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INTRODUCTION

Eutrophication

Primary productivity in many coastal systems is nitrogen (N) limited; although,
phytoplankton productivity may be limited by phosphorus (P) seasonally or in portions of
an estuary. Increases in loading of limiting nutrients to coastal ecosystems may lead to
eutrophication (Nixon 1996). Anthropogenically enhanced eutrophication includes
symptoms such as loss of seagrass beds, changes in algal community composition,
increased algal (phytoplankton) blooms (Richardson et al. 2001), hypoxic or anoxic
events, and fish kills (Bricker et al. 2003).

Hypoxia

Coastal hypoxia is a widespread environmental problem in the United States. Forty out
of one hundred thirty eight estuaries in the U.S. exhibit moderate to severe hypoxia
(Bricker et al. 1999). Sustained or recurring low oxygen conditions can lead to faunal
mortalities, food web alterations, loss of habitat, and impacts to fisheries.

Much publicity, research and policy attention has been given to the extensive hypoxic
zone in the northern Gulf of Mexico commonly referred to as the “Dead Zone.” Bottom
water oxygen concentrations of less than 2 mg/L form in large areas off the Louisiana
and Texas coasts annually during the spring and summer. The size of this hypoxic area
averaged 8,300 km” from 1985 to 1992 and increased to an average of 16,000 km” from
1993-2001 (Rabalais et al. 2002), with a maximum size of over 20,000 km? in 2003
(Rabalais 2008). The overall trend in hypoxia is increasing from 1985 to 2008 (Figure 1,
Rabalais 2008).

Previous studies have demonstrated that the size of the hypoxic zone during late summer
is well correlated to riverine nitrogen loadings (Scavia et al. 2003). Nutrient loadings
stimulate phytoplankton production, which increases the biochemical oxygen demand of
the system, leading to bottom water hypoxia. While ecosystem level impacts of hypoxia
are often difficult to quantify, previous studies have demonstrated habitat implications of
low oxygen on shrimp and Atlantic croaker (Craig and Crowder, 2005) and that brown
shrimp landings are negatively correlated with hypoxia in the region (Zimmerman and
Nance 2001, O’Connor and Whitall 2007).

In 1997, in response to this recurring ecological phenomenon, the Mississippi River/Gulf
of Mexico Watershed Nutrient Task Force (2001) was established as a joint
federal/state/tribal and stakeholder group to consider options for responding to Gulf of
Mexico hypoxia. The Task Force agreed on a goal to reduce the 5-yr running average of
hypoxic area to below 5,000 km® by 2015 (Mississippi River/Gulf of Mexico Watershed
Nutrient Task Force 2001). The action plan also suggests that a 30% reduction from the
19801996 average nitrogen load would be needed to reach that goal. However, the
model scenarios enumerated in Scavia et al. (2003) suggest that a 30% reduction might
not be sufficient to reach this goal due to interannual variability in the system.



Sources of Nitrogen and Phosphorus

Increases in human population, combined with growth in the industrial and agricultural
sectors, has significantly altered the quantities and composition of nitrogen (N)-
containing pollutants released to the environment (Galloway et al. 1995; Vitousek et al.
1997). Of particular concern is urban and suburban development in the near coastal zone.
Point discharges (i.e., wastewater, industrial discharges, stormwater overflow discharges)
as well as non-point sources (agricultural, urban runoff) associated with this development
has led to an increase in N released into the coastal zone (Driscoll et al. 2003). Previous
studies have shown a strong correlation between human population and elevated riverine
fluxes of N to estuaries (Peierls et al. 1991, Howarth et al. 1996, Castro et al. 2000).
Atmospheric deposition of N (AD-N) has also been identified as a potentially important
source of N for many coastal ecosystems (Valiela et al. 1992, Nixon 1996, Paerl et al.
2002, Whitall et al. 2004).

Anthropogenic sources of phosphorus include fertilizer (agricultural, golf course and
lawn), animal wastes, yard clippings, soil erosion, and detergents/cleaning agents. The
agricultural sources of phosphorus include: agricultural fertilizer, animal waste, soil loss,
manure spreading, and lagoon leakage (Barr Engineering 2004).

In addition to being multiple source pollutants, nutrient pollution is often a multi-state
and even international management issue because airshed and watershed boundaries also
span political boundaries. Large watersheds with coastal drainages, such as Chesapeake
Bay, Long Island Sound and the Mississippi River Basin, are influenced by the effects of
urban and agricultural development many hundreds of miles inland. Furthermore, some
estuaries, such as Tijuana Estuary watershed, which is co-located in the U.S. and Mexico,
transcend international boundaries, making which makes management even more
challenging.

OBJECTIVE

The purpose of this analysis is to examine the historical fluxes of N and P to the northern
Gulf of Mexico and discuss the implications that this may have for primary productivity,
hypoxia and management strategies.

DATA SOURCES AND METHODS

Monthly riverine loading data are from US Geological Survey (USGS) gauging stations
on the Mississippi (St. Francisville, LA) and Atchafalaya (Melville, LA) Rivers (Figure
2). The period of record spans from July 1974 to June 2008 for the Mississippi and from
July 1979 to June 2008 for the Atchafalaya (USGS 2008). Atmospheric deposition
values, for 4 representative sites in the near coastal area, are from the National
Atmospheric Deposition Program (NADP). Fertilizer sales data are from the NOAA
CADS database (NOAA 2007). United States population data are from the U.S. Census
Bureau (Envirocast 2007). Because these data were not normally distributed (Shapiro-
Wilks test), non-parametric statistics were used to evaluate correlations (Spearmann’s
Rho) and seasonal differences (Wilcoxon test) using JMP Statistical Software (SAS
Institute).



RESULTS

Long Term Trends in Riverine Loading

In the Mississippi River, nitrogen species (TN, nitrate plus nitrite, TKN, ammonia) are
generally decreasing (Figures 3-6). Conversely, total phosphorus (TP) is increasing
(Figure 7). In the Atchafalaya River, TN, TKN and ammonia are decreasing (Figures 8-
10), while there is no trend in nitrate or TP. Trends in the N:P ratios for the total loadings
to the northern Gulf of Mexico (Mississippi and Atchafalaya Rivers combined) were
analyzed as well. Ratios of TN:TP and DIN:DIP are both decreasing (Figure 13). It
should be noted that one can find short term (e.g. 1-3 year) trends in some constituents,
but these should be viewed as acute patterns which may be driven by temporary shifts in
climatology or nutrient inputs (e.g. Figure 14) which are not reflective of the long term
trend (Figure 3).

Seasonal Patterns in Riverine Loading

There is significant seasonal variability in the monthly riverine loadings. In the
Mississippi River, all seasons for all constituents are significantly different (a=0.05) from
each other with the exception of summer and winter loads, which are not significantly
different for the nitrogen species. Loads are generally significantly highest in the spring
and lowest in the fall (Figure 15). In the Atchafalaya River (Figure 16), loadings for each
constituent are generally highest in the spring and generally lowest in the fall and differ
significantly by season. Exceptions to this are ammonia, where spring and winter are not
significantly different but are greater than summer and fall loads, and TN and TP, where
summer and winter loads are not significantly different from each other. Ratios of
TN:TP and DIN:DIP (Mississippi and Atchafalaya Rivers combined) were generally
highest in the spring and lowest in the fall (Figure 17). All seasons were significantly
different (¢=0.05) for DIN:DIP and all seasons were significantly different for TN: TP,
except for winter and fall, and, summer and spring.

Covariation of Nutrient Loads

The extent to which nutrient constituent loads co-vary may lend insight into the
likelihood that they originate from the same sources. If two constituents strongly co-vary
they may be originating from the same source. Alternatively, their source signals may be
getting integrated over the large watershed area. If two constituents are independent of
each other, this would suggest that different sources, or that in stream processing, are
driving the loading patterns. The monthly loading data reflect a variety of covariances
between nutrient constituents (Figures 18 and 19). For example, TN and TP are
relatively well correlated, whereas ammonia and nitrate are not well correlated. The
degree of covariance for each constituent also varies between the Mississippi and
Atchafalaya Rivers. Obviously, autocorrelation exists between some analytes, such as
TN and nitrate because nitrate is a component of TN.

Trends in Fertilizer Use

Both N and P fertilizer use in the Mississippi River Basin increased from 1974 to 1991 as
shown in Figures 20 and 21 (note: compiled fertilizer sales data from NOAA’s CADS
ends at 1991). These patterns hold both for the basin as a whole as well as for the states
in the basin which have been identified as contributing the majority of the nutrient load to



the Gulf (EWG, 2006). It is important to note that the temporal patterns in fertilizer use
do not directly correspond to the observed riverine loads. The unusual increase in N
loading 1982-1984 (Figure 3) actually corresponds to a decrease in fertilizer use in the
same time period (Figures 20 and 21). This reinforces the concept that nitrogen is a
multiple source pollutant. Furthermore, this decoupling may indicate the importance of
watershed processing, including potential groundwater impacts.

Trends in Atmospheric Nitrogen Deposition

Wet nitrogen deposition (National Atmospheric Deposition Program data) from four sites
in the lower watersheds (Figure 22) show decreasing or relatively steady nitrogen
deposition fluxes since the early 1980s (Figures 23-26). These modest improvements
may be related to the Clean Air Act Amendments of 1990. It should be noted that NADP
data are wet inorganic deposition (i.e. DIN in precipitation) only. Patterns in organic N
deposition and dry deposition (particles and gases) may be different, but substantial data
for these fluxes are not available except in a few localized studies.

Trends in Human Population

Population can be used as a surrogate for wastewater treatment plant and septic system
nutrient inputs (Castro and Driscoll 2002). The population of the Mississippi River Basin
(including the Atchafalaya) increased by 18% from 1970 to 2000 (Figure 27).

DISCUSSION

Link to Hydrology

Because nutrient loadings are predominantly from non-point sources, one would expect
loadings to be tightly couple to riverine flow (Figures 28, 29). However, only nitrogen
loadings are significantly correlated to flow. This may reflect significant differences in
sources or in watershed transport processes between N and P.

Stoichiometry

The Redfield ratio (16 units of nitrogen to 1 unit of phosphorus) is an approximation of
algal nutrient requirements and can vary depending on a variety of factors including: the
stage of algal cell division, changes in light intensity or quality, or temperature (Correll
1987). Even considering these limitations, measurement of nitrogen and phosphorus
ratios in coastal waters provides a useful metric for evaluating the possible effects of
increased loadings of these nutrients (Bowman et al. 2000).

There has been some debate as to how to best calculate N:P ratios in riverine loadings to
the northern Gulf of Mexico. Because N:P ratios are important from a phytoplankton
response perspective, the ratio should only consider bioavailable N and P. For this
purpose, some experts (e.g. USEPA 2004) have argued that ambient DIN:DIP is the
appropriate ratio, as inorganic N and P are most bioavailable to phytoplankton. However,
it has been well documented that urea and other fractions of organic N can be
bioavailable to phytoplankton (Peierls and Paerl 1997, Pinckney et al. 1999). Therefore,
using DIN will significantly underestimate the total amount of bioavailable N. Further
complicating this matter is the fact that the measurements presented in this paper are
riverine loads, not ambient offshore concentrations. Because biogeochemical



transformations occur as the nutrients move downstream from the USGS gauging
stations, considering only DIN and DIP will likely underestimate the total bioavailable N
and P, as more nutrients are converted from recalcitrant forms to more bioavailable
forms. Conversely, examining only TN and TP will likely overestimate the total
bioavailable N and P.

Because of this uncertainty, this paper examines both DIN:DIP and TN:TP. Not
surprisingly, comparing the TN:TP and DIN:DIP ratios to the Redfield ratio yields
different results. For DIN:DIP, loadings data suggest P limitation except in the fall when
N is generally limiting. However, TN:TP loadings data suggest N limitation.
Furthermore, there are seasonal differences, especially for DIN:DIP which suggests P
limitation, except in the fall.

These differences, combined with the debate over how best to calculate N:P ratios in
coastal waters, speaks to the need for better quantification of nutrient processing and
biological utilization of nutrients, as well as more robust temporal and spatial ambient
nutrient data from the Mississippi River Plume and shelf environments.

Modeling Implications

Quantitative models exist which can annually predict the size of this area of hypoxia.

One of these model is based on Scavia et al. (2003) and was constructed using 18 years of
field data. The model uses a suite of input parameters including: organic matter load
(which is derived from USGS riverine nitrogen loading values from the Mississippi and
Atchafalaya Rivers), a first order oxygen reaeration constant, a first order organic matter
decomposition and downstream advection of sub pycnoclinal waters (Figure 30).
Loading data from the USGS stations at St. Francisville and Melville are used for the
loadings for the Mississippi and Atchafalaya Rivers, respectively. May and June riverine
loading data (total nitrogen) is used to determine the biochemical oxygen demand load
because nitrogen is often considered to be the limiting nutrient for algal production
(Justic et al. 1997). Because TN and TP are strongly correlated (Figures 18 and 19), the
model could be modified to be run using TP loads. There is considerable uncertainty in
the advection term and this uncertainty is quantified via Monte Carlo analysis. The
model predicts the length of the hypoxic zone, which is well correlated to the total
hypoxic area (Figure 31). This model could be used as a management tool to evaluate the
relative effectiveness of proposed management strategies for reducing nutrient pollution
to the northern Gulf.

Management Implications

Reducing one nutrient alone (either N or P) will not solve the problem because the
system is overloaded with nutrients. For example, focusing on only nitrogen will only
lead to switching the system from P limitation to N limitation. Coastal nutrient pollution
is a multi-source problem, and in the case of N a multi-media (air and water) problem,
which is manifested in a cascade of environmental effects (Galloway et al. 2003). The
complex nature (multi-media, multi-source, multi-state, multi-effect) of coastal nutrient
pollution necessitates the development of integrated management plans. Unfortunately,
in the U.S., air management legislation (e.g. Clean Air Act) and management of coastal



waters (e.g. Clean Water Act, Coastal Zone Management Act) are not coordinated. The
Total Maximum Daily Load (TMDL) requirements under the Clean Water Act and other
state level management plans, which have been designed to address coastal N pollution,
often do not adequately consider the role of AD-N in estuarine N loading (NCDENR
1999, NYDEC and CTDEP 2000). Similarly, air quality standards have failed to
consider the impact of atmospheric N emissions on coastal water quality (e.g. secondary
standards). It is strongly recommended that management of this system be approached in
an integrated manner that recognizes contributions from various sources (i.e. point
sources, atmospheric deposition and other non-point) and across state and international
borders (the Mississippi River watershed contains 31 states and extends into Canada).
The Mississippi River/Gulf of Mexico Watershed Nutrient Task Force should continue to
work to integrate multi-state programs among agencies responsible for air and coastal
waters management.
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Figure 1: Annual hypoxia in the northern Gulf of Mexico
(Rabalais 2008).
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Figure 3: Time series of monthly total nitrogen (TN) loadings for the

Mississippi River from 1974-2008. Line represents the linear trend,
but does not imply statistical significance.
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Figure 5: Time series of monthly total Kjeldahl nitrogen (TKN)
loadings for theMississippi River from 1974-2008. Line
represents the linear trend, but does not imply statistical
significance.
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Figure 2: Location of USGS riverine monitoring stations for the
Mississippi (St. Francisville) and Atchafalaya (Melville) Rivers.
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Figure 4: Time series of monthly nitrate + nitrite loadings for the
Mississippi River from 1974-2008. Line represents the linear trend,
but does not imply statistical significance.
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Figure 6: Time series of monthly ammonia loadings for the Mississippi
River from 1974-2008. Line represents the linear trend, but does not
imply statistical significance.
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Figure 13a:Time series of monthly molar ratio of dissolved

inorganic nitrogen (DIN) to dissolved inorganic phosphorus (DIP)

in combined loadings for the Mississippi and Atchafalaya Rivers
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Time series of monthly total nitrogen (TN) loadings for
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Figure 16: Seasonal mean loading of nitrate + nitrite, total Kjeldahl nitrogen
(TKN), ammonia, total phosphorus and total nitrogen for the Atchafalaya
River from 1979-2008. Loadings for each constituent are generally highest
in the spring and generally lowest in the fall and differ significantly by
season (Wilcoxon, a=0.05). Exceptions to this are ammonia, where spring
and winter are not significantly different but are greater than summer and
fall loads, and TN and TP, where summer and winter loads are not
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Figure 13b: Time series of monthly molar ratio of total nitrogen (TN)
to total phosphorus (TP) in combined loadings for the Mississippi
and Atchafalaya Rivers from 1979-2008. Line represents the linear
trend, but does not imply statistical significance.
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ammonia, TP and TN loadings for the Mississippi River for
the period 1974 to 2008.
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Figure 20: Sale of nitrogen and phosphorus fertilizers in the
Mississippi River watershed for the period 1974 to 1991. From the
NOAA CADS database (2007).

s

Figure 22: Location of National Atmospheric Deposition Program
wet deposition monitoring sites in the study area. 14
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Figure 19: Spearman correlations of Nitrate plus Nitrite,
ammonia, TKN, TP and TN loadings for the Atchafalaya
River for the period 1979 to 2008.
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Figure 21: Sale of nitrogen and phosphorus fertilizers in the “large
source states” of Mississippi River watershed for the period 1974
to 1991. From the NOAA CADS database (2007). These states
contain high polluting counties which account for 15% of the
watershed area and 80% of the N loading (EWG, 2006). States
include: Arkansas, lllinois, Indiana, lowa, Kentucky, Louisiana,
Michigan, Minnesota, Mississippi, Missouri, Nebraska, Ohio,
Oklahoma, South Dakota, Tennessee and Wisconsin.
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Figure 23: Wet inorganic nitrogen deposition from National
Atmospheric Deposition site LA12 (Iberia Parish, Louisiana). The
trend line is composed of a three-year, centered, weighted-moving
average value. Points depicted with triangles did not meet the
NADRP criteria for completeness (NADP, 2008) and are not included
in the trend line.
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Annual inorganic N wet depositions, 1983-2007
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Figure 24: Wet inorganic nitrogen deposition from National
Atmospheric Deposition site LA30 (Washington Parish Parish,
Louisiana). The trend line is composed of a three-year, centered,
weighted-moving average value. Points depicted with triangles did not
meet the NADP criteria for completeness (NADP, 2008) and are not
included in the trend line.
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Figure 26: Wet inorganic nitrogen deposition from National
Atmospheric Deposition site TX21 (Gregg County, Texas). The
trend line is composed of a three-year, centered, weighted-moving
average value. Points depicted with triangles did not meet the
NADRP criteria for completeness (NADP, 2008) and are not included
in the trend line.
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Figure 28: Relationship between annual TN load and average flow
for the Mississippi River. Line represents the linear trend, but

does not imply statistical significance. Spearman rank correlation
coefficient is significant at a=0.05. 15
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Figure 25: Wet inorganic nitrogen deposition from National
Atmospheric Deposition site MS10 (Hinds County, Mississippi).
The trend line is composed of a three-year, centered,
weighted-moving average value. Points depicted with triangles
did not meet the NADP criteria for completeness (NADP, 2008)
and are not included in the trend line.
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Figure 27: Human population for the Mississippi River Basin
(including Atchafalaya watershed). From U.S. Census data 1970-

2000.
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Figure 29: Relationship between annual TP load and average flow
for the Mississippi River. Line represents the linear trend, but
does not imply statistical significance. Spearman rank correlation
coefficient is not significant at a=0.05.
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