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TIMOTHY HILTON, BARRY SINERVO, AND LAUREL R. FOX

Field stations are platforms for documenting patterns and processes in ecosystems and are critical for understanding how anthropogenic climate
change reshapes nature. Although networks of field stations have been used to identify patterns at continental to global scales, these broad,
sparsely distributed networks miss variation in climate change at local and regional scales. We propose that regional-scale research networks
are essential for addressing the myriad of ecological and evolutionary challenges—including management and mitigation options—that cannot
be answered by more broadly distributed networks or by individual field sites. We discuss our experiences leveraging natural areas throughout
California at the Institute for the Study of Ecological and Evolutionary Climate Impacts. We then explore benefits and challenges of networking
research at spatial scales congruent with regional patterns of climate variation and climate change, the challenges of sustained infrastructure
and research support, and opportunities for future regional-scale research networks.
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iological field stations around the world support
scientific research on a broad array of ecological and evolutionary questions. Work at these sites, usually in protected
and intensely studied locations, has elucidated the mechanisms behind many ecological and evolutionary transformations over time (Billick et al. 2013, Fiedler et al. 2013, National
Research Council 2014). Although individual field stations
are ideal for in-depth studies of responses to climate change
in localized areas, the data are rarely sufficient for evaluating
patterns of climate change and biotic impacts across broader
geographic scales. To address this issue, formal networking of
research efforts across sites has been one approach to the challenge of optimizing and coordinating research, particularly at
continental to global spatial scales (Peters et al. 2014).
Focusing research at spatial extremes—local versus
continental—has led to a dichotomy in approaches (and
associated infrastructure and research funding) to studying
climate change impacts: detailed work at one or a few field
stations versus networks of stations assembling data at continental or global spatial scales. Far fewer networks focus on
intermediate (regional) spatial scales, and as a result, critical regional patterns and processes that respond to climate
change remain understudied.
Scale dependency is central to many ecological and evolutionary questions. Because many patterns and processes
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related to climate change vary across regional scales, linking field stations and other research sites within a region
(ranging from 10 kilometers to several hundred) is critical.
In addition, many evolutionary and ecological processes,
including dispersal, gene flow, adaptation, and species sorting within and among communities, respond to climate
change at regional scales (Huston 1999, Carvalho et al.
2010, Bellard et al. 2012). Monitoring these processes and
patterns across intermediate spatial scales is essential for
understanding these changes and for designing mitigation
strategies, such as assisted migration and targeted preservation of refugia.
We argue that networked research at regional scales can
uniquely address ecological and evolutionary questions at
the intermediate spatial scales over which climate change
affects many systems. We illustrate the value of regionally
networked field sites for studying biotic impacts of climate
change by drawing on our own experiences of networked
research throughout California under the auspices of the
University of California’s (UC) Institute for the Study of
Ecological and Evolutionary Climate Impacts (ISEECI).
ISEECI harnesses the power inherent in the fine spatial
scale and research legacies of the UC Natural Reserve
System (UCNRS) and other natural areas by networking
research across multiple sites. We suggest that analogous
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formal networks of research sites, designed specifically to
study the regional effects of climate change, can greatly
enhance understanding of the spatially complex impacts
of global climate change at scales relevant to the ecology and evolution of organisms and to the mitigation of
impacts.

2 BioScience • XXXX XXXX / Vol. XX No. X

biab048.indd 2

Regional scales
Regional-scale variation in environmental patterns, including climate (prevailing weather conditions), changes in
climate (long-term shifts in prevailing weather conditions),
and disturbances, can be dramatic. This is evidenced by variability along elevational and latitudinal gradients, as well as
proximity to bodies of water. Furthermore, the spatial scales
of climate variability critically affect spatial and temporal
patterns of demography, climate refugia, dispersal, adaptive and nonadaptive evolution via genetic variation and
plasticity, community composition, and ecosystem-level
properties. These are the scales at which organisms move
among sites, generating novel communities as climate modifies habitat suitability for different species.
From an applied perspective, understanding regional patterns is critical for risk assessments intended to identify and
help manage the most vulnerable species and ecosystems
(Nadeau et al. 2017). For example, grassland restoration
outcomes vary among regions in ways that can only be
explained by exploring variation in climate and weather
within regions (Stuble et al. 2017, Staples et al. 2019). Such
patterns and processes are largely missed by the coarse spatial distribution of continental and global networks.
Regional research: The California example
California provides an instructive case study for promoting climate change research at a regional scale. The diverse
habitats across California show variable trends in climate
responses spanning latitudinal, longitudinal, and elevational
gradients that shape the complex state-wide patterns of
ecosystem structure and function (Pratt and Mooney 2013,
Black et al. 2018). In addition, both spatial and temporal
variation in climate have increased in recent decades (Black
et al. 2018). This variation can be seen in clinal patterns
of total and interannual variability in rainfall; northern
California has higher and, in the past, more stable precipitation than the south, but interannual variation in precipitation has recently increased, particularly in the north (Pratt
and Mooney 2013, Black et al. 2018). Climate variability
across the state results in a diversity of ecosystem types and
responses to climate change that cannot be captured by
a single site, such as the sole Californian NEON site (located
in the southern Sierra Nevada).
Research at regional spatial scales in California is not new.
Beginning in the late 1800s, integrated work across California
has yielded important ecological and evolutionary insights.

Downloaded from https://academic.oup.com/bioscience/advance-article/doi/10.1093/biosci/biab048/6272439 by guest on 24 May 2021

From local to global scales
Biological field stations and marine labs have advanced ecology and evolutionary biology since the late 1800s. There are
now well over 1200 field stations in 120 countries around
the world (Tydecks et al. 2016) supporting work on a broad
array of ecological and evolutionary questions. Ever since the
establishment of the first field stations in the United States—
the Woods Hole Marine Biological Laboratory (est. 1888)
and the Harvard Forest (est. 1907)—universities and foundations have used field stations to provide both hands-on
educational experiences and facilities for research (Arvey
and Riemer 1966, Raup 1966, Kohler 2002). Today, many
stations hold a wealth of long-term biological data that has
become invaluable for studying ecological and evolutionary
change over the last century.
Ecologists and evolutionary biologists have long focused
their research on one or a few specific sites, documenting
extensive ecological and evolutionary transformations (e.g.,
Harte and Shaw 1995, Melillo et al. 2002, Harrison et al.
2015). These studies have generated a depth of place-based
knowledge allowing field stations and other protected areas
to become critical bellwethers of environmental change,
including climate, and other natural and anthropogenic
disturbances. The work tends to be focused on detailed
observations, measurements, or experiments that elucidate
patterns and processes at local scales.
The creation of formal networks of field stations focused on
questions relevant to large spatial scales has helped optimize
and coordinate research addressing patterns at continental
to global spatial scales over the past 50 years or so. Some
networks are funded by targeted programs created by various national agencies. For example, in the United States, the
National Science Foundation’s (NSF) Long Term Ecological
Research (LTER) Network was established in 1980 to explore
continental ecological and biogeochemical patterns at multidecadal timescales. More recent US national networks
include the National Ecological Observatory Network
(NEON) and the Critical Zone Collaborative Network (formerly Critical Zone Observatory). The International LTER
network, Ameriflux, the Forest Global Earth Observatory,
and the Drought-Net Research Coordination Network,
among others, link sites across continents. These networks
have allowed researchers to answer key questions about
complex ecological and evolutionary changes and therefore
provide critical overviews of biotic effects of climate at continental to global scales (McNulty et al. 2017). Sites within
these networks can also be used to explore local dynamics, but these networks typically miss effects over regional
gradients.

Some organizations, such as the Organization for
Biological Field Stations (OBFS) and National Association
of Marine Laboratories (NAML), bring together hundreds
of member stations worldwide and, as a result, facilitate
open channels of communication and idea sharing. Field
stations within these organizations serve as critical catalysts
for research at local through continental scales (Billick et al.
2013, McNulty et al. 2017), and many serve as points in
continental-scale networks including NEON and LTER.
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Early spatially distributed projects included classic studies
such as Rutter’s (circa 1893–1903) work on life histories,
ecology, and variation in coastal fishes from California to
Alaska (Rutter 1896), Grinnell’s (circa 1908–1939) terrestrial
vertebrate surveys at hundreds of sites throughout California
(Grinnell and Storer 1924, Moritz et al. 2008), and Clausen,
Keck, and Heisey’s (circa 1932–1958) exploration of the
genetic and environmental drivers of plant ecotypic variation from the central Californian coast to the Sierra (Clausen
et al. 1941). These sorts of long-term studies at regional scales
continue to contribute to our understanding of ecological and
evolutionary changes across both space and time. They are
even more relevant in a time of rapid environmental changes.
Local reserves across a region: The UCNRS. The University of

California Natural Reserve System (UCNRS; figure 1) is a
regionally distributed collection of field stations. Founded
in 1965 (Norris 1968, Fiedler et al. 2013), the UCNRS is
now the largest association of university-affiliated reserves
https://academic.oup.com/bioscience
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in the world with a central administration providing policy
guidance, information technology services and other reserve
support, as well as oversight for a number of student-focused
research and education programs. The NRS reserves fall
within 12 of California’s 19 major ecoregions, protecting
sites and providing researcher and student access to ecosystems ranging from oak savannahs and coastal redwood
forests to deserts, alpine freshwater, and nearshore marine
habitats (figure 2). The 41 reserves total over 300,000 hectares and range over 800 kilometers from their southernmost
point at Kendall–Frost Mission Bay Marsh Reserve in San
Diego to their northernmost point at Lassen Field Station
near Redding (figure 2). This coverage enables the UCNRS
to provide key research access across the region.
As at so many field sites around the world, research at
UCNRS sites has contributed a rich understanding of local
natural history, ecology, and the evolution of organisms and
ecosystem processes. Historical collections of photographs,
field notes, species inventories, voucher specimens, climate
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Figure 1. The UCNRS sites span many of California’s diverse ecosystems. Four UCNRS sites representing some of that
diversity: (a) Donald and Sylvia McLaughlin Natural Reserve, (b) Boyd Deep Canyon Desert Research Station, (c) Bodega
Marine Reserve, and (d) Angelo Coast Range Reserve. Photographs: Lobsang Wangdu.
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data, and land-use records at these sites enrich current
research (Fiedler et al. 2013). However, taxonomic foci and
sampling methods reflect the interests and expertise of individual researchers and often differ across sites.
ISEECI: A case study of a regional-scale research network. In 2015,

the University of California formed ISEECI, which used
the UCNRS with its deep history and regional spatial scale
as the backbone for a new network encouraging researchers to study the ecological and evolutionary impacts of
climate change across the region. ISEECI supports research
exploring impacts of anthropogenic ecosystem changes
at regional scales. ISEECI is a collective effort by faculty
across the University of California with the explicit goal
of advancing climate change science. Using the UCNRS’
extensive platform of existing reserves in tandem with other
California natural areas including state and county parks,
UC Agriculture and Natural Resource field stations, and
museum collections, ISEECI supports research harnessing
multiple sites to understand the ecological and evolutionary
4 BioScience • XXXX XXXX / Vol. XX No. X
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impacts of climate change. ISEECI has also partnered with
the Southwest Experimental Garden Array (SEGA; see
below) network located in northern Arizona and run by
Northern Arizona University, expanding its spatial scope in
the southwestern United States. As a new network facilitating regional-scale climate change research, ISEECI helps
integrate research to further understanding of biotic consequences and implications of local to regional variation in
climate, climate change, and habitat use.
ISEECI takes a bottom-up, faculty-driven approach to
coordinated research. ISEECI was seeded by funding from
the University of California Office of the President to the
University of California, Santa Cruz. Funds were then
distributed to individual researchers—particularly postdoctoral researchers and graduate students—from all nine
undergraduate UC campuses. This direct monetary support
of research and workshops stimulated and supported the
regionally networked research efforts. External grants from
organizations such as the NSF have subsequently funded
additional projects within ISEECI.
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Figure 2. Map of California Natural Reserve System field stations across the 19 USDA ecoregions of California (Griffith
et al. 2016).
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Through ISEECI, scientists have harnessed the power of
networking research at the regional scale to explore global
change impacts from population to ecosystem levels (e.g.,
Baker and Allison 2017, Cavalheri et al. 2019, Des Roches
et al. 2020, Stuble et al. 2021). Studies include observational, experimental, and theoretical approaches to investigate impacts of global change on organisms ranging from
microbes to vertebrates in terrestrial, freshwater, and marine
habitats spanning California’s diverse ecoregions (figure 3,
box 1). This work has already yielded novel insights into
a range of regional climate impacts, including effects of
temperature on fish and aquatic invertebrate morphology
and life history (Cavalheri et al. 2019, Symons et al. 2019,
Des Roches et al. 2020); fire frequency, rainfall, and temperature on flammability and biomass of California Lilacs
(Merrill et al. 2018); radiation, rainfall, and temperature
https://academic.oup.com/bioscience
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on decomposition and microbe community composition
(Baker and Allison 2017, Baker et al. 2018); precipitation
on plant growth (Campbell et al. 2017, Hilton et al. 2019);
and nonnative species on bee assemblage diversity and
composition (Nabors et al. 2018). In some cases, species or
communities were described across gradients provided by
networks of sites; in others, the networks of sites provided
varying conditions along which experimental mesocosms
were established. We describe three case studies in box 1.
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Figure 3. Three examples of ISEECI-sponsored graduate research studies synthesizing data across multiple UCNRS
sites (as well as neighboring non-UCNRS sites, not mapped here) to enhance our understanding of the ecological or
evolutionary consequences of climate change. Projects range from explorations of the evolution of fire adaptation in
California Lilac (Merrill et al. 2018), to temperature on fish and aquatic invertebrate morphology and life history
(Cavalheri et al. 2019, Symons et al. 2019), to the impacts of radiation, rainfall, and temperature on microbial community
composition and function (Baker and Allison 2017, Baker et al. 2018).

New regional research networks
Several regional research networks, ranging from very localized to international efforts, have formed in terrestrial and
aquatic environments, most within the last 10–15 years. The
goals of these networks vary; many fund infrastructure or
help identify themes for relevant research and applications,
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Box 1. ISEECI case studies.

Dense spatial replication across the UCNRS provides insights into ecosystem-level changes that broadscale networks can neither detect
nor verify. For example, carbon cycling responses to severe drought differ substantially between northern and southern California.
Using intensive measurements of photosynthesis at eight sites (including five in the UCNRS; figure 4), Hilton and colleagues (2019)
showed a two-sloped photosynthesis–precipitation relationship: photosynthesis declines relatively gradually with declining annual
precipitation until a transitional point at which the decline in photosynthesis becomes much more severe with further precipitation
decrease. This transition occurs at higher annual precipitation (500–750 millimeters) at wetter, more northerly sites than drier, more
southerly sites (250–300 millimeters). Critically, the annual precipitation of the transitional point for northerly sites is just above the
observed annual mean precipitation from the second half of the twentieth century, indicating that Northern California could be at
risk for large declines in plant productivity during future droughts. Drought simulations further reveal a shift in timing of maximum
annual photosynthetic rates to earlier in the year, particularly at southerly sites.
The spatial scales for identifying extirpations and shifts in distributions of terrestrial vertebrates require a high density of sampling
sites, field resurveys, and, ideally, museum specimens or other historical records. This fine scale is needed to identify patterns of local
extinctions and, in many cases, underlying causes. For instance, vertebrate extirpations and range expansions occur at small scales
(approximately 1 kilometer) within and across several sites in the Mojave Desert. The western fence lizard, Sceloporus occidentalis,
persists in cool canyons with wet seeps on the north slope of the Granite Mountains, but has been extirpated on south slopes (Sinvervo
and André, personal observation). Evidence of potential extirpations and declines of birds (39 species out of 50 surveyed) in Mojave
Desert Grinnell resurveys occurred over similar spatial scales, especially at sites spanning elevational gradients (Riddell et al. 2019).
These patterns of local extirpations and expansions, repeated for numerous taxa over the state, paint a complex picture of vulnerable
taxa being lost while resilient taxa expand their ranges as a result of evolved differences in the physiology, dispersal, and interspecific
interactions (Moritz et al. 2008). Sampling along very narrow spatial scales at numerous sites with deep histories of ecological study is
essential for understanding of range shifts and extinctions due to climate change (figure 4).
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Establishing the appropriate spatial scale and distribution of study sites enables researchers to use space-for-time substitutions to study
responses to climate change, which attempt to understand temporal biological trajectories from contemporary spatial patterns (Blois
et al. 2013). Space-for-time substitutions in a latitudinal study of three-spined stickleback fish (Gasterosteus aculeatus) in estuaries with
seasonal variability in ocean connectivity yielded new information on the link between climate and trait evolution. After formulating
evolutionary hypotheses from seasonal trait patterns at one UCNRS site, the Younger Lagoon Natural Reserve, researchers expanded
their spatial scope to explore relationships among weather, habitat, and stickleback traits along a latitudinal climate gradient of 25
different estuaries (figure 4). A heritable trait associated with stickleback predator defense and mobility—the number of lateral bony
plates—was correlated with latitude and climate. Fish had fewer plates in drier, southern estuaries than in wetter, northern estuaries
(Baumgartner and Bell 1984, Des Roches et al. 2020). Comparison with museum collections allowed researchers to reveal that the
number of plates declined over the past several decades, reflecting California’s increasingly dry climate (Des Roches et al. 2020).

Figure 4. Study sites for cases studies in box 1 include a mix of UCNRS sites (the shaded circles) and other California natural
areas (the open circles). Studies spanning sites with deep histories of ecological and evolutionary study allow comparisons
across time and space, facilitating the understanding of the impacts of climate change on ecological and evolutionary processes.
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Moving forward: Networks for the twenty-first
century
Field stations are critical for understanding how climate
and other environmental changes (past, present, and future)
affect the natural world. Although individual field stations
are important resources for studying these changes, their
potential is enhanced by networking at a range of spatial
scales. Such networking is a powerful approach, capitalizing
on data from individual sites in new ways and improving
our understanding of impacts of environmental changes. In
the present article, we emphasize the power of regional-scale
networks. ISEECI provides one example of networking for
https://academic.oup.com/bioscience

biab048.indd 7

regional climate change research, blending contemporary
research and historical data across arrays of sites. Such an
approach allows scientists to harness the power of decadesold research at sites within a region, furthering our understanding of biotic consequences of change.
Given the many field stations dotting the globe, there is huge
potential to recognize and support existing networks, formalize currently informal ones, and build new regional networks
of field stations and other protected sites for the express purpose of understanding and addressing global change impacts.
The potential of targeted regional work that documents ongoing ecological and evolutionary changes and identifies their
drivers is largely untapped. Currently existing associations of
field stations, which already contribute so much to both localand global-scale networks, provide possible mechanisms for
both enhancing and initiating new regionally focused research.
Both OBFS and NAML have hundreds of member stations and
recognize the need for regionally focused studies. Their joint
report (Billick et al. 2013) advocates for formalized networking
of field stations across regional spatial scales, explicitly stating
that linking sites at regional scales is crucial because regional
dynamics contribute to fundamental ecological and evolutionary processes such as biodiversity. Indeed, several regional
networks have spun off from OBFS as member stations seek
to facilitate regional research connections (McNulty et al.
2017), including the Kentucky Organization of Field Stations
(composed of a mix of OBFS member and nonmember sites).
Other opportunities for enhancing regional research include
increased formal links between existing networks (such as
LTER and NEON) that could expand cross-site research capacity at regional scales.
Regional networks: Conservation and policy. Regional research

efforts are often the most appropriate scale for addressing critical policy decisions about conservation in the face of climate
change. California’s new Biodiversity Initiative (California
Natural Resources Agency 2018) is a regional-scale effort to
understand impacts of climate change on natural biodiversity, as well as environmental and economic health. A key
goal of this initiative is maintaining the health of California
ecosystems by identifying areas to prioritize for protection,
including spaces that might buffer ecological change or serve
as refugia in the face of climate change. ISEECI provides one
model for implementing the research efforts that are key to
the success of California’s Biodiversity Initiative. Other networks (e.g., The Southern Fire Exchange) have developed
for the express purpose of promoting sound environmental
practices and affecting policy. Certainly, a broader array of
regional networks would be invaluable for informing similar
environmental efforts around the globe.
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but a few also fund research. We highlight a few examples of
these regional efforts.
One of the first regional networks, the international
Caribbean Costal Marine Productivity Network coordinated
measurements of productivity in coral reefs habitats at
approximately 30 Caribbean marine laboratories from 1992
to 2007 (Cortés et al. 2019). LTER-Europe has facilitated
research networks across multiple spatial scales (Mirtl et al.
2013, Mollenhauer et al. 2018); the Zones Ateliers in France,
for example, unite multiple sites centered on a structural
element such as a river (e.g., Bretagnolle et al. 2019). The
Centre for Excellence in Coral Reef Studies in Australia
provides infrastructure and support for a broad array of reef
research projects on the Great Barrier Reef, incorporating
field stations operated by diverse Australian universities
and agencies. In addition, the center also supports research
elsewhere and has partners in other countries. In freshwater systems, the International Institute for Sustainable
Development’s Experimental Lakes Area provides a regional
network of 58 lakes and their watersheds in Northwestern
Ontario for scientific manipulation and exploration (e.g.,
Schindler et al. 1996).
Within the United States, SEGA was developed in 2012 to
explore variation in plant performance and biotic interactions, including intraspecific genetic variation, evolution,
and climate change along environmental gradients in northern Arizona (Cooper et al. 2019, Whitham et al. 2020). In
marine systems, the Northeast Coastal Station Alliance is
a recent (2015) effort to link marine labs across the Gulf of
Maine to coordinate long-term monitoring and research in
the intertidal zone.
In contrast to networks providing infrastructure or
research support, others chiefly help identify potential
research themes and applications and facilitate standardized
protocols. The recently established Terrestrial Ecosystem
Research Network, for example, compiles a range of standardized information, from remotely sensed data to fieldbased biotic measurements, at multiple locations across
Australia. In the southeastern United States, the Southern
Fire Exchange networks government agencies, field stations,
and nonprofit organizations to form a powerful voice in science communication and advocacy of new policy related to
fire (Fawcett et al. 2016).

Funding regional research. Networking research at regional

scales is expensive, requiring sustained funding for infrastructure, coordination among institutions and researchers,
and potentially, for the research itself. Much of the pioneering work at regional scales, in the early twentieth century,
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Conclusions
Assessments of both environmental changes and their biotic
responses are scale dependent. Networking research at global
and continental scales provides a big picture of overall patterns of change and their impacts. In contrast, regional
research networks that focus on the study of climate, habitats,
and biota at the scales most relevant to organisms are needed
to address many other questions, including management
responses to this complex and evolving issue. These insights
are also invaluable as aids for decision-making in restoration
and conservation, including such efforts as the California
Biodiversity Initiative. Recognizing that research questions
related to environmental change are scale dependent may
stimulate both scientists and funding sources to reconsider
how they use field stations and other protected areas for
research, and encourage institutions to explicitly support
research across multiple field stations spanning diverse environmental gradients. We encourage further dialogue among
scientists, managers, and other stakeholders to explore how
8 BioScience • XXXX XXXX / Vol. XX No. X
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regional research networks can best meet the increasing
challenges associated with understanding, predicting, and
managing ecological systems in a rapidly changing world.
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was made possible by substantial and sustained funding
through private endowments (e.g., Grinnell’s surveys) and
federal sources (e.g., the Rutter and the Clausen, Keck, and
Heisey surveys). A few recent regional-scale research efforts
have been supported at levels above those of typical research
grants, including long-running studies on sea otters and
subtidal communities across California and Alaska funded
largely by the US Geological Survey (Rasher et al. 2020).
SEGA infrastructure was initially funded through a Major
Research Instrumentation grant from the NSF and Northern
Arizona University is poised to maintain this network long
term (Thomas Whitham, Northern Arizona University,
Flagstaff, AZ, USA, personal communication, 28 January
2021). Finally, Australia’s Centre of Excellence for Coral
Reef Studies has had consistent, large-scale government
research funding since 2005. In the United States, the NSF
Macrosystems program provided substantial funding for
some regional-scale work, although only for relatively short
terms (including funding for research within the SEGA
network).
Despite substantive funding for a few regional research
networks, sustained funding for most regional-scale research
is both unpredictable and relatively rare. Most examples of
regional networks cited in the present article fund the infrastructure but not the science itself. Some regional networks
have been short lived, or some sites are inactive in particular
years because of a lack of research funds (Cortés et al. 2019).
In contrast to most regional networks, ISEECI provided
an alternative model of directly funding research as well as
workshops within the regional network that led to the search
for subsequent, larger sources of research support. We suggest
funding mechanisms focused on understanding ecological
and evolutionary patterns and processes would do well to
target regional scales as the pace of anthropogenic impacts on
ecological systems quickens and restoration and conservation
efforts are more important than ever to mitigate these effects.
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