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Additional details of the model development, testing and utilization, not presented in the brief communication “Net anthropogenic N input to the Mississippi River Basin and nitrate flux to the Gulf of Mexico” are provided here.    Calculated values of annual NANI for the Mississippi River Basin (MRB) appear in Figure 1s together with measured annual values of water yield and riverine nitrate flux for the Mississippi River at St. Francisville, Louisiana, USA. 

METHODS

Observed Riverine Nitrate Concentrations and Flux

Riverine nitrate concentration was measured at St. Francisville, Louisiana, between 1955 and 1999 as described by Goolsby et al. (1999).   Annual water yield was based on discharge measured at Tarbert’s Landing, Mississippi, and the flow diverted to the Atchafalaya via the Old River outflow. Ninety eight percent of the entire MRB lies upstream of these measurement locations. Between 1955 and 1967, water samples were collected daily and combined for periods of 10 to 30 days to form a composite sample that was analyzed for nitrate using phenoldisulfonic acid method.  Nitrate flux during this period was estimated by multiplying the composite concentration by the discharge measured during the period that samples were collected.  After 1967, water samples were taken approximately once per month and were not composited.  Nitrate flux for this period was calculated using the rating curve approach as described by Cohn et al. (1992) and Goolsby et al. (1999).  In employing the rating curve method, it was observed that the concentration at St. Francisville depended on discharge at Tarbert’s landing and the proportion of discharge coming from the Mississippi River above the Missouri River, which has considerably greater nitrate concentration than the Missouri or the Ohio Rivers.  The rating curve that accounted for the greatest portion of variation in daily nitrate flux at St. Francisville was based on discharges from the Mississippi River at Alton, Illinois and discharge at the mouths of the Missouri and Ohio Rivers.

In the early 1970s, the method of determining nitrate concentrations was changed to automated cadmium reduction.  There does not appear to be any change in concentrations or flux estimates associated with the changes in methodologies employed during different periods (Goolsby et al., 1999; Goolsby and Battaglin, 2001). 

Estimating NANI 
With minor exceptions, we used methods described by Goolsby et al. (1999) to estimate the relevant annual N inputs and outputs for the 20 states that cover 89% of the MRB.  Inputs and outputs were expressed per unit area (3.39 million km2) of the 20 states, and this N use intensity was assumed to represent the 11% of the drainage basin that lie outside of these states.  Approximately 8% of the 20-state region lies outside of the MRB. 

The NANI approach consists of the sum of N inputs in fertilizer, biological fixation, and atmospheric NOy deposition, minus the net N exported from the basin in food and feed products (Howarth et al., 1996). The net N export from the basin in food and feed products was calculated as the sum of N in harvested crops, hay and pasture, minus the N retained in animal wastes and for human consumption. The N excreted in livestock waste was estimated based on population sizes and estimates of excreted N per capita for different species and age classes.  Actual N consumption by domestic animals in the basin will be greater than the excreted N by the amount that is assimilated into animal tissues and animal products (e.g., milk and eggs).  By using estimated manure production to estimate N retention, the N assimilated into animal based food products was implicitly estimated.   The per capita N consumption by humans was estimated to be 4.53 kg N yr-1 based on analysis of protein consumption and age structure of the Illinois population (David and Gentry, 2000).   This N was also subtracted from the harvested N as the NANI approach assumes that the quantity of N in food products that exceeds the estimated demands of the human population would be exported from the basin and thus not available for transport to surface waters. 

Nitrogen fertilizer input was taken from state-level fertilizer sales statistics compiled by Alexander and Smith (1990), Battaglin and Goolsby (1995) and USDA (1998).  NOy deposition from 1984-96 was estimated based on the National Atmospheric Deposition Program measurement of wet NO3- deposition and assuming dry NO3- deposition to be 0.7 times the wet (Goolsby et al., 1999).  In contrast to the CENR analysis, we assumed NOy deposition from 1955-1984 was proportional to national estimated NOx emissions (USEPA, 2000), following the approach used by David and Gentry (2000). For each year prior to 1984, the 1994-1996 average NOy deposition was multiplied by the annual estimated NOx emissions divided by the estimated 1984-1996 NOx emissions. For instance, estimated national NOx emissions in 1955 were 48% of 1984-96 average emissions; therefore, the estimated NOy deposition for 1955 was 48% of the 1984-96 estimated deposition. 

Biological N2 fixation in association with legume crops, hay and pastures was estimated based on values reported in the literature for soybeans (0.91 kg N bu-1), alfalfa (218 kg N ha-1 yr-1), non-alfalfa hay (116 kg N ha-1 yr-1) and pasture (15 kg N ha-1 yr-1) (David and Gentry 2000; Goolsby et al. 1999; Jordan and Weller, 1996).  Soybean production and areas devoted to hay and pasture were taken from state level historical statistics compiled by USDA (1998).  Nitrogen harvested in corn, soybeans, wheat, sorghum and hay was estimated from state level crop production statistics multiplied by the average N content of each product (Table 1).  Except for soybeans, these values were identical to those used by Goolsby et al. (1999).  For soybeans Goolsby et al. (1999) used a value of 1.78 kg N bu-1, which is considerably greater than 1.5 kg N bu-1 used by Burkhart and James (1999) or 1.61 kg N bu-1 used by Kellog et al. (2000). 

Human population was estimated from state level US Census data and interpolation between census years.   Livestock population sizes were taken from year-end inventories populations in state level production statistics compiled by USDA (1998).    The year-end inventories were assumed to be representative of average populations during the entire year for all species except for steers, turkeys and two thirds of heifers which were assumed to produce manure N for an average of 170, 122 and 170 days, respectively (Goolsby et al. 1999). 

NANI does not address exchanges with soil organic N and implicitly assumes that organic N mineralization and immobilization are approximately equal. This latter assumption is reasonable if soil organic N content is relatively steady over time. The limited number of measurements and simulation studies that are available to assess changes in soil organic matter in the MRB suggest that soil organic N levels have been, on average, approximately constant from 1950 to 1999 (Paul et al., 1997; Aref and Wander, 1998; Donigian et al., 1997; Patwardhan et al., 1997).  

Model Development and Diagnostic Testing

Calculated values of NANI provide an estimate of N that is available for denitrification, immobilization, leaching to ground water, and transport to surface waters.  Some portion of the NANI may be transported to surface water quickly whereas other fractions may be transported slowly after cycling through crop residues and soil organic matter. We tested linear and non-linear relationships between NANI and flow weighted nitrate concentration and riverine nitrate flux, in which NANI was averaged over 1 to 12 years and lagged over 0 to 8 years to account for transport time and temporary storage of NANI in the basin.  Models that combined NANI and water yield, similar to the Caraco and Cole (1999) model, were also tested.  Functional forms and time periods over which NANI was averaged and lagged were evaluated on the basis of model root mean square error, coefficient of determination, and autocorrelation of residuals.  The significance of the residual autocorrelation function was tested using the Ljung-Box Q statistic.

We evaluated the effect of co-linearity of water yield and NANI during 1960-1998 by conducting the regression analysis with the 1973-1998 data, since the correlation between water yield and NANI terms was not significant during this period.   The resulting coefficients were not statistically different than those appearing in Equation [1]. 

For this period, the following equation accounted for 91% of the variation in annual nitrate flux:

NF= 0.20*WY0.96*e(0.17*NANI2-5+0.09*NANI6-9))


[1s]

Symbols used in Eq. [1s] retain the same meaning as defined for Eq. [1].  The residual autocorrelation function was not statistically significant (p<0.05). As with Eq. [1], the coefficient of NANI2-5 is statistically greater than the coefficient of NANI6-9 (p<0.05). None of the coefficients in Eq. [1s] are statistically different from the corresponding coefficient in Eq. [1], suggesting that the effects of colinearity of independent variables in Eq. [1] are not great. Although the coefficients in the two equations are not statistically different, the larger coefficients of NANI2-5 and NANI6-9 in Eq. [1s] will result in estimated mean nitrate flux values that are more sensitive to changes in NANI than predicted by in Eq. [1].  

We also conducted an uncertainty analysis of our predicted nitrate-N flux at reduced fertilizer application rates.  Depending on the N input term considered, we assumed that our estimates of N inputs were within 5 and 30% of the true value as indicated in Table 2.   Monte Carlo simulations were conducted assuming a uniform distribution of values for input variables within the range of uncertainty, and preserving the correlation between these input terms.  We also accounted for uncertainty in regression parameter estimation.  We then calculated 95% confidence intervals for the mean annual predicted nitrate flux, and partitioned the variance in the nitrate flux predications according to uncertainty in estimated N input terms and regression parameters.   This analysis indicated that 95% of the variance in estimated nitrate flux was due to statistical estimation of the regression parameters, and 5% of the variance was due to uncertainty in estimating the components of NANI (Table 3). This result was due, in part, to the effect of averaging NANI over 4-year intervals, which reduces random estimation errors, and due to the correlation among N input terms.  

The regression analysis will compensate for consistent errors in estimating NANI by adjusting the coefficients to optimize the fit between the estimated NANI and observed nitrate flux. If, for instance, the true value of NANI was consistently 10% greater than our estimate, the resulting regression coefficients would be 10% lower than if we had used the true value of NANI, but the estimated nitrate flux would not be influenced.  Regression methods would not account for any trend in errors in estimating NANI.   If, for instance, N fixation rates have increased at a significantly different rate than estimated, this would constitute an error in our analysis.   Further research is needed to more precisely quantify changes in N fluxes.   Estimates of biological N fixation appear to be more uncertain than other estimates of N sources and sinks considered in this study.   
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Table 1s. Nitrogen content in crop and pasture products used to estimate annual N harvested in MRB.

Crop

Harvest Unit

N







(kg)

Alfalfa


ton

23.6

Corn for Grain

bu

  0.331

Corn for Silage 
ton

  3.27

Sorghum for grain
bu

  0.363

Sorghum for silage
ton

  6.70

Soybeans 

bu

  1.61

Wheat


bu

  0.499

Other Hay

ton

20.0

Pasture


ton

20.0


Table 2s.  Assumed uncertainty in the annual N input and output terms used in the uncertainty analysis of riverine nitrate flux estimates produced by the regression equation developed in this study. The uncertainty percentage indicated the range of probable deviation between the annual estimated value and the true value of each variable.

Variable 

Uncertainty


  
(%)

N fixation
 
 30

N fertilizer use 

   5

N harvested in crops and pasture
 
 10

N consumed by humans and excreted by livestock 
 10

Atmospheric NOy Deposition
 
 10

Water Yield  

   5


Table 3s.  Relative contributions to the variance in the estimated values of riverine nitrate flux using Eq. [1] and assumed input uncertainties appearing in Table 2s.  


Associated  % of variance in 

Source of uncertainty
estimated riverine nitrate flux 

Regression parameter a†
52.6

Regression parameter b
  7.9

Regression parameter c
32.1

Regression parameter d
  2.0

N Fixation
  2.4

N Fertilizer
  1.9

N Harvest
  0.8

N in animal manure and 

    human consumption
  0.2

NOy Deposition
  0.1

Water Yield
  0.0

TOTAL
100.0


 † Form of Equation: NF = a*(WYb) e(c*NANI2-5 + d*NANI6-9)
Figure Caption

Figure 1s. Time series of net anthropogenic N input (NANI) calculated for the Mississippi River Basin, annual water yield measured at Tarbert’s Landing, and the Old River outflow, and annual nitrate N flux estimated based on nitrate concentrations measured at St. Francisville, Louisiana.  
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