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1 | INTRODUCTION

| Ruth S. Clements

| Eric R. Gallandt

Abstract

Increasing atmospheric carbon dioxide concentrations [CO,] and climate change
are impacting farming worldwide. Ecological weed management (EWM) principles,
including use of diverse tactics already employed by many farmers, may assist in
adapting to and mitigating climate change. We systematically reviewed the literature
on EWM and climate change and here summarise practical considerations related to
changing efficacy and utility of non-chemical EWM practices. Localised changes in
precipitation will affect tillage and cultivation. We expect that mulching, transplant-
ing and some weed seedbank management strategies, which add resiliency to a weed
management programme, may show increased utility in a future with more extreme
and variable weather. Innovations in autonomous robotic weeding technologies and
cultivation tool design show promise in helping to overcome challenges related to low
and variable cultivation efficacy and traditionally slow working rates. EWM practices
that help farmers achieve multiple objectives and provide benefits beyond climate
change adaptation, such as financial gains, may be most advantageous, the develop-
ment of which could be facilitated by interdisciplinary research and outreach efforts.
Overall, we conclude that in an increasingly variable climate, farmers will have to
employ a greater diversity of weed management tactics in order to spread risk and

enable climate resilience through farming systems diversification.
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(Liebman and Gallandt, 1997), to stress weeds at multiple sensitive
points in their life cycles. Unfortunately, adoption of EWM by farm-

Ecological weed management (EWM) is the application of ecological
principles to weed management decisions (MacLaren et al., 2020).
The goal of EWM is to manipulate the relationships between crops,
weeds and other agroecosystem components to benefit the crop
and limit the growth of weeds, while minimising negative environ-
mental impacts. EWM can reduce the need for pesticide applica-
tions (Westerman et al., 2005), improve soil quality (Gallandt et al.,
1999) and preserve biodiversity (Benton et al., 2003). Successful
EWM typically employs the use of multiple management tactics

incorporated into diverse farm rotations, or ‘many little hammers’

ers has lagged behind our understanding of its benefits, due at least
in part to the barrier of increased systems complexity associated
with EWM (Bastiaans et al., 2008; Liebman et al., 2016).

Our climate is rapidly changing in response to anthropogenic
activities (IPCC, 2014). Climate change will likely affect multiple
interconnected aspects of farming systems (IPCC, 2014), with
substantial implications for weed management (Figure 1). While
it is human nature to discount the risks of large-scale problems
like climate change that seem distant or abstract (Jones et al,,

2017), farmers in hard-hit areas of the world are already adapting
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FIGURE 1 Conceptual diagram showing important factors that
may interact to influence weed management in a changing climate

to climate change impacts. In response to increasing drought,
Bangladeshi farmers reported harvesting rainwater, managing
weeds and implementing new cropping strategies (Hossain et al.,
2016). The International Panel on Climate Change (IPCC) (2014)
warns that mitigation is needed immediately, as ‘insufficient
responses are already eroding the basis for sustainable devel-
opment’ in some areas of the world. Integration of on-farm adap-
tation and mitigation strategies (Sivakumar and Stefanski, 2006)
into practical and locally applicable farming practices (Johansen
et al., 2012) is a pressing need.

The principles of sustainable agriculture have been suggested by
the IPCC (2014, 2019) and others (Ngouajio, 2005; Wall and Smit,
2005; Wolfe et al., 2018) as a helpful existing framework for cli-
mate change response. EWM fits within this framework (Liebman
and Gallandt, 1997) and may be considered analogous to a pre-
adaptation: practitioners of EWM already employ diverse rotations
that may help spread risk, while minimising greenhouse gas emissions
(Hunt et al., 2020) and building soil quality by increasing soil organic
matter, all of which are likely to aid in the adaptation to or mitigation
of climate change (Bai et al., 2019; Lengnick, 2015). Increased diver-
sity of rotations and integration of non-chemical control tactics are
already being advocated and adopted to combat herbicide-resistant
weeds (Chauhan et al., 2017; Davis and Frisvold, 2017; Liebman
et al., 2016). Thus, the barrier of increased management complex-
ity that has heretofore hindered adoption of EWM (Bastiaans et al.,
2008) may be less prohibitive than in the past.

1.1 | Climate change effects on weeds

Patterson (1995) first considered the ramifications of climate change
for weed growth, phenology and distribution. Recent reviews, and

an excellent book (Ziska and Dukes, 2011), have summarised the

literature on potential impacts of rising [CO,] and climate change
on weed biology (Kathiresan and Gualbert, 2016; Ramesh et al.,
2017; Roger et al., 2015; Ziska and McConnell, 2016), demography
(Bradley et al., 2010; Clements et al., 2014; Peters et al., 2014) and
chemical control (Ziska, 2016).

In isolation from other changes, [CO,] enrichment benefits
both crops and weeds, favouring species with C3 photosynthetic
pathways over C4 species (Ziska and Dukes, 2011). However, C4
plants are favoured by increasing temperature and water stress,
both likely climate change impacts in many regions (IPCC, 2019).
From a physiological standpoint, increased [CO,] typically results
in increasing (a) weed biomass, (b) C:N ratio of leaf tissue and (c)
root:shoot ratio (Chadha et al., 2020; Torresen et al., 2020; Ziska
and Dukes, 2011). How [CO,] impacts combine with temperature,
moisture and other climatic factors to affect future competitive
outcomes between crops and weeds existing in real-world com-
munities remains a largely open question (Figure 1; Ziska and
McConnell, 2016), though the impact of many factors has been ex-
amined individually. Competition studies on the impacts of [CO,]
on crops vs. weeds show mixed results, with weeds favoured in 8
of 15 studies reviewed by Korres et al. (2016).

Increased temperatures can facilitate the spread of invasive weeds
(Clements et al., 2014), and high phenotypic plasticity likely pre-adapts
many weed species to succeed under increasingly variable tempera-
ture and moisture conditions. Moreover, weeds evolve rapidly (Neve
et al., 2009), which could contribute to greater range expansion under
climate change than predicted with current models (Clements and
Ditommaso, 2011).

1.2 | Climate change and weed management

Research on the practical ramifications of climate change for spe-
cific weed control practices has predominantly focused on her-
bicide application and efficacy. Overall, weeds are expected to
become more difficult to reliably control with herbicides under
increasing [CO,] and climate change (Ziska, 2016). Glyphosate
tolerance can increase in response to [CO,] (Manea et al., 2011),
some grasses can survive pinoxaden under elevated temperatures
(Matzrafi et al., 2016), and isoproturon effectiveness can decrease
due to soil warming (Bailey, 2004). These effects are necessary to
keep in mind for EWM strategies that include limited herbicide use,
but EWM typically relies on a suite of tactics integrated with or
in lieu of chemical control (Liebman and Gallandt, 1997). Practical
implications of climate change for the many non-chemical tactics
integral to EWM have not been thoroughly addressed in past re-
views (Ziska and Dukes, 2011).

1.3 | Purpose of this review and methods

Ziska (2016) identified as a critical area for future research:

‘Identification or synthesis of non-chemical weed management
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strategies that could strengthen weed management with pro-
jected changes in climate and [CO,]'. We begin to address this
knowledge gap via a management-focused synthesis of the litera-
ture on EWM and climate change. In the sections below, we (a)
summarise likely impacts of climate change on agriculture in the
21st century; (b) consider the implications of these changes for
commonly employed non-chemical EWM practices; (c) identify
opportunities for the use of EWM in climate change adaptation
and mitigation; (d) examine barriers to farmer adoption of climate
change responses including EWM; and (e) suggest directions for
future research.

We began this review by querying the databases Web of Science
and Agricola with targeted combinations of search terms (Table 1).
Two searches were conducted on 3 August 2017, the second of
which utilised a broader set of terms than the first. Combined, these
searches yielded 41 unique abstracts. A third search using a yet
broader set of terms was conducted on 16 August 2017, through
which an additional 137 abstracts were identified. A fourth search
was conducted on 29 September 2020 using all combinations of
terms from previous searches, which yielded 56 new, unique ab-
stracts. Many identified papers are cited herein, though some were
omitted due to lack of direct relevance or redundancy with other

papers.

Ecol

2 | CLIMATE CHANGE IMPACTS ON
AGRICULTURAL SYSTEMS

Climate change is already impacting agriculture, and according to the
most recent IPCC assessment, negative impacts of climate change
on crop yields have been more common than positive impacts (IPCC,
2014). This coming century, along with further increases in [CO,] and
mean global temperature, weather patterns are expected to become
more variable overall, with likely increased incidence of extreme
high temperatures across most regions, and increased incidence of
heavy precipitation in many parts of the world (Figure 2).

The ramifications of changes in temperature and atmospheric
conditions for plant growth may be more nuanced than is widely
appreciated. Minimum winter temperatures, which often limit plant
species ranges and form the basis for hardiness zone designations,
are expected to increase in the United States at a faster rate than
mean winter temperatures this century (Parker and Abatzoglou,
2016). This has obvious implications for poleward expansion of cold-
limited species like Pueraria montana (Lour.) Merr. var. lobata (Willd.)
Maesen & S.M. Almeida ex Sanjappa & Predeep (kudzu) (Ziska and
Dukes, 2011). Similarly, night-time temperatures in the Northeast
United States have increased at a faster rate than daytime tempera-

tures in recent years, a trend which is expected to continue and may

TABLE 1 Summary of systematic abstract review conducted using the databases Web of Science and Agricola

Abstracts

Date (No.) Search terms (Boolean phrase)

3 August 2017 41 "ecological weed management" AND "climate change"
"ecological weed management" AND "global warming"
"ecological weed control" AND "climate change"
"ecological weed control" AND "global warming"
"cultural weed management" AND "climate change"
"cultural weed management" AND "global warming"
"cultural weed control" AND "climate change"
"cultural weed control" AND "global warming"
"integrated weed management" AND "climate change"
"integrated weed management" AND "global warming"
"organic weed management" AND "climate change"
"organic weed management" AND "global warming"
"organic weed control" AND "climate change"
"organic weed control" AND "global warming"
"ecological weed management" AND climate
"ecological weed management" AND weather
ecology AND "weed management" AND climate
ecology AND "weed management" AND weather

16 August 2017 137 "weed management" AND "climate change"
"weed management" AND "global warming"
"weed control" AND "climate change"
"weed control" AND "global warming"

29 September 2020 56 *All of the above search terms used

TOTAL 234
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FIGURE 2 Observed and expected
future changes in incidence of climate
extremes in six major world regions.
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increase night respiration, reducing carbohydrate accumulation and
crop yields (Wolfe et al., 2018). The greenhouse gas tropospheric
ozone (O,) is likely to increase in parts of Asia throughout this cen-
tury, with negative effects on plant growth, varying by species and
cultivar (Singh et al., 2010).

A recent assessment found drought risk to be most severe in
parts of Africa, Europe and Asia (Carrao et al., 2016) and noted that
most areas of the planet currently lack sufficient infrastructure (e.g.
irrigation) to cope with drought. Drought-affected areas and drought
severity are anticipated to increase this century, resulting in signif-
icant yield losses to major food crops (Li et al., 2009). Flood risk is
likely to increase in some regions of the world while decreasing in
others (Kundzewicz et al., 2014). Hirabayashi et al. (2013) projected

potential increased flood risk from rivers in much of Central and
South America, Africa and Asia and decreased risk in the Middle
East, much of Europe and portions of North America.

Future climate change impacts to agriculture are likely to include
location-specific changes in the number and timing of ‘field working
days’, or days when soils are warm and dry enough to conduct field
operations. Increased precipitation can decrease field working days
by leaving soils too waterlogged to conduct field operations. Few
models have been constructed to predict changes in field working
days under climate change (Cooper et al., 1997; Harris and Hossell,
2001; Tomasek et al., 2017; Trnka et al., 2011), and all on fairly limited
spatial scales. Such models may offer a window into future risk that

could help farmers prioritise strategic equipment and infrastructure
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investments. Tomasek et al. (2015, 2017) proposed methods to opti-
mise field working day models and projected both increases in grow-
ing season length and decreases in field working days during spring

planting times for lllinois, USA, by the end of the century.

3 | IMPLICATIONS FOR ECOLOGICAL
WEED MANAGEMENT

Fundamental principles of EWM include reducing seedling recruit-
ment, improving crop competitiveness and reducing seedbank size
(Bastiaans et al., 2008). Diversifying in-season management to in-
clude physical weed control—either in addition to or in lieu of her-
bicide use—is also a typical component of EWM (Liebman et al.,
2016). In a changing climate, the ‘many little hammers’ (Liebman and
Gallandt, 1997) used by growers in implementing EWM will likely be
subject to changes in efficacy. Potential implications of rising [CO,]
and climate change for the utility of important EWM practices, en-
compassing both efficacy and likely co-benefits provided by prac-
tices, are discussed below and summarised in Table 2.

3.1 | Reducing seedling recruitment

Practices that limit weed emergence may become increasingly use-
ful, especially mulching strategies, which can contribute multiple
benefits likely to increase on-farm climate change resilience (Lee
et al,, 2019; Lengnick, 2015).

In many vegetable and fruit crops, natural and plastic mulches
are expected to remain effective methods of reducing seedling re-
cruitment, while further allowing conservation of soil moisture in
dry conditions and reducing damage to soil structure from heavy
rain (Kader et al., 2017). Mulches are therefore considered likely to
become increasingly beneficial under either increasingly wet or dry
conditions (Table 2). Mulches often change the seasonal distribution
of afarmer's workload, as they require labour input at application, but
can thereafter diminish hand weeding labour (Brown and Gallandt,
2018a). Thus, mulching may reduce risk of worker heat stress, which
is expected to increase with climate change (IPCC, 2014), though the
warming effect of black plastic could lead some crops to overheat
with rising temperatures. Both plastic and natural mulches may im-
prove yields, but in developing nations, plastic may be less available
and more expensive than natural materials (Kader et al., 2017). By
contributing to increased soil organic matter, natural mulches could
result in less nutrient leaching over time (Connor et al., 2011), miti-
gating an additional challenge posed by increased rainfall.

Weed seedling recruitment may also be reduced by cover crop
residues in reduced and no-till systems. Advances in planter technol-
ogy are allowing some crops, including wheat, to be sown into heavy
residue (Kumar et al., 2013) following cover crop termination. Roller-
crimping has emerged as a cover crop termination method that al-
lows for creation of a weed suppressive cover crop mulch without the

use of herbicides (Diacono et al., 2016). Combined with high-residue

TABLE 2 Summary of expected changes in utility of ecological
weed management practices under climate change conditions: +
indicates positive change, - indicates negative change, + indicates
mixed positive and negative change, and O indicates insufficient
data

Principles and

practices T[CO,] 1Temp TH,0 JH,0
Reducing seedling recruitment
Plastic mulch 0 + + +
Natural mulch 0 + + +
Cover crop mulch 0 + + +
Tarping 0 + 0 0
Manipulating competition
Competitive crops 0 0 0 +
and cultivars
Increase plant 0 0 0 +
density
Alter spatial 0 0 0 Ef=
arrangement
Intercropping and 0 0 aF +
living mulch
Cover crops 0 0 + -
Irrigation 0 0 - +
placement
Fertility placement 0O 0 -
Transplant + + +
Seedbank reduction
Stale seedbed 0 + + +
Soil solarisation 0 + + +
Harvest weed + - +
seed control
Short-duration + 0 + 0
cover crops
Summer fallow 0 0 0 +
Seed predation 0 0 0
Diverse physical weed control
Tillage = 0 -
Cultivation = = = I
Flaming - 0 o -
Flooding 0 0 0 0
Mowing = 0 = 0
Grazing and - + 0 0
herbivory
Biocontrol 0 0
Hand weeding 0 0

cultivators, these practices can facilitate no-till or conservation agri-
culture (CA), which can result in high water infiltration rates and in-
creased conservation of soil moisture (Syswerda and Robertson, 2014;
Thierfelder et al., 2017). Reduced tillage may therefore be a useful ad-
aptation to drier climate conditions (Feiza et al., 2010; Kumar et al.,

2018). CA can also reduce erosion (Mafongoya et al., 2016) and may be



BIRTHISEL ET AL.

adaptive in areas that experience increased incidence of heavy precip-
itation (Figure 2). Indeed, fields in which pumpkins were being grown
under CA lost nine times less soil than conventional plots during a sim-
ulated storm event, without sacrificing yields (O'Rourke and Petersen,
2016). No-till practices can also increase soil organic carbon (Lee et al.,
2019) and reduce methane emissions compared to conventional tillage,
providing potential climate change mitigation benefits (Somasundaram
et al.,, 2020). However, most CA is still heavily dependent on herbi-
cides, and weed management can be a challenge for farmers who
either choose to farm organically or lack access to chemical control
options (Nichols et al., 2015; Thierfelder et al., 2018). For smallholder
farmers, many of whom required more hand hoeing labour after adopt-
ing CAin Africa (Mafongoya et al., 2016), improved tools for two-wheel
tractors or animal-drawn rippers and seeders may facilitate CA adop-
tion (Johansen et al., 2012; Lee and Thierfelder, 2017).

3.2 | Manipulating competition

Choosing fast-growing species and cultivars, manipulating plant spa-
tial arrangement and increasing plant density are all strategies that
have long been used to benefit crop-weed competitive outcomes
(Kumar et al., 2013; Liebman and Gallandt, 1997). By allowing more
rapid canopy closure, these strategies could potentially reduce evap-
otranspiration (Connor et al., 2011) and therefore be helpful under
conditions in which moisture is limiting. However, intra-specific
competition for limited water resources could negatively impact
crop yields at increased plant densities (Table 2).

Cover crops provide multiple agronomic benefits (Brennan,
2017; Syswerda and Robertson, 2014), including the potential to
contribute to climate change mitigation by increasing soil carbon
(Bai et al., 2019; Lee et al., 2019). They can be beneficial for weed
control, particularly when termination is timed to pre-empt seed rain
(Mirsky et al., 2010). The decision to incorporate cover crops into
soil as green manure or leave them on the soil surface as residue
also influences their effects (Testani et al., 2020). In the future, cover
crops may become less desirable in increasingly dry areas in which
crops rely on stored soil moisture as depletion of water resources
may limit growth of subsequent crops (Hunt and Kirkegaard, 2011).
In areas where increased heavy precipitation is expected, however,
cover crops may reduce erosion risk.

Intercropping and living mulches are likely to become less de-
sirable under reduced moisture conditions, due to competition for
water resources. There are, however, success stories. Drought-
tolerant living mulches decreased weed density without impacting
yields in a Japanese asparagus (Asparagus officinalis L.) crop (Araki
et al., 2012), and some Bangladeshi farmers have responded to re-
cent droughts by intercropping rice (Oryza spp.) between mango
(Mangifera indica L.) and Indian jujube (Zizyphus mauritiana Lamarck)
(Hossain et al., 2016), diversifying their farm income by incorporat-
ing drought-tolerant trees into their rice cropping system. As with
mulching and cover crops, intercropping may help protect against

erosion in heavy rains.

Where decreased precipitation and soil moisture levels are
expected, strategies like drip irrigation and banded fertiliser ap-
plication may be increasingly effective at providing crops with a
competitive advantage against weeds. Conversely, areas that ex-
perience increased precipitation and soil moisture levels may see
competition for water resources decrease, and fertility may be more
likely lost due to leaching (Table 2). More efficient use of water
resources is likely to benefit farmers in many regions of the world
under climate change (Figure 2), and innovations in irrigation tech-
nology may therefore be of great use. The novel ‘water pillow’ irriga-
tion system, in which water-filled black plastic tubes with drip holes
are placed alongside crop rows, showed higher water use efficiency
and less weed pressure when compared to a drip irrigation control,
while maintaining tomato (Solanum lycopersicum L.) yield (Gercek
et al., 2017). Integration of irrigation with traditional mulches is also
beneficial: black plastic mulch combined with partial irrigation led
to strong weed suppression and increased water use efficiency in
wheat, demonstrating the utility of this combination of practices for
farmers adapting to dry conditions (Ahmad et al., 2020).

In applicable crops, transplanting may become increasingly ben-
eficial under a range of future conditions (Table 2). Transplanting
provides crops with an early competitive advantage against weeds,
which may be increasingly important if weed seedling growth rates
increase in response to temperature and rising [CO,] (Peters and
Gerowitt, 2014; Ziska and Dukes, 2011). By providing a controlled
environment for root system development, transplanting may also
reduce mortality at early growth stages that could occur due to
moisture extremes in a field setting (Figure 2; Table 2).

Many authors have suggested that breeding programmes aimed
at developing climate change-adapted varieties should select for
cultivars that exhibit rapid growth rates or enhanced weed suppres-
siveness (Bajwa et al., 2020; Korres et al., 2016; Kumar et al., 2013;
Liebman et al., 2016; Ngouajio, 2005; Robertson et al., 2016). Specific
climate-adaptive traits to prioritise may include greater root:shoot
ratio, changes in leaf area and arrangement and allelopathic attributes
(Korres et al., 2016), as well as increased water use efficiency (Farooq
et al., 2019) and growth response to [CO,]. Older (1920s) varieties of
oat (Avena sativa L.) had a stronger response to [CO,] than varieties
from the 1990s (Ziska and Blumenthal, 2007), suggesting that past
breeding efforts have not necessarily selected plants that are well
adapted to rising [CO,]. Crop varieties with a higher degree of plas-
ticity than has been favoured in the past, including landraces or heri-
tage varieties, may be worth re-considering; though maximum yields
in a good year may be reduced, choosing varieties with a moderate
likelihood of success under a wide variety of conditions could be in-

creasingly sensible in a more variable climate (IPCC, 2014).

3.3 | Seedbank reduction

Seedbank depletion can lead to a sustained reduction in weed pres-
sure (Gallandt, 2006), which is expected to be increasingly desired

as herbicides (Ziska, 2016) and physical weed control measures
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(Table 2) exhibit lower or more variable efficacy with climate change.
Successful seedbank management requires strategies that maxim-
ise seedbank ‘debits’ and minimise ‘credits’ (Forcella et al., 1993),
primarily by targeting weed germination and seed rain. Methods of
weed seedbank management include stale seedbed preparation, soil
solarisation, harvesting weed seed control, strategic use of fallow
and cover crops and seed predation.

Encouraging germination is the most effective way to debit the
weed seedbank (Gallandt, 2006). This is the principle behind cre-
ating a stale seedbed: encouraging weed seeds to germinate and
then subsequently killing seedlings prior to crop planting or emer-
gence, often with shallow cultivation (Johnson and Mullinix, 2000)
or flaming (Rasmussen, 2003). A major trade-off to stale seedbed
creation is that it takes time for weeds to germinate, and farmers
in regions with short growing seasons may be unwilling to ‘waste’
growing degree days on this practice. The longer growing seasons
expected with continued global temperature rise could therefore
lead to wider applicability of this practice (Table 2). Efficacy may be
increased by irrigating after tillage to encourage a larger ‘flush’ of
weeds (Benvenuti and Macchia, 2006; Kumar et al., 2013). This sug-
gests that stale seedbeds could become increasingly effective under
a climate future with increasing moisture, provided wet soils do not
limit field access. Though it seems paradoxical, efficacy could also
increase with aridity in some circumstances: at low precipitation,
emergence of both Chenopodium album L. (common lambsquarters)
and Setaria faberi Herrm. (giant foxtail) increased with longer inter-
vals between precipitation events, which the authors suggest may
be due to those seeds reaching a minimum moisture threshold for
germination (Baskin and Baskin, 2014) and being exposed to greater
amounts of water in the longer intervals (Robinson and Gross, 2010).
However, emergence responses varied under typical precipitation
amounts (Robinson and Gross, 2010).

Solarisation is an intensive form of stale seedbed preparation
that utilises clear plastic to trap solar energy, heating soils to tem-
peratures hot enough to kill weed seeds or seedlings (Horowitz
et al., 1983; Standifer et al., 1984). We recently demonstrated that
solarisation can result in mortality of weed seeds (Gallandt et al.,
2018) and reduced weed density (Birthisel and Gallandt, 2019) in the
Northeast United States, suggesting that its applicability in temper-
ate regions may be greater than previously assumed (Walters and
Pinkerton, 2012). Efficacy of this practice generally increases with
both ambient air temperature and soil moisture (Mahrer and Shilo,
2012), though it is also strongly affected by light intensity, which is
impacted by cloudiness.

Tarping, the practice of covering soil with black plastic silage
tarps for several weeks prior to planting, is also very effective in cre-
ating a stale seedbed (Gallandt et al., 2018; Lounsbury et al., 2020)
and has become popular among small-scale growers of high-value
crops in the Northeast United States and Canada (Fortier, 2014). The
mechanisms through which tarping reduces seedling recruitment
have yet to be fully elucidated. Tarping increases soil surface tem-
perature, changes the gaseous environment in soil, retains moisture

and blocks light. This environment may directly kill seeds, but more

likely will promote germination while preventing establishment;
thus, the practice could become more effective in a warming world
(Table 2).

Harvest weed seed control (HWSC) is a collection of methods
that target weed seeds during harvesting. HWSC utilises various
specialised machinery on a combination to either concentrate chaff
in certain areas to later be burned or removed, directly bale chaff
during harvest, or pulverise harvested weed seeds before releasing
the debris back into the field (Schwartz-Lazaro et al., 2017; Walsh
et al., 2013; Walsh et al., 2017). Weed seed retention at harvest is
essential for success of HWSC, which could in turn select for plants
that mature or shatter seeds earlier in the season (Shergill et al.,
2020). Rising [CO,] is expected to alter flowering dates of many crop
and weed species, which may impact future efficacy of HWSC de-
pending on weed-crop combination (Table 2). For example, elevated
[CO,] delayed flowering of Lolium perenne L. ssp. multiflorum (Lam.)
Husnot (Italian ryegrass) (Cleland et al., 2006) but did not alter flow-
ering of wheat (Triticum aestivum L.) (Seebg and Mortensen, 1996),
suggesting that HWSC could become more effective for this weed-
crop combination due to increased seed retention at harvest. For a
thorough review of [CO,] effects on flowering time, see Springer and
Ward (2007). Of course, [CO,] does not act in isolation; temperature
also affects crop and weed phenology (Torresen et al., 2020; Ziska
and Dukes, 2011), while the impacts of altered precipitation regimes
(Figure 2) on field working days during the harvest period may in-
crease or restrict the timely use of HWSC (Table 2).

Fallow periods (Gallandt, 2014; Rodenburg et al., 2011) and
short-duration cover crops (Mirsky et al., 2010) both rely upon timely
disturbance, usually by shallow tillage, to encourage seedbank deple-
tion through germination and subsequent pre-emption of seed rain.
As with HWSC, effects of rising [CO,] (Springer and Ward, 2007)
and temperature (Ziska and Dukes, 2011) on flowering time in some
weed species may impact the necessary timing or frequency of dis-
turbance. Summer fallow periods also have utility for conserving soil
moisture in water-limited areas (Hunt and Kirkegaard, 2011; Manalil
and Flower, 2014), suggesting an important co-benefit of this prac-
tice for water-limited systems. Short-duration cover crops, however,
may become increasingly advantageous in areas with more frequent
or heavier precipitation events, as they offer the co-benefits of soil
protection and erosion control (Table 2).

Seed predation by invertebrates including carabid beetles could
increase locally in a warming climate, since invertebrate activity-
density and seed consumption rates often increase with rising
temperature (Noroozi et al., 2016; Saska et al., 2010). However,
these relationships will be impacted by changing demography of
seed predators and the flora and fauna with which they interact,
including changing migration patterns of birds (Charmantier and
Gienapp, 2014), which can be important seed predators in some sys-
tems (Birthisel et al., 2015). Moles and Westoby (2003) found no
relationship between seed predation and latitude, suggesting that
large-scale trends in seed predation might be relatively unaffected
by climate change, and more information is needed before making

strong predictions on this topic (Table 2).
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Climate change likely has further implications for the longev-
ity and dynamics of not only weed seeds (Long et al., 2015), but
other propagules including perennial roots and rhizomes (Torresen
et al., 2020). Declining winter snowpack may allow soils to freeze to
greater depths (Patel et al., 2018; Tatariw et al., 2017), potentially
increasing propagule mortality. Farmers in Japan have employed
this mechanism to kill overwintering Solanum tuberosum L. (potato)
weeds, mechanically removing snow from their fields to increase
frost depth (Yanai et al., 2014). Strategic fallowing to bring peren-
nating organs closer to the soil surface, thereby increasing mortality
through freezing in winter (Schimming and Messersmith, 1988) or
desiccation in summer (Foster, 1989; Liebman et al., 2001) may be-
come increasingly effective with, respectively, decreasing snowpack
and increasing aridity.

3.4 | Diverse physical weed control

Physical weed control practices, especially tillage and cultivation,
are integral to many EWM systems. Climate change has substantial
implications for efficacy of physical weed control as these practices
are generally more sensitive to environmental conditions than are
herbicide-based controls (Liebman et al., 2001).

Tillage and cultivation efficacy for control of perennial weeds
may decrease in future as rising [CO,] is known to increase root:-
shoot ratio of several perennial species (Ziska and Dukes, 2011),
which could facilitate regrowth from root fragments. Though tillage
will likely continue to be an effective means of killing annual weeds,
changes in phenology may alter the times of year at which tillage is
most helpful. Zahra et al. (2009) reported that all the significant win-
ter annual weeds in Canada are facultative; movement away from
fall weed management might therefore encourage current summer
annuals to become winter annuals with climate change. Conversely,
Tozzi et al. (2014) found that winter warming periods limited the suc-
cess of Erigeron canadensis L. (Canada fleabane) as a winter annual by
reducing the survival of rosettes and seedlings, but also promoted
earlier flowering, implying that earlier spring tillage or other suitable
control measures might be needed in future to pre-empt seed rain
for this species.

Efficacy of inter- and intra-row cultivation often improves with
dry soil conditions (Cirujeda and Taberner, 2004; Evans et al., 2012);
hence, cultivation may be increasingly useful in areas of the world
expected to experience increased dryness, but less reliable in areas
experiencing increasing soil moisture (Figure 2). Duration of the
‘critical weed free’ period during which weeds must be controlled to
avoid reductions in crop yield is also moisture sensitive. Coble et al.
(1981) reported that the critical weed-free period for A. artemisiifolia
was two weeks in dry years compared to four weeks in wet years.
Given that cultivation is most effective on small seedlings (Cirujeda
and Taberner, 2004), rising temperatures, which contributed to in-
creased height in certain annual species (Peters and Gerowitt, 2014),
could lead to declining efficacy in some circumstances. Studies com-

paring impacts of rising [CO,] to growth allocation in annual weeds

compared to crops would be useful in predicting ramifications of
[CO,] increase for selectivity, a crucial consideration for in-row culti-
vation (Kurstjens and Perdok, 2000).

In regions where field working days may become fewer or less
predictable, strategies that increase cultivation efficacy and reduce
variability may help farmers make best use of time when conditions
are suitable for cultivation. Strategically ‘stacking’ two or three
cultivation tools for a single pass resulted in relatively high cultiva-
tion efficacy (75%), with evidence of synergistic effects based on
the combined modes of action between implements (Brown and
Gallandt, 2018b). For some tool combinations, this synergy was
maintained across a range of weed sizes and soil moisture conditions
(Brown and Gallandt, 2018b), making this a promising practice for a
climate future characterised by increased seedling growth rates and
precipitation variability. Use of larger tractors and wider cultivation
machinery could allow more ground to be covered per cultivation
pass, representing another strategy for optimising use of potentially
limited field working days. Similarly, camera guidance systems that
use hydraulic side-shifting to maintain precise distance between
cultivation implements and crop rows (Melander et al., 2015) may
improve working rates (Gallandt et al., 2018) and are being ad-
opted for use in vegetable, row and cereal crops. Finally, progress
in autonomous robotic technology is rapidly paving the way for fur-
ther mechanisation of cultivation operations (Bawden et al., 2017;
Fennimore et al., 2016; Merfield, 2016). As of early 2021, there are
35 companies with commercially available agricultural robots, many
focused on weed control (Future Farming Field Robots Catalog; ac-
cessed December 2020). Lightweight autonomous robotic weeders
could access fields too muddy for tractor operations, expanding the
conditions suitable for cultivation and other physical weed control
techniques.

Flaming can be conducted with tractor-drawn equipment, or at
small scales with a hand-held torch and backpack-mounted propane
cylinder. Although flaming remains effective when soils are moist
(Ascard et al., 2007), tractor accessibility will become limited under
wet field conditions. On the other hand, in increasingly arid regions,
applicability of flaming could be limited due to danger of wildfires
(Ziska and Dukes, 2011; Table 2).

Flooding is an effective and commonly used weed control strat-
egy for transplanted rice (Kumar et al., 2013) and may contribute
to climate change adaptation in African rice systems (Rodenburg
et al.,, 2011). However, its continued applicability and potential
for expansion in a changing climate will be contingent upon future
water availability. Irrigation and water-holding infrastructure may be
forward-looking investments for some farmers (Kumar et al., 2013),
but will only be beneficial if sufficient irrigation water is locally avail-
able. Given that projections of future precipitation and water avail-
ability are characterised by uncertainty (Kundzewicz et al., 2014; Li
et al., 2009), rice growers will likely need a diverse range of weed
management strategies to respond to a changing climate (Rodenburg
et al, 2011).

Where water is not limiting, increasing [CO,] could increase plant

growth, thereby necessitating more frequent mowing or grazing to
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control grassland weeds (Ziska and Dukes, 2011). Rotational grazing
can be beneficial for weed control (Tozer et al., 2008) and has been
cited as a climate change best management practice in Vermont,
USA (Helling et al., 2015), but it may not be ideally suited to all re-
gions: grazing with sheep in a Montana dryland cropping system did
not reduce global warming potential in comparison to herbicide ap-
plication (Barsotti et al., 2013). Rising temperatures and changes to
the C:N content of weed biomass (e.g. Blumenthal et al., 2016) could
impact grazing, herbivory by insects and biological control of weeds.
Some biological control agents may be capable of increasing efficacy
(Kriticos et al., 2009) by increasing feeding rates or number of gen-
erations possible per year (Seastedt, 2014). However, different re-
sponses to warming between agent and host may alter phenological
synchrony, potentially decreasing efficacy (Seastedt, 2014). Overall,
it seems premature to set general expectations for how this might
impact EWM.

Hand weeding remains common practice in organic (Baker and
Mohler, 2015) and specialty crop systems (Fennimore and Doohan,
2008), as well as among many smallholder farmers worldwide
(Gianessi, 2013; Johansen et al., 2012; Thierfelder et al., 2018).
The IPCC (2014) indicates increased risk of mortality and morbidity
for those working outdoors during periods of extreme heat. Thus,
working rates for hand weeding and other manual tasks may decline
(Table 2) following the expected increased incidence of extremely
warm days and heatwaves around the globe (Figure 2). Timely and
effective implementation of more mechanised control tactics, as
well as cultural practices and a focus on reducing seedbanks and
seedling recruitment, will become increasingly important. Forms
of climate-related occupational stress included difficulties with
weed control in Southwest Nigeria (Oyekale, 2015), where increas-
ing heatwaves are already impacting farming (Figure 2). Farmers in
Bangladesh, however, reported strategic hand hoeing as a climate
change adaptation they used to minimise drought impacts (Hossain
et al., 2016); farmers simultaneously hoed and closed surface cracks
in their soil to minimise water loss. Innovation in and adoption of
hand tools that increase working rates with little cost to efficacy (E.
Gallandt, unpub. obs.) could benefit small-scale growers under di-
verse climatic conditions.

4 | ADOPTION OF DIVERSE VALUE-ADDED
EWM PRACTICES

If you are doing something for just one reason... Stop

The long-time vegetable farmer quoted above expressed the view
that every farm management decision should result in multiple bene-
fits (T. Roberts, pers. comm.) IPCC guidance is in concordance, recom-
mending climate adaptation strategies that have co-benefits, including
adoption of more environmentally sustainable agricultural practices
(IPCC, 2014) that are likely to contribute to improved yields and re-
duced environmental impacts, including through climate mitigation. As

discussed herein, many EWM tactics including mulching, transplanting

Climate variability

Past —> Future

Management tactics

Past —>

Future

OO®RO0O

FIGURE 3 Conceptual diagram illustrating the hypothesis

that increased variability of future conditions may necessitate
increased variety of management tactics. Boxes with different
colours represent different weed management tactics, and arrows
represent possible combinations of tactics used in sequence

and situationally appropriate practices to target the weed seedbank
could individually gain greater utility with climate change (Table 2),
either by increasing efficacy of weed management or conferring co-
benefits likely to enhance resilience. However, the most substantial
ramifications of EWM for climate resilience must be viewed and un-
derstood at a whole-systems level.

First, we expect that in an increasingly variable climate, employ-
ing a greater diversity of management tactics will become increasingly
beneficial (Figure 3). We reason that this diversity of management
tactics will effectively spread risk, reducing the likelihood of cata-
strophic failure due to poor performance by few overly utilised tac-
tics. This hypothesis is an extension of the ecological principle that
ability to withstand and recover from stress is among the realisable
benefits of enhanced system biodiversity (Cardinale et al., 2012).

Further, if a shift in our dominant weed management paradigm
towards increased diversity of tactics occurs alongside a correspond-
ing shift towards increased biological diversity in farming systems—
either through adoption of extended rotations or landscape-level
features like perennial plantings along field margins—substantive
climate mitigation benefits could result. Recent models quantify-
ing the potential carbon sequestration and greenhouse gas mitiga-
tion benefits of ‘natural climate solutions’ in agriculture underscore
this point (Fargione et al., 2018; Griscom et al., 2017). Liebman and
Schulte (2015) compellingly articulate the mechanisms through
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which diversification of farm management enables biological diver-
sity. They further demonstrate greatly improved ecosystem function
through management diversification in the US maize belt and de-
scribe policy mechanisms relevant to increased adoption of diver-
sified practices (Liebman and Schulte, 2015). We understand EWM
to be a set of principles and practices synergistic to increased farm
system diversity and as such consider it an important existing frame-
work that might help enable transitions to more diverse, sustainable
and climate-resilient farming systems.

Given that farmers may underestimate the challenge of climate
change (Jones et al., 2017), outreach outcomes (i.e. adoption of
climate-resilient EWM practices) might be improved by focusing on
co-benefits. Highlighting this point, Li et al. (2017) found that the cli-
mate change adaptation behaviour of Hungarian farmers was largely
driven by financial and managerial considerations, though experi-
ence with extreme weather was also important. Financial consider-
ations are doubly important as anxiety about near-term challenges
related to farm survival may override farmers’ ability to implement
long-term plans (Findlater et al., 2018). In developed nations, the
need for increased systems complexity has been a barrier to farmer
adoption of EWM practices (Bastiaans et al., 2008). However, com-
plexity of conventionally managed systems is expected to increase
regardless: the proliferation of herbicide-resistant weeds and pau-
city of new herbicide modes of action (Davis and Frisvold, 2017,
but see Yan et al., 2018) will likely necessitate application of more
diverse tactics (Ziska and McConnell, 2016). Diverse rotations are
one such tactic that show promise for reducing dependency on her-
bicides while maintaining crop yields (Hunt et al., 2019; Liebman and
Nichols, 2020) and reducing weed density (Weisberger et al., 2019).
Identification of additional diversified management strategies that
allow farmers to simultaneously address the co-occurring challenges
of herbicide resistance and climate change, coupled with tailored
outreach that considers farmer decision-making contexts and eco-
nomic constraints (Chatrchyan et al., 2017; Liebman et al., 2016),

could be of great benefit in our present climate.

4.1 | Directions for future research

The best available science suggests that climate change is already
impacting agriculture and will do so increasingly throughout this
century (Figure 2; IPCC, 2019). Many questions remain regarding
the impacts of climate change and rising [CO,] on weeds and the
control strategies employed in EWM. Table 2 serves to highlight key
knowledge gaps, illustrating our limited understanding of the chang-
ing utility of many EWM practices in a changing climate. Practices
for which knowledge gaps are most evident include the following:
use of competitive crops and cultivars, alteration of planting density
and spatial arrangement, summer fallow periods, weed seed preda-
tion, flooding, biocontrol and hand weeding (Table 2). Below, we fur-
ther outline several directions for future research that have received
relatively little research attention to date, and we consider to be of

high priority.

Few studies have examined farmer perceptions and decision-
making around EWM (Jabbour et al., 2014a, 2014b; Zwickle et al.,
2016; Zwickle et al., 2014), and though there is a growing literature
on farmers’ perceptions of climate change (e.g. Arshad et al., 2016;
Chatrchyan et al., 2017; Li et al., 2017; Niles and Mueller, 2016; Roco
et al., 2015), substantial knowledge gaps remain. We are aware of
only one study in which weed management and climate change per-
ceptions have been jointly considered (Hossain et al., 2016). More
collaboration with social scientists in bridging this gap could provide
guidance for designing targeted outreach approaches (Jones et al.,
2017; Neve et al., 2018) that can help overcome barriers to adoption
of climate-resilient EWM practices (Liebman et al., 2016; Roesch-
McNally et al., 2017; Roesch-McNally et al., 2018).

Given that farmers serve as important sources of information
for one another (White et al., 2018) and influence the spread of in-
novative practices within farming communities (Taylor and Bhasme,
2018), case studies that feature farmers, or research farms represen-
tative of local farming systems, could help further facilitate adoption
of climate-resilient EWM practices. The few existing weed manage-
ment case studies focusing on opportunities for climate adaptation
or mitigation reveal useful insights. For example, the climate-adapted
push-pull cropping system in sub-Saharan Africa has been shown to
reduce Strigia spp. densities by upwards of fivefold and lead to sub-
stantial grain yield benefits in comparison to grain monocrops (Khan
et al., 2014) and through integrated research and outreach has been
adopted by regional growers. Examples of farmers using diverse
crop and fallow rotations (Nordell and Nordell, 2009) and cover
crops (Groff, 2008) to manage weeds further highlight potential co-
benefits of weed management strategies that can also provide re-
silience to varying soil moisture conditions (Kumar et al., 2020; Lee
et al., 2019; Lee and Thierfelder, 2017). Case studies that explicitly
illustrate connections between EWM strategies and adapting to or
mitigating climate change are needed to provide practical examples
for farmers seeking more information on making changes to their
own farming systems.

The interface of EWM and climate change is a complex, dynamic
system (Figure 1). Simulation models have been extensively used to
predict weed demographic shifts under climate change (e.g. Case
and Stinson, 2018; Kriticos et al., 2009) and can facilitate the de-
sign of cost-effective invasive species management plans (Richter
et al., 2013), but we have seen few examples of success in translat-
ing such models into user-friendly tools accessible to stakeholders.
The Landscape Futures Analysis Tool includes a weed manage-
ment model and an ability to project climate changes (Summers
et al., 2015), and the Climate Smart Farming project has developed
several excellent tools, though none as yet related to weed man-
agement (CSF Extension Team, 2021). Tools that engage users in
learning through virtual trial and error may be useful for outreach on
topics like EWM that at the outset can appear complex or abstract
(Birthisel, 2018).

Expert opinion holds that, given the magnitude of the challenge,
humanity's collective response to climate change has thus far been

too slow (IPCC, 2014). Given this, there seems a pressing need to
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pursue applied solutions that offer both mitigation and adaptation
benefits (IPCC, 2014, 2019). Research to reduce variability in effi-
cacy and improve the fossil fuel efficiency of physical weed con-
trol, including through innovative tool design (Brown and Gallandt,
2018b), use of ‘big data’, and strategic employment of robotic weed-
ers (Bawden et al., 2017), is promising areas of inquiry. Given that
72% of the world's farms are less than 1 ha in size (Lowder et al.,
2016), we also think it is important to consider what innovations
in small-scale tools (Johansen et al., 2012) could enhance the basis
for EWM among smallholder farmers. Finally, we believe there is
a pressing need for cropping systems research aimed at develop-
ing diversified ‘value-added’ approaches that (a) are profitable and
help diversify farm income, (b) consider local farmer opinions and
constraints, and (c) utilise ecological pest management to minimise
external inputs (Khan et al., 2016; Khan et al., 2014; Kumar et al.,
2020). Interdisciplinary teams (Jordan et al., 2016; Liebman et al.,
2016; Neve et al., 2018) may facilitate the development of EWM
approaches that can be fully integrated into profitable and climate-
resilient cropping systems.
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