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Presentation Notes
Multi disciplinary tool box approach to assessing loading vectors and sources of fecal contamination: microbiologists, ecologists, engineers, managers, and watershed businesses and citizens.  



OBJECTIVES

1)
 

Quantify fecal indicator bacterial loading rates relative to three
different types of land use on the coast

2) Apply MAR and ribotyping
 

techniques to improve our knowledge
of bacterial sources to improve management and reduce closure days
for shellfish beds. 

3) Provide study and education opportunities about the issues
and technology.
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Presentation Notes
The first objective of this project was to further the knowledge base with regards to fecal contamination levels relative to three different types of land use on the coast.  The three study watersheds with predominantly residential, row-crop agriculture, and forested land uses were used as the study sites for flow and bacterial loading assessment.  Secondly, this project sought to apply MAR and ribotyping techniques to improve our knowledge of bacterial sources.  Third, the information from these efforts were applied to the TMDL modeling approach to provide management information that built upon the loading rates and sources for improving coastal waters.  Our goal was to assist the NC Shellfish Sanitation Program with regards to their ability to conduct assessment and provide management options.  Fourth this research was used to provide study and education opportunities for students enrolled in the Coastal Environmental Management Program at Duke Marine Lab in Beaufort, NC and for coastal land use managers. 
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Presentation Notes
The areas of study are three small watersheds which empty into various creeks that drain into Bogue Sound—an estuarine system off the mid-coast of NC that is rich in fisheries and a popular tourism spot, nicknamed the “Crystal Coast, NC”.  Areas closed to shellfish have increased steadily to where there are more than 100,000 hectares of shellfish growing areas conditionally closed and some 23,000 ha are permanently closed to harvesting.




Jumping Run Creek
•

 

800 acres, small watershed
•

 

Was: pocosin wetland; relic dunes
•

 

Now: Low density residential, 
businesses, no agriculture

•

 

Vectors: Ditches, surface runoff 
(increasing) direct deposit

•

 

Sources: Pets, septic systems, urban 
wildlife

•

 

Proximal to high priority closed 
shellfish harvesting area (Bogue 
Sound)

Presenter
Presentation Notes
The Jumping Run Creek watershed encompasses approximately 320 ha (800 acres) The main channel of Jumping Run Creek varies from 1 to 3 m wide and 0.2 to 1.1 m deep during the course of its 1.2 km stream length. The Creek widens and deepens where it empties into Bogue Sound that is more like the Sound than a freshwater stream.  The main stem of Jumping Run Creek is mostly bounded by a dense wooded riparian zone. The natural land cover of the watershed was dense, coastal pocosin growing on sandy, relic dune ridges. Land slopes are flat (<1%) in upland areas of the watershed where most of the development is located.  Along the upper third of the Creek slopes range up to 5%, while in the lower third of the Creek slopes range up to 10%.  These sloped areas are the remains of relic dunes ridges that extend out from the banks.  The rapid permeability of these soils and the generally flat topography of the developed areas results in comparatively little surface runoff. Most of the water movement in the watershed occurs as near surface ground water or interflow to nearby ditches constructed to draw down the water table. The ground water table is generally high and seasonally at the ground surface in many areas.  Throughout the watershed, ditches and natural channels of varying sizes cut through the riparian zone to transport runoff from the developed areas to the creek. In the lower portion of the watershed, runoff from lawns and paved drives and roads is conveyed through pipes and grassed swales to Jumping Run Creek. 



Open Grounds Farm (OGF)
•

 
Was: Pine woodlands, pocosin, 
wetland shrubs

•
 

Now: Ditched, cleared, cultivated 
row crop agriculture (corn, 
soybeans)

•
 

Proximal to South and North 
Rivers, high priority shellfish 
harvesting areas

•
 

Precision farming/ water control
•

 
Fecal Sources: Bobcat, bear, mice, 
raccoon, opossum, deer. 

Presenter
Presentation Notes
Open Grounds Farm is in the South River watershed.  It is located in northeastern Carteret County, North Carolina.  The South River estuary is a southern tributary of the Neuse River.  Approximately half the watershed is under cultivation and much of the other half is forested with most of that in silviculture. There 22,000 acres in the study area.  Of this area, approximately 15,000 acres are now under active water control (flashboard risers). The estuarine waters of the South River are classified SA and were supplementally classified Nutrient Sensitive Waters (NSW) in 1988. 



•
 

Fecal sources: wildlife, 
horses

•
 

Site of high priority 
conditionally approved 
shellfish harvesting areas

Croatan National Forest
•

 
Pettiford Creek

•
 

Drainage: 2500 acres
•

 
Natural and managed 
pine forest and pocosin

•
 

Vectors: surface runoff, 
direct deposit
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Presentation Notes
For comparison purposes, a headwater stream of Pettiford Creek, which is located about 20 km to the west of Jumping Run Creek in the Croatan National Forest, was also monitored. The drainage area above this monitoring station encompassed 1130 ha of low-lying coastal forest. Soils are similar to those of Jumping Run.  The area is part of a managed national forest, which means it is basically undeveloped even though there are several unimproved roads and drainage ditches in the watershed. The Pettiford Creek tidal stream length is classified as Class SA shellfish waters and impaired by high concentrations of fecal coliform. In addition, the Creek drains to Support–Threatened waters (White Oak River mainstem of the upper estuary) where shellfishing is conditionally approved. 



Rainfall / runoff
Flow-proportional sampling
Nutrient and bacterial 

analysis of water 
samples

METHODS
Loading Assessment
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Presentation Notes
Flow weighted water samples from a minimum of 8 storms per year was to be collected from three stations in Jumping Run, one in Pettiford and one in South River.  All samples were analyzed for fecal coliform, a recommended minimum of 10 E.coli isolates nutrients, and sediment.  




Mar Process

e. coli isolates are developed for 
each sample, both library and 
water, tested for multiple 
antibiotic resistance

Assumption: If the e. coli exhibits
resistance, then it is derived from 
human or pets that have been
exposed to antibiotics.
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Presentation Notes
The idea behind MAR is that the host species transfers inherent resistance tendencies to the clone cell—so if the e coli isolate clone is resistant then the assumption is that it was derived from a source with resistance such as a human or pets that have been exposed to antibiotics.  We collected scat samples to reflect the primary sources of concern from all three watersheds in addition to water samples and performed antibiotic resistance analyses on the e coli isolates from the samples.  

In the beginning, each e coli isolate was exposed to a single level dose of 10 antibiotics to test for resistance/ sensitivity relative to a control plate. 



1)
 

Antibiotic Resistance = less than 50% reduction in colony size 
on the antibiotic plate compared to the control plate; and

2)  Antibiotic Sensitivity = greater than or equal to 50% reduction
in size compared to the control plate.  

Based on these colony measurements, MAR indices were calculated
for each isolate and watershed area using the approaches noted below. 

MAR index (%) for an isolate = (# of antibiotics to which the isolate
was resistant / total # of antibiotics tested) � 100.

MAR index (%) for a sample site = # of antibiotics to which all
the isolates were resistant / (number of antibiotics tested �
number of isolates per site) � 100.

Index Development

Presenter
Presentation Notes
The purpose of developing the indices was to assess the level of resistance in the water samples, compare them to the sources,  and determine, relative to other studies and each other, the level of risk associated with the potential presence of resistant species that may also be shedding potential pathogens .  



Ribotyping

•Tracks of DNA material are delineated and banding patterns numbered to 
create a numeric descriptor of each sample.
•Water samples and scat samples are compared to find matches and to potentiall 
identify the bacterial source in the water samples.  

Presenter
Presentation Notes
Bacterial DNA is isolated, digested with a restriction enzyme that cleaves DNA at a specific sequence.  The resulting DNA fragments are separated by electrophoresis in an agarose gel, transferred to a nylon membrane, and hybridized with a labeled probe that detects specific DNA sequences. The label enables the DNA banding pattern to be visualized and frequency sizes are assigned to each band according to a standard. The sources and the water samples were originally planned to be visually matched but both NOAA and CSI invested in Bionumerics software to conduct the matching process. 



Pollutant Export from the Three Coastal Watersheds.

Date Area Discharge TSS
NH4 - 

N
NO3 - 

N PO4 -P Fecal Coliform

ac in/yr lb/ac-yr
lb/ac- 

yr
lb/ac- 

yr
lb/ac- 

yr million mpn/ac-yr

Pettiford Creek

10/29/02-2/24/04 2800 25.7 7.7 0.15 0.03 0.23 6,818

Jumping Run Creek

12/13/98-2/24/04 350 30.6 209 0.32 0.47 0.16 74,820

Open Grounds

6/10/03-9/10/04 630 21.1 206 0.22 1.26 0.97 13,487

Results
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Presentation Notes
In Jumping Run there are increased incidences and levels of discharge even though the watershed area is much smaller than either of the other sites.  

TSS export is dramatically greater for the Jumping Run and South River watersheds as compared to the Pettiford Creek.  This is expected given that the Pettiford Creek watershed is forested.  Export of NO3-N and PO4-P were greater for South River watershed, which is also not surprising since this watershed has a significant amount of fertilized cropland.  Fecal coliform bacteria export was much greater for the Jumping Run Creek watershed than either of the other two.  



Watershed 

Total 
Resistance 

%

Grab 
Samples %

Storm 
samples %

Jumping Run 
Scat Library 6 n/a n/a
Water 12 15 11

Croatan/ 
Pettiford
Scat Library 9 n/a n/a
Water 2 1 3

Open Grounds/ 
South River
Scat Library 5 n/a n/a
Water 3 3 3

Kaspar et al., 1990     Developed  .09 Rural .03  
Parveen et al., 1997     Point Source  .25      NPS .13
Webster et al., 2004      WWTP  .12      Developed  .03  Rural  .01 

Watershed
ARA
Indices
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Presentation Notes
The results of the overall watershed indices: Jumping Run was 12% resistant, Pettiford 2% and Open Grounds/ South River index was 3%.  These results are consistent with those reported in the literature for similar watersheds.  Kaspar et al., 1990 noted in their studies that developed watersheds yielded an index of 9%, while rural watersheds were 3%.  Parveen et al., 1997 found that point source discharge waters had an index of 25% in comparison to non point source pollution which had an index ranking of 13%.  Finally, NOAA partner Jan Webster (Webster et al., 2004) summarized their work in this area with WWTP indices of 12%, developed land index of 3%, and rural with 1%.  Jumping Run, at 12%, might be considered a candidate for having contamination from resistant bacterial sources.  
The Jumping Run scat library resistance index was 6%.  While the Pettiford Creek and South River libraries indices were 9% and 5%.  Given the presumption that resistance occurs as a result of exposure to antibiotics, the resistance exhibited by wildlife scat in the was surprising. 



Species Resistance 
Index South River Pettiford Jumping Run

Bear 0 3 n/a

Bobcat 3 n/a n/a

Fox 1 n/a 0

Deer 23 12 n/a

Otter 6 n/a 4

Waterfowl 0 n/a 4

Nutria 7 n/a n/a

Mouse 1 n/a n/a

Racoon n/a 1 2

Hawk n/a 2 n/a

Horse n/a 15 n/a

Opossum n/a 14 30

Squirrel n/a n/a 0

Woodpecker n/a n/a 17

Cat n/a n/a 0

Septic n/a n/a 8

Dog n/a n/a 2

Rabbit n/a n/a 6

Owl n/a n/a 0

Bat n/a n/a 17

Species-based
ARA Index
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We reviewed the Individual results for scat which showed a conflicting pattern of resistance and sensitivity with wildlife species such as deer, woodpeckers, bats, opposums showing levels of resistance similar to septic samples and higher than domestic pets. 
Notably, levels of resistance were found in wildlife scat that was similar to those in septic samples.  This would imply that resistant patterns could be generated from both wildlife and humans, and confound the basic notion that resistance in the water samples would insinuate domestic pollution.   



Aggregate Results of the Replicate Test
144 antibiotic replicates per isolate, 30 isolates per drug for isolates 
which previously demonstrated resistance

Ampicillin Chlortetracycline Penicillin Streptomycin

Number of replicates with 
growth N % N % N % N %

None 15 50 10 33 14 47 14 47

Less than 10% 0 0 7 23 4 13

10% to 90% 0 0 5 17 0

More than 90% 0 0 0 0

All 15 50 20 67 4 13 12 40

Same isolate. Repeated same doses.  No better than coin toss.

Presenter
Presentation Notes
It is logical to assume that urban, foraging type wildlife might show occasional resistance trends. However, if the assumption is that management measure are needed in the presence of resistance because that implies human or septic sources, and that these sources constitute a health threat, then these results make it difficult to target management efforts. We decided to make a couple of changes to the project methods, and conduct an additional study.  First we updated our antibiotic panel and began using multiple doses.  We also decided to assess the response patterns of one e coli isolate repeatedly just to see what the pattern would  yeild. This study was conducted by both NOAA and CMAST labs.  

Repeated exposure of the same isolate to the same antimicrobial drugs yielded a similar pattern of inconsistency.  For previously resistant isolates, most of them could no longer sustain the same pattern of resistant response.  Recall that these are the same isolate—you would expect them to behave similarly—ie in the same drug that they would be sensitive or resistant in the same manner.  Other researchers (Moore et al., 2005 and Steockle et al., 2004) found that only 15% and 23% were placed in the same response pattern  each time—leading to the potential for gross misclassification.  

Moreover, 15% of the sub-samples showed considerable growth in one replication and none in the other, differences sharp enough to be jointly significant at an experiment-wise level of .05.  Growth of the untreated controls was uniformly robust, making it seem unlikely that these differences could be artifacts of differences in technique.



NOAA MAR Scat Indices-Jumping Run

Presenter
Presentation Notes
The MAR yielded some response patterns however that seemed to  provide some insight into the sources. MAR Results showed that (60%) of the samples contained resistant isolates.  A key finding from this watershed data was that three surface water samples exhibited resistance to multiple antibiotics, with the patterns matching septic tank samples from the watershed.  



NOAA MAR Scat Indices-Pettiford

Presenter
Presentation Notes
E. coli isolates from Pettiford Creek watershed were analyzed for MAR. 33% of the samples contained resistant isolates but these matched horse but also wildlife samples: bear—NC268; raccoon—NC A 275 and NC A 475; deer—NC A 302; and opossum—NC A 472).  



Ribotyping Comparison of matching results between pooled and individual libraries

# Water 
Isolates

No 
Match

Single 
Source 
Match

Multiple 
Matches

Total # 
Matched

% 
Matched

Pooled 221 83 57 81 138 62

Jumping Run 
Creek

152 73 43 36 79 52

Pettiford

 

Creek 35 15 20 0 20 57

South River 34 14 16 4 20 59

Total # from 3 
Watersheds

221 102 79 40 119 54
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Presentation Notes
Ribotyping was useful for identifying sources for approximately half of the bacteria sampled from surface water in the three watersheds. Within each watershed, there were multiple identifications assigned to a few isolates. The number of ambiguous identities varied among watersheds and the ambiguities were due to different reasons.

The largest number of source and water isolates was collected from Jumping Run Creek where 43 of the 79 water ribotypes matched a single source ribotype.  Multiple identities were assigned to 36 of the 79 isolates. Jumping Run Creek has the greatest number of library and water isolates  with  ambiguous identities.  

Generally, the sharing of subtypes among various host groups is a major contributor to the inaccurate source classifications observed in these studies.  





Summary

•

 

ARA  and MAR results for both the index and split-duplicate results 
indicate unreliability in the response patterns for E. coli calling into 
question is usefulness as a field-based source tracking method. The 
utility of MAR as a field tool for source tracking can be called into 
question on the tacit assumption that antibiotic resistance must be 
acquired from the host.

•

 

Research conducted by Moore et al. (2005) and Gordon (2001) on host 
specificity pointed out that the E. coli community composition can 
change dramatically during the transition from host to external 
environment; they also suggest that source-specific strains of indicator 
bacteria do not exist. 

•

 

Ribotyping is a rigorous, time-consuming process that may only be 
useful when pathogens are suspected.  

•

 

Such incredibly high levels of bacteria are loading from all land use 
types—even at base flows violate both recreational and shellfish water 
quality standards—that it would require 81-92% reduction to meet public 
health standards.
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Presentation Notes
In a similar study  conducted by Anderson et al. (2006) also observed a high degree of interspecies sharing of E. coli antibiotic resistance profiles (patterns) among three host species (humans, cattle and horses).  In fact, 59% of the E. coli isolates they analyzed by ARA had a resistance profile that was shared by all three host species. These results are being corroborated by others.  Moore et al. (2005) retyped the same subset of 20 E. coli isolates 27 times over three days.  Only 15% were placed in the same category every time, and only half received the same classification at least two-thirds of the time.  Stoeckel et al. (2004) found that only 23% of a sample of 26 of the isolates from their known-source library was correctly typed in an eight-way classification.  Neither team described reproducibility at the individual-drug level.
The demonstrated transmissibility of genetic material between bacterial strains and even species challenges this presumption, as does the fundamental problem of bacterial subtypes that are shared by multiple hosts (Moore et al., 2005; Stoeckel et al., 2004).  Resistance acquired from one could persist for generations after transfer to another.  A lack of basic reproducibility in the resistance testing itself raises more immediate doubts about the validity of inferences based on those results.
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Conclusions
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The coast is hydrologically very complex with surface and ground water routinely mingling making source tracking exceedingly difficult. Bacteria from various sources languish together in standing water in ditches, mixed with sediment in drain pipes or settled to the bottom of the creek.  This mingling yields a fairly cosmopolitan population of bacteria making it difficult to tease out patterns uniquely associated with a particular source using either ribotyping or MAR. 

It does seem that the sources of bacteria were predominantly wildlife and given the nutrient loading levels in Jumping Run and the MAR and Ribotyong results, seems clear there are occasional contamination incidences that can be ascribed to septic drain fields. However, the exceptionally high levels of bacterial loading seen in these studies brings to mind the fact that there are no currently no management strategies or policies available to achieve the reduction for bacteria needed to be compliant with state standards.  Furthermore, current management focused on density and imperviousness is clearly inadequate.  Infiltration alone will not achieve reductions in volume or load.  We need to begin thinking in terms of better knowledge of what actual pathogens are being transported, but also management should be focused on the total water budget—we are going to need to reduce inputs to surficial ground water levels possibly through the use of central sewer systems treated and reused, reduce total volume of stormwater runoff through the use of rainwater collection and reuse methodologies, but also we need to provide higher levels of treatment for runoff that does occur for larger design storm than is currently required. 
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