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Plant invasion science and weed science, both dealing with harmful plants, have

historically developed in separation. This may also be true for how the two fields are

addressing the consequences of future climate change. Here, we first conducted a

literature survey to explore how researchers in these two disciplines study the effects

of climate change, and then identified their characteristic approaches to determine what

the disciplines can learn from each other to better understand, predict, and mitigate the

outcomes of responses of harmful plants to climate change. Over the past 20 years, we

found a much steeper increase in publications dealing with climate change for invasive

alien plants (IAP) than for weeds. However, invasion scientists have to date only rarely

investigated climate change effects at the local scale, such as on functional traits and

population dynamics. In contrast, weed science could benefit from studies at larger scale,

such as using a modeling approach to predict changes in weed distributions. Studies

assessing the impacts of the target plants on ecosystem properties and on society, and

on their management under climate change are important components of weed studies

but remain neglected for IAP. This is despite an urgent need, especially because under

climate change, abandoned cropland, and areas of high conservation value are facing

increasing risk from IAP. We argue that the strengths and diversity of approaches of

these two disciplines in studying the effects of climate change are complementary and

that closer ties between them would be highly beneficial for both.

Keywords: impact, invasive alien plants, literature survey, management, publication metrics, research questions,

study method, weeds

INTRODUCTION

Plant invasion science is a relatively new research field dealing with the causes and consequences
of organisms introduced into and invading areas outside their native range, and in the case of
plants, mostly on species that conquer semi-natural and natural ecosystems. It is mainly driven by
fundamental scientific questions and ecological theories, also by the practice of conservation, with a
focus on community, ecosystem, and biogeography (Kueffer et al., 2013). In contrast, weed science
has a long tradition supported by agronomy with good links to the private sector, and is mainly
driven by practical management and control questions, and innovations in agricultural engineering
(Hall et al., 2000; Fernandez-Quintanilla et al., 2008; Jordan et al., 2016). Its main focus is on
cultivated land (i.e., the land used for producing major food and animal feed, including perennial
crops and managed grassland) and the reduction of biomass at a site. This distinct history, focus,
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and approach between the two disciplines have recently been
further elaborated by Müller-Schärer et al. (2018). Here we
hypothesize that these differences between the two disciplines
might also be evident on how consequences of future climate
change for harmful plants and their management are being
addressed. We acknowledge that both invasion and weed science
also deal with harmful plants at historical places, in cities, and
along linear transport structures, such as roads, railway tracts,
and rivers, although not being their main focus. To account for
and repeal this overlap, we excluded these habitat types in our
literature survey.

Anthropogenic climate changes driven by greenhouse gas
emissions include increases in temperature and CO2 emissions,
changing patterns of precipitation and the severity, and
frequency of extreme climatic events (i.e., drought, flood, fires,
intense storms, and heat waves). These changes are predicted to
select on means and plasticities of plant traits and vital rates to
better cope with these changing environmental conditions, with
consequences for competitive interactions, local abundances,
spread and impact on plant communities and ecosystems, and
ultimately on ecosystem services and people’s livelihoods (Vilà
et al., 2007). Climate change, especially effects of increased
CO2 and temperature have been postulated to affect weed
germination, emergence pattern, their competitive ability, and
thus, also crop yield, but yet few studies experimentally addressed
climate change effects on weed growth, water limitations,
or herbicide efficiency (Ziska, 2016). Decreasing efficiency of
herbicides under climate change may lead to an increased risk
for the evolution of herbicide-resistant weeds (Matzrafi et al.,
2016). Thus, for both invasive alien plants (IAP in the following)
and weeds, these changes will also create a need for adapted
control strategies as part of mitigation planning (Chauhan, 2020).
This offers a wide range of climate features to elaborate upon,
a variety of study questions and methods, and a multitude
of impacts and outcomes to study, ranging from changes in
functional traits, population dynamics, and distribution of the
harmful plants up to their consequences for crop yield and
ecosystem services. Here, we first conduct a literature survey to
explore if and how studies on IAP differ from crop and grassland
weeds when considering effects of climate change. These findings
allow us then to identify the strengths and gaps, as well as the
commonalities and differences when studying climate change
effects in these disciplines, and to derive what can be learnt
from each other for understanding, predicting, and mitigating
outcomes of climate change.

STUDY PROCEDURE

For our literature survey, we used the search term combinations
“{AB= [(climate change OR climatic change OR warming) AND
(invasive plant OR plant inva∗)] AND TS = (introduced OR
exotic OR alien)}ANDDOCUMENTTYPES: (Article) Timespan
= 2000–2020” and “{AB = [(climate change OR climatic change
OR warming) AND (weed)] AND TS = (crop OR grassland)}
AND DOCUMENT TYPES: (Article) Timespan = 2000–2020”
on the ISI Web of Knowledge database on July 23, 2020 for

relevant articles on IAP and weeds, respectively. In our search, we
found no studies of alien weeds in grassland ecosystemsmatching
our criteria, but a total of 21 out of 65 studies on alien crop weeds,
thus delimiting the studies of the two disciplines mainly based
on the habitat type where the harmful species occur i.e., semi-
natural and natural vs. cultivated habitats (cf. e.g., Holzner and
Glauninger, 2005; Follak et al., 2017; Fried et al., 2017). In the
following, we therefore mainly use the term disciplines for the
separation of the two searches.

Our survey resulted in an initial set of 616 and 407 articles
for IAP and weeds, respectively. To minimize assessor biases
(González-Moreno et al., 2019), all co-authors first reviewed and
classified the same 100 publications. Discrepancies between the
assessors were discussed to reach a consensus and to establish
a standard protocol for each category before the main assessor
examined each publication to first decide whether it is meeting
the selection criteria for inclusion in the review. The main
criterion for our selection was that the studies quantitatively
address the effects of climate change features on the target plant
species, on the target plant’s impact on ecosystem properties and
the society, and on their management interventions. A total of
179 articles representing 204 case studies of IAP and 45 articles
representing 65 case studies of weeds across 47 plant families met
our criteria. For these, we assessed a total of seven categories
with each 5–7 sub-categories (cf. Figures 1B, 2): publication
metrics (publication year, impact factor of the published journal,
number citations, publication activity, country of the first
author, research area, number of institutions listed in authors’
affiliation), climate features studies [modeled data using multiple
climate features, experimentally testing temperature, CO2,
precipitation, fire, and others (i.e., salinity, shade, and nitrogen)],
taxonomic classification of IAP and weeds, research question
(i.e., effects of climate change on target IAP/weed: functional
and morphological traits, population dynamics, distribution or
niche, abundance and evolutionary changes), study method
(observation/interview, field manipulative experiment, common
garden experiment, omics tool, modeling, and meta-analysis),
impact of the target plants (on resident community, trophic
interaction, crop yield, infrastructure, human welfare, and
economy), and management of the target plants (prevention,
competition, eradication, physical control, chemical control, and
biological control). Uncertainties of the main assessor (BPK) in
doing these classifications were discussed as they came up with
two co-authors (YS and HM-S) to reach a consensus score.

All statistical analyses were done in R version 3.6.0 (R
Development Core Team, 2019). The relative similarity of the
studies in two disciplines was compared using a non-metric
multidimensional scaling (NMDS) ordination on Bray Curtis
distance among the study characteristics using the dissimilarity
formixed variables, obtained from gowdis function in FD package
(Laliberté et al., 2014) that implements Podani (1999) extension
to ordinal variables. To determine whether the ordination
obtained by NMDS was significantly correlated with the two
disciplines, we fit discipline as a factor to all ordinations by the
“envfit” function in the VEGAN package (Oksanen et al., 2007).
We used n = 9,999 permutations for the envfit permutation
testing procedure. We then performed chi-square tests to analyze
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FIGURE 1 | (A) Non-metric multidimensional scaling (NMDS) ordination of the overall compositions of the study categories and sub-categories of the two disciplines

based on Bray–Curtis dissimilarities (stress = 0.15). Points represent individual studies, and ellipses represent standard errors (SE) around the mean centroid of each

discipline. (B) Number of publications per year that address climate change features for the two disciplines with their linear regression line.

the differences in categories/subcategories between the two
disciplines. We analyzed the continuous data (e.g., cited time,
activities) with linear mixed models, using the lmer functions in
the R package lme4 and maximum likelihood to estimate model
parameters (Bates et al., 2014), which include discipline as a fixed
factor and publication year as a random factor.

STUDYING INVASIVE ALIEN PLANTS VS.
WEEDS UNDER CLIMATE CHANGE

Based on all pairwise rank order comparisons for all study
categories and their sub-categories, NMDS ordination allows
for a visualization of the overall distance between the two
disciplines in studying climate change effects. The NMDS plot
shows a clear separation along the first dimension (P < 0.001;
Figure 1A), thus indeed, plant invasion science and weed science
use different research methods to address different aspects of
the target plants when studying consequences of future climate
change. The publication metrics significantly differ between the
two disciplines (Figure 1B). Over the past 20 years, there is
an overall increase in publications per year studying climate
change effects in both disciplines, but a much steeper increase
in publications dealing with IAP than with weeds, reaching 25
publications per year for the former as compared to only four for
the latter in 2019 (Figure 1B). Linked to this, average citations
per publication over this period (20.5 vs. 16.9, P = 0.03) and
overall activities (number of times the full text of a record has
been accessed or a record has been saved since February 1, 2013;
58.86 vs. 39.45, P < 0.001) were also much higher for IAP than
for weeds. In line with this, also the average impact factor of the
publication journal was higher for the plant invasion than the

weed science discipline (3.67 vs. 2.81, P = 0.009). The average
number of authors per publication did not differ between the two
disciplines (4.72 vs. 4.75, P = 0.82), but the average number of
institutions per publication was higher for the plant invasion than
the weed science discipline (3.41 vs. 2.65, P = 0.03).

For all other categories and sub-categories, we then compared
the relative contribution of sub-categories within each category
for both IAP and weeds, and the relative numbers of studies
within each category between the two disciplines. Based on
the continent given for the first author, the relative number of
climate change studies in the various continents did not differ
between the two disciplines (P = 0.12), with first authors in both
disciplines more often coming from Europe and America, and
least often from Africa (Figure 2A). Moreover, only 10 studies
dealt with non-angiosperms (four Pinaceae, five Salviniaceae, and
one Caulerpaceae), all IAP. Among the angiosperms, monocots,
compared to dicots are less often studied in plant invasion than
in weed science (P = 0.006; Figure 2B). The relative numbers of
the various climate features studied differed between disciplines
(P = 0.008), with the highest proportion of modeling studies
for IAP, and with relatively more studies investigating effects of
experimentally testing temperature, CO2, and fire in weeds than
in IAP (Figure 2C). The research questions (P= 0.002) and study
methods (P < 0.001) also differed between the two disciplines,
with traits and population dynamics being relatively more often
assessed for weeds than for IAP, while plant distribution is more
often studied for IAP. Among all study methods, a modeling
approach using multiple climate features was most often used in
both disciplines, but the relative importance within disciplines
was higher for IAP with 57% of the methods used as compared
to 38% for weeds (Figures 2D,E). Climate change effects was
assessed in only 31 studies of IAP and 23 studies of weeds, thus
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FIGURE 2 | Relative abundance of subcategories within each category for

both plant invasion and weed science, and number of studies and

comparisons between the disciplines, with ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05,

empty: p > 0.05. (A) Continent of the first author, (B) study plant classification,

(C) climate feature studied, (D) research question, (E) main method used, (F)

assessed impact, and (G) evaluated management intervention.

yet twice as often in weeds (32%) than in IAP studies (16%).
Not surprisingly, community impact of the target plant was
studied most often in IAP (55%), whereas impact on crops most
often in weeds (58%). Trophic interactions were also studied
twice as often in IAP (31%) than in weeds (15%), but this
difference was not statistically significant (Figure 2F). Finally,
effects of climate change on management still remains only
little studied, but relatively more often in weeds (18%) than in
IAP (4%), with studies addressing climate change of chemical
control dominating the management interventions of weeds
(Figure 2G).

SYNERGIZING THE STRENGTHS OF THE
TWO DISCIPLINES TO THE BENEFIT OF
BOTH

We are well aware that the distinction between plant invasion
and weed science is getting blurred in many countries as
the two disciplines are coming increasingly closer together,
but our survey yet confirmed, clear differences between them
on how they study the effects of climate change. Identifying
knowledge gaps in the two disciplines resulting from our
literature survey will help to guide discipline-specific future
(experimental) research in order to better predict, understand,
and hencemitigate climate change effects mediated by potentially
favoring harmful plants.

We found distinct differences in the publication metrics
between the two disciplines with regard to how often climate
change is being addressed. The higher number of publications
over the past 20 years on IAP as compared to weeds (179
vs. 45) that address climate change may reflect on the one
hand the increased interest of the society due to the ever
increasing number of IAP worldwide, and their huge impact
on the economy and ecosystems (Seebens et al., 2017), and
of researchers in basic ecology and evolution studying the
specific features that plant populations offer when introduced
to novel abiotic and biotic habitats (Callaway and Maron,
2006). This is mirrored, e.g., in dedicated sessions on plant
invasions at nearly every international symposium in ecology,
conservation biology, biogeography, and evolution, and also
explains the increased activities and impact factor of the
journals in which studies of the IAP compared to weeds are
being published. On the other hand, weed science, especially
in Europe, has experienced a steady decline of active weed
scientists over the past few decades (Fernandez-Quintanilla
et al., 2008; cf. Müller-Schärer et al., 2018 for more details).
Opening-up the scope in weed science from close ties to
agriculture to address new issues such as global warming,
invasive alien species, and client diversification is presently
ongoing (Chauhan, 2020; https://www.ewrs.org/en/pages/Weed-
Research-Themes). This may lead to the initiation of more
interdisciplinary studies on weeds that will result in increased
visibility also through enhanced coverage in more highly
cited journals. In this respect, the higher average number
of institutions per publication for the plant invasion science
than the weed science discipline addressing climate change
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features may indicate larger and already better-established
interdisciplinary networks in plant invasion science as compared
to weed science.

The fact that climate change studies are predominantly headed
by researchers from Europe, followed by America and Asia,
and least in Africa, as based on continent of the first author
(Figure 1A), may reflect that the re-orientation in weed science
toward including, among others, climate change issues, is still less
advanced in Asia and Africa (Ward et al., 2014).

Our finding that monocots are relatively more often studied in
weed science than in invasion science is not surprising given the
high number of monocot weeds in crop and grassland habitats as
compared alien monocot species in non-crop habitats (Daehler,
1998). Main plant traits and responses driving population
dynamics range from seed fate in the seed bank (Walck
et al., 2011), physiological seed dormancy (Ooi et al., 2012),
and accordingly seedling emergence pattern (Classen et al.,
2010), relative growth rate (Bütof et al., 2012), morphological
characteristics (Guerin et al., 2012) up to canopy structure
(Pangga et al., 2013), seed production (Nguyen et al., 2017),
environment maternal effects (Dwyer and Erickson, 2016), and
shifts in the weed flora (Peters et al., 2014), all being sensitive
to climate change effects. Climate change is expected to also
highly influence herbicide effects via changing herbicide uptake,
translocation, and metabolism (Varanasi et al., 2016). This may
also break herbicide selectivity and cause crop damage (Jursík
et al., 2020). Furthermore, resistant populations are expected
to arise via changes in herbicide effects under climate change
conditions (Refatti et al., 2019). However, climate change features
on weed biology often have been studied in isolation, focusing
on increase in temperature or CO2 only, and although such
basic knowledge is getting more readily available, so far only
few studies are addressing practical implementations to mitigate
climate change effects. Invasion scientists so far only rarely
investigated processes at a local range, such as plant traits
and the population dynamics of IAP. On the other hand,
modeling studies, often based on latitudinal or altitudinal climate
gradients, have been used more often in plant invasion science,
but could also be explored more often by weed scientists
to address expected outcomes of climate change at a larger
spatial scale.

Studies on the impact of the target plants and on their
management must be an important component of weed studies
under climate change, as weed science, fundamentally, has
been founded on the basis of weed management. Any study
on biology, evolution, ecology, physiology, and population
genetics is eventually looking for an approach to managing
weeds (Zimdahl, 2018). In line with this, the main conclusions
in weed science publications are expected to end up with a
recommendation to manage undesirable vegetation (https://
www.cambridge.org/core/journals/weed-science/information/
instructions-for-authors). On the other hand, impact and
management studies remain greatly neglected in plant invasion
science (Figure 2G). Invasion science has recently made
significant progress in classifying and conceptualizing invasion

processes (Wilson et al., 2020) and in documenting the increasing
number of invasions worldwide coupled with ever increasing
costs for the society, but these achievements are of little help
to practitioners confronted with alien invasive plants (Plank
et al., 2016; Nkambule et al., 2017; Zhang et al., 2020). Thus,
an increased focus on specific ecosystem and society impacts
of the target plant and on its management is greatly in need
when exploring outcomes of climate change for IAP, especially
to mitigate climate change effects for areas of high conservation
value presently under great risk from IAP (Slodowicz et al.,
2018).

Clearly, both disciplines could greatly benefit from more
evolutionary studies investigating changes in the genetic
composition within and among populations, thus both at the
local and larger regional scale. Rapid increases in herbicide
resistance have highlighted the ability of weeds to undergo
rapid evolutionary change, but as shown in a recent review
by Ziska et al. (2019), genetic changes in weed populations
in response to the rapid rise in atmospheric carbon dioxide
(CO2) and other associated changes in climate are only rarely
studied, but most likely to occur, with consequences for the
distribution, community composition, and herbicide efficacy.
Similarly, Müller-Schärer et al. (2020) and Sun et al. (2020b)
reviewed the increasing yet limited evidence of rapid post-
introduction evolution in IAP, and Sun et al. (2020c) and Sun
et al. (2020a) reviewed and discussed the potential ecological
and evolutionary outcomes for biological control management,
and its efficacy under present and future climate conditions. A
better understanding of such evolutionary processes will improve
our prediction of the adaptive potential, future spread and
management outcomes of harmful plants under climate change.

It remains to be further explored on how the recipient
communities may also be affected by climate change, either
directly (e.g., drought stress) or indirectly (e.g., change in land
use), which in turn will affect their susceptibility to, or impact on,
weeds and IAP. For instance, some of the worst weed invasions
in Wyoming (Cramer et al., 2008) and Ethiopia (Dong et al.,
2011; Degefa and Soromessa, 2015) occurred in areas where a
reduction in rainfall during the twentieth century led to the
abandonment of crop production; these habitats with a history
of soil disturbance were then overrun by invasive alien plants.
Also, crop species or varieties that use less water now being
used to mitigate climate change effects might also differently
respond to, or being impacted by, weed species. Under climate
change, populations of IAP may either migrate to follow suitable
environmental conditions in space without evolving, or they
might locally adapt to novel climatic conditions, with or without
migrating (Polechová et al., 2009; Sun et al., 2020b). The relative
importance of these two scenarios is still unclear. In weed
management, the expected accelerated evolution of herbicide
resistance under climate change, increased herbicide regulations
(e.g., the ban of numerous acting ingredients of herbicides) and a
reduction in the discovery of new active ingredients of herbicides,
is presently moving the field from herbicide dominated weed
management to Integrated Weed Management (IWM). How the
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outcome of such changes will be modulated by climate change,
still needs to be explored (Neve et al., 2009). To answer these
pressing questions in view of mitigating the expected increasing
impact of harmful plants on the environment and economy
under climate change, joint efforts across disciplines and country
are urgently needed.

Presently, in most countries, the two research fields are indeed
coming closer together, also as typical IAP are increasingly
reported from crop fields and native crop weeds are invading
adjacent non-crop land that, under climate change, may become
more suitable to the growth and development of certain weed
species. Thus, target habitats will increasingly overlap, which
earlier separated the two disciplines (Müller-Schärer et al., 2018).
This offers increased opportunities to jointly address issues of
harmful plants and by this, to synergize the strength of the two
disciplines. Only this joint effort may bring real advances in
understanding, predicting, and mitigating climate change effects
for both IAP and weeds.
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