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Introduction Although invasive non-native species have been stud-

ied extensively, their monitoring and management are of-
Biological invasions are a major threat to global biodi- ten inadequate (Pergl et al. 2020). Moreover, the great
versity and can have substantial socioeconomic costs. harm invasive non-native species cause tends to be
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underestimated by the public and their management of-
ten opposed (Courchamp et al. 2017). There is a need to
better understand societal awareness, perceptions, val-
ues, and attitudes toward invasive non-native species
and the level of societal support for management plans.
However, research to gauge these factors is rare and dif-
ficult to implement (Verbrugge et al. 2013; Lindemann-
Matthies 2016).

Conservation culturomics focuses on the study of hu-
man interactions with nature through the quantitative
analysis of voluminous digital data to aid conservation
(Ladle et al. 2016). It has great potential to inform in-
vasion science and practice by providing new oppor-
tunities to gauge societal awareness and attitudes to-
ward invasive non-native species. Digital data can also
provide information on distributions, spread dynamic,
life history, and impacts of invasive non-native species
within the framework of iEcology (Jari¢ et al. 2020). iE-
cology is the study of ecological patterns and processes
based on ecological data generated for other purposes
and stored digitally. Culturomics and iEcology use simi-
lar data sources, but iEcology focuses on broad ecolog-
ical patterns and processes, rather than human-nature
interactions.

Major applications of conservation culturomics and iE-
cology relevant to biological invasions include analysis of
internet search activity and social media to gauge societal
awareness and effects of information dissemination and
management; use of sentiment analysis to study societal
attitudes toward invasive non-native species and their
management; use of digital media for taxonomic identifi-
cation and early warning of invasive non-native species
introductions; assessment of geotagged digital media to
map and monitor distribution, spread, and impact of in-
vasive non-native species; and analysis of digital media
to study their life history, phenology, and novel biotic
interactions.

We examined the state of the art of invasion cultur-
omics and iEcology, explored potential applications for
invasive non-native species research and management,
and considered future challenges and developments in
these areas.

Awareness and Effects of Information Dissemination
and Management

Public awareness strongly affects public support for and
effectiveness of invasive non-native species manage-
ment (Fukano & Soga 2019). Culturomics can provide
voluminous and accurate spatiotemporal insights into
public awareness of invasive non-native species and
control measures. Public attention can be gauged using
internet salience (i.e., frequency of species names
online), web page visitation frequency (e.g., Wikipedia
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page views), and relative search volumes (e.g., through
internet search engines) (Correia et al. 2021 [this
issue]) (Fig. 1a). For example, Fukano and Soga (2019)
analyzed spatiotemporal trends in public attention to
fire ant (Solenopsis invicta) invasion in Japan based
on relative search volumes estimated using Google
Trends. Wyckhuys et al. (2019) studied internet salience
of invertebrate biological control agents in different
countries worldwide. Such studies provide information
on awareness-raising campaigns and public visibility of
management actions and help guide public policy by
identifying awareness gaps and priorities and providing
real-time awareness tracking (Wyckhuys et al. 2019).

Culturomics tools can also be used to explore pet
and ornamental species trade, such as societal attention
and preferences, charismatic traits driving interest and
choices, and online trade patterns. Such research can be
used to assess risks from these introduction pathways
(Measey et al. 2019).

Attitudes Toward Invasive Non—Native Species and
Management Measures

Researchers use R-based user-developed packages to
conduct sentiment analyses (Lennox et al. 2020; Cor-
reia et al. 2021). These analyses quantify polarity of at-
titudes expressed in texts by assigning sentiment values
to text strings based on algorithms and established lex-
icons (Lennox et al. 2020). Sentiment analysis provides
an inexpensive metric to examine public perceptions or
attitudes, for example, in support or opposition to man-
agement measures (Fig. 1b). For example, Mehmet et al.
(2018) applied sentiment analysis to assess stakeholder
attitudes toward management of an invasive fish in
Australia.

Sentiment analysis has been applied rarely in conserva-
tion and invasion science. Nevertheless, invasion scien-
tists tend to use militarized language (Larson 2005) that
can effectively be categorized by sentiment algorithms
for rapid assessment of large pools of data.

Taxonomic Identification and Early Warning of
Introductions

Early detection of the spread of invasive non-native
species improves chances of rapid and effective control
before species become established. Images and videos
posted on social media and online forums represent im-
portant sources of invasive non-native species records.
Imagery can be used for species identification and de-
tection of novel introductions or range expansions. This
can be accomplished either through assessment of dig-
ital data by expert teams or through machine-learning
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Figure 1. (a) Relative search volumes (Google Health-Trends-API) for Egyptian Goose (Alopochen aegyptiaca) in
Germany over 10 years (2009-2019; structural break in August 2015) (p< 0.01) (photo by V. Bubl) and (b)
results of a sentiment analysis of tweets on northern snakebead (Channa argus) invasion in the United States
posted during the period of bigh media attention (treatment) due to new records of species introductions (6-12
October 2019) and during a control period when there was no media attention (January-June 2019) (t test,
p<0.01) (vertical lines, median values; inset graph, U.S. public interest in northern snakebead from 2014 to 2019
based on Google Trends) and word clouds for the target period (left) and the first 6 months of 2019 (right) (photo

by B. Gratwicke). See Appendix S1 for method details.

methods. For example, Kalous et al. (2018) identified the
presence of two invasive fishes in the Czech Republic
based on images obtained from angler websites (Fig. 2a).
Similarly, Schifani and Palionelli (2018) identified an inva-
sive fly in Sicily based on biodiversity-focused internet
forums and Facebook groups.

Mapping and Monitoring Invasive Non—Native
Species Distribution, Spread, and Impact

Digital data and associated spatial information can pro-
vide valuable insights into the distribution of environ-
mental features, including invasive non-native species
ranges and spread (Proulx et al. 2014). Considerable
resources are invested each year to monitor invasive
non-native species status and distribution, which could
be supported and complemented by iEcology data, for
example, geotagged text, videos, and images posted
on social network and media-hosting platforms (e.g.,
Instagram and Twitter) (Daume 2016; Allain 2019) and
spatially differentiated relative search volumes (e.g.,
Google Trends) (Proulx et al. 2014; Fukano & Soga 2019)
(Fig. 2b). Such voluminous and instantaneously accessi-
ble data could prove key to quick assessments of distri-
bution and spread of many invasive non-native species.
Quuality, coverage, resolution, and reliability of these data
are expected to improve as use of the internet and so-

cial media grows, automation of web crawling meth-
ods increase, and geotagging features of digital data and
their integration with other information sources, such as
citizen-science data, improve.

Invasive Non—Native Species’ Life History, Phenology,
and Novel Biotic Interactions

Digital data can also be analyzed to address iEcology
research questions on population structure and dynam-
ics, life history, phenology, behavior, functional roles,
interspecific interactions, community dynamics and di-
versity, and regime shifts. For example, researchers can
use images to study morphology and biometry, videos
to study behavior, and spatiotemporal metadata to assess
phenology and interspecific co-occurrence (Jaric et al.
2020). Such applications are especially valuable for bi-
ological invasions, typically characterized by novel and
often unexpected interactions, ecosystem functions, and
life-history shifts, which makes timely information criti-
cal for effective management planning (Jaric et al. 2019).
For example, Daume (2016) studied invasive non-native
species phenology of vertebrate, insect, plant, and fungi
invasive species based on tweet contents, and Jagiello
et al. (2019) explored the behavior of an invasive mam-
mal with YouTube videos.
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Figure 2. (a) Images obtained from angler websites of North American buffalo fishes (Ictiobus sp.) in natural
environments in the Czech Republic (Kalous et al. 2018), (b) global distribution of Rose-ringed Parakeet
(Psittacula krameri) based on relative search volumes (Google Trends), BirdLife and Birds of the World data (purple
and yellow areas), and eBird distribution data (red points), and (c) directed network of the second-order
linked-out species from the English Wikipedia for the brown tree snake (Boiga irregularis) page (node size, relative
to number of views each page received from 1 July 2015 to 28 November 2019; arrows, direction of web links
between pages; node, taxonomic group; edge colors major interaction types between species). See Appendix S1 for

method details.
Challenges and Limitations

Key challenges when using culturomics and iEcology in-
clude inherent biases in the spatiotemporal representa-
tiveness of data, which are highly skewed toward the
last decade and areas with internet access, as well as
biases toward larger-bodied, charismatic and easily rec-
ognizable taxa, those found in more accessible habi-
tats, and those with more immediate impacts. Additional
risks arise from potential species misidentification gen-
erated by data producers, experts assessing digital data,
or by automated species identification software (Jaric
et al. 2020). As data accumulate, more hardware require-
ments and computational know-how will be needed.
Handling people’s uploaded data or online interactions
also presents ethical challenges (Di Minin et al. 2021 [this
issue]). Further developments in this field will depend
strongly on the involvement of interdisciplinary research
teams and cross-field collaborations. For more detailed
information on these and other challenges and limita-
tions, see Correia et al. (2021) and Jaric¢ et al. (2020).

Future Directions

Digital data and culturomic methods are becoming more
user-friendly, facilitating their uptake by the larger scien-
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tific community. This could greatly increase the volume
of available information on invasive non-native species,
especially once web crawlers are used more commonly
to automatically scrape the web, identify and validate
species’ mentions, and flag range expansions. Moreover,
these data open many avenues for novel research on in-
vasion management campaigns and societal interactions
with invasive non-native species at scales previously un-
fathomable. As the spread and effects of invasive non-
native species increase globally, new approaches and
tools will be needed to tackle this problem. Invasion
culturomics and iEcology represent promising options to
track and study invasions as well as societal attitudes and
interactions with invasive non-native species.
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