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Societal Impact Statement

Reducing herbicide use and preparing agroecosystems for climate change are two
top priorities on the global policy agenda. Here, we explore whether these two chal-
lenges can be tackled simultaneously. While weeds are generally considered a threat
to crop production, we show that weeds can help overcome climate change chal-
lenges in agroecosystems. However, crop-weed interactions need to be carefully
managed. Options for this were found to be greater in perennial than in annual sys-
tems. These findings provide a new perspective on weeds and call for more research
on the appreciation of weeds as service plants, which ultimately may create new
avenues for weed management and agricultural policy.

Summary

e Sustainable agricultural production is at risk due to climate change, the increasing
herbicide resistance of weeds and pressures to minimise herbicide use. Rather
than solely considering weeds as part of the problem, we see this as an opportu-
nity to investigate whether weeds can help overcome climate change challenges
in agroecosystems.

e Using both ecological and agronomic perspectives, we assessed to what extent
weeds can support the ecosystem functions water and climate regulation and
whether their potential role as service plants would interfere with crop
production.

e Based on ecological trait-based analyses, we demonstrate that weeds are excellent
candidates to support the delivery of water and climate regulation. Despite climate
change-induced shifts in weed communities, weeds continue to support these
ecosystem functions. However, weed trait values that promote the ecosystem
processes underlying water and climate regulation also tend to increase competi-
tion with crops. We show that confining weed-crop interactions is key to allow
weeds to operate as service plants and that the spatial and temporal opportunities

to manage these interactions vary among annual and perennial cropping systems.
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1 | INTRODUCTION

Climate change poses numerous challenges to agroecosystems by
increasing temperatures, rising atmospheric CO, concentrations and
altering global precipitation patterns (Allan et al., 2020; IPCC, 2023).
These changes, coupled with the growing herbicide resistance of
weeds and the imperative to reduce herbicide use, threaten future
crop productivity (Mortensen et al., 2012; Neve et al., 2009). The
interaction between climate change and agricultural intensification
exacerbates these problems, often fostering more competitive weed
communities that drive greater yield losses (Storkey et al., 2021).
While this presents a significant challenge, it also invites a shift in per-
spective: exploring how a more tolerant approach to weeds might
reveal their potential contributions to the functionality of agroecosys-
tems in a changing climate.

Because climate change will dramatically affect the global water
cycle (Allan et al, 2020), enhancing both the risks of floods and
droughts, soil water regulation will become an increasingly important
ecosystem function to agroecosystems. In addition, agroecosystems
can act both as a source and sink for carbon dioxide (CO,) and signifi-
cantly contribute to nitrous oxide (N,O) emissions (Li et al., 2025),
highlighting the importance of climate regulation as an ecosystem
function. Ecosystem functions are shaped by a complex interplay of
biotic and abiotic factors (Chapin et al., 2011), with plant communities
playing a pivotal role in water and climate regulation (Freschet
et al., 2021; Hanisch et al., 2020). In this context, the abundance and
composition of weed communities can emerge as key drivers of eco-
system functions, offering solutions to climate change challenges in
agricultural areas.

The potential beneficial role of weeds as ‘service plants’ support-
ing ecosystem functions and services has slowly gained traction over
the past two decades (Bopp, De Deyn, et al., 2025; Kazakou
et al., 2016; Marshall et al., 2003; Navas, 2012; Petit et al., 2011). A
systematic literature review found ample evidence of weeds contrib-
uting to pest control and nutrient cycling (Blaix et al., 2018). Yet, the
number of articles on ecosystem services related to water regulation
and climate regulation by weeds is still scarce. Neve et al. (2018)
created a list of research priorities for the field of weed science,

which included the role of weed functional diversity in ecosystem

Overall, diversified management is recommended in both systems to avoid the

selection of weed communities composed of just a few highly competitive weed

e We conclude that weeds could act as service plants in a changing climate rather
than being considered a threat to agroecosystems. Weed management and

research should thus prioritise the investigation and implementation of this new

annual and perennial cropping systems, arable systems, drought, ecosystem functions, rising
atmospheric CO,, temperature increases, trait-based ecology, weeds

functioning and weed-crop competition as well as weed response to
climate change.

To tackle these research gaps, collaboration between ecologists
and agronomists is essential. Ecological trait-based approaches give
mechanistic insight into how weeds respond to agricultural manage-
ment and environmental change and influence ecosystem functions
(Gaba et al., 2017; Garnier & Navas, 2012). Using this approach, scien-
tists have characterised weed traits in terms of their positive effects
on ecosystem services and negative effects on crop yield (Barberi
et al., 2018). From an agronomic perspective considering both eco-
nomic and ecological constraints, weed-crop competition should be
minimised and is best measured in terms of biomass (Gu et al., 2022),
which may also influence ecosystem functions. As a result, the spatio-
temporal opportunities for weeds to function as service plants with-
out interfering with crop production will depend on the design and
management strategies available within a cropping system (MacLaren
et al,, 2020).

In this opinion paper, we combine expertise from ecology and
agronomy to examine to what extent weeds can contribute to ecosys-
tem functions in a changing climate while minimising weed-crop
competition. We specifically focus on water regulation and climate reg-
ulation and address three main questions. First, using trait-based
approaches, we investigate the potential of weed communities to sup-
port ecosystem functions. Second, we analyse whether weeds can
maintain their role as service plants if climate change causes shifts in
weed community composition. Third, we explore how, when and where
weed management can facilitate weeds to act as service plants in both
annual and perennial cropping systems. We acknowledge that climate
change will also influence weed communities and ecosystem functions
through potential changes in agricultural management, crop production
and environmental factors. However, we believe that the first question
to ask should focus on the intrinsic characteristics of weeds them-
selves; namely, can weeds act as service plants? This opinion piece
therefore focuses on the direct links between weeds and ecosystem
functions (effect traits) and on how climate change drivers influence
weeds (response traits). Because agricultural management and crop
production are ultimately human decisions, we view them as adaptable
providing a way to facilitate weed communities to support ecosystem

functioning, which is explored in the third section of this paper.
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2 | WEEDSTO THE RESCUE: WEED TRAITS
AND THE DELIVERY OF ECOSYSTEM
FUNCTIONS

The role of weeds in a changing climate depends on both the extent
to which weeds can support ecosystem functions to overcome climate
change challenges as well as the extent to which weeds will interfere
with crop yield. We defined ecosystem functions as groups of ecosys-
tem processes, which arise through the interactions of organisms and
their environment. When these functions provide benefits to humans,
these can be referred to as ecosystem services (Barral et al., 2024).
Previous papers have taken a similar approach in connecting plant
traits to ecosystem processes (sometimes referred to as properties)
and subsequently to ecosystem services (de Bello et al., 2010; Garnier
et al., 2016).

To determine whether weeds exhibit the relevant trait values to
support ecosystem functions, we first consulted the literature to
identify plant effect traits (sensu Violle et al., 2007) that influence
water and climate regulation (Table S1) and compared these findings
to the competitive and ruderal trait values characteristic of weeds
(Table S2). This approach was taken because few trait-based studies
on weeds have been performed in relation to water and climate regu-
lation. The papers consulted for the identification of the effect traits
were mostly reviews summarising trait-ecosystem process relation-
ships across a wide range of studies mostly conducted in natural eco-
systems. In the case of some specific trait-process relationships,
research articles were also consulted. For the identification of the
weed competitive and ruderal traits, we used some of the traditional
weed ecology textbooks (e.g., Booth et al., 2003; Zimdahl &
Basinger, 2024) as well as recent research articles on characteristic
weed traits.

As a second step, we assessed how plant ecological strategies
influence ecosystem functions. Trait-based ecological strategies refer
to groups of trait values, reflecting the investment of individuals,
species or populations, to optimise their fitness in response to their
environment (Diaz et al., 2004; Silvertown et al., 1993; Westoby
et al., 2002). Using the CSR framework (Grime, 1977), which is fre-
quently used by weed ecologists for its relevance and simplicity to
assess weed communities (Fried et al., 2022; MacLaren et al., 2020),
we compared the plant ecological strategies of weeds to the sets of
trait values needed to deliver ecosystem functions and weighed this
against their effect on crop-weed competition.

21 | Individual trait-ecosystem function
relationships

Mostly using reviews and studies from natural ecosystems, we
identified the plant effect traits that are expected to drive water and
climate regulation (Figure 1a). Following our definition of ecosystem
functions, we separated each function according to the underlying
ecosystem processes to provide a mechanistic basis for each trait-

ecosystem function relationship.

P’:’J—3

Three ecosystem processes underly the water regulation function:

People P

water infiltration, water retention and (reducing) soil evaporation. Soil
water infiltration is enhanced in soils with a high abundance of macro-
pores, which is facilitated by plants with wide root diameters, great
root length densities and short root lifespans (Cui et al., 2022; Freschet
et al., 2021). Aboveground trait values, such as high specific leaf
area, leaf area and canopy density, as well as phenological traits
(e.g., germination, emergence and active growth periods) also promote
infiltration and reduce run-off by ensuring soil cover during periods of
heavy rainfall. Reducing soil evaporation is mostly dependent on this
same set of aboveground traits, which provide surface cover and shade
thereby regulating microclimate and reducing evaporative losses from
soil (de Bello et al., 2010; Garcia et al., 2020; Garnier et al., 2016). Con-
sidering water retention, plants with small root diameters and short
root lifespans are expected to enhance water retention through the
development of micropores (Freschet et al., 2021; Hudek et al., 2022).
In addition, high root branching intensity, root length density, root
hairs and mycorrhizal colonisation promote soil aggregation (Freschet
et al., 2021; Poirier et al., 2018) and thereby soil water retention.

In the case of climate regulation, we looked for effect traits that
influence soil carbon stabilisation and soil N,O emissions. Belowground
plant trait values positively associated with soil aggregation enhance
soil carbon stabilisation (Freschet et al., 2021; Poirier et al., 2018).
Deep rooting plants are expected to promote soil carbon stabilisation
by allocating carbon to greater soil depths (De Deyn et al., 2008). Plant
traits representing organic matter quality, like leaf dry matter content,
root C:N, root lifespan and root exudation, could have either a positive
or a negative effect on soil carbon stabilisation depending on whether
their recalcitrance or interaction with soil minerals plays a more domi-
nant role (Freschet et al., 2021; Freschet & Roumet, 2017; Poirier
et al,, 2018). Plant trait values related to a high biomass production
(e.g., high relative growth rate) also support soil carbon stabilisation by
increasing the overall input of carbon to the soil (De Deyn et al., 2008).
In terms of N,O emissions, Abalos et al. (2019) identified relative
growth rate (or growth speed), specific leaf area and leaf dry matter
content as the most important effect traits due to their link to nitrogen
uptake (Figure 1), which influences the amount of available nitrogen
for denitrification. In addition, root exudation of simple sugars is
expected to increase denitrification because of its stimulatory effect on
N mineralisation (Abalos et al., 2019; Li et al., 2021, 2022).

2.2 | Weed traits as drivers of ecosystem functions
To determine whether weeds can support water and climate regula-
tion in agroecosystems, we checked whether the plant trait values
characteristic of weeds (Figure 1b) match the desired effect trait
values identified by literature review (Figure 1a). Weeds exhibit a vari-
ety of trait values that can be broadly categorised into a combination
of competitive and ruderal strategies, including high specific leaf area,
early but long flowering times, high and continuous seed production
and rapid growth (Baker, 1974; Bourgeois et al., 2019; Mahaut
et al., 2020; Metcalfe et al., 2019). Competitive weed traits reflect the
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investment in vegetative growth aboveground and/or belowground
and are likely to interfere with crop production, while ruderal traits
are characteristic of weeds with short life cycles and high reproduc-
tive capacities with less negative consequences for crop growth
(Booth et al., 2003; Grime, 1977).

Comparing the identified weed trait values to the effect trait
values associated with high ecosystem functioning, it shows that
weed traits predominantly promote water and climate regulation. In
other words, weeds seem suitable candidates to act as service plants.
However, many of the weed trait values that are beneficial to ecosys-
tem functioning are contributing to competitiveness and may enhance

the intensity of crop-weed competition, reducing yield.
2.3 | Using the CSR framework to reveal the effect
of plant strategies on ecosystem functions

We chose to use Grime's CSR triangle (1977) to further assess the
potential role of weeds as service plants in a changing climate.

(b) FIGURE 1 Plant traits as drivers of
ecosystem functions (a) and characteristic of
weed species (b). Ecosystem functions
include water regulation (WR) and climate
regulation (CR) and are supported by
different ecosystem processes. Weed traits
on the x-axis are grouped into aboveground
competitive, belowground competitive and
ruderal traits. Plant traits on the y-axis are
grouped into aboveground and belowground
categories and listed on the y-axis. Colours
indicate whether high values of a given trait
have been reported to increase (blue),
decrease (red) or both increase and decrease
(yellow) ecosystem processes or in weed
species. For categorical traits (phenological
traits, leaf angle and distribution), a light blue
colour is used because the direction of the
effect cannot be easily visualised.
Phenological traits include germination time,
emergence and active growth period. White
cells mean that we did not find articles
reporting on this given trait-process

I relationship or that this relationship was not
L significant. See Tables S1 and S2 for
references supporting these results.

Weed traits

_Competitive (below)

l_RuderaI

. . . .._Competitive (above)

no data/no effect

The framework classifies plant species responses to resource availabil-
ity and disturbance. The three main ecological strategies of the frame-
work are (i) competitors (C), associated with low-stress intensity and
disturbance, (ii) stress tolerators (S), associated with resource-poor
environments and with low disturbance, and (iii) ruderals (R), associ-
ated with resource-rich and highly disturbed environments.

While the CSR framework is based on response traits, we have
multiple reasons for using it to predict the role of weeds in a changing
climate, in addition to our single effect trait analyses (Figure 1). First,
because the framework focuses on plant ecological strategies rather
than individual traits, it encompasses trait covariations and gives a
more integrated view on weed communities as crop competitors
and/or service plants. Moreover, the direct impact of agricultural prac-
tices on the resource and disturbance gradients makes the framework
especially applicable and popular to study how management can shift
weed strategies and their effects on cropping systems (Gaba
et al., 2014; Maclaren et al., 2020). Lastly, the framework allows to
investigate and predict climate change-induced shifts in weed com-

munities based on changes in resources and disturbances caused by
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FIGURE 2 The competitive, stress- (a)
tolerant and ruderal plant strategies (CSR) 4’%%
framework (Grime, 1977) with (a) additional
traits added and translated to the level of

(b) water and climate regulation delivered and
(c) competition intensity based on plant
ecological strategies and associated traits and
(d) the CSR strategies characteristic of weeds.
In panel (a), dark green indicates fast resource
acquisition strategy, and white indicates slow
resource acquisition strategy. This resource
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potential for weed-crop competition. The C
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publication by MacLaren et al. (2020).
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Weed competition

climate change (Bopp, Kazakou, et al., 2025) (see Section 2.2). Yet, as
the CSR classification is primarily a response trait framework, it has
not been used to reveal the effect of weed strategies on water regula-
tion and climate regulation.

To facilitate the translation from CSR strategies to ecosystem
functions, we first integrated the effect traits (Figure 1) into the frame-
work based on several recent findings. The CSR framework has previ-
ously been linked to the fast-slow continuum (Hickman et al., 2025;
MaclLaren et al., 2020; Pierce et al., 2017), which reflects a trade-off
between traits associated with fast-growing and slow-growing plant
species. Recent research has shown that these strategies are aligned
aboveground and belowground (Weigelt et al., 2021) and allowed us
to add traits associated with fast and slow growth to the CSR
triangle (Figure 2). These traits included leaf area, specific leaf area,
leaf dry matter content, relative growth rate, root lifespan and root
C:N. Additional research is needed to add the other traits. Especially,
integrating more belowground traits into the CSR framework, such as
mycorrhizal colonisation, root exudation or specific root length, would
be valuable because the water and climate regulation are to a large
degree controlled by soil processes driven by plant roots.

Finally, to determine the effect of CSR strategies on ecosystem
functions, we looked at the traits individually per function, aggregated
and projected them on the fast-slow continuum in the CSR triangle

(Figure 2b). Remarkably, this analysis reveals that plant species

Weed CSR strategies

following a competitive-ruderal strategy facilitate water regulation
and climate regulation to a larger degree than stress-tolerating spe-
cies. Because weeds are generally categorised as CR-strategist
(Hickman et al., 2025), it follows that the weeds in our current agroe-
cosystems are especially suitable to support the desired ecosystem
functions. Consistent with our single-trait analysis (Figure 1), the chal-
lenge is to avoid crop-weed competition, which overlaps with the
high delivery of ecosystem functions (Figure 2c).

3 | ACLIMATE SPANNERIN THE WORKS:
HOW CLIMATE CHANGE AFFECTS WEED
DELIVERY OF ECOSYSTEM FUNCTIONS

Climate change can shift trait values of weed communities, due to
both plastic responses or genetic changes at the individual species
level or due to changes in community composition through species fil-
tering (Clements & Ditommaso, 2011; Clements & Jones, 2021; Kihn
et al., 2021). As such, climate change may alter the ecosystem func-
tions weeds facilitate, and thus potentially jeopardise the delivery of
the very functions that are desired.

Therefore, we determined the effect of decreasing precipitation,
increasing temperatures and increasing CO, concentrations on indi-

vidual plant traits as well as CSR strategies. Then we deduced how
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(a) Climate factors

_Decreasing precipitation

I _Increasing temperature
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C3 photosynthesis-

C4 photosynthesis-
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Plant height-

Specific leaf area-
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Aboveground

Seed mass-
Seeds with pericarp-
Water-use efficiency-

Mycorrhizal colonisation-
Rhizodeposition-

Root C:N-

Root diameter-

Rooting depth-
Belowground Specific root length-
Perennial with rhizomes or tubers-
Root length-

Root nitrogen-

Root nonstructural carbohydrates-

Root respiration -
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these shifts influence water and climate regulation as well as crop-
weed competition. We chose these three environmental factors
because they are frequently studied and discussed in the weed litera-
ture (Korres et al., 2016; Peters et al., 2014).

3.1 | Climate change effects on individual trait-
ecosystem function relationships

First, we determined climate change-induced shifts in individual weed
response traits (Figure 3a) based on articles on weed traits as well as
global reviews from natural ecosystems (Table S3). Second, we over-
laid these results with the effect traits identified in the previous sec-
tions (Figure 1) to predict effects on ecosystem functions (Figure 3b).

In terms of response traits, decreasing precipitation is expected
to favour plants with low specific leaf area (SLA) (Kihn et al., 2021;
Moreau et al., 2022), low plant height (Kihn et al., 2021), high or low
seed mass (Alarcon Villora et al., 2019; Lenzo et al., 2025; Vazquez-
Ramirez & Venn, 2025) and high water-use efficiency (i.e., the ratio of
CO, uptake by photosynthesis to water loss by transpiration) (Kiihn
et al., 2021). In terms of belowground traits, rooting depth is likely to
increase (Kiihn et al., 2021; Moreau et al., 2022).

(b) FIGURE 3 The effect of climate change

factors on (a) weed traits and (b) consequent
effects on water regulation (WR), climate
regulation (CR) and crop-weed competition.
Climate factors include decreasing
precipitation, increasing temperature and
rising atmospheric CO, concentration.
Aboveground and belowground weed traits
are presented in the first column. Weed trait
responses to climate variables are indicated
with colours: blue (increase in trait value or
abundance), red (decrease in trait value or
abundance) or yellow (both increases and
decreases in trait value or abundance have
been reported in the literature). Same colour
scheme is used to indicate the effect of the
climate-induced weeds traits on ecosystem
functions and crop-weed competition. An
empty cell indicates that we did not find data
or significant effect for this trait value-
climate variable relationship in the literature
reviewed. See references in Table S3 for
literature supporting the effect of climate
change factors on plant trait values.

Effects on functions

-WR
CR

I III Competition

no data/no effect

Increasing temperatures tend to promote the abundance and
growth rate of C4 weeds (Peters et al., 2014). Increasing summer tem-
peratures enhance annual temperature ranges and consequently leaf
dry matter content of weed communities (Bopp, Kazakou,
et al., 2025). Plant height also seems to respond to changing tempera-
tures but in different ways. Studies report a diversification, increase
and decrease in plant height values (Alarcén Villora et al., 2019; Kiihn
et al., 2021). The response of belowground weed traits to temperature
has not been studied. Based on literature from natural ecosystems,
increasing temperatures decrease root C:N ratio, non-structural car-
bohydrates and specific root length and increase root diameter
(Freschet et al., 2017; Wang et al., 2021).

Elevated CO, enhances leaf area and promotes higher water-use
efficiency (Korres et al., 2016). Higher abundance of perennial weeds
is also predicted due to the stimulatory effect of elevated CO, on rhi-
zome and tuber growth (Chandrasena, 2009). A global meta-analysis
by Nie et al. (2013) confirms this increase in total root biomass under
rising CO,. Based on their findings, we also expect an increase in root
length, diameter, root:shoot ratio, C:N ratio, respiration, rhizodeposi-
tion and fungal colonisation, while a decrease in root N content. Tre-
seder (2004) also reported higher mycorrhizal colonisation of roots

under rising atmospheric CO».

85U8017 SUOLILLOD BA 181D 3|cedtdde 8Ly Aq peusenob afe se ol YO ‘8sn JO Sa|n 10} ARIq1T8UIUQ 43|/ UO (SUOIPUOD-PUB-SWB) 0" A3 1M Ae.q Ul UO//:SdNL) SUORIPUOD pue swis | 84} 89S *[9202/90/60] Lo AriqiTauliuo A8|iM ‘ SeJebno4 8@ aiioriode - paLi4 awne| |9 Aq 18102 €ddd/z00T 0T/10p/uoo A8 1M Aseiq 1 putjuoyduy/sdny woly pepeojumoq ‘0 ‘TT922.S2



ZWETSLOOT ET AL.

1
] -

Following the response-effect framework, we only find eleven
traits (Figure 3b) that function both as response (Figure 3a) and effect
trait (Figure 1). Shifts in these response-effect traits influence water
and climate regulation in either a positive or neutral way (both
increases and decreases are reported), while competition can be either
increased or decreased (Figure 3b). Overall, this currently leads to the
conclusion that climate change does not drastically change the func-
tional properties of weed communities, allowing them to maintain
their role as service plants. However, crop-weed competition could
increase or decrease, which should be considered in management
decisions. A potential limitation of this analysis is that possible interac-
tive effects among climate change factors are not included.

3.2 | Climate change effects on weed CSR
strategies and ecosystem functions

Supported by literature review, we used the resource and disturbance
gradients of the CSR triangle to predict the effect of climate change
factors on weed strategies (Figure 4). As a starting point for our pre-
dictions, we built on our previous observation that weeds are mostly
CR-strategists (Bourgeois et al., 2019; Hickman et al., 2025).

Under decreased precipitation, we expect weed communities
to include trait values associated with stress-tolerators (Korres

(a) Present (b)

- PPP-1—

et al., 2016; Peters et al., 2014) but also argue that a diversity of strate-

gies can prevail. Namely, strict ruderals can display an escape

s People Pla

strategy under drought by growing and completing their life cycle early
in the year, before water resources are limited (Griffin-Nolan
et al., 2019; Kooyers, 2015). Hence, a wider range of CSR strategies
can prevail under decreased precipitation. An increase in temperature
is likely to lead to plant communities with more competitor-like traits
(C-corner of the triangle). Indeed, as indicated by previous literature
(Korres et al., 2016; Peters et al., 2014), a higher proportion of C4 spe-
cies is expected under increasing temperature, which are generally
more competitive than C3 species (Ligavha, 1990), yet this also
depends on the cropping system. In certain regions, temperature will
rise to a level to cause heat stress (Vargas Zeppetello et al., 2022).
Under this scenario, CS strategists should also be favoured because
they would be able to deal with heat stress to a higher extent. When
considering increases in atmospheric CO,, we also predict a higher pro-
portion of traits associated with the competitive strategy, indicating a
shift towards the C-corner of the triangle. Even though studies also
indicated C3 species to be favoured under these conditions (Korres
et al,, 2016; Peters et al., 2014), higher plant biomass and leaf area, a
proxy for the competitive strategy (Pierce et al., 2013), will overall
result in more competitive weed communities. Ultimately, these cli-
mate factors in combination with management will act simultaneously

on weed communities, which we do not explicitly address here. Yet,

X Temperatures

(c) 2 €02

FIGURE 4 Predicted climate change
effects on the competitive, stress-tolerant
and ruderal (CSR) strategies of weeds.
Functional space of the weeds in the CSR

triangle is indicated by green for (a) present,
(b) the effect of increasing temperature,

(c) rising CO, concentrations and

(d) reduction in precipitation. Red arrows
indicate the direction in which a climate
change factor will push weed communities.

Legend :

Functional space coverage of
O weeds in the CSR triangle
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two recent field studies confirm our predictions that rising tempera-
tures and decreased soil moisture will shift weeds more towards CS-
strategies (Bopp, Kazakou, et al., 2025; Poinas et al., 2025).

Analysing the climate change-induced shifts in CSR strategies in
relation to water and climate regulation, we conclude that weed com-
munities can still fulfil their role as service plants in a changing climate.
While shifts in plant ecological strategies do occur, they do not com-
promise their dominant CR strategy (Figure 4), which encompasses
traits that strongly contribute to ecosystem function delivery
(Figure 2). This conclusion applies to most of the weed community
but does not rule out the possibility of new invasive or noxious weed
species interfering with crop production in a changing climate. Under
conditions of decreasing precipitation, we anticipate a more pro-
nounced shift towards stress-tolerant weeds, potentially reducing
their capacity to function as service plants. In contrast, rising tempera-
tures and elevated CO levels are expected to enhance competitive
weed traits compared to present conditions (Figure 4) with implica-
tions for crop-weed competition.

4 | PUTTINGITINTO PRACTICE:
MANAGING WEEDS AS SERVICE PLANTS

Our trait-based analyses show that weeds are suitable candidates to
support ecosystem functions in a changing climate. A critical hurdle
is that some of the weed trait values with a positive effect on eco-
system functions may also intensify competition with the crop.
Therefore, in this final section, we reviewed the literature to identify
how, when and where management can be implemented to facilitate
weeds to act as service plants while preventing major crop yield
losses.

4.1 | Diversification is key

The relationship between crop management practices, environmental
factors and traits of weed communities in agroecosystems is
well-established (e.g., Hall et al., 2020; Rauber et al., 2021). Weed
management is considered a dominant driver of weed community
composition (Booth & Swanton, 2002; Harper, 1977). Current weed
management is dominated by curative control, which involves both
chemical and mechanical methods to eliminate weeds with a strong
focus on safeguarding crop vyield in the present growing season
(Bastiaans et al., 2008). Applying this strategy in monocultures and
cropping systems with short rotation cycles results in the recurrent
use of the same weed control measures, thereby selecting for a few
well-adapted competitive weed species (Fried et al., 2015; MacLaren
et al.,, 2020). Because the selected weed community produces high
levels of weed biomass, it also causes significant yield losses
(Cousens, 1985; Oerke, 2006). If we want crops to coexist with weeds
as service plants, weed communities dominated by a few competitive
weeds should be avoided and hence current weed management prac-

tices should be revised.

Diversifying cropping systems and weed management strategies
are expected to reduce the negative consequences of weed presence
on crop production and select for a more diverse weed community
(Cordeau et al., 2022; Esposito, Westbrook, et al., 2023; Mahaut
et al., 2019; Storkey & Neve, 2018). Two different mechanisms are
held responsible for this. Following the Resource Pool Diversity
Hypothesis (Smith et al., 2010), more diverse cropping systems will
give rise to a higher diversity of soil resources. This resource diversity
determines the degree to which niche differentiation and resource
partitioning among plant species will occur. With a higher degree of
niche differentiation, the competitive relations between crop and
weed will become less intense. Higher amounts of weed biomass
might thus be produced, with a lesser effect on crop productivity.
However, there is yet not much evidence to support this hypothesis.
A second mechanism revealed by field studies is that diversified crop-
ping systems generate a more diverse weed community that provides
less opportunity for the dominance of a few competitive species and
is associated with lower amounts of weed biomass and lower yield
losses (Adeux et al., 2019; Esposito, Cirillo, et al., 2023). These results
imply that it is possible for weed communities to grow alongside crops

without a too strong penalty for crop production.

4.2 | Weed biomass as driver of ecosystem
functions

Diverse weed communities tend to exert less resource competition
with the crop but may contribute to lower biomass inputs (Adeux
et al., 2019; Esposito, Cirillo, et al., 2023) for supporting ecosystem
functions. This could undermine their role as service plants because
most ecosystem functions will be influenced by plant biomass to some
degree (Cong et al, 2014; Fornara et al., 2009; Navarro-Perea
et al., 2022). Therefore, we investigated the strength of the relation-
ship between plant biomass and water and climate regulation.

Water regulation is generally more influenced by the extent of
soil surface covered by weeds than their biomass, yet the two are
related to a certain degree (Pan et al., 2024). According to Garcia et al.
(2020), soil cover is determined by leaf traits such as specific leaf area
and needs to reach a particular threshold to support water infiltration
and efficiently mitigate run-off. Several studies and reviews suggest
that vegetation cover rates between 40 and 60% substantially
improve water infiltration and reduce run-off (Leonard &
Andrieux, 1998; Snelder & Bryan, 1995). Soil evaporation is also
mostly driven by soil cover rate rather than plant biomass (da Silva
Alves et al., 2023; Steduto et al., 2009). Soil water retention depends
on soil porosity (Nimmo, 1997; Stange & Horn, 2005), which root
traits such as root branching intensity and root hairs can influence
(Figure 1). Plant biomass affects soil organic matter levels, which in
turn influences soil porosity and water retention (Kern, 1995), yet this
is a more indirect relationship.

Considering climate regulation, weed biomass influences soil car-
bon stabilisation more strongly than N,O emissions. While weed traits

influence the quality of organic matter inputs and thereby carbon
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stabilisation efficiency (Figure 1), weed biomass directly determines these traits are also associated with higher plant biomass production
the quantity of carbon available for stabilisation (Sujatha et al., 2021). (Abalos et al., 2018). In addition, plant chemical traits such as lignin
Increased plant biomass enhances carbon inputs to soil and thereby and low nitrogen content help mitigate N,O emissions from weed res-
contributes to a positive soil carbon balance (or at least reduced idues by slowing down nitrogen mineralisation (Garcia-Ruiz &

source strength) (Moinet et al., 2017). In contrast, N,O emissions Baggs, 2007). Yet, indirectly, plant biomass could amplify either posi-

seem less directly controlled by plant biomass but rather by plant tive or negative effects of weed residues on N,O emissions.
traits associated with fast growth, which reduce the nitrogen available In conclusion, weed biomass inputs to soil are especially impor-
for denitrification by nutrient uptake (Abalos et al., 2019, 2021). Yet, tant for soil carbon stabilisation contributing to climate regulation,

Crop cycle

>

Crop/active growth period Fallow/dormancy period

Annual

cropping
systems

Perennial

cropping
systems

Legend :

Space taken up by crop

| Opportunity for weeds
i to act as service plants

High Intermediate Low

FIGURE 5 Field map of opportunities for weeds to act as service plants in annual and perennial cropping systems throughout their yearly
crop cycles. Opportunities are limited by the risk for competition and space taken up by the crop. Yellow areas indicate crop presence, while
green areas indicate opportunity for weeds to support ecosystem functions. The gradient green scaling indicates low (white) to high (dark green)
opportunity. In annual cropping systems, opportunities for weeds as service plants are mostly limited to the fallow period where weeds can grow
in the entire field (75% green). In perennial cropping systems, inter-rows provide space for weeds as service plants during the active growth
period, yet weed competition with crop should be monitored and managed (50% green). During the dormancy period, weeds can make full use of
the row and inter-row space (100% green) without competing with the productive crop.
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while the processes underlying water regulation are more dependent
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on plant traits related to soil cover and root traits promoting water
retention. Because weed biomass is an indicator of crop-weed
competition, it is likely easier to change the role of weeds from com-
petitors to service plants in the context of water regulation than cli-
mate regulation.

43 | Weed management options and
spatiotemporal opportunities in annual and perennial
systems

Lastly, we explored management diversification options for both
annual and perennial systems that enable weeds to function as service
plants, while minimising their impact on crop productivity. Annual and
perennial systems are characterised by different cropping cycles
and spatial design (Figure 5), which influence the weed management
options available and the desired timing of ecosystem functions
(Daryanto et al., 2018; Garcia et al., 2018).

Annual systems particularly offer opportunities for diversifying
management over time by implementing longer crop rotations (which
may include intercrops) that are associated with a greater variety of
management practices (e.g., tillage) and variation in sowing time
(Liebman & Dyck, 1993; Weisberger et al., 2019). Weed density and
biomass need to be monitored and potentially controlled, particularly
during the early crop growth period, to mitigate weed competition
and minimise yield losses. Based on previous research, it is recom-
mended to apply a diversity of weed management approaches includ-
ing cultural and mechanical methods (Cordeau et al., 2022; Nath
et al., 2024). Crop rotation, and in particular the alternation of crops
sown in different seasons (Mahaut et al., 2019), cover cropping and
tillage are commonly used practices to disrupt weed growth cycles
(Kanatas, 2020). During the fallow period, weed communities (often
partly composed of regrowth from the preceding crop) can be allowed
to occupy the area fully, serving as service crops, a common practice
for nitrate catching. However, seed set and the proliferation of nox-
ious weeds should be actively prevented. If the fallow period is suffi-
ciently long, cover crops could be considered as an alternative to
weeds in supporting specific ecosystem functions.

In contrast to annual systems, crop rotation is not an option in
perennial systems and weed management focuses on more long-term
control strategies due to the permanent presence of crops. Yet, there
is also more opportunity for tolerating weed communities year-round
due to the large interrow space between the crops as usually
observed in vineyards and orchards (Ferschl et al., 2024; Pornaro
et al., 2022). Hence, while weed-crop competition should also be
monitored in the interrow, weeds may be tolerated there during the
active growth period. When weed pressure is too high or there are
problems with specific weed species, diverse and integrated weed
management is recommended to control weed biomass and diversify
weed communities (Gerhards & Schappert, 2020). Methods available
in perennial systems include mulching, mowing and mechanical weed-

ing to suppress weed growth between rows. Cover crops are also

utilised to compete with weeds and improve soil-based ecosystem
functions (Lemessa & Wakjira, 2015). During the dormancy period,
when perennial crops do not invest many resources in growth and
reproduction, weeds can be left free to produce weed biomass and
support ecosystem functions.

In conclusion, integrated weed management will facilitate a
more diverse and less competitive weed community in both annual
and perennial systems, which would allow for weeds to be present
in the field as service plants. Naturally, the outcome of this approach
is also influenced by the existing species pool, the soil seedbank and
environmental conditions and the yield objective of each cropping
system. Moreover, weed communities will have to be monitored and
likely controlled to some degree during the crop and active growth
period to keep damage to the crop within reasonable bounds. Over-
all, the spatial and temporal opportunities for weeds to act as ser-
vice plants seem more limited in annual systems than in perennial

systems.

5 | CONCLUSION AND FUTURE OUTLOOK

The aim of this paper was to examine to what extent weeds can con-
tribute to ecosystem functions without compromising crop yield in a
changing climate. Using trait-based approaches, we show that weeds
are excellent candidates to support the ecosystem functions water
and climate regulation. Even when accounting for shifts in weed com-
munities caused by climate change, weeds facilitate the delivery of
these ecosystem functions. The caveat is that the weed trait values
and strategies positively contributing to ecosystem functions show
overlap with the potential for crop-weed competition. From a man-
agement perspective, opportunities for weeds to function as service
plants are then determined by options for regulating competition in
space and time. We demonstrate that these opportunities are gener-
ally greater in perennial than in annual production systems. In both
systems, we recommend diversifying management to steer towards a
more diverse and less competitive weed community. Yet, this may
also reduce weed biomass, potentially impacting the range of ecosys-
tem functions that weeds can support.

This paper opens various avenues for further investigation. Most
articles supporting our trait-based analyses came from natural ecosys-
tems, highlighting the lack of studies on weed trait-ecosystem func-
tion relationships. Yet, even when including papers from natural
ecosystems, some of the environmental factor-trait or trait-
ecosystem function relationships could only be supported by one or
two studies. Future research on weed response and effect traits could
verify our conclusions and give us deeper mechanistic insight in the
relationships between weeds, ecosystem functions and climate
change factors in agroecosystems. We especially noticed a research
gap in belowground (weed) traits, despite their relevance to water and
climate regulation. Integrating root traits into multi-trait frameworks
to define plant strategies would enable us to better predict the effects
of weeds on ecosystem functions. While we used trait-based

approaches to address the question whether weeds can support
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ecosystem functions in a changing climate, we acknowledge this is
only one piece of the puzzle. The effect of climate change on manage-
ment decisions, crop choice and environmental factors will influence
ecosystem functions directly and indirectly through changes in weed
communities. This may also alter the ability of weeds to act as service
plants. These environmental and management factors should be
investigated alongside and in combination with future trait-based
studies. Special emphasis should be put on how crop diversification
relates to weed diversification.

The trade-off between crop vyield and ecosystem functions
provided by weeds was clearly emphasised by our analyses. This
trade-off does not need to be linear, however, and perhaps large gains
in relevant ecosystem functions could arise from slightly more space
for service plants. Whereas the negative influence of weeds on crop
production is quantitatively well understood and documented, the
guantitative appreciation of the relation between weed presence and
provisioning of ecosystem functions is underexposed. It would be
highly valuable for future studies to focus on providing the knowledge
to fine-tune this balance.
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