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Introduction 
Freshwater mussels are distributed throughout Maryland’s surface waters and are uniquely sensitive to 
anthropogenic pollution and land-disturbing activities.  Permitted activities and associated water quality 
standards must consider freshwater mussel sensitivities when protecting the general aquatic life of 
Maryland’s surface waters.  However, the Clean Water Act allows for the recalculation of water quality 
criteria when it can be shown that sensitive species (such as freshwater mussels) are absent from a 
delineated section of surface water (USEPA 2013).  Data have shown that the distribution of freshwater 
mussels is not only limited by anthropogenic factors but also by natural abiotic stream characteristics.  
Therefore, protection of freshwater mussels may not be a necessary component of all surface waters. 

Data from the Maryland Biological Stream Survey (MBSS) were used to develop a logistic regression 
model to predict the likelihood of observing freshwater mussels.  The goal of the effort was to develop a 
model that could be used to determine if a given 75-meter MBSS sampling transect was highly unlikely 
to provide freshwater mussel habitat given certain variables collected within the transect.  Five 
predictor variables were evaluated: average stream width, flow, gradient, upstream acreage, and 
ecoregion.  A training dataset was used to validate the model.  All of these variables are collected by 
MBSS during the spring and summer sampling seasons.  Because Corbicula fluminea is a non-native, non-
Unionid species, observations that included this species were removed from the analysis. 

The model that was selected includes all five predictor variables with interaction terms.  The signs of the 
predictor coefficients are consistent with the known habitat limitation of freshwater mussels.  When the 
model is extrapolated to very low probabilities, it does a very good job of predicting when mussels are 
absent.  An examination of the MBSS data showed that when the predictor variables estimate a 
probability below 0.03, mussels are extremely unlikely to be present. 

Summary of Model Generation and Selection 
This section outlines statistical tools and assumptions that were used to derive a model that best 
predicts when freshwater mussels are absent from a 75-meter sampling transect.  An overview of this 
approach is summarized below: 

 Multiple logistic regression was the technique selected to model the probability of freshwater 
mussels being observed. 

 The MBSS dataset classifies an observation of the species Corbicula fluminea as a freshwater 
mussel observation.  Because Corbicula fluminea is a non-native, non-Unionid species, samples 
that included this species were removed from the analysis. 

 The repeatability of observing mussels in an 8-digit watershed for a given stream order was 
estimated by analyzing data from sites that were sampled on multiple occasions. 

 A training multiple logistic regression model was generated using data from sites that were 
sampled prior to 2014.  The model was then applied to estimate the probability of observing 
mussels in samples taken in the years 2014, 2015 and 2016.  The estimated probabilities of 
observing mussels were compared to actual mussel observations. 
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 Results show that the logistic regression model performs adequately when attempting to 
identify streams that are unlikely to provide freshwater mussel habitat.  

The Maryland Biological Stream Survey 
The Maryland Biological Stream Survey (MBSS) was initiated by the Maryland Department of Natural 
Resources in 1993 and was Maryland’s first probability-based stream sampling program intended to 
provide unbiased estimates of stream conditions with known precision at various spatial scales.  The 
MBSS consists of a multi-stratification sampling design that ensures all 1st through 4th order non-tidal 
streams in the sampling frame have a non-zero probability of being sampled (Southerland et al, 2005).   

MDE derived a logistic regression model using data from approximately 1300 sites collected by the 
MBSS.  The MBSS collected these data from randomly selected stream locations throughout Maryland 
with each station consisting of a 75-meter stream transect.  The MBSS database has recorded mussel 
observations along with several other habitat and abiotic factors at hundreds of locations.   

Overview of Logistic Regression 
Logistic regression models are used to quantify a relationship between one or more predictor variables 
and a categorical response variable.  In the case of “binary” logistic regression, we can estimate the 
probability of two possible disjoint outcomes given certain predictors.  Binary logistic regression models 
have been widely used to predict the probability of observing biota, and the purpose of this exercise was 
to develop a logistic regression model that predicts the probability of observing freshwater mussels 
given certain abiotic predictors.  Ideally, this model will allow the Department to identify streams that 
have a low probability of observing mussels and therefore could permit the use of recalculated water 
quality criteria (and associated water quality-based effluent limits (WQBEL) based on those criteria) that 
did not include mussels in the derivation.  The logistic regression model derived from the MBSS data 
used the probability of mussel observations as a response variable and the following abiotic factors as 
predictors: 

 Log Stream Gradient (Slope) 
 Log Discharge Rate (Flow) 
 Log Average Stream Width (Width) 
 Log Upstream Catchment Area (Area) 

But what probability should be considered a “low probability of observing a freshwater mussel”?  To 
provide sufficient protection to freshwater mussels, MDE is proposing to use the 0.03 threshold to 
identify streams that are unlikely to provide mussel habitat.  More specifically, MDE proposes that if the 
logistic regression model predicts a less than 0.03 probability of observing a mussel, the discharger may 
have the option to use a WQBEL based on a site-specific criterion that does not include freshwater 
mussels. 

Removing non-Unionid Bivalves 
In this analysis, C. fluminea were removed, because it was possible that the presence of a non-native 
bivalve may be a confounding factor limiting the distribution of native mussels.  Studies have shown that 
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the presence of C. fluminea displaces or extirpates native mussel populations (McMahon 1983; 
Hakenkamp and Palmer 1999; Cohen et al. 1994; Lauritsen 1986; Beaver et al. 1991; Hakenkamp et al 
2001; Phelps 1994).   Because MDE wanted to reduce the amount of possible biotic confounding factors, 
sampling events that showed the presence of C. fluminea (and no other native mussel) were not used in 
model derivation.  Although the distribution of native mussels in Maryland differs slightly from C. 
fluminea in Maryland, there is significant overlap (Figure 1).   

Removing sampling events from the dataset that observed C. fluminea reduced the number of sites 
classified as “no native mussels observed”.  Specifically, 310 C. fluminea sampling events were removed 
which reduced the sample dataset from 1619 to 1309.  The number of native mussel observations in the 
model building dataset was not changed by removing C. fluminea observations because there were no 
sampling events that included both a native mussel observation along with a C. fluminea observation 
and included the four predictor variables.  MDE concluded that 1309 samples were still sufficient to 
derive a robust statistical model and that removing confounding factors was vital to accurately predict 
the probability of mussel absence. 

Figure 1: Distribution of Native Mussels and Corbicula fluminea by Abiotic Stream Predictor Variable 

 

 

Assessing Repeatability of Mussel Observations 
The objective of this analysis was to estimate the probability of a mussel observation occurring given 
that a mussel observation had occurred previously at a location.  Another objective was to estimate the 
probability of no mussel observation occurring given that mussels were not previously observed at that 
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location.  If the resulting estimated probabilities were relativity high, it would add some confidence that 
mussel observations are repeatable.  A subset of stream segments was identified that were sampled in 
multiple years. 

In the MBSS database, a new field was created that represented the first 13 characters of the “SITEYR” 
field.  For example, ABPG-302-R-2000 was grouped by ABPG-302-R-20 to allow for multiple years to be 
grouped by this identifier.  In this case, it was assumed that ABPG-302-R-2001, ABPG-302-R-2002, ABPG-
302-R-2003, and so on represent sampling events occurring within the same 8-digit watershed and same 
stream order.  In the case of sentinel sites, it was assumed that the sampling occurred on the same 
stream segment.   A subset of all sites with 2 or more observations was formed to identify 8-digit 
watersheds that were visited repeatedly for a given stream order.  A total of 286 sites were identified.  
Of these sites, 106 had mussel observations on every sampling event and 156 had no mussel 
observations on any site visits.  Therefore 262 sites had consistent mussel observations results (92%).  
So, we can be reasonably confident that when mussel surveys take place at a given 8-digit watershed, 
the results are repeatable.   It is important to note that this analysis did not provide information on the 
actual probability of mussels being absent from a site.  However, this analysis did add some confidence 
that mussel observation results were consistent. 

Model Building and Validation 
The objective of this analysis was to determine if the predictors and model building method produced a 
logistic regression model that could effectively predict the probability of not observing freshwater 
mussels. 

To accomplish this, a data splitting technique was employed.  This technique splits the data set into two 
sets.  The first set, called the model-building set or the training sample, is used to develop the test 
model.  The second data set, called the validation or prediction set, is used to evaluate the 
reasonableness and predictive ability of the test model (Kutner et al 2004, 372).   The MBSS dataset was 
divided into two subsets: a larger (training sample) dataset consisting of samples taken before 2014 and 
a smaller dataset (prediction set) consisting of sites taken on or after 2014.  A total of 960 sampling 
events occurred in the larger dataset and 349 sites in the smaller dataset.  Several candidate logistic 
regression models were derived using the larger dataset.  The candidate predictors considered were: 

 Log Stream Gradient (numeric variable) 
 Log Discharge Rate (numeric variable) 
 Log Average Stream Width (numeric variable) 
 Log Upstream Catchment Area (numeric variable) 
 Ecoregion dummy variables (Coastal, Piedmont, and Highland)  

The best model was identified using the Akaike’s Information Criterion (AIC).  This criterion uses the sum 
of squared error, number of parameters in the model, and the sample size to balance error reduction 
with statistical model parsimony.  When comparing different statistical models using this criterion, the 
model with the lowest AIC is considered the best.  The following table displays the model with the best 
AIC of the different model options. 
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Table 1: Model Coefficients Derived Using Training Data 

Model Derived Using Training data 
Coefficients Estimate p-value 

Intercept -8.65282 <0.00001   
Log Stream Gradient -1.98353 0.000195 
Log Discharge Rate -0.18772 0.220051 

Log Average Stream width 1.91912 0.000980 
Log upstream Acreage 0.37252 0.054686 

Coastal 0.24502 0.873552 
Log Average Stream width*Coastal -2.25131 0.000637 

Log upstream Acreage* Coastal 0.74879 0.002195 
Log Discharge Rate *Coastal 0.41120 0.020139 

Log Stream Gradient* Log upstream Acreage 0.17326 0.001748 
Log Stream Gradient *Coastal 0.47049  0.010822  

 

Based on the AIC, the Piedmont parameter was not needed in this model, indicating that there was not 
a significant difference between the Highland and Piedmont models.  This logistic regression model was 
used to estimate the probability of observing mussels in sites sampled on and after 2014 (prediction 
set).  Of the 349 sites in this prediction set, 136 sites had a predicted probability less than 0.03 and 213 
had a predicted probability of greater than 0.03.  Of the 136 sites that had a predicted probability less 
than 0.03, none had mussels present.  Of the 213 sites that had a predicted probability greater than 
0.03, only 30 had mussels present. 

Table 2: Contingency Table of Training Model Using 0.03 as Threshold 

  Mussels Present?  

  Yes No Totals 

Model prediction 

Predicted Less than 
0.03 

0 136 136 

Predicted Greater 
than 0.03 

30 183 213 

 Total 30 319 349 

 

The threshold of “0.1 probability of observing a mussel” was also evaluated.  The following table 
summarizes the results: 
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Table 3: Contingency Table of Training Model Using 0.1 as Threshold 

  Mussels Present?  

  Yes No Totals 

Model prediction 

Predicted Less than 
0.1 

0 196 196 

Predicted Greater 
than 0.1 

30 123 153 

 Total 30 319 349 

 

As the table indicates, no mussels were observed in the any of the 196 sites that had less than a 0.1 
probability of observing mussels.  Based on these results, the method of building the logistic regression 
model using these predictors seems reasonable if we use the model for the purpose of ensuring mussels 
are not going to be observed and using 0.03 as our threshold. 

Full Model Development 
In developing the full logistic regression model, the entire dataset was used.  Only sampling events that 
reported all predictors were included in model development.  A total of 1309 sampling events reported 
all five predictors. 

The model with the best AIC included all predictors including the Piedmont and Coastal dummy 
variables (suggesting that there is a statistically significant difference between the Piedmont and 
Highland models when the sample size is larger).  The following table summarizes the model 
coefficients: 

Table 4: Model Coefficients Derived Using the Full Data Set 

All Eco-regions With Interactions (all data)   
Coefficients   Estimate   p-value   

Intercept   -13.76449 <0.00001   
Log Stream Gradient   -1.33395 0.000918 
Log Discharge (CFS)   0.54472 0.184373 

Log Average Stream width   1.47645 0.00277 
Log upstream Acreage   0.98029 <0.00001   

Coastal  6.05889 <0.00001   
Piedmont  5.78991 0.00345 

Log Discharge (CFS)*Log 
upstream Acreage   -0.11569 0.036793 
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Log Average Stream width* 
Coastal -1.73775 0.000809 

Log Discharge (CFS)* Coastal 0.37623 0.043085 

Piedmont* Log upstream 
Acreage   -0.64963 0.002434 

Log Stream Gradient* Log 
upstream Acreage   0.14286 0.002369 

Log Stream Gradient* 
Piedmont -0.45549 0.013474 

Log Discharge (CFS)*Log 
Average Steam width   0.21296 0.083798 

 

The percentage of sampling events with predicted probability less than 0.03 for all eco-regions are 
summarized below.  The tables below show that 33.5 percent of sample sites have a low predicted 
probability of observing a mussel based on the model with interaction terms.  The proportion of sites is 
smaller in the Coastal Plain and higher in the Piedmont and Highlands.  Furthermore, the number of 
actual mussel observations in sites with predicted probability of observing a mussel is proportionally 
low.   

 

Table 5: Model Output by Ecoregion 

  
All eco-
regions 

Coastal 
Plain Piedmont Highlands 

Total <0.03 438 29 208 201 
Total samples 1309 586 388 335 
Percentage < 0.03 33.5% 5% 53.6% 60% 
Total actual mussel 
observations in sites 
with Equation 1, 2 or 3 
output <0.03 4 0 2 2 

 

The Maryland Department of Natural Resources was contacted regarding the four sites that were 
classified as having mussel observations, but which had calculated values below 0.03, and it was 
determined that these sites were outliers and do not provide mussel habitat.  These four sites are 
described below: 

 An unnamed tributary to Liberty Reservoir was sampled in 2011, and a half shell of a triangle 
floater (Alasmidonta undulata) was found.  The sampling event is listed in the MBSS database as 
LIBE-191-X-2011.  This particular species is tolerant of impoundment conditions, and was found 
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less than 100 meters from Liberty Reservoir. The shell fragment could have been placed there by 
a mammalian predator that had taken it from the reservoir. 

 Creeper (Strophitus undulatus) was observed in Poplar Lick Run in 2000 and 2001 at the 
sampling events listed as SAVA-202-C-2000 and SAVA-202-C-2001.  This site was immediately 
downstream of a mill dam which is stocked with salmonids.  The mussel species present has 
been previously documented to use salmonids as a host and be introduced into low gradient 
patches of cold water streams that are stocked.  Freshwater mussels are otherwise absent from 
this watershed. 

 Another triangle floater (Alasmidonta undulata) was observed in the very lower reach of Tiber 
Run right before the confluence with the Patapsco River.  There have been confirmed 
observations of triangular floater in the Patapsco River.  The sampling event was classified as 
PATL-207-R-2000 in the MBSS database.  Only one shell was observed, and over five years of 
subsequent monitoring at the site, no evidence of mussels was found in the smaller stream.  The 
shell fragment could have been placed there by a mammalian predator that had taken it from 
the Patapsco River. 

Conclusion 
The logistic regression model with the coefficients listed in Table 4 will be used as a basis for 
determining if a stream is likely to have freshwater mussel habitat.  The use of this model (with 
interaction terms) provided accurate predictions of the absence of freshwater mussels when the model 
output is below 0.03.   

It is important to note that the model cannot be used to predict the presence of freshwater mussels.  If 
the model is extrapolated to higher probability outputs, the model does a poor job of predicting mussel 
observations.  This is likely due to other factors limiting mussel distributions that are not incorporated 
into the model. 

The use of the threshold of 0.03 to determine if a 75-meter stream transect does not have freshwater 
mussel habitat will ensure that freshwater mussels in Maryland streams are protected while providing 
flexibility to the regulated community. 

The following tables provide the model prediction accuracy for each ecoregion at the model outputs of 
0.1 and 0.03.  Ultimately, the model output threshold of 0.03 was selected for use by the Department. 
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Table 6: Contingency Tables of Model Output by Ecoregion and Threshold 

  Mussels Present?  

  Yes No  

Model prediction 

(all eco-regions) 

 

Predicted Less than 
0.1 

13 596 609 

Predicted Greater 
than 0.1 

338 362 700 

 Total 351 958 1309 

 

  Mussels Present?  

  Yes No  

Model prediction 

(Coastal Plain) 

 

Predicted Less than 
0.1 

2 81 83 

Predicted Greater 
than 0.1 

271 232 503 

 Total 273 313 586 

 

  Mussels Present?  

  Yes No  

Model prediction 

(Piedmont) 

 

Predicted Less than 
0.1 

4 269 273 

Predicted Greater 
than 0.1 

41 74 115 

 Total 45 343 388 

 

  Mussels Present?  

  Yes No  
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Model prediction 

(Highlands) 

 

Predicted Less than 
0.1 

7 246 253 

Predicted Greater 
than 0.1 

26 56 82 

 Total 33 302 335 

 

Model summary using 0.03 as threshold 

  Mussels Present?  

  Yes No  

Model prediction 

(all eco-regions) 

 

Predicted Less than 
0.03 

4 425 429 

Predicted Greater 
than 0. 03 

348 533 881 

 Total 352 958 1310 

 

  Mussels Present?  

  Yes No  

Model prediction 

(Coastal Plain) 

 

Predicted Less than 
0. 03 

0 29 29 

Predicted Greater 
than 0. 03 

273 284 557 

 Total 273 313 586 

 

  Mussels Present?  

  Yes No  

Model prediction Predicted Less than 
0. 03 

2 206 208 
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(Piedmont) 

 

Predicted Greater 
than 0. 03 

43 137 180 

 

 Total 45 343 388 

 

  Mussels Present?  

  Yes No  

Model prediction 

(Highlands) 

 

Predicted Less than 
0.03 

2 199 201 

Predicted Greater 
than 0.03 

31 103 134 

 Total 33 302 335 
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