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Abstract Data resulting from environmental moni-
toring programs are valuable assets for natural resource
managers, decision-makers, and researchers. These
data are often collected to inform specific reporting
needs or decisions with a specific timeframe. While
program-oriented data and related publications are
effective for meeting program goals, sharing well-
documented data and metadata allows users to research
aspects outside initial program intentions. As part of an
effort to integrate data from four long-term large-scale
US aquatic monitoring programs, we evaluated the
original datasets against the FAIR (Findable, Accessi-
ble, Interoperable, Reusable) data principles and offer
recommendations and lessons learned. Differences
in data governance across these programs resulted
in considerable effort to access and reuse the origi-
nal datasets. Requirements, guidance, and resources
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available to support data publishing and documenta-
tion are inconsistent across agencies and monitoring
programs, resulting in various data formats and storage
locations that are not easily found, accessed, or reused.
Making monitoring data FAIR will reduce barriers to
data discovery and reuse. Programs are continuously
striving to improve data management, data products,
and metadata; however, provision of related tools, con-
sistent guidelines and standards, and more resources to
do this work is needed. Given the value of these data
and the significant effort required to access and reuse
them, actions and steps intended on improving data
documentation and accessibility are described.
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Introduction

State, tribal, and federal governments all have man-
dates to monitor aquatic ecosystems. In the USA,
this includes many aquatic monitoring programs
designed to understand landscape changes and help
decide management actions, such as the challenge of
managing landscapes for multiple uses (e.g., grazing,
timber harvest, mining, roads; Roper et al., 2019),
restoration priorities (Miller et al., 2016), and iden-
tifying limiting factors to endangered or threatened
fish populations (Nickelson & Lawson, 1998). Col-
lectively, millions of dollars are spent annually in the
USA on aquatic monitoring; however, these programs
are often independently managed and data access,
sharing, and reuse are not at the forefront of program
design and maintenance. This siloed approach results
in more effort to discover and reuse data by those out-
side the program.

Data sharing is becoming increasingly com-
mon and is typically required by journals and fund-
ing organizations (Boeckhout et al., 2018; Fox et al.,
2021; Nature, 2016; Smith et al., 2020), including the
US federal government (Public Law 115-435, 132
Stat. 5529). FAIR (Findability, Accessibility, Interop-
erability, Reusability) principles were introduced to
facilitate and promote data sharing, offering criteria to
improve data findability, accessibility, interoperability,
and reusability (Wilkinson et al., 2016). FAIR data are
accessible via defined parameters, seamless to reuse
and integrate, and heavily reliant on well-described
metadata. Cited thousands of times, the FAIR princi-
ples (Wilkinson et al., 2016) have been widely adopted
and used by scientific fields from plant phenotyping
(Pommier et al., 2019) to oncology (Vesteghem et al.,
2020). Further, the Foundations for Evidence-Based
Policymaking Act of 2018 (2019) aligns with FAIR
principles, requiring data to be “machine-readable,” in
a format that can be processed by a computer, “avail-
able in an open format [...] not encumbered by restric-
tions” with an “open license” and “at no cost to the
public” (Public Law 115-435, 132 Stat. 5529). Given
the adoption of FAIR principles by the wider scien-
tific community, monitoring programs will benefit by
striving for FAIR data, as conforming to these widely
adopted constructs will increase discoverability, reuse,
and citability of program data.

Data management frequently overwhelms monitor-
ing programs and adequate financial support can be
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difficult to procure. For many monitoring programs,
a large quantity of data is collected and maintained
and budgetary support for data management is mini-
mal. As a result, data are often released on program-
specific websites, solely in reports, or not at all. Fur-
thermore, information on who manages the data or
information (provenance), how data were collected
or derived (protocols and metadata), and data quality
assurance may be incomplete, difficult to find, or dis-
persed among sources. This can make accessing, shar-
ing, and reusing data an obstacle. Sharing data allows
others to conduct new and novel analyses within and
outside the intended program objectives and increases
the dataset’s value and program visibility. For exam-
ple, combining stream habitat data with other aquatic
(water chemistry and quality), biological (fish assem-
blage, macroinvertebrates), and climate data would
help water management decision-making (Larson
et al., 2021). Furthermore, integrating data between
programs monitoring in different geographic areas or
time periods could help provide additional informa-
tion for management decision-making across jurisdic-
tional boundaries (Heberling et al., 2021; Northwest
Indian Fisheries Commission Member Tribes, 2020;
U.S. Fish & Wildlife Service, 2009) and inform inves-
tigations at international scales (Virro et al., 2021).

We evaluated four aquatic monitoring programs’
compliance with FAIR principles while accessing and
reusing their data and metadata as part of a stream
physical habitat data integration project. Based on
this experience and our understanding of challenges
related to aquatic monitoring data, we offer lessons
learned and highlight recommendations for monitor-
ing programs to plan for, and achieve, FAIR data.

Participating aquatic monitoring
programs background

We invited four long-term environmental monitor-
ing programs that assess the condition and trend of
wadeable streams and rivers (Table 1) to partici-
pate in creating a data exchange standard including
controlled vocabularies and an integrated dataset
of stream habitat metric data. These programs were
selected based on their geographic ranges and long-
term data (9-24 years) collected using consistent
methods and statistically valid designs. These four
programs have evolved alongside each other and
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with collaboration across agencies, including many
studies assessing the comparability of collected
field data and resulting stream condition metrics
(Houston et al., 2002; Lenz & Miller, 1996; Roper
et al., 2010; Whitacre et al., 2007). Stream physical
habitat data includes channel dimensions (bankfull
width and height, stream gradient and sinuosity),
pools (residual pool depth, percent pools), substrates
(channel fine sediment and pool tail fines), and bank
measurements (angle), which are used to assess
changing stream conditions over time, which can
indicate shifting watershed and ecosystem health.

We assessed each program’s data and metadata
based on FAIR principles as described by the Global
Open FAIR Initiative (GOFAIR, n.d.) to facilitate the
implementation of the FAIR data principles. Only a
subset of the programs’ data products was assessed
here; some programs collect and maintain addi-
tional data (such as terrestrial or macroinvertebrate
surveys), which were not assessed. When referring
to program acronyms (AIM, AREMP, NRSA, and
PIBO MP) throughout this paper, we are only refer-
encing the specific subset of each program’s stream
data that we assessed (Bureau of Land Manage-
ment [BLM] Assessment, Inventory, and Monitoring
Project Team, 2021; Miller et al., 2017; U.S. Envi-
ronmental Protection Agency [EPA], 2006, 2016a,
2020a, 2021; W. Carl Saunders, U.S. Forest Service
PacFish/InFish Biological Opinion Monitoring Pro-
gram, unpublished data, 2021"). The lessons learned
and recommendations are based on our assessment of
these specific datasets and metadata against the FAIR
principles and our experience integrating a subset of
the program’s data.

Monitoring programs and FAIR assessment

These four programs were established before the
introduction of FAIR data principles yet still managed
to meet many of these principles to varying degrees
(Table 2). Below, we describe the findings and sum-
mary of the FAIR assessment from Table 2.

1 At the time of publication, data were not available from the
US Forest Service PacFish/InFish Biological Opinion Monitor-
ing Program.

@ Springer

Findability

Associating data and metadata with a citable per-
sistent identifier, such as a digital object identifier
(DOI), improves findability by providing access
to the object regardless of its location. Also DOIs
improve reproducibility of analyses in that they
allow for documentation of versioning. Only AIM
assigned a persistent identifier to the dataset and
metadata on Data.gov, a metadata aggregator which
facilitates discovery of open data at all levels of
government. NRSA has a DOI registered at Data.
gov for the NARS webpage where multiple surveys’
datasets and metadata are posted, which obscures
identification and versioning of individual datasets
and metadata records. There is no persistent identi-
fier for the individual NRSA datasets and metadata.
AIM and NRSA data and metadata were found via a
searchable resource (Data.gov). Without persistent
identifiers, finding the other datasets required some
prior knowledge. AREMP and PIBO MP data were
findable only through Google, published reports, or
the program website, which are not considered reg-
istered or indexed searchable resources according to
FAIR principles.

Accessibility

Use of identifiers and avoidance of specialized or pro-
prietary tools for data and metadata retrieval are best
practice to make data and metadata accessible. Three
programs made data and metadata retrievable using
standard communications protocol, hypertext transfer
protocol (https). While PIBO MP data and metadata
required a data request to obtain, contact information
was not clearly available on the program’s website
to do so (Table 2; Al). If contact information (such
as a phone number or email address) was posted, it
would qualify as a standard communications protocol
according to FAIR.

Over time, data sharing methods and file formats
may change, causing issues with future data accessi-
bility. The use of a data repository with a long-term
management plan ensures the metadata is available
for users to find even if the data is no longer available
at some point in time. While each program indicated
data and metadata would be available in the future
via data request (Table 2; A2), this is insufficient for
FAIR principles. None of the programs used a data
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Table 2 FAIR assessment of AIM, NRSA, AREMP, and PIBO MP programs’ data and metadata based on individual FAIR criteria

(GOFAIR, n.d.)

FAIR criteria AIM NRSA AREMP PIBO MP

Findable

F1. (Meta)data are assigned a globally unique and persistent No Yes No No
identifier

F2. Data are described with rich metadata (defined by R1) Yes Somewhat Somewhat Somewhat

F3. Metadata clearly and explicitly include the identifier of the data No No No No
it describes

F4. (Meta)data are registered or indexed in a searchable resource Yes Yes No No

Accessible

Al. (Meta)data are retrievable by their identifier using a Yes Yes Yes No
standardized communications protocol

A1l.1. The protocol is open, free, and universally implementable Yes Yes Somewhat Somewhat

A1.2. The [communication] protocol allows for an authentication
and authorization procedure, where necessary

A2. Metadata are accessible, even when the data are no longer
available

Interoperable

I1. (Meta)data use a formal, accessible, shared, and broadly
applicable language for knowledge representation

I12. (Meta)data use vocabularies that follow FAIR principles
I3. (Meta)data include qualified references to other (meta)data
Reusable

R1. Meta(data) are richly described with a plurality of accurate and

relevant attributes

R1.1. (Meta)data are released with a clear and accessible data
usage license

R1.2. (Meta)data are associated with detailed provenance
R1.3. (Meta)data meet domain-relevant community standards

Not applicable Not applicable Not applicable Yes

No Yes No No

Yes No Yes No

Not applicable Not applicable Not applicable Not applicable

Yes No No No
Yes No Yes No
Yes Yes No No
Yes No No No

Not applicable Not applicable Not applicable Not applicable

repository to house permanent metadata to ensure
longevity and accessibility to the information.

Publishing an Application Programmer Interface
(API), a mechanism to access data via a defined com-
munication protocol, aligns with the FAIR data prin-
ciples, and is an important tool for data systems to
pass information back and forth (Klein et al., 2019)
and more and more data is being shared this way
(Gorelick et al., 2017; Recreation.gov, 2022; U.S.
Census Bureau, 2014; U.S. Environmental Protec-
tion Agency, 2019; U.S. Geological Survey, n.d.;
U.S. Geological Survey Earthquake Hazards Pro-
gram, n.d.). Only AIM published data with a rep-
resentational state transfer (REST) API service,
allowing researchers and developers to reuse infor-
mation directly in web portals, mapping tools, and
open-source scientific programs (e.g., R and Python)
(Klein et al., 2019).

Interoperability

Open and/or standard data formats (i.e., non-propri-
etary) are key to data accessibility and allow users to
access data and metadata without specific software
resources. NRSA and AIM data and metadata were
available in a free and open format where NRSA
used comma separated value (.csv) files for data and
text files (.txt) for metadata and AIM used comma
separated value (.csv) files for data and eXtensible
Markup Language files (.xml) for metadata. In addi-
tion to the.csv file fulfilling the open format criterion,
AIM data are also available in a variety of other for-
mats, such as.kml, GeoJSON, and shapefile providing
a wide range of options for users. AREMP and PIBO
MP data and metadata required proprietary software
to access (Al.1; Table 2). AREMP published data and
metadata as an ESRI ArcGIS geodatabase and PIBO

@ Springer
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MP data were available by request as an ArcGIS geo-
database or a Microsoft Excel (.xIsx) spreadsheet.

Geodatabases and Microsoft Excel files can be a
barrier to some users without the necessary software
licenses to open files in their native environment.
While ArcGIS geodatabases can be accessed via
open-source software (e.g., QGIS, Python, R), geoda-
tabases are still considered proprietary by the Library
of Congress (2022) and are not acceptable file for-
mats according to Federal Records Management
(National Archives, 2022). Microsoft Excel (.xlsx)
files are also accessible via open-source software
(e.g., OpenOffice, LibreOffice) but the.xls file format
is more widely compatible and acceptable (National
Archives, 2022).

Using standard vocabularies and consistent
accessible language makes interoperability easier
within a program and between different program
datasets. There are data exchange standards con-
taining standard vocabularies for water quality
data, such as EPA Water Quality Exchange (U.S.
Environmental Protection Agency [EPA], 2019)
and Observation Data Model 2 (ODM2; Horsburgh
et al., 2008). Pre-existing standards and vocabular-
ies were insufficient for describing the programs’
stream physical habitat data and we acknowledge
the lack of a standard inhibits each program’s abil-
ity to achieve the FAIR Interoperable principles.

Without a standard vocabulary for stream physi-
cal attributes, each program created an independ-
ent vocabulary. As a result, vocabularies differed
between programs as well as within individual pro-
grams. To meet specific reporting requirements,
NRSA data and metadata are published as individual
releases after 2-years’ data collection. Individual
NRSA datasets spanning 2 years had new metrics or
altered field headers compared to other 2-year spans.
NRSA maintains a single comprehensive dataset cov-
ering all years surveyed but does not make this infor-
mation public. Other programs append new data to a
pre-existing dataset, which eliminates the need for a
data user to interoperate across years within the same
program’s data. Furthermore, interoperability (and
findability) is improved by publishing machine (and
human) readable metadata, which may be readable by
a machine without specific mappings or translators or
if translations are needed, to provide formal, shared
documentation to allow these translations to be under-
stood and repeatable. Only AIM and AREMP shared

@ Springer

metadata in a machine-readable format as eXtensible
Markup Language (XML).

FAIR principle I3 suggests providing direct links to
any supplemental data (such as protocol documentation
or published reports) within the data or metadata. In
long-term aquatic monitoring, data collection protocols
often change over time due to advances in technology,
changes in monitoring questions, or work to coordi-
nate collection with other monitoring programs. Only
the AIM dataset has cross references to the specific
data collection protocol used. PIBO MP data has coded
fields to indicate the protocol used to collect the data
but does not provide direct cross reference to protocol
documentation. AREMP and NRSA datasets and meta-
data do not have cross references to the data collection
protocols. None of these programs has direct references
to changes in analysis over time.

Reusability

Richly described metadata promotes reusability. The
metadata and the thoroughness of descriptions var-
ied by program (F2 and R1; Table 2). AIM metadata
includes field definitions and ranges, which helps the
user know what is in the dataset and whether it meets
their needs, as well as the scope, purpose of work,
limitations, and keywords. AREMP’s overview meta-
data includes keywords, purpose, and limitations,
providing overall context. However, the overview
record does not include field definitions or ranges,
which makes it difficult for users to know what is in
the dataset without accessing the entire dataset and
extracting each individual layer’s metadata file. PIBO
MP and NRSA metadata include field definitions and
units, but lack other important metadata fields, such
as contact information, citation, purpose, limitations,
spatial projections, and keywords.

AIM and AREMP used domain-relevant commu-
nity metadata standards (R1.3; Table 2) by follow-
ing the Federal Geographic Data Committee-Content
Standard for Digital Geospatial Metadata (FGDC-
CSDGM) and had more richly described metadata as a
result. AIM also created metadata following the Inter-
national Organization for Standardization Geographic
Information standard (ISO-19139). NRSA and PIBO
MP did not follow a metadata standard. However, a
community standard did not exist for wadeable stream
habitat data until we began this work, and it does not
include all possible stream habitat variables, so this
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criterion is inapplicable and unachievable for the pro-
grams in our FAIR assessment.

While not included in the metadata or data files,
field and lab protocols documenting data provenance
(a record trail that accounts for the origin of a piece
of data (in a database, document, or repository)
together with an explanation of how and why it got to
the present place) were available on each program’s
website (R1.2; Table 2). Providing this informa-
tion with stream habitat monitoring data is essential
because data collection and analysis methods impact
the metric values and can influence the interpretation
of resulting data (Al-Chokhachy et al., 2010). Reuse
of stream habitat data can only happen if data prov-
enance is understood through well-documented proto-
cols readily available to users.

Lessons learned
Lack of high-level infrastructure and agency mandates

Since these programs are managed by different fed-
eral agencies and departments, there are no consist-
ent data management requirements or comprehensive
process or platform for sharing and publishing aquatic
monitoring data and metadata. Programs whose spon-
soring agencies have requirements to publish data and
metadata met more of the FAIR principles because
they have some guidance, resources, and support to
complete the work to make data and metadata FAIR.
However, the resources available to support infra-
structure and staff are uneven across agencies and
even within agencies. For example, the USFS has a
publication or research mandate in place only for
research stations, not the entire National Forest Ser-
vice, which leaves some programs (such as PIBO
MP and AREMP) without the necessary support and
resources to reach all FAIR standards.

Lack of community standard or centralized repository

Our FAIR assessment found wide disparities across
these four programs’ ease of discovery, access, inter-
operability, and reuse of data and metadata. Over-
all, programs with persistent identifiers and richly
described metadata following a metadata stand-
ard were easier to find and reuse. Open or standard
(non-proprietary) file formats were also easier to

access. Program datasets using consistent vocabulary
throughout the temporal extent of the data were easier
to interoperate and reuse, though doing so required
extensive time and effort, and close collaboration
with the programs to yield an integrated dataset.
Without a community standard, interoperability
principles are difficult for programs to accomplish.
Efforts have been made to improve interoperability
between programs by coordinating data collection
and analysis methods (Houston et al., 2002; Lenz
& Miller, 1996; Roper et al., 2010; Whitacre et al.,
2007), and some programs share historical roots in
their initiation. There is currently no single repository,
data dashboard dedicated to aquatic monitoring data,
or a single location for a user to search for such data.
Program data lived in a variety of locations, which
required significant time spent searching and digging
for information. The EPA Water Quality Exchange
(WQX) supports the documentation and publication
of aquatic data and may provide a vehicle for future
data sharing but does not currently have the necessary
standards or controlled vocabularies in place to do so.
To address the lessons learned, we offer recommen-
dations to aquatic monitoring programs below.

Limitations of FAIR principles

While FAIR principles help improve data sharing,
they do not specifically define and clearly address
all aspects of data stewardship and may be difficult
to interpret and apply. Various sampling designs, dif-
ferent analytical techniques, and data quality assur-
ance are not directly addressed by FAIR principles
(Boeckhout et al., 2018). If these aspects are not well-
documented and available, they may impede data
reusability and interoperability (McCord et al., 2022).
Additionally, data reusability and interoperabil-
ity are two aspects of FAIR which tend to be harder
to understand and achieve (Devaraju et al., 2021;
Kinkade & Shepherd, 2021). For example, complica-
tions with interoperability arose even when multiple
programs collected the same attribute, such as stream
temperature (Isaak et al., 2017). To address this issue,
programs collaborated to compare collected field
data and resulting stream condition metrics (Houston
et al., 2002; Lenz & Miller, 1996; Roper et al., 2010;
Whitacre et al., 2007). However, some stream attrib-
utes remain problematic to interoperate due to differ-
ences in methodologies, equipment used, and training

@ Springer
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of personnel (volume of wood debris) (Isaak et al.,
2017; Whitacre et al., 2007) so documentation of
field and analysis protocols is essential. Furthermore,
FAIR data does not necessarily conform to a disci-
pline-specific standard, which may make findability
more challenging than if such disciplinary standards
existed and were widely used (Musen, 2022).

Recommendations

Natural resource monitoring programs spend substantial
effort and money collecting and processing data,
which should be treated as valuable assets for natural
resource managers and decision-makers (Volk et al.,
2014) with longevity and reuse in mind. Additionally,
as remote sensing becomes a more common technique
for aquatic monitoring, FAIR long-term datasets will
be important to support the cost-effective integration
of existing monitoring data with new remote sensing
datasets by providing ground-truth validation to
calibrate models. Designating or adapting an existing
repository or building a new data repository that meets
the characteristics described by the National Science
and Technology Council (2022) would address many
of the challenges programs face in sharing FAIR data,
allowing the data to reach a broader, more diverse user
community. A centralized repository could support
the use of a single metadata standard, data standard,
vocabulary, and open file formats, addressing many
of the criteria that are more difficult for individual
monitoring programs to address themselves. In the
wider community, this is not a new concept (Bricker
& Ruggiero, 1998; Jaeger et al., 2021). In 1994, the
Government Accounting Office (GAO) pointed out that
“understanding the ecology of an ecosystem will require
collecting and linking large volumes of scientific data,”
but that “available data are often not comparable, and
large gaps in information exist” (GAO, 1994).

In the absence of national infrastructure or agency
mandates, monitoring programs could independently
move toward more consistent data sharing by following
the guidelines set out by the FAIR principles for data
management. Furthermore, if such a resource becomes
available in the future, prior adoption of FAIR data
principles may save time and effort when transition-
ing to use larger scale data management infrastruc-
ture. The FAIR principles provide a valuable frame-
work to improve data stewardship and it is important

@ Springer

to recognize data and metadata do not have to meet all
FAIR principles to be shared or reused. However, it
is also important to recognize FAIR data do not auto-
matically lead to data sharing (Boeckhout et al., 2018),
guarantee reproducibility (Peer et al., 2021), ensure the
ability to integrate data across programs (Mons et al.,
2017), or address different spatial designs or analytical
techniques (Boeckhout et al., 2018).

We acknowledge that each recommendation may
not be possible for all programs to implement based
on resource limitations. The four programs described
here are all moving toward implementing FAIR data
principles and have each made changes to their prac-
tices throughout the duration of our work on this pro-
ject that were informed by working together. Also,
as a result of this project these four programs have
collaborated to make substantial progress towards
a community domain-specific ontology (controlled
vocabulary), which will be published via a separate
mechanism. Prioritizing these actions for monitoring
programs may maximize the benefits of FAIR data:

1. Share metadata in a machine-readable format to
allow searchable harvesting by an aggregator (such as
www.Data.gov) so keywords and search terms lead a
user to each program’s data from a single searchable
resource. (Refer to “How to Get Your Open Data on
Data.gov” for guidance; Data.gov, n.d.)

2. Assign a persistent identifier to data (and meta-
data) upon release. Like a journal article, a per-
sistent identifier helps data users find data via
citations and maintain longevity of data access by
avoiding defunct links if websites move or change
in the future. Established data repositories, such
as USGS ScienceBase (www.sciencebase.gov),
Dryad (www.datadryad.org), Environmental Data
Repository (www.edirepository.org), and Pangaea
(www.pangaea.de) assign digital object identifiers
(DOIs; a type of persistent identifier).

3. Use a metadata standard (such as Federal Geo-
graphic Data Committee’s Content Standard for
Digital Geospatial Metadata (FGDC-CSDGM),
Ecological Metadata Language (EML), or Inter-
national Organization for Standards (ISO)) to
ensure machine-readable metadata are richly
described and contain necessary information for
users to understand the data content and defini-
tions, provenance, limitations, and attribution.
For data provenance, include citations (and ide-
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ally links) to any data collection or analysis pro-
tocol documentation, how metrics were calcu-
lated (and the software or code used to do so),
and supporting material that provides context
to the dataset (e.g., a report specific to a survey
year) within the metadata record.

4. Develop and maintain consistent vocabularies
and standards for monitoring program data. If a
community-wide vocabulary cannot be agreed
upon between programs, use consistent vocabu-
lary within a single program over time. If changes
occur, document them, and make the information
readily available to users. Wherever possible,
spell out words that are easily understood in field
headers rather than using abbreviations or codes,
which require definitions. Continue to build on
community domain-specific vocabulary, such as
being developed in this project (in review).

5. Release data in a free open and/or standard for-
mat (non-proprietary) alongside proprietary file
types to maximize accessibility to a wide range
of users and to future-proof data. Furthermore,
adopt APIs for data sharing to provide a suite of
available file types to suit different user knowl-
edge, experience, and preferences.

6. Assign a reviewer for metadata and data prior to
publishing or release. Like the journal publication
process, an outside party without direct involve-
ment with the product is preferred, but not required
for this task, because they can provide a true assess-
ment of the data and metadata from the user’s point
of view without inside knowledge of the product.

Conclusion

Individual monitoring programs often struggle
to implement the FAIR principles due to a lack of
agency guidance or requirements for data publish-
ing, agreed-on data standards, or funding to support
data management. This results in considerable chal-
lenges for secondary data users such as those work-
ing across programmatic jurisdictions. Improving
data documentation and accessibility by following

FAIR principles can enhance the reuse of data.
Adapting data and metadata to the FAIR principles
and explicitly focusing on the six actions above will
insulate data against future changes to monitoring
technologies and data storage, help streamline data
integration, and therefore, save managers, research-
ers, and decision-makers time and resources. Mak-
ing data and metadata FAIR is one step toward
improving data sharing and facilitating data inte-
gration across programs. If programs also build or
use existing publicly available data repositories, and
publish data using consistent vocabularies, environ-
mental monitoring data can be more easily com-
bined with other information, including biological
and climate data, ultimately providing data users
more information to answer research questions and
make management decisions.
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