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Abstract

Social issues, Al, and climate change are just a few of the disruptive focuses impacting science.
The field of GlScience is well positioned to respond to accelerating disruptions due to the
interdisciplinary nature of the field and the ability of GIScience approaches to be used in
support of decision-making. This manuscript aims to start a conversation that will establish a
research agenda for GIScience in an age of disruptions. We outline three guiding principles: (1)
focusing on the relevance and real-world impact of research, (2) adopting systems-based thinking
and contextual approaches and (3) emphasizing inclusive practices. We then outline prioritized
research areas organized by what topics are important focal areas (Data and Infrastructure,
Artificial Intelligence, and Causality and Generalizability), and what approaches to science we
should be attentive to (Impactful Open Science, Collaborative and Convergent Science, and
through Diverse Participation and Partnerships). We conclude with a call to increase impact by
balancing slow science with practical and policy-oriented research. We also recognize that while
broad adoption of spatial approaches is a signal of GIScience’s success, we should continue to
work together to advance core knowledge centered on spatial thinking and approaches.

Keywords
Modern GlScience; research agenda; GeoAl; DEI; open science

Introduction

Disruptive changes in society and the environment dramatically alter the functioning

of systems, which can challenge existing understanding, push scientific inquiry in new
directions, and alter research practices. Almost all scientific disciplines and research
environments are experiencing unprecedented disruption. Some of these disruptions stem
from shifts in society, such as those driven by the COVID-19 pandemic, while others

have emerged from technological developments. Examples of the latter include the
explosive growth of generative artificial intelligence (Al) and the rapid advancement of
high-performance computing. Combined with political divisiveness, these technologies can
be manipulated to produce misinformation and cause social upheaval. Still other disruptions
reflect shifts in values, such as a sharpening focus on equity and inclusion, or environmental
degradation, like the dual climate change and biodiversity crises threatening over a million
species with extinction (Tollefson 2019). Individually and collectively, these disruptions
have the potential to fundamentally alter life on earth.

While disruptions change the practice of science, there is a more fundamental reformation
occurring in the way in which scientific problems are approached. Data-intensive scientific
discovery has shifted which products researchers prioritize and pursue. Expansion of
cyberinfrastructure ecosystems and algorithmic advances in Al have created new modes

of discovery that challenge long-standing practices and open the possibility of widespread
social reorganization. At the same time, climate change and ongoing advances in
communication continue to alter the physical and human geography of the planet, as

well as human-environment interactions, evolving the theoretical and empirical foundations
on which our discipline is rooted. Disruptions also raise ethical questions about science
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practices and bring into focus structural barriers to equity and participation in science that
require revisions to how research and education are conducted (Nelson et al. 2022).

All signs suggest that these major disruptions to science will continue. As such, it is
judicious to pause and consider how GIScience should respond to these disruptions and
what role GlScientists can play in leading the blending of science and technology while
also helping to avert negative consequences that may stem from these disruptions. At its
core, GIScience has two aims: first, to discover new knowledge about the geographic
world, and second, to use GIS to discover new knowledge in substantive application.
Through these aims, GIScientists have built a legacy of informed decision-making related
to physical and human environments while also evolving with other disciplinary contexts.
Disruptions provide an opportunity to examine how GlScientists can lead the discovery of
new geographic knowledge while also asking what those same researchers can learn from
these disruptions about our own discipline.

Here, we argue that it is essential for GIScientists to respond to today’s disruptions
collectively. Our field sits at the intersection of rapidly changing technology and society

and has a legacy of providing information for informed decision-making related to physical
and human environments. Perhaps every generation of scholars may claim their challenges
are the most significant, and their problems are the biggest. We posit that the scale of today’s
challenges is truly global and will benefit from a coordinated scientific response. Therefore,
this paper aims to start establishing a research agenda for GlScience in an age of disruptions.

Many of the points raised below arose during discussions at a specialist meeting held in
Santa Barbara, California, on December 8-9, 2023 where 25 GlScientists across academia
and industry came together to discuss ideas on how the field should be positioning itself
amid disruptions to science. An open call was issued for participation, and the organizing
committee made selections with the intention of ensuring diverse participation across
academia and industry, career stages, continents, institutional missions, gender and race.
We acknowledge that GlIScience still has work to do in broadening diverse participation,
especially across racial groups. To that end, we begin by discussing common themes that
arose from the meeting, which provide a framework for principles that could guide a
research agenda for modern GlScience. Following this, we then outline priorities for a
research agenda, focusing on broad approaches that can guide the field.

Guiding principles for a modern GlIScience research agenda

A consistent theme during the meeting is that the field of GIScience, and more broadly
geography, urban and regional planning and allied fields, must move the goal of creating a
better worldforward on the disciplinary research agenda. While the need for actionable
research designed to create local-to-global solutions is not new, the multifaceted and
multi-scalar nature of disruptive challenges has sharpened the need for research attuned

to cascading effects across locations, time, and social strata. Using place as a system

for indexing the world, GIScience naturally lends itself to the development of solutions

that consider complexity, contextual effects, human-environment interactions, and flows.
However, the balance between using GlScience to: (1) discover new domain knowledge that
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can be used to change the world, and (2) build the foundational infrastructure for spatial
data analytics has shifted in favor of the latter. Merging these two streams and orienting

the resulting effort toward disruptions, such as climate change and societal transformation,
will contribute to building a better world. We believe this goal and approach can act as a
metaphorical lighthouse for the GIScience community. Addressing both research streams
will enable researchers, practitioners, decision makers, and funding agencies to navigate the
choppy seas of disruption. To facilitate this shift, we define three guiding principles: (1)
focusing on the relevance and real-world impact of research, (2) adopting systems-based
thinking and contextual approaches, and (3) emphasizing inclusive practices (Figure 1).

Focusing on relevance and impact

Early in the field’s history, GlIScientists were aware of the field’s massive potential to inform
decision-making (Pickles 1991). Those early insights remain salient and can motivate a
continued commitment to connect research to problems and issues of the day. Committing
to impactful research is also strategic. Broadly impacting and benefiting society is a central
goal of the U.S. National Science Foundation, National Institutes of Health, and other
national funding agencies worldwide. Emphasizing impact will also aid in attracting bright
and diverse minds to GlScience. A notable shift in the motivation of graduate students and
junior academics can be observed. They aim to discover knowledge while implementing
solutions for a better world. Of course, GlScience will always need fundamental research

as the world changes. Subsequently, new methods must be developed and tested in light

of those changes. However, even fundamental research can be designed to look outward

and consider future applications, generalizability, and impact. GlScience has knowledge and
solutions relevant to some of the world’s biggest issues, which could be deployed to move
beyond traditional research and guide the translation of science into policy and practice. For
example, in cases where effective interventions have already been identified, the research
needed may be about how to best implement them across heterogeneous locations, or how
to work with communities to measure their impacts as things change (Bardin and Kedron
2022).

Adopting systems and contextual approaches

Relevance and impact can be achieved by embracing and leveraging the unique advantages
of a geographic approach rooted in systems thinking and consideration of context.
Whether linked to social systems (Henderson ef al. 2002, Binz and Truffer 2017),

natural systems (Wu and David 2002, Haines-Young et al. 2003), or socio-ecological
systems (Binder ef al. 2013, Sundstrom et al. 2023), systems thinking emphasizes the
functional connections between its parts that are localized in, and interacting across, specific
geographic contexts. Understanding how dynamic behavior emerges from interactions
between system components is critical to generating evidence that can be used to create
effective interventions that address disruptive change. GlScience can support systems
thinking by providing the digital infrastructure needed to represent and analyze a wide
variety of interconnected components and evaluate interventions made within them. As
adaptations to climate change emerge across the globe, assessments of whether those
interventions work, or will work in other locations, will also depend on the infrastructure
and analytical techniques of GlScience. Stated simply, location is the common support
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for the diversity of data needed to analyze complex, disruptive change; and GIScience

is the discipline that develops foundational knowledge on how to represent, analyze, and
communicate location data. For this reason, GIScience and the systems and contextual
approaches it supports can be the cornerstone of efforts to create a better world.

Emphasizing inclusive practices

The challenges facing the world require an “all hands on deck’ approach, and while the
idea of everyone working together is conceptually attractive, the practice of inclusion is
surprisingly hard because it requires individuals to restructure their approach and even
fundamentally change what is valued (Nelson et al. 2022). Inclusion is foundational

to GlScience, reflecting the field’s long-standing commitment to participatory methods,
specifically Participatory GIS. As such, inclusion is not just a contemporary ideal but

a continuation of GlScience tradition, involving various voices, actors, disciplines, and
viewpoints in the research process (Brown and Kytt4 2014). The principle of inclusion is
increasingly crucial as we face global challenges, requiring us to harness the collective
strength and wisdom of all. Hence, the concept of inclusion needs to evolve to empower
participation of other academic disciplines, people, and communities from a broad range
of racial, ethnic, and indigenous backgrounds, genders, abilities, sexual orientations, and
other identities. Inclusion also means actively engaging with and respecting the voices,
lived experiences, and knowledge of different groups, especially those that are underserved
or historically oppressed. The practice of inclusion is an ongoing process that requires
continuous dialogue and feedback.

Elements of a modern GlScience research agenda

Guided by the goal of making a better world through GlScience and the principles of
focusing on relevance and impact, adopting systems thinking and contextual approaches,
and emphasizing inclusive practices, we highlight several research priorities for GIScience
in terms of whatwe should focus on (Data and Infrastructure, Artificial Intelligence,

and Causality and Generalizability) as well a #ow (through Impactful Open Science,
Collaborative and Convergent Science, and through Diverse Participation and Partnerships)
we face disruptions.

Data and Infrastructure

GIScience is increasingly data-led; new areas of inquiry open as new sources of data become
available (Miller and Goodchild 2015). Engaging with developments that are advancing

data is a strength, not a weakness, particularly when these engagements advance methods,
theory, and/or provide actionable insights into the dynamic social/physical world. Given this
data-led nature, ensuring healthy disciplinary growth requires a number of actions from the
scientific community, as described below.

First, it is essential for GIScientists to engage in the data production process (Arribas-Bel

et al. 2021) so that the resulting data can ultimately be used for spatial data analysis

and the limitations and assumptions are transparent. Collaborative data production requires
direct engagement with data producers to ensure that spatial data enables scientific inquiries
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around geographic concerns. This engagement can also mean designing data models that are
capable of capturing complex social/environmental processes at high spatial and temporal
frequency. Additionally, collaborative data production necessitates the ability to quantify
phenomena that are typically over-looked in datasets and digital traces, such as those
pertinent to underrepresented populations or remote/sparsely populated areas. Engaging
with the data production process is also key to overcome ethical considerations around data
access.

The rise of novel sources of digital spatial data has opened unique opportunities to measure
social and environmental processes in real-time, at higher spatial and temporal resolution,
and by an increasingly diverse ecosystem of providers (Rowe et al. 2023). However, the
evolving nature of data and the complexity of the data provider ecosystem mean that data
are often patchy with uncertain provenance. For example, many forms of widely used ‘data
are often produced from models that attempt to estimate missing values, such as Google’s
demographic ad-targeting database, which often estimates a person’s gender based on the
websites they visit. In the United States, the official source of income data (the American
Community Survey) estimates income v/a a statistical model for nearly 1/3 of respondents,
meaning that 1/3 of the income “data’ in the United States is actually modeled (US Census
Bureau 2015). This practice of ‘measure what you can, model the rest’ changes the nature
of uncertainty in data whereby uncertainty no longer has a well-understood theoretical
distribution and varies in ways that are difficult to characterize formally. Moreover, recent
advances in Al mean that ‘data’ can often be the output of proprietary models with billions
of parameters. For example, foundation models such as the NASA-IBM Prithvi model,
which can be used to fill in missing or occluded pixels in satellite imagery data, are trained
on a broad set of unlabeled data, making it difficult to characterize an error distribution.
These developments place a number of new demands on the discipline, and addressing
these challenges is where the GIScience community has and should continue to make
contributions.

Another key challenge is spatial data integration, which is critical in developing a
comprehensive understanding of the factors underpinning and representing social or
environmental processes. For example, smartphone apps only generate observations in
specific locations at a point in time to capture mobility but often do not gather information
on the individuals themselves or places. In addition, varying rates of app usage across the
population generate biases and unrepresentative data (Rowe et a/. 2023). Additional data
layers are thus needed to render relevant contextual information, correct existing biases

in the data, and validate the reliability of the outputs. Often, scientific discovery requires
the integration of many data sets to both ensure geographic coverage (different areas

may have different data sources) and coverage of the domains of interest (e.g. integrating
human activity data with satellite data). This integration process can introduce and conflate
error and uncertainty from multiple sources. Furthermore, complex models used in these
integrations inherently come with model uncertainty, which arises from various factors
such as data quality, model assumptions, algorithmic bias, parameter estimation, and the
interaction effects between integrated datasets. Moreover, the increasing size and complexity
of data means that “download and analyze” is increasingly not a viable pattern of inquiry
in the spatial sciences, despite the temptation of quick results. Increasingly, computation
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and analysis need to be moved to the data streams, as opposed to the other way around.
GIScience as a field has the tools and expertise to build a modular approach for integrating
spatial data across domains in a way that can handle uncertainty and apply geographic
principles like scale and resolution (see e.g. (Salap-Ayca and Jankowski 2016, Oshan et al.
2022, Markham et al. 2023). By using these tools and expertise, GIScientist can improve the
robustness and credibility of their findings, ensuring that the outputs are not only accurate
but also reliable and informative for decision-making.

The growing complexity and heterogeneity of the data landscape means that the cost to an
individual researcher for acquiring, storing, and processing the best available data for a given
problem can be very high. For example, mobility insights data that were made available at
no cost at the start of the COVID-19 pandemic by big tech companies (Noi et a/. 2022,
Wang et al. 2022) now require academic licenses that cost researchers thousands of dollars
per month. Moreover, despite the fact that the fundamental importance of high-performance
computing (HPC) as a paradigm for spatial analysis has been recognized by the community
for decades (Turton and Openshaw 1998), many researchers still experience barriers to
access. Even organizations with HPC capabilities can have access limitations due to funding
constraints, competing research agendas, or technical expertise gaps. Data access and
computing often bears other costs, such as requiring connections at data producers (Olivera
et al. 2019), expertise for big data computing, and capability to manage updates to data

as new data production methods often yield data streams rather than data sets. These costs
require concentrated efforts to maintain strategic interdisciplinary partnerships and build
technical expertise either internally or by outsourcing qualified specialists to assist with
code and methods design and validation. Historically, GIScience concentrated community
efforts to enhance digital infrastructure, which laid the groundwork for the multiple research
efforts that were critical for progress (Goodchild and Haining 2004). Today, infrastructure
is important to enable not only original research but also reproducible research that aids
systems thinking approaches and can capitalize on big spatial-temporal data.

Artificial intelligence

Artificial Intelligence (Al), particularly generative Al and large language models (LLMS)
like ChatGPT, are poised to drastically alter society akin to how the steam engine, electricity,
and the internet shifted global economic, environmental, and social structures in the past.
Given GlScience’s strong foundation in technology, it is increasingly imperative for the
field to not only adapt to these burgeoning technologies but also take a leadership role

in shaping them so they are appropriate for geographic approaches. While Al has been

used in geography for decades (Smith 1984, Openshaw and Openshaw 1997), the field

of GeoAl (Janowicz et al. 2020) is advancing with force and leveraging Al technologies

to develop spatially explicit and spatially implicit prediction Al models that build on

the expertise of GlIScientists and domain experts. A variety of efforts demonstrate the
tremendous opportunities for integrating Al into GlScience, including work in geometric Al
for image analysis (Miolane et al. 2020) and applications of the First Law of Geography for
GeoAl developments (Li et al. 2021). However, little is understood about how the First and
Second Laws of Geography will be impacted by, or understood, in the age of Al. Moreover,
recent discoveries have shown that LLMs like ChatGPT have an impressive ability to learn
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rich spatial and temporal representations of the real world (Gurnee and Tegmark 2023).
This revelation can further inspire GlIScientists to utilize such representations in exploring
geographical phenomena more effectively. Notably, OpenAl’s LLM ‘Sora’ was developed
under a world model (Brooks et al. 2024), enabling it to better learn geographical patterns
and rules. These findings suggest capability for better integration with space, time, and
geographies, implying exciting prospects for future innovative developments in GIScience.

However, the integration of Al in GIScience carries multifaceted challenges. First, the
“black box” nature of Al algorithms presents challenges in understanding their complex
workings, which are crucial for informed decision-making. Spatial data exhibit unique
characteristics that allow for identification and prediction through exploiting spatial patterns.
While identifying patterns is not unique to GIScience, leveraging features of geographic data
like spatial autocorrelation opens up a new level of complexity that may be abstracted from
Al ‘users.” Second, Al in GlScience can also experience overfitting, where models perform
well on training data but poorly on new data, leading to inaccuracies in predictive models
that impact real-world decisions. Third, data and algorithmic biases can impact models and
results. For instance, Al models for urban development, when the models rely solely on land
use change observed from satellite imagery, might not accurately represent developing or
rural areas if trained predominantly on data from developed cities. There are also specific
challenges for society and geographies. Deepfake technology exemplifies Al’s dual impact.
While beneficial for recreating historical landscapes, deepfake satellite or aerial images pose
risks to national security and privacy (Zhao et al. 2021). Additionally, predictive policing
models using Al to forecast crime, if not carefully managed, can result in over-policing in
certain communities, often disproportionately affecting marginalized groups (Alikhademi et
al. 2022).

The growing integration of Al into GIScience highlights the need for a comprehensive,
humanistic approach to effectively address the resultant challenges (Zhao and Feng 2024),
including revisiting and possibly updating the existing GIS code of ethics, enhancing GIS
literacy, and promoting responsible Al practices within the field. Developing an ethical
framework for Al in GlScience involves creating guidelines to ensure fairness, transparency,
and accountability in Al applications. It also involves interrogating and establishing data
privacy ‘best practices’ as location data are particularly susceptible to privacy violations and
exposures. Promoting Al literacy is also critical and requires GIScientists to gain a deep
understanding of Al technologies and strengthen collaborative links with computer and data
scientists. In practice, responsible, explainable, and equitable Al practices must be adopted
in GlScience to address challenges inherent in Al integration.

Causality and generalizability

Most human and environmental phenomena are non-randomly distributed across space,
making it easy to find correlations among spatial data that may be unrelated to the
underlying mechanisms responsible for those spatial distributions. This reality complicates
the identification and establishment of causal relationships, and it requires developing and
integrating specialized techniques that can isolate and eliminate the obscuring effect of
spurious spatially-induced correlations (Gibbons and Overman 2012, Herrera Gomez et al.
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2014, Kolak and Anselin 2019, Reich ef al. 2021, Gao et al. 2022). These techniques are
not, however, solely statistical or computational. Two central challenges in causal research
remain: first, identifying and specifying a reliable approximation of the data-generating
process, and second, setting up an appropriate counterfactual for inference (Harvey 1969,
Yeung 2023, Zhang and Wolf 2024). These intertwined conceptual challenges require
researchers to develop a closer relationship with theory, past empirical evidence, and
contextual knowledge. Specifying the data-generating process and setting up counterfactuals
are essential to identifying alternative explanations that need to be controlled to make

valid causal inferences (Rowe 2023). Counterfactual frameworks underpin common causal
inference methods such as matching, instrumental variables, and regression discontinuity
designs (Morgan and Winship 2007). They are fundamental to drawing valid inferences
about the causal impact of actions, interventions, or policies. However, a widely adopted
and systematic approach to the challenge of identification and counterfactual construction in
spatial causal inference has yet to emerge and should be an area of focus if geographers and
GlScientists intend to join the wider movement toward causation that is observable across
the social and environmental sciences (Zhang and Wolf 2024).

At the same time, ongoing advances in spatial analysis, rising computational power, and
the availability of detailed spatial data have created the opportunity to pursue more accurate
and robust causal inference in spatial contexts (Gao et al. 2022, Li 2022, Xin et al. 2022,
Hoffman and Kedron 2023). An explosion of Al and ML research is pursuing an intriguing
but distant data-driven approach to causal inference. Al and ML approaches that focus

on boosting predictive performance may generalize statistically (e.g. train/test/validation
error) but not contextually (e.g. across locations). Such techniques presently lack a clear
strategy to identify different causal mechanisms at different places and times. GIScientists
are generally well-positioned to weigh in about contextual generalizability, but more work
is needed to build contextual awareness into the counterfactual frameworks needed to
identify causal relationships (Zhang and Wolf 2024). It remains unclear how to consistently
and reliably propose what would have happened in a location without a particular
intervention when the effect of interventions in surrounding areas may spill over across
regions. Specifying a model that accurately captures the complex spatial dependencies
between causal mechanisms is still more challenging. Traditional statistical models are
likely insufficient in these cases, necessitating advanced spatial econometric models to
handle spatial dependencies (Reich et al. 2021, Akbari et al. 2023). There are promising
opportunities for GlScience to work on these issues with other fields, including economics
and engineering, mathematical work in Bayesian networks of conditional probabilities,
social science extensions to structural equation models, and big data in bioinformatics
(Manson 2023).

When building the foundations for spatial causal analysis, GIScientists will benefit from
maintaining a watchful eye on several research areas. First, it is essential to consider
how context is represented in causal models, particularly those driven by ML and Al. In
these approaches context is often learned by the model and opaque to the analyst. While
this may not threaten the predictive capacity of the resulting model, it can undermine
causal inferences because it is similarly unclear how the central causal effect is identified
and what alternative explanations are accounted for in the model. Second, adequate
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reporting and description of geographic contexts used in a causal model is paramount

for supporting reproducibility, which is important for checking the veracity of results

and facilitating replications, which are essential to demonstrating the generalizability of
results. Building and adopting open science practices, such as pre-registration, to avoid
accidentally discovering non-causal patterns, will be critical. Relatedly, evidence of the
replicability of causal effect across locations is fundamental to any movement toward
reliable intervention in the real world and collaboration with policy-makers, government
officials, and community leaders. A primary concern of these groups is creating effective,
scalable change in the world in response to disruptions. The capacity to provide and
communicate reliable evidence of the causal impact of interventions will be essential to
engaging and supporting these efforts, as will welcoming their involvement in the design,
implementation, and evaluation of future interventions. Finally, GIScientists must develop
and deploy training and tutorials for spatially explicit causal methods and advocate for
their use. These steps will be invaluable in moving beyond prediction and, more broadly,
analyzing and influencing interventions.

Impactful open science

Open science is defined by the sharing of research data, methods, and findings, and it

can play a significant role in the advancement of GlScience (Rey 2009). The increased
accessibility to research artifacts enhances the reproducibility of research and accelerates
the pace of innovation in science (Munafo et a/. 2017). This facilitation is especially crucial
in GIScience due to the challenges posed by the large volume, complexity, and diversity

of spatial data, which are inherent obstacles to scientific reproducibility (Kedron et al.
2021). Key factors contributing to the reproducibility crisis in science are the mixing of
exploratory and confirmatory analyses (Wagenmakers et al. 2011), the ‘big data avalanche’
alongside, and the rise of ML/AI. Collectively, these factors have exacerbated the blurring of
exploratory and confirmatory analysis in GlScience. Open science practices, such as study
preregistration, stress this distinction and separate exploratory analyses from confirmatory
hypothesis testing (Allen and Mehler 2019).

While adopting open science practices in GlScience offers much potential, there are
barriers. The costs of ensuring reproducibility are substantial and disproportionately borne
by scientists (Rey 2023, Kedron et al. 2023). Platforms are needed that can facilitate
reproducibility while spreading the cost burden across the community (Boeing 2020, Kedron
et al. 2021). Additionally, the growth in research artifacts and open science products, such as
data, code, computational notebooks and preprints, feedback new challenges and disruptions
to the scientific ecosystem (Arribas-Bel et al. 2021, Rowe et al. 2020). Therefore, new
consensus mechanisms are warranted to help researchers, and the public more broadly,
deliberate over evidence and advocate for particular hypotheses or artifacts. GlScience
should focus, in particular, on frameworks for capturing consensus across space, which

is closely related to crowdsourcing and volunteered geographic information (VGI). The
transparency of the full data lifecycle and associated analytical decisions employed in
research are increasingly important as are the development of heterogeneous data sources
and complex methods. New tools in the blockchain and distributed ledger space offer
potential solutions for tracking provenance and the veracity of spatial data but require further
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evaluation. In the classroom, the adaptation of tools that highlight the impact of researcher

decisions (Kedron et al. 2022) and the adoption of pedagogical models that use replications
as a form of project-based learning (Kedron et al. 2024) can prepare the next generation of

geographic researchers to address these challenges.

Another foundational concept that is crucial for reproducibility is explainability. It ensures
that methods, data, and reasoning are clear and understandable and allows others to replicate
the study accurately and understand how and why certain conclusions were reached.
Explainable science is essential for public trust, informed governance and the productive
application of GIScience in societal and environmental contexts. This means that beyond
being able to reproduce someone’s research, there must be clarity on how, why, and in

what contexts the research can be applied (Gahegan 2023). This deeper understanding is
critical for the practical implications of GIScience in modeling and governing social and
environmental systems.

Lastly, the push for openness in GlScience must be balanced with concerns related to
privacy and research credibility, and there are opportunities for GlScientists to contribute

to solving these issues. The sharing of spatial data, especially those that can be linked

to individuals’ locations and behaviors, raises significant privacy issues (Richardson et al.
2015). Therefore, open GlScience initiatives must implement robust data anonymization and
privacy protection measures to safeguard individuals’ privacy. Additionally, ensuring the
credibility of open spatial data and research findings requires rigorous peer review processes
and standards for data quality and reproducibility. By addressing these challenges, an open
GIScience approach can maximize its potential benefits while minimizing risks, leading to
more informed, equitable, and effective solutions to spatial challenges.

Collaborative and convergent science

Collaborative and convergent science has the goal of co-creating knowledge in a manner that
can inform management and decisions by involving scientists, policy makers, communities,
and others to advance understanding in a manner that each group could not achieve working
alone.

There is widespread agreement that academic structures, which remain largely organized
around traditional disciplines in which research is siloed, are a barrier to collaborative
science and hinder responses to contemporary ‘grand challenges’ and ‘wicked problems’
(Kawa et al. 2021). This approach, embedded in decades of academic research practice,
has generally been limiting, as problems are tackled using a narrow set of objectives,
perspectives, and methods and findings are published to a confined audience in discipline-
specific journals. The shortcomings of this approach have become more apparent as the
risks associated with complex, massive challenges such as climate change have become
more pressing, and there is growing evidence that impactful research requires input from
many disciplinary perspectives and voices coming together to investigate, develop, and
test potential solutions. Evidence of this need can be seen in funding calls from the U.S.
National Science Foundation, the UK Research and Innovation, the European Research
Council and other agencies stressing convergent approaches and collaborative, team science.
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Collaborative and convergent science requires a “common key” that links discipline-specific
questions, approaches, and findings together into a comprehensive and comprehensible
whole. GlScience and geography (and GlScient/sts and geographers) are naturally
positioned to lead and contribute to these collaborative efforts. First, the nature of the
discipline of geography is itself interdisciplinary, fusing physical and human, quantitative
and qualitative. For GlScience, this interdisciplinarity has stimulated the development of a
social-science inflected analytical sub-field that ably straddles information/computer science
and social science and provides a broad foundation for input and collaboration. Second,

as is frequently noted, everything happens somewhere—Ilocation and place often provide
that common key that joins disparate perspectives and methodological approaches. Third,

a unique aspect of the wicked environmental, social, and economic problems facing us is
that they are multi-scalar in both cause and effect, with impacts that compound and interact
across spatial scales. Neighborhoods impacted by increased flood risk, for example, are
affected by local planning decisions, but also regional environmental policy, and global
climate shifts. GIScientists are uniquely placed to engage and lead on these multi-scalar
issues, both conceptually and methodologically.

That said, there remains a sizable gap between actual and potential collaborative and
convergent science, as well as the prospective role of GIScience in evolving scientific
paradigms. Formidable barriers, which include traditional models of graduate education

and long-established, slow-to-evolve academic promotion criteria, will require systemic
change. Other challenges are easier to address such as increasing the visibility of GIScience
by extending our voice outside the discipline and heightening awareness of what spatial
scientists bring to the table in terms of expertise and experience. GlScientists can also
challenge themselves to ask bigger questions and make more impactful contributions,

for example by changing how they engage community partners and teach students. One
particular area of tension is the often natural overlaps between the thematic foci of computer
and data scientists and GlScientists (Huang 2022), yet these synergies sometimes trigger
disciplinary border policing rather than collaboration, leading to dead-end conversations.
Here, GIScience would do well to emphasize its unique capacity to engage with the social
and natural sciences. Indeed there is an art in knowing when to lead and when to follow, and
GlScience, like all other disciplines, can thrive through adopting multiple types of roles to
create a research culture that recognizes the value in converging many different fields.

Diverse participation and partnerships

Inherent in a response that will create collaborative and convergent science is broadening
the diversity of our GlScience teams. Inclusion, along with equity, must be considered

in every aspect of GIScience work and be centered in GlIScience if we are to meet all

other goals (Nelson et al. 2022). Creating a more diverse GlScience field is not a new
goal. Twenty years ago, a 2004 President’s Column from the newsletter of the American
Association of Geographers (AAG) (Lawson 2004) focused on diversifying geography and
the benefits that would come from its diversification. Yet, evidence from the adjacent

field of geoscience suggests that we are not making the desired progress; as of 2018 only
3.8% of tenured geoscience faculty in 100 top departments were people of color (Bernard
and Cooperdock 2018). Gender and geographical representation on journal editorial teams
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has also been slow to progress in GlScience and quantitative geography (Franklin et al.
2021). Scientific fields, backed by structural and social factors, encourage participation that
reinforces dominant culture. For example, women, Black and Hispanic people, and people
with diverse gender and sexual orientations have lower rates of participation in many science
fields (Dutta et a/. 2021). Champions are emerging though. For example, NorthStar of GIS
is a group that aims to increase representation of Black people in GIS and has the mission
of advancing intersectional racial justice and belonging in GIS, geography, and STEM.
Support, including financial, of Black-led GIS initiatives is one powerful way to amplify
the impact of these organizations and create opportunities for diversification of people in
GlScience. Efforts to democratize access to GlScience through easy to use or open software
and broadly-applicable curriculum can also increase participation by lowering barriers to
entry and use. I-GUIDE, the NSF-funded Institute for Geospatial Understanding through

an Integrative Discovery Environment has made massive strides in creating access to HPC
infrastructure and is an example of how science can lead to more accessible technology
(Michels et al. 2024). Diversifying the kinds of questions that are asked in GIScience is
another way to build a more inclusive field that understands how space and place matter for
all (Franklin et al. 2023).

In addition to diversifying who does GlScience, there is a need to expand how GlIScientists
partner with policy makers and the wider community. The COVID-19 pandemic highlighted
the spatiality of public health risks and policy solutions. GIScience research and tools
mapped trends and anticipated emerging risk (Kolak et a/. 2021) and tracked stay-at-home
orders across the globe using GPS data from mobile phones (Gao et al. 2020, Kang et al.
2020, Wellenius et al. 2021, Alessandretti 2022), while reiterating the value of integrating
GIScience expertise with policy. While the pandemic presented an especially pressing and
ubiquitous policy challenge, the need to integrate GlScience with public policy has never
been clearer and can guide us in building partnerships with policy makers in three ways.
First, while GIS software knowledge is widespread throughout industry, government, and
non-governmental organizations, the principles of spatial relationships and their ethical
interpretation need to be emphasized beyond their standard constraints within software
programs. Second, impact partnerships can be facilitated through disciplinary translation
and building domains of knowledge in substantive areas of policy. In housing, for instance,
core concepts such as ‘opportunity” have definitions combining racial segregation, poverty,
educational outcomes, health, and labor market outcomes, which varies by governing bodies
and regions. The GlScience field can foster credibility through our ability to share common
terminology and concepts, which will enable greater enthusiasm for the existing interest in
novel methods and data sources. Third, GIScience efforts to partner with policy makers will
have network effects. Successful partnerships not only build trust and deeper engagement
with areas of domain expertise but also enable other opportunities for engagement through
sharing success stories, building networks, and growing GlScience knowledge amongst
policymakers.

Community partnership is also critical to the work of the GlScientist in an age of disruption.
A more diverse field will still lack the range of lived experiences and perspectives necessary
to support the kinds of questions we want to answer. Beyond partnerships with decision

makers the field also needs partnerships with community organizations in order to be able to
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connect with people living in the places under study. For example, studying the impacts of
extreme heat events will only be done effectively if communities who have experienced and
are disproportionately impacted by those events are involved in every aspect of the research.
Like co-designing with interdisciplinary collaborators, co-designing research questions with
community partners is required to ensure our research generates solutions that will work.
Open science, which has emphasized democratization of participation, offers examples that
can guide our efforts in creating partnership with communities (UNESCO 2023).

Discussion

Disruptions are changing the practice of science across many fields and shifting the way
in which scientific problems are approached. While some of these disruptions stem from
shifts in environment and society, such as the COVID-19 pandemic, climate change, and
the biodiversity crisis, others have emerged from technological developments, such as

the explosive growth of generative artificial intelligence and the rapid advancement of
high-performance computing. Given GlScience’s identity as an information science while
also being situated within geography, with domain expertise on physical, social, and human-
environment relationships, the field is uniquely positioned to both lead and contribute to
advances that leverage all types of these disruptions. A few key themes emerged from
ongoing discussions that started during a meeting in Santa Barbara in December 2023.
These themes are synthesized below with actions highlighted.

We first organized the discussion around three guiding principles that should orient our
work in GlScience as we address and adjust to disruptions: (1) focusing on the relevance
and real-world impact of research, (2) adopting systems-based thinking and contextual
approaches, and (3) emphasizing inclusive practices. While we have always integrated
these facets to some degree in our research, it is becoming increasingly more important to
ensure the field is continuing to build a healthy science that goes beyond simply applying
methods to spatial data and focuses on discovering new forms of knowledge that can help
us address the myriad challenges facing the world. We then detailed six research priorities
for what GIScience should focus on moving forward, and how we should do that, to build a
modern GlScience research agenda. Those priorities include: (1) Data and Infrastructure, (2)
Artificial Intelligence, and (3) Causality and Generalizability, (4) Impactful Open Science,
(5) Collaboration and Convergence, and (6) Diverse Participation and Partnerships. Below
we discuss how shifting the ways in which we approach science can foster the gains in
GIScience.

Balancing ‘slow science’ with the need for rapid, real world response

There have been calls for science to s/low down (Stengers 2016). Slow science recognizes
that professional demands including academic tenure and promotion, publisher profits
(Koerber et al. 2023), and other factors have created pressure to publish minor or incomplete
findings. This “fast” approach to science not only increases the burden on reviewers and
editors to handle an increasing volume of submissions, but it renders it increasingly difficult
to identify high-quality and important research. In contrast, slow science centers on research
quality, where researchers have time and space to discuss, examine, and reflect upon science,
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technology and “progress’ and to situate themselves in their communities and neighborhoods
(Stengers 2016) in order to respond to issues and co-create solutions. GlScience is especially
prone to acceleration because data can now be found almost anywhere and can be analyzed
quickly. However, most disruptive, groundbreaking science requires time. It is slower

in nature. Effective inclusion also requires slowing down to ensure that participation is
meaningful and can accommodate different ways of knowing and understanding the world.

It is important to stop and ask “for what purpose and what impact?”

There is a need to balance slow science with the need for practical and policy-oriented
research that has real world impact. Indeed, the wicked problems that are disrupting our
world sometimes need a rapid response. Following the first guiding principle to focus on the
relevance and real-world impact of our work, GlScientists can help strike this balance. These
practical and policy-oriented projects often do not produce the same type of outputs that

are incentivized by fast science in academia (i.e., publications in peer-reviewed journals).
Instead, outputs can be decision support web tools, white papers, or even the formation of

a community of practice. Recalibrating our incentive structures and creating different types
of outlets (e.g., replications, shorter format notes, etc.) for different types of research could
actually have the effect of helping to slow down science while simultaneously fostering a
shift to real-world impacts.

‘spatial’ to advance the field together

Spatial data and methods are now broadly used across many fields, which is a positive
outcome for the field given the range of impacts and decisions that are being supported

with GIScience. Some of the most interesting spatial developments, such as GeoAl, are
leveraging multidisciplinary teams of engineers and computer scientists to advance methods.
As more teams leverage geographic data science, our toolbox will most certainly grow,
creating more opportunities for impact. However, one challenge that arises from this success
is that the field of GIScience has become distributed, and it can be hard to determine what
constitutes impactful ‘GlScience research’. So, while we look outward to where we can have
the most benefit and impact, it is also necessary to look inward to the core to reflect on how
we can continue to advance GlScience as a science while also using GlScience to support
other fields of inquiry.

Centering ‘spatial’ and a geographic approach requires us to rethink the curriculum taught
to GlScience students. Most GlScience programs in the United States, and indeed around
the globe, use a core curriculum developed in the 1990s. However, it is an opportune

time to rethink the core principles that should be taught across levels of instruction. In

the rapidly changing technology environments there are also important theories that will
prepare students to address the array of research priorities discussed here. In short, a
modern GlScience curriculum is needed as a lighthouse to guide instructors, researchers,
and practitioners as they work to solve the world’s problems and educate the next generation
of GIS developers, users, and makers.
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Bold directions

Change is normal, but the level of disruption we are currently experiencing is a result of
new climate, social, and technological processes. As such, our response needs to also be
different, and, we argue, bolder. We present three areas where bold changes are needed.

First, all GlScience students should receive training in spatial analytics. Many students
receive general training in data science and analytics but GIScience students are specifically
trained to recognize and handle the nuances of spatial data. Ensuring that GlScience
graduates have received explicit training in spatial analysis will help prepare them to select
analytical tools and methods that are appropriate to respond to the questions being asked and
the data being used. Providing robust training in spatial analytics will ultimately differentiate
GIScence students from simply data scientists working with spatial data.

Second, geographical systems thinking should be integrated into analyses and evaluated
during peer-review. Few papers being published in the GIScience literature are addressing
complex challenges head on, which means there is an untapped opportunity to create
stronger impacts. If every GlScientist committed to increasing the percentage of their
research that addresses complex climate and social challenges, it would fuel new
interdisciplinary and community partnerships, advance research in new directions, and help
train a generation of GlScientists prepared to take on the grand challenges that are certainly
headed our way. Research that leverages a geographical approach to systems thinking can
also help shift what is valued when papers, funding, and tenure and promotion are reviewed.
We can purposefully work to disrupt the field as a positive response to the disruptions
happening around us.

Third, and stemming from the prior point, tenure and promotion criteria in the field need

to evolve to recognize and reward impact in new ways. It is common for disciplines to

value many forms of excellence, and external reviewers have a voice in what type or forms
of work are elevated as contributions. As reviewers, we can all make an effort to point

out impactful work during peer-review, particularly if that work does not fit the traditional
model. We choose what to uplift, and we should be more proactive in determining how to
value non-traditional contributions that improve equity, reduce impacts of social and climate
change, and generally make the world better.

Conclusion

Disruptions in science and society appear to be accelerating, and for the foreseeable
future, these disruptions are likely to be the norm. How we respond to disruptions sets
the stage for the future of GIScience research, and by extension geography. We set forth
three principles that can guide GlScience research during this time, including focusing on
the relevance and impact of our work, adopting systems and contextual approaches that
leverage our interdisciplinary expertise, and emphasizing inclusive practices. While it is
an exciting time to be working at the interface of geography and information science due
to the massive potential for positive impact, it is critical that we pause and respond with
intention. Embracing change is necessary, but we must also be mindful that the discipline
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has a critical role to play in shaping the future of science and society. We hope this paper
starts a conversation about how GlScience can lead in a time of disruptions and that these
conversations continue into the future.
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Figurel.
Overview of the modern GIScience guiding principles and elements and priorities of a

modern GlScience research agenda.
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