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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
prague), goelsner@usgs.gov

access article under the CC BY-NC
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
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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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,



Table 1
The number of individual organizations surveyed and the percent of surveyed data
associated with each major organizational group.

Organizational group Number of individual
organizations

Percent of surveyed
data

Federal 19 33
Regional 6 0.71
State 100 50
Tribal 130 0.77
County or subcounty 108 11
Academic 24 2.7
Non-governmental

organization
17 0.13

Volunteer 34 1.5
Private 50 0.27
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and phosphorus (mixed forms, including orthophosphate, poly-
phosphates, and organic phosphorus). Nitrogen (mixed forms,
including nitrite, nitrate, ammonia, and organic nitrogen) and
phosphorus (mixed forms, including orthophosphate, poly-
phosphates, and organic phosphorus) are herein referred to as ni-
trogen (mixed forms) and phosphorus (mixed forms), respectively.
These parameters often are reported as “total nitrogen” and “total
phosphorus”, names that are ambiguous for reasons we discuss
below.

For these ten nutrient parameters, there were 1046 original
parameter names in the surveyed data. Of those, 931 could be
unambiguously associated with one of the ten common parame-
ters; 115 could not be unambiguously associated. Because of wide
variations in nomenclature and the use of abbreviations, this as-
sociation had to be determined manually. For example, Table 2
shows a subset of the 130 original parameter names that were
possible variations on “nitrite plus nitrate”. Many possible varia-
tions could be clearly identified as “nitrite plus nitrate”, as in ex-
amples 1 through 4; however, there are issues with the other
examples. Example 4 clearly defines “inorganic nitrogen” as ni-
trite plus nitrate, whereas example 5 clearly defines “inorganic
nitrogen” as ammonia plus nitrite plus nitrate. As a result, ex-
amples 6, 7, and 8 (“inorganic nitrogen”with no further detail) are
rendered ambiguous. This is a clear illustration of a situation
where the original data provider knows the exact definition of
examples 6, 7, and 8, but a secondary data user will not, once the
data from examples 4 through 8 are combined. Additionally, a
single organization provided data for examples 7 and 8; the two
parameter names are similar, but the existence of more than one
name raises the possibility of a meaningful distinction that a
secondary data user may not fully understand. Examples 9 and 10
are unclear because of their reference to oxidized nitrogen. While
“nitrite plus nitrate” sometimes is referred to informally as “NOX”
Table 2
A subset of the 130 original parameter names that were possible variations on nitrite
plus nitrate in the surveyed data.

Original parameter name Example

Nitrate plus nitrite, water, filtered, field, milligrams per liter as
nitrogen

1

NO2þ3 (mg/L) 2
NITROGEN, NITRITE (NO2) þ NITRATE (NO3),Dissolved 3
Inorganic nitrogen (nitrate and nitrite) 4
Inorganic nitrogen, water, dissolved, calculated

as NH3þNO2þNO3, milligrams per liter as nitrogen
5

Inorganic Nitrogen 6
Nitrogen,InorganicjjNitrogen,inorganic,total(ug/LasN) 7
Nitrogen,InorganicjjNitrogen,inorganicasN 8
Total NOX mg/L 9
Nitrogen, oxidized 10
or “oxidized nitrogen,” oxidized nitrogen technically can refer to
different combinations of oxygen and nitrogen, or a mixture of
such compounds, including nitrite (NO2

�), nitrate (NO3
�), or nitrite

plus nitrate (NO2
� þ NO3

�). This is another illustration of a situation
where the original data provider knows the meaning of their
parameter name, but a secondary data user would need more
precise information. Of the 931 original parameter names that
could be unambiguously associated with one of the ten nutrient
parameters, orthophosphate had the greatest number of different
names (147), followed by ammonia (141), and then phosphorus,
mixed forms (119).

Two unique issues were identified with the parameter name
harmonization for orthophosphate and phosphorus (mixed forms).
The first issue was related to naming conventions and associated
laboratory analyses of phosphates. For the purposes of this study,
the parameters “soluble reactive phosphorus” (SRP), “orthophos-
phate”, and “orthophosphate-plus-hydrolysable-phosphate” were
associated with the name orthophosphate. Operationally, SRP and
orthophosphate are equivalent when they both are determined
using a spectrophotometric analysis that measures orthophosphate
as well as a small amount of other polyphosphates that may be
unavoidably hydrolyzed during the analysis (Jarvie et al., 2002).
Orthophosphate may be different when it is determined using ion
chromatography, because there is no inadvertent hydrolysis of
other polyphosphates (Westland and Boisclair, 1974). But because
the amount of hydrolysis during the spectrophotometric method
typically is small, orthophosphate and SRP were considered to be
equivalent for this study, regardless of analytical method. Opera-
tionally, orthophosphate-plus-hydrolyzable-phosphate is not the
same as either SRP or orthophosphate, because it includes an
additional deliberate hydrolysis step that can hydrolyze condensed
polyphosphates (Jarvie et al., 2002). However, the amount of
condensed polyphosphates typically is so low in natural waters that
orthophosphate-plus-hydrolyzable-phosphate also was considered
to be equivalent to SRP and orthophosphate for this study.

A second, more intractable, issue with the phosphorus param-
eters was that variations on the name “phosphate” (such as
“phosphate”, “total phosphate”, or “phosphate-phosphorus”) were
used to represent either orthophosphate or phosphorus (mixed
forms), depending on the source. This issue appears to stem from
the way phosphorus (mixed forms) is analyzed in the laboratory. A
water sample that is collected in the field from a stream for phos-
phorus (mixed forms) analysis can be analyzed in a laboratory by
converting all forms of phosphorus in the sample to phosphate. As a
result, some organizations report the resulting value as phosphorus
(mixed forms) (based on the field perspective), but other organi-
zations report the same value as phosphate or total phosphate
(based on the laboratory perspective). In STORET, “phosphate-
phosphorus” has been used to represent phosphorus (mixed forms)
(U.S. Environmental Protection Agency, 2006). Outside of STORET,
some organizations appear to follow this convention and use a
variation on the name phosphate to represent phosphorus (mixed
forms). Other organizations use a variation on the name phosphate
to represent orthophosphate or total phosphate. In many cases, the
intent is not clear, rendering the data ambiguous. When the labo-
ratory analytical method is available and documented (for example
“4500-P F. Automated Ascorbic Acid Reduction Method” [Rice et al.,
2012]), that information can be used to help resolve this ambiguity.
When the analytical method is not available or is available but not
documented (for example, “Method 1”), then this is an issue that
cannot be resolved by the data user.

Ultimately, the parameter name was ambiguous for 3,557,821
records, the third largest number of records affected among the
critical metadata elements (Table 3). In addition, for those that
could be unambiguously identified, substantial manual



Table 3
Count of nutrient records missing keymetadata elements that are needed to unambiguously interpret the associated data value. Of the 25,125,379 original records, 14,453,492
had missing or ambiguous information for one or more of these key metadata elements.

Parameter name Starting records Affected records

Filtration status Chemical form Units of
measurement

Remark codes Data entry

Count Percent Count Percent Count Percent Count Percent Count Percent

Ammonia 4,305,527 2,473,751 57 1,074,957 25 456,060 11 22,304 0.52 223,668 5.2
Nitrate 1,898,557 272,968 14 662,006 35 72,478 3.8 9193 0.48 67,949 3.6
Nitrite 1,527,346 186,401 12 302,840 20 99,957 6.5 14,693 0.96 85,028 5.6
Nitrite plus nitrate 3,670,035 2,114,854 58 e e 217,762 5.9 5945 0.16 55,124 1.5
Kjeldahl nitrogen 3,271,083 2,206,324 67 e e 93,499 2.9 9223 0.28 61,051 1.9
Organic nitrogen 501,153 113,003 23 e e 3035 0.61 162 0.032 9901 2.0
Nitrogen mixed forms 916,604 228,971 25 e e 5937 0.65 753 0.082 3070 0.3
Organic phosphorus 53,902 24,472 45 e e 74 0.14 689 1.3 3582 6.6
Orthophosphate 2,834,848 482,676 17 754,064 27 125,153 4.4 12,848 0.45 63,428 2.2
Phosphorus mixed forms 2,588,503 905,392 35 e e 15,689 0.61 1810 0.070 8321 0.32
Ambiguous 3,557,821 2,937,643 83 1,471,748 41 221,452 6.2 46,903 1.3 55,332 1.6

Totals 25,125,379 11,946,455 e 4,265,615 e 1,311,096 e 124,523 e 636,454 e

[e, not applicable. Some records had missing or ambiguous information for more than one metadata element and are counted in more than one column. Therefore, the sum of
the totals from each metadata column will be greater than 14,453,492.].
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intervention and time was required to harmonize the original
parameter names.

3.1.2. Filtration status
Filtration is the physical process used to separate the particulate

and aqueous fractions of a water sample. Samples are filtered for
several purposes. For example, samples may be filtered to identify
the amount of a chemical associated with the particulate versus the
aqueous fraction, to remove microorganisms in order to help pre-
serve a sample before laboratory analysis, to remove suspended
materials that interfere with some laboratory analyses, or to
determine chemical speciation and fractionation of trace elements
for geochemical studies (U.S. Geological Survey, variously dated).
Filter pore sizes can vary; 0.2, 0.45, and 0.6 mm are common.

In a single stream sample, it often is possible to determine
both unfiltered and filtered variations of the same analyte.
Unfiltered results will include the amount of chemical associated
with both the particulate and the aqueous fraction. Filtered re-
sults will include the amount of chemical associated with just the
aqueous fraction. Knowledge of the filtration status of a sample is
vital, because filtered and unfiltered values for the same analyte
may be very different. This difference is illustrated by paired
filtered and unfiltered values of Kjeldahl nitrogen, orthophos-
phate, and nitrate in Fig. 1. Paired values (filtered and unfiltered
values of the same analyte from the same stream sample) indi-
cated substantial differences and biases between filtered and
unfiltered values of Kjeldahl nitrogen, orthophosphate, and ni-
trate in several rivers of the United States (Fig. 1aec). Filtered and
unfiltered values are not always different, however. Little differ-
ence was observed between paired filtered and unfiltered values
of nitrate in another river (Fig. 1d). Because it can be difficult to
accurately determine the propensity of nutrients to sorb to the
particulate fraction in-river, a data user cannot universally as-
sume that filtered and unfiltered values will be comparable
enough to safely combine into a single data series. Similarly, a
data user cannot safely disregard the filtration status of a sample
when no filtration status is reported.

Water samples can be filtered in the field at the time of collec-
tion or in the laboratory prior to analysis. For some analytes, the
same laboratory method can be used on both a filtered and an
unfiltered sample. As a result, a description of the laboratory
method (even if available) is not always a reliable determinant of
filtration status.
In this study, both “filtered” and “dissolved” were assumed to
mean filtered. “Unfiltered” and “wholewater” were assumed to
mean unfiltered. “Particulate” or “nonfilterable” were assumed to
mean particulate. On many occasions, these variations appear to
have been reported in abbreviated form (for example, “F”, “D”, “U”,
“W”, “WW”, “P”, etc.). Because the meaning of these abbreviations
will not be clear to all data usersdparticularly those who are not
already aware that filtration status can be an important determi-
nant of a nutrient concentration valuedthe use of these abbrevi-
ations was considered to be ambiguous. If the parameter name
contained the word “particulate” or “nonfilterable”, and the frac-
tion was reported as “dissolved” or “suspended” (or vice versa),
then the fraction and parameter name were contradictory and the
data values were considered to be ambiguous.

Another widespread source of ambiguity in both filtration status
and parameter names was the use of the term “total”, without
supporting metadata specifying whether a sample was filtered or
unfiltered. The ambiguity arises because “total” was used in two
ways in the surveyed data: (1) to represent the inclusion of multiple
species, such as when ammonia and organic nitrogen were sum-
med to give total Kjeldahl nitrogen, or when all dissolved phos-
phorus species were included in the determination of total
dissolved phosphorus; and(or) (2) to represent an unfiltered sam-
ple. Some values were clearly identified as being both summed and
unfiltered (e.g. “total Kjeldahl nitrogen, unfiltered” or “total phos-
phorus, unfiltered”); others were clearly identified as being sum-
med and filtered (e.g. “dissolved Kjeldahl nitrogen” or “total
phosphorus, filtered”); others could only have been unfiltered and
not summed, because they could not have been derived as a sum
(e.g. “total nitrite”). However, many records were ambiguously
identified (e.g. “total Kjeldahl nitrogen” or “total phosphorus”). As
with all of the key metadata elements, these parameter names
likely are unambiguous to the originating organization. But they
become ambiguous when the data are combined by a data user
with data from another organization using different nomenclature.

Depending on the eventual application, a data usermight decide
that for some parameters at some sitesdsuch as nitrite plus nitrate
data at the site shown in Fig. 1ddany differences between filtered
and unfiltered data are so small and unbiased as to be negligible
and therefore all data designated filtered, unfiltered, or unspecified
could safely be combined. To support such decision making, how-
ever, it would be preferable to have filtration status available in the
metadata. For other parametersdsuch as phosphorus (mixed
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(b) Pequea Creek at Martic Forge, Pennsylvania, USA
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(c) East Meadow Brook at Freeport, New York, USA
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(d) Carmans River at Yaphank, New York, USA
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Fig. 1. Comparison of paired filtered and unfiltered nutrient concentrations in selected rivers of the United States.
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forms) or Kjeldahl nitrogendsome data users may choose to as-
sume the value represents an unfiltered sample based on an orig-
inal parameter name provided by the source as “total phosphorus”
or “total Kjeldahl nitrogen”. The user assumes some risk with this
practice, however, because of the aforementioned ambiguity in the
use of the word “total” in parameter names.

Missing or ambiguous metadata for filtration status affected
11,946,455 records, by far the largest number of records affected
among the critical metadata elements (Table 3). Excluding ambig-
uous parameter names, the parameters with the largest percentage
of records affected by missing or ambiguous filtration status
included Kjeldahl nitrogen (67%), nitrite plus nitrate (58%),
ammonia (57%), organic phosphorus (45%), and phosphorus (mixed
forms) (35%). Of the ten nutrient parameters, only three (nitrite,
nitrate, and orthophosphate) had fewer than 20% of records
affected by ambiguous reporting on filtration status. In large part,
that was because these three parameters cannot be summed from
multiple species and therefore it could safely be assumed that
“total” meant unfiltered. For all other parameters, the use of the
term “total” was a large contributor to the ambiguity in filtration
status.
3.1.3. Chemical form
Some water-quality results can be reported in two chemical

formsdmolecular or elemental. Speciation is another, more
imprecise, term sometimes used for chemical form. For example,
nitrate (NO3
�) can be reported “as nitrate” (the molecular form,

which includes the full set of nitrogen and oxygen elements in the
nitrate molecule) or “as nitrogen” (the elemental form, with in-
cludes just the nitrogen element). The molar mass of oxygen and
nitrogen are 15.9994 and 14.0067 g/mol, respectively; therefore the
molar mass of nitrate is (15.9994 � 3) þ 14.0067, or 62.0049 g/mol.
Nitrogen comprises only 22.5% of the weight of the nitrate mole-
cule, and as a result, nitrate “as nitrogen” is 22.5% of nitrate “as
nitrate” for the same amount of nitrate in a sample. A case in point:
45 mg/L of nitrate “as nitrate” is equivalent to 45 mg/L � 0.225, or
10 mg/L, of nitrate “as nitrogen”. This is why the USEPA maximum
contaminant level for nitrate is expressed either as 10 mg/L of ni-
trate “as nitrogen” or 45 mg/L of nitrate “as nitrate”.

Because of the magnitude of this conversion factor, unambigu-
ous and complete reporting of chemical form is critical to avoid
misinterpretation of data. This is illustrated by nitrate concentra-
tions in White Clay Creek, Pennsylvania, between 2002 and 2015
shown in Fig. 2a. The filled and open circles show the same data
reported as two different chemical formsdnitrate in mg/L as ni-
trate (filled circles) and nitrate in mg/L as nitrogen (open circles). To
make the conversion, each individual nitrate “as nitrate” concen-
trationwasmultiplied by 0.225 to convert it to nitrate “as nitrogen”.
Both data series are compared to the USEPA maximum contami-
nant level of 10 mg/L of nitrate “as nitrogen”, shown as a horizontal
solid line in Fig. 2a. If a data user was to incorrectly assume the
nitrate “as nitrate” concentrations were nitrate “as nitrogen”
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Fig. 2. (a) Comparison of nitrate concentrations in White Clay Creek, Pennsylvania,
USA, with the same nitrate observations reported with different chemical forms (ni-
trate as nitrate and nitrate as nitrogen). (b) Comparison of mean nitrate concentrations
in Washita River, Oklahoma, USA, with and without the inclusion of censored values.
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concentrations, they would reach an incorrect conclusion that most
nitrate concentrations in White Clay Creek exceeded the USEPA
maximum contaminant level.

Similar reporting options are available for other nutrient pa-
rameters, including ammonia (NH3), nitrite (NO2

�), and ortho-
phosphate (PO4

3�). For these parameters, data values without a
reported chemical form are ambiguous. Conversion factors be-
tween the two chemical forms are substantial and vary for each of
these parameters (1.22, 3.28, and 3.06, respectively). As a result,
misinterpretation of chemical form by a data user will result in
using data that are incorrect by a factor of 1.22, 3.28, and 3.06,
respectively. Because of the magnitude of these conversion factors,
unambiguous reporting of chemical form is critical to avoid serious
misinterpretation and misuse of data. For other parameter-
sdincluding nitrite plus nitrate, nitrogen (mixed forms), organic
nitrogen, organic phosphorus, phosphorus (mixed forms), and
Kjeldahl nitrogendchemical form can safely be assumed even
when it is not reported, because there is only one common element
in the molecule. As a result, we did not include counts due to
missing chemical form for these parameters, even when chemical
form was not reported. We did include counts due to missing
chemical form for ambiguous parameter names, but some of those
are likely to be nitrite plus nitrate, nitrogen (mixed forms), organic
nitrogen, organic phosphorus, phosphorus (mixed forms), and
Kjeldahl nitrogen, if their true meaning were clear.

Missing or ambiguous metadata for chemical form affected
4,265,615 records, the second largest number of records affected
among the critical metadata elements (Table 3). Excluding ambig-
uous parameter names, the relevant parameters with the largest
percentage of records affected by missing or ambiguous chemical
form included nitrate (35%), orthophosphate (27%), and ammonia
(25%).
3.1.4. Units of measurement
Many data values were reported without units of measurement,

such that it could not be unambiguously determined whether
concentrations were in mg/L, mg/L, or some other unit. Other values
were reported with units that were clearly inappropriate for the
associated parameter, such as nephelometric turbidity units (NTU)
associated with a parameter like ammonia. Data without units or
with inappropriate units are ambiguous.

There also were occasional values that were reported with units
but that appeared to be typographical errorsdfor example, a
phosphorus (mixed forms) concentration of 500 mg/L is extremely
unlikely to occur in natural waters. It is farmore likely that the units
were reported incorrectly and that the true value is 500 mg/L, or
0.5 mg/L. In contrast, a phosphorus (mixed forms) concentration of
50 mg/L is more ambiguous, because while the concentration is
very high relative to concentrations found inmost natural waters, it
could occur during locally extreme conditions such as an overflow
of untreated sewage or a heavy runoff event immediately after
nearby fertilizer application. The inclusion of proper units with
sample metadata would help unambiguously identify data values
and distinguish true outliers from typographical errors.

In some cases, an organization reported units for uncensored
data but not for censored data (see “Remark codes” section below
for more information on remark codes and censoring). The reasons
for this practice are unknown, but it creates the potential for sub-
stantially biased analyses if only the censored data are excluded
because the units are unknown.

Missing or ambiguous metadata for units affected 1,311,096 re-
cords, the fourth largest number of records affected among the
critical metadata elements (Table 3). Excluding ambiguous
parameter names, the parameters with the largest percentage of
records affected by missing or ambiguous units included ammonia
(11%), nitrite (6.5%), nitrite plus nitrate (5.9%), and orthophosphate
(4.4%).

3.1.5. Remark codes
With any data value, there can be descriptive qualifiers critical to

accurately interpreting the value. Of most interest for water-quality
analyses are indications of poor data quality (for example,
“Contamination present in the sample”) and laboratory censoring
(data values below a laboratory detection limit). In some databases,
such as NWIS, these characteristics are stored as “remark codes” or
“value qualifier codes”. In other databases, such as STORET, these
characteristics are stored as “qualifier codes” or “result detection
condition”. We refer to these characteristics collectively herein as
“remark codes”.

There were 587 unique remark codes assigned to nutrient
values in the surveyed data. Many of these remark codes were not
defined in an accessible location, and many others were ambigu-
ously defined. When appropriate remark codes are available, data
with one or more remark codes indicating poor data quality can
safely be excluded, depending on the project objectives. Datawith a
remark code indicating laboratory censoring need to be retained
and handled appropriately in subsequent analyses. The omission of
censored data or the omission of remark codes indicating the data
are censored (in effect substituting the detection limit for a value
that actually falls somewhere between zero and the detection limit)
can lead to substantial bias in data analyses (Helsel, 2005). This is
illustrated by nitrate concentrations in the Washita River in Okla-
homa between 1999 and 2006 shown in Fig. 2b. The mean nitrate
concentration determined using all values is 0.182 mg/L as N (the
solid line in Fig. 2b). If censored values were excluded from the data
set, the lowest concentrations observed in the river would be dis-
counted and the apparent mean would be much higher at 0.593
mg/Lda clearly biased result (the dashed line in Fig. 2b). Note that



L.A. Sprague et al. / Water Research 110 (2017) 252e261258
calculation of the mean with all values (including censored values)
was performed using maximum likelihood estimation (Helsel,
2005).

There were 63 unique remark codes that indicated laboratory
censoring; these remark codes had to be manually identified. For
some censored data, there was no remark code provided; rather, a
comment field associated with the data value indicated that the
value was censored. These comments had to be manually located
and translated into a harmonized remark code, a step that some
data users may not be aware is necessary. As described above, some
sources provided units of measurement for uncensored data but
not for censored data. The reasons for this practice are unknown,
but it creates the potential for substantially biased analyses if only
the censored data are excluded because of missing units of
measurement.

Of the 488 sources surveyed, 118 did not provide any records
containing censored remark codes. The total number of records
from each of these 118 sources ranged from 1 to 396,002. For those
sources with a small number of records, it is plausible that no
censored data were ever collected. For those sources with a larger
number of records, it is unlikely that no censored data were ever
reported by the laboratory, given the prevalence of very low envi-
ronmental concentrations for some of the nutrient parameters.
When contacted, a number of these sources confirmed that they
did in fact have censored data, but deliberately did not upload any
data with remark codes to STORET and(or) did not make any data
with remark codes otherwise publicly available through their own
databases. The reasons for this practice are unknown, but it creates
the potential for substantially biased analyses when only the
remaining uncensored data are used. Further, this practice will not
be transparent to data users. Data users will be unaware of any
resulting bias in their analyses and may make crucial policy or
management decisions on the basis of these biased analytical
results.

Missing or ambiguous metadata for remark codes affected
124,523 records, the smallest number of records affected among
the critical metadata elements (Table 3). Excluding ambiguous
parameter names, the only parameter withmore than 1% of records
affected by missing or ambiguous remark codes was organic
phosphorus (1.3%). Importantly, however, the totals in Table 3 do
not include the unknown number of censored records that were
deliberately withheld by some data providers. The number of re-
cords affected is likely much larger than reported here.

3.1.6. Zero, negative, and censored missing values
Among the surveyed data, 636,454 values were reported as zero,

negative, or “censored” with no reported value (e.g., a censored
remark code was given without an associated laboratory detection
limit). An analytical determination of zero or negative concentra-
tion is not possible with nutrients, so any zero or negative values
should be considered suspect. With the “censored” missing values,
it is unclear if the remark code entry is in error and no analysis was
ever performed, or if an analysis was performed and the resulting
value was censored but no detection limit was reported. The true
values are unknown in all of these situations. In some cases, zero or
negative values also were reported with a remark code indicating
they were censored, although no laboratory detection limit was
provided. In other cases, no remark code was reported so it is un-
knownwhether those zero and negative values also were intended
to represent censored values. As a result, a data user cannot safely
make a general assumption about any of these values.

Data entry issues involving the reporting of values as either zero,
negative, or missing with a remark code affected 636,454 records,
the fifth largest number of records affected among the critical
metadata elements (Table 3). Excluding ambiguous parameter
names, the parameters with the largest percentage of records
affected by these data entry issues included organic phosphorus
(6.6%), nitrite (5.6%), and ammonia (5.2%).

3.1.7. Increasing data usability
This evaluation identified major inconsistencies in result-level

metadata that limit the utility of multi-source data. Data usability
could be increased through the adoption of several standardized
metadata practices. First, consistent use of parameter naming
conventionsdsuch as those curated by the Open Geospatial Con-
sortium Naming Authority (Larsen et al., 2016)dcould help with
identification and merging of data from multiple sources using a
shared vocabulary. Second, restricting the use of the term “total” to
instances where the parameter includes the sum of multiple spe-
cies and using the terms “filtered”, “unfiltered”, and “particulate” to
separately describe filtration status would avoid ambiguity in both
parameter names and filtration status related to the use of the term
“total”. Third, complete and consistent reporting of filtration status,
chemical form, and units of measurement would avoid the poten-
tial for serious misinterpretation of data values. Fourth, adoption of
consistently defined remark codes (such as those curated by the
Open Geospatial Consortium Naming Authority), encoding remark
codes with a data value rather than using text narratives, and full
reporting of all censored data could help ensure proper handling of
censored and poor-quality data in subsequent data analyses.
Finally, discontinuing the improper use of zero values, negative
values, or missing values with a remark code could help ensure
secondary data users are making full and appropriate use of all
data.

3.1.8. Additional issues
Parameter name, filtration status, chemical form, units of mea-

surement, remark codes, and accurate data entry are all metadata
elements needed to unambiguously quantify a numerical data
value at the result level. There are higher-level metadata elements
needed to identify other important aspects of a value at the sample
level. Whilewe do not delve into these elements in detail here, they
are important to keep in mind when storing, serving, and using
multi-source water-quality data. These additional sample-level
metadata elements include a site name that does not change over
time and provides the stream or river name together with
geographic references, an accurate latitude and longitude for the
site, the date and time of sample collection, the method used to
collect the sample from the stream (for example, a composite
sample versus a grab sample), the analytical method used by the
laboratory, and a flag for whether the data value is stored in another
public database. The National Water-Quality Monitoring Council
(NWQMC) previously has made detailed recommendations for
these sample-level metadata elements (National Water-Quality
Monitoring Council, 2006).

The NWQMC recommendations are one example of the growing
awareness of the importance of metadata. In 2013, the U.S. Office of
Management and Budget issued a new directive requiring Federal
agencies to disseminate data used in scientific research in a way
that supports reproducible research and future scientific en-
deavors, by using machine readable and open formats, data stan-
dards, and common metadata standards (U.S. Office of
Management and Budget, 2013). However, this directive stops
short of providing details on the critical metadata elements for
specific types of data, saying only that the metadata must be suf-
ficient for data users to understand the strengths, weaknesses, and
analytical limitations of the data. In 2012, the USGS, the USEPA, and
the NWQMC began sponsoring an on-line cooperative Water-
Quality Portal for downloading water-quality data that are auto-
matically linked and aggregated from NWIS, STORET, and the U.S.
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Department of Agriculture's “Sustaining the Earth's Watersheds -
Agricultural Research Database System” (STEWARDS) (National
Water-Quality Monitoring Council, 2016). The Water-Quality Por-
tal produces data formatted according to the Water Quality Ex-
change (WQX) Outbound XML schema, which has been developed
collaboratively by the USGS and the USEPA. The WQX schema is a
major advancement in providing a standard set of metadata ele-
ments that data providers can use to share discrete data in the
Water-Quality Portal (Larsen et al., 2016; U.S. Environmental
Protection Agency, 2016b). However, the WQX schema does not
currently provide a complete framework for themetadata elements
described in this study, and it is not used exclusively by all moni-
toring organizations in the United States. Until WQX or another
data schema is fully developed and adopted by all monitoring or-
ganizations, the data in theWater-Quality Portal (and by extension,
the data in NWIS, STORET, and STEWARDS) can still be rendered
ambiguous when they are combined by secondary data users with
data from other databases using a different data schema. Clearly
there is still a need for standardization of detailedmetadata specific
to water-quality data.

3.2. The cost of missing or ambiguous metadata

Previous studies have estimated the cost to collect a single
stream-quality sample, including the following items: salary, travel,
supplies, equipment, laboratory analysis, administrative support,
database support, and quality control and quality assurance man-
agement costs. While this list is more inclusive than just the costs
for collection and laboratory analysis of a sample, none of these
other items would be necessary if samples were not collected and
analyzed. As such, these items are a necessary inclusion in the total
cost estimate. Detailed cost estimates are not readily available from
most of the monitoring organizations in this study, but limited
published estimates indicate a range in sampling costs. Horowitz
(2013) estimated that the total cost (including the supporting ac-
tivities noted above) ranged between US$4000 and $6000 per
sample in 2013, or between US$4108 and $6162 in 2016, accounting
for inflation (U.S. Department of Labor, 2016). Betanzo et al. (2015)
estimated that the cost ranged between US$2900 and $5900 in
2012, or between US$3022 and $6148 in 2016, accounting for
inflation (U.S. Department of Labor, 2016). The range in costs re-
flects factors such as differences in distances required to travel
between an office and a stream monitoring site, as well as differ-
ences in stream size and the requisite sampling time, equipment,
and sampling methods (Betanzo et al., 2015). Third. Herrera
Environmental Consultants and Aspect Consulting (2010) esti-
mated that the cost was US$1968 in 2010; or US$2179 in 2016,
accounting for inflation. To reflect the range in sampling costs, we
used a minimum estimate of US$2,179, a maximum estimate of
US$6,162, and an average estimate of US$3788 (based on the
average of US$2,179, $3,022, and $6162).

The economic value of legacy nutrient data affected by missing
or ambiguous metadata can be estimated by multiplying 3,928,774
(the number of unique samples with one or more affected records;
note multiple affected records can be present in a single sample) by
$US3,788 (the current average cost of collecting a stream-quality
sample, as described above). We estimated that approximately
20% of the surveyed datawere duplicated inmultiple databases and
reduced the number of unique affected samples accordingly to
3,143,019. The final calculation of the average economic value of
affected samples was $US12 billion. Using the minimum and
maximum costs of collecting a stream-quality sample, the respec-
tive range in the economic value of affected samples was $US6.8
billion to $US19 billion.

It is important to recognize the value of legacy nutrient data
unaffected by missing or ambiguous metadata. There were
2,706,136 unique samples with one or more unaffected records,
which translated into an average economic value of $US8.2 billion
(range $US4.7 billion to $US13 billion). Because some samples had
both ambiguous and unambiguous records (for example, nitrate is
unambiguous but orthophosphate is ambiguous in the same sam-
ple), some samples are included in both the unambiguous and
ambiguous total.

Because a secondary data user would need to make unverifiable
and possibly incorrect assumptions about the data values affected
by missing or ambiguous metadata in order to use the data, the
economic value of $US12 billion represents a substantial potential
loss from a collective investment by water-resource organizations
in the United States. This loss is only realized, however, when data
from multiple sources are combined by a secondary data user for
uses beyond their original intent, so the loss can in theory be
avoided. Individual organizations are familiar with the metadata
elements associated with their own data, but they are lacking
standardized and commonly accepted metadata practices that they
could employ to increase the usability of their data. If standardized
metadata practices were adopted nationwide, theoretically most of
the missing or ambiguous metadata could be addressed by the data
providers. Modifications made by the original data providers would
be accurate and could be carried over to multiple public data
platforms serving those data.

While the economic value of the affected data is enormous, the
costs to address metadata issues in legacy data and implement
standardized metadata practices for future data are not trivial. In
addition, recent and future metadata issues may be easier to
address than historical issues; the records or documentation
needed to address metadata issues in older data may no longer
exist with the original data providers. Recently, however, the
NWQMC has suggested that updating legacy water-quality data
records to include minimum metadata elements would provide
utility to data records beyond their original intent, thereby justi-
fying the costs required to make the updates (National Water-
Quality Monitoring Council, 2006). Larsen et al. (2016) recom-
mend that these minimum metadata standards be high enough to
maintain data integrity, but not so high as to eliminate participation
by data providers.

One of the biggest challenges moving forward appears to be
finding funding sources for such an effort. A reality of reduced
funding for water-quality monitoring is that monitoring organiza-
tions have more narrowly defined objectives and outlets for
communicating findings to help offset the reductions in funding. In
many cases, this may lead monitoring organizations to prioritize
maintenance of long-term monitoring networks over enhance-
ments to data storage, interoperability, and access for secondary
users.

The potential scientific value of multi-source water-quality data
to secondary data users is evident when comparing the number of
unambiguous nutrient records available from just the USGS NWIS
database to those available from the 488 sources surveyed in this
study (Fig. 3). Combining the unambiguous nutrient records from
all sources makes available an additional 4 million records
nationwide. The potential scientific value of all legacy multi-source
water-quality datadwhich could only be realized for secondary
data users by updating historical water-quality data records to
includeminimummetadata elementsdis evident when comparing
the total number of unambiguous nutrient records to the total
number of nutrient records (unambiguous plus ambiguous) (Fig. 3).
Combining all of the unambiguous and ambiguous nutrient records
makes available an additional 14.5 million records nationwide.

The scientific value of multi-source water-quality data also has
been established by the many previous studies made possible by
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leveraging data from different sources and sampling programs.
These studies have addressed important societal issues, including
changes in stream quality, the effectiveness of pollution control
investments, threats to the health of humans and aquatic life, and
the economic impacts of pollution. For example, Stets et al. (2015)
used data from numerous Federal, State, and local water-quality
databases and published reports to link increases in nitrate con-
centrations in 22 U.S. rivers between 1945 and 1980 to the
increased use of fertilizer in agricultural production. Dodds et al.
(2009) used nitrogen and phosphorus data from multiple Federal,
State, and local organizations to document US$2.2 billion annual
value losses in recreational water usage, waterfront real estate,
spending on recovery of threatened and endangered species, and
drinking water treatment as a result of anthropogenic eutrophi-
cation of freshwater systems throughout the United States.
Monteith et al. (2007) used data frommultiple sources to show that
increasing trends in dissolved organic carbon in streams of North
America and Europe between 1990 and 2004 resulted from re-
ductions in sulfur emissions and the severity of coastal storms. The
USEPA and other organizations have developed a chemical
screening and prioritization program to catalog available toxicology
information for hundreds of thousands of chemicals from over 200
public sources (Judson et al., 2009). Vidic et al. (2013) used water-
quality data from five Federal, State, and non-governmental data-
bases to show that concentrations of barium, strontium, and bro-
mide were elevated in Pennsylvania rivers in areas of known brine
effluents from centralized waste treatment plants that may have
been receiving flowback and produced water from Marcellus Shale
gas development. These examples just scratch the surface of our
collective reliance on water-quality data from multiple sources to
address important environmental issues; numerous similar studies
have been published over the years.
4. Conclusions

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 early 20th century. Data from these monitoring efforts are
invaluable for documenting the current status and long-term
trends in the Nation's river quality. Combining water-quality data
from multiple sources can help counterbalance diminishing re-
sources for stream monitoring in the United States and lead to
important regional and national insights that would not otherwise
be possible. Inconsistencies in metadata practices, however, pose
substantial challenges when these data are used beyond their
original intent by secondary data users. Harmonization of multi-
source water-quality data can be time consuming, expensive, and
inexact, requiring manual intervention and subjective professional
judgement. The costs incurred to defensibly merge multi-source
data can be prohibitive for many secondary data users. Multiple
secondary data users end up working with and merging the same
data, and collectively, such costs represent a large redundant
expense that could be better directed toward developing and
implementing standardized metadata practices across organiza-
tions. In addition, ambiguities in themetadata could lead secondary
data users to assume different characteristics for the same data,
potentially resulting in different conclusions about important pol-
icy or management issues. The value of these ambiguous data is
estimated at $US12 billion, a substantial collective investment by
water-resource organizations in the United States. Those data could
be preserved for uses beyond the original intent by developing and
implementing standardized metadata practices for future and
legacy water-quality data in the United States.
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