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Executive Summary

Purpose

This study of nitrogen (N) in surface waters was conducted to better understand the N conditions in
Minnesota’s surface waters, along with the sources, pathways, trends and potential ways to reduce N in
waters. Nitrogen is an essential component of all living things and is one of the most widely distributed
elements in nature. Nitrate (NOs), the dominant form of N in waters with high N, is commonly found in
ground and surface waters throughout the country. Human activities can greatly increase nitrate, which
is typically found at low levels in undisturbed landscapes.

Concern about N in Minnesota’s surface waters has grown in recent decades due to: 1) increasing
studies showing toxic effects of nitrate on aquatic life, 2) increasing N concentrations and loads in the
Mississippi River combined with nitrogen’s role in causing a large oxygen-depleted zone in the Gulf of
Mexico, and 3) the discovery that some Minnesota streams exceed the 10 milligrams per liter (mg/1)
standard established to protect potential drinking water sources.

Minnesota recently initiated two state-level efforts related to N in surface waters. The Minnesota
Pollution Control Agency (MPCA) is developing water quality standards to protect aquatic life from
the toxic effects of high nitrate concentrations. The standards development effort, which is required
under a 2010 Legislative directive, draws upon recent scientific studies that identify the
concentrations of nitrate harmful to fish and other aquatic life.

Also in development is a state-level Nutrient Reduction Strategy, as called for in the 2008 Gulf of Mexico
Hypoxia Action Plan. Minnesota contributes the sixth highest N load to the Gulf and is one of 12
member states serving on the Mississippi River/Gulf of Mexico Watershed Nutrient Task Force. The
cumulative N and phosphorus (P) contributions from several states are largely the cause of a hypoxic
(low oxygen) zone in the Gulf of Mexico. This hypoxic zone affects commercial and recreational fishing
and the overall health of the Gulf, since fish and other aquatic life cannot survive with low oxygen levels.
Minnesota is developing a strategy which will identify how further progress can be made to reduce N
and P entering both in-state and downstream waters.

The scientific foundation of information documented in this report will be useful as the MPCA and other
state and federal organizations further their nitrogen-related work, and also as local government
considers how high N levels might be reduced in their watersheds.

The Minnesota Department of Agriculture is completing a separate but concurrent effort to revise the

state’s Nitrogen Fertilizer Management Plan, as required under Minnesota’s Ground Water Protection

Act. The plan addresses groundwater protection from nitrate. Yet because groundwater baseflow is an
important contributor to surface water nitrate, certain groundwater protection efforts will also benefit
surface waters.

Approach
The general approach for conducting this study was to:

1) Collaborate with other organizations. This study was conducted and written by 15 authors and co-
authors. The University of Minnesota led the assessment of agricultural and nonpoint sources of N.
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3)

4)

The U.S. Geological Survey assisted with nitrate trends evaluations and certain modeling and mapping
efforts. Assistance and review was provided by several other organizations including Metropolitan
Council, Minnesota Department of Agriculture, Board of Water and Soil Resources, and others.

Build from existing information, tools, and data. The study incorporated:
Recent water N concentration results from more than 50,000 water samples collected at more
than 700 stream sites in Minnesota;
Water N loads calculated from monitoring results at more than 75 Minnesota watersheds;
Monitoring results from approximately 1976 to 2010 at 50 river sampling sites in Minnesota;
Findings from more than 300 published studies;
Findings from six previously developed computer models and two newly developed models; and
More than 40 existing Geographic Information System (GIS) spatial data layers.

Include both total nitrogen and nitrate. The study assesses total nitrogen (TN) for understanding
downstream N loads to the Gulf of Mexico and Lake Winnipeg, and also assesses the nitrate form of
N (concentrations, loads, trends) due to its impact on in-state aquatic life and drinking water.

Develop results for large scales. Results were determined for large-scale areas, such as statewide,
major basins, and 8-digit Hydrologic Unit Code (HUC8) watershed outlets. Minnesota has 81 HUCS8
watersheds, each averaging over 1000 square miles. Results should not be applied to the small
watershed scale.

Verify results. The study results were verified with alternative methods, data, and studies, so that
the conclusions are supported by more than one approach.

Nitrogen conditions in surface waters

Nitrogen conditions in surface waters are usually characterized in four different ways: 1) concentration,
2) load, 3) yield, and 4) flow weighted mean concentration.

Concentrations are determined by taking a sample of water and having a laboratory determine
how much N mass is in a given volume of that water sample, typically reported as mg/I. Load is
the amount of N passing a point on a river during a period of time, often measured as pounds of
N per year.

Loads are calculated by multiplying N concentrations by the amount of water flowing down the
river. Nitrogen loads are influenced by watershed size, as well as land use, land management,
hydrology, precipitation, and other factors.

Yield is the amount (mass) of N per unit area coming out of a watershed during a given time
period (i.e., pounds per acre per year). It is calculated by dividing the load by the watershed size,
which then allows for comparisons of watersheds with different sizes.

Flow weighted mean concentration (FWMC) is the weighted-average concentration over a
period of time, giving the higher flow periods more weight and the lower flow periods less
weight. The FWMC is calculated by dividing the total load for a given time period by the total
flow volume during that same period, and is typically expressed as mg/I.

Nitrogen concentrations

Maximum nitrite+nitrate-N (nitrate) levels in Minnesota rivers and streams (years 2000-2010) exceeded
5 mg/| at 297 of 728 (41%) monitored sites across Minnesota, and exceeded 10 mg/l in 197 (27%) of
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these sites. A marked contrast exists between nitrate concentrations in the southern and northern parts
of the state. In most southern Minnesota rivers and streams, nitrate concentrations at least occasionally
exceed 5 mg/l (Figure 1). Most northeastern and northwestern Minnesota streams have nitrate
concentrations which usually remain less than 1 and 3 mg/I, respectively.

Nitrate concentrations in southern Minnesota streams tend to fluctuate seasonally. However, seasonal
variability is much less in several southeastern Minnesota streams, where groundwater baseflow
provides a continuous supply of high nitrate water to streams throughout the year.

Figure 1. Nitrate concentrations at 728 river and stream sampling sites. Each colored circle shows the 90th
percentile concentration from all samples taken at the site between 2000 and 2010.

Total nitrogen concentrations exhibit a similar spatial pattern across the state as nitrate, but are
typically about 0.5 to 3 mg/| higher than nitrate-N, since TN also includes organic N and
ammonia+ammonium (ammonium). Ammonium concentrations are less than 1 mg/| at 99% of river and
stream sites in the state, and median concentrations are mostly less than 0.1 mg/I.

Mainstem river loads

Monitoring-based annual TN loads show that most of the state’s TN load leaves Minnesota in the
Mississippi River (Figure 2). On average, 211 million pounds of TN leaves Minnesota each year in the
Mississippi River at the Minnesota-lowa border, with just over three-fourths of this load originating in
Minnesota watersheds, and the rest coming from Wisconsin, lowa, and South Dakota. This compares to
about 37 million pounds leaving the Red River at the Minnesota-Manitoba border, with about half from
Minnesota and half from the Dakotas.
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The highest TN-loading tributary to the Mississippi River is the Minnesota River, which adds about twice
as much TN as the combined loads from the Upper Mississippi River (at Anoka) and St. Croix River (at
Stillwater). The higher TN load in the Minnesota River is mostly due to much higher average TN
concentrations in that river (8.2 mg/| flow-weighted mean concentration) as compared to the Upper
Mississippi (2.2 mg/l) and the St. Croix River (1.0 mg/I).

South of the Twin Cities, tributaries from
Wisconsin and Minnesota contribute
additional N to the Mississippi River.
Only small fractions of TN are lost in the
Mississippi River, except where the water
is backed-up for long periods in
guiescent waters, allowing nitrate to be
converted to N gas through natural
processes or to be used by algae. In the
river stretch between the Twin Cities and
lowa, some N is lost when river flow
slows in Lake Pepin and in river pools
behind locks and dams. Monitoring-
based loads show that an average 9% TN
loss occurs in Lake Pepin. An additional

3 to 13% of the river TN is estimated to
be lost in the 168 mile Mississippi River
stretch between the Twin Cities and
lowa. The net effect of the TN additions
and losses in the Lower Mississippi Basin
is an average 37 million pound annual TN
load increase between the Twin Cities
and lowa.

Figure 2. Long term (15-20 year) average annual TN loads at key points along mainstem rivers.

Year-to-year variability in TN loads and river flow can be very high. In the Minnesota River Basin, TN
loads during low flow years are sometimes as low as 25% of the loads occurring during high flow years.
Major river TN loads typically reach monthly maximums in April and May. About two-thirds of the
annual TN load in the Mississippi River at the lowa border occurs during the months March through July,
when both river flow and TN concentrations are typically highest.

Comparing watersheds

Watershed loads, yields and FWMCs were estimated for HUC8 level watersheds throughout the state so
that different parts of the state could be compared and geographic priorities established. The two
methods used to compare watersheds were: 1) monitoring results from the 2007 to 2009 period, and
2) SPARROW modeling that integrated long-term water monitoring data with landscape information and
in-stream losses to estimate long-term average loads.
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The monitoring results from 2007-2009 and SPARROW modeling results show similar parts of the state
with high and low river N loads (Figures 3 and 4). The highest N yields occur in south central Minnesota,
where TN FWMCs typically exceed 10 mg/l. The second highest TN yields are found in southeastern and
southwestern Minnesota watersheds, which typically have TN FWMCs in the 5 to 9 mg/I range.

The highest three TN-yielding HUC8 watersheds include the Cedar River, Blue Earth River, and Le Sueur
River watersheds, each yielding over 20 pounds/acre/year, on average. The 15 highest TN loading HUC8
watersheds to the Mississippi River contribute 74% of the TN load which ultimately reaches the river.
The other 30 watersheds contribute the remaining 26% of the load to the Mississippi.

Total N yield estimated from SPARROW modeling showed that the urban dominated Mississippi River Twin
Cities watershed delivered TN yields comparable to many other rural southern Minnesota watersheds
(Figure 4).

Figure 3. Monitoring-based annual TN yields near the outlet of each watershed.
Average of available annual yield information between 2007 and 2009.
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Figure 4. SPARROW model simulated incremental TN yields at the outlet of HUC8 watersheds
(or state borders for watersheds cut-off by the state border).
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Trends

Previous studies of N trends in Minnesota rivers and streams showed that TN Joads increased since the
1970s and 1980s in the Red River of the North, Mississippi River, and Minnesota River. Nitrate loads had
been found to have increased in the Mississippi and Minnesota Rivers between 1976 and 2005. Previous
studies showed that nitrate concentrations were increasing in southeastern Minnesota streams and
parts of central Minnesota, but that the downstream half of the Minnesota River generally showed no
significant trend or a decrease. Previous studies also showed that river ammonium concentrations
declined significantly over the 1980s and 1990s, likely in response to municipal wastewater upgrades
and possibly also from feedlot and manure management improvements.

For this study, we evaluated flow-adjusted nitrite+nitrate-N (nitrate) concentration trends at 51
mainstem river and major tributary river monitoring sites throughout the state. The statistical trend
analyses were performed with the QWTREND model, which was developed to evaluate periods of both
increases and decreases which can occur at the same site over the period of record. River flow data was
paired with nitrate monitoring results over a timeframe beginning during the mid-1970s and ending
between 2008 and 2011.

Long-term (30-36 years) flow-adjusted nitrate concentration changes on the mainstem rivers are shown
in Figure 5. The Mississippi River, which has very low nitrate concentrations in the north and less than

3 mg/l in the southern part of the state, showed increasing concentrations between 1976 and 2010 at
most sites on the river, with overall increases ranging between 87% and 268% everywhere between
Camp Ripley and LaCrosse. During recent years (i.e., 5-15 years prior to 2010), nitrate concentrations were
increasing everywhere downstream of Clearwater on the Mississippi River at a rate of 1-4% per year,
except that no significant trend was recently detected at Grey Cloud and Hastings in the Metro region.

Increasing nitrate concentration trends were also found in the Cedar River (113% increase over a
43-year period) and the St. Louis River in Duluth (47% increase from 1994 to 2010).

Not all locations in the state, however, are showing increasing trends. While nitrate concentrations
remain very high in the downstream stretches of the Minnesota River (FWMC over 6 mg/l), two
monitored sites (Jordan and Fort Snelling) showed a slight increase from 1979-2005, followed by a
decreasing trend between 2005-06 and 2010-11. During recent years, all sites on the Minnesota River
and most tributaries to the Minnesota River evaluated for trends have been either trending downward
or have shown no trend (through 2009-11). Additionally, a few tributaries to the Mississippi River have
also shown decreasing nitrate trends during the 6-8 year period prior to 2010, including the Rum,
Straight, and Cannon Rivers.

Some other rivers have shown no significant trends since the mid-1970s, including the Rainy, West Fork
Des Moines, and Crow Rivers. The Red River showed significant increases before 1995, but no significant
trends between 1995 and 2010.
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Figure 5. Long-term overall nitrate concentration trends (from mid to late 1970s until 2008-11) at mainstem
river monitoring sites. Concentrations were adjusted for flow and changes are statistically significant at p<0.1.

Sources and pathways

Nitrogen source contributions to surface waters during average, wet and dry weather periods were
estimated for each major basin and statewide. The estimated annual statewide TN (hereafter referred
to as N) contributions reaching surface waters during an average precipitation year are shown in
Figure 6. Results are intended for broader management planning decisions and should not be used in
place of Total Maximum Daily Load (TMDL) studies or detailed local assessments based on site specific
water quality monitoring and modeling data.
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Figure 6. Estimated statewide N contributions to surface waters during an average precipitation year (rounded
to whole numbers).

Cropland sources

Cropland N loads were estimated for three different pathways: surface runoff, tile-line transport, and
leaching to groundwater and its subsequent underground movement to surface waters. Cropland
sources were estimated by taking published field research results about N losses to water and then
using GIS data-bases to extrapolate field-research results to larger scales. Cropland N source estimates
were based on available site-specific data and watershed characteristics, adjusted for crops, geologic
sensitivity, soils, climate, fertilizer rates, livestock manure availability, agricultural drainage, N losses
within groundwater, and several other factors. The amount of N reaching surface waters from cropland
varies tremendously, ranging from less than 10 pounds/acre on some cropland and more than 30 pounds/
acre on other cropland.

According to the N source assessment conducted for this study, during an average precipitation year
cropland sources contribute an estimated 73% of the statewide N load to surface waters. This statewide
estimate is similar to SPARROW model simulations, which indicate that 70% of statewide N loading to
surface waters is from agricultural sources. The cropland fraction of N load to surface waters varies by
watershed, accounting for an estimated 89 to 95% of the N load in the Minnesota portions of the
Minnesota River, Missouri River, Cedar River, and Lower Mississippi River Basins, and yet contributing
less than 50% of the Upper Mississippi River Basin N (refer to Figure 8 for basin locations).

The emphasis of this study was estimating N loads from specific source categories to surface waters.
Nitrogen sources to land were also estimated, since these sources can provide a general framework of
understanding N potentially available for entering waters. Inorganic N becomes available to statewide
cropland from several added sources to the soil, including commercial fertilizers (47%), legume fixation
(21%), manure (16%), and wet plus dry atmospheric deposition (15%). Soil organic matter mineralization
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releases an estimated annual amount of inorganic N comparable to fertilizer and manure N additions
combined. Septic systems, lawn fertilizer, and municipal sludge together account for about 1% of all N
added to soils statewide.

Cropland surface runoff

Cropland N moves from soil sources to surface waters through two dominant pathways: 1) tile-line
transport, and 2) leaching to groundwater and subsequent underground flow into surface waters.
Compared to these two pathways, cropland surface runoff adds relatively little N to waters. Surface runoff
contributes only 1-4% of N loads to waters in all major basins except the Lower Mississippi River Basin and
Red River Basin, where runoff from cropland contributes 9-16% of the N load, respectively.

Cropland tile drainage

Nitrogen moving through tile-lines and subsequently into ditches and streams was found to be the
pathway contributing the most cropland N to surface waters. During an average precipitation year, row
crop tile drainage contributes an estimated 37% of the N load to Minnesota’s waters overall, and
contributes 67% of the N load in the heavily-tiled Minnesota River Basin. During a wet year, the fraction
of N to waters from tile drainage increases to an estimated 43% of statewide N load and 72% of the
Minnesota River N load. River monitoring results affirmed the importance of tile drainage contributions,
showing that the highest N-yielding watersheds in the state are those which are intensively tiled.

Cropland nitrate leaching to groundwater

Nitrogen leaching into groundwater below cropped fields, and subsequently moving underground until
it reaches streams, contributes an estimated 30% of N to surface waters statewide. Groundwater N can
take hours to decades to reach surface waters, depending on the rate of groundwater flow and the
distance between the cropland and stream. Nitrogen leaching into groundwater is the dominant
pathway to surface waters in the karst dominated landscape of the Lower Mississippi River Basin, where
groundwater contributes an estimated 58% of all N. Yet in the Minnesota River Basin, dominated by
clayey and tile-drained soils, cropland groundwater only contributes 16% of the N to surface waters, on
average.

Wastewater point sources

Wastewater point source loads, estimated largely from MPCA discharge permit records, release an
annual average 29 million pounds of TN to statewide waters, accounting for 9% of the statewide N load
according to the N source assessment. This is slightly more than the 7% point source contribution
estimated from SPARROW modeling.

Wastewater point source loads are dominated by municipal wastewater sources, which contribute 87%
of the wastewater point source N load discharges, with the remaining 13% from industrial facilities. The
10 largest wastewater point source N loading facilities collectively contribute 67% of the point source TN
load. Nearly half (49%) of the wastewater point source N discharges occur within the Twin Cities
Metropolitan Area. River monitoring shows that six million pounds of N (on average) is gained in major
rivers as they pass through the Twin Cities area, which equates to a 3.5% increase.

Wastewater point source N additions from large urban areas can contribute similar loads as many
croplands draining from a similarly sized area. However, the wastewater N delivery to rivers is different
than from cropland, as it enters waters at a few specific points as opposed to being dispersed across the
watershed.

Nitrogen in Minnesota Surface Waters ¢ June 2013 Minnesota Pollution Control Agency
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Other sources

Two other source categories, atmospheric deposition and forestland runoff, each contribute cumulative
total statewide N loads comparable to wastewater point source N loads. While the N concentrations
from atmospheric deposition and forest sources are much lower than wastewater discharges, the aerial
extent of these two sources is vast, thereby accounting for the similar overall loads.

Nitrogen falling onto land from wet and dry atmospheric deposition was highest in the south and
southeast parts of the state and lowest in the north and northeast where fewer urban and agricultural
sources exist. Atmospheric deposition falling into lakes and streams was considered in the source
assessment as a direct source of N into waters, contributing 9% of the statewide annual N load to
waters. Correspondingly, the areas of the state with the most lakes and streams had the most
atmospheric deposition directly into waters. Yet, relatively few other N sources are found in the
northern Minnesota lakes regions, and a large fraction of N entering most lakes from atmospheric
deposition will not leave the lake in streams. Low river N concentrations and loads are found in the
northern lakes regions of the state.

Some N, typically less than three pounds/acre/year, is exported from forested watersheds. Forest N
contributions are nearly negligible in localized areas and N levels in heavily forested watersheds are
quite low. Yet since such a large fraction of the state is forested, the total cumulative N to waters from
forested lands is estimated to be about 7% of the statewide N load.

Other statewide N sources contribute relatively small N loadings, including septic systems (2%),
urban/suburban runoff (1%), feedlot runoff (0.2%) and water-fowl (<0.2%).

Source load differences among major basins

The load estimates in this study only quantify N source contributions originating in Minnesota portions
of basins. Nitrogen source and pathway contributions from Minnesota portions of river basins vary
considerably from one major river basin to another, as shown in Figure 7 (see also basin location map in
Figure 8). For example, during an average precipitation year, cropland source contributions range
between 16% and 95% of the estimated N load to the waters in each basin. Wastewater point source
contributions range from 1% to 30% across the different basins, and contribute a higher fraction of the
load where cropland sources are relatively low.

Nitrogen in Minnesota Surface Waters ¢ June 2013 Minnesota Pollution Control Agency

11



Nitrogen Sources to Surface Waters - Average Year
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Figure 7. Estimated annual N loads to surface waters from different sources within the Minnesota portions of
major basins during an average precipitation year.

Figure 8. Minnesota’s major basins and watersheds.
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Precipitation effects on source loads

Precipitation amounts have a pronounced effect on N loads. During a dry year, statewide N loads drop
by 49% from average year loads (Figure 9). During a wet year, overall loads increase by 51%, as
compared to an average year (Figure 10). The effects of precipitation are even greater in the Minnesota
River Basin, where wet years have an estimated 70% greater N load, and dry years have 65% less N load.

Precipitation also affects the relative contributions from different N sources and pathways. During wet
years, the cropland source contributions increase from 73% to 79% of the statewide N loads to waters.
Agricultural drainage increases from 37% to 43% of the loads to surface waters during wet years,
cropland runoff increases from 5% to 6%, and cropland groundwater remains at 30%. During dry years,
the fraction of the load coming from wastewater point sources increases from 9% to 18%, whereas
cropland sources are reduced to 54% of the estimated statewide N load.
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Figure 9. Estimated annual N loads to surface waters from different sources within the Minnesota portions of
major basins during a dry year.
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Figure 10. Estimated annual N loads to surface waters from different sources within the Minnesota portions of
major basins during a wet year.
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Sources to the Mississippi River

Just over 81% of the TN load to Minnesota waters is from watersheds which ultimately flow into the
Mississippi River. If we look only at those Minnesota watersheds which contribute to the Mississippi
River, source contributions during an average precipitation year are estimated as follows: cropland
sources 78%, wastewater point sources 9%, and non-cropland nonpoint sources 13% (Figure 11).
Cropland source
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Figure 11. Sum of N source contributions in watersheds which eventually reach the Mississippi River. The
“other” category includes septic systems, atmospheric deposition directly into waters, feedlots, forested land
and urban/suburban nonpoint source N. “Wastewater” includes municipal and industrial point sources.

Uncertainties and verification of sources

The source assessment conducted by the University of Minnesota and MPCA has some areas of
uncertainty. All sources should be treated as large-scale approximations of actual loadings, and each
source estimate could be refined with additional research. One particular area of uncertainty is the
cropland groundwater component, due to: a) limited studies quantifying leaching losses under different
soils, climate and management, and b) high variability in denitrification losses, which can occur as
groundwater slowly flows toward rivers and streams.

Because of source assessment uncertainties, we compared the source assessment results with results
from five separate approaches, as follows:

1) Monitoring results — HUC8 watershed and major basin scale monitoring results

2) SPARROW modeling — major N source categories (statewide)

3) HSPF modeling — Minnesota River Basin modeled estimates of sources, pathways and effects of
precipitation

4) Watershed characteristics analysis — comparing watershed land and hydrologic characteristics
with river N yields and concentrations

5) Literature review — existing studies in the upper-Midwest related to N sources and pathways

Mainstem river monitoring results compared reasonably well to the sum of the sources estimated by the
source assessment during dry, average and wet conditions (Figures 12-14). The monitoring results were
not expected to be the same as the sum of sources, since the sum of sources do not consider in-stream
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N losses or lag times in groundwater N transport from sources to surface waters. Yet the fairly close
agreement between the monitoring results and source load estimates provides one line of evidence that
the source estimates may be reasonable.
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Figure 12. Dry period comparison of river monitoring average annual loads with the sum of estimated source
loads.

Average Precipitation Period Loads
Monitoring and Sum of Source Estimates

200

180 W River MORItoring

160
140 M Sum of Sources

120
, T , -E

100 -
80 -

Minnesota River Red River of the St. Croix River Upper Mississippi

North River

60 -~
40
20 -

Annual TN Load (million Ibs)

Figure 13. Average period comparison of river monitoring average annual loads with the sum of estimated
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Figure 14. Wet period comparison of river monitoring average annual loads with sum of estimated source loads.
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The SPARROW and HSPF model N source estimates were both consistent with the source assessment
findings. SPARROW model results showed cropland sources as the dominant statewide N sources to
Minnesota rivers, representing 70% of the source loads (Figure 15).

Using a markedly different modeling approach than SPARROW, the HSPF model results showed that the
cropland sources represent 96.6% of the Minnesota River Basin nonpoint source inorganic N load to
rivers, which was similar to a 97.6% estimate from the source assessment findings. The HSPF model
results also showed similar flow pathways and wet weather effects on loads as compared to the source
assessment findings.

Figure 15. Comparing N source category contributions to Minnesota surface waters statewide during an average
year using a) SPARROW model results, and b) N source assessment conducted for this study.

We also used statistical and non-statistical methods to compare watershed monitoring results with 18
watershed land use and hydrologic characteristics. These checks on the source assessment findings did
not show inconsistencies with the source load findings, and they did show several relationships which
support the source assessment findings. For example, a distinct pattern was observed between
watershed nitrate levels and the percent of watershed with row crops over tile-drainage, sandy soils,
and soils with a shallow depth to bedrock (Figure 16).

Statistical models of nitrate and TN concentration suggested that row crops over tile-drained soils and
high groundwater recharge areas (sandy soils and/or shallow depth to bedrock) accounted for much of
the nitrate concentration variability in the 28 HUC8 watersheds analyzed (r-squared exceeding 0.96).
Statistical models also showed a similarly strong correlation between watershed N yields and two
variables: 1) the amount of land with row crops over tile drainage, and 2) annual precipitation. For both
the concentration and yield statistical models, the tile drainage variable exerted the strongest
magnitude of influence, with two to five times the influence of the other explanatory variables.

All five ways of checking the findings corroborate the source assessment results and no major
discrepancies were found. This increases our confidence that the source assessment is reasonably
accurate and is useful for generally understanding large scale N load sources and pathways to
Minnesota surface waters.
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How Nitrate Levels Vary with
Row Crops over Tile, Sand, or Shallow Bedrock
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Figure 16. The range (colored bars) and average (dark line) percent of land in row crops underlain by tile-

drainage (estimated), shallow bedrock or sandy subsoils. The four watershed nitrate classifications are based on

river monitoring averages from two normal flow years within the period 2005-2009.

Potential ways to reduce nitrogen in surface waters

Because high N loading is pervasive over much of southern Minnesota, little cumulative large-scale
progress to reduce N in surface waters will be made unless numerous large watersheds (i.e., the top
10 to 20 N loading watersheds) reduce N levels. Appreciable N reductions to major rivers and large
downstream waters cannot be achieved by solely targeting individual small subwatersheds or
mismanaged tracts of land. However, cumulative smaller scale changes repeated across much of the
southern Minnesota landscape can make an appreciable difference in N loading.

Reducing nitrogen losses from cropland

Based on the N source assessment and the supporting literature/monitoring/modeling, meaningful
regional N reductions to rivers can be achieved if Best Management Practices (BMPs) are adopted on
acreages where there is a combination of: a) high N sources, b) seasonal lack of dense plant root
systems, and c) rapid transport avenues to surface waters (which bypass denitrification N losses
common in many groundwaters). These conditions mostly apply to row crops planted on tile-drained
lands, but also include row crops in the karst region and over many sandy soils.

Further refinements in fertilizer rates and application timing can be expected to reduce river N loads and

concentrations, yet more costly practices will also be needed to meet downstream N reduction goals.

BMPs for reducing N losses to waters can be grouped into three categories:

1) In-field nutrient management (i.e., optimal fertilizer rates; apply fertilizer closer to timing of crop

use; nitrification inhibitors; variable fertilizer rates)
2) Tile drainage water management and treatment (i.e. shallower depth of tile drainage; control

structures that let farmers adjust water levels; constructed and restored wetlands for treatment

purposes; woodchip trench bioreactors; and saturated buffers)
3) Vegetation/landscape diversification (i.e. cover crops; perennials planted in riparian areas or
marginal cropland; extended rotations with perennials; energy crops in addition to corn)
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Through this study, a tool was developed by the University of Minnesota to evaluate the expected N
reductions to Minnesota waters from individual or collective BMPs adopted on lands well-suited for the
practices. The tool, called “Nitrogen Best Management Practice watershed planning tool” (NBMP),
enables planners to gauge the potential for reducing N loads to surface waters from watershed
croplands, and to assess the potential costs (and savings) of achieving various N reduction goals. The
tool also enables the user to identify which combinations of BMPs will be most cost-effective for
achieving N reductions at a HUC8 watershed or statewide scale.

We used the NBMP tool to assess N reduction scenarios in Minnesota (statewide and in specific HUC8
watersheds). Results from the NBMP tool were also compared to results from an lowa study which used
different methods to assess the potential for using agricultural BMPs to achieve N load reductions to lowa
waters. Both the Minnesota and lowa evaluations concluded that no single type of BMP is expected to
achieve large-scale reductions sufficient to protect the Gulf of Mexico. However, combinations of in-field
nutrient management BMPs, tile drainage water management and treatment practices, and
vegetation/landscape diversification practices, can together measurably reduce N loading to surface
waters.

The N reduction potential varies by watershed (Figure 17). For example, if BMPs were implemented on all
land suitable for the BMPs, the NBMP tool predicts a 22% river N reduction in the Root River Watershed
and a 39% reduction in the LeSueur River Watershed. The North Fork Crow River Watershed could
potentially achieve a 38% N reduction; however, it would need to rely more heavily on taking marginal
cropland out of row crop production and replacing with perennials. The total net cost of achieving the
reductions shown in Figure 19 is estimated to range from $22 to $47 million per watershed per year. The
fertilizer BMPs were projected to save money and the majority of the estimated net costs were associated
with the vegetation change BMPs.

Potential N Reductions to Water
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Figure 17 — Potential % N reductions to surface waters estimated with the NBMP tool when adopting BMPs on
100% of lands suitable for the following BMPs: optimal fertilizer rates and timing for corn (fertilizer BMPS),
bioreactors and wetland construction/restoration and controlled drainage (tile-drainage BMPSs), and plant cover
crops and on marginally productive lands replace row crops with perennials (vegetation BMPSs).
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Statewide, river N loads can potentially be reduced by as much as 13% through widespread
implementation of optimal in-field nutrient management BMPs, practices which can reduce fertilizer
costs. To achieve 25% N load reductions, high adoption rates of a suite of other BMPs would need to be
added to the in-field N management practices, and the net cost per pound of N reduced would increase.

The NBMP tool indicated that a 30-35% statewide reduction of cropland N losses to waters could be
achieved if: over 90% of the corn land received optimal fertilizer rates applied in the spring; perennials
were planted on 100 feet of either side of most streams; all tile drainage waters were treated in
wetlands, bioreactors or otherwise were managed with controlled drainage structures; rye cover crops
were planted each year on most row crops; and marginal cropland was retired to perennial vegetation.
The projected net cost to install and manage these practices was over a billion dollars per year with
recent crop prices and without further improvements in N reduction BMPs. Changes in crop economics
and/or improvements to BMPs could reduce this net cost in the future.

lowa predicted a 28% statewide nitrate reduction in water if cover crops were planted on row crops
throughout the state. While Minnesota has a cooler climate, cover crops deserve further study in
Minnesota due to a combination of desirable potential benefits to water quality and agriculture. If
Minnesota can find ways to successfully establish and manage cover crops in row-cropped fields, and
then achieve widespread use of cover crops, we could potentially reduce cropland N in Minnesota rivers
by as much as 15 to 25% from this practice alone.

Tile-drainage water treatment BMPs are also part of a sequential combination of BMPs which could be
employed in many areas to achieve additional N reductions to waters. Constructed wetlands and
wetland restoration designed for nitrate treatment purposes remove considerable N loads from tile
waters (averaging about 50%) and should be considered for certain riparian and marginal lands.
Bioreactors may be an option for treating tile-line waters in upland areas where wetland treatment is
less feasible, but they cost considerably more than wetlands for each pound of N reduced. If controlled
drainage is used in combination with wetlands and bioreactors on lands well-suited for these BMPs,
statewide N loads to streams can be reduced from these practices by an estimated 5-6%, and N loads in
heavily-tiled watersheds can be reduced by an estimated 12-14%.

Perennial vegetation can greatly reduce N losses to underlying groundwater and tile drainage waters.
When grasses, hay, and perennial energy crops replace row crops on marginally productive lands, N
losses to surface waters are greatly reduced on the affected acreage. Under the current economic
situation, the crop revenue losses when converting row crops to perennials, makes this practice less
feasible on a widespread scale as compared to other practices, according to the results obtained with
the NBMP tool. However, if changes occur and new markets develop for perennial crops, the economic
picture could make this practice more feasible on larger acreages.

While this study largely focused on N removal BMPs, many BMPs provide additional benefits apart from
reducing N. Any evaluation of recommended practices to reduce N should consider the additional costs
and benefits of the BMPs. For example, BMPs such as constructed wetlands could potentially help
reduce peak river flows through temporary storage of water, which could reduce flooding potential and
improve water quality. Wetlands and riparian buffers also have a potential to increase wildlife habitat.
Cover crops have added benefits of reducing wind and water erosion and potentially improving soil
health and reducing pesticide use.

This study also focused on cost optimization of BMPs, rather than providing a full accounting of the net
value of benefits from a reduced hypoxic zone in the Gulf of Mexico and other environmental benefits to
Minnesota waters.
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Wastewater nitrogen reduction

Wastewater point source N discharges can be reduced through two primary methods: 1) Biological
Nutrient Removal (BNR), and 2) Enhanced Nutrient Removal (ENR) involving biological treatment with
filtration and/or chemical additions.

BNR technologies, if adopted for all wastewater treatment facilities capable of adapting to this
technology, would result in an estimated 43-44% N reduction in wastewater point source N discharges
to rivers in the Upper Mississippi and Minnesota River Basins, and a 35% reduction in the Red River
Basin. Because N loading from wastewater facilities is a relatively small statewide source compared to
other sources, these reductions correspond with an estimated overall N reduction to waters of 9.3%,
2.2%, and 0.8% in the Upper Mississippi, Minnesota, and Red River Basins, respectively.

ENR technologies, if adopted for all wastewater treatment facilities capable of adapting to this
technology, are estimated to result in a 64-65% N reduction in wastewater point source discharges to
rivers in the Upper Mississippi and Minnesota River Basins, and a 51% reduction in the Red River Basin.
These reductions correspond with an estimated overall N reduction to waters of 13.5%, 3.2%, and 1.2%
in the Upper Mississippi, Minnesota, and Red River Basins, respectively.

In conclusion

Surface water N concentrations and loads are high throughout much of southern Minnesota,
contributing to the N enriched hypoxic zone in the Gulf of Mexico, nitrate in excess of drinking water
standards in certain cold water streams, and a potential to adversely affect aquatic life in a large number
of Minnesota rivers and streams. Northern Minnesota has relatively low river N levels, and pollution
prevention measures should be adopted in this area as landscapes and land management change.

Since the mid-1970s nitrate concentrations have continued to increase in the Mississippi River, yet they
still average less than 3 mg/l (FWMC). The Minnesota River average nitrate concentrations remain high
(above 6 mg/I FWMC), but were showing signs of stabilizing or decreasing in the 2005 to 2011 period.
Trends are mixed in other rivers in the state, showing increases, decreases and several with no
significant trend.

An estimated 73% of statewide N entering surface waters is from cropland sources and 9% is from
wastewater point sources, with several other sources adding the other 18%. Most of the cropland N
reaches waters through subsurface agricultural tile drainage and groundwater pathways, with a
relatively small amount in overland runoff.

Reducing N levels in rivers and streams in southern Minnesota will require a concerted effort over much
of the land in this region, particularly tile-drained cropland and row crops over permeable soils and
shallow bedrock. Significant cumulative reductions are predicted when multiple practices are
implemented over large acreages. Some progress toward reducing N losses to waters can be made by
further optimizing in-field N management and temporarily retaining tile-line drainage waters in
wetlands, bioreactors and behind controlled drainage structures. Cover crops and strategic
establishment of perennial energy crops can greatly reduce N losses to waters, but need further
development in Minnesota to make these practices more successful and adopted on more lands.

Nitrogen in Minnesota Surface Waters ¢ June 2013 Minnesota Pollution Control Agency

20



Al. Purpose and Approach

Purpose

Nitrate has long been a concern for human health when elevated levels reach drinking water supplies.
The 10 mg/| nitrate-N drinking water standard established for surface and groundwater drinking water
sources and for cold water streams is exceeded in numerous wells and streams. In recent decades, the
concern about nitrogen (N) in surface waters has grown due to nitrogen’s role in causing a large oxygen-
depleted hypoxic zone in the Gulf of Mexico, and an increasing body of evidence showing toxic effects of
nitrate on aquatic life.

Minnesota has initiated several state-level planning efforts to address N in waters. Effective plans and
strategies should be based on an understanding of the scientific data and technical body of knowledge
surrounding the issues. The purpose of this study was to provide an assessment of the science
concerning N in Minnesota waters so that the results could be used for current and future planning
efforts, thereby resulting in meaningful goals, priorities, and solutions.

More specifically, the purpose of this project was to characterize N loading to Minnesota’s surface
waters, and assess conditions, trends, sources, pathways, and potential ways to achieve nitrogen
reductions in our waters. The study results will be used in developing: 1) Minnesota’s state-level
Nutrient Reduction Strategy, 2) responses to potential river nitrate standard exceedances, and 3) other
regional watershed implementation plans for addressing N in waters. Each of these three efforts is
summarized below.

The state-level Nutrient Reduction Strategy is a multi-agency effort to establish paths to achieve
progress toward meaningful and achievable N and phosphorus reductions. The strategy is being
designed to protect and improve Minnesota’s own waters, along with reducing cumulative impacts
to downstream waters such as the Gulf of Mexico and Lake Winnipeg. In 2008, Minnesota
committed to the U.S. Environmental Protection Agency (EPA) and the Gulf of Mexico Hypoxia Task
Force to complete the first strategy by 2013. Guidance documents for state strategy development
recommend that states conduct assessment work prior to establishing quantitative targets and
identifying the needed management practices/strategies. The guidance suggests that each state
characterize watersheds, identify sources, prioritize geographic areas, document current loads, and
estimate historical trends.

River water quality nitrate standards are being developed by the Minnesota Pollution Control
Agency (MPCA) in response to a 2010 Minnesota legislative directive asking the agency to establish
water quality standards for nitrate-N and total nitrogen (TN) (2010 Session Laws, Chapter 361,
Article 2, Section 4, Subdivision 1). The nitrate water quality standards are being developed based
on aquatic life toxicity concerns. Information in this study is not intended to influence the standard,
which is established based on strict independent criteria related to toxicity testing, but rather will
help us understand the extent of high nitrate water, nitrate sources, and considerations for reducing
nitrate in impacted watersheds.

Watershed implementation plans and protection requirements are developed at the local level
where water quality standards are exceeded or have the potential to be exceeded. At the time of
this writing, 15 streams, mostly in southeastern Minnesota exceed the 10 mg/| standard for
nitrate-N.
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While N reduction strategies are needed in many watersheds with or without new nitrate standards
addressing aquatic life toxicity, the addition of such standards will likely increase Minnesota’s efforts
aimed at reducing nitrate concentrations. Additionally, because groundwater is a primary pathway
of N movement to streams, some of the study results may also be considered for groundwater and
drinking water supply protection efforts.

To aid the above efforts, the following information needs were identified and were thus addressed in
this study:

1. Watershed nitrogen conditions — assess how N loads, yields, and concentrations in rivers and
streams vary geographically across Minnesota watersheds, and estimate how much N is lost
within waters before being delivered to downstream waters.

2. Concentration trends — evaluate how in-stream nitrate concentrations have changed since the
mid-1970s and how they have changed during more recent periods.

3. Sources — estimate mass loadings from different point and nonpoint land uses/sources and
assess which sources most influence N loading to surface waters.

4. Hydrologic pathways — assess the amount of N delivered to streams by groundwater baseflow,
tile drainage, surface runoff, atmospheric deposition, and other hydrologic pathways.

5. Solutions for reducing nitrogen — evaluate different scenarios for reducing N, considering N
reduction potential and costs.

The approaches used to address these areas of study are summarized below and are more specifically
described within each chapter.

Approach
The general approach for this study was to:
1. Collaborate with other organizations and MPCA divisions.

The MPCA Watershed Division and Environmental Outcomes and Analysis Division worked
together with the University of Minnesota and the U.G. Geological Survey (USGS) to complete
this study. The University of Minnesota’s primary area of focus was determining N contributions
to water from nonpoint sources. The USGS assisted with watershed modeling (SPARROW model)
and N concentration mapping and trends analyses. The Minnesota Department of Agriculture
(MDA) and the Metropolitan Council provided data, assistance, and review. (See
acknowledgments for specific authors, co-authors and others who provided assistance.)

2. Compile existing information, data, and results, whenever possible, taking advantage of past
work from multiple organizations.

For many years prior to this study, a tremendous amount of work has been completed by
several different organizations to better understand N in Minnesota’s surface waters. Our
approach was to build on these other efforts, pulling together information from past studies and
monitoring results, and combining this information with work conducted specifically for this
project. No new monitoring was conducted for this study. Instead we analyzed existing results
from the MPCA, Metropolitan Council, USGS, the MDA, and other sources. While new modeling
efforts were completed for this project, the models were generally built upon previous modeling
efforts by the USGS, University of Minnesota, and the MPCA.
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Some of the existing information used in this study includes:
Recent water N concentration results from over 50,000 water samples collected at over
700 stream sites in Minnesota;

Water N loads calculated from monitoring over 20 to 30 years at 9 mainstem river sites
and 1-10 years near 70 watershed outlets;

Water chemistry sampling combined with water flow monitoring for 20 to 35 years at
over 50 sites around the state (used for time-trend analysis);

Findings from over 300 published studies;
Six previously developed computer models (and two newly developed models); and
More than 40 existing GIS spatial data mapping efforts.

3. Use multiple methods and information sources so that the conclusions do not hinge on one data
source or model.

Rather than relying on single models, data sets, or information sources, we used multiple
approaches to validate and verify results. In most cases, we had a primary approach along with
one or more secondary approaches as verification of the primary approach results. Results from
models were verified with recent monitoring results.

4. Focus on the 8-digit HUC (HUC8) watershed scale and larger.

Since the results for this study are intended mostly for helping with larger scale planning efforts,
the scale of project results was designed for major watersheds (HUC8s); major basins; and
statewide (Figure 1).
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Figure 1. Major basins and HUCS8 level watersheds in Minnesota.

Nitrogen in Minnesota Surface Waters ¢ June 2013 Minnesota Pollution Control Agency



This report focuses largely on TN since the forms of N which comprise TN can be transformed from one
form into another. Since the nitrate form of N affects aquatic life toxicity and drinking water quality and
is the dominant form which influences TN in high-yielding watersheds, trends analyses and certain other
statistical evaluations were specifically done with the nitrite+nitrate form of N. In some analysis and
discussion, we also include the ammonium and organic forms of N.

An overview of the methods used for each of the major study components is described below. More
details about the methods are included in the body of the report within each chapter.

Nitrogen conditions

Nitrogen conditions across Minnesota were assessed by analyzing monitoring-based calculations of
concentrations, loads, and yields, and additionally supplemented with SPARROW model results. All loads
and yields in this report are annual loads and yields, unless specified otherwise.

Recent monitoring results at over 700 river and stream sampling sites were used to map and describe
concentrations of different forms of N. The resulting maps show concentrations during low N periods
(10th percentiles), average conditions (50th percentile) and high N periods (90th percentiles) during the
past decade.

Monitoring-based watershed N annual loads were analyzed at two different levels: 1) major (mainstem)
rivers, and 2) outlets of HUC8 watersheds. Annual loads were calculated by the MPCA and Metropolitan
Council from continuous flow measurements and regular stream sampling. Because loads are largely
influenced by the size of the watershed, the area-normalized loads (yields) and flow-weighted mean
concentrations (load divided by flow) were mostly used when comparing N loads in watersheds around
the state. Monthly loads were assessed at certain mainstem river monitoring points using data from the
Metropolitan Council.

A spatial comparison of annual N loads and yields was also evaluated using modeling results from the
SPARROW model. This model was developed and calibrated by the U.S. Geological Survey using
monitoring-based results that are mostly independent of the other HUC8 watershed monitoring data
described in this report. The model is specifically designed to spatially compare nutrient delivery from
watersheds within a specific geographic area.

Because N forms transform within waters and are sometimes lost to the atmosphere, an extensive
review of literature and data was conducted to evaluate how much N entering waters in one area is lost
or transformed as it is transported to downstream waters.

Nitrate concentration trends

Stream nitrate concentration trends at 51 monitoring sites in the state were evaluated by the USGS and
MPCA for nitrate concentration trends. Water quality monitoring data from the MPCA, USGS and
Metropolitan Council was used, along with river flow data from the USGS. Long term trends (30 or more
years) were assessed using the USGS QWTREND model. The QWTREND model allowed us to determine
which specific periods of time within the entire record had increasing, decreasing, or stable trends.
Trend results were mapped so that differences in trends could be observed across the state.

The statistical analyses were compared to several other previous trends studies conducted in
Minnesota.
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Sources and pathways

Total nitrogen inputs to waters from different sources and pathways were estimated as follows:

Point sources — MPCA NPDES permit records were used to estimate municipal and industrial point
source N discharges directly into surface waters.

Atmospheric deposition — An EPA Model (CMAQ) was used to determine wet and dry atmospheric N
deposition. The model is based on results from monitoring combined with N source information.
Geographic Information System (GIS) data were used to determine amounts of atmospheric N falling
directly onto lakes, streams, and land.

Cropland sources — The University of Minnesota estimated cropland losses for three different pathways:
surface runoff, tile-line transport, and leaching to groundwater and its subsequent travel to surface
waters. Different methods were used for each pathway, but all three assessments involved taking field
research results and then using GIS databases to extrapolate the field-research results to the watershed
and basin scales.

For surface runoff, typical N concentrations in cropland runoff were multiplied by runoff volumes
that varied for each part of the state.

For tile drainage, field research results from the literature were extrapolated for estimating losses to
tile lines under different fertilization rates and precipitation scenarios. Fertilizer rates were estimated
from recent farmer surveys.

For leaching to groundwater, field research results from the literature were extrapolated for
estimating losses under different soils and geologic sensitivity conditions. Using GIS, the N leaching
was estimated for each agro-ecoregion based on geologic sensitivity, soils, climate, fertilizer rates,
etc. Recognizing that some N is lost in the groundwater via denitrification before reaching streams,
denitrification loss coefficients estimated from research literature were assigned to each
agroecoregion. Time lags between leaching to groundwater and delivery to surface waters were not
directly accounted for.

All major cropland N inputs and outputs were evaluated in a basin-wide and state-wide N budget
assessment. The budget allowed us to estimate the total fraction of cropland N inputs which is lost to
waters.

Septic systems — Septic system transport was divided into direct pipe discharges and groundwater
discharges. Average N generated per home was multiplied by the number of direct pipe septic systems
to represent direct pipe discharges. For leachfields, N generated per home was multiplied by the
number of leachfields, and then adjusted to account for denitrification losses within the soil and
groundwater that would likely occur prior to N reaching surface waters.

Feedlots — Feedlot runoff N estimates were made using the Minnesota Feedlot Annualized Runoff Model
(MinnFARM) and then multiplied by estimates of the size and number of non-compliant feedlots. Land
application of manure was incorporated into the cropland source categories, and therefore is not
included under the feedlot source category.

Forests — N loss coefficients from published studies of forest land were examined. A coefficient was
selected to represent all forested land in the state. This coefficient was multiplied by the forested
acreage using GIS.
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Urban stormwater runoff — N loss coefficients from published studies and Twin Cities monitoring data
were examined before selecting a single coefficient to represent typical urban/suburban stormwater
runoff N loads. An additional amount of N was added based on a literature search, to represent
urban/suburban groundwater contributions. GIS data layers were used to multiply the urban suburban
lands by the loss coefficient.

Due to analysis uncertainties, the above source assessment findings were verified using five different
approaches, as follows:

Monitoring results — The sum of the individual source estimates were compared with monitoring results
from similar geographic areas as the source estimates. This comparison was conducted for the HUC8
and major basin scales.

Watershed land characteristics — Land characteristics in watersheds with more than one year of
monitoring during normal-flow conditions were used in non-statistical and multiple regression analyses
to assess relationships between the land and river N yields and concentrations. The land characteristics
most associated with high and low river N levels were compared with the findings of the N source
assessment.

The SPARROW model — The SPARROW model was used to estimate the relative contributions of major
source categories of: agriculture, point source, and non-agricultural nonpoint sources. These statewide
results were compared with similar groupings from the N source assessment.

Minnesota River Basin HSPF model — The HSPF model developed for the Minnesota River Basin was used
to compare nonpoint source N delivery pathways and sources for this basin.

Literature review — Nitrogen source findings from other studies in the upper Midwest were compared to
the findings from the source assessment.

Reducing nitrogen loads

The University of Minnesota and lowa State reviewed existing literature to determine estimates of the
expected N reductions which can be achieved from individual agricultural best management practices
(BMPs) adopted at both the field and statewide scales. The N reduction estimates, BMP cost estimates,
N loss to waters, along with limitations in the landscape for adopting each BMP, were all incorporated
into a nitrogen BMP watershed planning spreadsheet (NBMP). We used the tool to estimate the N
reduction effects and associated costs from different combinations of BMP adoption rates, and also
compared our findings to lowa’s results.

This part of the study was intended to provide information and results that could be used for assessing
large-scale potential ways to achieve N load reductions. The results are not suited for small scale
analysis or individual farmer use.

Estimates of wastewater point source reductions that could be achieved with two types of technologies
were developed from existing published information.
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A2. Nitrogen in Waters: Forms and Concerns

Author: Dave Wall, MPCA

Assistance from: Angela Preimesberger (MPCA) and Hillary Carpenter (MDH) on human
health and drinking water; Steve Heiskary (MPCA) on lake eutrophication; and Greg Pratt
(MPCA) on atmospheric issues

Introduction

Nitrogen (N) is one of the most widely distributed elements in nature and is present virtually
everywhere on the earth’s crust in one or more of its many chemical forms. Nitrate (NOs), a mobile form
of N, is commonly found in ground and surface waters throughout the country. Nitrate is generally the
dominant form of N where total N levels are elevated. Nitrate and other forms of N in water can be from
natural sources, but when N concentrations are elevated, the sources are typically associated with
human activities (Dubrovski et al., 2010). Concerns about nitrate and total N in Minnesota’s water
resources have been increasing due to effects of nitrate on certain aquatic life and drinking water
supplies, along with increasing N in the Mississippi River and its impact on Gulf of Mexico oxygen
depletion. This chapter provides background information on:

forms of N found in water
environmental and health concerns with N in waters
how N reaches surface waters

Concurrent to this report writing, the Minnesota Department of Agriculture (MDA) is updating the
Nitrogen Fertilizer Management Plan. The MDA plan provides a wealth of background information on
agricultural N in soils and water, and the reader is encouraged to refer to the plan for additional
background information related to N forms, transport to groundwater, health concerns, well-water
conditions, N fertilizer sales and sources, and much more:
www.mda.state.mn.us/chemicals/fertilizers/nutrient-mgmt/nitrogenplan.aspx

Additionally, more discussion of N forms and transformations from one form to another is included in
Appendix B5-2.

Forms of nitrogen in water

Overview

Nitrogen enters water in numerous forms, including both inorganic and organic forms (Figure 1). The
primary inorganic forms of N are ammonia, ammonium, nitrate, and nitrite. Organic-nitrogen
(organic-N) is found in proteins, amino acids, urea, living or dead organisms (i.e., algae and bacteria) and
decaying plant material. Organic-N is usually determined from the laboratory method called total
Kjeldahl nitrogen (TKN), which measures a combination of organic N and ammonia+ammonium. Since N
can transform from one form to another, it is often considered in its totality as total nitrogen (TN). This
report most often refers to TN, but also at times focuses more specifically on the dominant form nitrate-N.
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Figure 1. Nitrogen cycle, showing primary N sources, forms and routes to surface waters.

The relative amounts of the different forms of N in surface waters depends on many factors, including:
proximity to point and nonpoint pollution sources; influence of groundwater baseflow discharging into
the water; abundance and type of wetlands; reservoirs and lakes in the pathway of flowing streams; as

Organic N

Ammonium
Ammonia

Nitrate

Nitrite

well as other natural and anthropogenic factors.
Temperature, oxygen levels, and bio-chemical
— conditions each influence the dominant forms of N
found in a given soil or water body.
TKN

Total Kjeldahi N Types of N commonly found in surface waters are
depicted in Figure 2. In most surface waters, the
dominant forms of N are nitrate and organic-N.
Where streams originate in areas of agricultural
production, the nitrate form of N is usually
substantially higher than organic N. Because nitrate
is very low in forested and grassland areas, organic N
is typically higher than nitrate in landscapes
dominated by these more natural conditions.
Ammonia and ammonium forms of N are usually
only elevated near sources of human or animal

waste discharges.
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Figure 2. Schematic diagram of the relative amounts of different N forms commonly found in Minnesota surface

waters with elevated N levels.
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An overview of the N forms and their associated health and environmental concerns is provided in Table 1.

Each specific form is described in more detail in subsequent sections.

Table 1. Overview of the primary forms of N found in Minnesota waters and associated concerns and standards.

Nitrogen General When found Sources to Health and Minnesota
parameter description surface waters environmental standards
concerns
Nitrate-N Main form of N Present as a common Transformed Methemoglobinemia Drinking Water:
(NO3) in groundwater form of nitrogen, since | into nitrate from | ininfants and 10 milligrams per
and high-N most other N forms other N forms susceptible adults. Liter (mg/l) in
surface waters. can transform into found in Toxic to aquatic life, groundwater and
Dissolved in nitrate in N cycle. fertilizer, soil N, | especially freshwaters | Class 2A cold water
water and atmosphere and | Eutrophication and streams.
moves readily human and low oxygen (hypoxia), Standards under
through soil. animal waste. especially in coastal development for
waters. aquatic life toxicity
in MN surface
waters.
Nitrite-N Low levels in Less stable Same as nitrate. | Methemoglobinemia Drinking Water: 1
(NO2) waters — intermediary form of in infants and mg/lin
typically N found during N susceptible adults. groundwater and
measured in lab | transforming Toxic to aquatic life. Class 2A cold water
together with processes streams.
nitrate Standards under
development for
aquatic life toxicity
in MN surface
waters.
Ammonia-N | Unionized Most of NH3+NH4 isin | Human and Toxic to aquatic life. 0.016 mg/l in Class
(NH3) Ammonia —low | the NH4 form. But animal waste 2A cold water
levels in most NH3 increases with discharges. streams (trout
waters. higher temps and pH protection) 0.040 in
(potential of most other streams
Hydrogen). (Class 2B).
Ammonium- | Measured inlab | Usually found at low Human and Can convert to more
N (NH4) together with levels compared to animal waste highly toxic ammonia
ammonia — nitrate and organic N. discharges. in high pH and
usually higher Found near waste temperature waters.
than ammonia sources.
but less toxic
Organic-N Main form of N Living and dead Algae; soil; Can convert to
in low-N surface | organisms/algae. organisms; ammonium and
waters (where Found naturally in human and ultimately nitrate
nitrate is low). waters and is animal waste. under certain
supplemented by conditions.
human impacts.
Inorganic N Sum of Nitrite, See separate See separate
Nitrate, parameters above parameters above
Ammonia and
Ammonium.
Total Lab Useful to determine See separate See separate
Kjeldahl N measurement organic-N when parameters above parameters above
(TKN) which includes ammonia+ammonium
organic-N, is also determined
ammonia and separately and
ammonium. subtracted from TKN.
Total N Sum of TKN, See separate See separate
nitrite and parameters above parameters above
nitrate.
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Nitrate (NO3) and nitrite (NO,)

Nitrate (NO;) is very soluble in water and is negatively charged, and therefore moves readily with soil
water through the soil profile, where it can reach subsurface tile lines or groundwater. Where
groundwater remains oxygenated, nitrate remains stable and can travel in the groundwater until it
reaches surface waters. Similarly, nitrate can move downward into tile lines, which then route the
drained water to ditches and surface waters. When nitrate encounters low oxygen/anoxic conditions in
soils or groundwater it may be transformed to N gasses through a biochemical process called
“denitrification.” Therefore, groundwater nitrate is sometimes lost to gaseous N before the nitrate-
impacted groundwater has enough time to travel to and discharge into streams. Typically a smaller
fraction of nitrate reaches streams in stormwater runoff over the land surface, as compared to subsurface
pathways.

Nitrite (NO,) is typically an intermediate product when ammonium is transformed into nitrate by
microscopic organisms, and is therefore seldom elevated in waters for long periods of time. Nitrite is
also an intermediary product as nitrate transforms to N gas through denitrification.

Most commonly, laboratories test for a combination of nitrite plus nitrate. When analyzed separately,
nitrate is usually much higher than nitrite. Nitrite can be elevated when water samples are taken near
sources of organic wastes or sewage, where ammonium is being converted first to nitrite and then to
nitrate. Because nitrate is usually so much higher than nitrite, the combined laboratory concentration of
nitrite plus nitrate is often referred to in reports as “nitrate.” In this report, we use the following terms
interchangeably except where it is important to distinguish nitrite from nitrate: nitrite+nitrate-N,
NO,+NOs-N, NOx-N and nitrate.

Common additions of nitrate in Minnesota soils and waters include: treated wastewater from municipal
or industrial waste, on-site septic systems, fertilizer and precipitation. Much of this nitrate does not
initially enter the soils in this form, but results from the biological breakdown of ammonium and organic
sources of N which originate as manure, fertilizer and soil organic matter. In the presence of oxygen,
moisture, and warm temperatures, other forms of N will tend to transform into nitrate.

Nitrate is the dominant form of N in groundwater, and is also dominant in rivers and streams with
elevated TN. In Minnesota lakes, nitrate is nearly always at or below laboratory detection limits
(Heiskary and Lindon, 2010). Nitrate is found in reservoirs with short residences times and high inputs of
N from upstream sources.

Concerns about nitrate in our water include: human health effects when found elevated in groundwater
used for drinking water supplies, aquatic life toxicity in surface waters, and increased eutrophication and
correspondingly low oxygen in downstream waters such as the Gulf of Mexico.

Ammonia and ammonium

Ammonia (NHs) is toxic to fish and other aquatic organisms. Ammonium (NH,), the predominant form in
the pH range of most natural waters, is less toxic to fish and aquatic life as compared to NHs. As the pH
increases above 8, the ammonia fraction begins to increase rapidly. In the rare situation that a natural
water pH exceeds reaches 9, ammonia and ammonium would be nearly equal.

Sometimes the terms “ammonia” and “ammonium” are used interchangeably in reports and
presentations to represent the laboratory-determined concentration of “ammonia plus ammonium-N.”
The ammonia fraction, often referred to as “unionized ammonia,” can be calculated from laboratory
reports of ammoniat+tammonium if the water temperature and pH are also known. In most Minnesota
waters, the ammonium form represents the majority of the ammonia+ammonium.
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Common sources of ammonia/ammonium include human and animal wastes, as well as certain
fertilizers and industrial wastes. Ammonia and ammonium most commonly enter surface waters
through overland runoff or direct discharges from wastewater sources.

Ammonium is also the byproduct when organic matter in soils is mineralized to inorganic-nitrogen
(inorganic-N). Once in the soil, ammonium binds onto soil particles such as clay and organic matter. For
that reason, ammonium is less likely to move vertically through the soil matrix into groundwater, as
compared to nitrate. Yet, ammonium can at times be found in well water at concentrations exceeding
1 mg/l (Razania, 2011). Under the right soil temperature and moisture conditions, ammonium will
readily transform into the more mobile form of nitrate-N.

Inorganic-nitrogen

Inorganic-N in waters is predominantly the sum of the nitrite, nitrate, ammonia, and ammonium-N.
Most inorganic N is typically in the dissolved form in waters. Where sampling or laboratory methods
ensure that all of the nitrite, nitrate, ammonia and ammonium is in the dissolved formes, it is referred to
as dissolved inorganic nitrogen (DIN).

Organic-nitrogen

Organic-N includes all substances in which N is bonded to carbon. It occurs in both soluble and
particulate forms. Organic-N is found in proteins, amino acids, urea, living or dead organisms (i.e., dead
algae and bacteria), and decaying plant material. Soluble organic-N is from wastes excreted by
organisms, including livestock manure and human wastes, or from the degradation of particulate
organic-N from plants and plant residues.

Some organic-N is attached to soil particles and is associated with sediment losses to water. Different
soils have varying amounts of organic-N. For example, soils developed under prairies and prairie
wetlands have more organic-N than soils developed in forested areas. Climate, soil particle sizes, age of
the land surface, agricultural practices and soil chemistry also affect the amount of organic-N in soils.

Organic-N concentrations in water are typically not measured directly in the laboratory, but are
calculated by subtracting the ammonia+ammonium-N (determined separately) from the total Kjeldahl
nitrogen (TKN) laboratory analysis (TKN includes N from organic-N and ammonia+ammonium-N).
Typically, the organic-N fraction of TKN in surface waters is much higher than the ammonia+ammonium-N
fraction.

In nature, organic-N can be biologically transformed to the ammonium form and then to the nitrite and
nitrate form. Once in the nitrate or ammonium forms, these nutrients can be used by algae and aquatic
organisms and thereby convert back to organic forms of N. Heiskary et al. (2010) and Heiskary and
Lindon (2010) found that in high P surface waters, where algae growth is high, TKN is also elevated.
Where P and algae are low, TKN is also low. The high algae levels were not believed to be caused by the
high TKN, but rather the algae were believed to comprise much of the organic-N in the TKN
measurements.

Organic-N sometimes makes up a significant fraction of soluble and particulate N in natural waters,
especially in forest and rangeland areas where natural sources of organic matter are found and nitrate
concentrations are typically low.
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Total nitrogen

Total nitrogen refers to the combination of both organic and inorganic N. While it can be measured
directly in the laboratory, it is also commonly approximated by adding TKN and nitrite+nitrate-N
concentrations.

Because N can transform from one form to another in water, TN is often a parameter considered when
estimating potential downstream effects of N to receiving waters such as the Gulf of Mexico.

In Minnesota rivers and streams with TN concentrations less than 1.5 to 2.0 mg/I, organic-N comprises most
of the TN. As TN increases above 2 mg/|, nitrate-N becomes an important component to TN. When TN
concentrations exceed 3 to 4 mg/|, nitrate-N will usually be higher than the organic-N (Heiskary et al., 2010).

Environmental and health concerns

Different forms of N in the environment have led to human health and environmental health concerns.
Environmental and health concerns with N can be grouped into four general categories:

1. human health

2. aquatic life toxicity

3. eutrophication (resulting in oxygen-deprived or hypoxic waters)
4. nitrogen gasses and atmospheric concerns

An examination of the suite of environmental issues together is important so that efforts to reduce N in
one area of the environment do not result in unintended problems in other areas, and such that
management plans consider more than one N impact at a time.

Human health concerns

The N forms of primary concern for human health are nitrite and nitrate. Nitrite is the most toxic form of
N to humans, especially infants. Nitrate is of most significance, not because of direct toxicity, but when
ingested is converted to nitrite. Exposure to nitrate and in some cases nitrite contaminated well water
has notably contributed to methemoglobinemia or “blue baby syndrome” in infants. Cases of
methemoglobinemia in infants occurring after consuming formula prepared with drinking water high in
nitrate date back to before the 1940s. Early academic research and evaluations by government agencies have
led to long-standing regulatory drinking water standards based on methemoglobinemia (described in the
next section), with more recent studies examining the potential long-term health effects.

Clinical observations and epidemiological studies in the 1940s and 1950s on methemoglobinemia in
infants identified nitrate exposure in well water as an important contributing factor, particularly when
well water nitrate concentrations exceeded 10 mg/I nitrate-N (Knobeloch et al., 2000). Later studies
determined that bacterial conversion of nitrate to nitrite in the gastrointestinal system was an
important determinant in the development of methemoglobinemia (NRC, 1995). Nitrite is a reactive
form of N that changes the state of iron in hemoglobin (red blood cells). This altered form of
hemoglobin, methemoglobin, has a significantly reduced capacity to bind and transport oxygen. Low
oxygen transport leads to the visual indicator of methemoglobinemia (blue-gray skin coloring) and
adverse effects, such as lethargy, irritability, rapid heartbeat, and difficulty breathing. It is possible for
methemoglobinemia to progress to coma and death if not treated (Knobeloch et al., 2000).

Infants under six months of age are more susceptible to methemoglobinemia than older infants and
most adults because of: a) lower acidity (higher pH) levels in their stomachs, creating an environment
that favors the growth of bacteria capable of reducing nitrate to nitrite; b) lower levels of an enzyme
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that converts methemoglobin back to hemoglobin; and c) greater consumption of drinking water
(formula) per unit of body weight (Ward et al., 2005). Additional factors influence the risk of
methemoglobinemia in infants ingesting high nitrates, including co-contamination of drinking water with
both high nitrate and bacteria, and existing health status (medications and presence of infections or
diarrhea).

Besides infants, the Minnesota Department of Health (MDH) also notes that pregnant women and
people with reduced stomach acidity and certain blood disorders may also be susceptible to nitrate-
induced methemoglobinemia (MDH, 2012).

Minnesota does not require clinicians to report methemoglobinemia cases, but cases are still
occasionally identified in states like Wisconsin where reporting is required (Knobeloch et al., 2000). The
MDH has conducted studies and extensive public outreach to citizens and medical professionals related
to nitrate and bacterial contamination in private well water. Public drinking water is regulated for
nitrate, nitrite, and bacterial contamination. With the existing outreach and standards, cases of infant
methemoglobinemia from drinking high nitrate well water in Minnesota appear to be very limited.

The MDH and the Centers for Disease Control have also conducted studies on the occurrence of
methemoglobinemia in pregnant women in Minnesota (Manassaram et al., 2010). The study did not find
elevated levels of methemoglobin, but only a few participants had drinking water concentrations
measured above 10 mg/| nitrate-N. In addition, many women were drinking water treated by an in-
home device or bottled water. While the authors did not specifically inquire as to the reason for not
drinking household tap water, the results suggested awareness by the participants of health concerns
associated with potential drinking water contaminants.

Concerns about nitrate have also included possible health effects related to long-term exposure. Studies
have suggested association with nitrate exposure and adverse reproductive outcomes, thyroid
disruption, and cancer. Evaluations of these potential health effects in 1995 by the National Research
Council (NRC) and more recently, by the World Health Organization (WHO) (2007), concluded that
human epidemiological studies on nitrate toxicity provide inadequate evidence of causality with these
health outcomes. When also considering additional information, such as the internal conversion process
of nitrate to nitrite and direct nitrite exposure available from animal studies, risks for reproductive
effects and cancer were deemed to be low at environmental concentrations.

Besides contaminated drinking water, other sources of exposure to nitrate and nitrite have been
considered for evaluating potential health effects. For older infants and adults, the primary sources of
exposure are from diet and internal physiological (endogenous) production. Certain vegetables, as well
as cured meat, contain high levels of nitrate and nitrite, respectively. There are added benefits of co-
occurring antioxidants and vitamins from vegetable consumption, which can protect against some of the
negative health effects associated with nitrate intake (Ward, 2005).

Available information on nitrate and nitrite exposures and adverse health effects continues to center on
methemoglobinemia in infants less than six months of age, who have consumed formula with high
nitrate concentrations. Older infants, children, and adults, because of differences in both biological
processes and exposure sources, are much less susceptible to health concerns. However, both the WHO
(2007) and a recent draft report from Health Canada (2012) recommend keeping exposure to nitrate
and nitrite concentrations in drinking water below 10 mg/I nitrate-N and 1 mg/I nitrite-N, respectively,
for all populations.
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Drinking water standards for nitrate and nitrite

The U.S. Environmental Protection Agency (EPA) established the Safe Drinking Water Act (SDWA)
standard, known as a maximum contaminant level (MCL), for nitrate in drinking water of 10 mg/|
nitrate-N (equivalent to 45 mg/| as nitrate) in 1975. The EPA adopted a nitrite MCL of 1 mg/L nitrite-N in
1991. Maximum contaminant levels are regulatory drinking water standards required to be met in
finished drinking water provided by designated public drinking water facilities. Both standards were
promulgated to protect infants against methemoglobinemia, based on the early case studies in the
United States, including Minnesota, which found no cases of methemoglobinemia when drinking water
nitrate-N levels were less than 10 mg/L (NAS, 1995). The nitrite MCL is lower than nitrate, because
nitrite is the N form of greatest toxicity, and nitrate’s risk to infants is based on the level of internal
conversion to nitrite. Because the impacts of methemoglobinemia can occur as quickly as a day or two
of exposure, the MCLs are applied as acute standards, not to be exceeded on average in a 48-hour
timeframe.

The MDH administers the SDWA program. Because nitrate and nitrite are regulated under this program,
SDWA facilities must monitor for nitrate and nitrite and inform consumers if MCLs in finished drinking
water are exceeded. The MDH reports that exceedances are uncommon (< 1% in 1999 to 2007), but do
occur, particularly in systems that use groundwater (MDH, 2009). The MDH notes that users of private
wells have more likelihood of having elevated nitrate and bacterial concentrations (MDH, 2012).

The MDH is also responsible for promulgating Health Risk Limits (HRLs) under the Minnesota
Groundwater Protection Act (Minn. Stat. ch. 103H). Health Risk Limits are health-protective drinking
water standards applicable to groundwater. Health Risk Limits are the principle standards used to
evaluate contaminated groundwater not regulated under the SDWA, especially private well water.
Health Risk Limits are meant to ensure that consumers of groundwater are not exposed to a pollutant at
concentrations that can potentially lead to adverse health effects (Minn. R. ch. 4717). Currently the HRLs
for nitrate and nitrite are the SDWA MCLs. The MDH continues to follow ongoing research on these
common groundwater contaminants for possible future HRL updates.

Surface water standards for drinking water protection

As described, the MDH administers the Federal SDWA standards. The MPCA incorporated these same
standards by reference in the State’s Water Quality Standards (Minn. R. ch. 7050). The nitrate and nitrite
MCLs are applied as Class 1 Domestic Consumption standards. Class 1 standards apply in all Minnesota
groundwater and in designated surface waters. Streams upstream of SDWA facilities (e.g., Mississippi
River from Fort Ripley to St. Anthony Falls and Red River of the North) are protected as drinking water.
Minnesota rules also designate cold-water streams and lakes, primarily trout-waters, as Class 1.
Therefore, the MCLs for nitrate-N of 10 milligrams/liter (mg/L) and nitrite-N of 1 mg/L are also
regulatory standards in some Minnesota surface waters.

The MPCA and MDA monitor nitrate in surface waters. The MPCA uses this data to determine if all water
quality standards are being met. In 2011, 15 cold-water streams in Minnesota were listed as not meeting
the nitrate water quality standards (listed as impaired). Twelve of the fifteen were located in
southeastern Minnesota. These determinations are based on a limited number of monitoring locations.
Surface water nitrate concentrations are discussed further in Chapter B1.
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Nitrate in groundwater and drinking water: exceedance of standards

A recent national study by the United States Geological Survey (USGS) found nitrate-N concentrations
above 10 mg/l in 4.4% of sampled wells (DeSimone et al., 2009). The upper Midwest was noted as one
of the areas where concentrations were most commonly elevated. The percent of wells with elevated
nitrate depends on the targeted land uses, well depths, well types, and hydrogeologic settings where
the well samples are taken.

The MDH and the MDA conduct nitrate monitoring studies in drinking water and groundwater. The MDH
Well Water Quality data base for new wells shows that about 0.5% of newly constructed wells exceeded
the MCL during the past 20 years. Newly constructed wells target areas and depths where low nitrate
waters are more likely to be found, and they have proper grouting and sealing to prevent surficial
contamination (MPCA et al., 2012).

In a targeted study of southeastern Minnesota private well drinking water nitrate concentrations, the
percent of wells exceeding 10 mg/| nitrate-N ranged between 9.3% and 14.6% during the years 2008 to
2011 (MDA, 2013).

In 1993, the MDA developed a "walk-in" style of water testing clinic with the goal of increasing public
awareness of nitrates in rural drinking and livestock water supplies. While the information collected
does not represent a statistically random set of data, and is likely biased toward more highly impacted
wells, the results verify the broad extent of elevated nitrate in certain Minnesota well water settings.
Based on over 52,000 well water samples (1995-2006), 10% of submitted well water samples exceeded
the 10 mg/I nitrate-N drinking water standard (MDA, 2012).

When targeting shallow wells in agricultural areas, the national study by DeSimone et al. (2009) found
nearly 25% of wells exceeded the drinking water standard for nitrate. The MDA monitoring network
designed to assess shallow groundwater in agricultural areas in different regions of Minnesota found
that 36% of 208 well water samples collected in 2010 had nitrate-N in excess of 10 mg/l (MDA, 2010)
and that 62% of wells had average nitrate-N exceeding 10 mg/| between 2000 and 2010 (MDA, 2013).

Minnesota groundwater susceptibility to elevated nitrate

The susceptibility of groundwater to elevated nitrate levels varies tremendously across the landscape
and across the state. Groundwater nitrate is more likely to be elevated in areas with a combination of a
large nitrate source and more permeable soils and hydrogeologic characteristics, such as sands, shallow
groundwater, or shallow soils over fractured or highly permeable bedrock.

Several statewide, regional and county mapping efforts have characterized sensitivity of groundwater to
contamination in certain parts of Minnesota. The MDH, working with the counties, has developed
numerous nitrate probability maps. These maps show higher and lower probability areas for nitrate
reaching groundwater based on geologic sensitivity, land use and water quality results. An example of a
nitrate probability map is shown below for Fillmore County (Figure 3). This map and other related maps
can be found at: www.health.state.mn.us/divs/eh/water/swp/nitrate/nitratemaps.html.
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Figure 3. Fillmore County Nitrate Probability Map, showing areas with high (purple), moderate (gray) and low
(green) probability of elevated nitrate in the water table aquifer (from MDH).

Ammonia toxicity to aquatic life

Among the different inorganic nitrogenous compounds (NH,", NHs;, NO,, HNO,, NO5) that aquatic
animals may be exposed to in ambient surface waters, unionized ammonia (NH;) is the most toxic, while
in comparison, ammonium and nitrate ions are less toxic. Toxicity from unionized ammonia has long
been recognized as a concern, and surface water standards are established in Minnesota to restrict
point source discharges of ammonia.

Ammonia is a chemical that occurs in human and animal waste. Ammonia in water readily converts
between its highly toxic form (NH; or un-ionized ammonia) to its less toxic form ammonium (NHas),
depending on temperature and pH. The pH and temperature of water samples are required to
determine the NH;toxicity of a specific stream environment to organisms. As pH and temperature
increase, the more toxic unionized ammonia concentrations increase, and there is a corresponding
decrease in ammonium. Carmargo and Alonso (2006) found published research indicating that low
dissolved oxygen can also increase susceptibility to ammonia toxicity. Conversely, higher salinity and
calcium was found to reduce ammonia toxicity.

Plants are more tolerant of elevated ammonia than animals, and invertebrates are generally more
tolerant than fish. Toxic effects to fish include reduced blood oxygen carrying capacity, depletion of ATP
in the brain, damage to the gills, liver and kidney, and increased susceptibility to bacterial and parasitic
diseases (Carmargo and Alonso, 2006). These effects can lead to death and population reductions to
aquatic life where concentrations are extreme.

Minnesota has a single chronic standard for ammonia (often referred to as unionized ammonia) of
16 pg/L (ppb) for Class 2A waters (primarily trout streams and lakes) adopted in Minn. R. ch. 7050. The
standard for all other classes of waters (except class 7) is 40 ppb. No separate standard exists for
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ammonia+ammonium-N. Minnesota’s 2010 inventory of impaired waters showed a total of six waters
assessed as impaired and needing a TMDL for un-ionized ammonia between 1992 and 2010: two in the
Minnesota River Basin; two in the Red River of the North Basin; one in the Des Moines River Basin; and
one in the St Croix River Basin.

An additional 10 waters were assessed as impaired for un-ionized ammonia between 1992 and 1998,
but have since been delisted (2004, 2006, 2008, and 2012 lists). Four delistings were the result of actions
taken to upgrade wastewater treatment facilities (new data showed no impairment). One delisting
identified septic system upgrades and feedlot/manure management improvements as reasons
contributing to water quality standard attainment. The remaining five were delisted based on new
and/or more comprehensive data showing no impairment.

In an assessment of water quality in 51 hydrologic systems across the nation, the USGS (Dubrovsky

et al., 2010) reported that the chronic criteria for ammonia were exceeded at 4.4% of the sampled sites,
a much higher percentage than in Minnesota. Nearly 14% of urban sites and 6% of sites in mixed land
use settings exceeded the ammonia chronic criteria. In many cases, treated effluent from
wastewater-treatment facilities was known or suspected to be the source of ammonia. Despite large
inputs of fertilizer and manure, sampling at 135 agricultural sites found that only 3.7% of the sites
exceeded the ammonia criteria, mostly in the western states. This suggests that ammonia from
nonpoint sources is typically not reaching or persisting in streams at high concentrations. Rather,
ammonia in agricultural watersheds is likely being sorbed onto soils, volatilized, converted to nitrate
through the process of nitrification, and (or) rapidly removed from in waters by aquatic plants.

Nitrite and nitrate toxicity to aquatic life

Nitrite can reduce the oxygen carrying ability in aquatic animals. Hemoglobin in fish is converted into
methemoglobin that is unable to release oxygen to body tissues, causing hypoxia and potentially death.
Other toxic effects include: electrolyte imbalance; heart function problems; formation of compounds
which can be mutagenic and carcinogenic; damage to liver cells and tissue oxygen shortage; increased
vulnerability to bacterial and parasitic diseases (Camargo and Alonso, 2006). Nitrite toxicity in natural
water systems is typically limited due to the rapid conversion of nitrite into nitrate.

Freshwater fish, invertebrates and amphibians have also been shown to exhibit toxicity effects from
elevated nitrate (Camargo and Alonso, 2006). A precise cause of nitrate toxicity is unknown though
endogenous conversion to nitrite may be a factor in toxicity to aquatic organisms.

In general, freshwater animals are less tolerant to nitrate toxicity than seawater animals, likely due to
the ameliorating effect of water salinity in the seawater. The nitrate concentrations which create toxic
effects to aquatic life are substantially higher than those concentrations causing problems with nitrite.

At the time of this writing, the MPCA is studying the toxicity effects of aquatic life under Minnesota
conditions, so that water quality standards protective of aquatic life communities can be established in
Minn. R. ch. 7050 to be. More information can be found at www.pca.state.mn.us/index.php/view-
document.html?gid=14949

Eutrophication in Minnesota waters

Eutrophication is the process and condition which occurs when a body of water receives excess
nutrients, thereby promoting excessive growth of plant biomass (i.e., algae). As the algae die and
decompose, decomposing organisms deplete the water of available oxygen, causing harm or death to
other organisms, such as fish.
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In Minnesota, water quality standards have been adopted to protect lakes from eutrophication, and at
the time of this writing Minnesota is drafting standards to protect against eutrophication in rivers. Since
phosphorus (P) is considered to be the primary nutrient causing eutrophication in Minnesota lakes and
streams and is often referred to as the “limiting” nutrient, eutrophication standards are based on P
concentrations rather than N. This does not mean that reducing the supply of N to lakes and streams is
unimportant, rather P supplies, relative to aquatic plant and algae requirements, are much lower than N
supplies and thus further reduction of P will often lead to reduced algal growth.

When developing the eutrophication standards, monitoring data was examined and compared to
responses measured in the fish/biological community. While some sensitive invertebrate populations
were lower when TN was elevated in streams, no clear trend was established at that time for the role of
N in the biological and eutrophication responses in Minnesota streams (Heiskary et al., 2010). One
presumed reason for this is the co-variance of P and N; whereby TP and TKN (mostly organic N) are
highly correlated. Also the high TN was the direct result of elevated nitrate-N. These findings and
increasing concern about the role of elevated nitrate-N, has caused Minnesota, the EPA, and other
states to continue to look for possible relationships between elevated nitrate-N and biological impacts in
freshwater lakes and streams.

In lakes, TN to total phosphorus (TP) ratios (TN:TP) have been used as a means for estimating which
nutrient may be limiting algal production. Ratios less than 10:1 (molar concentration ratio) have often
been used to indicate potential for N being the controlling nutrient for algae growth; while ratios greater
than 17:1 have been used as a threshold indicating P as the controlling nutrient. Ratios between 10:1
and 17:1 suggest that either P or N could be limiting. In a recent randomized study of 64 Minnesota
lakes, Heiskary and Lindon (2010) noted that five lakes had TN:TP ratios of less than 10:1

(Figure 4). Heiskary (2011 personal communication) indicated that all five lakes are hypereutrophic, with
TP concentrations ranging from 140 to 817 ppb. Total nitrogen concentrations in the five lakes were in
the normal range of 1.2 to 2.6 mg/|, with most of the N in the organic forms and very low levels of
nitrate. Therefore, the low TN:TP ratio is thought to be from the excessively high TP concentrations,
rather than indicative of unusually high N levels.

Lake nitrate concentrations in the 64 lakes rarely exceeded laboratory detection limits (Table 2),
whereas TN concentrations were generally comparable to stream TN concentrations. Nitrate-N is
dissolved and is readily used up by bacteria and macrophytes in lakes, where some of the N may then
show up as organic N in TN or TKN laboratory analyses. This is not the case for many streams where it is
common to find elevated nitrate-N concentrations.

Table 2. Minnesota lake N concentrations based on 64 lakes (50 random and 14 reference lakes). From Heiskary
and Lindon (2010).

Percentile Nitrate-N (mg/I) Ammonium-N (mg/I) Total N

(mg/1)

5" <0.005 0.008 0.288

10" <0.005 0.011 0.417

25" <0.005 0.015 0.537

50" <0.005 0.024 0.807

75" <0.005 0.045 1.341

90" 0.012 0.182 2.435

95™ 0.110 0.276 4.026
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Figure 4. Total nitrogen to TP ratios in Minnesota Lakes, showing locations of “low” (<10:1), “Mid” (10:1 to 17:1)
and “High” (>17:1) ratios. From Heiskary and Lindon (2010).

While N is not usually considered to be the nutrient that controls the extent of algae growth in Minnesota
lakes or streams, it can contribute to eutrophication of downstream coastal waters. Symptoms of N-driven
eutrophication vary, but can include: subtle increases in aquatic plant production; change in the
composition of the primary producer communities; rapidly accelerating algae growth; visible discoloration
or blooms; losses in water clarity; increased consumption of oxygen; dissolved oxygen depletion (hypoxia);
and elimination of plant and animal habitats (EPA, 2011). The EPA reported that coastal water
eutrophication is a widespread problem, with one national study showing 78% of the assessed estuarine
areas having moderate to high eutrophic conditions (EPA, 2011).
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Gulf of Mexico hypoxia

Nitrogen is considered a limiting nutrient in the Gulf of Mexico, the body of water where much of
Minnesota’s river and stream waters ultimately discharge. When nutrients in the Mississippi River
originating in 31 states reach the Gulf of Mexico, a low oxygen “dead zone” known as hypoxia develops
(Figure 5).

Figure 5. Watershed area which drains into the Gulf of Mexico. From Mississippi River/Gulf of Mexico
Watershed Nutrient Task Force — Gulf Hypoxia Annual Report 2011.

Hypoxia, which means low oxygen, occurs when excess nutrients, primarily N and P, stimulate algal
growth in the Mississippi River and gulf waters. The algae and associated zooplankton grow well beyond
the natural capacity of predators or consumers to maintain the plankton at a more balanced level. As
the short-lived plankton die and sink to deeper waters, bacteria decompose the phytoplankton carbon,
consuming considerable oxygen in the process. Water oxygen levels plummet, forcing mobile creatures
like fish, shrimp, and crab to move out of the area. Less mobile aquatic life become stressed and/or dies.

The freshwater Mississippi River is less dense and warmer compared to the more dense cooler saline
waters of the gulf. This results in a stratification of the incoming river waters and the existing gulf
waters, preventing the mixing of the oxygen-rich surface water with oxygen-poor water on the bottom.
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Without mixing, oxygen in the bottom water is limited and the hypoxic zone remains. Hypoxia can
persist for several months until there is strong mixing of the ocean waters, which can come from a
hurricane or cold fronts in the fall and winter.

Hypoxic waters have dissolved oxygen concentrations of less than about 2-3 mg/I. Fish and shrimp
species normally present on the ocean floor are not found when dissolved oxygen levels reduce to less
than 2 mg/I. The Gulf of Mexico hypoxic zone is the largest in the United States and the second largest in
the world. The maximum areal extent of this hypoxic zone was measured at 8,500 square miles during
the summer of 2002. The average size of the hypoxic zone in the northern Gulf of Mexico in recent years
(between 2004 and 2008) has been about 6,500 square miles, the size of Lake Ontario. The size of mid-
summer gulf hypoxic zones from 1985 to 2011 are shown on Figure 6.

A multi-state Hypoxia Task Force (which includes Minnesota) released their first Action Plan in 2001.
This plan was reaffirmed and updated in a 2008 Action Plan. The Hypoxia Task Force established a
collaborative interim goal to reduce the 5-year running average areal extent of the Gulf of Mexico
hypoxic zone to less than 5,000 square kilometers (1,931 square miles). Further information about
Gulf of Mexico hypoxia can be found at: www.gulfhypoxia.net/Overview/

Figure 6. The size of mid-summer bottom water hypoxia areas in the Gulf of Mexico in square kilometers
between 1985 and 2011.
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A thorough technical discussion of the research associated with Gulf of Mexico hypoxia and possible
nutrient reduction options is presented by the US EPA (2007). The report notes that P may be more
influential than N in the near-shore gulf water algae growth, particularly in the spring months, when
algae and phytoplankton growth are often greatest. In the transition months between spring and
summer, the algae and phytoplankton growth are controlled largely by the coupling of P and N. Nitrogen
typically becomes the controlling nutrient in the summer and fall months. Based on these more recent
findings, emphasis has shifted to developing strategies for dual nutrient removal (P and N). The Science
Advisory Board recommends a 45% reduction in riverine TP and TN loads into the Gulf of Mexico

(US EPA 2007).

Minnesota’s contribution to gulf hypoxia

Certain areas of Minnesota release large quantities of N and P to Minnesota streams. Much of the
nutrients remain in the Mississippi River system, ultimately reaching the Gulf of Mexico. Alexander et al.
(2008) used computer modeling (SPARROW) to estimate the proportion of gulf nutrients originating in
different geographic areas. The model accounted for the loss of nutrients in the river, river pools, and
backwaters prior to reaching the Gulf of Mexico. This modeling indicated that Minnesota contributed 3%
of Gulf of Mexico N and 2% of the P. However, with more recent SPARROW modeling, Minnesota’s
contribution is estimated to be higher, ranking as the sixth highest state for N contributions behind
lowa, lllinois, Indiana, Ohio, and Missouri. The more recent modeling estimates indicate that Minnesota
is responsible for about 6% of the N loading and 4% of the P loading into the Gulf of Mexico (Robertson,
2012 personal communication).

Recognizing that it will take a concerted effort by all states which contribute significant amounts of
nutrients to the gulf, the MPCA agreed with other top nutrient contributing states to complete and
implement a comprehensive N and P reduction strategy. This plan is to be completed in 2013
(Mississippi River/Gulf of Mexico Watershed Nutrient Task Force, 2008). The goal of the Action Plan is to
reduce nutrients to the Gulf of Mexico while at the same time addressing in-state water protection and
restoration.

Lake Winnipeg eutrophication

Environment Canada (2011) reported “the quality of Lake Winnipeg waters has deteriorated over time,
with particular concern arising over the last few decades in response to the effects of accelerated
nutrient enrichment. The frequency and intensity of algal blooms in the lake have increased in
association with rising phosphorous and N loading from diffuse and point sources in the Lake Winnipeg
watershed.”

While the specific role of N in Lake Winnipeg is currently being studied, Manitoba Water Conservation
and Stewardship believes there is growing evidence in the literature that N plays a role in eutrophication
of many freshwater lakes (Armstrong, 2011).

Minnesota and North Dakota combine to contribute between about 22 and 30% of the N loading to Lake
Winnipeg, as exported in the Red River (Environment Canada, 2011; Bourne et al., 2002).

Atmospheric concerns

The primary focus of this study is on N in waters, rather than N in our atmosphere. Yet the N cycle is
complex and the connections between air, water and land are numerous. It is important to understand
atmospheric issues because of the ecological and hydrological linkages between N in atmosphere and N
in waters. We need to be careful that our treatment and management to protect waters from N does
not create other problems related to N in our atmosphere. Environmental concerns with N in the
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atmosphere include: 1) atmospheric deposition of nutrients into waters; 2) acute and chronic toxicity
from nitrous oxides in the atmosphere; 3) tropospheric ozone formation; 4) greenhouse gasses,
5) stratospheric ozone depletion; and 6) acid rain (Pratt, 2012).

The form of most N that returns to the atmosphere through various processes is N2, a harmless common
gas. The atmosphere is approximately 78% N, gas. However, relatively small amounts of other forms of
N can contribute to environmental problems.

Certain forms of N can be transformed in the atmosphere to nitric acid (HNO3), which can create acid
rain and lower the pH of surface waters with little ability to buffer the acid rain. The acidification of
freshwaters from nitric acid can increase concentrations of aluminum and trace metals, and can have
adverse effects on aquatic organisms living in waters which have lower concentrations of calcium,
sodium and potassium. In a review of the literature, Carmargo and Alonso (2006) identified numerous
adverse effects to plants and animals stemming from fresh water acidification. These effects can include
decreased species diversity, delayed egg hatching, disruption of insect and crustacean molting and
emergence, respiratory disturbances on a variety of aquatic life, as well as other effects.

In addition to nitric acid deposition, atmospheric N can return to waters in other forms that can add to
nutrient-stimulated algae growth and eutrophication. This atmospheric addition is of particular
importance where large surface areas of water are found and where the algae growth is largely limited
by N, such as coastal waters and estuaries. More information on atmospheric deposition of N to land
and waters in Minnesota is found in Chapter D3.

Nitrous oxide (N20) is a potent greenhouse gas and also contributes to ozone depletion in the
stratosphere. Nationally, the highest emissions of nitrous oxide are from the soil processes of
nitrification and denitrification (US EPA, 2011). Denitrification mostly results in the release of harmless
nitrogen gas (N2) into the atmosphere. However, a small but important fraction of other more harmful
gasses from denitrification reaches the atmosphere. The nitrification process also produces nitrous
oxides. The Intergovernmental Panel on Climate Change (IPCC) estimates that 1.25% of N that enters
agricultural soils and 0.75% of N that reaches rivers is converted to nitrous oxide (Mosier et al., 1998).
More research is needed on the release of nitrous oxides from nitrification and denitrification processes,
especially as we look at denitrification as a treatment option for nitrate polluted waters.

Lastly, ammonia emissions from such sources as livestock manure and anhydrous ammonia fertilizers
combine with sulfate and nitrate to form aerosols (PM2.5), and in most locations ammonium sulfate and
ammonium nitrate are the largest components of PM2.5 (Pratt, 2012). These compounds are eventually
deposited back to the earth’s surface (water and land) and can cause eutrophication and acidification
(Pratt, 2012).

How nitrogen reaches surface waters
Numerous potential sources of N to waters exist, including (in random order):

livestock and poultry feedlots
municipal sewage effluents
industrial wastewater effluents
mineralization of soil organic matter
cultivation of n-fixing crop species

use of animal manure and inorganic N fertilizers, and subsequent runoff/leaching/drainage
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runoff from standing or burned forests and grasslands
urban and suburban runoff
septic system leachate, and discharges from failed septic systems

emissions to the atmosphere from volatilization of manure and fertilizers and combustion of
fossil fuels, and the subsequent atmospheric (wet and dry) deposition into surface waters

other activities that can mobilize N (from long-term storage pools) such as biomass burning,
land clearing and conversion, and wetland drainage

The contributions of the main N sources and pathways in Minnesota were assessed for this study and
are described in Chapters D1-D4 of this report.

Nitrogen can take several different pathways to surface waters. Nitrogen can enter waters directly,
through direct discharges from municipal and industrial waste sources. Nitrogen can be dissolved in the
runoff water, or attached to soil particles in the forms of ammonium-N and organic-N, and runoff during
storms or snowmelt. Nitrogen can also be emitted into the atmosphere and return to land and waters in
precipitation and dry deposition. The common N sources and pathways to waters are depicted in Figure 7.

The most mobile forms of N in waters are nitrite and nitrate, which easily dissolves in water and moves
with the water. Since nitrate moves vertically through the soil with soil water, the primary pathways for
nitrate are usually: 1) leaching into groundwater which then moves toward a stream, lake or well; and
2) leaching into tile lines which discharge into drainage ditches and surface waters.

Figure 7. Nitrogen sources and pathways to streams, including direct discharges, runoff, leaching to
groundwater, subsurface tile drainage to ditches, and precipitation directly into waters.
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Many factors affect the transport of N from source areas to streams. Natural factors, such as soil type,
geology, slope of the land, and groundwater chemistry, have a tremendous influence on how much N is
transported to streams. Where N sources exist, three Minnesota geologic systems are particularly
susceptible to N pollution: 1) karst and other shallow fractured bedrock; 2) unconsolidated sand and
gravel aquifers; and 3) alluvial aquifers consisting of sand and gravel deposits interbedded with finer
grained deposits.

Human actions, such as irrigation, artificial subsurface drainage, and creation of impervious surfaces,
also govern N transport. The result can be varying concentrations of nutrients in streams, even in
watersheds with similar land use settings and rates of N additions (Dubrovsky, et al., 2010).

To develop the most effective strategies for reducing N in streames, it is important to understand the
combinations of sources and hydrologic pathways resulting in high N levels. That is because strategies
and best management practices (BMPs) for preventing surface runoff are often different than those
practices used to prevent leaching into ground water and tile waters. And where subsurface tile
drainage waters are a dominant pathway, additional BMPs can be considered for treating and managing
tile drainage waters.

Denitrification losses in groundwater prior to reaching surface waters

In order for N on the land to reach waters in appreciable quantities, four things must occur: 1) the
presence or addition of a high N source; 2) presence of water to drive the N through or over the soil;
3) the absence of an effective way of removing soil N (such as high density of plant roots); and 4) a
transport pathway which circumvents denitrification losses.

The N transport pathway greatly affects the potential for denitrification losses to occur. Where nitrate
leaching is the dominant pathway, and the leached water is not intercepted by tile lines, nitrate entering
low oxygen groundwater zones can be converted to N gas through a process known as denitrification.
Denitrification can remove substantial amounts of N in groundwater systems where oxygen levels are
low (Korom, 1992). This can occur either in upland groundwater or subsurface riparian buffer zones. The
rate of nitrate losses within groundwater can greatly affect the amount of nitrate which ultimately
discharges into streams. For this study, we conducted a literature review on groundwater denitrification
for conditions representative of Minnesota aquifers. This review is presented in Appendix B5-1.

Denitrification losses in the subsurface are highly variable and are affected by such factors as: 1) the
source and amount of N passing through the root zone; 2) the age of water since entering the
subsurface; 3) oxygen state along the subsurface flow pathway; 4) riparian zone processes which
potentially remove large amounts of N; and 5) rates of flow.

Most of the nitrate will persist and reach surface waters when the following set of subsurface conditions
exist: water age is young (recently entered the ground), rates of flow are high, waters remain
oxygenated, and riparian processes are negligible. Such conditions occur in tile-drained lands, sand and
gravel aquifers, and karst geologic settings, as well as other settings. In karst, nitrate can rapidly move
through the thin layers of soils and reach fractures in bedrock, where fast flow rates can transport
nitrate to streams without much opportunity for denitrification losses to occur within the groundwater.

The amount of nitrate entering streams is also influenced by the types of geologic materials that the
groundwater encounters on its way to becoming stream baseflow. For example, in shallow subsurface
riparian zones that contain organic-rich sediments with low dissolved-oxygen concentrations, bacteria
convert dissolved nitrate in groundwater to largely innocuous gaseous forms of N through the process of
denitrification (Dubrovsky, 2010). Nitrogen also can be removed by plants in riparian or buffer zones.
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USGS researchers concluded, “In some settings, groundwater can flow along relatively deep flow paths
beneath riparian zones such that nitrate in the groundwater is unaffected by the riparian zone and can
discharge directly to streams. Findings show that riparian zones are most effective for nitrogen removal
in settings with thin surficial aquifers underlain by a shallow confining layer, with organic-rich soils that
extend down to the confining layer. Groundwater in these types of settings tends to flow through
biologically reactive parts of the aquifer, which promotes the removal of nitrate” (Dubrovsky, 2010).

Once N reaches surface waters, it can either remain in the water, be transformed to other forms of N, or
be lost to the atmosphere through denitrification. These processes and the factors that affect these
processes within Minnesota waters were extensively reviewed for this study, and are discussed in
Chapter B5 and Appendix B5-2.

Overview of nitrogen entering surface waters

In summary, N enters surface waters through groundwater baseflow and from surface and near-surface
runoff and tile line transport (Figure 8). Nitrogen can be lost in the groundwater before discharging into
streams, and once in the surface waters further losses can occur before reaching downstream waters.

Surface and Near-Surface Losses Groundwater
‘ Agricultural tile lines N ‘ Cropland N leaching to
groundwater
‘ Cropland surface runoff N ‘ +
+ Septic system N leached to
Septic N delivered to surface waters groundwater
—direct pipe +
+ % Manure storage and feedlot N
‘ Forest, grass & pasture runoff N ‘ >~ o leached to groundwater
n 5 +
N leaching in urban, pasture and
‘ Urban/suburban stormwater N ‘ natural areas
+ L |
Sediment N from streambanks and Minus
gulley erosion -
¥ Losses in ground water
before/during discharge into stream
Point Source N Discharges
¥
Precipitation N falling directly into Minus
water Losses in surface waters before
+ reaching end of watershed
Feedlot runoff N ‘ '
Net Nitrogen load

Figure 8. Conceptual diagram of potential N sources, pathways and losses which affect the net N load at the end
of the watershed. Denitrification losses are represented by the shaded boxes.
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Introduction

River and stream nitrogen (N) concentrations have been sampled by several different agencies during
the past decade. The data were primarily collected to characterize ambient river and stream water
quality conditions; yet sampling intervals and sampling purposes have varied.

Nitrogen conditions in surface waters are usually characterized in four different ways: 1) concentration,
2) load, 3) yield, and 4) flow weighted mean concentration. Concentrations are determined by taking a
sample of water and having a laboratory determine how much N mass is in a given volume of that water
sample, typically reported as milligrams per liter (mg/l). Load is the amount of N passing a point on a
river during a period of time, often measured as pounds of N per year. Loads are calculated by
multiplying N concentrations by the amount of water flowing down the river. Nitrogen loads are
influenced by watershed size, as well as land use, land management, hydrology, precipitation, and other
factors. Yield is the amount (mass) of N per unit area coming out of a watershed during a given time
period (i.e. pounds per acre per year). It is calculated by dividing the load by the watershed size, which
then allows for comparisons of watersheds with different sizes. The FWMC is the weighted-average
concentration over a period of time, giving the higher flow periods more weight and the lower flow
periods less weight. The FWMC is calculated by dividing the total load for a given time period by the
total flow volume during that same period, and is typically expressed as mg/I.

This chapter is the first of five chapters on characterizing Minnesota river and stream nitrogen (N)
conditions. In Chapter B1, we take a rather simplified look at the ambient concentrations of different
forms of N in rivers and streams throughout Minnesota sampled during more recent years (2000-2010).
In Chapters B2 and B3, we assess monitoring-based N loads in Minnesota’s rivers and streams, with
Chapter B2 examining the mainstem river loads during the past few decades and Chapter B3 assessing N
loads available for recent years (2005 to 2009) near the outlets of watersheds. Chapters B2 and B3 are
different from Chapter B1, since Chapters B2 and B3 incorporate river flow and runoff event-based data
and are therefore limited to a smaller number of sites as compared to Chapter B1. Chapter B4
incorporates the results of river load modeling at both the major basin and watershed levels using the
SPARROW model results, which were developed using monitoring-based loads throughout the Upper
Midwest as adjusted to a detrended 2002 base-year. Chapter B5 examines how much N is transported
downstream once it reaches a stream.

The primary objective of work completed for this chapter was simply to observe patterns of how
statewide stream N concentrations vary across Minnesota, and to approximate the high, low, and mid-
range concentrations of different forms of nitrogen. More complex analyses involving flow-weighted
mean concentrations are discussed in Chapters B2 and B3.
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The steps taken to complete the Chapter B2 simple assessment of N concentrations included:

a) Compile recent stream N concentration results from multiple agencies into a single file.
Nitrogen parameters included: nitrite plus nitrate-N, ammonium plus ammonia-N, total
Kjeldahl nitrogen (TKN); and total nitrogen (TN). Total nitrogen was derived by summing
TKN and nitrite+nitrate-N.

b) From combined data sets, calculate concentration statistics for each monitored site which met
minimum criteria.

Basic statistics calculated include: mean, median, percentiles (10th, 25th, 75th, 90th),
maximum and minimum. The 10th percentile is a low-end concentration value for a
given river or stream site where 10% of the concentration results are lower and 90% of
the results are higher than that value. The 90" percentile is higher-end concentration
value for a given river or stream site where 90% of the concentrations are lower and
10% are higher than that value.

c) Plot the concentration statistics results on maps showing the stream sampling sites.

d) Assess magnitudes of concentration statistics and spatial trends in N concentrations across the
state.

Data used

We used existing stream N monitoring data from the U.S. Geological Survey (USGS), Minnesota Pollution
Control Agency, Metropolitan Council, and Minnesota Department of Agriculture data bases. Only data
collected between 2000 and 2010 was considered, so that the results represent more recent conditions,
rather than historical conditions.

Some stream sampling efforts are weighted toward higher flow events, whereas other efforts sample at
more random times, not necessarily targeting storm/runoff event periods. To make the results more
comparable among the sites, data were sorted to eliminate samples which were likely intentionally and
specifically sampled during runoff event periods. For example, results were not included in the analyses
when samples were taken less than five days apart from another sample at the same site. Most of the
data were collected at routine intervals that would inherently include both higher and lower flow
periods, and thereby represent a range of flow conditions. Thus the results in this chapter do not
represent a flow-weighted analysis, but rather an ambient condition analysis of the concentrations.
Flow-weighted analyses are described in subsequent chapters.

The data were sorted to eliminate sites which were not sampled frequently enough to meet minimum
criteria. Only those sites sampled at least 15 times during at least two calendar years between 2000 and
2010 were used for calculating “annual” or “all season” concentration statistics. At most river and
stream sites, a considerably higher numbers of samples were used than the minimum and the average
number of samples per site was 68-69 (Table 1). Because the data for each of monitored stream sites
were not all collected during the same months or with the same sampling regularity or methods, the
reader is cautioned from drawing distinct comparisons between individual mapped site results.
However, we believe that by using the minimum criteria for site selection, the data statistics are
sufficient to represent the N concentrations in the broad categorical presentation of the results within
this chapter.

Computations for the percentile determinations were completed using the flipped Kaplan-Meier
method. Means were calculated using the ROS method (Helsel, 2005).
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Four nitrite+nitrate-N concentrations maximum values were considered erroneous data entry errors
since they were over 400 mg/| at sites with 9o™ percentile concentrations less than 3 mg/I. All four
values were from sampling sites in the Upper Mississippi River Basin. One TKN maximum in this same
basin had a similarly erroneous value. These maximums were not used when calculating average
maximums for the Upper Mississippi River Basin.

Table 1. The number of stream sampling sites meeting minimum criteria for statistical analysis, and the average
number of N chemistry analyses per stream sampling site taken between 2000 and 2010 and which were used to
calculate the annual and seasonal medians, means and percentiles.

Number of sites Average number of Range in number of samples
samples per site per site
Annual statistics
Ammonia+ammonium 597 69 15-439
Nitrite+nitrate 728 69 15-393
Total Kjeldahl nitrogen 637 68 15-392

Results

Statistics calculated using all months of data together is referred to as “annual” or “all season” results.
The high-end annual results (90" percentile), low-end annual results (10" percentile) and mid-range
annual results (medians) for each qualifying stream sampling site are described below for each N
parameter.

Nitrite+nitrate-N

Nitrite+Nitrate-N concentration statistics were calculated for 728 sites meeting the 15-sample annual
(all-seasons) criteria. The 90" percentile nitrite+nitrate-N concentrations exceeded 5 mg/| throughout
most of southern Minnesota, and 31% of sites statewide exceeded 5 mg/| (Figure 1 and Table 2).

Table 2. Comparisons of the number of stream sites with 90" percentile and maximums exceeding 5 and 10 mg/I.

Nitrite+nitrate-N Number (and %) of stream sites Number (and %) of stream sites with

concentration with 90" percentile at or above 5 maximums (100th percentile) at or
and 10 mg/I above 5 and 10 mg/I

5 mg/| or higher 225 (31%) 297 (41%)

10 mg/I or higher 125 (17%) 197 (27%)

Nitrite+nitrate-N concentrations exceeded 10 mg/| at times throughout most of south-central
Minnesota. Statewide, 17% of river and stream sites had 90" percentile concentrations exceeding

10 mg/I. A notable exception to the high southern Minnesota 90" percentile nitrate concentrations is
the Mississippi River in southeastern Minnesota, which receives much of its flow from tributaries in the
northern part of the state where nitrate concentrations are low, thereby diluting the higher nitrate
inputs from the southern part of the state.

The northern part of Minnesota has all stream sites with 90" percentile concentrations below 5 mg/I,
with most streams below 1 mg/| (Figure 1). Even the maximum concentrations over the 11-year period
(as shown in Table 3) are low in northern basins such as the Rainey River (1.6 mg/l), the St. Croix River
(1.3 mg/l) and Western Lake Superior (0.8 mg/l). The Red River Basin has slightly higher nitrite+nitrate
concentrations compared to other northern Minnesota basins, and at many monitoring locations the
9o percentile nitrite+nitrate-N concentrations were in the 1-3 mg/I range.
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Table 3. Nitrite+nitrate-N concentration statistics for monitoring sites located within various major river basins
in Minnesota. Mean 10™ percentile concentrations for each basin represent typical low nitrate concentrations
and mean 90" percentiles and maximums represent typical high nitrate concentrations for each basin.

10th percentile (mg/L)  Median (mg/L) 90th Percentile (mg/L)

Maximum (mg/L)

Mean sd n Mean sd n Mean sd n Mean sd n
STATEWIDE 0.61 1.32 728 2.2 35 728 4.5 6.6 728 7.0 9.1 724
DES MOINES 2.00 3.95 15 8.4 9.6 15 14.9 19.1 15 19.4 21.3 15
MINNESOTA 0.55 0.94 139 4.8 4.3 139 10.2 7.2 139 15.4 11.0 139
UPPER MISSISSIPPI 0.35 0.57 199 1.1 1.8 199 2.7 5.1 199 4.2 6.2 195
MISSOURI - BIG SIOUX 1.44 0.87 10 5.5 3.8 10 8.1 4.5 10 12.9 9.6 10
RAINY RIVER 0.11 0.18 19 0.3 0.4 19 0.8 1.0 19 1.6 1.7 19
RED RIVER 0.03 0.05 168 0.1 0.2 168 0.7 0.6 168 2.1 2.9 168
ST. CROIX 0.22 0.58 42 0.4 0.8 42 0.7 1.0 42 1.3 1.6 42
LOWER MISSISSIPPI 2.40 2.15 74 4.5 2.8 74 7.4 3.8 74 10.6 5.3 74
CEDAR 2.07 1.82 25 5.0 2.1 25 12.1 3.7 25 17.0 4.3 25
WESTERN LAKE SUPERIOR 0.04 0.06 36 0.1 0.1 36 0.3 0.2 36 0.8 1.6 36

Because of the high number of stream sampling sites with nitrite+nitrate-N 90" percentiles exceeding
10 mg/|, a separate 90" percentile map was created showing multiple nitrate concentration range
categories above 10 mg/I (Figure 2). Rivers and stream samples seldom had nitrite+nitrate-N exceeding
20 mg/l, and 90" percentile concentrations exceeded 20 mg/I at 15 sites (2% of all sites) statewide. Four
sites had 90™ percentile concentrations exceeding 26 mg/I.

The difference between the maximum nitrate concentrations and the 90™ percentile concentrations
shows the upper-end concentration distribution (Table 2). About 31% of stream sites had 90" percentile
nitrite+nitrate-N exceeding 5 mg/l; whereas the maximums exceeded 5 mg/| at 41% of the sites.
Maximum nitrite+nitrate-N concentrations exceeded 10 mg/| at 27% of sampled stream sites.

In the 125 rivers and streams where 90" percentile nitrite+nitrate-N concentrations exceed 10 mg/I, the
average 9o™ percentile concentration was 15.9 mg/I. At these same 125 sites, the average maximum
concentration was 21.1 mg/| (Table 4). Therefore, the maximum concentrations recorded between 2000
and 2010 at the highest concentration sites (those with 90" percentile concentrations over 10 mg/l) are
on average about 5.2 mg/! higher than the 90" percentile concentrations in these same streams.

Table 4. A comparison of the average maximum nitrite+nitrate-N concentrations (mg/l) to the average of 90"
percentile concentrations for stream site categories with very low (<1 mg/l), low (1-2.99 mg/I), medium (3-4.99
mg/1), high (5-9.99 mg/I), and very high (>10 mg/I) nitrite+nitrate-N concentrations.

Sites with 90" | Sites with 90" | Sites with 90" | Siteswith 90" | Sites with 90™
percentile percentile percentile percentile percentile
concentrations | concentrations | concentrations | concentrations | concentrations
<1 mg/I 1-2.99 mg/I 3-4.99 myg/I 5-9.99 mg/I 10+ mg/I
Number of sites 315 145 43 100 125
Average of the 0.35 1.8 3.9 7.6 15.9
90" percentile
concentrations
Average of the 1.1 4.1 6.7 11.4 21.1
maximum
concentrations

Median nitrate levels in streams throughout the state are mostly above 3 mg/l in the southern part of
the state and below 1 mg/l in the northern part of the state (Figure 3). Median nitrite+nitrate-N levels
exceed 10 mg/l in some streams, including streams in the Lower Minnesota River watershed, as well as
some scattered sites in other parts of southern Minnesota.
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Another way of viewing how nitrate concentrations vary at the same sites is to look at the how the 10"
percentile map (Figure 4) compares to the median and 9o™ percentile maps. The times of low-nitrate
concentrations as represented by 10" percentile statistics, show most of streams in the state dropping
below 1 mg/| nitrite+nitrate-N. Exceptions to this are the southeast and southwest corners of the state.
In southeastern Minnesota, many streams are fed continuously by groundwater with elevated nitrate,
so that elevated nitrate continues to discharge into the streams even during drier periods. Table 3 shows
that the 10" percentile concentrations are high (on average) in the Lower Mississippi Basin
(southeastern
Minnesota),
followed by the
Cedar and Des
Moines River
Basins. The
relatively high 10"
percentile
concentrations are
thought to be
largely due to
groundwater
baseflow in these
regions. Municipal
wastewater point
source discharges
also provide a
continuous supply
of nitrate to rivers
throughout the year
and could be
contributing to the
higher 10"
percentile
concentrations at
some sites. It was
beyond the scope of
this study to
research specific
sources at specific
sites.

Figure 1. Nitrite+nitrate-N 90™ percentile concentrations for all samples taken at each site between 2000
and 2010.
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Figure 2. Nitrite+Nitrate-N 90™ percentile concentrations, showing the magnitude of 90" percentile
concentrations greater than 10 mg/I. This is the same figure as Figure 1, except that the concentration scale
ranges are different, such that all red shaded points in Figure 1 are subdivided into four separate categories.
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Figure 3. Median nitrite+nitrate-N concentrations for all samples taken at each site between 2000 and 2010.
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Figure 4. Nitrite+nitrate-N 10" percentile concentrations for all samples taken at each site between 2000
and 2010.
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Ammonia+ammonium-N

Ammonia+ammonium-N (commonly referred to as “ammonium”) concentrations are much lower than
nitrate concentrations. Ammonia+ammonium-N is quickly converted to nitrite+nitrate-N via nitrification
in streams, except during winter months. The 90" percentile map shows that the high-end
ammonia+ammonium-N levels rarely exceed 1 mg/| (seven sites statewide), and are mostly less than
0.5 mg/I (Figure 5).

The 90™ percentile concentrations at most Minnesota sites are above the national background
ammonia+ammonium-N concentration of 0.025 mg/I (Dubrovsky et al., 2010), suggesting that over
much of the state there are certain periods when human impacts cause ammonia+ammonium to
increase. However, these impacts are not usually sustained, since median ammonia+ammonium-N
levels are less than 0.1 mg/I throughout most the state (Figure 6 and Table 5).

Spatial patterns of ammonia+ammonium-N concentrations are less pronounced compared to
nitrite+nitrate-N. The area of the state with predominantly low ammonia+ammonium-N concentrations
(<0.1 mg/l) is north-central and northeastern Minnesota. With the exception of the Duluth area streams
and two other scattered streams, all northeastern Minnesota streams had 90" percentile
ammonia+ammonium-N concentrations less than 0.1 mg/I.

During typical conditions (medians) ammonia+ammonium-N concentrations are mostly less than
0.1 mg/I throughout the state. Exceptions to this include some sampling points in the Cedar River, the
Twin Cities area, and a few other scattered locations.

The 10™ percentile concentrations show that almost all monitoring points have less than 0.1 mg/I
(Figure 7). An exception is the Cedar River, which has between 0.1 and 0.2 mg/|. The statewide

10" percentile is 0.03 mg/| (mean of all 562 sites 10" percentile concentrations see table 5), which is
essentially the same as the national background concentration.

It was beyond the scope of this study to try and determine reasons why individual sites or clusters of
sites had particularly high or low ammonium concentrations.

Table 5. Ammonium+ammonia-N concentration statistics for monitoring sites located within various major river
basins in Minnesota. Mean 10™ percentile concentrations for each basin represent typical low ammonium
period concentrations and mean 90" percentiles and maximums represent typical high ammonium period
concentrations for each basin.

10th percentile (mg/L)  Median (mg/L) 90th Percentile (mg/L)  Maximum (mg/L)

Basin Mean sd n Mean sd n Mean sd n Mean sd n

STATEWIDE 0.03 0.03 562 0.05 0.07 562 0.26 0.61 562 1.0 1.8 562
DES MOINES 0.04 0.04 15 0.05 0.04 15 0.18 0.09 15 0.8 0.7 15
MINNESOTA 0.02 0.02 104 0.05 0.06 104 0.36 0.57 104 1.5 3.1 104
UPPER MISSISSIPPI 0.03 0.02 200 0.05 0.05 200 0.23 0.22 200 1.0 1.0 200
MISSOURI - BIG SIOUX 0.04 0.02 4 0.06 0.03 4 0.23 0.14 4 1.2 1.0 4
RAINY RIVER 0.02 0.01 9 0.02 0.01 9 0.06 0.03 9 0.2 0.1 9
RED RIVER 0.03 0.03 102 0.05 0.07 102 0.20 0.15 102 0.8 1.3 102
ST. CROIX 0.03 0.01 42 0.08 0.18 42 0.44 1.68 42 1.0 20 42
LOWER MISSISSIPPI 0.02 0.01 46 0.04 0.02 46 0.32 094 46 1.1 1.7 46
CEDAR 0.12 0.06 15 0.13 0.05 15 0.22 0.11 15 0.5 0.41 15
WESTERN LAKE SUPERIOR 0.03 0.01 25 0.04 0.02 25 0.10 0.10 25 0.5 09 25
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Figure 5. 90" percentile ammonia+tammonium-N concentrations for all samples taken at each site between
2000 and 2010.
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Figure 6. Median Ammonia+Ammonium-N concentrations for all samples taken at each site between 2000
and 2010.
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Figure 7. 10" percentile Ammonia+tAmmonium-N concentrations for all samples taken at each site between
2000 and 2010.
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Total Kjeldahl nitrogen

Total Kjeldahl nitrogen includes both ammonia+ammonium and organic N. Ammonia+ammonium
concentrations in surface waters are typically quite low in comparison to TKN concentrations, and at
most sites the majority of TKN is organic N.

Total Kjeldahl nitrogen 90™ percentile concentrations are mostly in the 1-3 mg/I range throughout the
state (Figure 8). Several sites in northern Minnesota and a few in southeastern Minnesota had TKN
90™ percentiles less than 1 mg/I. Five main pockets of elevated TKN (90™ percentiles over >3 mg/I) are
located at various places in the southern half of the state, including clusters northeast and west of the
Twin Cities, as well as in central and southwestern Minnesota.

Spatial patterns of TKN concentrations showed that 90" percentiles TKN remained less than 1.5 mg/I
throughout most of northeastern Minnesota and was between 1.5 and over 3 mg/I in most of southern
Minnesota and along the Red River. The statewide mean of all 637 sites 9o percentile concentrations is
1.9 mg/| (table 6), and means of 9o percentile values for each major river basin did not vary much for
most basins of the state.

Total Kjeldahl nitrogen median concentrations did not exceed 3 mg/| at any sites, and were less than

1.5 mg/l at most sites (Figure 9). Medians exceeded 2 mg/| in the Des Moines River and Lower
Minnesota River watersheds, in addition to other scattered locations. The statewide mean of all 637 site
median concentrations is 1.1 mg/| (Table 6).

Total Kjeldahl nitrogen 10™ percentile concentrations were mostly less than 1.5 mg/| throughout the
state (Figure 10). With the exception of several streams in central and southwestern Minnesota, the 10"
percentile concentrations were less than 1 mg/I. The statewide mean of all 637 sites 10" percentile
concentrations is 0.7 mg/| (Table 6).

Table 6. TKN concentration statistics for monitoring sites located within various major river basins in Minnesota.
Mean 10" percentile concentrations for each basin represent typical low TKN period concentrations and mean
90" percentiles and maximums represent typical high TKN period concentrations for each basin.

10th percentile (mg/L)  Median (mg/L) 90th Percentile (mg/L)  Maximum (mg/L)
Mean sd n Mean sd n Mean sd n Mean sd n
STATEWIDE 0.7 0.3 637 11 05 637 1.9 1.0 637 4.2 46 636
DES MOINES 1.4 0.3 12 2.1 0.5 12 3.3 1.1 12 5.4 3.3 12
MINNESOTA 0.8 0.4 132 14 0.5 132 2.5 1.1 132 5.4 2.7 132
UPPER MISSISSIPPI 0.7 0.3 241 1.1 0.4 241 1.8 0.8 241 3.6 2.7 240
MISSOURI - BIG SIOUX 0.6 0.2 5 1.0 0.1 5 1.8 0.2 5 3.6 13 5
MISSOURI - LITTLE SIOUX 1.2 0.1 2 1.6 0.1 2 2.3 0.1 2 3.8 0.1 2
RAINY RIVER 0.6 0.1 17 0.9 0.2 17 1.2 0.3 17 1.7 10 17
RED RIVER 0.7 02 91 1.1 03 91 1.6 0.5 91 3.8 79 91
ST. CROIX 0.5 0.3 63 0.9 04 63 1.9 1.7 63 4.5 6.3 63
LOWER MISSISSIPPI 0.6 03 49 1.0 0.5 49 1.8 0.8 49 5.3 58 49
CEDAR 0.6 0.2 13 1.1 0.2 13 2.1 0.3 13 3.7 1.2 13
WESTERN LAKE SUPERIOR 0.4 0.1 12 0.6 0.1 12 1.0 0.2 12 1.8 0.6 12
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Figure 8. 90" percentile TKN concentrations for all samples taken at each site between 2000 and 2010.
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Figure 9. Median TKN concentrations for all samples taken at each site between 2000 and 2010.
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Figure 10. 10" percentile TKN concentrations for all samples taken at each site between 2000 and 2010.
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Total nitrogen

Total nitrogen was calculated by summing the laboratory measurements of nitrite+nitrate-N and TKN.
While the TN concentrations are slightly higher than nitrite+nitrate-N, the general patterns and
concentrations are similar to the nitrite+nitrate-N concentration maps (Figures 11 to 13). The

90" percentile concentration map (Figure 10) shows concentrations mostly 1 to 3 mg/l in northern
Minnesota and mostly over 5 mg/l in southern Minnesota. The 10" percentile map (Figure 13) shows
substantially lower TN concentrations than the 90" percentile map, with mostly less than 1 mg/! in
northern Minnesota and mostly 1-3 mg/l in southern Minnesota.

Figure 11. 90" percentile TN concentrations for all samples taken at each site between 2000 and 2010.
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Figure 12. Median TN concentrations for all samples taken at each site between 2000 and 2010.
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Figure 13. 10" percentile TN concentrations for all samples taken at each site between 2000 and 2010.
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Seasonal nitrate concentrations

We analyzed seasonal differences in nitrite+nitrate-N medians at all sites which met a minimum criteria
of 12 samples taken during that season. Seasons assessed included: spring (March-May), summer
(June-August) and fall (September-November). Results were then separated by the major basin where
the streams are located. The seasonal differences in the average of all stream site medians across the
basins varied considerably from one basin to another (Figure 14). Streams in the Minnesota River Basin,
show a strong seasonal trend of highest nitrite+nitrate-N levels in the spring and the lowest levels in the
fall months. Whereas streams in the Lower Mississippi Basin, which are in an area where groundwater
baseflow is highly influential, show little change from spring to fall seasons, on average.

Note that each basin has a different number of sampling sites/frequencies, and some basins are large
and diverse and others are smaller with less diverse landscapes. Comparisons among basins are limited
by these differences. Monthly variability in mainstem rivers are described in more detail in Chapter B3.

Median Nitrate Conc. by Season
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Figure 14. Seasonal nitrite+nitrate-N median concentrations averaged across major river basins in Minnesota.
Spring months include March to May, summer months include June to August, and fall months include
September to November.

Summary of findings

Number of monitoring sites meeting criteria

In Minnesota, 728 river and stream sites have been frequently monitored for nitrite+nitrate-N
during the period 2000 and 2010, with an average of 69 samples analyzed at each site. During
this same period 637 and 597 sites were frequently sampled for TKN and ammonia+ammonium,
respectively.

Nitrite+nitrate-N

At times, nitrite+nitrate-N concentrations exceeded 5 mg/| throughout most of southern
Minnesota, and 90" percentile nitrite+nitrate-N concentrations exceeded 5 mg/| at 31% of sites
statewide. Nitrite+nitrate-N 90" percentile concentrations exceeded 10 mg/| throughout most
of south-central Minnesota, and 17% of river and stream sites statewide had 90" percentiles
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exceeding 10 mg/I. Rivers and stream samples seldom had nitrite+nitrate-N exceeding 20 mg/I,
and 90™ percentile concentrations exceeded 20 mg/| at 15 sites (2%) statewide.

Most northern Minnesota streams have nitrite+nitrate-N concentrations which are typically less
than 1 mg/l. Yet several northern rivers and streams, particularly along the Red River, have
nitrite+nitrate-N between 1 and 3 mg/I.

The lower range nitrite+ nitrate-N concentrations (10" percentiles) are mostly less than 3 mg/I
throughout the state. Exceptions to this include about 20 sites in southeastern Minnesota and
scattered sites elsewhere with nitrite+nitrate-N which continued to be 3 to 10 mg/I.

About 31% of stream sites had 90" percentile nitrite+nitrate-N exceeding 5 mg/l; whereas the
maximums exceeded 5 mg/| at 41% of the sites. Maximum nitrite+nitrate-N concentrations
exceeded 10 mg/| at 27% of sampled stream sites, compared to 17% of sites with 90" percentile
concentrations above 10 mg/I.

Nitrite+nitrate-N median concentrations vary by season, especially in the Minnesota River Basin,
where concentrations are highest in the spring, followed by summer, and then fall.

Ammonia+ammonium-N

The 90™ percentile ammonia+ammonium-N concentrations exceeded 0.1 mg/| throughout much
of the state, but only exceeded 1 mg/| at seven sites.

Spatial patterns of ammonia+ammonium-N concentrations are less pronounced compared to
nitrite+nitrate-N. Most of north-central and northeastern Minnesota have low
ammonia+ammonium-N concentrations (<0.1 mg/l). With the exception of Duluth area streams
and two other scattered streams, all northeastern Minnesota streams had 90" percentile
ammonia+ammonium-N concentrations less than 0.1 mg/I.

Median ammonia+ammonium-N concentrations are mostly less than 0.1 mg/| throughout the
state. Exceptions to this include some sampling points in the Cedar River, the Twin Cities area,
and a few other scattered locations.

TKN (mostly organic nitrogen)

The 90™ percentile TKN concentrations were between 1 and 3 mg/l throughout much of the
state.

Spatial patterns of TKN concentrations showed that during higher TKN periods, TKN remained
less than 1.5 mg/| throughout most of northeastern Minnesota and was between 1.5 and over

3 mg/| throughout most of southern Minnesota and along the Red River. Five main pockets of
elevated TKN (90™ percentiles over >3 mg/l) are all located at various places in the southern half
of the state.

Median TKN levels are predominantly less than 1.5 mg/l throughout the state, and 10"
percentile levels are predominantly less than 1 mg/l, with only about seven sites in the 1.5 to

2 mg/l range.
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Introduction

This chapter describes monitoring-based nitrogen results from many of the mainstem rivers in
Minnesota, including basin and state outlets and upstream reaches of the Mississippi, Minnesota,

St. Croix, and Red Rivers. The following chapter (B3) focuses on a smaller scale, examining monitoring-
based results near the outlets of 8-digit Hydrologic Unit Code (HUC8) level watersheds.

Nitrogen (N) load, the amount of N passing a point on a river over a certain amount of time (i.e., pounds
per year), can be estimated if river flow is monitored and water samples are collected and analyzed over
a range of flow conditions and seasons. In Minnesota, we are fortunate to have numerous monitoring
stations where total nitrogen (TN) and nitrite+nitrate (nitrate) loads have been calculated. The primary
loads which will be described in this chapter are summarized in Table 1. In this chapter, we describe the
results from these monitoring-based loads, yield, and flow-weighted mean concentrations (FWMC) for
major rivers and basins.

Table 1. Monitoring programs which provided N load information for this report.

Monitoring Lead agency Watershed/stream Nitrogen Years | Load estimation
program locations parameter(s) methods
Long Term Resource | US Geological Survey | Mississippi River Nitrite+Nitrate 1991- MPCA used multiple
Monitoring Program Upstream and Total nitrogen 2010 year regressions in
downstream of Lake FLUX32
Pepin; Mississippi River
near lowa at Lock and
Dam #7 and 8
Metropolitan Metropolitan Council | Mississippi River at Nitrite+Nitrate 1980- Met Council used one-
Council Major Rivers | Environmental Anoka and Prescott TKN 2010 year concentration/flow
Monitoring Program | Services Minnesota River at . data and a single year’s
Jordan St. Croix River at Total Nitrogen flow to calculate loads in
Stillwater Flux 32.
Red River Manitoba Emerson Manitoba Nitrite+Nitrate 1994- Monthly water quality
Conservation and TKN 2007 and flow data (average
Water Stewardship of daily) for full period to
and Environment estimate monthly and
Canada then annual loads
Watershed Load MPCA (with support Outlets of most HUC8 Nitrite+Nitrate 2007 - | MPCA used single year
Monitoring Program | from other watersheds in TKN 2009 regressions in FLUX32
organizations) Minnesota .
Total Nitrogen
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Results overview

Three mainstem rivers (Minnesota River, Upper Mississippi River, and St. Croix River) converge in the
Twin Cities Area, where their waters join and continue moving downstream in the Mississippi River
along the Minnesota and Wisconsin border. Minnesota and Wisconsin tributaries from the Lower
Mississippi Basin add additional N loads into the Mississippi, south of the Twin Cities. At the opposite
corner of the state, the Red River flows north along the Minnesota and North Dakota state border into
Manitoba.

Total nitrogen

Long term average TN loads were calculated for these mainstem rivers using monitoring results
obtained reasonably close to the outlets of the basins and/or at the state borders (Table 2, Figures 1
and 2). Long-term average loads are mostly used in this chapter, since year-to-year variability can be
large due to annual precipitation differences and challenges in perfectly capturing monitoring results
during storm events. Averaging loads over a longer period of time reduces the effects of these single
year climate influences and load calculation uncertainties.

Table 2. TN loads, yields and flow-weighted mean concentrations (FWMC) for certain major rivers in Minnesota.

Load avg. Yield avg. FWMC avg. Percent of TN in Period which

million Ibs/yr | lbs/acre/yr mg/| nitrite+nitrate-N form | average is based on
St. Croix River, 10 2.3 1.0 37% 1991-2010
Stillwater
Minnesota River, 116 11.3 8.2 84% 1991-2010
Jordan
Mississippi River, 42* 3.3% 2.2 56% 1991-2010
Anoka
(plus Rum R)*
Mississippi River, 174 6.1 3.8 72% 1991-2010
Prescott
Mississippi River, 145 4.7 3.1 83% 1992-2009
Lake Pepin
Outlet
Mississippi River 211 5.0 2.6 75% 1991-2010
at Minn. — lowa
border
Lock and Dam #8
Red River Basin 37 15 2.4 46% 1994-2008
at Emerson
Manitoba

*In this table and the rest of the chapter, loads and yields for the Mississippi River Anoka also include Rum River load averages
from 2001 to 2010 calculated by Met Council, combined with the Met Council Mississippi River (Anoka) loads; so that the
Mississippi River loads at Anoka include all of the Upper Mississippi River Basin N loads except for the Mississippi River Twin
Cities watershed. The Rum River loads represent 6.2% of the total N average load of the Mississippi River at Anoka.

The highest loading tributary to the Mississippi River is the Minnesota River, which contributes an
average of 116 million pounds of N per year (1991 to 2010). By comparison, the Upper Mississippi River
and St. Croix River add lesser amounts of roughly 42 and 10 million pounds of TN per year, respectively
(Figure 1). Moving downstream through the Twin Cities Metropolitan Area, TN increases by about
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6 million pounds per year on average from point sources, stormwater and groundwater baseflow in the
Twin Cities. Between the south part of the Twin Cities and the lowa border, TN increases by about
another 37 million pounds, with contributions from Lower Mississippi River Basin tributaries. In-stream
N losses also occur in this lower stretch of the river, so that the actual additions from Lower Mississippi
River Basin tributaries are more than the 37 million pound increase observed in the river loads.

The TN yields and FWMCs are substantially higher in the Minnesota River as compared to the other
tributaries and sections of the Mississippi (Table 2). If 12% to 22% of N is lost in the major rivers, pools,
and Lake Pepin south of the Twin Cities, then the 116 million pounds of TN measured in the Minnesota
River at Jordan (upstream of the Twin Cities) will be reduced to 90 to 102 million pounds at the lowa
border, which represents 43% to 48% of the 211 million pounds of TN reaching the Minnesota/lowa
border in the Mississippi River.

The Red River TN loads at the Minnesota/Canada border are in the same general range as the Upper
Mississippi Basin loads, transporting about 37 million pounds per year, on average.

Figure 1. Long term average annual TN
loads at key points along major rivers.
Time period for long term averages:
Red River (1994-2008); Minnesota,
Upper Mississippi, and St. Croix Rivers
(1991-2010); Lower Mississippi (1992-
2009).
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Nitrate-N

Nitrite+Nitrate-N loads are also dominated by the Minnesota River, which contributes an average

97 million pounds per year. The Upper Mississippi River, St. Croix River, Twin Cities Metropolitan Area
streams, and the Lower Mississippi River Basin all add lesser amounts of 23, 4, <1 and 34 million pounds
of nitrite+nitrate-N, respectively (Figure 2). The Red River nitrate loads are also low compared to the
Minnesota River, transporting about 16 million pounds per year, on average.

Figure 2. Long term average annual
nitrite+nitrate-N loads at key points
along major rivers. Time period for long
term averages: Red River (1994-2008);
Minnesota, Upper Mississippi, and St.
Croix Rivers (1991-2010); Lower
Mississippi (1992-2009).

For the remainder of this chapter, more specific results are provided for the following rivers:

the Lower Mississippi River — Lake Pepin to lowa

the three mainstem rivers converging in the Twin Cities - Minnesota River, St. Croix River,
Upper Mississippi River

the Red River
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Lower Mississippi River — Lake Pepin to lowa

Mississippi River at Minnesota/lowa border

The U.S. Geological Survey (USGS) has been taking water quality samples (every other week) since 1991
on the Mississippi River near the Minnesota and lowa border. The U.S. Army Corps of Engineers has
been measuring flow at both Lock and Dam #7 and 8 during the same time period. Two of the
monitoring locations for the USGS Long Term Resource Monitoring Program (LTRMP) are located at Lock
and Dam #7 and 8, near LaCrescent, Minnesota and Genoa, Wisconsin, respectively. Using USGS
collected data, the Minnesota Pollution Control Agency (MPCA) calculated annual loads at Lock and Dam
#7 and 8 using the FLUX32 model. The load calculations show annual mean total N loads between 1991
and 2010 of 209 and 211 million pounds at Lock and Dam #7 and 8, respectively. Because the average
loads are nearly identical at these two monitoring sites, and they are located close to each other, the
results and graphs below include only Lock and Dam #8, the more downstream location.

Most of the watersheds contributing water to the Mississippi River at the Minnesota/lowa border are
located in Minnesota. Overall, based on SPARROW model results, we estimate that about 77% of the TN
in the Mississippi River at the lowa border comes from loading in Minnesota catchment areas and the

TN Loads at Lock and Dam #8 Ot.her 23.% comes largely from

Wisconsin, but also lowa and the

o Dakotas. According to SPARROW
model estimates, about 48% and
61% of the St. Croix and Lower
Mississippi Basin TN loads are
from Wisconsin, respectively.
And about 4% of the Minnesota
mNitritetNitrate-N | Rjyer Basin TN load is from the
WTKN Dakotas and lowa.
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The annual flow-weighted mean
TN concentration calculated for
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Figure 3. Annual TN loads in the Mississippi river at Lock and Dam #8 during this time period (Figure 3),
(n