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The intent of this memorandum is to report and explain progress on the second phase of 
Exponent’s FY2019 Restoration Research Program awarded contract. After data were collected, 
aggregated, and processed in the first phase, the second phase involved developing, 
implementing, and interpreting statistical analyses to evaluate the effect of best management 
practice (BMP) implementation on annual pollutant loads. These analyses addressed the first of 
three hypotheses stated in Exponent’s proposal (dated February 20, 2019) and clarified in 
Exponent’s response to reviewer comments (dated March 27, 2019):  

1. An increase in BMP-treated area by 0.6% of a watershed area reduces 
pollutant export by 5%. 

This memorandum will also provide a “road map” to describe the remaining statistical analyses 
that will be performed, which will form the third deliverable. The third phase of this project will 
test the remaining two hypotheses:  

2. Stream water sampling at seven-hour frequencies using an automated sampler 
is sufficient to reduce maximum load estimate error rates to 15%. 

3. The uncertainty of pollutant loads estimated at different sampling frequencies 
significantly differs with watershed size, land use, area of impervious surface, 
rainfall, and hydrology. 

1 Methods  

1.1 Data Correction and Summary 
Upon further review of the BMP data, it became apparent that there were several inconsistencies 
in the data reported in the Maryland Department of Environment’s (MDE’s) StormwaterPrint 
geodatabase. Specifically, the reported impervious surface area treated by certain individual 
BMPs was unreasonable and exceeded the watershed size. For example, there were a few 
instances where the treated area was reported as 77,777 acres. In such instances, we set the 
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treated areas associated with these BMPs to zero, as a corrected treated area was not possible to 
be determine. Furthermore, for the computation of flow-weighted mean concentrations 
(FWMCs), a small inconsistency in the time differencing function in R was observed. This 
resulted in slight underestimations of FWMCs for site 01491000 for the years 1992 and 2005, 
which have been amended. All other calculations in the data set remain the same. The updated 
dataset is provided in file “MS4_USGS_LoadsRevised11192019.xls” in the supporting material 
for this deliverable.   

The 28 watersheds (6 Municipal Separate Storm Sewer System [MS4] and 22 U.S. Geological 
Survey [USGS]) for which quality-controlled, year-aggregated data were compiled for this 
analysis are shown in Table 1. While raw data received contained a minimum of 10 years of 
data, in some cases as few as 2 years passed the series of quality control and data completeness 
metrics described in Exponent’s Technical Memorandum #1 (dated October 31, 2019). 

Table 2 summarizes the size of each watershed and area treated by BMPs, both in acres and as a 
percentage of total watershed area. As BMPs were derived from MDE’s StormwaterPrint 
geodatabase, which catalogues each BMP individually without accounting for spatial overlap, 
BMP as the percentage of the watershed may be overestimated in some instances, such as 
CR15MSI000003 showing greater acreage of BMPs than the size of the watershed. Accounting 
for the “treatment train” effect of BMPs, the potential for decreasing efficiency of BMPs over 
time, and the variability in BMP performance by BMP type is beyond the scope of this analysis. 
However, the provision of R code and raw data in this and previous deliverables mean that the 
results of this project can be leveraged in future studies. 

1.2 Data Analysis  
As stated in Exponent’s Technical Memorandum #1, the intended analysis cannot be conducted 
as originally stated and must be amended. As described in Exponent’s proposal, data were 
intended to be analyzed using a linear mixed effects model, by regressing the annual pollutant 
loads (mass per year, in kg/year), yields (mass per watershed area, in kg/ha), and FWMCs (in 
mg/L) over time, with fitted model coefficients to account for changes in BMP-treated area, 
impervious surface area, and other differences between watersheds not directly measured.  

However, because of the incomplete record and unequal time intervals between and within 
watersheds, regressing pollutant loads, yields, and FWMCs over time would not produce 
representative results. Without the temporal component, our methods are consistent with those 
of Reisinger et al. 2019.1 Use of a single linear mixed effects model with nested structure results 
in a combination of fixed and random effects to explain variability in pollutants within and 
between watersheds. 

                                                 
1  Reisinger, A.J., E. Woytowitz, E. Majcher, E.J. Rosi, K.T. Belt, J.M. Duncan, S.S. Kaushal, and P.M. 

Groffman. 2019. Changes in long‐term water quality of Baltimore streams are associated with both gray and 
green infrastructure. Limnology and Oceanography, 64:S60–S76. 
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The linear mixed effects model simplifies the analysis by regressing pollutant loads, yields and 
FWMCs against the percentage of a watershed’s area treated with BMPs and percentage of a 
watershed’s area composed of impervious surface, accounting for other watershed differences 
through use of a random factor:  

𝑦𝑦𝑖𝑖𝑖𝑖 =  𝛽𝛽1𝑥𝑥1𝑖𝑖𝑖𝑖 + 𝛽𝛽2𝑥𝑥2𝑖𝑖𝑖𝑖 + 𝑏𝑏𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖                                        (Eq. 1) 

where 𝑦𝑦𝑖𝑖𝑖𝑖 is the jth pollutant value for watershed I; 𝛽𝛽1 and 𝛽𝛽2 are the model fixed-effect 
coefficients for 𝑥𝑥1𝑖𝑖𝑖𝑖, which is the percentage of watershed area treated by BMPs, and 𝑥𝑥2𝑖𝑖𝑖𝑖, 
which is the percentage of watershed area that is impervious for observation j in watershed I; 𝑏𝑏𝑖𝑖 
is the random-effect coefficient for watershed I; and 𝜀𝜀𝑖𝑖𝑖𝑖 is the error term. Multicollinearity 
between percent BMP-treated area in a watershed and percent impervious surface in a watershed 
was considered but determined not to impact the fitted model results because the variance 
inflation factor (VIF) was less than two for all models2.  

The linear mixed effects model as outlined above has been conducted in two stages:  

1) Using the MS4 data alone to understand whether the current data collection 
methods required by the MDE are sufficient to detect a statistically significant 
effect of BMP-treated area on annual pollutant loads, yields and FWMCs; and  

2) Using MS4 data combined with USGS data to understand whether additional 
data from other Maryland watersheds, with contrasting land cover, would 
improve the explanatory power of the model variables.  

As stated in Technical Memorandum #1, if significant relationships between water quality and 
percent BMP-treated area were observed, Exponent anticipated conducting a thinning analysis.  
This analysis would have involved standardizing the raw data used to calculate annual loads, 
yields, and FWMCs to 12 samples a year and then iteratively reducing the data set, by thinning 
it at intervals from 90 to 10%, to understand the minimum level of information required to 
detect an effect of BMP-treated area on water quality.  

However, as discussed below, this iterative analysis was not necessary because the regression 
models based on all data did not show that the percentage of a watershed’s area treated with 
BMPs had a significant or large effect on pollutant loads, yields, or FWMCs. Therefore, 
reducing the data set would not be meaningful since it would reduce the statistical power and 
ability to detect an effect of BMP-treated area on pollutant export, which was not detected even 
at the maximum available statistical power of the data set. At this existing sample size, there are 
likely additional factors not included in the fitted regression model that would help explain 
pollutant variability.  Including such additional explanatory factors in the analysis may explain 
pollutant variability more than just increasing the sample size of the limited variables in the 
existing data set.   

                                                 
2  Zurr, A.F., E.N. Ieno, and C.S. Elphick. 2010. A protocol for data exploration to avoid common statistical 

problems. Methods in Ecology and Evolution, 1:3-14. 

http://dx.doi.org/10.1111/j.2041-210X.2009.00001.x
http://dx.doi.org/10.1111/j.2041-210X.2009.00001.x
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2 Results and Data Analysis  

2.1 MS4 Data  
Figure 1 shows the relationship between the yield and FWMC measures of the three pollutants 
and the percentage of MS4 watershed areas treated with BMPs. The watershed with maximum 
BMP treatment (CR15MSI000003) reflects generally low pollutant levels that are within the 
range observed for watersheds without BMP treatment. This watershed is the smallest area 
among the six MS4 watersheds assessed. The remainder of the MS4 watersheds do not appear to 
show a pattern of decreasing yields or FWMCs with increasing proportion of BMP-treated area. 
The second highest BMP implementation was in watershed CR15MSI000004, which had 
consistently about 37% of the total area treated with BMPs, yet pollutant levels were generally 
within the same range of or higher than other MS4 watersheds. This is likely because factors in 
addition to the percentage of watershed area treated with BMPs are required to explain 
variability in pollutant load. 

In fact, evaluating temporal trends in pollutants shows very few watersheds with a clear and 
consistent trend over time. Figures 2, 3, and 4 show yields and FWMCs of suspended sediment, 
total nitrogen, and total phosphorus over time for the MS4 watersheds. Fitted linear trend lines 
are shown on each plot, with results of the Mann-Kendall trend test3 shown at the top of each 
plot. Time trend analysis included only watersheds with more than 90% of drainage area within 
Maryland with more than 5 years of data that passed quality control. None of the MS4 
watersheds for any of the plotted pollutant measures shows a statistically significant trend over 
time. Pollutants are highly variable between watersheds, as expected (which is the reason for 
inclusion of a random-effect coefficient for watershed in the linear mixed effects models). 

Fitted models assessed whether BMP implementation is a good predictor of changes in pollutant 
export. The linear mixed effects models included terms to adjust for the percent impervious 
surface and overall differences between individual watersheds in addition to the percentage of 
watershed area treated with BMP. Suspended sediment as well as total nitrogen and total 
phosphorus, expressed as annual load, area-weighted yield, and FWMCs, were evaluated to 
assure watershed area or flow differences did not obscure detectable trends.  

The fitted model did not include a temporal (time-series) trend because of the inconsistencies in 
years of available data between watersheds. The MS4 data review, as described in Technical 
Memorandum #1, identified incomplete sampling and discharge records that resulted in 
exclusion of years with less than 90% complete data for any watershed.  

Table 3 summarizes the fitted mixed effects models for suspended sediment, total nitrogen, and 
total phosphorus for the MS4 watersheds. Model results show that pollutant variability is not 
significantly related to the percentage of a watershed treated with BMPs, even when accounting 
for variability attributable to overall differences between watersheds and percent impervious 
                                                 
3 The Mann-Kendall trend test is a non-parametric test (which does not require meeting the assumption of 

normality of residuals) used to detect a consistently increasing or decreasing (i.e., monotonic) trend. 
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surface area. The negative coefficients for “%Treated” in Table 3 suggest lower pollutant export 
with increased BMP treatment, but individual watersheds show varying relationships. Analysis 
of the monitoring data from 2006 to 2016 for site number FR99MSI000058, which has seen the 
largest increase in use of BMPs, provides no evidence of a meaningful trend with BMP 
implementation for any of the three pollutants evaluated (Figure 1).  

Phosphorus is the only pollutant showing a statistically significant effect from BMP 
implementation. Using the fitted model for annual phosphorus load (which has the lowest p-
value for “%Treated”), a 0.6% increase in BMP use would predict a 1% reduction in phosphorus 
load. Other measures of pollutants changed by less than 1% for the same 0.6% increase in BMP-
treated area. Nitrogen declines with increasing BMP use but that relationship is only statistically 
significant for loads (not yields or FWMC). Suspended sediment export is not statistically 
significantly related to the percentage of BMP-treated area.  

FWMCs of all three pollutants are more closely related to the “%Impervious” area than to the 
percentage of the watershed with BMP treatment. However, the negative coefficients for the 
relationship of impervious surface and FWMC for all three pollutants suggest that flow-
weighted pollutant load decreases with increasing impervious surface.  This result is unexpected 
and deserves further study.  It may stem from the influence of watersheds in which agricultural 
land was converted to urban land, thereby decreasing pollutant export from agricultural runoff at 
the same time as impervious surface increased.  

To better understand whether these results were a statistical artifact of combining treated and 
untreated impervious surface into one predictor, the relationship of pollutant export to only 
untreated impervious surface in a watershed was explored in the plots and model results shown 
in Attachment A.  Table A1 shows that percent untreated impervious surface in a watershed is 
positively significantly related to nitrogen and phosphorus annual load and phosphorus area-
weighted annual yield.  For those three metrics, higher pollutant export is potentially attributable 
to greater proportions of untreated impervious surface areas in these MS4 watersheds. However, 
unlike the relationships with all “%Impervious” area, FWMC is not related to only 
“%Impervious Not Treated” area for any of the three pollutants. 

2.2 MS4 and USGS Data Combined   
As with MS4 watersheds alone, when combined with USGS watershed data, trends in 
suspended sediment, nitrogen, and phosphorus were not consistently related to BMP 
implementation, whether expressed as annual load, yield, or FWMC. Similar to results for the 
MS4 sites alone, phosphorus load was most closely related to proportion of watershed area 
treated with BMPs (p-value = 0.0456), and the relationship was negative, as expected (less 
phosphorus load as percentage of watershed treated with BMPs increased).  

Figures 2, 3, and 4 demonstrate the variability between watersheds. Two USGS watersheds 
(01493112 and 01594710) show consistent increasing trends in yields and FWMCs. Watershed 
01594710 consistently demonstrates increasing trends for all of the pollutants, while watershed 
01493112 shows increasing trends for only suspended sediment and total phosphorus. A few 
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other USGS watersheds show trends, both increasing and decreasing, for individual pollutant 
FWMCs. As the impact of BMPs was assumed cumulative (i.e., it was assumed that a watershed 
BMP would continue to treat the same number of acres in the years after its installation), 
watersheds with increasing BMPs and increasing pollutant export may be experiencing 
population increase rates greater than BMP implementation rates. Conversely, decreasing 
nutrient export from USGS watersheds with decreasing agricultural land cover may be 
attributable to decreased agricultural nutrient loading rather than increased BMP treatment. 

Expanding the evaluation of BMP treatment on pollutants to include USGS watersheds 
increases the statistical power to detect effects, but also increases variability. An additional 
model term for the percentage of a watershed used for cultivated crops or agriculture was added 
to account for and explain some of the additional variability between watersheds. Among the 
USGS watersheds, agricultural area accounts for up to 88% of a watershed’s total area.  

Figure 5 shows pollutant yields and FWMC in relation to the percentage of watershed area 
treated with BMPs for MS4 and USGS watersheds combined. The USGS watersheds reflect a 
similar range of nitrogen and phosphorus as MS4 watersheds; however, some USGS watersheds 
export more suspended sediment than MS4 watersheds. Furthermore, with adjustment for flow, 
BMP treatment up to 20% appears unrelated to nitrogen and phosphorous levels based on the 
wide range of values. Low BMP treatment is likely in agricultural watersheds; therefore, land 
use may be related to nitrogen and phosphorus levels in these watersheds. 

Table 4 summarizes the formal statistical evaluation of BMP treatment on pollutant levels in the 
MS4 and USGS watersheds. As supported by the lack of association shown in Figure 5, BMP 
treatment was not significantly related to changes in pollutants, after adjustment for overall 
differences between watersheds and the percentage of watershed area with impervious surface 
and cultivated crops. Table 4 shows the lack of significance for percent BMP-treated area and 
the variability in coefficient values (positive and negative), which suggests no clear pattern of 
increasing or decreasing pollutants with increasing BMP treatment. 

3 Discussion and Conclusions 
Various data summaries and statistical analyses evaluated relationships between BMP-treated 
area and annual sediment, nitrogen, and phosphorus levels yet provided little indication of an 
association. The plots shown in Figure 1 and Figure 5 demonstrate the lack of association 
between BMP-treated area and the pollutant variables expressed on a total annual, area-
weighted, or flow-weighted basis. The statistical models summarized in Table 3 and Table 4 
 formally quantify the lack of associations, even after accommodating differences between 
watersheds not otherwise addressed through the percentage of impervious surface and 
agricultural area. Additional plots and regression analyses included in this deliverable further 
explore this lack of association. 

One other notable, unexpected result from this analysis is the negative relationship between 
pollutant export and impervious surface. Because it is directly exposed to the atmosphere, 
impervious surface can be particularly susceptible to the atmospheric deposition of nutrients 
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such as nitrogen.4 Thus, storm runoff from these surfaces, if not routed through a watershed 
BMP that removes nutrients from runoff, may increase nutrient loading to receiving streams, 
and atmospheric deposition via this pathway can contribute a large amount of nitrogen to 
estuaries such as the Chesapeake Bay. 5,6 

Likewise, impervious surface is associated with urban land use, and nutrient and sediment 
sources in these environments include effluents from septic systems, wastewater treatment 
plants, residential lawns, and leaking gray infrastructure. 7 However, other than atmospheric 
deposition, the density of septic systems, wastewater treatment plants, residential lawns, and 
leaking gray infrastructure in an impervious landscape is likely to be highly variable, and not 
related linearly to impervious acreage. Thus, in watersheds monitored to comply with MS4 
regulatory requirements, it is possible, because of the lack of one or all of these sources due to 
BMPs and capital improvements reducing nutrient and sediment export, that impervious surface 
may not be a significant source of nutrient loading in these watersheds.  

Variability in suspended sediment, total nitrogen, and total phosphorus concentrations reflect a 
wide range of conditions beyond the factors accounted for in the analyses presented in this 
memorandum. Quantification of BMP treatment assumed fixed area for each category of BMPs. 
This may create an additional source of uncertainty and thus variability not accounted for in the 
analyses. This analysis focuses on the ability to measure variability in load accurately as a 
function of BMP implementation; however, the ability to explain and understand the full suite of 
complex causes of pollutant load change likely requires the inclusion of additional explanatory 
variables not within the scope of this analysis. 

A more powerful model for analysis would be a before-after-control-impact (BACI) study 
where conditions are controlled between sites and varying levels of BMP treatment. A BACI 
study would measure pollutant levels at multiple sites within a watershed to match conditions 
with and without the effect of BMP treatment. This type of study is not possible from the 
available monitoring data because comparable control sites have not been identified and 
implementation of BMPs is continual, thus no before-and-after periods can be defined.   

The analyses presented addressed the stated hypothesis outlined in the proposal and response to 
comments. The lack of relationship between BMP-treated area and watershed pollutant levels 
provides no basis to predict a reduction in pollutant export level for a specified increase in 
BMP-treated area. An increase in BMP-treated area by 0.6% of a watershed will not necessarily 
reduce pollutant export, and not specifically by 5 percent. As stated in the proposal and clarified 
                                                 
4  Hope, D., M.W. Naegeli, A.H. Chan, and N.B. Grimm. 2004. Nutrients on asphalt parking surfaces in an urban 

environment. Water, Air and Soil Pollution: Focus, 4(2–3):371–390. 
5  Ibid. 
6  Fisher, D.C., and M. Oppenheimer. 1991. Atmospheric nitrogen deposition and the Chesapeake Bay 

estuary. Ambio, 20(3/4):102–108. 
7  Carey, R.O., G.J. Hochmuth, C.J Martinez, T.H. Boyer, M.D. Dukes, G.S. Toor, and J.L. Cisar. 2013. 

Evaluating nutrient impacts in urban watersheds: Challenges and research opportunities. Environmental 
Pollution, 173:138–149. 
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in the response to comments on the proposal, the secondary analyses to quantify the effect of 
BMPs on water quality and analysis to determine the minimum amount of data to detect the 
effect is not necessary and will not be performed.  

4 Approach for Next Deliverable 
The road map for future analysis of the high-frequency data is unchanged from Exponent’s 
proposal. Coefficients derived from the robust regression or ordinary least squares regression 
model between turbidity and total phosphorus and turbidity and suspended sediment 
concentration (SSC) will be used to transform the near-continuous turbidity data into near-
continuous total phosphorus and SSC data. Nitrate is measured in situ, therefore no surrogate 
measurement is necessary.  

Data will then be thinned to assess the effect of sampling frequency on the uncertainty of 
pollutant load and FWMC estimates using the sampling methods defined in Table 5. 

 and load estimation algorithm described in Equation 1 of Technical Memorandum #1. An 
example R script with example data was provided in the folder “Example Sampling Analysis” 
of Deliverable #1 to demonstrate how this analysis will be conducted.  

5 Summary 
This phase II analysis found little relationship between BMP-treated area in a watershed and 
annual estimates of sediment, nitrogen, and phosphorus export calculated from MS4 and USGS 
data.  The variability in annual load, area-weighted yield, and FWMCs is affected by a variety 
of climate and land-scape scale factors, as well as potential sampling uncertainty, which will be 
explored in the next deliverable. The ability to predict the impact of BMP implementation on 
watershed-scale annual load changes may also depend on time-varying processes and lags, types 
and effectiveness of BMPs, and accuracy of quantifying BMP magnitude in terms of 
characteristics most relevant for load reduction. 

After compiling and assessing the relationship between pollutant export and BMP 
implementation in MS4 and USGS data, the remainder of the project focuses on understanding 
sampling uncertainty and impacts of sampling frequency on annual load estimation. This will 
assist the Chesapeake Bay Trust and other stakeholders in comparing the costs and benefits of 
different sampling methods in terms of the accuracy of their ability to calculate true annual load.  
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Figure 1.   Relationship between pollutant yields and FWMCs and BMP implementation for MS4 watersheds.
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Figure 2a.  Temporal trends by watershed in suspended sediment yield (area-weighted, kg/ha). The dashed line shows a linear model predicting yield from year, and results of a Mann-Kendal trend significance test are 
shown on the top right of each plot. 
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Figure 2b.  Temporal trends by watershed in suspended sediment FWMC (mg/L). The dashed line shows a linear model predicting FWMC from year, and results of a Mann-Kendal trend significance test are shown on the 
top right of each plot. 
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Figure 3a.  Temporal trends by watershed in total nitrogen yield (area-weighted, kg/ha). The dashed line shows a linear model predicting yield from year, and results of a Mann-Kendal trend significance test are shown on 
the top right of each plot. 
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Figure 3b.  Temporal trends by watershed in total nitrogen FWMC (mg/L). The dashed line shows a linear model predicting FWMC from year, and results of a Mann-Kendal trend significance test are shown on the top 
right of each plot. 
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Figure 4a.  Temporal trends by watershed in total phosphorus yield (area-weighted, kg/ha). The dashed line shows a linear model predicting yield from year, and results of a Mann-Kendal trend significance test are shown 
on the top right of each plot. 
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Figure 4b.  Temporal trends by watershed in total phosphorus FWMC (mg/L). The dashed line shows a linear model predicting FWMC from year, and results of a Mann-Kendal trend significance test are shown on the top 
right of each plot. 
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Figure 5.          Relationship between pollutant yields and FWMCs and BMP usage for all watersheds.
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Table 1. MS4 and USGS data set summary (X represents years for which each watershed has data for at least one pollutant 
that passed quality control criteria described in Technical Memorandum #1) 

 
a Watersheds with less than 90 percent of drainage area within Maryland.  
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Table 2.  Best management practices by watershed 

    Watershed Acres with BMP Treatment   BMP as % of Watershed 

  Site Number Area (acres) Min Max Change   Min Max Change 

MS4 1585225 1,843  --  15  15   -- 0.8% 0.8% 

 1585230 2,280  2  20  18   0.1% 0.9% 0.8% 

 AA94MSI000009 406  41  126  84   10.2% 30.9% 20.7% 

 CR15MSI000003 156  --  182  182   -- 116% 116% 

 CR15MSI000004 570  210  215  4   36.9% 37.7% 0.8% 

  FR99MSI000058 1,566   --   290   290     -- 18.5% 18.5% 

USGSa 1493112 4,095  --  --  0   -- -- 0 

 1583570 88  --  --  0   -- -- 0 

 1583800 1,265  49  176  127   3.9% 13.9% 10.0% 

 1589000 182,454  3,782  5,490  1,708   2.1% 3.0% 0.9% 

 1589025 192,523  4,594  6,978  2,384   2.4% 3.6% 1.2% 

 1589035 198,464  4,909  7,379  2,470   2.5% 3.7% 1.2% 

 1589180 221  12  17  5   5.6% 7.6% 2.1% 

 1589197 791  32  61  29   4.1% 7.7% 3.7% 

 1589290 2,157  127  138  11   5.9% 6.4% 0.5% 

 1589300 20,863  1,361  2,886  1,524   6.5% 13.8% 7.3% 

 1589330 3,519  417  624  207   11.9% 17.7% 5.9% 

 1589352 40,689  1,775  3,864  2,090   4.4% 9.5% 5.1% 

 1591000 22,395  0  38  37   0.0% 0.2% 0.2% 

 1594000 62,981  1,433  3,088  1,654   2.3% 4.9% 2.6% 

 1594440 224,019  1,828  13,707  11,879   0.8% 6.1% 5.3% 

 1594670 5,959  --  --  0   -- -- 0 

 1594710 1,978  --  --  0   -- -- 0 

 1649500 46,413  972  4,232  3,259   2.1% 9.1% 7.0% 

  1658000 35,338   173   508   335     0.5% 1.4% 0.9% 
a Includes only watersheds with more than 90% of drainage area within Maryland.  
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Table 3.  Summary of linear mixed effects models fit to all MS4 sites 

            Significance (p-value) 

Measure of Pollutants Intercept %Treated %Impervious %Treated %Impervious 

Suspended Sediment 

  Load 13.087 -1.327 -3.283 0.0629 0.1020 

  Yield 7.003 -0.872 -2.742 0.2044 0.1627 

  FWMC 6.280 -0.453 -4.603 0.1312 <0.0001 

Total Nitrogen 

  Load 8.390 -0.910 -0.779 0.0430 0.5580 

  Yield 2.507 -0.745 -0.577 0.0971 0.6681 

  FWMC 1.401 -0.033 -1.731 0.8320 0.0005 

Total Phosphorus 

  Load 6.319 -1.751 -0.162 0.0008 0.9143 

  Yield 0.355 -1.536 0.216 0.0036 0.8874 

  FWMC -0.467 -0.430 -2.033 0.0426 0.0005 
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Table 4.  Summary of linear mixed effects models fit to MS4 and USGS sites 

              Significance (p-value) 

Measure of Pollutants Intercept %Treated %Imperv. %Cult.Crop %Treated %Imperv. %Cult.Crop 

Suspended Sediment 

  Load 16.986 -0.854 -10.072 -4.777 0.3600 0.0006 0.0519 

  Yield 7.170 -0.840 -2.429 -0.362 0.3023 0.1594 0.7935 

  FWMC 5.432 0.538 -5.770 -0.145 0.5169 0.0129 0.9284 

Total Nitrogen 

  Load 9.368 -0.717 -0.961 0.545 0.1190 0.6526 0.8328 

  Yield 1.285 -0.718 1.980 2.934 0.0872 0.0983 0.0075 

  FWMC 0.184 0.369 0.639 1.888 0.1771 0.4091 0.0114 

Total Phosphorus 

  Load 6.563 -1.389 -0.361 1.132 0.0456 0.8950 0.7069 

  Yield -1.393 -1.115 1.766 3.515 0.0839 0.3126 0.0310 

  FWMC -2.518 -0.144 0.659 2.412 0.7794 0.6650 0.1005 
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Table 5: Descriptions of sampling methods to be assessed 

       a Sampling time frame restricted to hours a technician is likely to sample for manual sampling regimes.   
      b No sampling time frame restrictions for automatic samplers. 

 

Sampling Method No. Permutations Description 

Monthly  1,000 Sample taken every month 
(7 am–6:30 pm, M–F) a. 

Weekly  1,000 Sample taken every week 
(7 am–6:30 pm, M–F) a. 

Weekly + Storm  1,000 Sample taken every week 
(7 am–6:30 pm, M–F) a with a daily sample 
taken when flow >10th percentile. 

Seven-Hour 1,000 Sample taken every 7 hours b. 

Flow-Paced  600 Sample taken when flow exceeds cumulative 
threshold b (threshold set to yield an average 
80 pumps per week and aggregated into 
weekly composite). 

MDE MS4 Permittee 
Requirements 

1,000 Samples taken from 12 storms with monthly 
samples taken during episodes of extended 
low flow b.  
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Evaluation of pollutants in 
relation to untreated 
impervious area  
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Figure A1.  Relationship between pollutant yields and FWMCs and impervious area not treated with best management practices. 
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Figure A2.  Relationship between pollutant yields and FWMCs and total impervious area. 
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Table A1.  Summary of linear mixed effects models with impervious untreated area fit to 
MS4 sites. 

        Significance 

Measure of Pollutants Intercept 
% Impervious 
Not Treated 

%Impervious 
Not Treated 

Suspended Sediment 

  Load 11.555 1.320 0.0737 

  Yield 5.801 0.929 0.1970 

  FWMC 4.593 -0.059 0.9201 

Total Nitrogen 

  Load 7.826 0.964 0.0332 

  Yield 2.066 0.793 0.0799 

  FWMC 0.844 -0.302 0.2837 

Total Phosphorus 

  Load 5.673 1.797 0.0006 

  Yield -0.085 1.580 0.0031 

  FWMC -1.283 0.284 0.4320 
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Table A2.  Summary of linear mixed effects models with impervious untreated area fit to 
MS4 and USGS sites. 

           Significance (p-value) 

Measure of Pollutants Intercept 
%Impervious 
Not Treated 

%Cultivated 
Crops 

%Impervious 
Not Treated 

%Cultivated 
Crops 

Suspended Sediment 

  Load 14.582 -1.852 1.488 0.4142 0.5440 

  Yield 6.711 -1.469 0.466 0.3954 0.7193 

  FWMC 4.820 -2.668 2.097 0.1573 0.2391 

Total Nitrogen 

  Load 8.765 1.138 2.516 0.2923 0.1100 

  Yield 1.451 1.499 2.502 0.1155 0.0072 

  FWMC 0.412 -0.090 1.368 0.8870 0.0351 

Total Phosphorus 

  Load 5.946 1.720 2.958 0.2659 0.1693 

  Yield -1.366 1.683 3.389 0.2186 0.0141 

  FWMC -2.452 0.531 2.212 0.6329 0.0741 
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