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Long-Term Nutrient Monitoring

ABSTRACT: Excess nitrogen and phosphorus (“nutrients”) loadings
continue to affect ecosystem function and human health across the U.S.
Our ability to connect atmospheric inputs of nutrients to aquatic end points
remains limited due to uncoupled air and water quality monitoring. Where o

connections exist, the information provides insights about source appor-
tionment, trends, risk to sensitive ecosystems, and efficacy of pollution reduction
efforts. We examine several issues driving the need for better integrated monitor-
ing, including: coastal eutrophication, urban hotspots of deposition, a shift from
oxidized to reduced nitrogen deposition, and the disappearance of pristine lakes.
Successful coordination requires consistent data reporting; collocating deposi-
tion and water quality monitoring; improving phosphorus deposition measure-
ments; and filling coverage gaps in urban corridors, agricultural areas, undeveloped
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watersheds, and coastal zones.

1. INTRODUCTION

Robust environmental monitoring is fundamental to under-

most monitoring in the U.S. still does not connect atmospheric
inputs to surface water quality. Where connected, information
standing our environment and assessing the efficacy of envi- from integrated air and surface water quality monitoring has
contributed to the basis, justification, and efficacy assessment of

the Clean Air Act Amendments of 1990.° Integrated monitoring

ronmental policies." For many chemical elements of economic
and environmental relevance (e.g., nitrogen, phosphorus, sulfur,
mercury), air and water chemistry are intrinsically connected.
While important progress has been made over the past 20 years,”
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Figure 1. (a) Dominant anthropogenic sources of nitrogen to surface water for HUC 8 (Hydrologic Unit Code) watersheds. BNF denotes
biological nitrogen fixation. (b) Atmospheric nitrogen deposition expressed as a percentage (0 to 100%) of all anthropogenic nitrogen inputs. Source:
0

Compton et al.

at inland sites has helped us understand how decreasing atmo-
spheric nitrogen deposition reduces estuarine nutrient enrich-
ment.* These efforts have allowed us to determine sources,
trends, and whether pollution reduction decisions have been
effective and fiscally responsible.®

Excess nitrogen and phosphorus (“nutrients”) is one of
today’s most challenging and costly water quality issues.” The
challenge arises from balancing trade-offs between human
needs, such as food and energy production, with harm to human
and ecosystem health, such as drinking water contamination” or
harmful algal blooms and hypoxia.” Excess nitrogen damages in
the U.S. exceed $100 billion annually.” Despite ongoing source
reductions, nutrient enrichment of aquatic ecosystems is difficult
to mitigate. The persistent hypoxic zone in the Gulf of Mexico
was the size of New Jersey in 2017, the largest in the 15-year
record."” The U.S. Environmental Protection Agency’s Science
Advisory Board recently concluded a national strategy
integrating air and water monitoring is needed to understand
sources, transport, and fate of excess nutrients.''

Atmospheric deposition dominates nitro%en inputs to surface
waters over much of the conterminous U.S."” (Figure 1). Atmo-
spheric deposition physically delivers nitrogen and phosphorus
to land and water surfaces by wet (e.g,, rain, snow) and dry (e.g.,
gases and particulates) processes. Even in watersheds with large
nutrient sources from agriculture or sewage, atmospheric
sources can play an important role depending on land use and
timing of runoff."»"* It is thus important to quantify atmospheric
inputs in order to assess reduction efforts, such as agricultural
best practices, water treatment upgrades, and power plant
emission caps.”'> Fewer than 2% of long-term water quality sites
are colocated with nitrogen deposition monitoring in the U.S.
(Figure 2). Phosphorus is monitored in deposition and water
simultaneously at even fewer sites. Recent work reveals the
importance of urban atmospheres as a significant potential
source of phosphorus to runoff.'®
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Experience from the Acid Rain Program can inform efforts to
integrate air and water monitoring at large geographic scales.
In the 1970s, studies began documenting widespread acid-
ification of U.S. lakes, streams, and soils.'”'® Deposition and
surface water quality monitoring were coordinated under the
Acid Rain Program during the 1990s and 2000s. These sites
provided data to assess whether emission reductions from
vehicles and the power sector reduced acidic deposition and
improved water quality.” The number of U.S. lakes and streams
at risk for ecological harm from acidity dropped from 24% in
2000 to 9% in 2015,"” estimates that were made possible by
merging deposition and water quality monitoring data.

2. EXISTING U.S. ATMOSPHERIC DEPOSITION AND
SURFACE WATER QUALITY MONITORING

The primary monitoring network for assessing wet deposition
nationally, the National Atmospheric Deposition Program
(NADP), was established in 1978. Currently, there are 271
NADP sites that analyze sulfate, nitrate, ammonium, base
cations, pH, and orthophosphate (as a tracer for contamination)
in precipitation. The Clean Air Status and Trends Network
(CASTNET) provides continuous, long-term data on dry depo-
sition at 95 sites. Most NADP and CASTNET sites are in rural
areas to capture regionally representative samples. More than
100 organizations participate in NADP, conducting their
sampling with nationally consistent methods. The data are
primarily used for testing air quality models, providing inputs to
watershed models, estimating critical loads of acidity and nitro-
gen, and developing ecosystem budgets for nitrogen and other
elements. NADP and CASTNET monitoring methods do not
capture organic forms of nitrogen, which are known to con-
tribute significantly to total nitrogen deposition.”' Better
understanding of dry deposition processes and the role of
organic nitrogen in deposition budgets are important research
needs and are addressed elsewhere.”***
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Figure 2. Long-term atmospheric deposition and surface water quality nutrient monitoring locations summarized at a HUC-8 level. Depicted are
watersheds with no long-term monitoring sites (gray); only water quality (light blue); only atmospheric deposition (dark blue); both deposition and
water quality (yellow); or colocated deposition and water quality monitoring separated by less than 10 km (red).

Surface water quality monitoring in the U.S. began in the late
1800s. Today, over 600 government agencies, academic insti-
tutions, and citizen organizations collect water quality data.”®
Water quality constituents associated with deposition include
reduced and oxidized nitrogen, pH, alkalinity, sulfate, calcium,
phosphorus, mercury, and aluminum. Nutrient data are col-
lected to characterize status and trends, determine whether
targets are being met, and investigate factors affecting water
quality. Monitoring locations may be randomly located across a
region to provide a statistically representative estimate; or
selected to represent certain human activities, environmental
settings, or hydrologic conditions to provide an understanding
of how, when, and why water quality is changing.

At the 2% of locations where deposition and water quality
monitoring co-occur, (Figure 2), key insights into processing
affecting the coupling between deposition and water quality have
been documented. For example, long-term colocated monitor-
ing occurs on USDA Forest Service Experimental Forests, such as
Coweeta Hydrologic Laboratory and Hubbard Brook Exper-
imental Forests. Multidecade forest cutting experiments at
Coweeta and Hubbard Brook have shown land management
can decouple the relationship between atmospheric deposition and
stream chemistry until forest regrowth occurs (Hubbard Brook),
or for decades following cutting if an atmospheric nitrogen-ﬁxin%
tree dominates the subsequent forest (Coweeta) (Figure 3).”°~°

Much as it is in the U.S., we know of only limited integrated
monitoring in the international community. In Europe, the
International Cooperative Program on Integrated Monitoring of
Air Pollution Effects on Ecosystems (ICP IM) monitors the
effects of air pollutants on ecosystems at 41 sites.”’ The Acid
Deposition Monitoring Network in East Asia (EANET) is
primarily a regional wet deposition network, where 13 countries
and 57 sites have recorded wet deposition since 2001 (including

nitrate, ammonium, and phosphate as of 2016) following similar
methods to the NADP. EANET organizes quarterly colocated
measurements of surface water quality at a subset of sites. There
are a few other sites in Asia where long-term measurements of
surface water chemistry are integrated with measurements of
deposition.”> We are unaware of integrated monitoring
networks in South or Central America or Africa. Countries
face many of the same scientific and environmental management
challenges for nutrients. As such, the motivations for integrated
monitoring described here for the U.S. apply elsewhere.

B 3. PRIORITY KNOWLEDGE GAPS DRIVING NEED
FOR MONITORING COORDINATION

What is the Atmospheric Contribution to Nutrient
Enrichment in Coastal Waters? Excess nutrients in coastal
waters can manifest as toxic algal blooms, low oxygen zones, loss
of fisheries habitat, and fish kills and can even shift coastal
wetlands from sinks to sources of carbon.”” It is a rampant
problem across the U.S.,** Europe,*® and China.*® Atmospheric
inputs of nutrients to coastal ecosystems vary widely, ranging
from <5% to >60% for nitrogen.”” Due to a lack of long-term
data, empirical estimates exist only for a few eastern U.S.
estuaries. There are approximately 30 operating NADP NTN
sites and only six CASTNET sites within 25 miles of coastal
waters, with none occurring on the West Coast. Currently, there
is no national estuarine water quality monitoring program for
nutrients. Of the 138 U.S. estuaries,”” many ecologically- and eco-
nomically important estuaries have infrequent or no monitor-
ing. The U.S. Geological Survey National Water Quality Network
for Rivers and Streams (see https://cida.usgs.gov/quality/rivers/
coastal) has 19 sampling stations located on major rivers, which
deliver 65—70% of freshwater flowing to the coasts, but over
100 U.S. estuaries are still without riverine monitoring.
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Figure 3. Scatterplots of dissolved inorganic nitrogen (DIN) stream export versus atmospheric deposition at Hubbard Brook and Coweeta before
clear-cut logging (black), and 10 (red) and 40 years (green) after clearcutting. At both sites, clearcutting decoupled the linear prelogging relationship
between deposition and export. The linear coupling eventually recovered at Hubbard Brook, but not at Coweeta due to forest composition and

mortality.

In addition to monitoring upstream sources entering coastal
waters, coastal zone monitoring is important, especially for
small-to-medium watersheds that can exist entirely within the
coastal plain. Deposition to the surface of coastal waters can
uniquely impact biology. Most nitrogen deposited to land and
transported by rivers will be converted to nitrate or organic
nitrogen on its way to the ocean.”” Conversely, direct deposition
to coastal waters bypasses the biogeochemical processing of the
watershed and can be a significant input of ammonia. A shift in
the speciation of nitrogen inputs can result in harmful algal
blooms.* Increasing the number, and coordination, of both wet
and dry atmospheric deposition and water quality monitoring
sites in coastal zones will help mitigate harmful impacts, preserve
healthy coastal ecosystems, and fill data gaps for nutrient fluxes
in coastal zones.

What Is the Atmospheric Contribution to Nutrients in
Urban Stormwater Runoff? Elevated deposition has been
documented in numerous urban areas, including cities in the
U.S.,*"* Europe,”* and Asia.*>*’ Elevated inputs to urban
areas can contribute up to 50% of total nitrogen inputs to
downstream waters, such as the Chesapeake Bay,** estimates
that are only possible by examining rates of atmospheric depo-
sition with water quality simultaneously. Sources of nitrogen can
vary dramatically over the hydrograph, with wastewater sources
dominating during base flow and atmospheric deposition
increasing during stormflow.'* In most urban areas with depo-
sition measurements, they are not coupled to measurements of
nutrient loading from other sources to nearby waterways or
water quality. This lack of coordination impedes the quan-
tification of atmospheric deposition’s contribution to total nutri-
ent inputs and the evaluation of policies or management options
to reduce nutrient loads. Improved coordination in urban areas
would enable better decision making related to point and
nonpoint sources of nutrients.

How Is a Shift in Nitrogen Speciation Impacting Water
Quality? The U.S. is experiencing a continental-scale shift in the
speciation of inorganic nitrogen deposition from oxidized spe-
cies (nitrogen oxides) to reduced species (ammonia and ammo-
nium).* Europe®® and China®"** are also experiencing long-
term trends in the speciation of inorganic nitrogen deposition,
but differ in magnitude and composition from the U.S. Oxidized
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species are primarily associated with emissions from vehicles and
electrical power generation, while reduced species are associated
with agricultural activities. U.S. nitrogen oxide emissions
declined 67% from 1995 to 2009, driven by declining emissions
from the transportation and energy sectors. Emissions from food
production are projected to increase over coming decades,>
which may continue the increasing proportion of nitrogen
deposition from reduced nitrogen species. This change can alter
algal community composition and abundance, with some
harmful algae preferring reduced nitrogen.”*> Algal dynamics
are already being altered in western U.S. mountainous lakes, and
the problem could become worse with increasing atmospheric
inputs of reduced nitrogen.*®

Recent studies combining ground-based”’ and satellite
observations™ of reduced forms of nitrogen concentrations
and deposition show large spatial and temporal variability within
and downwind of agricultural areas, patterns that are not well
resolved by current monitoring. Additional NADP Ammonia
Monitoring Network (AMoN) and NTN wet deposition sites
are needed to fill geographical gaps to characterize reduced
nitrogen deposition and trends better, and to improve atmo-
spheric and biogeochemical models that link terrestrial and
aquatic nitrogen inputs. Coordinating any expanded monitoring
of reduced nitrogen deposition with water monitoring would
facilitate decision-making regarding source apportionment,
management, and mitigation of affects in aquatic ecosystems.

Are Atmospheric Phosphorus Inputs Degrading
Pristine Lakes? Phosphorus concentrations in lakes are increas-
ing across the U.S. without a clear explanation.”” An alarming
feature of the trend is the decrease in the number of naturally
low-nutrient concentration lakes from 24.9% in 2007 to 6.7% in
2012.%” Increasing phosphorus concentration in lakes could be
driven by increasing atmospheric deposition of phosphorus.*’
The pH of rainfall has been recovering to less acidic levels since
the 1990 Clean Air Act Amendment, which may also be
increasing phosphorus solubility in soils.®"

The current lack of understanding about the extent, or
mechanism, for phosphorus deposition to impact surface water
quality underscores the need to enhance monitoring coordina-
tion. Historically, measuring phosphorus in wet deposition was
not a priority given its low concentration in precipitation.

DOI: 10.1021/acs.est.80b03504
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For example, in North America, NADP NTN analyzes for
orthophosphate (PO,*”) in precipitation, but due to protocol
limitations, measurable concentrations are observed infre-
quently and detection is primarily an indication of sample
contamination from birds. This is a critical limitation given that
trends are strongest in lakes and streams with low phosphorus
concentrations. Improved methods are needed for: measuring total,
ortho-, organic, and particulate-form phosphorus; and measuring
phosphorus in wet and dry deposition. An examination of
studies conducted between the mid- to late-1990s through 2007
identified only 23 sites worldwide that made measurements of
annual wet deposition of dissolved phosphorus for some of this
period. Among atmospheric deposition networks worldwide,
only one small network (nine sites), the NADP Atmospheric
Integrated Research Monitoring Network (AIRMON) in the
eastern U.S., measured it routinely.®” Routine network measure-
ments of both wet and dry phosphorus deposition are needed on
all continents and oceans in order to quantify the role of atmo-
spheric deposition in the biogeochemical cycling of phosphorus.
Routine comeasurements of comparable phosphorus species in
deposition with those measured in lakes and streams will require
more coordinated monitoring strategies than are currently in
place.

4. ENHANCING INTEGRATION

Reinvigorating the call for monitoring coordination (e.g., refs 63
and 64) is timely because the computational tools to facilitate
integration have never been better and the need—both in terms
of filling knowledge gaps and leveraging declining resources—
has never been greater. Strategies presented here are informed
by today’s problems. We encourage a flexible approach to inte-
gration that emphasizes coordination and consistency, and maxi-
mizes efficient use of monitoring resources.

Support Consistent Reporting of Surface Water
Quality Data and Metadata. An important aspect of inte-
grating air and water data is consistency of reporting and meta-
data. Box 1 provides an example of the obstacles posed by
fragmented and inconsistent data documentation, and the
challenges in data assimilation. Additional detail about the chal-
lenges specific to water data can be found in Sprague et al.”®
We encourage open, online access, sufficient and consistent
documentation, and comparable methods for sample collection,
analysis, and quality control. The efforts of more than 1700 U.S.
volunteer water monitoring organizations should be included.
Consistent and sustained funding—for air and water monitor-
ing—is fundamental.

Online infrastructure is needed to support coordination of
water data. Launched in 2002, the National Environmental
Methods Index (www.nemi.gov) serves as a central clearinghouse
for measurement methods and helps users compare method-
ologies. The Water Quality Portal (www.waterqualitydata.us)
provides a single point-of-access to the largest combined water
quality data set for groundwater, stream and river, and coastal
sites,” with a consistent metadata documentation format
(Water Quality Exchange - WQX).®” These are major steps
toward improving compatibility of water and air data.

The NADP offers a working model for a federated network of
water organizations. Important principles transfer from the
NADP model to the coordination of water monitoring for efficient
use of increasingly limited resources, such as collaboration among
agencies, cost sharing, and centralized online data access.

Enhance Integration at Existing Monitoring Sites.
Coordination of monitoring networks among organizations is a

Box 1. What “critical loads” teach us about the challenges
of data integration

A critical load (CL) is a threshold for deposition below which
specified ecological changes do not occur in an ecosystem.’®
CLs are calculated based on several analytes in water samples.
The CL of waterbody is “exceeded” if deposition of a pollutant
is too high. CLs inform U.S. air pollution policies, water resource
management, and impact assessments for both acidification and
nitrogen enrichment.

There are many challenges in calculating CLs, particularly at
regional-to-national scales. Lynch, Phelan, Pardo, and McDon-
nell"” could only calculate CLs for approximately 13 000 streams
and lakes, despite +290 million water quality measurements in
our national water quality databases.”® CLs for acidity require
nitrate (NO;”), sulfate (SO,7%), and base cations measure-
ments. Differences in procedures, methods, and reporting can
exclude data from assimilation. Another challenge is having all the
needed water quality measurements for the same waterbody.
In many cases, water samples may only be analyzed for certain
analytes (e.g., nitrogen) and not others (e.g., base cations). The
new documentation format WQX used by the Water Quality
Portal®” provides greater order to unit and naming conventions,
fostering better use of water quality data and allowing for better
integration with other environmental data, including atmos-
pheric deposition.

daunting task, but could be made more tractable by beginning
with a pilot effort focused on a specific, small objective. One such
objective might be coordinating surface quality water sites
colocated with NADP NTN deposition sites, for the purpose of
evaluating deposition effects on water quality. A core set of
analytes could be identified, either by stakeholders or NADP
NTN, and sampled at these sites. A standing committee ana-
logous to the NADP NTN operations committee could facilitate
coordination among organizations and establish minimum stan-
dards for collection, analyses, and documentation at colocated
sites. Clear procedures for adding new sites to the pilot could
ease an eventual transition to an expanded, long-term integra-
tion of monitoring with the goal of achieving sufficient coverage
to relate air and water quality.

In planning pilots, it will be important to consider that
atmospheric nitrogen loading to watersheds often, but not
always, parallels stream nitrate concentrations.”*”’° Both short-
and long-term environmental processes can cause temporal lags
between streamwater quality and deposition. Fast-growing
young forests tend to accumulate nitrogen in biomass, releasing
very little to the surface waters, whereas slower-growing older
forests often release nitrogen as their ability to store it diminishes
(e.g., nitrogen saturation). Other factors such as snowpack,
groundwater storage and flow, and in-lake retention can also
attenuate the signal of deposition.

The next few years present a critical opportunity to encourage
coordination between nutrient water and deposition monitor-
ing. Total deposition samplers for phosphorus are being piloted
at 10—15 NADP sites in the western U.S. beginning in late
2017.”" New in situ sensor technology for measuring nutrients in
water is increasingly available at lower prices,”” although care
should be exercised not to trade lower up-front costs for higher
maintenance and data quality assurance costs. Opportunities for
coordination are ripe while organizations are piloting and
deploying new technology. We encourage focusing on water
quality sites that also measure streamflow. Flow is needed to

DOI: 10.1021/acs.est.80b03504
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compare streams of different sizes, quantify exports, and com-
plete nutrient and material budgets. With the frequency of
extreme events projected to increase,”” in situ sensors and
colocated monitoring of deposition, surface water quality, and
key watershed processes are needed now more than ever.

Fill Monitoring Gaps. There are large regions of the U.S.
without long-term deposition or water quality monitoring for
nutrients (Figure 2). The most important coverage gaps are

1. Coastal zones. Coordinated air and water monitoring is
needed in the Atlantic, Pacific, and Gulf of Mexico.
A unique challenge to coastal areas is the need to monitor
deposition over open water and in tidal zones, which
can be substantially different than deposition inland.
Deployment strategies may include buoy systems, use
of oil production platforms, or collaboration with local

fishers.

2. Cities. NADP has recently established sites in Boston,
New York, Denver, and the Washington, D.C. area.
Additional sites are especially needed in urban corridors
with heavy car traffic near waterbodies, such as Charleston
and New Orleans. Multiple locations across a single city
are ideal because of the heterogeneity of pollution within
cities. Where possible, pairing studies of atmospheric
deposition in cities to nearby rural areas provides a
reference point to quantify potential urban hotspots.

3. Agricultural areas. Better deposition and water quality
monitoring coverage is needed within and downwind of
confined animal feeding operations and intense fertilizer
application in the Midwest and southeastern U.S,
including spatially dense monitoring of atmospheric
ammonia concentrations for estimating dry deposition.
Fusion of satellite ammonia observations with chemical
transport modeling could inform expanded monitoring
locations. We note groundwater discharge can also be an
important pathway of nutrients in these settings.”*

4. Undeveloped watersheds. The greatest needs are in the
western U.S. and high-elevation areas. Power sources and
site maintenance can be logistically challenging in these
environments.

Investment in expanded coordination of new deposition and
water quality monitoring locations has benefits for addressing
nutrient enrichment, but also builds critical architecture to
assess, inform, and respond to emerging and future environ-
mental issues quickly. This could include contamination from
other cross-media pollutants such as mercury or organic forms of
nitrogen, effects of climate change, effects of large forest fires, or
unforeseen consequences of large shifts in major economic
sectors such as transportation electrification. The cost of new
monitoring is small compared to the potential benefit. Citing an
example from the Acid Rain Program, which simultaneously
monitored atmospheric deposition and surface water chemistry,
“Taken together, the total cost of these critical atmospheric
deposition and surface water monitoring programs represents
less than 0.4% of the implementation costs of Title IV [of the
Clean Air Act Amendments] and less than 0.01% of the
estimated benefits”.!

Coordinating atmospheric deposition and surface water
quality monitoring will help fill important scientific, manage-
ment, and policy-relevant knowledge gaps. Monitoring that
connects deposition and water quality enables better ecosystem
management, evaluation of pollution reduction efforts, and
detection and response to unanticipated environmental changes.

Investment now in key activities that couple air and water
monitoring is not just relevant for nutrients, but has cobenefits
for sulfur, mercury, and other pollutants.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: helen.amos@gmail.com.
ORCID

Helen M. Amos: 0000-0002-0297-6643
Jana Compton: 0000-0001-9833-8664
Lori A. Sprague: 0000-0003-2832-6662

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The ideas presented here originate from the spring 2017 expert
workshop, Opportunity and Value for Coordinated Nutrient
Monitoring: Water, Deposition, and Data Perspectives. This article
was developed under Assistance Agreement X3-83588701
awarded by the USEPA to AAAS. Hubbard Brook data were
provided by G. Likens®® and funded by NSF LTER (DEB-
8702331, DEB-9810221, DEB-0423259, DEB-1114804, DEB-
1633026, DEB-1637685), and The A. W. Mellon Foundation.
Coweeta data were provided by the USDA Forest Service,
Southern Research Station, Coweeta Hydrologic Laboratory
and supported by NSF LTER (DEB-0218001, DEB-0823293,
DBI-1226983, DEB-1440485, DEB-1637522). Disclaimer: The
scientific results and conclusions, as well as any views or
opinions expressed herein, are those of the author(s) and do not
necessarily reflect the views of NOAA or the Department of
Commerce, USDA Forest Service, USGS or the Department of
the Interior, or the USEPA

B REFERENCES

(1) Lovett, G. M.; Burns, D. A.; Driscoll, C. T.; Jenkins, J. C.; Mitchell,
M. J.; Rustad, L.; Shanley, J. B.; Likens, G. E.; Haeuber, R. Who needs
environmental monitoring? Frontiers Ecol. Environ. 2007, S (5), 253—
260.

(2) Murdoch, P. S.; McHale, M.; Baron, J. Reflections on a vision for
integrated research and monitoring after 15 years. Aquat. Geochem.
2014, 20 (2), 363—380.

(3) Burns, D. A.; Lynch, J.; Cosby, B.J.; Fenn, M.; Baron, J. S. National
Acid Precipitation Assessment Program report to Congress 2011: An
Integrated Assessment; U.S. Environmental Protection Agency, Clean
Air Markets Division: Washington, DC, 2011; p 114.

(4) Eshleman, K. N.; Sabo, R. D.; Kline, K. M. Surface water quality is
improving due to declining atmospheric N deposition. Environ. Sci.
Technol. 2013, 47 (21), 12193—12200.

(5) Kahl, J. S.; Stoddard, J. L.; Haeuber, R.; Paulsen, S. G.; Birnbaum,
R; Deviney, F. A;; Webb, J. R;; DeWalle, D. R.; Sharpe, W.; Driscoll, C.
T.; Herlihy, A. T.; Kellogg, J. H.; Murdoch, P. S.; Roy, K.; Webster, K.
E.; Urquhart, N. S. Have U.S. Surface waters responded to the 1990
Clean Air Act Amendments? Environ. Sci. Technol. 2004, 38 (24),
484A—490A.

(6) NRC; OSB. Clean Coastal Waters: Understanding and Reducing the
Effects of Nutrient Pollution. National Academies Press, 2000.

(7) Exner, M. E.; Hirsh, A. J.; Spalding, R. F. Nebraska’s groundwater
legacy: Nitrate contamination beneath irrigated cropland. Water Resour.
Res. 2014, 50 (5), 4474—4489.

(8) Diaz, R.]J.; Rosenberg, R. Spreading dead zones and consequences
for marine ecosystems. Science 2008, 321 (5891), 926—929.

(9) Sobota, D. J.; Compton, J. E.; McCrackin, M. L.; Singh, S. Cost of
reactive nitrogen release from human activities to the environment in
the United States. Environ. Res. Lett. 2015, 10 (2), 025006.

DOI: 10.1021/acs.est.80b03504
Environ. Sci. Technol. 2018, 52, 11441-11448


mailto:helen.amos@gmail.com
http://orcid.org/0000-0002-0297-6643
http://orcid.org/0000-0001-9833-8664
http://orcid.org/0000-0003-2832-6662
http://dx.doi.org/10.1021/acs.est.8b03504

Environmental Science & Technology

(10) NOAA. Gulf of Mexico ‘Dead Zone’ Is the Largest Ever Measured.
http://www.noaa.gov/media-release/gulf-of-mexico-dead-zone-is-
largest-ever-measured.

(11) USEPA SAB. Reactive Nitrogen in the United States: An Analysis of
Inputs, Flows, Consequences, And Management Options; United States
Environmental Protection Agency Science Advisory Board, 2011.

(12) Bellmore, R. A.; Compton, J. E.; Brooks, J. R.; Fox, E. W.; Hill, R.
A; Sobota, D. J; Thornbrugh, D. J.; Weber, M. H. Nitrogen inputs
drive nitrogen concentrations in U.S. Streams and rivers during summer
low flow conditions. Sci. Total Environ. 2018, 639, 1349—1359.

(13) Burns, D. A,; Boyer, E. W.; Elliott, E. M.; Kendall, C. Sources and
transformations of nitrate from streams draining varying land uses:
Evidence from dual isotope analysis. J. Environ. Qual. 2009, 38 (3),
1149—-1159.

(14) Kaushal, S. S.; Groffman, P. M.; Band, L. E.; Elliott, E. M,;
Shields, C. A.; Kendall, C. Tracking nonpoint source nitrogen pollution
in human-impacted watersheds. Environ. Sci. Technol. 2011, 45 (19),
8225-8232.

(18) McCrackin, M. L.; Cooter, E. J.; Dennis, R. L.; Harrison, J. A.;
Compton, J. E. Alternative futures of dissolved inorganic nitrogen
export from the Mississippi River Basin: Influence of crop management,
atmospheric deposition, and population growth. Biogeochemistry 2017,
133, 1-15.

(16) Decina, S. M.; Templer, P. H,; Hutyra, L. R. Atmospheric inputs
of nitrogen, carbon, and phosphorus across an urban area:
Unaccounted fluxes and canopy influences. Earth’s Future 2018, 6
(2), 134—148.

(17) Likens, G. E.; Butler, T. J. Recent acidification of precipitation in
North America. Atmos. Environ. 1981, 15 (7), 1103—1109.

(18) Likens, G. E.; Bormann, F. H. Acid rain: A serious regional
environmental problem. Science 1974, 184 (4142), 1176—1179.

(19) Lynch, J. A,; Phelan, J.; Pardo, L; McDonnell, T. Detailed
Documentation of the National Critical Load Database (NCLD) for U.S.
Critical Loads of Sulfur and Nitrogen, version 3.0; Champaign, IL, 2017.

(20) Compton, J.; Landers, D.; Sobota, D., Connecting nitrogen
deposition and final ecosystem goods and services for air quality
standards review; EM Magazine, July 21-27, 2015, 2015.

(21) Jickells, T.; Baker, A.; Cape, J.; Cornell, S.; Nemitz, E. The cycling
of organic nitrogen through the atmosphere. Philos. Trans. R. Soc, B
2013, 368 (1621), 20130115.

(22) Cape, J. N; Cornell, S. E.; Jickells, T. D.; Nemitz, E. Organic
nitrogen in the atmosphere - where does it come from? A review of
sources and methods. Atmos. Res. 2011, 102 (1), 30—48.

(23) Cornell, S. E. Atmospheric nitrogen deposition: Revisiting the
question of the importance of the organic component. Environ. Pollut.
2011, 159 (10), 2214—2222.

(24) Dentener, F.; Vet, R;; Dennis, R. L.; Du, E.; Kulshrestha, U. C.;
Galy-Lacaux, C., Progress in monitoring and modelling estimates of
nitrogen deposition at local, regional and global scales. In Nitrogen
Deposition, Critical Loads and Biodiversity; Springer, 2014; pp 7—22.

(25) Oelsner, G. P; Sprague, L. A;; Murphy, J. C; Zuellig, R. E;
Johnson, H. M,; Ryberg, K. R.; Falcone, J. A,; Stets, E. G.; Vecchia, A.
V.; Riskin, M. L.; De Cicco, L. A.; Mills, T. J.; Farmer, W. H. Water-
Quality Trends in the Nation’S Rivers and Streams, 1972—2012: Data
preparation, statistical methods, and trend results, 2017—5006; U.S.
Geological Survey: Reston, VA, 2017; p 158.

(26) Boring, L. R;; Elliott, K. J.; Swank, W. T., Successional forest
dynamics 30 years following clearcutting. In Long-Term Response of a
Forest Watershed Ecosystem: Clearcutting in the Southern Appalachians;
Oxford University Press, 2014; pp 11-38.

(27) Fuss, C. B.; Driscoll, C. T.; Campbell, J. L. Recovery from chronic
and snowmelt acidification: Long-term trends in stream and soil water
chemistry at the Hubbard Brook Experimental Forest, New Hampshire,
USA. J. Geophys. Res.: Biogeosci. 20185, 120 (11), 2360—2374.

(28) Likens, G. E. Fifty years of continuous precipitation and stream
chemistry data from the Hubbard Brook ecosystem study (1963—
2013). Ecology 2017, 98 (8), 2224.

(29) Likens, G. E.; Bormann, F. H.; Johnson, N. M.; Fisher, D. W.;
Pierce, R. S. Effects of forest cutting and herbicide treatment on nutrient

budgets in the Hubbard Brook watershed-ecosystem. Ecol. Monogr.
1970, 40 (1), 23—47.

(30) Swank, W. T.; Knoepp, J. D.; Vose, J. M.; Laseter, S. N.; Webster,
J. R, Response and recovery of water yield and timing, stream sediment,
abiotic parameters, and stream chemistry following logging. In Long-
Term Response of a Forest Watershed Ecosystem. Clearcutting in the
Southern Appalachian; Swank, W. T.; Webster, J. R., Eds.; Oxford
University Press, 2014; pp 36—56.

(31) Vuorenmaa, J.; Augustaitis, A.; Beudert, B.; Clarke, N.; Wit, H. A.
d; Dirnbock, T.; Frey, J.; Forsius, M.; Indriksone, I; Kleemola, S.;
Kobler, J.; Kram, P.; Lindroos, A.-J.; Lundin, L.; Ruoho-Airola, T;
Ukonmaanaho, L.; Vana, M. Long-term sulphate and inorganic
nitrogen mass balance budgets in European ICP integrated monitoring
catchments (1990—2012). Ecol. Indic. 2017, 76, 15—29.

(32) Duan, L,; Yu, Q,; Zhang, Q.; Wang, Z.; Pan, Y.; Larssen, T.; Tang,
J; Mulder, J. Acid deposition in Asia: Emissions, deposition, and
ecosystem effects. Atmos. Environ. 2016, 146, 55—69.

(33) McLeod, E.; Chmura, G. L.; Bouillon, S.; Salm, R.; Bjork, M,;
Duarte, C. M.; Lovelock, C. E.; Schlesinger, W. H.; Silliman, B. R. A
blueprint for blue carbon: Toward an improved understanding of the
role of vegetated coastal habitats in sequestering CO2. Frontiers Ecol.
Environ. 2011, 9 (10), 552—560.

(34) Council, N. R. Clean Coastal Waters: Understanding and Reducing
the Effects of Nutrient Pollution; National Academy Press, 2000; p 405.

(35) European Environment Agency, Eutrophication in Europe’s
coastal waters; European Environment Agency: 2001; p 86.

(36) Strokal, M.; Yang, H.; Zhang, Y.; Kroeze, C.; Li, L.; Luan, S
Wang, H.; Yang, S.; Zhang, Y. Increasing eutrophication in the coastal
seas of China from 1970 to 2050. Mar. Pollut. Bull. 2014, 85 (1), 123—
140.

(37) Castro, M. S; Driscoll, C. T; Jordan, T. E; Reay, W. G;
Boynton, W. R. Sources of nitrogen to estuaries in the United States.
Estuaries 2003, 26 (3), 803—814.

(38) Bricker, S. B.; Clement, C. G.; Pirhalla, D. E; Orlando, S. P.;
Farrow, D. R. National Estuarine Eutrophication Assessment: Effects of
Nutrient Enrichment in the Nation’S Estuaries; U.S. National Oceano-
graphic and Atmospheric Administration, National Ocean Service,
Special Projects Office and the National Center for Coastal Ocean
Science, 1999.

(39) Paerl, H. W.; Dennis, R. L; Whitall, D. R. Atmospheric
deposition of nitrogen: Implications for nutrient over-enrichment of
coastal waters. Estuaries 2002, 25 (4), 677—693.

(40) Decina, S. M.; Templer, P. H.; Hutyra, L. R.; Gately, C. K; Rao,
P. Variability, drivers, and effects of atmospheric nitrogen inputs across
an urban area: Emerging patterns among human activities, the
atmosphere, and soils. Sci. Total Environ. 2017, 609, 1524—1534.

(41) Bettez, N. D.; Groffman, P. M. Nitrogen deposition in and near
an urban ecosystem. Environ. Sci. Technol. 2013, 47 (11), 6047—6051.

(42) Bytnerowicz, A.; Fenn, M. E. Nitrogen deposition in California
forests: A review. Environ. Pollut. 1996, 92 (2), 127—146.

(43) Kurzyca, I; Frankowski, M. Recent changes in the oxidized to
reduced nitrogen ratio in atmospheric precipitation. Atmos. Environ.
2017, 167, 642—655.

(44) Juknys, R.; Zaltauskaite, J.; Stakenas, V. Ion fluxes with bulk and
throughfall deposition along an urban—suburban—rural gradient.
Water, Air, Soil Pollut. 2007, 178 (1—4), 363—372.

(45) Michopoulos, P.; Baloutsos, G.; Economou, A.; Voulala, M.;
Bourletsikas, A. Bulk and throughfall deposition chemistry in three
different forest ecosystems. Fresenius Environ. Bull. 2007, 16 (1), 91—
98.

(46) Song, L.; Kuang, F.; Skiba, U.; Zhu, B.; Liu, X.; Levy, P.; Dore, A;
Fowler, D. Bulk deposition of organic and inorganic nitrogen in
southwest China from 2008 to 2013. Environ. Pollut. 2017, 227, 157—
166.

(47) Chiwa, M.; Enoki, T.; Higashi, N.; Kumagai, T. o.; Otsuki, K. The
increased contribution of atmospheric nitrogen deposition to nitrogen
cycling in a rural forested area of kyushu, japan. Water, Air, Soil Pollut.
2013, 224 (11), 1763.

DOI: 10.1021/acs.est.80b03504
Environ. Sci. Technol. 2018, 52, 11441-11448


http://www.noaa.gov/media-release/gulf-of-mexico-dead-zone-is-largest-ever-measured
http://www.noaa.gov/media-release/gulf-of-mexico-dead-zone-is-largest-ever-measured
http://dx.doi.org/10.1021/acs.est.8b03504

Environmental Science & Technology

(48) Howarth, R. W. Coastal nitrogen pollution: A review of sources
and trends globally and regionally. Harmful Algae 2008, 8 (1), 14—20.

(49) Li, Y.; Schichtel, B. A.; Walker, J. T.; Schwede, D. B.; Chen, X;
Lehmann, C. M. B.; Puchalski, M. A,; Gay, D. A,; Collett, J. L.
Increasing importance of deposition of reduced nitrogen in the United
States. Proc. Natl. Acad. Sci. U. S. A. 2016, 113 (21), 5874—5879.

(50) Engardt, M.; Simpson, D.; Schwikowski, M.; Granat, L.
Deposition of sulphur and nitrogen in Europe 1900—2050. Model
calculations and comparison to historical observations. Tellus, Ser. B
2017, 69 (1), 1328945.

(51) Liu, X;; Zhang, Y.; Han, W.; Tang, A.; Shen, J.; Cui, Z.; Vitousek,
P.; Erisman, J. W.; Goulding, K.; Christie, P.; Fangmeier, A.; Zhang, F.
Enhanced nitrogen deposition over China. Nature 2013, 494, 459.

(52) Xu, W.; Luo, X. S;; Pan, Y. P,; Zhang, L.; Tang, A. H.; Shen, J. L;
Zhang, Y.; Li, K. H.; Wu, Q. H,; Yang, D. W.; Zhang, Y. Y.; Xue, J.; Li,
W. Q; Li, Q. Q; Tang, L; Ly, S. H,; Liang, T.; Tong, Y. A,; Liu, P.;
Zhang, Q.; Xiong, Z. Q; Shi, X. J; Wu, L. H.; Shi, W. Q.; Tian, K;
Zhong, X. H.; Shi, K;; Tang, Q. Y.; Zhang, L. J.; Huang, J. L.; He, C. E,;
Kuang, F. H,; Zhu, B.; Liu, H; Jin, X,; Xin, Y. J.; Shi, X. K; Du, E. Z,;
Dore, A. J.; Tang, S.; Collett, J. L., Jr; Goulding, K; Sun, Y. X,; Ren, J;
Zhang, F. S.; Liu, X. J. Quantifying atmospheric nitrogen deposition
through a nationwide monitoring network across China. Atmos. Chem.
Phys. 2015, 15 (21), 12345—12360.

(53) Templer, P. H.; Pinder, R. W.; Goodale, C. L. Effects of nitrogen
deposition on greenhouse-gas fluxes for forests and grasslands of North
America. Frontiers Ecol. Environ. 2012, 10 (10), 547—553.

(54) Donald, D. B; Bogard, M. J; Finlay, K; Leavitt, P. R.
Comparative effects of urea, ammonium, and nitrate on phytoplankton
abundance, community composition, and toxicity in hypereutrophic
freshwaters. Limnol. Oceanogr. 2011, 56 (6), 2161—2175.

(55) Paerl, H. W.; Boynton, W. R;; Dennis, R. L.; Driscoll, C. T.;
Greening, H. S.,; Kremer, J. N.; Rabalais, N. N,; Seitzinger, S. P.,
Atmospheric deposition of nitrogen in coastal waters: Biogeochemical
and ecological implications. In Nitrogen Loading in Coastal Water
Bodies: An Atmospheric Perspective; American Geophysical Union:
2001; pp 11-52.

(56) Williams, J. J.; Lynch, J. A.; Saros, J. E.; Labou, S. G. Critical loads
of atmospheric N deposition for phytoplankton nutrient limitation
shifts in western U.S. mountain lakes. Ecosphere. 2017, 8 (10), e01955—
n/a.

(57) Schiferl, L. D.; Heald, C. L.; Van Damme, M.; Clarisse, L.;
Clerbaux, C.; Coheur, P. F.; Nowak, J. B.; Neuman, J. A,; Herndon, S.
C.; Rosciol, J. R; Eilerman, S. J. Interannual variability of ammonia
concentrations over the United States: Sources and implications. Atmos.
Chem. Phys. 2016, 16 (18), 12305—12328.

(58) Warner, J. X; Dickerson, R. R.; Wei, Z.; Strow, L. L.; Wang, Y.;
Liang, Q. Increased atmospheric ammonia over the world’s major
agricultural areas detected from space. Geophys. Res. Lett. 2017, 44 (6),
2875—2884.

(59) USEPA. National Lakes Assessment 2012; A Collaborative Survey
of Lakes in the United States: Washington, DC, 2016.

(60) Stoddard, J. L.; Van Sickle, J.; Herlihy, A. T.; Brahney, J.; Paulsen,
S.; Peck, D. V.; Mitchell, R.; Pollard, A. I. Continental-scale increase in
lake and stream phosphorus: Are oligotrophic systems disappearing in
the United States? Environ. Sci. Technol. 2016, 50 (7), 3409—3415.

(61) Smith, D. R.; Stephensen, M.; King, K. W,; Jarvie, H. P.; Haney,
R,; Williams, M. R. A possible trade-off between clean air and clean
water. J. Soil Water Conserv. 2017, 72 (4), 75A—79A.

(62) Vet, R,; Artz, R. S; Carou, S.; Shaw, M,; Ro, C.-U.; Aas, W.;
Baker, A.; Bowersox, V. C.; Dentener, F.; Galy-Lacaux, C.; Hou, A;;
Pienaar, J. J.; Gillett, R.; Forti, M. C.; Gromov, S.; Hara, H.; Khodzher,
T.; Mahowald, N. M.; Nickovic, S.; Rao, P. S. P.; Reid, N. W. A global
assessment of precipitation chemistry and deposition of sulfur,
nitrogen, sea salt, base cations, organic acids, acidity and pH, and
phosphorus. Atmos. Environ. 2014, 93, 3—100.

(63) Committee on Environment and Natural Resources Integrating
the Nation’S Environmental Monitoring and Research Networks and
Programs: A Proposed Framework; Office of Science and Technology

11448

Policy, National Science and Technology Council: Washington, DC,
1997; p 117.

(64) National Water Quality Monitoring Council. A National Water
Quality Monitoring Network for U.S. Coastal Waters and Their
Tributaries; Report prepared by The Advisory Committee on Water
Information, and the National Water Quality Monitoring Council,
2006; p 101.

(65) Sprague, L. A;; Oelsner, G. P.; Argue, D. M. Challenges with
secondary use of multi-source water-quality data in the United States.
Water Res. 2017, 110, 252—261.

(66) Read, E. K;; Carr, L.; De Cicco, L.; Dugan, H. A,; Hanson, P. C,;
Hart, J. A; Kreft, J.; Read, J. S.; Winslow, L. A. Water quality data for
national-scale aquatic research: The Water Quality Portal. Water
Resour. Res. 2017, 53 (2), 1735—174S.

(67) Larsen, S.; Hamilton, S.; Lucido, J.; Garner, B; Young, D.
Supporting diverse data providers in the open water data initiative:
Communicating water data quality and fitness of use. J. Am. Water
Resour. Assoc. 2016, 52 (4), 859—872.

(68) Porter, E.; Blett, T.; Potter, D. U.; Huber, C. Protecting resources
on federal lands: Implications of critical loads for atmospheric
deposition of nitrogen and sulfur. BioScience 2005, 55 (7), 603—612.

(69) Driscoll, C.; Whitall, D.; Aber, J.; Boyer, E.; Castro, M.; Cronan,
C.; Goodale, C.; Groffman, P.; Hopkinson, C.; Lambert, K.; Lawrence,
G.; Ollinger, S. Environment 2003, 45, 8—22.

(70) Mast, M. A.; Clow, D. W.; Baron, J. S.; Wetherbee, G. A. Links
between N deposition and nitrate export from a high-elevation
watershed in the Colorado front range. Environ. Sci. Technol. 2014,
48 (24), 14258—14265.

(71) Brahney, J., Personal communication. July 27, 2017.

(72) Pellerin, B. A.; Stauffer, B. A.;; Young, D. A; Sullivan, D. J,;
Bricker, S. B.; Walbridge, M. R;; Clyde, G. A.; Shaw, D. M. Emerging
tools for continuous nutrient monitoring networks: Sensors advancing
science and water resources protection. J. Am. Water Resour. Assoc.
2016, 52 (4), 993—1008.

(73) Melillo, J. M.; Richmond, T. C.; Yohe, G. W. Climate Change
Impacts in the United States: The Third National Climate Assessment; U.S.
Global Change Research Program, 2014; p 841.

(74) Sanford, W. E.; Pope, J. P. Quantifying groundwater’s role in
delaying improvements to Chesapeake Bay water quality. Environ. Sci.
Technol. 2013, 47 (23), 13330—13338.

DOI: 10.1021/acs.est.80b03504
Environ. Sci. Technol. 2018, 52, 11441-11448


http://dx.doi.org/10.1021/acs.est.8b03504

