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Saucon creek TMDL aLTernaTiveS reporT

a. inTroDucTion

Since the 1990’s, to satisfy the conditions of the Clean Water Act, Pennsylvania’s Department 
of Environmental Protection (DEP) has been monitoring the physical, chemical, and biological health 
of the Waters of the Commonwealth. As part of this process, DEP has been monitoring and testing 
the streams in the state to determine whether they are meeting their designated uses. These designated 
uses include aquatic life, fish consumption, potable water supply, and recreation. In accordance with 
section 303(d) of the Clean Water Act, waters that are not meeting one or more of their designated 
uses are classified as “impaired” and placed on an action list. Further, all of the impaired waters on the 
action list must have a Total Maximum Daily Load (TMDL) established for the pollutant or pollutants 
determined to be the source(s) of the impairment. The Saucon Creek in Lehigh and Northampton 
counties has been included as impaired on this action list. Of the 85.48 mile long Saucon Creek and 
tributaries, 56.90 miles have been found to be impaired with respect to their aquatic life use. The source 
of the impairment is sediment. Therefore, the intent of a Saucon Creek TMDL would be to identify a 
numerical limit on sediment that would ultimately result in the stream attaining its designated uses.

To facilitate development of the sediment TMDL for the Saucon Creek, DEP has enlisted 
the Lehigh Valley Planning Commission (LVPC) to evaluate alternatives for TMDL development. 
The LVPC has collected and assembled field data for analysis, as well as tailored a GIS-based 
computer model for approximating existing sediment loads at points within the watershed and also 
for an unimpaired reference watershed. The results of this process are the three TMDL development 
alternatives discussed in this report as well as a series of recommendations for further research and 
refinement of the alternatives.

B. WaTerSheD DeScripTion

The Saucon Creek is a tributary of the Lehigh River and drains a watershed area located 
predominantly within Lehigh and Northampton counties, with a small portion in Bucks County. The 
Lehigh/Northampton County boundary splits the watershed roughly in half, with the headwaters 
located in Lehigh County. A location map of the study area is presented in Figure 1 with the municipal 
boundaries noted. The creek has a total drainage area of 57.99 square miles and is comprised of six (6) 
major tributaries. The locations of the tributaries are shown in Figure 2 and Table 1 lists the respective 
drainage areas in square miles.
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TABLE 1
SAUCON CREEK MAJOR TRIBUTARIES AND DRAINAGE AREAS

Tributary
Area

(Square Miles)

          Black River
          East Branch Saucon Creek
          Polk Valley Run
          Silver Creek
          South Branch Saucon Creek
          Saucon Creek Mainstem

4.58
9.97
2.11
2.90
10.25
28.18

          Watershed Total 57.99

The South Branch of the Saucon Creek is technically an unnamed tributary, but is known locally 
as the South Branch and will be referenced as such in this report. Additionally, Tumble Brook, 2.96 
square miles, another named tributary, is tributary to the South Branch.

Developed land uses within the Saucon Creek Watershed are generally evenly distributed 
throughout the watershed. Residential development is dispersed throughout the watershed rather than 
concentrated around an urbanized core. The Boroughs of Hellertown and Coopersburg are dominated 
by urban land uses, but the remaining municipalities are characterized by a mixture of residential 
development, woodlands, and agriculture/open space. A large area of industrial land use exists near 
the mouth of the creek in the City of Bethlehem and Lower Saucon Township. There is also a fairly 
large area of commercial development along Center Valley Parkway in Upper Saucon Township. A 
map showing the existing land use is included as Figure 3.

DEP has designated the water quality criteria which are designed to protect the water uses 
within a given watershed. The Saucon Creek Watershed has been designated with several different 
classifications depending on the stream segment. The entire watershed, except for the section of the 
mainstem from the confluence with the Black River to the SR 412 Bridge in the City of Bethlehem, 
has been designated as Cold Water Fishes (CWF) and Migratory Fishes (MF). The segment from the 
Black River to SR 412 has been designated as High Quality – Cold Water Fishes (HQ–CWF) and 
Migratory Fishes (MF). The CWF water quality criterion is designed for protection of aquatic life 
(fish species and flora and fauna) which are native to a cold water environment. The MF water quality 
criterion is designed to support the passage, maintenance, and propagation of fish which move to or 
from flowing waters to complete their life cycle in other waters. Regulated activities within watersheds 
that have been designated as High Quality Waters (HQ) must meet additional standards to preserve the 
chemistry and biology of the receiving stream.

Based on mapping provided by the Lehigh County Conservation District, there are 295 permitted 
point source discharges in the Saucon Creek watershed. A map showing these discharge locations is 
included as Figure 4. These discharges are not concentrated in one particular location or tributary; they 
are spread across the entire watershed and affect every tributary.
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c. SeDiMenT iMpairMenTS

For all of the segments of the Saucon Creek found to be impaired, the cause of this impairment 
has been determined to be sediment. Hydro modification and habitat alteration are also cited. Sediment 
impacts a stream’s aquatic health by damaging the habitat of the invertebrates that live within the 
stream bed. These invertebrates live underneath the cobble and gravel that make up the bed of a typical 
reach of the Saucon Creek. When sediment enters the stream and settles to the bottom it fills in the 
gaps around the cobble. Different invertebrates tolerate this condition to varying degrees, such that 
as the sedimentation worsens the invertebrate community will lack diversity. In extreme cases, the 
bed could be completely covered with sediment until no evidence of the cobble bed is visible on the 
surface. The lack of diversity of invertebrates impacts the rest of the stream ecosystem, making it more 
difficult for fish and other aquatic life to be sustained.

There are two main sources of sediment in the creek. The first and most intuitive source is 
erosion from the land surface carried to the stream during precipitation events. Any type of land use 
can generate sediment via erosion, but agricultural lands are usually targeted as the most likely sources. 
However, not all soil eroded from the land makes it to the channel. Most of the eroded material is simply 
deposited lower on the slope as discussed in the Sediment Delivery Ratio analysis in Section E. The 
amount of soil that actually makes it to the stream bed is dependent on certain physical characteristics 
of the watershed, such as the slope of the land and the intensity of rainfall events.

In addition to the overland sources of sediment from surface erosion, there is another key contributor 
to sediment in the water column: the stream channel itself. During storm flow events, sediment from the 
banks of the channel will be eroded by the stream and immediately carried downstream. In the Saucon 
Creek, this process is exacerbated due to the presence of legacy sediments. Legacy sediments are fine 
sediments that already exist within the bed of the stream that were eroded from the land surface over 
the course of the original colonial habitation and development of the northeast United States. However, 
rather than being able to wash downstream, these sediments were trapped behind dams in the streams 
that were constructed to generate power for early mills and factories. As the sediments built up behind 
the dams, the dams were simply built higher. Eventually, in some places, the accumulated sediment 
may have filled in the entire original valley. As the mills were abandoned, the dams fell into disrepair 
and were eventually breached by the stream, which was then free to incise through the accumulated 
fines. Eventually, the stream may erode far enough vertically to reach its original gravel bottom. Since 
the legacy sediments in the new banks greatly increase the channel depth and cross-sectional area, 
storm flows are carried predominantly by the channel, and the stream becomes effectively cut off from 
its floodplain. This leads to larger flows being carried within the banks at much higher velocities. This 
in turn leads to more frequent mobilization of the bed load. The mobilized gravel in the bed easily cuts 
away the bottom of the banks, leading to bank failure and even more sediment in the stream bed. 

This process of erosion of the banks, referred to as lateral erosion, has been analyzed in the Saucon 
Creek within the last few years by Lehigh University. Students at Lehigh used aerial photography to 
measure the width of the mainstem of the Saucon Creek in 1947 and 1999. The photos showed that over 
those 52 years, the mainstem of the Saucon had widened by an average of 8.53 feet. This amounts to an 
average widening of 0.16 feet per year. The Lehigh County Conservation District (LCCD) performed 
a stream assessment of the entire length of the Saucon Creek that included identifying bank height. 
Using that data, the LVPC determined the average bank height for the 221,615 feet of stream assessed 
to be 2.333 feet. Applying the 0.164 feet per year (Pazzaglia and Benett, 17) channel erosion rate to 
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this length and average depth of stream yields about 4,750 tons per year of sediment derived from the 
banks alone for the Saucon Creek as calculated below:

q
s
= (h

c
 Δ Wc Lc) ρs / 2000

   = (2.333 ft)(0.164 ft/year)(221,615 ft)(112 lb/ft3)/2000 lb/ton

   = 4,748 tons/year

where qs is the erosion from the channel in tons per year, hc is the average height of the channel 
banks, Δ W

c
 is the channel erosion rate, L

c
 is the length of channel and ρ

s
 is the density of legacy 

sediments (approximately 112 pounds per cubic foot) (Pazzaglia and Bennett, 17).  Additionally, 
Lehigh University (Pazzaglia and Bennett, 17) collected peak flow and suspended sediment data for 
three storm events in 2007 and 2008. Using this data, they were able to approximate the total sediment 
load carried by the creek annually at a monitoring point about 300 feet downstream of Black River on 
the Saucon Creek mainstem. This load was determined to be approximately 6,280 tons per year at the 
monitoring point. For comparison, the LVPC adjusted the legacy sediment loading rate of 4,750 tons 
per year at the mouth to a loading rate at the Lehigh University sampling point. With 2.305 feet of bank 
height and 174,650 feet of stream length, the legacy sediment loading rate at the Lehigh University 
point would be 3,700 tons/year. Therefore, lateral erosion may account for nearly 60% (58.9) of the 
total sediment load experienced by the entire stream. Lehigh University researchers are also evaluating 
the Saucon Creek Watershed for “sediment fingerprinting” to help identify the source(s) of sediment 
impairment in the stream. The researchers have isolated unique characteristics of sediment associated 
with wash off from the land surface versus legacy sediment deposited 100 years or more prior in the 
stream bank. Specifically, they have isolated a radiogenic nuclide, 210Pb, that is present in very different 
concentrations between the sediment sources. Based on sampling conducted during the rainfall event 
of October 1 and 2, 2010, preliminary results indicate that overland sources of sediment dominate 
in the headwater areas of the stream but that legacy sediment (i.e. streambank) sources dominate the 
lower sections of the mainstem. This round of research will be concluded during the next few months 
and perhaps a more refined picture of sediment impacts will be created.

D. BackgrounD DaTa

As part of a separate contract with DEP, LCCD was tasked with Saucon Creek water quality 
sampling and aquatic habitat assessment consistent with the methods outlined by DEP’s Instream 
Comprehensive Evaluation (ICE) Survey Protocols. This included ambient water quality tests, tests 
during three (3) storm events, benthic macroinvertebrate sampling, and visual habitat assessments. Most 
of these tests were performed at ten (10) locations within the watershed. Further macroinvertebrate 
testing was also performed at four (4) additional sites as part of a January 2011 amendment to the work 
program. The results from these four sites are also included in this section. However, the results from 
the final two sites were received too late to fully incorporate into the analysis beyond the calculation 
of sediment loads. Additionally, as part of the May 2009 Saucon Creek Watershed Conservation 
Management Plan, LCCD did a visual assessment of every segment of the mainstem and named 
tributaries, although this was not performed to the ICE protocols. A map showing the testing locations 
is included as Figure 5. For reference, the testing locations are enumerated as follows:
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1. Chestnut Hill Road, Upper Saucon Township (Mainstem)
2. Main Street, Upper Saucon Township (Tumble Brook)
3. Spring Valley Road, Upper Saucon Township (South Branch)
4. Route 378, Upper Saucon Township (Mainstem)
5. Route 412, Hellertown Borough (Polk Valley Run)
6. Mouth of the Silver Creek, Hellertown Borough (Silver Creek)
7. Seidersville Road, City of Bethlehem (Mainstem)
8. Mouth of the East Branch, City of Bethlehem (East Branch)
9. Northampton Sportsman’s Club, Lower Saucon Township (East Branch)
10. Saucon Park, City of Bethlehem (Mainstem)
11. Below Williams Church Road, Lower Saucon Township (East Branch)
12. Approximately 1200 feet below Lower Saucon Road and Apple Street, Lower Saucon 

Township (East Branch)
13. Reservoir Road, Lower Saucon Township (Polk Valley Run)
14. Approximately 0.5 miles above Taylor Drive along Wimmer Road, Upper Saucon Township 

(unnamed tributary to the mainstem)

Locations 1 through 10 included all testing methods. Sites 11 and 12 consisted of macroinvertebrate 
testing only. For all but one of the sampling sites at road crossings, the sample was taken just upstream 
of the bridge. The exception to this was Route 378, in which the sample was taken just downstream of 
the bridge. Testing sites 7 and 10 are located in the section of the mainstem that is designated as HQ-
CWF. The other 12 points are located in the CWF/MF segments.

Using the data collected by LCCD, the LVPC was able to analyze the relationships between 
possible causes for impairment and the metrics used to gauge impairment. The critical value in these 
analyses was the Index of Biological Integrity (IBI) score derived from the results of the benthic 
macroinvertebrate sampling. DEP uses the IBI score to determine whether or not a stream segment is 
impaired. In a riffle/run stream, such as the Saucon Creek, when samples are taken between October 
and May (as all the 2010-2011 Saucon tests were), IBI scores greater than 63 are indicative of a 
biologically diverse environment and a stream segment attaining its aquatic life use. IBI scores less 
than 50 are indicative of a poor biological environment, and these reaches are not attaining their 
aquatic life use. Reaches with scores between 50 and 63 may be either attaining or impaired depending 
on several other factors (dominance of tolerant taxa, mayflies or stoneflies absent, etc.) and/or a field 
determination by the biologist based on visual habitat assessments. These visual assessment results 
were also analyzed by the LVPC to check for correlations between upstream sediment/land use 
conditions and habitat condition. The visual assessment is broken down into twelve categories that 
are scored from 1 to 20, with 1 being the poorest possible condition and 20 being an ideal condition. 
Five of these categories are defined as being critical to benthic macroinvertebrate health by the ICE 
protocols: “instream cover” and “epifaunal substrate” (i.e. the relative quantity and variety of natural 
structures in the stream, such as cobble (riffles), large rocks, fallen trees, logs and branches, and 
undercut banks, available as refugia, feeding, or sites for spawning and nursery functions of aquatic 
macrofauna), “embeddedness” (i.e. the extent to which rocks (gravel, cobble, and boulders) and snags 
are covered or sunken into the silt, sand, or mud of the stream bottom), “sediment deposition” (i.e. the 
amount of sediment that has accumulated in pools and the changes that have occurred to the stream 
bottom as a result of deposition), and “condition of banks” (i.e. whether the stream banks are eroded 
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or have the potential for erosion). The scores of these critical parameters were summed at each point 
to create an aggregate Critical Habitat score. A Total Habitat score, consisting of a summation of all 
twelve scores, was also included in several analyses.

e. SeDiMenT MoDeLing

As part of the correlation analyses, some measure of the stress on the environment needed to 
be considered. In the case of the Saucon Creek, the stressor is sediment. To create an estimate of 
annual sediment loads at the testing points, the ArcView Generalized Watershed Loading Function 
(AVGWLF) was utilized to model the annual sediment loads at the LCCD testing locations. 2009 
land use data for the AVGWLF model runs was available from the ongoing LVPC work to update the 
Saucon Creek Act 167 Stormwater Management Plan. Curve numbers for the land uses consistent with 
those implemented by the 1991 Saucon Creek Act 167 Plan and its 2006 Water Quality Update were 
used in the analysis. Remaining data sets (crop management coefficients, lateral erosion rate, etc.) were 
calculated in ArcView from the default layers included in AVGWLF. The AVGWLF model creates an 
annual sediment load at the modeled point in the watershed. The contributions from various land uses, 
as well as from the lateral erosion of the stream channel, are also broken down individually within that 
total annual load. It should be noted that while the lateral erosion from the channel is modeled, this 
does not consider the potential impacts legacy sediments could have on channel erosion.

The initial runs of the model produced sediment loads that were unexpectedly high in some 
places. The best illustration of this was seen in the loads calculated at points 1 and 4. These are two 
points on the mainstem of the creek, with point 4 encompassing 15.50 square miles; nearly all of the 
drainage area to the mainstem above the confluence with the South Branch, including the entirety of 
point 1’s tributary area. Point 1 encompasses just less than half of point 4’s drainage area: 7.29 square 
miles. However, the original AVGWLF model runs showed that the total annual sediment load at point 
1 was over 90% of the total annual sediment load at point 4. Since it seemed unlikely that the 8.21 
square miles between points 1 and 4 only contributed 10% of the total sediment load to point 4, it 
was determined that the model needed to be adjusted to make better comparisons between the loads 
at the twelve LCCD test points within the watershed. The parameter selected for adjustment was the 
Sediment Delivery Ratio (SDR). The SDR measures the percentage of soil that erodes from the surface 
of the land that is actually carried to and deposited in the stream bed. The formula used by AVGWLF 
to calculate the SDR is:

  SDR = 0.451(b  -0.298)

where b is the watershed size in square kilometers. This is an exponential formula; the SDR gets larger 
faster as watershed size decreases. It was determined that this ratio was the most probable source of the 
behavior exhibited in points 1 and 4 described above. Based on a discussion with DEP, the proposed 
solution was to use the same SDR for all points within the watershed. This common SDR was based on 
the total watershed area of 57.99 square miles and resulted in an SDR of 0.101. This adjustment gave 
total loads that had much less drastic differences between tons of sediment per acre when comparing 
subwatersheds of different sizes. The annual sediment loads in tons per year are included below in 
Table 2 with the revised SDR. Note that the sediment load at point 7 represents the sediment load near 
the location that Lehigh University calculated the average annual load to be approximately 6,280 tons 
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per year, almost exactly half of the AVGWLF calculated sediment loading. According to Lehigh there 
is considerable uncertainty in the extrapolation of 3 mentioned events to an estimated annual loading. 
Nonetheless, it represents the best data currently available.

TABLE 2
ANNUAL SEDIMENT LOADS CALCULATED IN AVGWLF

LCCD Test
Point #

Tributary Area
(sq. mi.)

Annual Sediment Load
(tons/year)

1 7.29 2,312
2 2.96 380
3 10.25 1,867
4 15.50 3,133
5 2.11 568
6 2.90 918
7 44.38 12,526
8 9.97 3,861
9 6.50 2,289
10 47.12 12,930
11 0.85 108
12 2.57 511
13 1.22 230
14 0.42 16

AVGWLF also produces a sediment load associated with lateral erosion of stream banks. At 
point 7, the modeled lateral erosion value is 7,270 tons/year. From Section C, bank erosion calculated 
from measured widening of the Saucon Creek channel at point 7 is estimated to be 3,700 tons/year. 
Even though the AVGWLF model doesn’t specifically account for presence of legacy sediments, the 
model value of 7,270 tons/year is nearly twice the estimated value of 3,700 tons/year from the channel 
widening data. Therefore, the AVGWLF model predicts almost exactly twice both the overall sediment 
loading at point 7 based on Lehigh University monitoring results and the calculated bank erosion 
loading based on historical channel widening. Although as discussed there is considerable uncertainty 
about the sediment loading in the Saucon based on the limited monitoring, if we consider the latter two 
calculations to accurately represent total and bank erosion sediment loadings, the following working 
assumptions can be made regarding the model:

(1) The AVGWLF model may overpredict total and bank erosion sediment loadings by a factor 
of two. This means that the absolute value of sediment loading rates based on model results 
should be used very carefully for any TMDL calculation purposes. This translates into 
using the model results relative to model results at different locations on a percentage basis 
rather than an absolute sediment loading basis. This would be appropriate for comparisons 
based on reference watershed alternatives addressed in Section F.

(2) The AVGWLF model may predict the relative contributions of sediment from overland 
sources and bank erosion sources from the Saucon Creek very well. Both the model and 
separate calculations show the bank erosion portion of sediments to be about 60% of total in-
stream sediment. This is a useful result when comparing to data from reference watersheds 
and also for determining appropriate actions to relieve the impairment condition.
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Lehigh University has identified follow-up monitoring needs to refine the understanding of 
sediment loads and sources that include flow stage recording, additional ISCO sediment sampling and 
additional sampling regarding sediment fingerprinting.

F. reFerence WaTerSheD approacheS

The typical approach used by DEP in the past to develop sediment TMDLs is the reference 
watershed approach. This involves finding another watershed for comparison that is similar to the 
subject watershed, but is not impaired. The annual sediment load for the reference watershed is 
calculated (usually using AVGWLF) and then scaled up or down to account for differences in total 
tributary area. This reference sediment load is then compared to the subject watershed’s sediment 
load, and a necessary percent reduction can be determined to bring the subject watershed’s sediment 
discharge down to the level of the reference. The idea is that if the sediment load of the impaired 
subject watershed can be reduced to the level of the attaining reference watershed, then the subject 
watershed would also be attaining.

When looking for a reference watershed, there are several parameters that should be considered. 
The reference watershed needs to be as similar to the subject watershed as possible. Areas of similarity 
desired include (but are not limited to): tributary area, physiographic province, land use, geology, 
soils, and rainfall. Since nearly the entire mainstem is impaired, the Saucon Creek would have to be 
analyzed as a whole. 

The upper sections of the Manatawny Creek in Berks County were chosen as a possible reference 
watershed for the Saucon Creek.  The tributary area includes the following tributaries of the Manatawny 
Creek: Little Manatawny Creek, Furnace Creek, Bieber Creek, Pine Creek, Oysterville Creek, Furnace 
Run, and the Manatawny Creek mainstem.  The bottom of the tributary area used in the analysis is 
approximately a quarter of a mile below the confluence of the Manatawny mainstem and Furnace 
Run in Oley Township.  This entire area has been determined to be attaining its designated uses.  
Maps showing the location and existing land use of the study area are included as Figures 6 and 7.  A 
comparison of the Saucon Creek Watershed and Manatawny Creek study area is included below in 
Table 3.

TABLE 3
COMPARISON OF SAUCON CREEK WATERSHED AND MANATAWNY CREEK 

STUDY AREA

Attribute Saucon Creek Manatawny Study Area
Physiographic Province Ridge and Valley

Reading Prong
Ridge and Valley
Reading Prong

Area (square miles) 57.99 52.23
Predominant Land Uses Woods (27.0%)

Low density residential (23.9%)
Woods (56.8%)
Agriculture (25.6%)

Carbonate Bedrock 45% 7.3%
Soils HSG B - 74%

HSG C - 11%
HSG D - 15%

HSG B - 70%
HSG C - 14%
HSG D - 16%

Percent Impervious Area 14.5% 3.1%
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From Table 3, significant differences between the two watersheds include natural settings 
like relative presence of carbonate bedrock and man-made influences represented by impervious 
cover. In addition, based on a field view conducted by LCCD, the Manatawny Creek Watershed is 
characterized by very little “recent” man-made disturbance over the past several decades. Much 
of the development is low density residences built more than 50 years ago. By contrast, other than 
in Hellertown and Coopersburg boroughs, much of the Saucon Creek Watershed development has 
occurred in suburbanizing areas over this “recent” timeframe with impervious cover more than tripling 
from 1938 to 2005 (Lehigh County Conservation District, 25).

The sediment modeling of the study area produced a total annual sediment load of 13,758 tons 
per year.  When this load is increased to 15,275 to account for proportional drainage areas, this load 
is about 26% less than the sediment load of 20,688 tons per year modeled in the Saucon Creek.  Most 
of the macroinvertebrate testing in the Manatawny study area has yielded IBI scores greater than 
701.  The strong invertebrate testing results along with the low sediment load indicates that the upper 
Manatawny Creek may be a suitable reference watershed for establishing the Saucon Creek TMDL. 
The bank erosion portion of the Manatawny Creek sediment load present a significantly different 
picture than the Saucon Creek. AVGWLF bank erosion at the Manatawny study point is 4,608 tons/
year. This represents 33.5% of the 13,758 total sediment load from the model. AVGWLF data for 
the Saucon Creek indicated that bank erosion was about 60% of the total sediment load. Watershed 
characteristics that likely affect this relationship are impervious cover, extent of riparian buffers and 
presence of limestone bedrock. Applying a channel erosion rate of 0.164 feet per year as was found 
for the Saucon to the Manatawny would yield about 7,280 tons per year of bank erosion sediment 
load at the study point (422,000 feet of stream with a calculated average bank height of 1.87 feet). 
Whereas for the Saucon Creek, bank erosion calculated in this manner was only one-half of the model 
bank erosion, the Manatawny bank erosion from this calculation is 60% higher than the AVGWLF 
value. Although this bank erosion rate is the lowest value reported in the literature (Walter et al., 302), 
historical Manatawny aerial photography versus current photography would need to be analyzed to 
reinforce this assumption. That work is beyond the scope of this investigation.

Another possible approach to developing a target sediment load is to calculate loads in the Saucon 
Creek at some point in the past when the watershed was attaining its uses. The LVPC already had 
detailed land use information from 1989 that was collected as part of the development of the original 
Act 167 Stormwater Management Plan for the Saucon Creek. The hope was that this land use condition 
could be run in AVGWLF, and the resultant sediment load could be used as the target for attainment. 
The 1989 condition was modeled, and the results showed a required reduction of approximately 12% 
(from 20,688 tons/year to 18,164 tons/year). However, the Saucon was found to be impaired the first 
time water quality testing was performed as part of the 1998 Integrated Water Quality Monitoring 
and Assessment Report. Therefore, it cannot be conclusively stated that the Saucon was attaining its 
designated uses in 1989, and this approach could not be used as the foundation for the TMDL.

A final approach to developing a reference watershed would involve taking a section of the 
Saucon Creek that is currently not impaired, and scaling the discharges from that area up to get a 
sediment load proportional to the total watershed area. The two best candidates from the initial 10 

1 One point near the bottom of the study area had an IBI score of 48.7.  DEP specified that this is located on a segment 
close to a roadway and is a localized problem and that this point should not affect our delineation of the study area or the 
results of the analysis.
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LCCD test points for this area are areas upstream of LCCD testing points 1 and 9. The unimpaired area 
above point 1 has a tributary area of 7.29 square miles and an annual sediment load of 2,312 tons per 
year. The area above point 9 has a tributary area of 6.5 square miles and an annual sediment load of 
2,289. As noted above, these sediment loads are calculated with the same SDR as the total watershed 
area. When scaled up to an equivalent area of 57.99 square miles, points 1 and 9 would have sediment 
loads of 18,391 and 20,423 tons per year, respectively. Both of these loads are slightly less than the 
total load calculated for the total watershed of 20,688 tons per year. It should be noted that although 
point 1 is impaired and point 9 is attaining, the area upstream of point 1 is generating less sediment 
per square mile than point 9. Using this area would create a more conservative (i.e. lower) target 
sediment load, and therefore a larger required sediment reduction. Therefore, since the impaired point 
leads to a larger reduction than the attaining point, these points also do not appear to provide a suitable 
foundation for TMDL development.

An additional analysis on this approach involves adding the four additional points LCCD tested 
for macroinvertebrate health in January and February 2011: points 11 through 14. The tests showed 
that these segments are currently attaining their designated uses, with IBI scores ranging from 69 to 
84.7. In addition to point 9, this brings the total number of tests with attaining scores to five. Based on 
the sediment modeling results presented in Table 2, sediment loads generated for these five tributary 
areas per square mile range from 1.5% (point 9) less than the Saucon to 89.4% (point 14) less than the 
Saucon. The results of the model runs, along with the required overall sediment reductions that would 
be required to meet them, are included in Table 4. 

TABLE 4
SEDIMENT LOADING RATES FOR SAUCON CREEK ATTAINING

LOCATIONS USING OVERALL WATERSHED SEDIMENT DELIVERY RATIO
Point # Loading Rate (tons/year/sq. mi.) % Reduction Required

9 352.19 1.45%
11 128.09 64.16%
12 198.59 44.43%
13 188.28 47.31%
14 37.90 89.39%

As expected, all of these loads turn out to be less than the overall watershed, although the point 9 
loading rate is very close to the overall loading rate of 357.36 tons per year per square mile. One point 
of note about these smaller tributary areas is that their sediment loads are dominated by sediment from 
overland sources. In the overall watershed, the total annual sediment load is 20,687.9 tons per year. 
13,921.0 tons of that load comes from the channel bank, which amounts to 67.3% of the total. In these 
smaller watersheds, the percentage of total load from the channel banks ranges from 1.4% (point 13) 
to 13.5% (point 9). These results are presented in Table 5. Note that in Table 5 all sediment loads have 
been scaled upwards to reflect their loading rate over the entire 57.99 square mile Saucon watershed.
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TABLE 5
OVERALL SEDIMENT LOADS AND CHANNEL BANK CONTRIBUTIONS

FOR SAUCON CREEK ATTAINING LOCATIONS USING OVERALL
WATERSHED SEDIMENT DELIVERY RATIO

Point # Sediment Load (tons/year)
Channel Erosion (tons/year) and 

% of Total Load
9 23,910.2 2,746.7 (13.5%)
11 8,695.8 852.3 (11.5%)
12 13,489.5 1,510.8 (13.1%)
13 12,782.2 151.4 (1.4%)
14 2,573.0 231.9 (10.6%)

 These sediment loads were calculated using the SDR adjustments discussed in Section E of this 
report. It is possible that the SDR adjustments would not be justifiable in this case. Those adjustments 
were made to facilitate comparison of separate drainage areas within the same watershed by attempting 
to assure that the sediment loads from the separate sections of the watershed accumulated to a total 
that was comparable to the watershed taken as a whole. However, in using these sections as reference 
watersheds, the argument exists that these should be treated as entirely separate watersheds, since any 
SDR impacts should be accounted for in determining how to get the Saucon to achieve sediment loads 
consistent with the attaining reference. If the SDR adjustments are not applied to these watersheds, 
the sediment loads change dramatically. Specifically, the amount of overland erosion increases 
significantly (it is almost doubled in some cases). The magnitude of the erosion from the channel 
banks is unaffected. The same data presented above in Tables 4 and 5 is also included below using the 
watershed-specific SDR values in Tables 6 and 7.

TABLE 6
SEDIMENT LOADING RATES FOR SAUCON CREEK ATTAINING

LOCATIONS USING WATERSHED-SPECIFIC SEDIMENT DELIVERY RATIO
Point # Loading Rate (tons/year/sq. mi.) % Reduction Required

9 578.53 -61.89%
11 233.64 34.62%
12 348.90 2.37%
13 359.20 -0.51%
14 69.97 80.42%

TABLE 7
OVERALL SEDIMENT LOADS AND CHANNEL BANK CONTRIBUTIONS

FOR SAUCON CREEK ATTAINING LOCATIONS USING
WATERSHED-SPECIFIC SEDIMENT DELIVERY RATIO

Point # Sediment Load (tons/year)
Channel Erosion (tons/year) 

and % of Total Load
9 33,491.3 2,746.7 (8.2%)
11 15,862.1 852.3 (6.3%)
12 23,698.9 1,510.8 (7.5%)
13 24,388.9 151.4 (0.7%)
14 4,752.5 231.9 (5.7%)
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Using the watershed-specific SDR values, two of the attaining points are now showing loading 
rates higher than the overall watershed. Point 9’s loading rate is the more striking of the two: it is 
60% higher than the overall Saucon loading rate. Furthermore, since the SDR does not affect the 
channel erosion but increases the overland sediment contribution, the percentage of channel bank 
erosion compared to the total erosion is reduced. Using the watershed-specific SDR, none of the 
sample points shows channel erosion in excess of 9%. When compared to the overall Saucon where 
the banks contribute 67.3% of the total load, this seems very low. 

Presented with the large swings in sediment load based on a single parameter, there is a very large 
amount of uncertainty regarding the proper use of these areas as a reference watershed. Point 11 would 
appear to be the best initial choice (it had the highest tested IBI score and shows a gross sediment 
reduction that could be attainable, unlike point 14), but further testing and monitoring would likely be 
necessary to provide data to calibrate the sediment model so that it could be used with confidence.

g. correLaTion proceDure

An alternative approach to using direct AVGWLF model results to structure a TMDL was to 
attempt to isolate some key factor(s) that could be identified as a primary causative factor(s) to the 
impairment of the creek. Theoretically, there would be a relationship between this primary causative 
factor and some measure of watershed health, be that IBI score or some other metric. The reference 
watershed approach is imprecise in that it chooses only one attaining point as a target. A single point 
could represent the correct reduction in sediment to get the stream to meet its uses, but more likely it 
represents a higher sediment reduction than actually needed. The preferred approach would be to have 
sufficient scientific data to identify a pivot point or switch between impaired and attaining waters. If 
a functional relationship exists between IBI scores and sediment or some other physical or chemical 
measure, it could potentially allow a more precise measure of how severe the impairment of a given 
location is, and what minimum actions are necessary to restore the health of the stream.

The process for performing the correlations was fairly straightforward. The value selected to 
be the measure of stream health has been treated as the dependent variable. This was almost always 
IBI score, Critical Habitat score, or Total Habitat score. Next, the independent variable was chosen 
as some physical or chemical property of the stream. Variables tested included LCCD chemical water 
quality data, annual sediment loads, and the proportions of certain upstream land uses. In the case of 
the annual sediment load data (and the annual sediment loading rate data, which is annual load divided 
by tributary area), the loads were divided by certain stream properties (velocity, width, and depth) to 
attempt to normalize the results such that specific conditions at a testing point potentially impacting 
impairment are considered. For example, a stream reach with high flow velocity may be less susceptible 
to sedimentation, and therefore impairment, than one with lower velocity. The corresponding data for 
all ten (or twelve where applicable) LCCD test points were plotted in Excel, and a linear-fit trendline 
was applied to the data. The r-squared value was the primary determination for the goodness-of-fit to 
the dataset. The r-squared measures how well the values fit the linear trendline. The values range from 
0 to 1, with a value of 1 being a perfect fit with all points plotting on the trendline, and 0 showing a 
complete scatter of effectively unrelated data.
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Additionally, for most cases, a Spearman rank coefficient analysis was performed. This is a 
statistical procedure that determines how well a dataset can be represented with a monotonic function 
(i.e. a function that is either exclusively increasing or exclusively decreasing). The Spearman coefficient 
(ρ) that is produced by this analysis ranges in value from -1 to 1. A value of 1 or -1 indicates a 
perfectly monotonic function (increasing or decreasing, respectively), while 0 represents a lack of a 
monotonic relationship. This was valuable in seeing if a correlation could have a meaningful non-linear 
relationship. The Spearman rank analysis was not performed on all of the datasets; it was implemented 
selectively on sets that seemed likely to yield a valuable result.

It should be noted that all of the data points were not used in every correlation analysis.  Data 
from points 1 through 10 was taken in April 2010 and was used in all possible correlations.  Invertebrate 
data from points 11 and 12 was not taken until January 2011 and was only used to further explore 
the relationships of initially promising correlations. However, a cross-reference of the high scores at 
points 11 and 12 to possible causitive factors calculated for all correlation analyses was conducted to 
ensure no promising relationships were missed.

H. DISCUSSION OF CORRELATION RESULTS

The most basic correlations were simple relationships between the IBI scores and three very 
general watershed parameters. One of the parameters tested was drainage area. The total drainage area 
to each of the LCCD test points was graphed against the tested IBI scores. The resulting relationship is 
shown in Figure 8 and indicates that larger drainage areas tend to have somewhat lower IBI scores. The 
relationship is not especially strong, which indicates that there are more complicated local factors that 
are affecting the stream channel. This was generally the expected result from this data. Another general 

Figure 8
IBI Score vs. Drainage Area y = -0.3761x + 58.059

R2 = 0.1351
rho = -0.3566

0

10

20

30

40

50

60

70

80

90

0 5 10 15 20 25 30 35 40 45 50

Drainage Area (square mi.)

IB
I S

co
re



-22-

watershed property analyzed was the percent of upstream area underlain by carbonate bedrock. This 
relationship is shown in Figure 9. There appears to be a relatively strong negative correlation between 
carbonate bedrock and IBI score. While some correlations between the data were expected, such a 
strong relationship was not anticipated. While this relationship could merely be coincidental (e.g. the 
carbonate areas may coincide with the areas with the lowest sediment-carrying capacity and would 
therefore be more likely to accumulate fine sediments), there remains the possibility that carbonate 
bedrock does have some impact on the sustainability of macroinvertebrates in the Saucon Creek. In 
one sense the carbonate bedrock correlation seems to negate other apparent correlations that may 
simply be mirroring the background carbonate impact. In another sense, the carbonate bedrock impact 
is really another way of expressing the legacy sediment impact on impairment. The magnitude and 
placement of these sediments would reflect the deep, high quality agricultural soils displaced during 
colonial times. While this does not assist in the determination of a sediment load for use in developing 
the TMDL, it does help to emphasize that physiographical features can complicate these types of water 
quality analyses in a watershed like the Saucon. The last characteristic analyzed was channel bed 
slope. The channel bed slope was calculated using a topographic base map from the development of 
the Saucon Creek Act 167 Stormwater Management Plan. This relationship is shown in Figure 10. This 
relationship is not strong. The theory is that areas with higher bed slopes will have higher velocity and 
more capacity for sediment transport. Therefore, less sediment would be deposited in these areas since 
it would be carried further downstream before settling velocity is reached. However, this does not 
appear to be the case in the Saucon. While the point with the highest IBI score has the highest slope, 
the point with the worst IBI score has the second-highest slope. Also, the Spearman rank coefficient of 
0.035 indicates that there is almost no monotonic functional relationship between the points.

Figure 9
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The next correlations that were made were those involving the annual sediment loads calculated 
in AVGWLF. As noted above, correlations were made using both the total annual sediment load (in 
tons per year), as well as the annual sediment loading rate (tons per year per square mile). These 
were each divided by some combination of the local channel velocity, width, and depth to attempt to 
normalize the results across the ten initial testing locations. The normalization involved dividing the 
sediment load by physical properties of the channel at the sampling points, such as velocity, width, 
and depth. The thought process behind the normalization process is that raw sediment loads may 
not be indicative of a stream bottom sediment condition. Similar loads on two stream segments that 
have different velocities or cross-sections would likely not have similar macroinvertebrate habitats. 
Similarly, the same loads distributed across stream beds of differing widths could also lead to different 
conditions. 

There were two different velocities used in this process. The first velocity is based on bankfull 
velocities as calculated from the width, depth, slope, and roughness measurements approximated from 
field visits as part of the Act 167 planning and modeling process. This velocity was calculated for all 
ten LCCD test points. The other velocity used was the floodway velocity as calculated by FEMA as 
part of a detailed flood study of the Saucon Creek. However, this data only encompassed five of the 
LCCD data points, as there was no detailed flood study done on the East Branch, Polk Valley Run, 
or the South Branch (including Tumble Brook). Channel widths and depths used in the correlation 
adjustments along with the FEMA velocities were the same as the Act 167 widths and velocities, 
as FEMA’s cross-section data was not readily available. The velocities at each of the ten LCCD test 
points are noted below in Table 8.

Figure 10
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TABLE 8
ACT 167 AND FEMA VELOCITIES AT LCCD TESTING LOCATIONS

Test Location # Act 167 Bankfull Velocity (ft/s) FEMA Floodway Velocity (ft/s)
1 7.0 5.3
2 5.1
3 5.4
4 3.1 1.5
5 7.5
6 9.4 1.9
7 3.6 4.8
8 2.6
9 3.2
10 5.1 2.6

It should be noted that these two velocities do not use the same cross-section: the Act 167 velocities 
are based solely on the dimensions of the channel bed, while the FEMA calculations are based on the 
cross-section of the floodway defined as part of the detailed study. Since the floodway cross-section 
is larger than the bed cross-section, the FEMA values are lower than the Act 167 velocities at all but 
one location.

These correlations compared the AVGWLF sediment loads to three of the indicators of stream 
health: IBI score, Critical Habitat score, and Total Habitat score. In these analyses, the Act 167 
velocities were problematic. Correlations using the Act 167 velocities that showed any trend were 
trending in the wrong direction, implying that increasing the sediment load to the stream would lead 
to better macroinvertebrate scores. This is counterintuitive. Therefore, the Act 167 bankfull velocities 
were determined to be largely unsuitable for this analysis. This is possibly due to the inexact nature of 
the Act 167 measurements; where the FEMA cross-sections are surveyed, only the Act 167 width is 
measured. The other Act 167 measurements (depth, roughness, channel side slope) are approximated 
from field views. With respect to the correlations with the FEMA velocity, the annual sediment loading 
rate (tons per year per square mile) divided by velocity was consistently the best relationship across 
all three tested metrics. Graphs of these correlations are included as Figures 11, 12, and 13. The 
correlation with loading rate divided by FEMA velocity compared to IBI score (Figure 13) was the 
best relationship observed, with an r-squared of 0.7387. However, since the FEMA velocities are 
only available for the mainstem and the bottom of the Silver Creek, only five of the testing points 
are included in the analysis. Additionally, and perhaps more crucially, none of these five points were 
attaining (the only attaining points are on the East Branch), so the point where impaired becomes 
attaining would be based purely on extrapolation. This is best illustrated in a simple test calculation. 
The best chart to use in this calculation is IBI score versus Sediment Loading Rate divided by FEMA 
Velocity (Figure 13), as this clearly showed the best relationship between sediment load and IBI score. 
Using this chart, getting a sampling point to an IBI score of 63 (and thereby attaining) would require 
the annual sediment load rate divided by velocity to be 14.58 tons/year /sq. mi./ft/s. For the five points 
in areas covered by the FEMA data, this leads to required reductions ranging from 75% to 91%, which 
is a tremendous reduction in sediment discharge. Also, since we know that point 9 is attaining with an 
IBI score of 63.1, this relationship should ideally show that little to no change is necessary at that point. 
However, for that to be the case, the floodway velocity at point 9 would need to be approximately 24 
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Figure 11
Total Habitat Score vs. 
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Figure 12
Critical Habitat Score vs. 

Sediment Loading Rate divided by FEMA Velocity
y = -0.2097x + 84.644
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ft/s, which is not possible. To use the relationship with any amount of certainty, more testing would be 
required in the area of the FEMA flood study. Ideally, this should include at least one test in an area 
that is clearly attaining.

Correlations between sediment loads and individual habitat scores were also performed. These 
tests focused on the habitat scores related to sedimentation, particularly “epifaunal substrate” and 
“sediment deposition.”  None of these analyses showed any noticeable trends. The graphs of the 
analyses are included as Figures 14 through 17. Particularly troubling in this set of analyses is the 
lack of relationship between IBI score and sediment deposition score from Figure 14. For a stream 
impaired by sediment, this would intuitively be about the most direct relationship possible. That is, 
the macroinvertebrate community present at a site should be a direct result of the sediment deposition 
conditions at that site. The poor correlation would appear to indicate a cause/effect system that is much 
more complex.

Total percent upstream impervious area was also used as a correlation with IBI score. To determine 
impervious coverage, the same assumptions used in the Act 167 planning process to determine the 
future condition were used. These assumptions are shown in Table 9 below.

Figure 13
IBI Score vs. Sediment Loading Rate divided by FEMA Velocity
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Figure 14
IBI Score vs. Sediment Deposition Score

y = 0.556x + 40.385
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Figure 15
Epifaunal Substrate Score vs. Annual Sediment Load 

divided by FEMA Velocity divided by Width divided by Depth 
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Figure 16
Sediment Deposition Score vs. Annual Sediment Load

divided by FEMA Velocity divided by Width divided by Depth 
y = -0.1795x + 15.732
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Figure 17
Substrate + Sediment Scores vs. Annual Sediment Load

divided by FEMA Velocity divided by Width divided by Depth 
y = -0.3691x + 31.794
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TABLE 9
“TYPICAL” PERCENT IMPERVIOUSNESS BY LAND USE

Land Use
Percent

Imperviousness

 1. Woods
 2.  Open Space
 3. Agriculture
 4.  Low Density Residential
 5.  Medium Density Residential
 6.  High Density Residential
 7.  Industrial
 8.  Commercial
 9.  Institutional
 10.  Large Impervious Areas
 11.  Water Bodies
 12.  Transportation Uses
 13.  Mining

0
0
0
20
38
65
72
85
40
100
100
30
0

There was a significant trend between increasing percent impervious cover and decreasing IBI 
score. However, any trend observed from percent impervious would be very difficult to implement 
into a TMDL. Decreasing impervious areas could be a legitimate approach to restoring the aquatic 
life of the Saucon Creek. This could not be done directly, but it would be possible to retrofit existing 
development sites with infiltration/retention BMPs to effectively remove that impervious area’s runoff 
contribution to the stream. However, these analyses do not give any type of targets for a load of a 
pollutant, which is the goal of a TMDL. This graph is included as Figure 18.

Figure 18
IBI Score vs. Percent Impervious Cover y = -2.9326x + 85.132
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The next analyses involved looking at the upstream land uses in each tributary area. The land 
use categories analyzed are based on the uses cataloged as part of the Act 167 planning process. The 
categories analyzed were: woods, open space, undeveloped area (woods and open space combined), 
agriculture, low density residential (less than or equal to two units per acre), medium density 
residential (between two and five units per acre), high density residential (greater than five units per 
acre), total residential (all residential lots), industrial, commercial, institutional, big impervious (large 
paved or otherwise impervious areas not associated with any other land development category), and 
transportation. The dominant land uses in the watershed in order of percent coverage are woods (26.8%), 
low density residential (23.7%), open space (15.2%), and agricultural (14.5%). The only one of these 
four uses that showed any type of linear trend was low density residential (>2 acre lots). Surprisingly, 
the higher IBI scores were associated with greater concentrations of upstream low density residential 
land use. This is the opposite of the expected result from the perspective of conversion of a natural 
watershed to developments. However, low density residential is perhaps the least disturbance of all 
land development and the graph may be read to mean more low density residential means less of other 
developed uses. The graph is included as Figure 19. The developed land uses that showed a negative 
relationship as expected were commercial, institutional, as well as medium and high density residential. 
These relationships are included in Figures 20 through 23. Each of these graphs shows a relationship 
between development and IBI score in the expected direction: increased proportions of development 
in a watershed lead to lower IBI scores. However, these land uses individually occupy very small 
portions of the watershed, with all data points at less than 8% of the watershed and most less than 5%. 
In addition to analyzing the relationships with the individual land uses, a composite graph using the 
data from all four land uses is included as Figure 24. This relationship represents a larger portion of 
the watershed and also shows a relationship that is superior to any of the individual land uses. Given 
that this data shows a better functional relationship than the overall percent impervious data presented 
above implies that the concentration of impervious surfaces in high intensity developments may be 
more critical to watershed health than impervious areas overall. 

The final land use correlation involved comparing IBI score to the amount of golf course area 
tributary to each test point. Golf courses are potentially a large source of sediment to the stream due to 
the extensive encroachment into riparian areas. Many golf courses will manicure their grounds up to 
the very edge of the stream channel. An aerial photograph showing the extent of the encroachment of 
Silver Creek Country Club on the Silver Creek in Lower Saucon Township just east of the Borough of 
Hellertown is included as Figure 25. The result of the golf course area analysis is included as Figure 
26. There is a noticeable negative correlation in the data. The most striking aspect of this relationship 
is how much more golf course area is tributary to the point with the worst IBI score compared to every 
other point. The Silver Creek drainage area consists of over 14% golf course area, while every other 
tributary area is less than 6%. Given this relationship, it seems reasonable to assume that extensive 
golf course grounds have an impact on at least one of the Saucon’s major tributaries, if not the entire 
watershed. Note, however, that Silver Creek is partly underlain by Lost River Caverns and upstream of 
the monitoring point will periodically be dry which alters the macroinvertebrate community.

Correlations were also created based on chemical water quality data collected by LCCD. This 
data included one (1) set of ambient stream measurements for chemical properties, nutrients, metals, 
etc. It also included data collected during three (3) storm events in August and September 2010. Most 
of the correlations from this data were poor, with one exception: temperature. Temperature showed 
a fairly strong negative correlation with IBI score for both the ambient and storm conditions. In fact, 
it was the only tested parameter that showed any kind of relationship with IBI score in the ambient 
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Figure 19
IBI Score vs % Low Density Residential y = 212.82x + 0.0528
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Figure 20
IBI Score vs % Medium Density Residential y = -687.76x + 64.258
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Figure 23
IBI Score vs % Institutional Area y = -203.66x + 53.205
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Figure 24
IBI Score vs % Medium Density Residential, 

High Density Residential, Commercial, 
and Institutional Combined

y = -282.62x + 69.666
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Figure 26
IBI Score vs % Golf Course Area y = -278.14x + 62.827

R2 = 0.4363
rho = -0.5352
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condition, which would presumably be the most critical condition for long-term aquatic health. One 
thing that makes temperature stand out from all the other correlations is that the end-points of the 
function match and even define the trend: the highest IBI score has the lowest temperature and the 
lowest IBI score has the highest temperature. The graph is included as Figure 27. The issue with 
temperature is that it does not directly relate to a sediment load in the stream, although the legacy 
sediments present in parts of the watershed can have a large effect on temperature by raising the bed 
of the stream and disconnecting it from the groundwater table.

Another potentially interesting correlation involved analyzing the percentage of the stream 
length tributary to each point that is protected by a 100-foot riparian forest buffer. Riparian forest 
buffers are an example of a potential BMP that could be implemented to address a sediment TMDL. 
The relationship between IBI score and forested buffer areas is included as Figure 28. The relationship 
between the data is not particularly strong, but there does seem to be some correlation in that the best 
IBI score has the highest percentage of buffer and all of the other points with IBI scores above 60 also 
have a higher percentage of buffer areas. Part of the potential effectiveness of a riparian forest buffer 
BMP, along with stabilizing floodplain soils and filtering sediment from runoff, is that it provides a 
measure of temperature control to the stream. As discussed above, ambient temperature appears to 
be a strong indicator of biological integrity, so forested buffers could be used as part of an overall 
management strategy in the Saucon Creek Watershed.

Further correlations were created based on data from LCCD collected as part of the creation of 
the May 2009 Saucon Creek Watershed Conservation Management Plan, which was supplemented by 
additional LCCD field work as part of the TMDL process. This analysis took approximate bank heights 
from all segments of the stream and made certain assumptions in an attempt to roughly quantify the 
extent of legacy sediments in the watershed and their impact on macroinvertebrate health. The first 
assumption was that areas where the banks were greater than three feet high, legacy sediments were 

Figure 27
IBI Score vs. Ambient Temperature y = -6.3283x + 114.8
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sediments are reasonably accurate, it seems that there is a strong negative relationship between them 
and macroinvertebrate health, as expected. The relationship, along with the total bank height from 
the LCCD data, could possibly be used to determine how much legacy sediment would need to be 
removed from the channel banks to improve the bed condition for macroinvertebrates. LCCD also did 
a legacy sediment bank height field check for the Manatawny study area as well. The overall study 
area had a calculated legacy sediment percentage of 51%. Since we have no IBI score at that location, 
we can not include the entire Manatawny study area as a distinct data point in our analysis. However, 
we can see that, if it were added to the graph, it would be within the range of the Saucon data points 
with respect to legacy sediments. This tends to imply that legacy sediments exist in both watersheds, 
but the sediments in the Manatawny do not have the same impact regarding impairment. The low level 
of development in the Manatawny is likely to be one contributing factor to this, but there may also be 
other contributors that are not currently known. To provide some reference to how legacy sediments 
impact the Manatawny’s tributaries, a point was added from the Pine Creek to the original legacy 
sediment analysis. This point had the least amount of legacy sediments at 35.6%, which reinforces its 
most recent assessment (an IBI score of 80.6 in 2004) and its Exceptional Value designation. This new 
point plots virtually on the trend line if extended.

The final correlation done was based on a metric determined by LVPC to gage the amount of 
disturbance that has occurred over a drainage area. This is not necessarily land development; this 
was an attempt to quantify how much the natural stream and drainage area environment has been 
disrupted by human interaction. A set of disturbance measures were selected from the data available in 
an attempt to fully quantify man-made changes to the watershed but without “layering” the impacts. 
That is, it was attempted to pick disturbance measures that were not redundant. An example would 
be impervious cover and low density residential development where although they are not the same 
measure they have a common or redundant trait with impervious surfaces. The five factors selected 
were: legacy sediments, loss of forested riparian buffers, impervious cover, agricultural land, and 
golf course areas. Legacy sediments are obviously a key consideration of sediment impairment in 
the Saucon Creek Watershed and need to be included. Loss of forested riparian buffers was selected 
as a disturbance measure based on the well documented benefits to stream health associated with 
forested riparian areas in the literature. Impervious cover was selected to represent the many types of 
development present such as high density residential, commercial, etc. for which impervious cover is 
created. Agricultural areas were selected because they are earth disturbance areas not associated with 
impervious cover creation. Lastly, golf courses were selected because they represent a clear man-
made change to the original wooded landscape not counted as impervious cover. Percent impervious 
cover, percent agricultural areas, and percent golf course areas were able to be evaluated directly in 
this relationship by summing their percentages. Legacy sediments and riparian buffers needed to be 
evaluated differently. For legacy sediments, the Saucon points were “referenced” to the location in 
the Manatawny study area on the Pine Creek noted above in the legacy sediments discussion. The 
contribution of legacy sediment to the total disturbance was taken as the difference between the 
calculated percentage of legacy sediment at a point in the Saucon and the 35.6% Pine Creek reference 
location. For riparian buffers, the data was calculated assuming a buffer width of 100 feet. The value 
used in the disturbance calculation was based on how much of the buffer was removed, as well as 
how much of the total drainage area was included in the 100 foot buffer: the fraction of the total area 
comprised of the buffer was multiplied by the percentage of the buffer that was lost. This calculation 
left fairly small values in comparison to the other factors used in this calculation. In order to allow the 
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buffer data to have more bearing on the results (which seemed appropriate based on both the results 
of the riparian buffer correlation and the general assumption that riparian forest buffers are highly 
effective water quality BMPs), the calculated buffer impact was increased by a factor of 5. The results 
of this analysis produced values ranging from 33.7% (point #12) to 92.6% (point #6). Since this data 
doesn’t truly represent percent disturbance it is translated into a disturbance score on a 100 point 
system and presented in Figure 30. Of all correlations evaluated, only Figure 24 that evaluates more 
intense urban land uses had higher least squares and Spearman correlations.

I. TMDL ALTERNATIVES

Saucon Creek is impaired by sediment. A Saucon Creek Total Maximum Daily Load, TMDL, 
is intended to be a numerical limit on sediment that, if achieved, would ultimately result in the stream 
attaining its designated uses — i.e. no longer being impaired. However, there is no water quality 
standard for sediment. A direct measurement of sediment in the stream cannot be translated into 
a numerical TMDL. The translation must be done by inference by locating an attaining reference 
watershed for which a lower estimated sediment load can be the basis for a numerical TMDL. The 
challenges, then, are to see if an attaining reference watershed can be found and if relative sediment 
loadings can be established with reasonable certainty to support TMDL development.

Based on the modeling work and correlation analyses described above, the LVPC has come to 
three possible alternatives for use in the development of the TMDL for the Saucon Creek Watershed. 
Alternative 1 is to use the Manatawny Creek Watershed as a reference watershed to establish acceptable 
sediment loadings for the Saucon Creek Watershed. Alternative 2 is to use smaller subwatersheds of 
the Saucon Creek that are currently attaining their designated uses as reference watersheds to establish 
acceptable sediment loadings. Alternative 3 is to establish a Best Management Practice (BMP) approach 

Figure 30
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to improving the Saucon Creek impairment conditions with BMPs established based on the results of 
the correlation analyses described earlier in this report. Each of these alternatives is discussed below 
including any recommendations for further evaluation.

•	 Alternative	1	—	Manatawny	Creek	Reference	Watershed

The first alternative would be to use a reference watershed approach in accordance with DEP’s 
past approach to sediment TMDLs.  The upper section of the Manatawny Creek in Berks County is the 
area that was selected for evaluation as a possible reference for the Saucon Creek.  The Manatawny 
study area is 52.23 square miles; only 10% smaller than the total tributary area to the Saucon Creek.  
The IBI scores in the Manatawny from its past assessments have been very strong, and DEP believes 
that this should be a good reference for the Saucon.  Based on LVPC’s sediment modeling, the total 
annual sediment load in the Manatawny is 13,758 tons per year.  The total annual sediment load in the 
Saucon Creek was calculated to be 20,688 tons per year.  When the difference in total tributary area is 
accounted for, the Manatawny sediment load is 15,275 tons per year or 26.3% less than the sediment 
load in the Saucon Creek. 

Looking closer at the Manatawny Creek reference data, the difference in sediment loading from the 
AVGWLF models for the two watersheds after drainage area adjustments is about 5,400 tons per year. 
In a sense, this loading difference represents the “problem” to be solved so that an impaired watershed 
could become attaining. At the mouth of the Saucon Creek, the AVGWLF bank erosion portion of the 
sediment loading is 13,920 tons per year, two thirds (67%) of the total loading of 20,688 tons per year. 
The overland source sediment loading at the mouth would be the remainder of 6,768 tons per year. 
Therefore, the “problem” to be solved of 5,400 tons per year represents about 39% of the bank erosion 
contribution but 80% of the overland source contribution. A traditional TMDL might assign acceptable 
sediment loadings to various land uses throughout a watershed. It’s not clear that bank erosion is part 
of this assignment. A TMDL constructed this way would require not the previously calculated 26% 
reduction in sediment loads from the land uses but rather an 80% reduction. This would seem to be 
a rather extreme result — especially given that the bank erosion component appears to be the larger 
part of the sediment impact on the stream. The Saucon Creek sediment fingerprinting work currently 
underway at Lehigh University may significantly improve understanding of the relative impairment 
impacts of land use versus streambank sediment sources. It is recommended that the Lehigh University 
research regarding sediment fingerprinting, perhaps including needs for follow-up research defined in 
that study, be incorporated into this assessment prior to any decision to develop a formal TMDL based 
on the Manatawny Creek reference watershed.

•	 Alternative	2	—	Saucon	Creek	Attaining	Subwatersheds	Reference	Watershed

The second alternative would be to use one of the attaining Saucon tributaries as the reference 
watershed. The results of the sediment modeling for the five attaining points were discussed in Section 
F of this report. Based on those results, the best apparent candidate to be used as a reference watershed 
is point 11, which is a small, 0.85 square mile tributary in the upper reaches of the East Branch in 
Lower Saucon Township. This point would result in a required gross reduction in Saucon sediments of 
at least 34.6%. However, the required reduction could also be as high as 64.2% if an SDR consistent 
with the entire Saucon watershed area is used. As noted in Section F, further sediment monitoring 
would likely be necessary to develop sediment loads that would be used in calibrating the model. 
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Without additional work to define a more reliable calibration target, this reference watershed cannot 
be used with much confidence.

•	 Alternative	3	—	Best	Management	Practices

A final alternative would focus on using BMPs to attempt to begin improving the sediment load 
on the creek immediately. This approach would be based in part on the correlation analyses performed 
as part of this report. Table 10 shows a summary of all of the correlations described in this report. It 
also includes a list of potential BMPs that could be implemented to begin addressing the impairment 
even before a formal TMDL is established. This is by no means a comprehensive list of all BMPs that 
can contribute to reduced sediment loads in the Saucon Creek; it is merely a starting point from which 
further control strategies can be built. 

One of the main issues in the watershed appears to be legacy sediments. In addition to the erosion 
issues noted by legacy sediments in Section C of this report, there are cases where the stream is not 
able to reach its original bottom. In these situations, the stream remains “perched” above the water 
table. This disconnect cuts the stream off from its traditional source of baseflow. In addition to the 
obvious effect of decreasing the annual supply of water to the stream, removing the cool groundwater 
contribution also contributes to increased temperature in the stream as well. Legacy sediments should 
be removed from stream banks where it is possible and economical to do so. Legacy sediment removal 
projects can be very cost-intensive, so that makes this approach prohibitive as a watershed-wide 
measure. Areas where the stream has become perched above the water table should be prioritized for 
removal, as this situation is most stressful on conditions to support aquatic life. 

Additionally, controlling the velocity in the stream can reduce the shear stress on the banks and by 
extension the likelihood of bank failure. One of the most effective ways to accomplish this is to manage 
the runoff volume from smaller, more frequent rainfall events responsible for most channel erosion 
rainfall events (i.e. less than three inches with a 2-year or shorter recurrence interval) on an individual 
site basis through the use of volume control BMPs, disconnecting impervious areas, and utilizing low-
impact development practices. In-stream BMPs can also be applied to reduce channel velocity. These 
can include stream restoration, floodplain restoration, and/or riparian buffer restoration.

Further, even though legacy sediments may be a contributing factor to the impairment in some 
areas of the watershed, preventing sediment from reaching the stream entirely should still be an effective 
way to reduce sediment loads in many places in the watershed. Again, BMPs should be employed to 
control sediment. Agricultural BMPs (filter strips, stream fencing, crop residue, etc.) should be utilized 
in all areas where they are feasible. Construction erosion and sedimentation control BMPs should be 
maintained to prevent sediment pollution events. Street sweeping should be used in the areas of the 
watershed that are sufficiently developed for it to be practical. Point-source effluent limits may also be 
necessary if further analyses show them to be a contributor to the impairment. Analysis of this type is 
beyond the scope of this investigation.

To further address the issue of sediment contributions from new development, there are two 
regulations that will prevent increases in sediment contributions to the Saucon Creek. These regulations 
include the Post Construction Stormwater Management (PCSM) provisions recently adopted into PA 
Code 25 Chapter 102, and the Draft Saucon Creek Act 167 Stormwater Management Plan Update 
municipal model ordinance. When completed, the latter will be required to be adopted by Saucon 
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TABLE 10
SUMMARY OF CORRELATION RESULTS AND BMP IMPLICATIONS

Figure # Description r^2 rho BMP Implications
8 IBI Score vs. Drainage Area 0.1351 -0.3566 None
9 IBI Score vs. % Carbonate Bedrock 0.4931 -0.6935 None

10 IBI Score vs. Channel Bed Slope 0.2414 0.0350 None

11
Total Habitat Score vs. Sediment Loading 
Rate Divided by FEMA Velocity 0.5091*

Agricultural BMPs, construction E&S BMPs, street sweeping, legacy 
sediment remediation, basin retrofits, point source effluent limits, riparian 
buffer restoration, floodplain restoration

12
Critical Habitat Score vs. Sediment Loading 
Rate Divided by FEMA Velocity 0.5963*

Agricultural BMPs, construction E&S BMPs, street sweeping, legacy 
sediment remediation, basin retrofits, point source effluent limits, riparian 
buffer restoration, floodplain restoration

13
IBI Score vs. Sediment Loading Rate 
Divided by FEMA Velocity 0.7387*

Agricultural BMPs, construction E&S BMPs, street sweeping, legacy 
sediment remediation, basin retrofits, point source effluent limits, riparian 
buffer restoration, floodplain restoration

14 IBI Score vs. Sediment Deposition Score 0.0235 0.0926 None

15

Epifaunal Substrate Score vs. Annual 
Sediment Load divided by FEMA Velocity 
divided by Width divided by Depth 0.0809*

Agricultural BMPs, construction E&S BMPs, street sweeping, legacy 
sediment remediation, basin retrofits, point source effluent limits, riparian 
buffer restoration, floodplain restoration

16

Sediment Deposition Score vs. Annual 
Sediment Load divided by FEMA Velocity 
divided by Width divided by Depth 0.1669*

Agricultural BMPs, construction E&S BMPs, street sweeping, legacy 
sediment remediation, basin retrofits, point source effluent limits, riparian 
buffer restoration, floodplain restoration

17

Substrate + Sediment Scores vs. Annual 
Sediment Load divided by FEMA Velocity 
divided by Width divided by Depth 0.1149*

Agricultural BMPs, construction E&S BMPs, street sweeping, legacy 
sediment remediation, basin retrofits, point source effluent limits, riparian 
buffer restoration, floodplain restoration

18 IBI Score vs. % Impervious Cover 0.3094 -0.4615
Basin retrofits, street sweeping, disconnect impervious surfaces, low-impact 
development practices

19 IBI Score vs. % Low Density Residential 0.5251 0.7413
Basin retrofits, street sweeping, disconnect impervious surfaces, low-impact 
development practices

20 IBI Score vs. % Medium Density Residential 0.4348 -0.7273
Basin retrofits, street sweeping, disconnect impervious surfaces, low-impact 
development practices

21 IBI Score vs. % High Density Residential 0.3603 -0.7413
Basin retrofits, street sweeping, disconnect impervious surfaces, low-impact 
development practices

22 IBI Score vs. % Commercial Area 0.1562 -0.2606

Basin retrofits, street sweeping, disconnect impervious surfaces, low-impact 
development practices, sediment housekeeping practices, sediment 
containment

23 IBI Score vs. % Institutional Area 0.2310 -0.6364

Basin retrofits, street sweeping, disconnect impervious surfaces, low-impact 
development practices, sediment housekeeping practices, sediment 
containment

24

IBI Score vs. % Medium-Density Residential,
High-Density Residential, Commercial, and 
Institutional Combined 0.7218 -0.8252

Basin retrofits, street sweeping, disconnect impervious surfaces, low-impact 
development practices

26 IBI Score vs. % Golf Course Area 0.4363 -0.5352
Riparian buffer restoration, legacy sediment remediation, stream/floodplain 
restoration, landscape restoration, soil amendment/restoration

27 IBI Score vs. Ambient Temperature 0.4554 -0.6242
Riparian buffer restoration, legacy sediment remediation, stream/floodplain 
restoration, reconnection to groundwater

28 IBI Score vs. % Riparian Forest Buffer 0.2787 0.2657 Riparian buffer restoration
29 IBI Score vs. Legacy Sediment Score 0.3619 -0.6713 Legacy sediment remediation

30 IBI Score vs. Watershed "Disturbance" 0.6166 -0.6923

Basin retrofits, street sweeping, disconnect impervious surfaces, low-impact 
development practices, riparian buffer restoration, legacy sediment 
remediation, stream/floodplain restoration, riparian buffer restoration, 
agricultural BMPs, construction E&S BMPs, landscape restoration, soil 
amendment/restoration

*r^2 values reported for consistency, but these graphs only consist of 5 data points and are therefore not indicative of all tested points.
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Creek municipalities under Act 167. Both of these regulations are based around the same standard: 
controlling runoff such that the volume of runoff discharged from the site associated with the 2-year 
storm is not increased. This approach results in 99% of annual rainfall being infiltrated or otherwise 
held on the site and not discharged to the Waters of the Commonwealth as surface flow. Since the water 
will not be leaving the development site, any sediment being carried by this water will be kept on-site 
as well, where it can be removed and disposed of as part of the maintenance activities of those BMPs. 
Additionally, controlling the volume leaving the site will also help control the channel velocity and 
reduce occurrences of bank failure.

To support any of the proposed TMDL alternatives, additional data collection should occur. First, 
long-term sediment data collected to create an actual sediment load target that AVGWLF (or another 
sediment model) could be calibrated to reflect would be ideal. Lehigh University has already collected 
some sediment data (Pazzaglia and Bennett, 17) on the mainstem of the Saucon Creek. However, only 
three storm events were recorded, so additional data on the mainstem would be valuable to better 
estimate the annual sediment load. Data collection in other locations within the watershed should 
also be valuable. Monitoring on the East Branch would be useful, as loads from this tributary would 
be very difficult to collect from a point on the mainstem given the proximity of the East Branch’s 
confluence with the Saucon to the Lehigh River. Sediment data recording on the East Branch would 
provide a more complete picture of sediment loading throughout the entire watershed. Additionally, 
monitoring on the Silver Creek would potentially be valuable to assess the impact of the removal of 
legacy sediment material from the stream banks. LCCD is preparing a project to remove a large amount 
of legacy sediment from Silver Creek Country Club in Lower Saucon Township, and this provides an 
ideal scenario to assess the pre- and post-rehabilitation sediment loads with a legacy sediment removal 
project. This additional sediment monitoring in the Saucon could also be supplemented with further 
sediment fingerprinting analyses. While final results in the initial sediment fingerprinting in the Saucon 
are still pending, this analysis could potentially be a critical tool to determine how much of the sediment 
load (and by extension the impairment) in the watershed is caused by legacy sediment, which remains 
a major point of discussion. Further, if any of the testing locations that were found to be attaining were 
to be used as a reference, instream sediment data collection at the LCCD testing point would also 
be crucial in establishing the working model parameters and reduce the large amounts of parameter 
uncertainty discussed above. Further, if the Manatawny Creek is used as a reference, it would also 
be necessary to look at actual sediment loads in the Manatawny. Even with accurate annual sediment 
loads recorded in the Saucon, a target would still be needed to determine how much of a reduction in 
the load is required by the TMDL. Without sediment monitoring in the Manatawny, that target would 
still be based on an uncalibrated model. Last, more detailed information regarding the point-source 
discharges in the Saucon to provide insight into their possible impact on sediment in the watershed 
is needed. It could be that point-sources are a significant source of either direct sediment loads, or at 
least erosive flow velocities in areas susceptible to increased erosion (e.g. areas affected by legacy 
sediments). Table 11 details the future work items that could be enacted upon to continue the process 
of developing an effective TMDL for the Saucon. The table is based on recommendations noted in this 
report and from input from LCCD. Finally, although this report was prepared in cooperation with the 
Lehigh County Conservation District, Lehigh University researchers and DEP staff, a thorough review 
and critique of this report by all parties would likely yield greater clarity in interpretation of results 
and recommendations for moving forward to resolve the sediment impairment issues of the Saucon 
Creek Watershed.
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TABLE 11
RECOMMENDATIONS FOR FUTURE DATA COLLECTION AND MONITORING

Work Item Alternatives Applicable
Long-term sediment monitoring on the Saucon Creek and its tributaries 1, 2
Sediment fingerprinting analysis on the Saucon Creek 1, 2, 3
Long-term sediment monitoring in the Manatawny Creek study area 1
Sediment fingerprinting analysis in the Manatawny Creek study area 1
More detailed documentation of point source discharges in the Saucon 
Creek 1, 2, 3
Aerial photography analysis of channel widening in the Manatawny Creek 
study area 1
IBI testing in area of detailed FEMA flood study 1, 2, 3
Detailed cross-sections and longitudinal profiles of the Saucon and its 
tributaries 1, 2, 3
Flow stage recordings in the Saucon and its tributaries 1, 2, 3
Bank pins in the Saucon and its tributaries 1, 2, 3



-44-

J. reFerenceS

Barbour, M.T., J. Gerritsen, B.D. Snyder, and J.B. Stribling. 1999. Rapid Bioassessment Protocols 
for Use in Streams and Wadeable Rivers: Periphyton, Benthic Macroinvertebrates and Fish, 
Second Edition. EPA 841-B-99-002. U.S. Environmental Protection Agency; Office of Water; 
Washington, D.C.

Evans, Barry, et al. “AVGWLF Version 7.1 Users Guide.”  Penn State Institutes of Energy and 
the Environment. April 2008.

Lehigh County Conservation District. Saucon Creek Watershed Conservation Management Plan. 
May 2009.

Pazzaglia, Frank J. and Matthew S. Bennett. “Saucon Creek Watershed Study Background 
and Recommendations for Public Policy.”  Lehigh University, Department of Earth and 
Environmental Sciences, Bethlehem, PA, 45p

Pennsylvania Department of Environmental Protection. Draft Instream Comprehensive 
Evaluations Survey Protocol. 391-3200-001. March 19, 2009.

Pennsylvania Department of Environmental Protection. Erosion and Sedimentation Control 
Program Best Management Practices (BMP) Manual. 363-2134-008. October 17, 2009.

Pennsylvania Department of Environmental Protection. 2010 Pennsylvania Integrated Water 
Quality Monitoring and Assessment Report; Clean Water Act Section 305(b) Report and 
303(d) List. 2010.

Pennsylvania Department of Environmental Protection. Pennsylvania Stormwater Best 
Management Practices Manual. 363-0300-002. December 30, 2006.

Walter, Robert, PhD, et al. “Estimating Volume, Nutrient Content, and Rates of Stream Bank 
Erosion of Legacy Sediment in the Piedmont and Valley and Ridge Physiographic Provinces, 
Southeastern and Central PA.”  Revised September 13, 2007.

Walter, Robert, PhD, et al.  “Natural Streams and the Legacy of Water-Powered Mills.”  Science 
319, 299-304.  2008.




