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Abstract. Itis a critical time to reflect on the National Ecological Observatory Network (NEON) science to
date as well as envision what research can be done right now with NEON (and other) data and what training
is needed to enable a diverse user community. NEON became fully operational in May 2019 and has pivoted
from planning and construction to operation and maintenance. In this overview, the history of and founda-
tional thinking around NEON are discussed. A framework of open science is described with a discussion of
how NEON can be situated as part of a larger data constellation—across existing networks and different
suites of ecological measurements and sensors. Next, a synthesis of early NEON science, based on >100 exist-
ing publications, funded proposal efforts, and emergent science at the very first NEON Science Summit
(hosted by Earth Lab at the University of Colorado Boulder in October 2019) is provided. Key questions that
the ecology community will address with NEON data in the next 10 yr are outlined, from understanding
drivers of biodiversity across spatial and temporal scales to defining complex feedback mechanisms in
human-environmental systems. Last, the essential elements needed to engage and support a diverse and
inclusive NEON user community are highlighted: training resources and tools that are openly available,
funding for broad community engagement initiatives, and a mechanism to share and advertise those oppor-
tunities. NEON users require both the skills to work with NEON data and the ecological or environmental
science domain knowledge to understand and interpret them. This paper synthesizes early directions in the
community’s use of NEON data, and opportunities for the next 10 yr of NEON operations in emergent sci-
ence themes, open science best practices, education and training, and community building.

Key words: community; continental-scale ecology; diversity; inclusion; National Ecological Observatory Network;
open data; open science; Special Feature: Harnessing the Neon Data Revolution.
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INTRODUCTION

Summary of foundational thinking around NEON
Environmental challenges facing today’s soci-
ety require thinking across scales from local to
continental or global, data collected across differ-
ent ecoregions and over decades, multidisciplin-
ary expertise, team science approaches, and
training in skills like computer and data science
(Keller et al. 2008, Schimel 2011). A fundamental
goal of the National Ecological Observatory Net-
work (NEON) is to improve our understanding
of and ability to predict the effects of environ-
mental change (e.g., climate change, land-use
change, biological invasions, altered nutrient
cycling) at continental scales representing both
terrestrial and aquatic ecosystems (Field et al.
2006, Schimel et al. 2011, Kao et al. 2012). The
scientific infrastructure of NEON was designed
to meet this goal by using a standardized, multi-
scale sampling strategy consisting of systemati-
cally deployed aquatic, ground, and tower-based
sensors, field sampling, and high-resolution air-
borne remote sensing (Schimel et al. 2007,
Kampe et al. 2010, Taylor et al. 2011). NEON
delivers a coordinated and standardized set of
calibrated and documented data on key plant
and animal taxa as well as microbes and algae,
environmental and atmospheric variables, and
remote sensing data across the United States
(Field et al. 2006, Kampe et al. 2010). These data
can help reveal linkages between ecological pat-
terns and processes across scales and identify
drivers of change and the resultant ecological
consequences (Atkins et al. 2018, Read et al.
2018, Hall et al. 2020, Marconi et al. 2021). The
Observatory design (including 81 sites across 20
ecoclimatic domains; NEON 2021a) and sam-
pling protocols (Keller et al. 2008, Kao et al.
2012) will capture temporal scales across local,
regional, and continental spatial extents to enable
meaningful connections to satellite remote sens-
ing, geospatial, and other network data. The
transformational potential of NEON as a highly
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integrated scientific observatory was recognized
early on in its deployment (Balch et al. 20200), as
were the challenges of working with disparate
types of ecological and environmental data. Real-
izing the full potential of NEON will require that
data are easy to access and use by scientific and
educational communities. However, NEON data
will not be able to answer all questions; it will
not replace the need for field ecology or skills
to conduct hypothesis-driven, experimental
research (e.g., study design, data collection), the
value of an intimate understanding of a particu-
lar organism or ecosystem, or the utility of other
individual sites, networks, and data sources, but
rather can be used in conjunction with all of
these other existing sources of information.

History of NEON

The necessity for a long-term, geographically
widespread ecological observatory network with
consistent data collection had long been recog-
nized by the scientific community. Workshops in
2000-2005 led to an initial plan for NEON with
an ambitious 30-yr timeline (NEON 2021b). The
following five years were dedicated to planning
and designing, and in 2011, the National Science
Foundation (NSF) approved funds to build
NEON (NEON 2021b). The construction of
NEON sites was completed in 2019 (NEON
2021b). While some data products at some sites
were available as early as 2010, it was not until
2019 that all sites had each data product avail-
able. Thus, after almost 20yr of envisioning,
planning, and construction, NEON is now fully
operational. The challenges of running an opera-
tion at this scale are significant and have been
noted elsewhere (Mervis 2015, Cesare 2016,
Collins and Knapp 2019, Rogers 2019). While
some of the community has been hesitant or
resistant to embrace NEON due to the steep
learning curve and other challenges (Sagoff
2019), some of the community is eager to use
NEON data because of the potential that this
large NSF investment offers.
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Some individual researchers and lab groups
began analyzing components of NEON data
even before the full scope of the Observatory was
complete (Anderegg and Diffenbaugh 2015,
Ghabbour et al. 2015, Read et al. 2018, Scholl
et al. 2020), yet further efforts were needed to
build a cohesive NEON user community. Fur-
thermore, while there is an understanding in
much of the community about the power of the
data being produced by the Observatory, many
potential users may face barriers to utilizing
these data sets (Balch et al. 2020b). Therefore,
Earth Lab at the University of Colorado Boulder
hosted the first NEON Science Summit in 2019 to
continue to build a robust and sustainable
NEON user community, which is essential for
the Observatory to realize its full potential.

2019 NEON Science Summit

The NEON Science Summit, held at the Univer-
sity of Colorado Boulder in October 2019, was the
first “unconference” (a meeting with participant-
driven agenda and working group topics) focused
on building new science from NEON data prod-
ucts. In total, there were 170 participants through
a mix of in-person and remote participation.
Throughout two-and-a-half days, “15 breakout
working groups used NEON data to explore
questions such as: What are the environmental
drivers of microbial community composition
across sites (see Qin et al., in this special issue)?
How can ground, uncrewed aerial systems
(UAS), airborne, and satellite data at NEON sites
be linked for applications such as detecting and
segmenting individual trees (see Koontz et al.
and Gann et al., in this special issue)? Does the rela-
tionship between native and non-native species
richness change with spatial scale (see Gill et al.,
in this special issue)? This paper synthesizes the
work from the 2019 NEON Science Summit and
the Grand Challenges that the NEON user com-
munity identified as priority areas to address.

NEON OpPeN SciENCE

Open science principles and methods (e.g.,
making samples, data, workflows, software,
publications freely available) are changing the
field of ecology (Hampton et al. 2015). As a key
tenet of the NEON mission at the outset, this
commitment to open science has the potential to
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accelerate ecological research and increase the
diversity of scientists involved by removing bar-
riers to access. The diversity and number of data
products (NEON 2021c), tutorials (NEON
2021d), and analytic tools (neonUtilities (Lunch
et al. 2021) and geoNEON (NEON 2020) pack-
ages in R) that NEON provides are a key
resource for open ecological research. In addi-
tion, NSF requires all scientists funded by Macro-
systems Biology and NEON Enabled Science
grants to archive their data with the Environ-
mental Data Initiative (EDL EDI 2021) to pro-
mote data discovery and use. An extended
commitment of the scientists using these
resources to make their data, code, and work-
flows open will increase efficiency and facilitate
greater coordination across a larger collaborative
community. Key opportunities that are expected
to bring added value to open NEON data include
the following: harmonization with other observa-
tion networks (such as the Long-Term Ecological
Research (LTER), Long-Term Agroecosystem
Research (LTAR), Critical Zone Observatory
(CZ0O), AmeriFlux, USA-NPN National Phenol-
ogy Network, and others) and data sources, open
science contributions from the NEON user com-
munity, and facilitation, training, and curation
that lead to a robust and popular NEON soft-
ware toolbox.

Data harmonization to answer continental-scale
ecology questions

The why of linking data.—Participants of the
2019 NEON Science Summit identified that
network-to-network data collaborations are criti-
cal for continental-scale ecology (Balch et al.
2020b; SanClements et al., in this special issue).
NEON has existing collaborations with Ameri-
Flux, the PhenoCam network, the LTER network,
the LTAR network, the National Phenology Net-
work, and others. These collaborations leverage
multiple sources of spatial and temporal resolu-
tion and thus improve our ability to understand
complex processes, phenomena, and change over
space and time compared to individual net-
works. Because of its spatial and disciplinary
breadth, NEON is well poised to act as a central
hub in a network of networks (SanClements
et al., in this special issue). Expanding these part-
nerships would be beneficial to NEON and the
whole community.
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Broadening our metworks and multi-scale
analysis.—NEON data can be used in conjunction
with data from other networks at co-located
sites, to expand sites in spatial extent, to stan-
dardize data collection protocols, or to synthe-
size complementary data products across
networks. Existing long-term (i.e., decadal) eco-
logical networks (e.g., CZO, LTER) at co-located
sites provide inferential power and historical
context for contemporary patterns observed by
NEON (Hinckley et al. 2016b). For example,
long-term experiments at LTER sites manipulate
some of the drivers observed by NEON, contex-
tualizing patterns observed at NEON sites (Jones
et al. 2021). Other continental-scale monitoring
efforts (e.g., community or citizen science data,
North American Breeding Bird Survey, eBird)
can fill in gaps between NEON sites and expand
the spatial reach of NEON data. NEON also
carries the potential to contribute to global-scale
networks such as GLEON (Global Lakes Ecologi-
cal Observatory Network) and GEO BON
(Group on Earth Observations Biodiversity
Observation Network). NEON collaborated with
the USA National Phenology Network to ensure
that data collection protocols between the two
networks were standardized from NEON’s
inception. A recent collaboration between the
Environmental Data Initiative (EDI), LTER, and
NEON resulted in a harmonized data model
(ecocomDP) for community ecology observations
that provides an analysis ready data product for
synthesis of community ecology data sets across
the LTER and NEON (O'Brien et al, 2021;
Record et al. 2021; Li et al., in this special issue).

NEON site data and Airborne Observation
Platform (AOP) observations can be used syner-
gistically for calibration and validation and
inform existing and future missions/networks.
The ability to task NEON resources in support of
these studies will continue to expand the utility
of the NEON program and synergies. For exam-
ple, the AOP was tasked in 2018 in support of
the Department of Energy’s ongoing Watershed
Function Science Focus Area (Chadwick et al.
2020). This project produced publicly available
data sets and functional trait models that are
now being used for a wide range of studies,
including assessment of sensitivity requirements
for NASA’s Surface Biology and Geology (SBG)
Designated Observable (Cawse-Nicholson et al.
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2021; Thompson et al., unpublished manuscript). A
priority of the SBG program is to understand the
global distribution of vegetation functional types
and traits. Precursor studies like this one will
allow NEON AOP studies to inform SBG archi-
tecture. Over the long term, together, imaging
spectroscopy satellite missions and NEON data
will provide repeat observations of chemical
properties of vegetation, aquatic biomass, and
soils at variable, and complimentary, resolutions
and repeat times.

NEON data can be extended vertically and
horizontally with UAS, airborne, and satellite-
based observations to answer questions requir-
ing multi-scale observations and analysis. For
example, following on Schimel et al. (2019), plot
data and flux tower data can be integrated with
UAS, airborne, and satellite observations to
obtain productivity and carbon measurements
from the eddy covariance footprint to continental
scales. The multi-temporal observations from
NEON data are also primed for trend analyses
by integrating with data from Landsat, Landsat/
Sentinel harmonization, Moderate Resolution
Imaging Spectroradiometer (MODIS), Global
Ecosystem Dynamics Investigation (GEDI), and
long-term monitoring plots from other networks
to understand vegetation dynamics from distur-
bances (e.g., fire, beetle kill) and soil dynamics
from experimental manipulations (Wieder et al.
2020). Lastly, there is an opportunity to utilize
UAS data for field validation and scaling to
observations at NEON sites, as well as non-
NEON sites through NEON'’s assignable assets
program (NEON 2021e).

Best practices for sharing data, code, software,
and entire workflows

All components of NEON are documented
and intended to be reused as community stan-
dards for data collection and processing. The sci-
ence carried out using NEON data must be open
and reproducible, encouraging the creation of
online space to store, review, and share tools and
software to build upon each other’s efforts. Yet
successfully building a community of scientists
who share code, software, and data products
built upon NEON data is one of the key chal-
lenges identified during the Summit and requires
community adoption of best practices (Hey 2009,
Bechhofer et al. 2013).
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Open software, tools, and code to support efficient
open science.—In modern science, software under-
lies a majority of science outputs; it is critical that
researchers strive for openness in their work to
the degree possible. This includes making code
accessible with permissive licensing (Dabbish
et al. 2012, Loeliger and McCullough 2012), cit-
able using DOIs, documented and maintained
over time to support reproducibility and re-use.
Although these approaches are historically not
part of traditional science training, organizations
such as rOpenSci (rOpenSci 2021) and pyOpen-
Sci (pyOpenSci 2021) provide community sup-
port and a peer-review process to ensure both
citation credit for software developed and high-
quality scientific tools. The review process is fur-
ther supported by the Journal of Open Source
Software and Methods in Ecology and Evolution
to simplify publication avenues. Tools and work-
flows for working with NEON data can make
use of these open science principles to advance
scientific discovery by building on collaborative
knowledge. An open science approach will also
ensure continued improvements of NEON-
specific analytical tools, expansion of the macroe-
cological knowledge base, and systematically
address knowledge gaps.

Open data and processing pipelines.—The volume
and variety of data produced by the NEON user
community are significant and require the adop-
tion of best practices for sharing, curating, and
archiving data workflows and derived products
following FAIR data principles (Wilkinson et al.
2016). To make the greatest use of NEON and
extended data sources, data are given structure
in the form of a schema or index and must have
community established metadata templates, for
example, DublinCore (Weibel et al. 1998), Eco-
logical Metadata Language (EML; Fegraus et al.
2005), or DarwinCore (DwC; Wieczorek et al.
2012). Derived data can be hosted on public
repositories such as Dryad (Isard et al. 2007),
Pangaea (Pangea 2021), the EDI Data Portal (EDI
2021), Environmental Systems Science Data
Infrastructure for a Virtual Ecosystem (ESS-
DIVE; Varadharajan et al. 2019), or CyVerse Data
Commons (CyVerse 2021).

When extended to the regional and continental
scale over many years and decades, the computa-
tional and management specifications of NEON
data require analyses on distributed, scalable
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cyberinfrastructure. While some researchers pay
for computing and storage services via platforms
like Amazon Web Services, limited access to
computational resources by students or
researchers at small and underserved institutions
can be remedied by using free and open scien-
tific  cyberinfrastructure  resources.  High-
performance computing (HPC), high-throughput
computing (HTC), and cloud services are freely
available to U.S.-based researchers via the
eXtreme Scientific and Engineering Discovery
Environment (XSEDE; Towns et al. 2014) and
CyVerse (Merchant et al. 2016, Swetnam et al.
2016, Bucksch et al. 2017). Additionally, privately
operated CyberGIS platforms, such as Google
Earth Engine (GEE; Gorelick et al. 2017), re-host
some public Earth observation system (EOS) sat-
ellite and aerial remote sensing data and provide
a resource for exploratory data analysis. Work-
flow Management Systems (WMS) enable
researchers to analyze vast quantities of data on
distributed cyberinfrastructure. Exemplar WMS,
such as Pangeo (Eynard-Bontemps et al. 2019),
SnakeMake, Makeflow, and WorkQueue
(Albrecht et al. 2012, Koster and Rahmann 2012,
Zheng and Thain 2015), are used by the Life and
Earth science communities for analyzing massive
corpuses of scientific data and could be adopted
by NEON users. Processing NEON'’s environ-
mental, soil metagenomic data, or AOP data
across the entire observatory requires scalable
computing which are most easily accomplished
via a WMS (Thessen et al. 2020).

The NEON toolbox will empower an open,
collaborative NEON community

The scientific community has already built
many different tools and products to make work-
flows for processing and analyzing NEON data
more efficient (NEON 2021f); however, these
efforts are widespread, often disconnected, and
the tools developed are not easily discoverable.
Further, the tools are often developed for single
project use and thus not generalized to support
the broader community of NEON data users (but
see Li et al., in this special issue). There are several
potential advantages to sharing resources among
NEON users including (1) reduced redundancy
in efforts as groups independently develop tools
with similar functionality; (2) adoption of
methods or algorithms with novel approaches
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