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Executive Summary 

 Invasive blue catfish (Ictalurus furcatus) populations have expanded to many tributaries 

of the Chesapeake Bay, negatively impacting native species through predation and competition. 

To mitigate this problem, the state of Maryland has recently launched programs to aid the growth 

of the commercial fishery targeting the species to reduce the negative ecological impact of blue 

catfish while also benefitting the local economy. However, little is known about habitat use and 

movement of invasive blue catfish within these tributaries. This study presents a predictive 

model of blue catfish habitat use within the Patuxent river utilizing acoustic telemetry data 

collected by the Smithsonian Environmental Research Center (SERC) and a binary Boosted 

Regression Tree (BRT) modelling approach to identify seasonal habitat and movement as well as 

abiotic environmental covariates that may influence its distribution. Salinity had the largest 

relative influence on the BRT models, followed by depth and water temperature. Blue catfish 

presence was positively associated with salinities less than 10.5 ppt, depths of 6.5 to 8 meters, 

and temperatures greater than 16.5 oC. Acoustic telemetry and model results reveal that primary 

blue catfish habitat is in the freshwater upper reaches of the Patuxent during the winter and late 

summer, with some individuals observed year-round. Downstream shifts in presence probability 

occurred in spring/early summer and fall, possibly associated with spawning and feeding 

respectively. Model results provide predictions of the locations where blue catfish may have the 

greatest ecological impacts, and locations where managers could target fishing effort to minimize 

those impacts. My recommendations are as follows: 

1. Commercial fishermen should be directed by management to target blue catfish habitat 

within the Patuxent, heavily targeting deep holes and channels of Jug Bay to Pax Red 
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#2A during the winter months and Nottingham to Magruders during the spring/early 

summer and fall migration periods; 

2. More research should be conducted on the blue catfish population in the Patuxent to 

ensure that the commercial fishery is effectively reducing the blue catfish population and 

the associated negative ecological impacts. 

Future studies can incorporate data from other hydrodynamic models to identify blue catfish 

habitat in other tributaries in the Chesapeake, which would allow management to direct fishing 

effort at established populations on broader scales or prepare strategies for tributaries at risk of 

invasion. 
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Abstract 

 Invasive blue catfish (Ictalurus furcatus) populations have expanded to many tributaries 

of the Chesapeake Bay, negatively impacting native species through predation and competition. 

To mitigate this problem, the state of Maryland has recently launched programs to aid the growth 

of the commercial fishery targeting the species to reduce the negative ecological impact of blue 

catfish while also benefitting the local economy. However, little is known about habitat use and 

movement of invasive blue catfish within these tributaries. This study presents a predictive 

model of blue catfish habitat use within the Patuxent river utilizing acoustic telemetry and a 

binary Boosted Regression Tree (BRT) modelling approach to identify seasonal habitat and 

movement as well as abiotic environmental covariates that may influence its distribution. 

Salinity had the largest relative influence on the BRT models, followed by depth and water 

temperature. Blue catfish presence was positively associated with salinities less than 10.5 ppt, 

depths of 6.5 to 8 meters, and temperatures greater than 16.5 oC. Acoustic telemetry and model 

results reveal that primary blue catfish habitat is in the freshwater upper reaches of the Patuxent 

during the winter and late summer, with some individuals observed year-round. Downstream 

shifts in presence probability occurred in spring/early summer and fall, possibly associated with 

spawning and feeding respectively. Model results provide predictions of the locations where blue 

catfish may have the greatest ecological impacts, and locations where managers could target 

fishing effort to minimize those impacts. Future studies can incorporate data from other 

hydrodynamic models to identify blue catfish habitat in other tributaries in the Chesapeake, 

which would allow management to direct fishing effort at established populations on broader 

scales or prepare strategies for tributaries at risk of invasion. 
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Introduction 

 Invasive species are recognized as a major cause of decline in native species and 

biodiversity in freshwater ecosystems worldwide (Tsehaye et al. 2013). With introductions and 

the associated ecological and economic effects growing annually, it is important to develop 

management programs that effectively control invasive species distribution and reduce negative 

ecological and economic impacts (Kramer et al. 2017, Tuckey et al. 2017, Hines et al. 2015, 

Bilkovic & Idhe 2014, Tsehaye et al. 2013, Britton et al. 2011). Biological characteristics such as 

habitat, distribution and movement behavior in non-native habitats must be understood to 

effectively manage invasive species (Tuckey et al. 2017, Hines et al. 2015, Bilkovic & Idhe 

2014).  

The blue catfish Ictalurus furcatus is native to the Mississippi, Missouri and Ohio River 

basins and the largest ictalurid catfish in North America (Aguilar et al. 2016, Schloesser et al. 

2011, Graham 1999). Introduced to the James and Rappahannock rivers in 1974, populations 

have expanded into several rivers in both Virginia and Maryland (Fabrizio et al. 2018, Aguilar et 

al. 2016, Schloesser et al., 2011, Graham 1999). Along with introductions from stocking 

programs and unauthorized interventions, many biological characteristics have helped this 

species expand and establish populations throughout the Chesapeake (Schloesser et al. 2011). 

Blue catfish can tolerate salinities of 17 ppt or higher and can live up to 20 years of age 

(Schloesser et al. 2011, Graham 1999). Blue catfish also have a generalist and omnivorous diet at 

small sizes, and shift to piscivory above 300 mm total length (Aguilar et al. 2016, Moran et al. 

2016, Schloesser et al. 2011). It is likely that blue catfish are directly and indirectly impacting 

native species through predation and competition (Aguilar et al. 2016, Hines et al. 2015, 

Schloesser et al 2011). Important ecological, recreational and commercial fish have been 
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observed in the guts of blue catfish, including striped bass, blue crabs, white perch, menhaden, 

alewife, blueback herring and American eel (Aguilar et al. 2016, Moran et al. 2016, Hines et al. 

2015). 

 A commercial fishery targeting this species has been growing in recent years throughout 

the Bay (MDDNR 2015, Schloesser et al. 2011). In the Potomac River, the harvest doubled from 

2014 to 2015 with a commercial value of over $1.7 million (Fabrizio et al. 2016). Establishing an 

effective, large-scale fishery for the blue catfish is predicted to reduce the impact of this invasive 

species on the ecosystem while simultaneously providing employment opportunities and 

economic growth (Hines et al. 2015, Bilkovic & Idhe 2014, Schloesser et al 2011). On 

September 19, 2018, the Maryland Department of General Services (DGS), in partnership with 

the MD DNR and the Maryland Department of Agriculture, announced a new program to create 

sales of Maryland-harvested blue catfish to state institutions providing food services (Maryland 

Department of Agriculture 2018). The program also has the potential to create a reliable market 

for blue catfish, which may encourage growth of the fishery and thus reduce the abundance of 

this invasive species (Maryland Department of Agriculture 2018). 

 Movement patterns and seasonal habitat use are critical information for the development 

of fishery management and control programs for non-native blue catfish, but it is currently 

poorly understood for blue catfish in non-native habitat (Tuckey et al. 2017). Movement of 

native blue catfish is highly variable and complex (Mather et al. 2015). Native blue catfish in 

non-tidal rivers exhibit upstream migrations to spawn, which typically occurs from April through 

June at 21-24oC (Graham 1999). Individual native blue catfish have exhibited a downstream fall 

migration pattern (Mather et al. 2015). Only a few studies have attempted to identify habitat use 

and movement patterns of non-native blue catfish in tributaries of the Chesapeake Bay (Tuckey 
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et al. 2017, Hines et al. 2015). Freshwater tidal reaches of the Patuxent and Nanticoke River are 

the primary habitat of non-native blue catfish in these two rivers (Hines et al. 2015). Individual 

non-native blue catfish have been observed moving over 20 km further downriver of these 

primary habitats for time periods up to several months, often during early spring and fall (Hines 

et al. 2015). Non-native blue catfish have also been observed to move over 30 km in the Potomac 

River (Tuckey et al. 2017). 

 Presence/absence and presence-only modeling techniques utilizing acoustic telemetry and 

abiotic environmental factors have been implemented as cost-effective methods to identify 

habitat, distribution and movement patterns of species in estuarine and freshwater ecosystems 

(Bangley et al. 2018, Ogburn et al. 2018, Breece et al. 2017, Mather et al. 2015, Simpfendorfer et 

al. 2008). In this study we develop a predictive model of blue catfish habitat in the Patuxent 

River using acoustic telemetry data collected by the Smithsonian Environmental Research Center 

(SERC) and abiotic environmental variables. Abiotic environmental variables that are most 

essential to preferred blue catfish habitat were identified, particularly salinity, water temperature, 

dissolved oxygen and bathymetry. Trends in seasonal habitat and movement were also identified. 

Management implications for invasive blue catfish were also discussed.  

Methods 

Study Area 

Acoustic telemetry receivers were deployed at eight locations in the Patuxent River 

(Wootens Landing, Jug Bay, Nottingham, Magruders, Pepco, Jacks North, Jacks South, Broomes 

Island) on August 13-14, 2013 (Fig. 1). Four more acoustic telemetry receivers (Jug Bay Green 

#3, Jug Bay Green #5, Jug Bay Red #2A, Benedict Bridge) were deployed on June 11, 2014 in 

the Patuxent River (Fig. 1). Jacks North was discovered to be lost on November 25, 2014 due to 
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the river icing over and was replaced May 7, 2015. Similarly, Nottingham was discovered to be 

lost on November 25, 2015 and was replaced January 11, 2016. 

 

Figure 1. Acoustic Receivers and Chesapeake Bay Program Monitoring Sites on the Patuxent River. 
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Blue Catfish Tagging 

 Twenty-four blue catfish were captured by electrofishing and hook and line in the 

Patuxent River. Sampling took place in August, September, October and December of 2013 and 

June and July of 2014 (Table 1). All blue catfish were adults, which are individuals greater than 

350 mm in length. The catfish had unknown genders and ages. Blue catfish ranged from 350 to 

793 mm in length and .36 to 2.83 kg in weight (Table 1). A VEMCO Model V13-1H acoustic tag 

was surgically implanted into each fish and released. 

Table 1. Blue Catfish Tagging Information. 

Transmitter ID Tag ID 
Code 

Estimated Tag 
Life Span 
(Days) 

Length 
(m) 

Weight 
(kg) 

Release Location Latitude Longitude Release Date and Time 

A69-1601-11018 11018 360 0.425 0.64 Merkle Wildlife 
Sanctuary 

38.725932 -76.691547 8/26/13 13:30 

A69-1601-11019 11019 360 0.535 1.45 Merkle Wildlife 
Sanctuary 

38.725932 -76.691547 8/26/13 14:45 

A69-1601-11020 11020 360 0.778 5.14 Jug Bay Dock 38.78129 -76.71369 8/27/13 11:00 
A69-1601-11021 11021 360 0.536 1.71 Jug Bay Dock 38.78131 -76.7137 8/30/13 10:06 
A69-1601-11022 11022 360 0.496 1.24 Jug Bay Dock 38.78131 -76.7137 8/30/13 10:40 
A69-1601-11023 11023 360 0.524 1.35 Jug Bay Dock 38.78131 -76.7137 8/30/13 12:15 
A69-1601-11024 11024 360 0.5 1.13 Jug Bay Dock 38.78131 -76.7137 8/30/13 12:40 
A69-1601-11025 11025 360 0.35 0.37 Jug Bay Dock 38.78128 -76.71371 9/26/13 11:17 
A69-1601-12695 12695 653 0.374 0.41 Nottingham 38.71048 -76.70197 10/28/13 11:40 
A69-1601-12696 12696 653 0.455 0.89 Nottingham 38.71083 -76.70205 10/28/13 12:45 
A69-1601-12697 12697 653 0.465 1 Adjacent to Lyons 

Creek 
38.74856 -76.68699 10/29/13 12:00 

A69-1601-12698 12698 653 0.793 6.6 Adjacent to Lyons 
Creek 

38.74856 -76.68699 10/29/13 12:30 

A69-1601-12699 12699 653 0.562 1.67 Adjacent to Lyons 
Creek 

38.74841 -76.68668 10/29/13 13:00 

A69-160112700 12700 653 0.623 3.09 Nottingham 38.70936 -76.70234 12/4/13 14:30 
A69-1601-12701 12701 653 0.643 3.3 Nottingham 38.70936 -76.70234 12/4/13 15:30 
A69-160117569 17569 653 0.44 1.04 Williamsburg 38.64701 -75.81397 6/12/14 11:55 
A69-1601-17583 17583 653 0.557 2.27 Sneaking Point 38.66778 -76.70155 7/7/14 11:12 
A69-160117584 17584 653 0.599 2.14 Sneaking Point 38.66778 -76.70155 7/7/14 12:22 
A69-1601-17585 17585 653 0.38 0.36 Adjacent to Lyons 

Creek 
38.74817 -76.68571 7/9/14 10:49 

A69-1601-17586 17586 653 0.625 2.61 Adjacent to Lyons 
Creek 

38.73557 -76.69414 7/9/14 13:07 

A69-1601-17587 17587 653 0.505 1.43 Jug Bay Dock 38.78126 -76.71371 7/28/14 14:20 
A69-160117588 17588 653 0.662 2.83 Jug Bay Dock 38.78126 -76.71371 7/28/14 14:50 
A69-1601-17589 17589 653 0.561 2.22 Jug Bay Dock 38.78126 -76.71371 7/28/14 15:30 
A69-1601-17590 17590 653 0.513 1.39 Jug Bay Dock 38.78126 -76.71371 7/28/14 15:52 
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Figure 2. Detection rate of two tags by eight receivers at distances between 100-800 meters. 

Acoustic Telemetry Range Test 

A range test of the acoustic telemetry receivers was conducted on July 16, 2013 to 

estimate the 50% detection radius in the Patuxent River. Most acoustic telemetry studies 

determine detection radius as the distance with a detection rate of at least 50% (Mather et al. 

2015, Simpfendorfer et al. 2008, Thorstad et al. 2000). The range test was conducted by 

deploying an array of receivers in a straight line of 800 meters with 100 meter intervals similar to 

Mather et al. (2015), but with both an upriver test tag and a downriver test tag. The percent 

detection was calculated for both upriver and downriver at each interval and averaged (Fig. 2). 

The detection radius of Pepco, Benedicts Bridge, Jacks North, Jacks South and Broomes were 

assumed to have a detection radius of 800 meters due to similar geographic and environmental 

conditions at the test location (Fig. 2, 3). The detection radius of Wootens Landing, Jug Bay, Pax 

Green #5, Pax Green #3, Pax Red #2A, Nottingham and Magruders were assumed to have a 

detection radius of 200 meters (Fig. 2, 3). A higher detection rate was used at these locations 
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since these areas have high flow rates and bottom topography that can block or distort acoustic 

signals (Mather et al. 2015, Simpfendorfer et al. 2008, Thorstad et al. 2000). 

 

Figure 3. Detection Radius of Receiver Sites.  

Blue Catfish Presence and Absence 

Blue catfish presence and absence data were assigned to each receiver for each month by 

determining the most frequent detection station for each individual for that month. This was done 

by creating a data frame in R Studio of acoustic detections for each month. The most frequent 

receiver stations detected was assigned presence for that month and the remaining was assigned 

absence. This approach was conducted due to the limited space within the river, relatively wide 
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spacing of the receivers, and large number of detections (Ogburn et al. 2018). It is assumed that 

the most frequent detection station is representative of the individuals preferred location.  

Predictor Variables 

Water quality data used in this study came from the Chesapeake Bay Program’s Long-

term Monitoring Program, which was downloaded from the Chesapeake Bay Program’s Water 

Quality Database (Chesapeake Bay Program 2018). The location of these stations was also 

downloaded from the Chesapeake Bay Program’s Water Quality Database. The monitoring 

station of TF1.4 was moved to be inside of the Patuxent River shapefile so water quality data 

could be interpolated properly. The monitoring sites for this study were chosen due to spatial 

overlap of the acoustic array and bathymetry data. Each receiver station was paired with water 

quality data from the nearest monitoring site (Fig. 1). Bottom dissolved oxygen, bottom water 

temperature and bottom salinity were used for receiver stations Pax Green #3, Pax Red #2A, 

Nottingham, Magruders, Pepco, Benedicts Bridge, Jacks North, Jacks South and Broomes. It is 

assumed that bottom water quality parameters best represent blue catfish habitat since they tend 

to use benthic habitats. Surface dissolved oxygen, surface water temperature and surface salinity 

were used at Wootens Landing, Jug Bay and Pax Green #5 because they were the only water 

quality data available at these locations and depths were shallow.  

Bathymetry data used in this study came from NOAA National Ocean Service. Values 

above 0 meters were excluded (Fig. 3). The deepest depth within the detection radius of 

Nottingham, Magruders, Pepco, Benedicts Bridge, Jacks North, Jacks South and Broomes was 

assigned to each receiver. For the receivers that did not have any bathymetry data available, 

depths were measured by boat at the receiver and 50 meters and 100 meters both upstream and  
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Figure 4. Bathymetry of the Patuxent River. 

downstream from the receiver. The deepest depth out of these 5 points were chosen. Jug Bay was 

assigned a depth of 6 meters due to a known hole at that location. The deepest depth was chosen 

under the assumption that blue catfish tend to prefer deep channels and holes (Mather et al. 

2015).  

BRT Modelling 

The presence and absence data, water quality data and deepest depth data for each 

receiver were compiled and used to develop the habitat models. Due to the non-linear 

relationship between the presence and absence of blue catfish and environmental variables, a 
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binary boosted regression tree model was used to model habitat, which was performed using the 

gbm.auto software tool in R Studio (Bangley et al. 2018, Crespo et al. 2018, Dedman et al. 

2017). Boosted regression tree (BRT) models can process non-linear responses in environmental 

responses and identify environmental variables with the highest explanatory power (Crespo et al. 

2018). BRT models also incorporate boosting, which is an adaptive method of sequentially 

modeling the residuals of each simple tree model iteration that allows the model to progressively 

learn the response (Crespo et al. 2018, Dunn et al. 2008).  The bag fraction is a predetermined 

random subset of the data that is fitted to each new tree to reduce the variance of the final model, 

which improves the model performance (Crespo et al. 2018, Barbet-Massin et al. 2012). A bag 

fraction of 0.6 was used for each model trial. The learning rate is an assigned weight that 

downscales the contribution of each individual tree by being multiplied to the sum of all trees 

(Crespo et al. 2018, Dunn et al. 2008). All model trials used a learning rate of 0.001. The 

maximum number of trees to fit before stopping was set to 10000 for each trial to improve model 

performance (Dedman et al. 2017). All model trials used the same sample dataset but used a 

different grid for each trial. The water quality data used for these grids are the same as the water 

quality sample dataset monitoring sites used for the model but also include bottom salinity, 

bottom dissolved oxygen and bottom water temperature for monitoring sites LE1.3 and LE1.4 

(Fig. 5). Only months with complete water quality data were used for model trials, which were 

determined by an R script that produced a dataset with the desired month water quality data from 

the original water quality data downloaded from the Chesapeake Bay Program. Grids were 

created by interpolating salinity and water temperature values using the Inverse Distance 

Weighted method similar to Patrick & Weller (2015) and masking the raster with the bathymetry 

raster. The raster for bathymetry, salinity and water temperature were converted to points and the  



 11 

 

Figure 5. Model Domain of Binary Boosted Regression Tree and Chesapeake Bay Program Monitoring Sites in the Patuxent River.  

calculate geometry tool was used to assign coordinates to every value in the raster. Bathymetry, 

salinity, water temperature and the coordinates were compiled together using a python script to 

form a grid, which is read into R. A shapefile of the Patuxent River which was created using 

Chesapeake Bay shoreline data is used for the shape of the map. The Chesapeake Bay shoreline 

data was produced by SERC using both VIMS shoreline data and NOAA's Environmental 

Sensitivity Index (ESI) shoreline dataset. Gbm.auto generates graphs, results and maps for the 

presence probability of blue catfish for that month (Dedman et al. 2017). Presence probability 

rasters were imported back into ArcPro to create presence probability maps. The area of presence 
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probability greater than .3 was calculated for each month using a python script to compare 

habitat area over time.  

Validating Habitat Models 

 BRT analysis for April 2014, June 2014 and July 2014 was validated by comparing the 

presence probability at presence and absence locations from active tracking data collected by 

SERC. The active tracking data was collected by using an acoustic hydrophone to detect tagged 

blue catfish along a transect within the Patuxent (Fig. 6, 7, 8). Transect length varied by date 

(Fig. 6, 7, 8).  Only presence locations that were found within the area of the model domain and 

transect coverage were used (Fig. 6, 7, 8). The first record of an individual blue catfish of the day 

was used for each respective month. Absence locations were randomly generated within the area 

of the model domain and transect coverage for each date (Fig. 6, 7, 8). The number of absence 

locations are equal to the number of presence locations for each respective date to 

maintain consistent sample sizes. Presence probability values were extracted for presence and 

absence locations of each respective month. A Kruskal-Wallis Test was used to determine if 

presence probability was greater at presence locations than absence locations. 

Results 

Acoustic Telemetry Summary 

Data from twelve acoustic receivers covered a period of 33 months. The acoustic 

receivers recorded 1,769,536 detections and 7,011 days with detections during the study period. 

All but one of the 24 tagged blue catfish were detected during the study period (Table 1, Fig. 9). 

None of the individuals were detected at Wootens Landing during the study period (Fig. 9). Six 

of the 23 blue catfish seldomly moved between locations or did not move at all (Fig. 9). 

Seventeen of the 23 blue catfish exhibited substantial movement between locations, with six  
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Figure 6. Active Tracking Transect for April 2014 and Model Domain of Binary Boosted Regression Tree in the Patuxent River.
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Figure 7. Active Tracking Transect for June 2014 and Model Domain of Binary Boosted Regression Tree in the Patuxent River.  
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Figure 8. Active Tracking Transect for July 2014 and Model Domain of Binary Boosted Regression Tree in the Patuxent River.  
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Figure 9. Blue catfish detections at acoustic receiver stations over the study period. “Pax River- Nottingham” denotes the Nottingham receiver 

when it was replaced January 11, 2016. 
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individuals moving as far south as Benedicts Bridge, Jack’s North and Jack’s South (Fig. 9).  

Blue Catfish Presence and Absence and Predictor Variables 

 One hundred and fourteen presence observations (fish per station per month) and 258 

absence observations were made during the study period. Dissolved oxygen was removed from 

the analysis due to limited spatial and temporal variability between Chesapeake Bay Program 

Long-term Monitoring Sites. Environmental grids were only able to be created for 24 of the 34 

months of the study period due to lack of complete water quality data at all Chesapeake Bay 

Program Long-term Monitoring stations (Appendix Fig. 1-48). Salinity followed a general 

seasonal trend in the region with lower salinity during the spring then salinity rising as the year 

progresses (Appendix Fig. 1-24). Water temperature followed the general seasonal trend with 

lower temperatures at the mouth of the river and higher temperatures in the shallow upper 

reaches in the spring and summer, then higher temperatures at the mouth of the river and lower 

temperature in the upper reaches in the fall and winter (Appendix Fig. 25-48). 

 BRT Modelling 

 Blue catfish presence was associated with salinity, depth and temperature. All binary 

BRT models had a CV AUC score greater than .840 and a Model CV score greater than .683 

(Table 2). Salinity had the largest relative influence on the binary BRT model for all of the 

months, which ranged from 43.3 to 45% (Table 2). Depth had the second largest relative 

influence on the model for all of the months, which ranged from 32.74 to 35.1% (Table 2). Water 

temperature had the least relative influence on the model for all of the months, which ranged 

from 20.18 to 24% (Table 2). 

The effect each environmental variable had on presence probability can be seen in the 

marginal effect plots. Marginal effect plots of the binary BRT models vary slightly in value of 
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Table 2. Parameters (model cross-validation score (Model CV), training data AUC score, model cross-validation AUC score (CV AUC) and standard error (CVAUC SE), learning rate (lr), bag fraction (bf), number 

of trees (N Trees), and relative influence (%) of Salinity, Water Temperature and Depth) for binary BRT models predicting presence probability of blue catfish by month in the Patuxent River. 

Year Month Model CV Training data AUC CV AUC CV AUC SE lr bf N Trees Salinity Water Temperature Depth 

2013 August 0.69274802 0.9151 0.8583 0.01044354 0.001 0.6 7850 44.3378402 21.9888219 33.6733379 

2013 September 0.68514766 0.9107 0.84434 0.026057 0.001 0.6 7000 45.0190698 20.7123364 34.2685939 

2013 October 0.68263832 0.9098 0.83954 0.02936482 0.001 0.6 6750 44.9560341 20.5458504 34.4981155 

2013 November 0.68300255 0.9097 0.8471 0.02712207 0.001 0.6 6850 44.7180899 20.1765675 35.1053426 

2014 March 0.70613179 0.9203 0.85451 0.01690637 0.001 0.6 9550 43.2630722 23.9980505 32.7388774 

2014 April 0.69518353 0.916 0.8501 0.02118705 0.001 0.6 8150 44.0528652 22.315297 33.6318378 

2014 May 0.69212763 0.9148 0.85229 0.02266373 0.001 0.6 7850 44.309878 21.8000514 33.8900706 

2014 June 0.69299397 0.9147 0.85044 0.01332132 0.001 0.6 7850 44.2505692 21.7770143 33.9724165 

2014 July 0.69824936 0.9169 0.86041 0.02318905 0.001 0.6 8550 43.7738975 22.8840713 33.3420311 

2014 August 0.69518353 0.916 0.8501 0.02118705 0.001 0.6 8150 44.0528652 22.315297 33.6318378 

2014 September 0.69097702 0.9141 0.85563 0.01353184 0.001 0.6 7600 44.3989764 21.6001238 34.0008998 

2014 December 0.69968224 0.9178 0.84757 0.01722142 0.001 0.6 8650 43.8578888 22.6248047 33.5173065 

2015 April 0.69079169 0.9136 0.85045 0.02196464 0.001 0.6 7700 44.2259951 21.7610203 34.0129845 

2015 June 0.70154002 0.9185 0.85781 0.0203791 0.001 0.6 8900 43.8167391 23.0164653 33.1667956 

2015 July 0.695617 0.9163 0.85932 0.01530603 0.001 0.6 8200 43.9808967 22.3972506 33.6218526 

2015 August 0.6848872 0.911 0.854 0.02457765 0.001 0.6 6900 45.0336884 20.752051 34.2142605 

2015 September 0.69698232 0.9165 0.85446 0.02608839 0.001 0.6 8350 44.2203905 22.3190087 33.4606008 

2015 October 0.6960043 0.9164 0.85663 0.02477201 0.001 0.6 8200 44.0337854 22.1393519 33.8268627 

2015 November 0.7001704 0.9178 0.84502 0.01820367 0.001 0.6 8700 43.8090682 22.8373269 33.3536049 

2015 December 0.68480848 0.9107 0.84206 0.02574771 0.001 0.6 7000 44.9092122 20.6479956 34.4427922 

2016 February 0.68982903 0.9133 0.84815 0.019472 0.001 0.6 7500 44.541938 21.2926977 34.1653643 

2016 March 0.69430103 0.9156 0.85337 0.01949492 0.001 0.6 8050 44.0913198 22.3248889 33.5837913 

2016 April 0.69075729 0.9139 0.85125 0.01597623 0.001 0.6 7550 44.648565 21.4101662 33.9412688 

2016 May 0.69350608 0.9149 0.85532 0.010298 0.001 0.6 7900 44.2052642 22.0151408 33.779595 
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environmental variables but consistently show the same trend (Fig. 10, Appendix Fig. 49-71). 

Salinities less than 10.5 were positively associated with presence probability of blue catfish (Fig. 

10, Appendix Fig. 49-71). Depths of 6.5 to 8 were positively associated with presence 

probability (Fig. 10, Appendix Fig. 49-71). The low sample size at the lower and higher end of 

the range of depths explain the abnormal distribution of presence probability in the marginal 

effect plots (Fig. 10, Appendix Fig. 49-71). Generally, marginal effect of water temperature on 

blue catfish presence probability increases as temperature increases (Fig. 10, Appendix Fig. 49-

71). The drop in marginal effect at 27 oC is also due to low sample size (Fig. 10, Appendix Fig. 

49-71). 

Presence probability changed by month in the study period and seasonal trends in 

distribution and migration are observed (Fig. 11-35). Presence probability was highest in the 

northern channels and deep holes during August 2013 (Figure 11, 12). The following months 

then remained relatively low until May 2014, where presence probability increased significantly 

through the entire area of the river (Figure 11, 13-18). While the highest presence probability is 

confined to the channels and deep holes from Nottingham to Pepco, relatively high presence 

(Fig. 11, 23). Presence probability increased in April and June until reaching high presence  

 

 

 

' 

 

 

Figure 10. Marginal Effect Plots of salinity, depth and water temperature for August 2013. The proportion of tree splits contributed by the 

variable is represented in parentthesis. 
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probability of .1 to .2 was found in the southern part of the river all the way down to the mouth 

of the river (Fig. 1, 18). Presence probability continued to increase in June 2014, with presence 

probabilities between .5  and .6 extending past Benedicts Bridge (Fig. 1, 11, 19). Presence 

probability then began to decrease and retract in July and August 2014 (Fig. 11, 20, 21). Another 

resurgence of high presence probability took place in the northern channel and deep holes during 

September 2014 (Fig. 11, 22). Low presence probability was exhibited during December 2014 

(Fig. 11, 23). Presence probability increased in April and June until reaching high presence 

probability in July of 2015, with presence probability between .5 and .6 extending past Benedicts 

Bridge (Fig. 1, 11, 24-26). However, the channel and deep holes near Nottingham exhibited 

higher presence probability in June than July of 2015 (Fig. 1, 11, 25, 26). Presence probability 

decreased and retracted in August 2015 (Fig. 11, 27). Presence probability increased in the 

channels and deep holes from Nottingham to Magruders in September of 2015 (Fig. 1, Fig. 11, 

28). High presence probability expanded south to Pepco in October of 2015 (Fig. 1, 11, 29). 

Presence probability decreased and retracted during November and December of 2015, reaching  

 

 

 

 

 

 

 

 

Figure 11. Habitat area (km2) and the salinity (ppt) and water temperature (oC) of Pepco over time. Habitat area is the area of presence probability 

greater than .3.  
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Figure 12. Blue Catfish Presence Probability in the Patuxent River for August 2013.  Figure 13. Blue Catfish Presence Probability in the Patuxent River for September 2013. 
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Figure 14. Blue Catfish Presence Probability in the Patuxent River for October 2013.  Figure 15. Blue Catfish Presence Probability in the Patuxent River for November 2013. 
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Figure 16. Blue Catfish Presence Probability in the Patuxent River for March 2014.  Figure 17. Blue Catfish Presence Probability in the Patuxent River for April 2014. 
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Figure 18. Blue Catfish Presence Probability in the Patuxent River for May 2014.   Figure 19. Blue Catfish Presence Probability in the Patuxent River for June 2014.  
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Figure 20. Blue Catfish Presence Probability in the Patuxent River for July 2014.   Figure 21. Blue Catfish Presence Probability in the Patuxent River for August 2014.  



 26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Blue Catfish Presence Probability in the Patuxent River for September 2014.   Figure 23. Blue Catfish Presence Probability in the Patuxent River for December 2014.  
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Figure 24. Blue Catfish Presence Probability in the Patuxent River for April 2015.   Figure 25. Blue Catfish Presence Probability in the Patuxent River for June 2015.  
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Figure 26. Blue Catfish Presence Probability in the Patuxent River for July 2015.   Figure 27. Blue Catfish Presence Probability in the Patuxent River for August 2015. 
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Figure 28. Blue Catfish Presence Probability in the Patuxent River for September 2015.   Figure 29. Blue Catfish Presence Probability in the Patuxent River for October 2015.  
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Figure 30. Blue Catfish Presence Probability in the Patuxent River for November 2015.   Figure 31. Blue Catfish Presence Probability in the Patuxent River for December 2015. 
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Figure 32. Blue Catfish Presence Probability in the Patuxent River for February 2016.   Figure 33. Blue Catfish Presence Probability in the Patuxent River for March 2016. 
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Figure 34. Blue Catfish Presence Probability in the Patuxent River for April 2016.   Figure 35. Blue Catfish Presence Probability in the Patuxent River for May 2016. 
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the lowest observed presence probability distribution in February 2016 (Fig. 11, 30-32). Presence 

probability increased in March 2016, with presence probability between .4 and .5 near Pepco 

(Fig 1, 11, 33). Presence probability retracted to Magruders in April 2016 (Fig. 1, 11, 34). 

Presence probability was relatively low in May 2016, confined to channels and deep holes near 

Magruders and Pepco (Fig.1 , 11, 35). 

Validating Habitat Models 

 Presence probability was significantly higher where catfish were present in active 

tracking studies. Thirteen blue catfish active tracking presence locations were detected within the 

Binary BRT model domain (Fig. 36-38). Presence probability of presence locations ranged from 

.13 to .72 with an average presence probability of .394 (± .245) (Fig. 39). Presence probability of 

absence locations ranged from with an average presence probability of .191(± .154) (Fig. 39). 

Presence probability was significantly higher at presence locations than absence locations (p < 

.05, X 2 =4.3151, df = 1). 

 

Figure 39. Blue Catfish Presence Probability at Active Tracking Presence and Absence Locations in the Patuxent for April, June and July of 

2014. 
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Figure 36. Active Tracking Transect for April 2014 and Model Domain of Binary BRT in the Patuxent River.  
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Figure 37. Active Tracking Transect for June 2014 and Model Domain of Binary BRT in the Patuxent River.  
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Figure 38. Active Tracking Transect for July 2014 and Model Domain of Binary BRT in the Patuxent River.  
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Discussion 

 This study identified abiotic environmental variables most essential to blue catfish habitat 

and demonstrate seasonal habitat and movement patterns of blue catfish within the Patuxent. 

Salinity most strongly influenced blue catfish habitat within the Patuxent, followed by depth and 

water temperature (Table 2, Fig. 10, Appendix Fig. 49-71). Other studies have also found salinity 

to be a significant factor in blue catfish habitat (Mather et al. 2015, Schloesser et al. 2011). Blue 

catfish are known to tolerate and have been observed in salinities of 17 ppt or higher, but the 

highest observed salinity value in our presence data was 12.66 ppt and salinities above 10.5 ppt 

are negatively associated with blue catfish presence probability (Tuckey et al. 2017, Schloesser 

et al. 2011, Fig. 10, Appendix Fig. 49-71). Freshwater habitats to salinities of approximately 12.8 

ppt in the tidal Potomac River serve as habitat for non-native blue catfish (Tuckey et al. 2017). 

Freshwater discharge events are believed to be the major mechanism of expansion of invasive 

blue catfish into new habitats (Schloesser et al. 2011). Freshwater discharge events also have 

been found to cue spawning migrations in native rivers (Garrett 2010). Depth has also been 

found to play a major role in blue catfish habitat (Mather et al 2015, Graham 1999, Hines et al. 

2015). Mather et al. found depth to be significant in blue catfish habitat within the Milford 

Reservoir in Kansas (2015). Mather et al. also found blue catfish to be associated with channels, 

which was consistently observed in all months of the Patuxent (2015, Fig. 12-35). Hines 

observed blue catfish in the Patuxent to in deep holes greater than 5 meters, which is within the 

depth range identified as positively associated with presence probability in our study (2015, Fig. 

10, Appendix Fig. 49- 71). Temperature has been found by other studies to influence blue catfish 

habitat as well (Mather et al. 2015, Grist 2002). Temperature was a significant factor in the 
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Milford Reservoir in Kansas, with blue catfish avoiding areas where monthly temperatures were 

colder than 21 oC and warmer than 28 oC (Mather et al. 2015).  

 Seasonal habitat and movement patterns can be observed within the Patuxent. Blue 

catfish are predominately observed in Jug Bay, Pax Green #5, Pax Green #3, Pax Red #2A and 

Nottingham (Fig. 9). This distribution pattern is consistent with abundance surveys conducted by 

boat electrofishing (Hines et al. 2015). Six individual catfish were never observed to move 

farther than Nottingham, which could indicate that these locations are the primary habitat of blue 

catfish for most of the year (Fig. 9). 

Blue catfish appear to move downstream from April to July, with pronounced migrations 

seen during 2014 and 2015 (Fig. 9, 11, 18-20, 24-26). This spring/early summer migration 

appears to be driven by salinity, with water of less than 10 ppt found in the areas of high 

presence probability (Fig. 18-20, 24-26, Appendix Fig. 7-9, 14-16). Water temperature also may 

factor in spring/early summer downstream migrations. Graham et al. found that native blue 

catfish in reservoirs migrate upstream to spawn at 21 to 24 oC (1999). May 2014 and April 2015 

both contain temperatures above 20.5 oC, providing evidence that blue catfish may be moving to 

these high presence probability locations to spawn (Fig. 18, 24, Appendix Fig. 31, 37). A 

majority of native blue catfish in rivers in Missouri were found to migrate to spawning habitat in 

May during temperatures between 15 and 20 oC, which was also observed in May 2014 and 

April 2015 (Garrett 2010, Fig. 18, 24, Appendix Fig. 31, 37). Optimum temperatures of blue 

catfish have been described as 26 to 29 oC when food is unlimited (Mather et al. 2015, Wyatt et 

al. 2006). While the temperature may be on the high end of this range for a large portion of the 

Patuxent during June and July of 2014 and 2015, the high presence probability areas during these 
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months may be suitable habitat for blue catfish at these times (Fig. 19, 20, 25, 26, Appendix Fig. 

8, 9, 15, 16). 

 A fall downstream migration appears to occur in September and October, which was 

observed during 2014 and 2015 (Fig. 9, 11, 22, 28, 29). The fall downstream migration also 

appears to driven by salinity as well (Appendix Fig. 13,19, 20) Hines also observed individual 

blue catfish moving downstream in the Patuxent during the fall (2015). Mather et al. observed 

individual native blue catfish moving downstream in Milford Reservoir, Kansas (2015). Blue 

catfish in the Missouri river are known to migrate downstream after spawning to feed around 

logs or dikes in the summer and fall (Garrett 2010). While blue catfish in the Patuxent are 

observed to migrate upstream in August right after the spring/early summer migration, the fall 

migrations that occur in September and October could be to seek downstream feeding habitat 

(Fig. 9). Optimum temperature for blue catfish has been described to range from 22 to 26 oC in 

Lake Norman, North Carolina during the fall, which was also observed in September of 2014 

(Mather et al. 2015, Grist 2002, Fig. 22, Appendix Fig. 35). Juvenile white perch habitat is 

primarily in the brackish portion of the Patuxent river during the summer and fall, which 

transitions around Magruders (Kraus & Secor 2004, Fig. 1). Aguilar et al. found that white perch 

is a common prey item of blue catfish in the Patuxent, suggesting that blue catfish could be 

migrating to feed on juvenile white perch during this time (2016). 

 Winter habitat was confined to the area from Jug Bay to Pax Red #2A in this study (Fig. 

9). This can be seen in the winter months that exhibit low presence probability such as March 

and December 2014, March, November and December of 2015, and February and March of 2016 

(Fig. 11, 16, 23, 30-33). Temperatures during these months range from 3 to 18 oC, forcing blue 

catfish to move north to warmer water (Appendix Fig. 29, 34, 43-46). April of 2014 and 2016 
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may also be classified as winter habitat, with temperatures between 10.5 and 15.5 oC found from 

Nottingham to Pepco (Fig. 1, Appendix Fig. 30, 47). Garrett et al. found that an overwintering 

period occurred from November to March in rivers in Missouri, with individuals moving 

downstream in November to deep holes greater than 7 meters (2010). Pax Green #5 to Pax Red 

#2A all have depths greater than 7 meters, which could mean these deep holes and channels are 

the primary winter habitat for the Patuxent. Most individuals remained stationary during this 

overwintering period, which was also observed in individuals in the Patuxent (Garrett et al. 2010, 

Fig. 9).  

Summer habitat is not as well defined as the other months. In August of 2014 and 2015, it 

is clear that salinities of 10 ppt and higher drive the blue catfish back to the Jug Bay to 

Nottingham areas of the river (Fig. 9, 11, 21, 27, Appendix Fig. 10, 16). August of 2013 exhibits 

salinity less than 10 ppt as far as Pepco and high presence probability of blue catfish from 

Nottingham to Magruders (Fig. 1, 12, Appendix Fig. 1). August of 2013 may be an extension of 

the spring/early summer downstream migration. Blue catfish may also return to these upper areas 

during August to feed. Aguilar et al. found that blue catfish within the Patuxent commonly 

preyed on recently hatched channel catfish yolk-sac larvae, suggesting that blue catfish may raid 

guarded channel catfish nests (2016). Channel catfish are known to spawn upriver in salinities of 

2 ppt or less and when temperatures reach 24 oC during the summer, with eggs hatching after 4 to 

10 days depending on water temperature (Wyatt et al. 2006, Sauls et al. 1998). Salinity and water 

temperature in these described spawning ranges are consistently observed in Jug Bay during 

August of 2014 and 2015 and September 2013 when blue catfish were present, providing 

potential evidence that Patuxent blue catfish migrate upriver during these times to feed on larval 

channel catfish.  
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 The low presence probability observed in May 2016 might be due to the negative 

influence on presence probability between 16 and 16.5 oC (Fig. 10, Appendix Fig. 49-71). Water 

temperature in this range had the second largest negative influence on the presence probability of 

catfish (Fig. 10, Appendix Fig. 49-71). Water temperatures were generally below 16.5 oC during 

May 2016 (Appendix Fig. 48). This same phenomenon may also explain the low presence 

probability of October 2013, which also experienced temperatures of below 16.5 oC (Fig. 14, 

Appendix Fig. 27).  

 While only one individual was detected at Broomes, some months exhibited pathways 

blue catfish could possibly migrate out of the river (Fig. 9). Presence probability values from .1 

to .3 can be found from Benedicts Bridge to the mouth of the river (Fig. 18). While these are not 

high presence probabilities, it may be high enough for individuals to pass through while 

migrating out of the river. These areas may be potential migration routes when extreme 

freshwater discharge events occur. June and July of 2014 also exhibit relatively high presence 

probability values, but are less contiguous than May 2014 (Fig. 18-20). However, summer 

months in the Patuxent from RET 1.1 to LE1.4 experiences hypoxic conditions at depths greater 

than 6 meters, which could limit blue catfish from migrating into these areas or keep them at 

shallower depths with sufficient dissolved oxygen (Kraus et al. 2015, Breitburg et al. 2003). 

 While the BRT models were able to predict significantly higher presence probability at 

presence locations than absence locations and cross-validations scores for the models were 

relatively high, significant improvements can be made (Table 2, Fig. 39). Current bathymetry 

data limits the model predictive output area (Fig. 4, 5). Water quality data was also not available 

for all months of the study period and water quality monitoring stations were several meters or 

kilometers away from the closest acoustic receiver station (Fig. 1). Future studies can incorporate 
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bathymetry data in the upper Patuxent and better spatial and temporal water quality data. Water 

quality data from hydrodynamic models such as ChesROMs could also be used to improve 

results and model other regions of the Chesapeake (Feng et al. 2015). CPUE data within the 

model domain could also be used to validate habitat models and can be incorporated with 

gbm.auto to predict capture probability (Bangley et al. 2018, Dedman et al. 2017). Other abiotic 

and biotic environmental factors can also be assessed in future studies. Hines found blue catfish 

in the Patuxent and Nanticoke to be associated with structured areas such as woody debris and 

pilings (2015). Native blue catfish in rivers have also been found to be associated anthropogenic 

structure such as dikes (Garrett 2010). Low secchi depth which was related to high primary 

productivity was found to be significantly related to blue catfish density in native reservoirs 

(Mather et al. 2015). 

 The results of this study provide insight to habitat and movement of invasive blue catfish 

and relevant information and applications to management. This study is the first to use acoustic 

telemetry and modeling to identify seasonal movement and habitat of non-native blue catfish in a 

tributary in Maryland. Blue catfish have been tracked using acoustic telemetry in native rivers 

and reservoirs (Mather et al. 2015, Garrett 2010). Blue catfish have also been tracked using 

acoustic telemetry in non-native lakes (Grist 2002). This study contributes new information on 

seasonal habitat and movement patterns of blue catfish in the Patuxent, providing essential 

information needed for management to control and reduce this species (Bilkovic & Idhe 2014). 

The development of temporally and spatially explicit fishing policies is a priority to management 

in other areas with invasive species (Tsehaye et al. 2013, Britton et al. 2011). Tsehaye et al. 

proposed that information on the temporal and spatial distribution of invasive asian carp in the 

Illinois River could allow managers to improve the efficacy of removal strategies by directing 
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fishing efforts towards areas of fish aggregations and varying fishing effort seasonally (2013). 

Commercial fishermen should be directed by management to target blue catfish habitat within 

the Patuxent, heavily targeting deep holes and channels of Jug Bay to Pax Red #2A during the 

winter months and Nottingham to Magruders during the spring/early summer and fall migration 

periods. However, more research should be conducted on the blue catfish population in the 

Patuxent to ensure that the commercial fishery is effectively reducing the blue catfish population 

and the associated negative ecological impacts (Tuckey et al. 2017, Hines et al. 2015, Bilkovic & 

Idhe 2014, Tsehaye et al. 2013, Schloesser et al. 2011). Fishing effort could induce blue catfish 

to increase recruitment and accelerate maturity (Bilkovic & Idhe 2014). Fishing effort could also 

collapse the blue catfish population in a short time period, which would result in economic 

hardship for all stakeholders involved with the commercial fishery (Bilkovic & Idhe 2014, 

Britton et al. 2007). Given that the Chesapeake Bay Program Water Quality database has water 

quality available from 1984, the modelling approach presented in this study can be used to 

identify blue catfish habitat in historic conditions (Chesapeake Bay Program 2018). Breece et al. 

used acoustic telemetry and MaxEnt to predict adult Atlantic sturgeon occurrence in the 

Delaware River during historic conditions (2013). Modeling in historic conditions can provide 

information on blue catfish migratory behavior during large freshwater discharge events, such as 

the major flood events that occurred in 1996 and 2003 which are associated with the expansion 

of blue catfish populations, large storm events such as Tropical Storm Lee, or the record rainfall 

observed in 2018 (Dance 2018, Schloesser et al. 2011, Brown 2011). This BRT modelling 

approach paired with data from hydrodynamic models such as ChesROMs can be used to predict 

blue catfish habitat in other tributaries that have established populations of blue catfish or 

tributaries that have yet to be invaded. Management can use this modelling approach to identify 
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blue catfish habitat within tributaries with established populations such as the Potomac, James 

and Rappahannock to help concentrate commercial fishing effort and reduce the negative 

ecological impact of blue catfish (Hines et al. 2015, Schloesser et al. 2011). Modelling 

approaches have been used to identify habitat suitability of many aquatic invasive species in 

freshwater ecosystems where they have yet to be introduced (Kramer et al. 2017). By identifying 

blue catfish habitat in tributaries that have yet to be invaded, management can identify areas to 

concentrate public awareness and enforcement of regulations preventing illegal introductions by 

anglers (Bilkovic & Idhe 2014).  
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Figure 1. Interpolated Salinity in the Patuxent River for August 2013 
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Figure 2. Interpolated Salinity in the Patuxent River for September 2013. 
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Figure 3. Interpolated Salinity in the Patuxent River for October 2013. 
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Figure 4. Interpolated Salinity in the Patuxent River for November 2013.  
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Figure 5. Interpolated Salinity in the Patuxent River for March 2014. 
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Figure 6. Interpolated Salinity in the Patuxent River for April 2014. 
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Figure 7. Interpolated Salinity in the Patuxent River for May 2014. 
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Figure 8. Interpolated Salinity in the Patuxent River for June 2014. 
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Figure 9. Interpolated Salinity in the Patuxent River for July 2014. 
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Figure 10. Interpolated Salinity in the Patuxent River for August 2014. 

 



 XI 

 

Figure 11. Interpolated Salinity in the Patuxent River for September 2014. 
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Figure 12. Interpolated Salinity in the Patuxent River for December 2014. 
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Figure 13. Interpolated Salinity in the Patuxent River for April 2015. 
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Figure 14. Interpolated Salinity in the Patuxent River for June 2015. 
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Figure 15. Interpolated Salinity in the Patuxent River for July 2015. 

 



 XVI 

 

Figure 16. Interpolated Salinity in the Patuxent River for August 2015. 
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Figure 17. Interpolated Salinity in the Patuxent River for September 2015. 
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Figure 18. Interpolated Salinity in the Patuxent River for October 2015.  
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Figure 19. Interpolated Salinity in the Patuxent River for November 2015. 
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Figure 20. Interpolated Salinity in the Patuxent River for December 2015. 
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Figure 21. Interpolated Salinity in the Patuxent River for February 2016. 
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Figure 22. Interpolated Salinity in the Patuxent River for March 2016.  
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Figure 23. Interpolated Salinity in the Patuxent River for April 2016. 
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Figure 24. Interpolated Salinity in the Patuxent River for May 2016. 
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Figure 25. Interpolated Water Temperature in the Patuxent River for August 2013. 
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Figure 26. Interpolated Water Temperature in the Patuxent River for September 2013. 
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Figure 27. Interpolated Water Temperature in the Patuxent River for October 2013 
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Figure 28. Interpolated Water Temperature in the Patuxent River for November 2013.  
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Figure 29. Interpolated Water Temperature in the Patuxent River for March 2014. 
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Figure 30. Interpolated Water Temperature in the Patuxent River for April 2014. 
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Figure 31. Interpolated Water Temperature in the Patuxent River for May 2014. 
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Figure 32. Interpolated Water Temperature in the Patuxent River for June 2014. 
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Figure 33. Interpolated Water Temperature in the Patuxent River for July 2014. 
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Figure 34. Interpolated Water Temperature in the Patuxent River for August 2014. 
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Figure 35. Interpolated Water Temperature in the Patuxent River for September 2014. 
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Figure 36. Interpolated Water Temperature in the Patuxent River for December 2014.  
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Figure 37. Interpolated Water Temperature in the Patuxent River for April 2015.  
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Figure 38. Interpolated Water Temperature in the Patuxent River for June 2015.  
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Figure 39. Interpolated Water Temperature in the Patuxent River for July 2015.  
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Figure 40. Interpolated Water Temperature in the Patuxent River for August 2015. 
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Figure 41. Interpolated Water Temperature in the Patuxent River for September 2015. 
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Figure 42. Interpolated Water Temperature in the Patuxent River for October 2015. 
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Figure 43. Interpolated Water Temperature in the Patuxent River for November 2015. 
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Figure 44. Interpolated Water Temperature in the Patuxent River for December 2016. 
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Figure 45. Interpolated Water Temperature in the Patuxent River for February 2016. 
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Figure 46. Interpolated Water Temperature in the Patuxent River for March 2016.  
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Figure 47. Interpolated Water Temperature in the Patuxent River for April 2016.  
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Figure 48. Interpolated Water Temperature in the Patuxent River for May 2016. 
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Figure 49. Marginal Effect Plots of salinity, depth and water temperature for September 2013. 
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Figure 50. Marginal Effect Plots of salinity, depth and water temperature for October 2013. 
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Figure 51. Marginal Effect Plots of salinity, depth and water temperature for November 2013.  
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Figure 52. Marginal Effect Plots of salinity, depth and water temperature for March 2014. 
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Figure 53. Marginal Effect Plots of salinity, depth and water temperature for April 2014. 
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Figure 54. Marginal Effect Plots of salinity, depth and water temperature for May 2014. 
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Figure 55. Marginal Effect Plots of salinity, depth and water temperature for June 2014. 
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Figure 56. Marginal Effect Plots of salinity, depth and water temperature for July 2014. 
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Figure 57. Marginal Effect Plots of salinity, depth and water temperature for August 2014. 
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Figure 58. Marginal Effect Plots of salinity, depth and water temperature for September 2014.  
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Figure 59. Marginal Effect Plots of salinity, depth and water temperature for December 2014.  
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Figure 60. Marginal Effect Plots of salinity, depth and water temperature for April 2015. 
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Figure 61. Marginal Effect Plots of salinity, depth and water temperature for June 2015. 
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Figure 62. Marginal Effect Plots of salinity, depth and water temperature for July 2015.  
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Figure 63. Marginal Effect Plots of salinity, depth and water temperature for August 2015.  
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Figure 64. Marginal Effect Plots of salinity, depth and water temperature for September 2015. 
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Figure 65. Marginal Effect Plots of salinity, depth and water temperature for October 2015. 
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Figure 66. Marginal Effect Plots of salinity, depth and water temperature for November 2015. 

 

 

 

 

 



 LXVII 

 

Figure 67. Marginal Effect Plots of salinity, depth and water temperature for December 2015. 
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Figure 68. Marginal Effect Plots of salinity, depth and water temperature for February 2016. 
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Figure 69. Marginal Effect Plots of salinity, depth and water temperature for March 2016. 
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Figure 70. Marginal Effect Plots of salinity, depth and water temperature for April 2016. 
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Figure 71. Marginal Effect Plots of salinity, depth and water temperature for May 2016. 


