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a b s t r a c t

Combining water-quality data from multiple sources can help counterbalance diminishing resources for
stream monitoring in the United States and lead to important regional and national insights that would
not otherwise be possible. Individual monitoring organizations understand their own data very well, but
issues can arise when their data are combined with data from other organizations that have used
different methods for reporting the same common metadata elements. Such use of multi-source data is
termed “secondary use”dthe use of data beyond the original intent determined by the organization that
collected the data. In this study, we surveyed more than 25 million nutrient records collected by 488
organizations in the United States since 1899 to identify major inconsistencies in metadata elements that
limit the secondary use of multi-source data. Nearly 14.5 million of these records had missing or
ambiguous information for one or more key metadata elements, including (in decreasing order of records
affected) sample fraction, chemical form, parameter name, units of measurement, precise numerical
value, and remark codes. As a result, metadata harmonization to make secondary use of these multi-
source data will be time consuming, expensive, and inexact. Different data users may make different
assumptions about the same ambiguous data, potentially resulting in different conclusions about
important environmental issues. The value of these ambiguous data is estimated at $US12 billion, a
substantial collective investment by water-resource organizations in the United States. By comparison,
the value of unambiguous data is estimated at $US8.2 billion. The ambiguous data could be preserved for
uses beyond the original intent by developing and implementing standardized metadata practices for
future and legacy water-quality data throughout the United States.

Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Substantial investments have been made in water-quality
monitoring in the United States by Federal, State, and local gov-
ernments, Tribes, water utilities, universities, and many others
since the inception of water-quality monitoring in the early 20th
century (Myers, 2015), but funds for monitoring have slowly been
eroding over time (National Research Council, 2004). For example,
the U.S. Geological Survey (USGS) began monitoring a network of
505 stream sites throughout the United States in 1991 through the
National Water-Quality Assessment (NAWQA) project of its

National Water-Quality Program. Since that time, reductions in
funding have led to a reduction in the NAWQA network to 117 sites,
limiting the spatial and temporal resolution of key findings from
the program (Rowe et al., 2013). Two other USGS national moni-
toring networksdthe Hydrologic Benchmark Network (focused on
undeveloped streams) and the National Stream-Quality Accounting
Network (focused on large rivers)dwere reduced from 54 to 15
sites and from 518 to 39 sites, respectively, between the 1970s and
the 1990s (Hooper et al., 2001). Funding decreases have affected
other organizations as well. For example, the Temporally Integrated
Monitoring of the Environment (TIME) and Long Term Monitoring
(LTM) programda collaborative program managed by the U.S.
Environmental Protection Agency (USEPA)dwas initiated in the
1980s to examine trends in surface-water chemistry in response to
changing air emissions and acid deposition. The number of lakes
and streams monitored by the integrated program has dropped
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over time due to funding cuts, leading to a loss of sites in Colorado,
the Upper Midwest, and Vermont (U.S. Environmental Protection
Agency, 2009). An evaluation of historical nutrient data collected
by multiple organizations that reported data in the USGS National
Water Information System (NWIS) database and the USEPA Storage
and Retrieval (STORET) database found that the number of moni-
toring sites nationwide having at least 2 years of nutrient data and
at least 20 samples increased throughout the 1970s, but wide-
spread decreases were occurring by the early- to mid-1990s. The
timing of the peak number of sites ranged from the mid- to late-
1970s (in the Midwest and Pacific Northwest) to the early- to
mid-1990s (in the South) (Saad et al., 2011).

As the collective resources for water-quality monitoring in the
United States have decreased, it has become increasingly critical to
leverage information from the disparate monitoring networks to
address regional and national water-resource issues. Major moni-
toring organizations have made substantial progress in making
their data publicly available (Myers, 2015), but fragmented data
storage practices (including nomenclature, use of metadata, and
data storage and dissemination platforms) continue to pose chal-
lenges when combining data from multiple organizations. Indi-
vidual monitoring organizations understand their own data very
well and are able to make use of those data locally. But problems
can arise when their data are combined with data from one or more
other organizations using a different dissemination platform
and(or) using a different approach to describe the same common
metadata elements.

In this study, we surveyed available nutrient data and metadata
from 488 organizations that have conducted monitoring in U.S.
streams at any point since 1899 (Supplementary Table 1). The
survey included ambient monitoring data that were publicly
accessible from Federal, State, regional, and local government
agencies and non-governmental organizations, and included more
than 25 million water-quality records from 321,927 sites. Nutrients
are the focus of this survey because they were recently found to be
the most widespread chemical stressor in U.S. streamsd46% of U.S.
streams have high levels of nitrogen, phosphorus, or both (U.S.
Environmental Protection Agency, 2016a). Nutrients also are
among the most commonly monitored water-quality parameters in
the United States, and as a result, they provide a window into
common challenges encountered for a wide variety of parameters
when using data from multiple sources. The ultimate objective of
this study was to identify major inconsistencies in metadata prac-
tices that limit the secondary use of multi-source nutrient data. The
term “secondary use” is defined herein as distinct from the term
“primary use”. “Primary use” refers to use of data for the original
intent determined by the organization that collected the data.
“Secondary use” refers to the use of the same data for other pur-
poses. Data users making secondary use of the data are defined
herein as “secondary data users”.

2. Material and methods

All available nutrient concentration records for streams and
rivers were retrieved from NWIS and STORET, the two largest na-
tional water-quality databases in the United States. STORET serves
water-quality data from the USEPA and multiple submitting orga-
nizations; NWIS primarily serves data from the USGS, but also
contains a small amount of data collected by other organizations.
Data were retrieved from NWIS in May 2013 and from STORET in
October 2013; more recent data from both data bases were ob-
tained from the Water-Quality Portal (which serves data from
NWIS and STORET) between January and March 2015. Additional
nutrient concentration records frommajor water-resource agencies
in each State also were included in the evaluation. These data were

available from local agency databases or directly from staff within
the agency. These data were obtained between June 2010 and May
2015; some organizations provided data on more than one date.
Overall, approximately 70% of the final nutrient records came from
NWIS and STORET.

The 488 organizations across the United States included in the
survey comprised 19 Federal agencies; 6 regional (multi-State) or-
ganizations; 100 State water, natural resources, or environmental
protection agencies; 130 tribal organizations; 108 county or sub-
county organizations; 24 academic organizations; 17 non-
governmental organizations; 34 volunteer organizations; and 50
private organizations (Table 1). One-half of the data came from
State water, natural resources, or environmental protection
agencies; another one-third of the data came from Federal
agencies.

Variations in nomenclature, terminology, and jargon in the
water-resources community have long been problematic when
aggregating water-quality data from multiple sources. In particular
with nutrients, there are different chemical and physical forms in
natural waters (notably, partitioning between organic and inor-
ganic forms and dissolved and particulate phases) and different
methods of field collection and laboratory analysis. Defined stan-
dards and universally accepted nomenclature for nutrients in their
various forms have been unavailable or have not been widely
adopted. Ambiguous and(or) inconsistent terminology, ambiguous
and(or) incomplete metadata, and clearly incorrect data and met-
adata were all encountered in our survey. To evaluate these issues,
we identified the key result-level metadata elements needed to
unambiguously interpret each value. Result-level metadata applies
to an individual numerical value from a sample, and includes
metadata elements such as units of measurement. Often, there are
multiple results in a sample (for example, nitrate, ammonia, and
orthophosphate results together in a single sample). Sample-level
metadata applies to all results in the sample, and includes ele-
ments such as date, time, site name, site location, and sampler type.
This study evaluates only result-level metadata.

The key result-level metadata elements in our evaluation
included parameter name, sample fraction (filtration status),
chemical form (molecular or elemental), numerical value of the
analysis, units of measurement, and remark codes indicating either
poor quality or values detected below the laboratory reporting
limit. The number of records that could be unambiguously inter-
preted were tallied, along with the number of records that had
missing or ambiguous information for each of the key metadata
elements.

3. Results and discussion

3.1. Records with missing or ambiguous metadata

Nearly 14.5 million of the original 25 million records sur-
veyeddor over one half of the original recordsdhad missing or
ambiguous information for one or more of the key metadata ele-
ments. Tomake use of any of these 14.5million records, a secondary
data user would need to make some assumptions about the value.

3.1.1. Parameter name
Of the many different nutrient parameters reported by organi-

zations throughout the United States, ten are most commonly used
to characterize nutrient concentrations in streams and are most
frequently reported in water-quality databases. These common
parameters included ammonia, Kjeldahl nitrogen (ammonia and
organic nitrogen), nitrite, nitrate, nitrite plus nitrate, nitrogen
(mixed forms, including nitrite, nitrate, ammonia, and organic ni-
trogen), organic nitrogen, organic phosphorus, orthophosphate,
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