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Critical zone science in the
Western US—Too much
information?

Christina Tague1* and W. Tyler Brandt2

1Bren School of Environmental Science and Management, University of California, Santa Barbara, Santa

Barbara, CA, United States, 2Center for Western Weather and Water Extremes, Scripps Institution of

Oceanography, University of California, San Diego, San Diego, CA, United States

Exponentially growing publication rates are increasingly problematic for

interdisciplinary fields like Critical Zone (CZ) science. How does one “keep up”

across di)erent, but related fields with unique hypotheses, field techniques, and

models? By surveying CZ academics in the Western US, a region with substantial

CZ research, we document the challenge. While conventional knowledge

synthesis products-particularly review papers clearly support knowledge transfer,

they are static and limited in scope. More informal paths for knowledge transfer,

including social networking at conferences and academic mentorship, are useful

but are unstructured and problematic for young scientists or others who may

not have access to these resources. While new machine-learning tools, including

ChatGPT, o)er new ways forward for knowledge synthesis, we argue that they

do not necessarily solve the problem of information overload in CZ Science.

Instead, we argue that what we need is a community driven, machine aided

knowledge tool that evolves and connects, but preserves the richness of detail

found in peer-reviewed papers. The platform would be designed by CZ scientists,

machine-aided and built on the strengths of people-driven synthesis. By involving

the scientist in the design of this tool, it will better reflect the practice of CZ

science-including hypothesis generation, testing across di)erent time and space

scales and in di)erent time periods and locations, and, importantly, the use and

evaluation of multiple, often sophisticated methods including fieldwork, remote

sensing, and modeling. We seek a platform design that increases the findability

and accessibility of current working knowledge while communicating the CZ

science practice.

KEYWORDS

synthesis, hydrology, ecology, Critical Zone, review, ChatGPT

Introduction

Critical Zone (CZ) science–the study of processes and interactions extending from the
atmosphere to the bedrock–can provide fundamental science information to contribute to
the equitable and sustainablemanagement of resources, ecosystem services, and increasingly,
climate-related risks. The societal need for synthesizing and advancing CZ research is
particularly salient for the Western US, which is facing extensive environmental threats,
including but not limited to extreme heat (Tramblay et al., 2020); wildfires (Abatzoglou and
Williams, 2016; McLauchlan et al., 2020); severe drought (Cook et al., 2018; Swain et al.,
2018; Siirila-Woodburn et al., 2021); widespread habitat loss (Newbold et al., 2020); large
scale forest mortality (Hartmann et al., 2022); and pollution of the land, air, and waterways
(Artiola et al., 2019; David et al., 2021; Anzalone et al., 2022).
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CZ processes have received substantial scientific attention and
investment. The Western US provides a good example (Doblas-
Miranda et al., 2015). Many of the thematic clusters in the
NSF funded Critical Zone Collaborative Network have primary
field sites located within the Western US (Dust, Dryland and
Dynamics, Geomicrobio, Dynamic Storage) or study processes
that are applicable (e.g., the Big Data Cluster). The Collaborative
Network also builds on a history of Critical Zone Observatory
Networks that included two sites in the Western US. Importantly,
understanding of CZ processes continues to evolve not only from
work directly funded by NSF CZ initiatives, but also from other
scientists and research initiatives including the LTER (Long Term
Ecological Research), NEON (National Ecological Observatory
Network), US Forest Service Experimental Forest, and university
field stations.

These networks, among others, have produced an ever
deepening well of knowledge, while also contributing to a
staggering and exponentially increasing publication rate in
environmental science. Broadly speaking there are roughly ∼2.5
million peer-reviewed journal papers published per year;∼500,000
in the United States alone (Jinha, 2010; National Science Board
National and Science Foundation, 2019). A more CZ specific
indicator of the problem scale can be observed by searching for
specific topics. For example, using Clarivate Analytics Web of
Science to search for “snow or snowpack” just in the Western
US produced a total of 16,152 journal papers, with ∼700 papers
published per year.

To gauge the magnitude of information overload in CZ
science, even within the narrow focus of the Western US, we
surveyed environmental scientists and users of environmental
science in the Western US. Results from our survey clearly
highlight the challenge of synthesizing CZ science (Figure 1).
While many academics do skim more than 50 papers a year,
most academics only read (start to finish) between 11–50 peer-
reviewed papers per year, and non-academics read <10 per year.
Given this level of readership, it was unsurprising that respondents
considered themselves only “moderately familiar” (academics),
or “slightly familiar” (non-academics) with the literature in
their respective broad disciplines, such as earth science, life
science and social science. Familiarity improved for subdiscipline
research among academics with 38% indicating they were “very
familiar” and 35% “moderately familiar”, while non-academics
were primarily “moderately familiar”. However, even for relatively
narrow subfields, only 35% felt “extremely familiar”, and 20%
of academics and 27% of non-academics still found the task
of finding a methodology or evidence to support a conclusion
“somewhat difficult”.

Importantly, we can contrast these rates of readership with high
publication rates in CZ related topics. For example, using Clarivate
Analytics Web of Science to search “fire or wildfire” and the
“Western US or California, Oregon,Washington, Arizona, Nevada,
Idaho, Utah, Wyoming, Montana, New Mexico, and Colorado” as
a topic produces a total of 10,917 peer-reviewed papers, with 2,358
papers published in 2021 alone–more than for the snow example
cited earlier. But for either subject, our survey results suggest that
those involved in the science enterprise are only reading/viewing
a small fraction of papers relative to the publication rate. The

publication rate can create problems even for senior scientists well
versed in their own literature when attempting to contribute to
adjacent fields, or conduct research in a new location. In either case,
mistakes can be made, and once published, difficult to remove.

Discussion

Our survey confirms what most of us already know—reading
the literature to “keep up”, even for well-defined topics that have
high societal relevance like CZ science, is difficult if not close
to impossible in today’s world. While the majority of scientists
report being at least moderately familiar with their own sub-field,
we argue that there is cause for concern. The 20% of scientists
that do not report being familiar with their own subfield, and
the substantially lower percentage that are familiar with their
general subdiscipline, are likely to be barriers for cross-disciplinary
synthesis. Furthermore, if publication rates, even within subfields,
are orders of magnitude beyond reported rates of even skimming,
much literature is likely lost.

This problem is not new. In the past we have tried to remedy
the issue (publication overload) with synthesis products. These
include: (1) journals that are devoted to reviewing environmental
science (such as Tamm Reviews.); (2) synthesis products—
including review papers and databases which are increasingly
the focus of funding and synthesis institutes (e.g., the National
Center for Ecological Analysis and Synthesis Center, the USGS
Powell Center for Analysis and Synthesis, and the National Socio-
Environmental Synthesis Center); (3) National Science Foundation
programs like Research Coordination Networks; (4) synthesis
material from governments and non-governmental organizations
(e.g. California’s Climate Impact Assessments, IPCC reports); and
(5) data provisioning websites that provide data and/or model
output relevant to core environmental questions (e.g., Google Earth
Engine. Earth Cube, CUASHI’s Hydroshare and others).

While these existing initiatives clearly contribute to
information synthesis, they are static products and limited in
scope. Mistakes can be made if new users stumble upon old or
outdated synthesis or if users misapply generalizations to specific
locations/circumstances. Newly published papers may diverge
from working hypotheses in synthesis papers or may add specificity
to general ideas (e.g., quantifying how a general principle, such as
how expected earlier snowmelt with climate warming, plays out in
a particular location). However, because revisiting synthesis papers
rarely happens, this evolution of “current” understanding is easily
lost. Synthesis papers and reports also typically focus on particular
topics (such as fuel treatment effectiveness), and the linkages to
reviews of related topics may not be provided.

As an illustration we can consider the multiple synthesis
papers in recent years that are relevant for CZ science of the
Western US. Recent reviews highlight hydrologic changes in
these semi-arid mountain regions—including declining snowpacks
(Siirila-Woodburn et al., 2021), and changes in water availability
(Tague et al., 2019), as well as ecological changes—including
increasing forest mortality (Anderegg et al., 2015; McDowell
et al., 2023) and altered fire regimes (Bowman et al., 2020).
While these recent review papers address specific ecologic or
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FIGURE 1

Key results from the survey for three questions (A–C).

hydrologic components of climate impacts in these regions, they
rarely capture linkages between the subdisciplines and perhaps,
most critically, do not incorporate recent work. For example,
a highly cited Tamm Review (Hessburg et al., 2016) on the
management of mixed severity forests emphasizes how topography
influences vulnerability to fire and drought. While the paper
acknowledges that “the strength of topographic effects varies
by ecoregion, because of unique influences and interactions
among geology, geomorphology, and prevailing wind and weather
patterns,” the citational support was limited. Today there is now
a broader literature that explores and quantifies these topographic
patterns at different scales. More recent papers, for example,
demonstrate the importance of bedrock heterogeneity as a control
on forest drought mortality (Callahan et al., 2022); and advances
in snow remote sensing/modeling have better quantified Sierra
Nevada precipitation patterns, notably showing that precipitation
generally declines at high elevations (Huning and Margulis, 2018).

This example highlights the limitation of static review papers.
Further, the diversity of synthesis products themselves can still be
overwhelming, contributing further to the information overload.

If human generated synthesis products cannot save us, what
about Artificial intelligence (AI)? Improved automated searches,
and/or distilled information that uses machine learning (i.e., web-
based products like: iris.ai, Semantic Scholar, Connected Papers,
Open Knowledge Maps, and Local Citation Network) can help to
search for and find information (Matthews, 2021). Nonetheless,
extracting meaningful searches of environmental publications
around specific topics remains challenging (Romanelli et al.,
2021). Further, finding literature does not necessarily lead to

understanding, particularly if searches yield hundreds of papers.
Focusing on highly cited papers may also be problematic, given
that the reason for high citation rates may not align with the
goal of understanding (Romanelli et al., 2021) and can lead
to bias (Perc, 2014). Similarly, automated mapping of domain
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knowledge—where AI algorithms are used to cluster papers around
semantic terms—can highlight topical areas and show how these
topics evolve but they do not necessarily provide a synthesis of
underlying ideas (Börner and Polley, 2014; Lafia et al., 2021).

The emergence of ChatGPT and other large language models
(LLMs) extend past AI-driven synthesis and could be used to
improve “Literature based discovery”, where an AI assistant, or
copilot, helps a scientist discover new conclusions from existing
literature and points to future collaborators. However, to define the
evolving frontiers and hypotheses of an interdisciplinary science
(i.e., for a science like CZ) the effectiveness of LLMs will depend on
expert-driven training. LLMs are a synthesis of both our language
and ideas–past and present–and this design strength (the ability to
utilize vast sources of information) is also their greatest weakness
when applied to the discovery of science frontiers.

Expert intervention is needed. Without this, ChatGPT and
other LLMswill have limited quality control such that unsupervised
synthesis can produce ideas and citations that are either wrong
or cease to exist. In addition, without guidance, LLMs may
reinforce existing issues of over-reliance on highly cited (e.g.,
common) papers and their ideas (Lund et al., 2023). Today, the
use of LLMs for science remains a challenge because extracting
an understanding of current frontiers relies on effective prompt
engineering, which involves knowing how to ask good questions
of LLMs (as discussed by Zhu et al., 2023), and this skill is likely
inaccessible for non-experts. ChatGPT style synthesis, while useful
for those seeking general knowledge, does not easily lend itself to
the more nuanced, detailed understanding that guides disciplinary
research. While some of these limitations may be overcome, a more
scientifically useful synthesis will likely need experts to guide how
scientific literature is searched, structured, and queried.

A way forward—Reconfigure the
building blocks

Classic narrative review papers do more than find literature—
they synthesize the ideas embedded within those papers, and
highlight convergence and divergence around core hypotheses
(Polonioli, 2020). Synthesis papers also evaluate the techniques
used in both observational data collection, and/or in generating
model output. These narratives are typically written by experts
who use that expertise to place papers into conceptual frameworks
that guide understanding and identify gaps in knowledge. As
noted above, however, these human driven synthesis papers
are static, often narrow in focus, and only partially survey a
growing literature.

Rather than approaching a solution from an exclusive binary
choice–maybe a better path forward is a blend of strengths–
a human driven, machine aided knowledge tool that evolves

and connects, but preserves the richness of detail found in

individual peer-reviewed papers. This online platform would
combine: (1) the strengths of human-driven science review and
synthesis; (2) state-of-the-art visualization; (3) machine driven
techniques for searching; (4) digital tools to support continual
updating by scientists; (5) work in tandem with today’s journals
who provide quality control through peer-review and (6) follow
FAIR (Findable, Accessible, Interoperable, Reusable) principles

(Wilkinson et al., 2016) that have been widely used in the design
of shared data repositories.

To build such a platform would require a collaborative process,
in which the scientist is involved in the product feedback loop

at every step to ensure that machine’s find, process, and present
information in ways that are consistent with how science itself
evolves. We argue that if the process is initiated and led by
scientists, the resulting product will be a better fit for our needs
and reflect core features of CZ science practice that we use to both
mentor new CZ scientists (Fouad and Santana, 2017) and to find
and evolve the frontiers of knowledge.

What are these core features? Central to all science is the
formulation of hypothesis and testing (Pfister and Kirchner,
2017). Understanding of CZ science, however, requires combining
multiple hypotheses from different disciplines and investigating
their interaction. Further, what is most challenging about CZ
science is that most hypotheses require postulation, testing,
and refinement for different space and time scales and at
different locations and periods within those scales. Identifying and
explaining location specific exceptions to general theories is a key
part of the evolution of CZ science [e.g. see examples from CZ
architecture (Riebe et al., 2017), hydrology (Wlostowski et al.,
2021), ecosystem function (Hoylman et al., 2019) and snow (Siirila-
Woodburn et al., 2021)]. Furthermore, CZ science employs a wide
diversity of sophisticated methods that range from field based
measures, to remote sensing and modeling. Understanding the
strengths and limitations and employing best-practices in their
applications is central to CZ-science practice. As a result, a core
component of CZ research focuses on evaluating thesemethods and
revealing implications of limitations in their application (Brantley
et al., 2017).

We seek an online platform design that preserves
and communicates these features of CZ science while
increasing the findability and accessibility of current working
knowledge/hypotheses. The proposed platform would treat peer-
reviewed publications as “data” (i.e., Lafia et al., 2021), but utilize
a front end of interconnected “pages” to provide the context and
access to “the data” in ways that are consistent with CZ science
practice. These pages would include: (1) conceptual diagrams; (2)
current working hypothesis and counter hypothesis; (3) examples
of how these hypotheses are realized (or not) across time and space
scales (and for specific periods and locations); and (4) overviews of
methods and best practices for their application–all of which would
be linked with peer-reviewed papers. We emphasize that such a
platform could be designed and built with existing technology;
essentially, it would function as a web application (Börner et al.,
2005). Therefore, it could be hosted on existing cloud computing
services (i.e., DigitalOcean), and the backend could be designed
to leverage existing AI-driven systems, which would be trained by
experts to aid in search and updating procedures (Coon et al., 2016;
Ibáñez and Delgado-Kloos, 2018). The front-end “pages” could be
structured by experts but allowed to evolve with ChatGPT style
user adaptation.

While the design of this new platform is by no means simple,
arguably the more complex and important challenge is to design
an effective plan for the platform’s governance. We want a tool
that engages and supports the collaboration that is essential for
moving CZ forward (Arora et al., 2023). The goal of the tool
would be to address barriers to entry into CZ science communities,
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particularly for disadvantaged scientists, associated with gaining
access to what defines “the cutting edge” in these research domains
(Thakore et al., 2014; Nocco et al., 2021). To do this we would need
strategies to fully engage the CZ research community, including
experts, early-career scientists, and scientists with a diverse set of
backgrounds and strengths. Strategies for shared governance can
take advantage of what has been learned by shared development
of knowledge platforms in general (Manesh et al., 2020) and more
recently around how to incorporate natural language processing
like ChatGPT into knowledge platform design (Hu et al., 2023).
Contributions would need to adhere to a strict set of rules for
both governing and updating. For updating, these rules would
require careful consideration on how best to leverage the existing
peer review process to maintain credibility while at the same time
creating a flexible, dynamic, and FAIR system. Much can be learned
from how shared knowledge projects like Wikipedia have evolved,
both in terms of governance and incentives for engagement
(Bruckman, 2022). The main challenge is a “human-centered” one,
and how to harness the CZ community. The more users, and the
larger the contributing community, the better the product.

Along with shared governance comes the challenge of funding.
A successful platform would need support by funding agencies.
The community building would need to leverage existing support
for science synthesis and the practical knowledge that synthesis
organizations (such as the National Center for Ecological Analysis
and Synthesis (NCEAS), or the USGS Powell Center) have gained
related to consensus building. New funding sources, including
potential partnerships with AI-provisioning companies, would
need to be carefully explored.

Publication overload in environmental science in general, and
within CZ science, necessitates new ways to efficiently find current
(and past) hypotheses from interconnected disciplines and their
realization at relevant scales and locations along with practical
understanding of current methods (where they work and where
they don’t). To build such a platform requires disparate scientific
communities to work together including scientists, visualization
experts, database specialists, ontologists, and AI and machine
learning experts. This collaborative process, in which the scientist
(i.e., the CZ scientist) is involved at every step, is critical to building
an effective solution for information overload. We argue that if
the process is initiated and led by scientists, the resulting product
will better fit the needs of the CZ (and other environmental
science communities). Waiting for a private sector solution, such
as a “better” Google Scholar or more detailed ChatGPT, will not
necessarily ensure that the strengths of human-driven science are
maintained. The explosion of new scientific information combined
with critical needs for “the state of the science” in an era of
unprecedented environmental change demands we do something.
The need is here, we have the tools, and the timing is right for
a radical transformation of how we present and summarize our
scientific knowledge—but are we bold enough to take the leap?
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academia, government and the private sector. The survey was built using

Qualtrics and distributed via email to environmental science departments

within the Western US, national parks in the Western US, academic social

networks (e.g., the Organization of Biological Field Stations, and

Environmental and Resource Economics Network), federal intuitions and

labs (e.g., NASA JPL, USGS, USFS, NCAR/UCAR, National Snow and Ice

Data Center), state institutions (e.g., the California Air Resources Board,

and California’s Department of Water Resources), city institutions (e.g.,

Seattle Public Utilities, and Casitas Municipal Water District), nonprofits

(e.g., California Council on Science & Technology, and Public Policy

Institute of California), and private companies (e.g., Vibrant Planet, and

Airborne Snow Observatories Inc.). Of the 443 responses, 220, 177, and

46 responders identified as being in the Earth, Life, and Social science

disciplines, respectively. Academics represented 34% of the respondents,

while 66% were non-academics (i.e., from public and private

institutions).
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