weed floral composition, distribution, prevalence, invasiveness, proliferation, and dispersal will be affected by climate change and most likely result in the failure of existing weed management practices. Many seminal reviews [2,4,22,23] confirm the need for reassessment and transformation of current weed control technologies particularly herbicidal control in the context of climate change.



Thus, climate change is likely to have huge impacts on the problematic weeds and their management. Therefore, continuous research is needed to formulate new management strategies to combat them. However, along with climate change, socio-economic, technological, and geopolitical changes will also take place in the 21st century that will likely affect the environment and agricultural systems (including weed management) and our ability to sustain crop productivity. This paper presents a comprehensive review on impact of climate change on weed distribution, growth, biology, and weed management, with indications for formulating new management strategies. The purpose of this review also includes inviting further debate on this issue.




2. Weed Composition and Distribution


Climate change is likely to determine the composition, distribution, abundance and dominance of weed species in the arable ecosystems defined and shaped by human intervention [24]. In an arable ecosystem, weed species are highly adapted to ecological eccentricities because of the exposure to different farming activities. Land use, management practices and cropping system mostly govern the characteristics of an arable ecosystem and weeds are closely associated with all these practices [25,26]. Since land use and crop management practices are influenced by climatic factors, any change in such will likely influence the occurrence and distribution of weeds [27]. Changing climatic variables will alter crop–weed interactions in favor of weeds, allowing some non-potent weeds to dominate in the arable land. Typically, soil moisture status and ambient temperature are the key determinants for weed species composition and distribution but in the context of changing climate, increasing CO2 concentrations is an addition to this list [28].



Although the distribution of most of the troublesome weeds of arable lands are limited to tropical and sub-tropical regions [29], there is possibility of polar-ward expansion [30,31] due to their increased tolerance of many weeds to low temperature under elevated CO2 [32]. In the past, many studies [33,34] predicted that under elevated CO2 conditions, the distribution, abundance, and competitiveness of weeds across the globe will be modified due to increased tolerance to environmental stresses, such as extreme temperatures and drought, and this has now become a reality. Temperature is the primary factor determining weed distribution across the globe, particularly at higher latitudes. Elevated temperatures coupled with heavy precipitation may favor vigorous growth of some weed species, which are currently limited by low temperatures [8]. Increased temperature would expose temperate arable zone to some aggressive tropical colonizing species—particularly C4 grasses [33]. Thus, increased temperature may cause northwards and southwards range shift of tropical and sub-tropical C4 species. Boese et al. [32] on the other hand, confirmed increased tolerance of several chilling sensitive tropical/sub-tropical species to low temperatures under elevated CO2 condition.



It is likely that under conditions of elevated temperature and drought, C4 weeds will dominate C3 crops. Although C3 weeds may dominate under increased CO2 conditions; whereas, under the conditions of both elevated CO2 and temperature C4 weeds may be the dominated ones [35]. As predicted by Ziska et al. [36], weedy rice (Oryza sativa f. spontanea) will compete more strongly with cultivated rice while Phalaris minor infestation is expected to worsen in wheat fields under elevated atmospheric CO2 conditions [37]. Apart from geographical distribution, climate change might interfere with weed population biology [38], resulting in a shift to new areas with higher altitudes and latitudes [31]. As documented by many researchers [34,39], increased CO2 levels may increase the ability of plants to tolerate both high and low temperatures which is likely to enable weeds to benefit under climate change at the expense of less “weedy” species. An increase in parasitic weed infestations due to increased ambient CO2 levels would become a serious problem for rice and sorghum crops under rainfed agriculture [40]. Similarly, increased mortality and reduced regeneration of tree species in forests due to increased abundance of woody vines, as a consequence of increased CO2 levels, has been reported worldwide [41]. Apart from arable land weeds, several exotic invasive weed species may invade arable lands due to climate change [31] because such species often benefit from carbonaceous fertilization [42,43]. Thus, under a climate change scenario, introduction of non-native weeds to arable regions may pose ecological and environmental hazards [44] with serious threat to agricultural productivity. It is evident from different studies [33,34,45] that increased CO2 levels improves plants’ ability to tolerate environmental stresses (like drought and temperature stresses) which might modify the distribution of weeds and their interactions in natural and disturbed habitats.




3. Weed Demography


Climate change may alter weed demography (population and spread) through differential selective pressures on floristic composition, changes in abiotic and biotic aspects of the agro-ecosystem and intervened changes in crop management practices [46]. As evident from two studies [47,48], weed growth (plant height, leaf production etc.) and prolificacy (seed production) are altered by high temperatures and elevated CO2 levels directly affecting the selection pressure. Carbon dioxide-induced stimulation of growth and seed production have been documented for both cropland and invasive weeds [49,50,51]. Gealy et al. [52] reported that increased CO2 levels stimulated plant height of weedy (red) rice, a characteristic that is closely associated with seed dispersal efficiency [53].



Similar to the response to CO2, growth, seed production, and germination of weeds are also influenced by changes in temperature [54]. Thus, variations in climatic parameters, especially CO2 and temperature, directly interfere with the evolutionary selection of plant species in a mixed community [55]. Thomas et al. [56] opined that differential movement, extinction of native species, and changes in disturbance regimes are the driving forces behind plant community changes in rangeland or forests. As revealed by Early et al. [57], changes in fire regimes due to introduction and spread of downy brome (Bromus tectorum L.), a flammable weed species, are expected to be widespread leading to a dramatic shift in floristic composition and strong selection pressure on existing species. Any changes in the management practices and cropping system, e.g., inclusion of a new crop better suited to changed climate [58] can also bring changes in selection pressure and weed demography. A recent report confirms that local adaption is not less common in introduced weeds than in crop species, rather invasive species are just as locally adapted as native species [59]. This finding is very alarming.




4. Weed Species Shift


Weed species shift is an important outcome of climate change in agroecosystems that affect weed management strategies and agricultural productivity. Under the projected climate change scenarios, plant species either have to adapt in situ to the new settings or undergo shifts in their distribution to more favorable conditions. In a composite stand of weeds and crops in an arable ecosystem, shift dynamics of the weed populations in favor of specific species is expected over time [60]. According to Pautasso et al. [24], plant species have three options to avoid extinction: (a) migration with a favorable climate through dispersion mechanisms; (b) acclimation to changes in climate conditions by using their phenotypic plasticity; or (c) adaptation to changes in climate conditions through evolutionary adjustments. In order to persist in a local habitat, species have to respond to the changes in the environment [61] that lead to shifts in weed flora, expansion of their range and thus spreading to new areas [35]. Climate change may bring three distinct types of shifts occurring at different scales: (i) range shifts at the landscape scale; (ii) niche shifts at the community scale; and (iii) trait shifts of individual species at the population scale [62].



Ample prediction and examples of weed species shifts due to changing temperatures have been reported in the literature. Increasing temperature may allow many weed species to invade higher latitudes or altitudes. Many tropical warm-season crops and associated weed species are likely to expand northward due to warming [63]. As anticipated, northward expansion of cogon grass (Imperata cylindrica) and witchweed (Striga asiatica) are now evident [64]. Another interesting example of northward expansion of weed species is that of kudzu (Pueraria lobata), a ubiquitous invasive weed, whose latitudinal distribution in USA was limited to the Ohio Valley and the Mason–Dixon line by low winter temperatures but has now spread to northern areas [65]. Patterson [66] reported that itchgrass (Rottboellia cochinchinensis (Lour.) W.D. Clayton), a profusely tillering, robust grass weed, could invade the central Midwest and California with only a 3 °C warming trend. With an increase in temperature of 3 °C, it is speculated that witchweed, a root parasite of maize, could shift from coastal plains of North and South Carolina and become established in the Corn Belt of the US with devastating consequences. Similarly, global warming could extend the northern limits of weeds, such as Japanese honeysuckle (Lonicera japonica) and kudzu, by several hundred miles [67]. Under the present conditions, distribution of most of the troublesome cropland weeds are limited to tropical and sub-tropical regions [29], but it is predicted that many weed species will expand towards the polar-regions [31] due to increased tolerance to low temperature under elevated CO2 [32].



As predicted a change in snowfall variability would likely intensify the invasion of forbs in mixed-grass prairie ecosystem which in turn could reduce forage availability [68]. An expansion in the geographic range proposed for weeds, such as Lonicera sempervirens L. and Pueraria lobata (Lour.) Merr. are perfect examples of invasive weeds spreading to cropland areas because of climate change [66]. In Australia, lowland weed species like lantana (Lantana camara L.) are expected to move into higher altitude areas, and frost-intolerant species, such as rubber vine (Cryptostegia grandiflora R. Br.), could also shift their ranges further south [69]. Bunce [34] predicted that CO2 enrichment will modify the distribution and abundance of weeds across the globe because of increased tolerance to environmental stresses like extreme temperature and drought. Besides cropland weeds, many non-native weeds will also benefit from carbonaceous fertilization [43,70] and will be able to extend their geographic ranges as well as invade cropland areas [31].



In the opinion of McDonald et al. [30], if climate change forecasts are truly realized, major endemic arable-land weed species might experience a significant transformation in their host range creating a huge possibility of invasion by exotic invaders. So far, range shift of weed species has received the most interest by agronomists and weed researchers, but very little information is available in the world literature on niche and trait shifts of cropland weeds. Therefore, to develop adaptive weed management strategies, trait–climate relationships and species interactions should be given due consideration when modeling the possible future distribution of weed species [71,72]. Moreover, as temperature effect is aggravated by moisture stress (drought or submergence), understanding the interaction of temperature and moisture is important for predicting weed species shift due to global warming.




5. Weed Invasion


Movement of many weed species from their native range to new areas naturally and/or by human activities often makes some non-native species invasive with negative impact on native species of arable ecosystem [73]. As per literature, approximately 10% of introduced species become invasive in their new environments, which poses a huge threat to ecosystems and biodiversity [74]. It is predicted that climate change will provide the opportunity for weeds to invade new ecosystems. Climate change is likely to enhance the adaptability of the introduced plants to the new host range and increasing the risk of invasion in native and managed ecosystems [75], as they are well suited to new environments and more successful in resource utilization in elevated CO2 concentrations [35]. Genetic variability, different biotic and abiotic or climatic factors with which plants interact determine the invasive nature of a plant species. Genetic factors, among others, include photosynthetic pathway, propagule production and dispersal, seed dormancy, seed bank longevity, herbivore tolerance, while climatic factors include temperature, CO2 concentration, precipitation, etc. [74]. Interactions between climate change and management practices (such as land use) may also turn a benign species into an invasive one with high potential to spread widely causing huge impact on agricultural productivity [76].



There is evidence that weeds can be highly responsive to increased CO2 concentrations that may select for invasiveness within assemblage of plants. Singh and Singh [77] observed extensive coverage of fallow cultivated land by Parthenium hysterophorus during summer season, which might be due to more seed production in hot summer days. Thus, increased temperature may enhance fecundity of weeds and facilitate spread of invasive weeds to new areas [78]. Many studies have highlighted that novel environment resulting from climate change may or may not benefit invasive species, especially when increased resource utilization capability is not consistent under elevated temperature, CO2 levels and precipitations [79]. However, the increased risk of invasiveness under elevated CO2 concentrations alone has been confirmed. Therefore, it is difficult to assess the risk of plant invasiveness under multiple simultaneous change in climatic factors like CO2, temperature and precipitation. Understanding the mechanisms behind the success of weeds to invade new areas will be helpful to tackle this issue.




6. Weed Growth


6.1. Effect of Elevated Atmospheric CO2


Carbon dioxide is the sole source of carbon for photosynthesis. The current atmospheric CO2 concentration is sub-optimal for photosynthesis in C3 plants. Due to carbon losses through photorespiration C3 plants exhibit lower photosynthesis rates compared to C4 plants. On the other hand, C4 plants have a unique internal biochemical pumping mechanism for concentrating CO2 at the carboxylation site and thereby eliminates carbon loss by photorespiration [80,81]. Under increased atmospheric CO2, there would be stimulation in leaf photosynthesis in C3 plants by increasing the CO2 level in the leaf interior and by decreasing the loss of CO2 by photorespiration [82]. The general consensus is that C3 plants will benefit more through increased leaf area and biomass production than C4 plants from increased CO2 levels. Therefore, it is predicted that C3 weeds, such as parthenium (Parthenium hysterophorus L.) and chromolaena (Chromolaena odorata (L.), will be more aggressive under raised CO2 level [8]. However, the variations in response to CO2 (within a species and between species) are dependent on temperature, light, moisture and nutrient availability [66]. Moreover, C4 species are more heat and moisture tolerant, and therefore the simple perception that increased CO2 levels will only benefit C3 plants may not be true always.



Ziska and Bunce [83] confirmed from a study with six C4 weeds and four C4 crop species that C4 plants may respond directly to elevated CO2 level, and the photosynthetic increase in some C4 weeds (e.g., Amaranthus retroflexus), could be similar to those for C3 species. O’Donnell and Adkins [84] observed that C3 weed wild oat grown at 480 ppm CO2 produced 44% more seed than those grown at 357 ppm. Elevated CO2 resulted in increased growth and biomass accumulation by the C4 weed Amaranthus viridis [81]. Significant increases in photosynthesis and decreases in stomatal conductance were observed in the C3 weed Chenopodium album, but no change was observed in the C4 weed Amaranthus retroflexus at elevated CO2 levels [85]. As predicted by Ziska et al. [70], the weeds propagated by roots, stolon, etc., may show a strong response to elevated CO2 level. Moreover, some weeds affect human health through mechanical injury, allergenic reactions, skin irritations or internal poisoning [86]. Changes in biology of those weeds as the consequence of increased CO2 levels may alter their toxicity [4]. For example, changes in pollen production and allergenicity in common ragweed (Ambrosia artemissiifolia L.) was observed due to changes in CO2 level [87,88]. However, the mechanism behind the changes in toxicity of secondary compounds associated in weeds due to increased CO2 is still unclear.




6.2. Effect of Increased Temperature


Temperature is one of the key factors affecting distribution, growth, development and phenology of plants. This is the reason why a particular species is compatible to a specific temperature zone. Since physiological processes such as photosynthesis, respiration and transpiration are highly temperature dependent any changes in temperature might affect plant growth. Compared to vegetative stages reproductive stage is more sensitive to temperature changes. Like other plants weeds also respond to temperature changes and adapt strategies to cope with temperature extremes. In case of unfavorable temperature, weed species either have to adapt or undergo shifts to more favorable conditions. Weed shift due to temperature change predicted earlier is now reality. In the context of climate change, our concern is only increased temperature since 2.4–6.4 °C increase in global average temperature is predicted by the end of 21st century [89]. In general, due to global warming, weeds are often able to expand their range into new areas, and to higher latitudes or altitudes. Because C4 plants are more tolerant to elevated temperature, weeds with a C4 photosynthetic pathway may be more competitive compared with weeds possessing a C3 photosynthetic pathway [83,90]. Elevated temperature is likely to cause different physiological changes in weeds, such as shortening vegetative phase and life cycle, reduced tillering, assimilate availability, decreasing duration and rate of seed filling, and higher oxidative damage [91]. As observed by O’Donnell and Adkins [84], wild oat grown at higher temperature completed their development faster compared to normal temperature and faster maturation relative to the crop would result in wild oat rich soil seed bank. Tunget et al. [92] recorded higher growth and root: shoot ratios in summer weed species Sida spinosa (prickly sida) at elevated temperature. As predicted, a change in snowfall variability would intensify the invasion of forbs in mixed-grass prairie ecosystems, which in turn could reduce forage availability [68].




6.3. Effect of Changes in Precipitation


Water is one of the limiting factors for plant growth. Every species requires specific moisture regimes for optimum growth, beyond which growth and development are reduced or even stopped in extreme cases. As a consequence of climate change drought, flood and erratic rainfall are likely to happen frequently causing moisture stress in non-arable and arable land ecosystems. This will make both crops and weeds vulnerable. Due to greater physiological plasticity and intra specific genetic variation (compared to crops) weeds are believed to be less vulnerable to drought and submergence conditions, but will definitely respond to moisture stress. The responses are species and condition dependent. Some weeds release allelochemicals under drought condition to thrive well and compete against crops under stress [66]. Submergence favors C3 weeds, while drought favors C4 weeds. This is why, C3 weeds are dominant in submerged conditions, but C4 weeds are dominant in dry land soils [93]. It is evident [94] that water stress increased leaf area and biomass production of C4 grasses like Echinochloa crus-galli, Eleusine indica and Digitaria ciliaris. Drought adapted rangeland weed species like cheat grass (Bromus tectorum) and yellow star thistle (Centaurea solstitialis) increase seed production when soil moisture is sufficient after prolonged and heavy winter [66]. Interestingly their drought adoption mechanisms are totally different; cheat grass avoid drought by shortening life span, while thistle combats drought using deeper root system. Greater herbivore tolerance in invasive Alternanthera philoxeroides was found under moisture stress, while for the native congener Alternanthera sessilis the same was reduced [95]. Thus, changes in precipitation might have huge impact on weed composition and growth.





7. Crop–Weed Competition and Interaction


Nature of crop–weed interactions mostly depend on climatic variables (temperature, CO2, precipitation etc.), photosynthetic pathways of the component species, edaphic conditions, resource availability, and management practices. Furthermore, any changes in one of the climatic variables will alter other factors affecting the outcome of crop–weed interactions. Other than climate, photosynthetic pathway is the most important factor that determines the outcome of crop–weed interactions. The C3 and C4 species interact differentially between themselves depending on their relative proportions. The following conditions may be encountered in crop–weed interaction under field conditions: (a) C3 crops competing with both C3 and C4 weeds where C3 weeds are dominant; (b) C3 crops competing with both C3 and C4 weeds where C4 weeds are dominant; (c) C4 crops competing with both C3 and C4 weeds where C3 weeds are dominant; and (d) C4 crops competing with both C3 and C4 weeds where C4 weeds are dominant [78]. On the other hand, Malarkodi et al. [96] grouped crop–weed combinations in arable ecosystems into the following four categories: (a) C4 weeds in C3 crops; (b) C3 weeds in C3 crops; (c) C3 weeds in C4 crops; and (d) C4 weeds in C4 crops. However, in practical situations weed populations are always composite. The outcome of competition and/or interaction between crop and weed in the changing climate is very difficult to predict. Being troublesome invaders, ecological opportunist and resilient plants, weeds are more likely to benefit from crop–weed interactions in a changing environment. Due to the differential responses of crops and weeds, the outcomes of climate change on the arable ecosystem are variable. The outcome is determined by species population and composition, carbon fixation pathway of dominant species, and crop–weed interactions. However, it is generally accepted that atmospheric CO2 enrichment is likely to stimulate the growth of plants, and C3 plants are the most likely to benefit.



In general, elevated CO2 levels would stimulate the growth of only C3 crops but the growth of both C3 and C4 weeds. This will lead to increased crop–weed competition and crop yield reduction, negating the positive impact of CO2 “fertilization” on the productivity of major C3 crops [8]. Although both temperature and CO2 levels are increasing simultaneously, most studies have focused on the response of crop and weed to elevated temperature or CO2 separately. Very few studies have attempted to predict the possible interaction effects of these two important climatic variables on crop–weed competition. Alberto et al. [97] concluded that the C3 crop rice had a competitive advantage over a C4 weed, Echinochloa glabrescens when elevated CO2 level was the only consideration, while this weed species had a competitive advantage over the rice crop when both elevated CO2 and elevated temperature were considered. Therefore, the outcome of the crop–weed interaction depends on the number of climatic variables taken into consideration.



It is evident from different studies [33,34] that increased CO2 levels help plants tolerate environmental stresses (like drought and temperature stresses) better and this might modify the inter-specific interactions in natural and disturbed habitats. Increased environmental stresses make crops highly vulnerable to biotic stresses like insect and disease infestation. However, more physiological plasticity and greater intra-specific genetic variation (compared to crops) enables weeds to tolerate both biotic and abiotic stresses. Hence, weeds will be able to gain a stronghold in the changing environment compared to crops [78]. Any environmental stress makes crop more vulnerable to insect and disease infestations resulting in reductions in their ability to compete with weeds [66]. Long-term observations showed that the worst weed species in a given crop species are similar in growth habit and photosynthetic pathway because in most of the cases the weed species is the wild/uncultivated species of the crop, for example, the weed red rice in rice, wild oats in oat. Unfortunately, where photosynthetic pathway is the same, growth of the weed species is favored by CO2 enrichment [4]. As predicted by Carter and Peterson [98], a global rise in ambient CO2 level would alter the competitive balance between C3 and C4 plants, species distribution patterns, and net productivity of the mixed communities.



In general, C4 plants are more productive than C3 plants under optimal temperature and ambient CO2 level, but higher CO2 concentration may alter the scenario [99]. A survey of 27 non-crop C3 species confirmed 79–272% increased biomass accumulation under elevated CO2 level [66]. While under drought situation, elevated CO2 might favor C4 plants more than C3 plants [100]. CAM plants’ reaction to increased CO2 levels is similar to C3 plants under optimum moisture, but similar to C4 plants under water stress [101]. In the case of perennial weeds, CO2 enrichment is likely to stimulate tuber and rhizome growth, and in the process their competitiveness, abundance and survivability in arable ecosystem [8], doubling the ambient CO2 levels may cause a 10–50% yield increase in C3 crops (e.g., rice, wheat, and soybean) but only 0–10% in C4 crops (e.g., maize, sorghum, and sugarcane) depending on the growing conditions and availability of water and nutrients [102]. Moya et al. [103] reported that elevated CO2 alone compared to elevated CO2 along with increased ambient temperature resulted in reduced rice yield. Thus, simultaneous exposure to increased CO2 level and temperatures may negate the increased grain yield under CO2 enrichment. A global rise in CO2 could also modify photosynthesis and stomatal physiology and thus the competitive balance of a crop–weed mixture in the arable ecosystem [93]. Due to climate change, weed species with less phenotypic plasticity are likely to experience population decline due to frequent extreme weather events like drought [62]. On the other hand, some more resilient drought-tolerant weeds species may invade bare arable areas created by limited growth of crops or pastures as a consequence of erratic rainfall and prolonged drought [4].



As shown in Table 1, of the 10 major crops, 7 have the C3 photosynthetic pathway [104]. In contrast, 7 of the 10 “World’s Worst Weeds” are C4 plants [105]. It is alarming that in a CO2 enriched atmosphere, important C4 crops may become more vulnerable to increased competition from C3 weeds [106]. Some examples of different crop–weed interaction under climate change are also summarized in Table 2.




8. Resource Utilization Efficiency by Weed


Growth, productivity, and survivability of a plant largely depends on its resource utilization capacity that is mostly determined by its genetic makeup. In an arable-land ecosystem, inter-specific (crop vs. weed) and intra-specific (among densely populated crop–weed plants) competition for limited resources, such as nutrients and water, is very common. In a changing climate, this competition would be more severe and might be the key determinant of survivability for the native and non-native species. Being a colonizing opportunist with wide ecological amplitudes, weeds are more likely to have an advantage in utilization of limited resources in the changing environment than crops.



Photosynthetic pathway plays the key role in the efficient utilization of limited resources. The C4 plants enjoy an advantage under hot and arid condition resulting in higher water use efficiency over C3 plants. Patterson [94], observed that C4 grasses like Eleusine indica, Echinochloa crus-galli and Digitaria ciliaris produced higher leaf area and biomass due to CO2 enrichment, even under water stress conditions. Thus, similar to C3 plants, C4 plants also will show growth stimulation with higher ambient CO2 levels posing a huge threat to C4 weed management. Generally, C4 plants are dominant in dry land soils and C3 plants in submerged soils. Under present conditions, flood irrigated lowland rice enjoys less competition from C4 weeds, while upland and rainfed lowland rice face severe competition from C4 weeds [93]. Changes in the amount and rainfall pattern due to climate change may alter the scenario demanding new weed management strategies for rice.



There are evidences that increased CO2 concentrations lowers plant water requirements by reducing transpiration rate, while promoting photosynthesis. Carlson and Bazzaz [109] reported that ambient CO2 enrichment from 300 to 600 ppm increased water use efficiency (WUE) of soybean (C3) and corn (C4) by 48% and 54%, respectively, conversely the same recorded for a C3 weed, velvetleaf (Abutilon theophrasti) and a C4 weed redroot pigweed (Amaranthus retroflexus) were 87% and 76%, respectively. This confirms greater stimulation of WUE in these weeds than in the crops due to CO2 enrichment. As reported by Kimball and Idso [110], two-fold enrichment of CO2 level increased WUE of both C3 and C4 species by 70–100% through reducing transpiration losses as much as 25–40% as a consequence of reduced stomatal aperture by 30–40%. In another study, Drake et al. [111] recorded evapotranspiration (ET) reduction by 17–22% in the C3 and 28–29% in the C4 community at elevated CO2. However, leaf area index (LAI) is another important factor determining water saving from CO2 enrichment. Despite increased WUE due to CO2 enrichment in both C3 and C4 species water saving is expected only when increase in LAI is more than decreases in stomatal conductance [8]. Hence, with the changing climate, many weed species are likely to grow better and invade moisture limited environment. Apart from WUE, nutrient availability by plants is also reported to be altered due to changes in climate. Zhang et al. [112] recorded reduction in nitrogen availability due to increased CO2 concentration. Nitrogen and phosphorus availability become limiting due to increased C: N ratio in plant leaves under CO2 enrichment [113]. Furthermore, C4 plants have higher nutrient use efficiency than C3 plants, and reduced nitrogen availability has been shown to favor C4 plants than C3 plants [114]. Therefore, climate change might alter the plant community structure, abundance of specific weed species, and more likely C4 weeds will dominate over C3 ones. However, prediction of the differential responses of C3 and C4 weeds in terms of water and nutrient use efficiencies to changes in CO2 level, temperature and water availability are difficult as our knowledge on this complex issue is still rudimentary. All these issues require critical considerations for predicting the stimulation of weed growth as an outcome of climate change. But certainly, nutrient and water dynamics under changing climate must be considered as an important issue in weed management research.




9. Weed Management


9.1. Herbicide Efficacy


As it is increasingly clear, climate is likely to alter the success of herbicidal weed management [2]. Climatic factors like temperature, CO2, soil moisture, wind speed, etc. might influence herbicide coverage, persistence, mode of action, efficacy and selectivity [115]. The efficacy of a particular herbicide is temperature dependent. Prolonged high temperatures may reduce the efficacy and alter selectivity of both pre- and post-emergence herbicides [116,117]. Even a selective herbicide may become non-selective under temperature higher than optimum [5]. Moreover, under elevated temperatures increased growth rate of plants may result in narrower temporal windows of herbicide spraying opportunity before critical crop–weed competition period starts [118]. Patterson et al. [119] on the other hand, reported that increased temperature along with increased metabolic activities tend to increase uptake and translocation of many herbicides with the consequence of higher efficacy. Temperature effect on the efficacy of flumetsulam against Raphanus raphanistrum [116], and clodinafop-propargil against Avena spp. [117] is evident. Less persistence of herbicide due to faster degradation under increased temperature was reported by Bailey [115], making weed control complicated in autumn and winter; conversely, slow herbicide degradation in summer caused carry-over problems. It is recognized that increased temperature leads to reduced protein levels in plant tissues [120] resulting in less demand for aromatic and branched-chain amino acids, with potential declines in the efficacy of enzyme inhibitor herbicides such as glyphosate [(N-phosphonomethyl) glycine] [121].



Carbon dioxide-induced changes in leaf morphology, anatomy, physiology and root: shoot ratio can affect herbicide uptake, translocation and efficacy [66]. Elevated CO2 can increase leaf cuticular thickness, reduce stomatal number and decrease conductance, possibly limiting the uptake of foliar applied herbicides. As noted by Malarkodi et al. [96], elevated CO2 can affect timing of herbicide application, absorption of foliar applied herbicides, uptake of soil applied herbicides and alter chemical susceptibility of the weeds. Patterson and Flint [122] noted that if increased photosynthesis stimulates higher root, rhizome, or tuber growth due to rise in CO2, perennial weeds will be more abundant resulting in their control by herbicides difficult. Greater increases in biomass will result in dilution of herbicide applied, making weed control more difficult and costly [66]. There are increasing number of studies on declining chemical efficacy of herbicides with rising CO2 [123,124,125]. In Canada thistle (Cirsium arvense L. Scop.), additional CO2 stimulated root over shoot growth, diluting shoot-applied herbicide and resulted in failure to kill roots and a regeneration of the whole plant [123]. Reduced efficacy of the widely used herbicide glyphosate due to elevated CO2 has been confirmed by many researchers [124,126].



Moisture stress or drought has the potential to reduce herbicide efficacy. Different consequences of drought like decreased stomatal aperture, cuticle thickening, increased leaf pubescence might limit herbicide entry into the leaf with subsequent reduction in herbicide efficacy [5]. Reduced uptake of soil-applied herbicides due to altered transpiration under drought condition is documented. Drought-stress slowed down the vegetative growth of weeds resulting in reduced efficacy of post-emergence/systemic herbicides which requires active plant growth for their translocation and activity. Pre-emergence herbicides, on the other hand, cannot be absorbed by the plant roots and will be unable to reach their target site if soil moisture is not sufficient [78]. As established in [5], wetting and drying of soil profiles might affect microbial activity and herbicide application. Therefore, under moisture stress, using higher application rates or adding certain surfactants may be needed to enhance the herbicide efficacy [78]. If optimum soil moisture is not available within a few days after herbicide application, herbicides very often fail to move into the soil (due to degradation by sunlight or microorganisms) to affect weed seed germination and seedling emergence processes resulting in poor weed control [78]. On the other hand, moisture stress may extend the persistence of herbicides due to slower microbial degradation [127]. Conversely, humid and warmer condition might shorten herbicide persistence in the soil [115].




9.2. Herbicide Resistance


In recent years, herbicide resistance is of huge concern in chemical weed management and is the main focus of ongoing research. As reported in many studies, climate change contributes to increased herbicide resistance, but how climate change affects the selection and evolution of herbicide resistance in plants has not been extensively studied yet [128,129]. Increased glyphosate tolerance in a C4 species, redroot pigweed (Amaranthus retroflexus) and a C3 species, common lambsquarters (Chenopodium album) at elevated CO2 was observed by Ziska et al. [85]. In another study, Ziska et al. [123] reported that the reduced efficacy was a consequence of glyphosate tolerance in Canada thistle (Cirsium arvense) due to a dilution effect and increased root biomass under CO2 enriched environment. It was observed that quackgrass (Elytrigia repens) became more resistant to herbicides when grown under elevated CO2 level, which might be a consequence of faster growth and shorter seedling stage which is the most vulnerable phase [124]. Furthermore, the long-term efficacy of GMO-directed herbicide management strategy is dependent on the stability of the climate. Changes in climate may alter the gene flow and transfer of resistance between the genetically modified crops and associated weeds, depending on the degree of genetic similarity [46]. From a long-term study, Ziska et al. [130] confirmed greater synchronicity in flowering times and enhanced outcrossing rates between a cultivated rice mutant that is resistant to a class of herbicides (imidazolinone, ClearfieldTM 161) and a weedy red rice ascension accession (StgS) with the increase in CO2 levels (300, 400, and 600 ppm). Consequently, as CO2 increased, the number of weedy herbicide-resistant hybrid progeny also increased [130]. However, the effect of elevated temperature on floral synchrony and gene flow between crops and wild relatives and their consequences on evolution of herbicide resistance is still unclear. Growing herbicide-resistant crops can bring changes in floristic composition of weeds with the consequence of reduced herbicide efficacy due to climate change and could affect weed management strategies in herbicide-resistant crops [78].



Thus far, it is not clear whether or not the response of herbicides to climate change is ubiquitous. However, if this is found to be common and widespread, it will certainly have a significant impact on agriculture demanding frequent applications and/or higher concentrations of herbicide for effective weed control at economic, environmental, and health costs.




9.3. Mechanical Control


The impact of climate change on mechanical control of weeds may become apparent through changes in the root: shoot ratio. An increase in CO2 levels may lead to enhanced below ground carbon storage with subsequent increases in the belowground growth (roots or rhizomes) in perennial weeds [131]. An increase in root:shoot ratio coupled with increased root or rhizome growth may make it more difficult to control some perennial weeds that regenerate from root fragments left after mechanical tillage, e.g., Canada thistle (Cirsium arvense) [123]. Examples of some other weeds that may respond in a similar manner are skeletonweed (Chondrilla juncea), and silverleaf nightshade (Solanumelae agnifolium) [132]. Consequently, mechanical tillage may lead to additional plant propagation in a higher CO2 environment, with increased asexual reproduction from below ground structures and negative effects on weed control [123]. Increased disking/harrowing to control such weeds would aggravate the weed problem.




9.4. Biological Control


Biological control of weeds involves the introduction of host-specific agents (such as insects, fungi, herbivores) that feed only on the target plant [117]. Every bio-control system, natural or manipulated, requires a specific environmental condition to perform the best, and therefore changes in climate is likely to affect the bio-control efficacy. Climate change could impact the biology of the agent and/or on the ability of the host to tolerate or compensate for the presence of the herbivore or plant pathogen [35]. Climatic changes may disrupt natural and classical biological control of weeds [78], and could affect its efficacy by altering the morphology, development and reproduction of bio-agents [35]. At the same time, it may provide new opportunities for insect species, such as Ophraella communa, to be used as bio-control agents for weed control [133]. Elevated CO2 levels can alter the profile of secondary compounds in weeds [134] and thus affect weed-herbivore interactions. Furthermore, elevation in CO2 levels might have direct relation with the changes in C:N ratio of weeds and alterations in the feeding habits and growth rate of herbivores [96]. Increase in greenhouse gases might affect the herbivore-plant relationship with impacts on bio-control efficacy at both the spatial and temporal scales [132]. It is evident that drought may result in increased levels of many insect-resistance allelochemicals in some weed species [135]. Since water stress affects the development of both host plants and bio-agents, bio-control might be less effective in drier situations [132]. Changes in temperature may alter the distribution of both bio-agents and target host, e.g., elevated temperature might cause movement of bio-agents from sub-tropical areas to temperate regions to survive on weeds affecting the bio-control system efficacy. Increased temperature is likely to increase the rate of life cycles of both the bio-control agents and host weeds [132]. Patterson [66] warned that warming might increase overwintering of insect populations resulting in changes to their potential range. Climate change may also bring changes in plant nutrient content due to elevated CO2, insect activity due to elevated temperature and shifts in phenology of both agents and host weeds [136]. However, as both weeds and their bio-agents have differential potentials to adapt to new selective pressures, adaptive responses of them to such climatic changes are difficult to predict [137].





10. Final Thoughts


There are strong empirical reasons for expecting climate change to alter weed management. In addition to climate change, edaphic factors and crop management practices including use of new classes of herbicides are likely to influence weed biogeography and their degree of damage to agriculture and integrated weed management practices. Furthermore, increasing availability and cultivation of genetically modified crops specific for given herbicides is likely to result in persistence of those herbicides and changes in weed community composition further aggravating the weed management problem. Hence, under the changing climate scenario weed management will be a major concern in the future. Understanding and assessment of the impact of simultaneous change in multiple climate factors and their complex interactions on crops and weeds are therefore necessary to formulate an adaptive weed management approach and build resilience. However, it is likely that with the tremendous effort from the scientific community new weed management strategies (such as new herbicides, herbicide resistant varieties, new bioagents), to build resilience and reduce vulnerability to climate change, will be evolved, but the huge concern remains about the economic, environmental, and health cost of implementing those strategies.




11. Research Thrust and Policy Recommendations


(i) Keeping in mind the complexity of climate–soil–crop–weed interaction, extensive research considering different cropping systems under a wide range of climatic and edaphic conditions is required for accurate prediction of the climate change challenge and formulation of long-term weed management strategy.



(ii) Big data should be developed to better understand the nexus of climate change, weed dynamics, and weed management, and for predictive modeling.



(iii) To reduce the threat posed by aggressive colonizers, emphasis on international and regional cooperation would be very effective to prevent potential cross border spreading of invasive species under the climate change scenario.



(iv) Since agriculture is the major contributor of greenhouse gases like CH4 and N2O, our attention must be redirected to formulate and expand policies to limit emissions of those gases from the cropland. It seems prudent to aggressively adopt agroforestry opportunities for carbon sequestration benefits, revitalizing conservation agricultural practices like incorporation of allelopathic crop residues and other approaches to holistic weed management.



(v) Strategic policies and strong actions need to be taken to reduce the root causes of CO2 and other greenhouse gas emissions to minimize climate change impact on weeds by various approaches like decreased burning of fossil fuel, reducing deforestation, and substituting alternative energy sources (solar, wind, and hydropower).
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Table 1. List of world major crops and noxious weeds with their photosynthetic pathways.
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Major Crops [104]

	
Noxious Weeds [105]




	
Common Name

	
Scientific Names

	
Family Names

	
Photosynthetic Pathways

	
Common Name

	
Scientific Names

	
Family Names

	
Photosynthetic Pathways






	
Wheat

	
Triticum aestivum L.

	
Poaceae

	
C3

	
Purple nutsedge

	
Cyperus rotundus L.

	
Cyperaceae

	
C4




	
Corn

	
Zea mays L.

	
Poaceae

	
C4

	
Bermuda grass

	
Cynodon dactylon (L.) Pers.

	
Poaceae

	
C4




	
Rice

	
Oryza sativa L.

	
Poaceae

	
C3

	
Barnyard grass

	
Echinochloa crus-galli (L.) Beauv

	
Poaceae

	
C4




	
Soybeans

	
Glycine max (L.) Merr.

	
Fabaceae

	
C3

	
Jungle rice

	
Echinochloa colona (L.) Link

	
Poaceae

	
C4




	
Sorghum

	
Sorghum bicolor (L.) Moench

	
Poaceae

	
C4

	
Indian goose grass

	
Eleusine indica (L.) Gaertn.

	
Poaceae

	
C4




	
Cassava

	
Manihot esculenta Crant

	
Euphorbiaceae

	
C3

	
Johnson grass

	
Sorghum halepense (L.) Pers.

	
Poaceae

	
C4




	
Potatoes

	
Solanum tuberosum L.

	
Solanaceae

	
C3

	
Cogon grass

	
Imperata cylindrica (L.) Raeuschel

	
Poaceae

	
C4




	
Yams

	
Dioscorea alata L.

	
Dioscoreaceae

	
C4

	
Water hyacinth

	
Eichhornia crassipes (Mart.) Solms

	
Pontederiaceae

	
C3




	
Sweet potatoes

	
Ipomoea batatas (L.) Lam.

	
Convolvulaceae

	
C3

	
Purselane

	
Portulaca oleracea L.

	
Portulacaceae

	
C3-C4 intermediates




	
Plantains

	
Musa × paradisiaca

	
Musaceae

	
C3

	
Lambsquarters

	
Chenopodium album L.

	
Chenopodiaceae

	
C3
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Table 2. Crop-weed interaction outcome at elevated temperature and CO2 level.
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Interaction between

	
Exposed Conditions

	
Outcome

	
Remarks

	
Reference




	
Crop Species

	
Weed Species






	
Rice

(Oryza sativa) (C3)

	
Red rice

(Oryza sativa f. spontanea) (C3)

	
Increased CO2 levels up to 500 ppm

	
(i) Rice biomass increased with increase in CO2 up to 400 ppm

(ii) Red rice biomass and seed production increased up to 500 ppm

	
Red rice is more competitive than cultivated rice under elevated CO2 levels

	
Ziska et al. [36]




	
Rice

(Oryza sativa) (C3)

	
Echinochloaglabrescens L. (C4)

	
Two different CO2 concentrations (393 and 594 µL L–1) under day/night temperatures of 27/21 °C and 37/29 °C

	
(i) In monoculture, increasing the CO2 concentration, at 27/21 °C, significantly increased biomass (+47%) and seed yield (+55%) of rice but not those of C4 weed

(ii) When grown in mixture, at elevated CO2 level and 27/21 °C, rate of increase in rice biomass was more than that of C4 weed; while at elevated CO2 level and 37/29 °C, rate of increase in rice biomass was less than that of C4 weed

	
A C3 crop may compete better against a C4 weed at elevated CO2 alone, but simultaneous increases in CO2 and temperature could favor a C4 weed

	
Alberto et al. [97]




	
Soybean

(Glycine max) (C3)

	
Lambsquarters (Chenopodium album) (C3) and

Amaranthus retroflexus (C4)



	
Amibient and elevated CO2 (ambient + 250 ppm)

	
(i) Soybean yield (23%) increased when grown in monoculture due to increased CO2 level

(ii) However, when grown with C. album, soybean yield reduction increased from 28% at ambient CO2 to 39% at elevated CO2

(iii) When grown with A. retroflexus, soybean yield diminished from 45% to 30% at elevated CO2 compared to ambient CO2

	
Under elevated CO2, C. album would be benefited more than soybean and A. retroflexus would be less benefitted. Thus, C. album could become more dominating weed.

	
Ziska [107]




	
Sorghum

(Sorghum halepense (L.) Pers (C4)

	
Festuca elatior L. (C3)

	
Ambient CO2 levels and elevated CO2

	
Festuca elatior out-competed Sorghum at both ambient and elevated CO2 levels.

	
A C3 weed can be benefitted more than a C4 at increased CO2 levels

	
Carter and Peterson [98]




	
Sorghum

(Sorghum halepense (L.) Pers (C4)

	
Velvetleaf (Abutilon theophrasti) (C3) and Redroot pigweed (Amaranthus retrojlexus) (C4)

	
Ambient CO2 levels and elevated CO2

	
Both crop–weed interactions resulted in increased weed biomass and reduced sorghum yield loss at elevated CO2

	
Elevated CO2 level favors both C3 and C4 weeds compared to a C4 crop like sorghum

	
Ziska [108]
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