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Abstract

Environmental monitoring is increasingly shifting toward a set of systems that describe
changes in real time. In ecology specifically, a series of challenges have prevented the roll-
out of real-time monitoring for features such as biodiversity change or ecosystem service
provision. Conservation culturomics, a field concerned with interactions between people
and nature, is well placed to demonstrate how monitoring might move toward a network of
real-time platforms, given its existence exclusively in the digital realm. We examined a set of
considerations associated with the development of real-time monitoring platforms for con-
servation culturomics and introduce a near real-time platform for the Species Awareness
Index, a global index of changing biodiversity awareness derived from the rate of change in
page views for species on Wikipedia. This platform will update automatically each month,
operating in near real time (https://joemillard.shinyapps.io/Real_time_SAI/). There are
plans to make the underlying data queryable via an application programing interface inde-
pendent of the platform. The real-time Species Awareness Index will represent the first
real-time and entirely automated conservation culturomic platform and one of the first
real-time platforms in the discipline of ecology. Real-time monitoring for culturomics can
provide insight into human–nature interactions as they play out in the physical realm and
provide a framework for the development of real-time monitoring in ecology. Real-time
monitoring metrics can be processed on private virtual machines and hosted on publicly
available cloud services. Conservation now needs an online, real-time observatory that can
evolve with the structure of the web.
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Obtención de un sistema virtual de monitoreo en tiempo real para la culturomía de la
conservación
Resumen: El monitoreo ambiental se enfoca cada vez más en un conjunto de sistemas
que describen los cambios en tiempo real. En cuanto a la ecología, una serie de obstáculos
ha impedido el despliegue del monitoreo en tiempo real para funciones como el cambio en
la biodiversidad o el suministro de servicios ambientales. La culturomía de la conservación,
un campo enfocado en las interacciones entre las personas y la naturaleza, es una buena
opción para demostrar cómo el monitoreo podría transformarse en una red de platafor-
mas en tiempo real, dado que sólo existe en el ámbito digital. Analizamos una serie de
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consideraciones asociadas con el desarrollo de plataformas de monitoreo en tiempo real
para la culturomía de la conservación e introdujimos una plataforma casi en tiempo real
para el Índice de Conciencia de Especies, un índice mundial del cambio en la conciencia
sobre la biodiversidad derivado de la tasa de cambio en las visitas a las páginas de Wikipedia
de diferentes especies. Esta plataforma se actualizará automáticamente cada mes, por lo
que opera casi en tiempo real (https://joemillard.shinyapps.io/Real_time_SAI/). Existen
planes para hacer que los datos subyacentes sean consultables por medio de una interfaz
de programación de aplicaciones independiente de la plataforma. El Índice de Conciencia
de Especies en tiempo real será la primera plataforma de culturomía de la conservación
automatizada por completo y en tiempo real, así como una de las primeras plataformas
de este tipo para la disciplina de la ecología. El monitoreo en tiempo real de la culturomía
puede proporcionar información sobre las interacciones humano-naturaleza conforme se
desarrollan en el ámbito físico y también un marco de trabajo para el desarrollo del mon-
itoreo en tiempo real para la ecología. Las medidas del monitoreo en tiempo real pueden
procesarse en máquinas virtuales privadas y albergarse en servicios públicos de nubes de
almacenamiento. Hoy en día, la conservación necesita un observatorio en línea y en tiempo
real que pueda evolucionar con la estructura de la web.

PALABRAS CLAVE

culturomía de la conservación, índice de conciencia de especies, monitoreo automatizado, monitoreo en tiempo
real, Wikipedia
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INTRODUCTION

Real-time monitoring has revolutionized environmental man-
agement, offering insight and foresight on the risk of natural
and anthropogenic disasters (Smith et al., 2017) and influencing
human health and disease spread (Hadfield et al., 2018). Real-
time ecological and biodiversity monitoring could potentially
offer similar benefits, but has historically been constrained by
challenges in wide-scale manual data collection (Biber, 2013), as
well as a lack of infrastructure and expertise for automating anal-
yses and reporting. However, the development of monitoring
approaches, such as eDNA (Garlapati et al., 2019), remote sens-
ing (Steenweg et al., 2017), acoustics (Sethi et al., 2020), animal
satellite telemetry (Jetz et al., 2022; Wall et al., 2014), and cul-

turomics (Ladle et al., 2016), offers potential pathways toward
real-time monitoring of biodiversity and ecosystem services.

Conservation culturomics, a subfield of culturomics dedi-
cated to the study of human relationships with nature and
wildlife (Ladle et al., 2016), is ideally placed for the devel-
opment of real-time monitoring systems, given the required
data are found in the digital realm. The study of conserva-
tion culturomics has improved understanding of human–nature
interactions. For instance, conservation culturomics has shown
that interest in biodiversity increased during COVID-19 lock-
downs (Roll et al., 2021) and that interest in nature changes
according to season (Mittermeier et al., 2019). From a conser-
vation perspective, culturomics has revealed patterns of wildlife
trade (Li & Hu, 2021) and helped to gather information on
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FIGURE 1 Potential application and impact of real-time culturomics, depicting how it could be possible to leverage spikes in interest to support conservation
action.

wildlife-associated recreational activities (Monkman et al., 2018;
Otsuka & Yamakoshi, 2020). All of the above are changing the
conservationist’s understanding of human–nature interactions.

Online conservation culturomics platforms have previously
been developed for awareness of biodiversity (Caetano et al.,
2021; Cooper et al., 2019), but these lack updates in real time,
meaning they represent a static snapshot of public awareness.
This introduces a lag between data collection and resulting
publication, sometimes taking years; it is possible that results
become outdated by the time the publication is released. How-
ever, even if the results still hold after years in the publication
process, arguably, conservation culturomics insight is of great-
est value in the immediate term (i.e., in real time), so key players
driving conservation action can react to current opinion.

Real-time monitoring of awareness or interest in species
could offer actionable insight. For example, if interest in a
species spikes, policy makers and conservationists could tar-
get information on how people can help support this species.
Further, charities could target advertising toward this species
to gain increased support and funding, building on the traction
of temporarily high-profile species (Figure 1). Outside conven-
tional conservation culturomics, spikes in culturomic activity
(e.g., Twitter posts, Wikipedia searches, citizen science records)
could reveal protected areas at risk (Guedes-Santos et al., 2021)
or ecological phenomena and help address conservation issues.
For instance, a mobile app called Hornet Watch is currently
used for reporting sightings of the invasive Asian Hornet in the
United Kingdom, but this could be further enhanced by incor-
porating passive culturomic data from social media, enabling the
rapid implementation of management to prevent further spread
of an invasive species (CEH, 2017). Incorporating passive data
(e.g., insight into human–nature interaction extracted from gen-
eral sources like social media) into alert systems like Hornet
Watch could help target limited conservation resources, mak-
ing real-time culturomics platforms of great potential value to
the field of conservation.

We devised a set of considerations in building a real-time
conservation culturomics platform and introduce a near real-

time platform for the Species Awareness Index as a case study.
The Species Awareness Index describes the rate of change in
Wikipedia page views for approximately 40,000 species across
10 Wikipedia languages, adjusted for the background change
in each language (Millard et al., 2021). This platform is hosted
online as a Shiny app (https://joemillard.shinyapps.io/Real_
time_SAI/), which updates automatically each month through a
batch process that runs on a virtual machine. This real-time plat-
form is cost-effective, scalable, and implementable with modest
programing skills. We considered a future for real-time monitor-
ing in the context of conservation culturomics and the need for
long-term collaborative thinking.

CONSIDERATIONS FOR REAL-TIME
CONSERVATION CULTUROMICS

There are many challenges associated with the development of
real-time monitoring platforms for conservation culturomics:
platforms need to track robust metrics that have a meaningful
interpretation in real-time; platform hosting needs to be cost-
effective and computationally efficient; platforms need to be
built such that they account for the structure of application
programing interfaces (APIs) in terms of limits, permissions,
and potential changes; and platforms need to have a long-term
funding and maintenance plan, ideally linked to a particular
conservation or natural history institution with an in-house
informatics team. Many of the conservation culturomics con-
siderations we examined will also be valuable for any real-time
monitoring program in ecology.

Robust metrics of human–nature interactions

A prerequisite for any real-time conservation culturomics plat-
form is the development of robust metrics that take some
web-derived data sources as an input and then outputs a
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metric with a temporal dimension that meaningfully describes
some form of human–nature interaction. Correia et al. (2021)
summarize the general requirements for a conservation cultur-
omics metric, so we focused on the properties required for
real-time utility. Conservation culturomic metrics can be highly
abstracted describing human–nature interactions in a coarse
manner or specifically oriented toward a particular popula-
tion or behavior. Highly abstracted metrics include those that
aim to measure biodiversity awareness (Caetano et al., 2021;
Cooper et al., 2019; Millard et al., 2021) or broad engagement
with nature (Phillips et al., 2022; Roll et al., 2021). Specif-
ically oriented metrics include those that track interactions
between humans and particular species at a high taxonomic
or geographic resolution (Acerbi et al., 2020; Sbragaglia et al.,
2021).

For either highly abstracted or highly resolved human–nature
metrics, the temporal dimension is particularly important in
real-time monitoring for 2 key reasons. First, the metric needs
to be measured at a resolution sufficient to observe heterogene-
ity in the phenomena of interest. For example, seasonality of
human interest in biodiversity will not be detected if the cul-
turomics data of interest are measured at an annual resolution.
Some sources, such as Twitter data, are time-stamped at a very
high resolution (seconds) (Twitter, 2022a), making them highly
amenable to understanding high-resolution real-time insights,
whereas other data sources are aggregated at the daily resolution
(Wikimedia, 2022). Second, real-time metrics must be feasibly
derivable at the temporal resolution of interest. Each metric
must be at least as fast to derive as its data are collected (i.e.,
if data are collected hourly, but it takes more than an hour to
derive metrics for a given selection of data, the real-time metric
will begin to lag and become outdated). This may be problem-
atic when working with high-dimensional visual, text, or audio
data in which a series of computationally intensive steps may be
required to process the data before the derivation of any metric.

Unlike the publication of a conservation culturomics met-
ric in the academic literature, a real-time platform is uniquely
placed such that it can be updated according to current think-
ing in the academic community. This is particularly relevant to
metrics such as the Species Awareness Index (Millard et al.,
2021), which leans heavily on the methodological backbone of
the Living Planet Index. Although the Living Planet Index has
undergone multiple improvements (Collen et al., 2009; McRae
et al., 2017), it is still subject to criticism and suggestions for fur-
ther improvement (Leung et al., 2020; Puurtinen et al., 2022).
Moreover, metrics such as the Species Awareness Index (Mil-
lard et al., 2021) or Biodiversity Engagement Indicator (Cooper
et al., 2019) have not yet been sufficiently critiqued for full
understanding of the extent to which they are useful or mean-
ingful. As in the Living Planet Index (Ledger et al., 2022), the
authors of the Species Awareness Index are receptive to feed-
back to ensure that the field continues to evolve. In the manner
of living reviews (Elliott et al., 2014), updatable platforms that
can provide a robust current account of human–nature inter-
actions should be encouraged. For a full description of Species
Awareness Index limitations, see Millard et al. (2021).

Hosting a real-time platform

A real-time platform could be hosted on any website, but it
often requires specialized html programing skills, which are
uncommon among conservation culturomics researchers and
practitioners (Hampton et al., 2017). This skill gap could be
resolved by employing web developers, but this would inflate
the cost of platform development and maintenance. A practical
solution is to use established dashboard platforms like R Shiny
apps (Chang et al., 2023). Shiny apps are developed using R, and
R is a common programing language among quantitative con-
servationists (Lai et al., 2019); thus, apps can be developed and
maintained by conservation culturomics researchers. Shiny apps
are also cost-effective because the price depends on their use.
For high use, Shiny applications may struggle with high traffic
volume, in which case it could be worthwhile exploring services
such as ShinyProxy, which are better equipped for concurrent
application use (Open Analytics, 2022).

Although Shiny applications are suitable for hosting a
real-time platform, they are ill-equipped for the intensive com-
putation needed to derive conservation culturomic metrics. A
solution to this could be to use virtual machines or servers
as a back end to derive the metric and store associated data
and then to use Shiny as the front end for hosting the met-
ric. Examples of servers include Amazon web services (AWS,
2022), Microsoft Azure (Microsoft, 2022), and Google Cloud
(Google Cloud, 2022). These servers are already widely used in
high-performance computing applications (e.g., deep-learning
[Jauro et al., 2020]) and are cost-effective because charges are
generally proportional to use. By shifting all computation to
online servers, instead of local computers, there is less risk of
disruption from software updates or power outages. Data stor-
age on virtual machines could mean writing .rds or .csv files to
disk on the machine’s hard drive or writing monthly updates to
a structured relational database (e.g., MySQL or PostgreSQL).
Writing monthly updates to disk as separate .csv files means a
lower overhead on development and technical skills, but it is
more susceptible to data loss or overwriting and less efficient for
storage. Perhaps the biggest obstacle to using online servers is
researcher’s unfamiliarity with them; they can be dense and com-
plex to use. But, making this shift would increase the resilience
of platforms and improve their longevity.

Accounting for the structure of APIs

The data used in conservation culturomics metrics are often
drawn from APIs (defined above), which allow online-hosted
data sets to be queried and downloaded. These APIs are
dynamic in nature because they host a constant stream of new
data. They are also subject to changing terms of use, can alter
the format data are provided in, and can shift download lim-
its (often called rate limits, meaning the rate at which data can
be requested from the API). These changes in data usage rights
and format could cause a platform to fail. It is likely a program
of long-term maintenance would be needed to address these
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problems. It is also important that the community of researchers
using and maintaining these real-time platforms develop
relationships with and receive communication from data
providers, to foresee and address changes before the platform
fails.

Although API changes will need to be addressed to pre-
vent platforms from failing, it is worth noting that changes
in API use will not always be restrictive. For example, Twit-
ter has recently changed their policy to boost API access for
academics (Twitter, 2022a). Previously researchers could only
download a small selection of recent Tweets, but these restric-
tive download limits were then removed for academic research
purposes, enabling access to the full catalogue, before being
quickly reinstated in February 2023. This volatility in access
presents challenges and opportunities for conservation cultur-
omics dashboards to not just monitor real-time changes, but
also historical change.

Caution needs to be applied when using online culturomics
data sets that store human–nature data. From a practical and
legal perspective, websites such as Wikipedia and Twitter have
strict API restrictions, in terms of the purpose, regularity, pat-
tern, and quantity of requests. If a user (IP address) breaks these
terms, they risk being blocked, potentially permanently (Twitter,
2022b). Further, the licenses for using data from websites like
Wikipedia and Twitter often prevent the sharing of raw data and
only allow the presentation of aggregated data. Finally, although
the data are publicly available, there are still ethical considera-
tions for using these data sets (Di Minin et al., 2021). Websites
with personal profiles and data such as Twitter or Flickr should
be used carefully. It is important that any culturomics appli-
cation, real time or not, abide by the highest ethical and legal
standards (Correia et al., 2021; Thompson et al., 2021).

Developing a funding plan for the long-term

We propose that a clear, consistent, and long-term funding plan
(i.e., depicting the resources needed to ensure sufficient per-
sonnel for the long-term improvement and maintenance of the
platform) be developed to allow real-time conservation cultur-
omics platforms to run with longevity. It is also important that
funding be available to handle the cost associated with virtual
machines, servers, and Shiny apps, with contingency planning
in place to handle changing prices. Given these funding require-
ments and the uncertainty associated with academic funding
streams, academia may not be the best place for real-time plat-
forms to be maintained. One option could be to host the
real-time platform with a conservation or natural history orga-
nization that has an established informatics team and sits within
a network of practitioners that could make use of the plat-
form (e.g., Royal Society for the Protection of Birds [RSPB],
Zoological Society of London [ZSL], Birdlife International,
International Union for the Conservation of Nature [IUCN],
UN Environment Programme World Conservation Monitoring
Centre [UNEP-WCMC], natural history museums). Perhaps the
ideal location would be to embed conservation culturomics plat-
forms within the framework of essential biodiversity variables

(e.g., moving from solely tracking changes in biodiversity to also
tracking changes in people’s relationship with biodiversity; cur-
rently led by the Group on Earth Observations Biodiversity
Observation Network [GEO-BON]).

A NEAR REAL-TIME SPECIES
AWARENESS INDEX

To provide a practical example of a real-time conservation cul-
turomics metric, we converted the static Species Awareness
Index into a (near) real-time product. The Species Awareness
Index describes the dynamics of Wikipedia page views for more
than 40,000 species, offering a unique insight into public inter-
est across taxonomic groups over time. The Species Awareness
Index is designed for use at global scales, lacks spatial infor-
mation, and has a wide array of potential uses and users. With
up-to-date information, the Species Awareness Index could be
incorporated into global monitoring initiatives, such as GEO-
BON’s essential biodiversity variables, or used by governmental
and nongovernmental organizations to track changing interest
in biodiversity at a global scale. This is a critical gap in exist-
ing extinction risk indices like the Living Planet Index because
fluctuating interest in biodiversity will likely alter realized bio-
diversity patterns (e.g., if interest in biodiversity increases, this
could have a downstream effect on biodiversity change). The
Species Awareness Index could also be used to track the societal
extinction of species (i.e., species vanishing from our collective
memories, knowledge, and cultures) (Jarić et al., 2022), as a com-
plement to biological extinction measured through metrics such
as the IUCN Red List Index (Butchart et al., 2007), the Living
Planet Index (Collen et al., 2009), or the Biodiversity Intactness
Index (De Palma et al., 2021) (Figure 2).

With the Species Awareness Index, there is also the potential
to conduct pre- and poststudies on interventions (e.g., release
of the IPBES report [IPBES, 2019]) and events (e.g., media
attention following the hunting of Cecil the Lion) and tailor
communication strategies accordingly. For instance, if global
interest in large carnivores spikes, this could be the prime oppor-
tunity to educate the public on why these species are threatened
and how the behavior of people can help protect them. Con-
verting the static Species Awareness Index into a near real-time
version also addresses an existing Species Awareness Index
limitation, shared by other conservation culturomics indices.
Specifically, the static Species Awareness Index has not been
updated since early 2020, in a period when dynamics may be
highly volatile (e.g., changing relationships with nature during
the pandemic [e.g., Roll et al., 2021]). Other limitations exist
(Millard et al., 2021).

For other conservation culturomics metrics with the added
spatial component, the use cases are even greater. For instance,
a spike in interest of 1 taxonomic group and 1 location (e.g.,
return of migrant birds to Europe) could be an opportune
moment to seek conservation funds to protect these threatened
species. One could argue that many ecological phenomena are
cyclical and seasonal, simply following the phenology of species
ecology, and so a real-time system is of little value. However,
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FIGURE 2 The Species Awareness Index as an essential biodiversity variable. The index (right panel) could accompany other near-real indices, such as the
International Union for the Conservation of Nature Red List Index (middle panel [Butchart et al., 2007]) and Living Planet index (left panel [Collen et al., 2009]), to
describe changing extinction risk and wildlife population trends, respectively.

this is a flawed argument because people will not have the same
interest in all phenological phenomena, so tracking real-time
conservation culturomics can help target particular areas that
are high profile; phenology is variable among taxa, time, and
space (e.g., migrant birds can return anytime from February to
May); and real-time conservation culturomics presents the pos-
sibility of tracking irregular and extreme events (e.g., Cecil the
Lion).

The near real-time Species Awareness Index is a prototype.
Development will inevitably be a continual process, as bugs
are overcome and new features added. Its development was a
challenging endeavor. Much of the discussion on development
assumes the reader is familiar with the Species Awareness Index
itself (Millard et al., 2021).

Changes to the core Species Awareness Index
code

In the original Species Awareness Index publication, much of
the code we wrote relied on the R package rLPI (Institute of
Zoology, Zoological Society of London, 2022). The rLPI is a
package designed specifically for the calculation of the Living
Planet Index (LPI), an aggregated trend representing the aver-
age change in abundance of many vertebrate populations. Given
that the Species Awareness Index is inspired by the LPI, it made
sense at the initial stage to apply it to Wikipedia views. For a
couple of reasons, we moved away from the rLPI package and
instead developed a set of scripts specifically for the Species
Awareness Index. First, to be amenable for use with the rLPI
package, Wikipedia view data needed to be reformatted to look
like a set of population trends. With reformatting, the more
informative Wikipedia-specific column names can be used. Sec-
ond, rLPI contains a large quantity of additional code that we
did not require in the Species Awareness Index. For example,
rLPI automatically bootstraps species page trends before they
are adjusted for change in a random set of pages.

In addition to the changes above, at present we do not jack-
knife the bootstrapped trend of random-adjusted species pages
or include a weighting. In the original version of the code, boot-
strapped trends were jackknifed by language, with influential
languages then removed from the overall trend. Previously, this
resulted in the removal of the French language from the over-
all trend and the trend broken down by taxonomic class. Our
eventual intention is to automatically jackknife the trend by lan-
guage each month, calculate some parameter that summarizes
the influence of individual languages, and then remove any lan-
guage that surpasses a particular threshold of influence. For
now, however, this has not been implemented, but represents a
priority for further development. Currently, users should be cau-
tious in interpreting the overall and class-level indices because
these are likely heavily influenced by change in the French lan-
guage (see Millard et al. [2021] for an explanation as to why this
is the case). In the Supporting Information of our original paper
(Millard et al., 2021), we explored a set of weightings by total
internet users and the number of species in which a language
is represented. Again, for both these weightings, we do not yet
have an implementation in our real-time version, but we intend
to implement both.

Building the platform interface

The real-time Species Awareness Index is hosted online on
a Shiny app (https://joemillard.shinyapps.io/Real_time_SAI/),
which updates automatically through monthly writes to an AWS
droplet. We used this approach because Shiny is written explic-
itly to integrate with R. Given that the Species Awareness Index
code is written in R, it therefore made sense to build the plat-
form in Shiny because we could just carry over all the ggplot2
code (Wickham et al., 2022) used to build the visualizations
on the trends page. At the moment, the platform is hosted at
shinyapps.io under RStudio’s free hosting. Although free host-
ing is sufficient for a prototype, our long-term intention is to
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FIGURE 3 Schematic summary of the real-time Species Awareness Index pipeline that runs on a virtual machine each month (right, software running on a
virtual machine; left, publicly available cloud service software). Each month a new set of views from the Wikipedia API (according to the date of the previous set)
downloads to the virtual machine (VM) and the daily average views per month for the random and species pages are calculated. These files are written to the virtual
machine hard disk drive (HDD) (script 00). That initial Python script runs 7 other scripts that result in 4 rds files, each of which is written to an Amazon Web
Services (AWS) droplet on the cloud and then read into R Shiny whenever the platform is visited. The Shiny platform can then depict the key outputs from the
Species Awareness Index (4 graphs in right-most panel, the contents of which are not to be interpreted within this figure).

shift to ShinyProxy, which enables enterprise-level traffic han-
dling under an open-source model (Open Analytics, 2022). Such
a change will require bundling the platform into an R package,
which can then be installed via a Docker image (Docker, 2022).

Summary of the whole real-time Species
Awareness Index pipeline

Although R Shiny is convenient as a tool due to its integration
with R, this close integration makes it tempting to run large
quantities of R code as each instance of the app is initiated. In
the case of the Species Awareness Index, this would mean run-
ning a pipeline that takes a number of hours each time a user
wants to view a specific trend. Such a time lag before viewing
the Species Awareness Index trends would render the platform
unusable. Therefore, we opted to shift all core Species Aware-
ness Index code and Wikipedia view downloads off the app,
with this running in the background on a virtual machine in
a batch Python process each month. The output of this batch
process is then written to an AWS droplet from which the Shiny
app reads each time the URL is visited by a user. By building the
platform in this way, Shiny will always request from the most
recent version of the Species Awareness Index output, and it
will only ever take as long to load as it does to generate the set
of ggplots on the trends page. Below we describe each core step
of the real-time Species Awareness Index pipeline that runs each
month (Figure 3 contains a schematic of each core step in the

pipeline). We do not describe the structure of our Shiny app
itself because this software functions solely to visualize the data
outputted by the monthly batch process.

In the first step, each month a Python script downloads
Wikipedia views from each of the species and random pages
previously included in the original Species Awareness Index
publication (see Millard et al., 2021) and calculates an average
number of daily views per month for each page. The underly-
ing taxonomy and main Wikipedia page name for each of these
species was taken from a Onezoom download (Wong & Rosin-
dell, 2022), and the random pages were identified using the
Random Page Wikipedia API (as in Millard et al. [2021]). We
did not download a different set of random pages each month
for each language because this would represent significant addi-
tional overhead, even without considering the need to download
new time series for the whole period with each passing month.
In the long term, our intention is to further test the influence
of random page selection and potentially include a download of
new complete series random pages each month.

To ensure that at each month the new download starts from
the previous month, at the top of our batch Python script we
read in the most recent version of the overall Species Awareness
Index trend (from the local directory of a virtual machine). This
file contains a date column containing all dates from the begin-
ning to the current end of the time series. The Wikipedia API
download then starts from the last month of that date column to
the most recent month beyond that date column. Following the
download completion of each taxonomic class in each language
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FIGURE 4 Four stages and considerations in each stage in a general framework for development of a real-time monitoring program in ecology (AWS, Amazon
Web Services; IT, information technology).

and each random page in each language, all of these average daily
views per month are then written to disk on a virtual machine
with a unique time-stamped file name.

After the Wikipedia view download is complete, that same
Python script then executes a set of R scripts on the vir-
tual machine that run all of the relevant Species Awareness
Index code. This batch process consists of 7 scripts that run in
sequence: first, derivation of individual species page view trends;
second, derivation of individual random page view trends; and
third, bootstrapping of the random page view trend in each lan-
guage. The fourth, fifth, sixth, and seventh scripts adjust change
in species page views with change in a random set of pages and
then generate each of the data files underpinning each of the
graphs on the trends page of the platform. These 4 files are
stored in an AWS droplet from which the Shiny app reads each
time the platform is engaged. Each of these files are also made
available for download on the download page of the platform.
Our reasoning for hosting only these Shiny inputs on AWS is in
part to keep cloud storage costs down, but also to ensure that
the Shiny app can access these files once it has been deployed
(i.e., code running on our virtual machine can access local direc-
tories on that virtual machine, but a deployed Shiny app cannot).
In the future, our intention is to pivot our data storage to
some form of SQL database with an associated API, which the
Shiny app would request from at start-up. Researchers would
then also be able to request subsets of random-adjusted species
trends, for particular species, groups of species, languages, or
time periods.

ENVISIONING A FUTURE FOR
REAL-TIME MONITORING IN ECOLOGY

In the future, we hope that real-time monitoring platforms of
the sort we built can sit within an online observatory of sim-

ilar metrics. Such a platform would help to realize the aim of
many in the conservation culturomics community (Jarić et al.,
2020): an observatory that tracks analogues of societal extinc-
tion (Jarić et al., 2022). Ideally, such a monitoring system would
incorporate a number of data sets, including Wikipedia, Baidu-
Baike, Twitter, and Google, to capture a broad demographic and
geographic distribution of users. An important consideration,
however, is ensuring derived metrics are useful. Given real-
time metrics carry a cost of development and maintenance, it is
vital that developed metrics add value. The conservation cultur-
omics researcher community should work closely with external
stakeholders to codesign the next generation of conservation
culturomics indices. Regardless of these problems, however, a
real-time digital observatory is feasible because the underlying
infrastructure in leveraging a real-time platform will be the same
irrespective of data source.

Developing a real-time observatory of conservation cultur-
omics data is a natural first step because an extensive array of
data sources exist in the digital realm and so are amenable to
the automated workflow we presented. However, this workflow
could also form the basis of a general framework for real-time
monitoring in ecology, defined by 4 stages: data are collected
in real time; on a virtual machine, collected data are processed
into metrics of change; metrics of change are visualized with
a front-end tool such as R Shiny; and the front-end platforms
deliver insight to policy makers in near real time (Figure 4).
With the increasing development of automated data collection
approaches in ecology, such as networked camera traps, which
provide a continual stream of temporally and spatially resolved
images (Wearn et al., 2017), there is a substantial opportunity
for real-time monitoring in conservation culturomics and ecol-
ogy more generally (Besson et al., 2022). Such a development
would help realize a core aim of the CBD (Convention on Biol-
ogy Diversity): a set of ambitious and modern indicators that
are compiled and updated regularly (UNEP CBD, 2021).
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SUMMARY

Given the large amounts of relevant digital data now available,
conservation culturomics is ideally placed to lead the way in
real-time monitoring. Our new platform is an ongoing project
in which new features will be added and bugs fixed on a con-
tinual basis. Such a platform demonstrates the potential of
conservation culturomics to provide insights on human–nature
interactions as they play out in the physical realm. Our hope is
that conservation culturomics researchers can come together to
build a suite of real-time monitoring platforms that incorporate
data from multiple online sources to help realize a core aim of
the conservation culturomics community.

ACKNOWLEDGMENTS

First and foremost, we thank Wikipedia for providing freely
accessible page view data via their APIs. We also thank One-
zoom (J. Rosindell and Y. Wong) for supplying taxonomic ref-
erence data and the RSPB, NERC (GLiTRS, NE/V006800/1),
the London NERC DTP, A. Purvis, R. Gregory, and M. Mills,
who provided support, funding, or both during the devel-
opment of this platform. Finally, we thank A. Cardwell for
infographic development.

ORCID

Thomas Frederick Johnson https://orcid.org/0000-0002-6363-
1825

REFERENCES

Acerbi, A., Kerhoas, D., Webber, A. D., McCabe, G., Mittermeier, R. A., &
Schwitzer, C. (2020). The impact of the “World’s 25 Most Endangered Pri-
mates” list on scientific publications and media. Journal for Nature Conservation,
54, 125794.

Amazon Web Services (AWS). (2022). Cloud computing services. https://aws.
amazon.com/

Besson, M., Alison, J., Bjerge, K., Gorochowski, T. E., Høye, T. T., Jucker,
T., Mann, H. M. R., & Clements, C. F. (2022). Towards the fully auto-
mated monitoring of ecological communities. Ecology Letters, 25(12), 2753–
2775.

Biber, E. (2013). The challenge of collecting and using environmental
monitoring data. Ecology and Society, 18(4), 68.

Butchart, S. H. M., Akçakaya, H. R., Chanson, J., Baillie, J. E. M., Collen, B.,
Quader, S., Turner, W. R., Amin, R., Stuart, S. N., & Hilton-Taylor, C. (2007).
Improvements to the Red List Index. PLoS ONE, 2, e140. https://doi.org/
10.1371/journal.pone.0000140

Caetano, G., Roll, U., & Verissimo, D. (2021). Measuring global awareness of nature.
On the Edge Conservation. https://doi.org/10.13140/RG.2.2.26970.06088

Centre for Ecology and Hydrology (CEH). (2017). Asian hornet watch. Author.
Chang, W., Cheng, J., Allaire, J. J., Sievert, C., Schloerke, B., Xie, Y., Allen, J.,

McPherson, J., Dipert, A., & Borges, B. (2023). shiny: Web application framework

for R. R package.
Collen, B., Loh, J., Whitmee, S., McRAE, L., Amin, R., & Baillie, J. E. M.

(2009). Monitoring change in vertebrate abundance: The living planet index.
Conservation Biology, 23, 317–327.

Correia, R. A., Ladle, R., Jaric, I., Malhado, A., Mittermeier, J., Roll, U., Soriano-
Redondo, A., Verissimo, D., Fink, C., Hausmann, A., Guedes-Santos, J.,
Vardi, R., & Di Minin, E. (2021). Digital data sources and methods for
conservation culturomics. Conservation Biology, 35(2), 398–411.

Cooper, M. W., Di Minin, E., Hausmann, A., Qin, S., Schwartz, A. J., & Correia,
R. A. (2019). Developing a global indicator for Aichi Target 1 by merg-
ing online data sources to measure biodiversity awareness and engagement.
Biological Conservation, 230, 29–36.

De Palma, A., Hoskins, A., Gonzalez, R. E., Börger, L., Newbold, T., Sanchez-
Ortiz, K., Ferrier, S., & Purvis, A. (2021). Annual changes in the Biodiversity
Intactness Index in tropical and subtropical forest biomes, 2001–2012.
Scientific Reports, 11, 20249.

Di Minin, E., Fink, C., Hausmann, A., Kremer, J., & Kulkarni, R. (2021). How to
address data privacy concerns when using social media data in conservation
science. Conservation Biology, 35, 437–446.

Docker. (2022). Home - Docker. https://www.docker.com/
Elliott, J. H., Turner, T., Clavisi, O., Thomas, J., Higgins, J. P. T., Mavergames, C.,

& Gruen, R. L. (2014). Living systematic reviews: An emerging opportunity
to narrow the evidence-practice gap. PLoS Medicine, 11, e1001603. https://
doi.org/10.1371/journal.pmed.1001603

Garlapati, D., Charankumar, B., Ramu, K., Madeswaran, P., & Ramana Murthy,
M. V. (2019). A review on the applications and recent advances in envi-
ronmental DNA (eDNA) metagenomics. Reviews in Environmental Science and

Biotechnology, 18, 389–411.
Google Cloud. (2022). Cloud Computing Services. https://cloud.google.com/
Guedes-Santos, J., Correia, R., Malhado, A., & Ladle, R. J. (2021). A dig-

ital approach to quantifying political vulnerability of protected areas.
Environmental Science & Policy, 124, 616–626.

Hadfield, J., Megill, C., Bell, S. M., Huddleston, J., Potter, B., Callender, C.,
Sagulenko, P., Bedford, T., & Neher, R. A. (2018). Nextstrain: Real-time
tracking of pathogen evolution. Bioinformatics, 34(23), 4121–4123.

Hampton, S. E., Jones, M. B., Wasser, L. A., Schildhauer, M. P., Supp, S. R., Brun,
J., Hernandez, R. R., Boettiger, C., Collins, S. L., Gross, L. J., Fernández, D.
S., Budden, A., White, E. P., Teal, T. K., Labou, S. G., & Aukema, J. E. (2017).
Skills and knowledge for data-intensive environmental research. Bioscience, 67,
546–557.

Institute of Zoology, Zoological Society of London. (2022). rlpi package (beta).
Author.

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Ser-
vices (IPBES). (2019). Global assessment report on biodiversity and ecosystem services

of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services.
IPBES Secretariat. https://doi.org/10.5281/zenodo.3831673
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