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INTRODUCTION

The U.S. Environmental Protection Agency (USEPA) describes nutrient pollution as one
of America’'s most widespread, costly and challenging environmental problems. The
term eutrophication (“eu” meaning “well”, and “troph” meaning “nourish”) was originally
used to describe the natural aging process by which a lake becomes rich in nutrients
and organic matter over time and evolves into a bog and ultimately a terrestrial
ecosystem. Within the context of nutrient pollution of streams, and throughout this
document, the term eutrophication refers to the process by which elevated nutrient
levels (especially phosphorus and nitrogen) stimulate the growth of algae and/or aquatic
plants, and alters the quantity and quality of organic matter available as food for aquatic
organisms.

Like most states, Pennsylvania does not have numeric nutrient criteria. This is due to
the complexity of the response of stream biological communities to nutrient enrichment.
In the absence of directly toxic conditions associated with NHz or NOs—N, most nutrient-
related impacts on stream biological communities are indirect and associated with
altered trophic (food) conditions.

Increased stream nutrient levels, in conjunction with favorable abiotic conditions
(substrate, light, temperature, scour regime, etc.), stimulate the growth of aquatic plants
and algae (Chambers and Prepas 1994, Biggs 2000, Dodds et al. 2002, Carr et al.
2005, Stevenson et al. 2006, Warnaars et al. 2007, Frankforter et al. 2009, Gucker et al.
2009, Valenti et al. 2011). Changes in stream algal and plant communities alter the
guantity and quality of food available to primary consumers (herbivorous
macroinvertebrates and fish) (Miltner and Rankin 1998, Stevenson et al. 2006), modify
physical habitat conditions (Dodds and Biggs 2002), can stimulate the growth of
particular forms of algae that produce toxins (Heisler et al. 2008), and can produce large
daily fluctuations in dissolved oxygen (DO) and pH conditions that in some cases fall
below or rise above levels protective of aquatic life (Wright and Mills 1967, Guasch et al.
1998, Nimick et al. 2011, Valenti et al. 2011, Jones and Graziano 2013).

Eutrophication also modifies stream ecosystem metabolism (Gucker et al. 2009). In
general, metabolism is a biophysical process that pertains to how energy is acquired
and used within an organism or ecosystem. Stream ecosystem metabolism is the
biophysical process by which energy, in the form of organic matter, is: 1) acquired from
outside sources such as riparian vegetation and point and non-point pollution
discharges, 2) generated in-stream via aquatic plant and algal photosynthesis (primary
production), and 3) used by stream organisms (ecosystem respiration).

Aquatic ecosystem metabolism is a fundamental concept of freshwater ecology, the
importance of which was documented in the ground-breaking work of Lindeman (1942)
and Odum (1956). These authors described stream ecosystems based on the sources
of energy (organic matter) fueling ecosystem respiration and the relative productivity
(nutrient and organic matter availability) of these systems. Stream ecosystems fueled
primarily by organic matter from outside of the stream are termed heterotrophic



systems. Stream ecosystems fueled primarily by organic matter from within the stream
via aquatic photosynthesis are referred to as autotrophic. The terms oligotrophic,
mesotrophic, and eutrophic are used to describe relative levels of productivity ranging
from low, to moderate, to high productivity, respectively.

By the 1980s, the significance of metabolic conditions, as they pertain to the overall
health of freshwater ecosystems, was well understood. Wetzel (1983) stated that
managing freshwater resources in a meaningful way requires an understanding of the
metabolic responses of aquatic ecosystems to the effects of human activity on these
resources. Wetzel (1983) also noted that by the early 1980s:

“A well-documented effect of human impact upon aquatic ecosystems is
eutrophication, a multifaceted term generally associated with increased
productivity, structural simplification of biotic components, and a reduction in the
ability of the metabolism of the organisms to adapt to imposed changes (reduced
stability). In this condition of eutrophication, excessive inputs commonly seem to
exceed the capacity of the ecosystem to be balanced. In reality, however, the
systems are out of equilibrium only with respect to the freshwater chemical and
biotic characteristics desired by man for specific purposes. In order to have any
hope of effectively integrating man as a component of lake (freshwater)
ecosystems, and of monitoring his utilization of these resources, it is mandatory
that we comprehend in some detail the functional properties of fresh waters.
Only then can we evaluate, with reasonable certainty, the influence that man’s
activities will have on the metabolic characteristics of these systems.”

Odum’s (1956) open-water diel DO method of measuring aguatic ecosystem
metabolism measures ecosystem metabolism as changes in DO concentration
associated with primary production (photosynthesis) during the day and respiration at
night. The method has not changed fundamentally since the late 1950s and has been
used extensively over the past several decades in a wide variety of aquatic ecosystems
(Staehr et al. 2010; Staehr et al. 2012). In its simplest form, the open-water diel DO
method, as it's applied to stream ecosystem metabolism, is typically written as:

AO2At=P -R—-K-A (Eq. 1)

where AO2/At is the change in DO over time (usually 24 hrs), P is primary production, R
is ecosystem respiration, K is the exchange of oxygen with the atmosphere, and A is the
rate of drainage accrual (influx of oxygen with accrual of ground water and surface
drainage along the study reach). Primary production is the generation of energy via
plant and algal photosynthesis which converts light energy into chemical energy in the
form of organic matter (Eq. 2).

Light Energy
6CO2 + 6H20 » CsH1206 (Organic Matter) + 602 (Eq. 2)




Ecosystem respiration is the utilization of the energy contained in this organic matter
which becomes food for decomposers (bacteria and fungi) and herbivores, which in turn
become food for other organisms (consumers) at higher levels in the food (trophic) web.

CsH1206 (Organic Matter) + 602 ——»6CO2 + 6H20 + Energy (Eq. 3)

An obvious effect of stream metabolic conditions (primary production and respiration
rates) on water quality is the cyclic pattern of a daily increase in DO levels associated
with daytime photosynthesis and a subsequent daily decrease in DO associated with
the consumption of oxygen via ecosystem respiration during times of little or no
photosynthetic activity (“night”). Primary production and respiration rates affect stream
COs2 levels on a similar but opposite daily cycle. CO:2 is consumed during daytime
photosynthesis and is continuously released to the water column via ecosystem
respiration. This diel fluctuation of CO:2 levels influences the dissolved inorganic carbon
pH buffer system of water and is reflected in elevated stream pH values associated with
photosynthesis, and lower pH values associated with ecosystem respiration.

(Eq. 4)

»
>

Removal of CO; during photosynthesis shifts equilibrium (higher pH)

CO;(gas) €> COz(aq) +Hz0 €> HCO; <> H® + HCOs5 > 2H"+ C05%, and COs* + H 0 €> HCO3 + OH"

< Addition of CO2 during respiration shifts equilibrium (lower pH)

Ecosystem metabolism is a functional attribute of stream ecosystems, in contrast to a
structural attribute such as nitrogen or phosphorus concentration, benthic chlorophyll-a
concentration, or the number of different macroinvertebrate or fish taxa. Palmer and
Febria (2012) describe structural attributes as those that can be evaluated with point-in-
time measurements that are assumed to reflect the existing status or condition of an
ecosystem. Typically, ecosystem health determinations using structural measurements
are based on the similarity of these measurements to a least-impacted, reference, or
historical condition.

In contrast to structural measurements of stream ecosystem characteristics, functional
measurements attempt to capture system dynamics through repeated measurement
that quantify a key biophysical process (Palmer and Febria 2012). Ideally, a
combination of structural and functional attributes of stream ecosystems should be used
to obtain a more complete understanding of ecosystem health (Matthews et al. 1982;
Young et al. 2004; Palmer and Febria 2012).

Quantification of stream ecosystem metabolism is an example of a functional
measurement of stream ecosystem condition. Reach-scale measurements (several
riffle-run-pool sequences) of stream ecosystem metabolic conditions monitored over
extended periods of time are affected by a wide range of abiotic and biotic factors.
Some of the factors that influence stream ecosystem metabolism include: stream



discharge/scour regime, channel substrate materials, water turbulence, water
temperature, light and nutrient availability, and grazing of algae and aquatic plants.
Thus, measurements of reach-scale stream ecosystem metabolism conducted over
timeframes ranging from days to years provide an integrated measure of environmental
conditions, ecological disturbance, and stream ecosystem health (Young and others
2004, Young and others 2008, Mulholland et al. 2005, Bunn et al. 2010, Palmer and
Febria 2012). Izagirre and others (2008) described stream metabolism as one of the
most integrative ecosystem functions that is relevant across all sizes and types of
streams, is sensitive to stressors such as eutrophication or changes in riparian cover,
and can be measured continuously.

Detailed measurements of reach-scale stream ecosystem metabolism are laborious and
deceptively complicated because they require accurate estimates or direct
measurement of gas exchange at the air-water interface (Staehr et al. 2012, Demars et
al. 2015). To reduce computational complexity, several stream ecosystem metabolism
indices that do not require mathematically complex estimates or direct measurements of
gas exchange have been developed (Chapra and Di Toro 1991, Wang and others 2003,
Mulholland and others (2005). In general, these simplified stream metabolism indices
are based on characteristics of diel DO profiles (or curves) and DO deficit values
calculated from them. Diel DO profiles are records of stream DO concentrations
typically recorded at 15- or 30-minute intervals over 24 hours.

The “simplified” methods for estimating reach-scale rates of stream ecosystem
metabolism developed by Chapra and Di Toro (1991), Wang and others (2003), and
Mulholland and others (2005) include the use of the amplitude of the diel DO saturation
deficit values generated from stream diel profiles of DO concentrations. Mulholland and
others (2005) stated that diel profiles of DO concentration contain much of the
information needed for stream metabolism determinations and are good indicators of
reach-scale metabolic rates and the effects of watershed-scale disturbance on stream
metabolic conditions.

The findings of Mulholland and others (2005) suggests that the amplitude of diel DO
concentrations alone could be a meaningful indicator of stream metabolic conditions.
This assumption is supported by the fact that the amplitude of diel DO concentrations
has been used as an indicator of general stream ecosystem metabolism conditions in a
wide range of geographic locations and environmental settings. For example, Frank
(2009) used the amplitude of diel DO concentrations, in conjunction with measures of
production and respiration, to characterize metabolic conditions in coastal plain streams
of Virginia. She observed that streams experiencing higher light levels exhibited greater
diel DO amplitudes, elevated primary production and respiration rates, and that diel DO
amplitudes were significantly and positively correlated with benthic chlorophyll-a at less
shaded sites.

In a seven-year study of a snowmelt-dominated montane stream ecosystem in New
Mexico, Shafer (2013) used the amplitude of diel DO concentrations as an objective
measure for identifying periods of peak productivity. She observed that that the



maximum amplitude of diel DO values showed seasonal and annual variation and that
periods of maximum diel DO amplitude occurred during extended periods of baseflow
conditions.

Bunn and others (2010) used a rigorous, objective process to identify indicators of
stream ecosystem health to be included in a freshwater monitoring program in South
East Queensland, Australia. They identified both stream ecosystem metabolism and
the amplitude of diel DO concentrations as variables that respond strongly to watershed
disturbance and selected these variables for inclusion in the program.

In an assessment of eutrophication in the lower Yakima River Basin in Washington,
Wise and others (2009) observed nutrient concentrations high enough to support
abundant growth of periphytic algae and macrophytes. They reported that the
metabolism associated with this growth caused large daily fluctuations in both DO and
pH levels.

Minnesota’s numeric eutrophication standard (MN Administrative Rule 7050.0222)
includes numeric criteria for Diel DO swings, stream pH, and benthic chlorophyll-a
(Heiskary and Bouchard 2015). Ohio’s narrative nutrient criteria (Ohio Administrative
Code 3745-1-04(E)) do not include specific language pertaining to diel DO swings or pH
levels of streams. However, the stream nutrient assessment procedure (SNAP)
developed by the Ohio Nutrient Technical Advisory Group (TAG) for quantitatively
assessing the attainment of Ohio’s narrative nutrient criteria includes benchmark values
for diel DO swings and benthic chlorophyll-a (Milther 2010, OHEPA 2016).

Despite having numeric criteria for total phosphorus in streams, New Jersey’s water
guality standards also include narrative criteria for nutrients (NJ Administrative Code
7:9B-1.14(d)). The New Jersey Department of Environmental Protection (NJDEP) uses
a “translator” to quantitatively assess attainment of their narrative criteria. Included in
this translator are criteria for minimum DO levels, diel DO swings, and benthic
chlorophyll-a (NJDEP 2012, NJDEP 2013). NJDEP’s 2012 Integrated Water Quality
Monitoring and Assessment Methods Document (NJDEP 2012) describes the
relationship between excess nutrients and the potential for excess levels of algal growth
(measured as chlorophyll-a), broad swings in DO (resulting from high rates of daytime
photosynthesis coupled with nighttime respiration), depressed DO levels, and changes
to aquatic ecosystems as being long-established, and that these cause/response
relationships are better indicators of adverse nutrient impacts on aquatic ecosystems
than an assessment of the in-stream concentration of total phosphorus alone.

Over the past several years, PADEP staff have been collecting nutrient; benthic
chlorophyll-a; continuously monitored DO, pH, and water temperature; and benthic
macroinvertebrate community data from small streams (drainage area < 50 mi?)
statewide. The remainder of this document summarizes the cause/response
relationships observed between nutrient levels; primary production (measured as
benthic chlorophyll-a); DO, pH, and water temperature characteristics; and the
biological integrity of these streams. In addition, the observed relationships are used to



develop a translator for quantitatively assessing the impact of eutrophication on small
streams in Pennsylvania that are impaired for aquatic life use (ALU).

RELATIONSHIPS BETWEEN STREAM NUTRIENTS AND BIOLOGICAL INTEGRITY

Dissolved oxygen, water temperature, and pH were continuously monitored at a total of
43 sample stations with watershed drainage areas that ranged from 1.4 to 40.6 mi?
(Table 1 and Figure 1). Data were collected between March 1 and October 31 in the
2013 through 2016 field seasons. The duration of sonde deployment at a given station
ranged from one to nine months. Data were collected during multiple years at some
stations, yielding a dataset of 50 samples collected from 43 sample stations.
Throughout the remainder of this document, the term “station” refers to a specific
location where data were collected, and the term “sample” refers to data collected at a
given station during a specific calendar year. For example, two samples were collected
at the Cooks Creek station, one sample during 2013 and another sample in 2016.

During sonde maintenance visits (approximately monthly), total phosphorus (TP), total
nitrogen (TN), total alkalinity, and specific conductivity samples were collected,
preserved, and analyzed in accordance with Shull (2013). During each year a sonde
was deployed at a sample station, a single 6D-frame, 200-organism subsample benthic
macroinvertebrate sample was collected and processed in accordance with (Chalfant
2015). All benthic macroinvertebrate samples were collected during the November-May
timeframe, with the exception of the Skippack Cr (Rt 63) 2013 sample, which was
collected in late-August. Only samples with benthic macroinvertebrate data collected
during the November-May timeframe were used as benchmark samples. All
macroinvertebrate index of biotic integrity (IBI) scores were generated using the small
stream IBI (Chalfant 2015). At most sample stations, at least one benthic chlorophyll-a
sample was collected using PADEP’s Quantitative Benthic Epilithic (QBE) Periphyton
Sampling Method (Butt 2017) during the time the data sonde was deployed.

All continuously monitored data were collected, graded and approved for use in
accordance with PADEP’s Continuous Physicochemical Data Collection Protocol
(Hoger et al. 2017). Only approved continuously monitored data were used in the
development of the protocol. Diel DO swing values were calculated for days with
continuous data collected over at least 75% of the day (e.g., a minimum of 36 readings
at %2 hour intervals). Days that were monitored for less than 75% of the day, were not
used in the development of the protocol. Diel DO swing values were calculated as the
difference between the maximum and minimum DO concentration recorded on a given
day (Figure 2).

The 75™ percentile value (p75) of the diel DO swing values recorded at a given station
in a given month was used to summarize daily swing values (Figure 3). The 75%
percentile value was used to characterize the degree of metabolic activity (primary
production and ecosystem respiration) occurring under peak conditions at the station
within a given month (Figure 4). Monthly diel DO swing p75 values were generated for



Table 1. Samples and sample station locations.

Map Sample Sample Station County Drainage Latitude Longitude
ID Area (mi?)
1 Beaver Run 2016 Beaver Run Chester 5.0 40.157864 -75.671565
2 Bells Run 2016 Bells Run Lancaster 4.1 39.846514 -76.022125
3 BigElk Cr2014 Big Elk Creek Chester 38.8 39.731696 -75.850315
4 BirchRun 2016 Birch Run Chester 6.5 40.147425 -75.621492
5 Browns Run 2013 Browns Run Lycoming 5.8 41.342820 -77.398954
6 Campbells Run 2015 Campbells Run Allegheny 2.8  40.424830 -80.108890
7 Carley Brk 2016 Carley Brook Wayne 10.6 41.597608 -75.246112
8 Cherry Run 2016 Cherry Run Armstrong 27.0 40.673160 -79.458530
9 Cooks Cr 2013 Cooks Creek Bucks 29.2  40.582838 -75.205219
9 Cooks Cr 2016 Cooks Creek Bucks 29.2  40.582838 -75.205219
10 Donegal Cr 2015 Donegal Creek Lancaster 171  40.057107 -76.525661
11 Dunbar Cr 2016 Dunbar Creek Fayette 18.0 39.943805 -79.583283
12 French Cr (Upper) 2016  French Creek (Upper) Chester 18.8  40.170154 -75.724431
13 Goose Cr (Most) 2014 Goose Creek (Most) Chester 1.9 39.953839 -75.589017
14 Goose Cr (Oak) 2014 Goose Creek (Oak) Chester 3.3  39.942277 -75.572408
15 Goose Cr (Thorn) 2014  Goose Creek (Thorn) Chester 6.3  39.929890 -75.550066
16 Grays Run 2013 Grays Run Lycoming 16.2 41.449653 -77.019953
17 Groff Cr2016 Groff Creek Lancaster 104  40.114181 -76.203806
18 HellRun 2016 Hell Run Lawrence 4.3  40.930331 -80.234557
19 Hyner Run 2014 Hyner Run Clinton 26.6 41.360413 -77.622885
19 Hyner Run 2015 Hyner Run Clinton 26.6  41.360413 -77.622885
19 Hyner Run 2016 Hyner Run Clinton 26.6  41.360413 -77.622885
20 Indian Cr (Berg) 2013 Indian Creek (Berg) Montgomery 1.4  40.321123 -75.352316
20 Indian Cr (Berg) 2014 Indian Creek (Berg) Montgomery 14  40.321123 -75.352316
21 Indian Cr (Rt 63) 2013 Indian Creek (Rt 63) Montgomery 5.7 40.293486 -75.403570
21 Indian Cr (Rt 63) 2014 Indian Creek (Rt 63) Montgomery 5.7  40.293486 -75.403570
22 L Beaver Cr2016 Little Beaver Creek Lancaster 53 39.970808 -76.165351
23 Lick Run 2015 Lick Run Allegheny 8.6  40.278168 -79.957175
24 Masthope Cr 2016 Masthope Creek Pike 240 41553424 -75.084499
25 Middle Cr 2016 Middle Creek Adams 234  39.726374 -77.298780
26 Moyers MillRun 2016 Moyers Mill Run Snyder 40  40.810029 -77.177959
27 Muddy Run 2016 Muddy Run Lancaster 8.8  40.050733 -76.172986
28 Peters Cr (DnS) 2015 Peters Creek (DnS) Allegheny 39.2  40.283036 -79.947339
29 Peters Cr (UpS) 2015 Peters Creek (UpS) Washington 13.6  40.261195 -79.985357
30 Pickering Cr 2016 Pickering Creek Chester 31.0 40.101376  -75.535505
31 Pine Cr (Berks) 2014 Pine Creek (Berks) Berks 9.9  40.408517 -75.736340
32 Piney Fork Run 2015 Piney Fork Run Allegheny 135  40.276283 -79.972901
33 Raccoon Cr 2013 Raccoon Creek Perry 11.8 40.515981 -77.236449
34 RedClay Cr 2014 Red Clay Creek Chester 27.6  39.816261 -75.691398
35 Rife Run 2015 Rife Run Lancaster 59  40.159341 -76.405510
36 Rock Run 2014 Rock Run Lycoming 28.1 41502157 -76.944571
36 Rock Run 2015 Rock Run Lycoming 28.1 41502157 -76.944571
36 Rock Run 2016 Rock Run Lycoming 28.1  41.502157 -76.944571
37 Skippack Cr (Rt 63) 2013 Skippack Creek (Rt 63) Montgomery 115 40.253802 -75.356011
38 Tinicum Cr 2016 Tinicum Creek Bucks 145  40.470819 -75.136757
39 Towamencin Cr 2013 Towamencin Creek Montgomery 10.1  40.228853 -75.363999
40 Traverse Cr 2015 Traverse Creek Beaver 14.6 40.502494  -80.423069
41 W Br Brandywine Cr 2016 West Branch Brandywine Creek Chester 32.0 40.021648 -75.847600
42 W Br Octoraro Cr 2016 West Branch Octoraro Creek Lancaster 39.6 39.825636  -76.090581
43 Wissahickon Cr 2013 Wissahickon Creek Montgomery 40.6  40.123973 -75.219173
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Figure 2. Graphical representation of the calculation of diel DO swing values from DO
data monitored continuously over a 24-hour time period.
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Figure 4. Continuously monitored DO and water stage data over the period of one
month showing the impact of precipitation events on diel DO swings and DO swings
occurring under peak metabolic conditions (peak primary production and ecosystem
respiration rates) in the red boxes in the upper panel.
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months with daily DO swing values recorded for a minimum of 50% of the days of that
particular month. For example, if a sonde was deployed at Station X from April 1 to
April 31, and yielded only 12 diel DO swing values approved for use in accordance with
Hoger et al. (2017), no p75 was calculated for that month, because the 12 daily DO
swing values recorded in that month was less than 50% of the 30 days in the month of
April. A minimum of 15 pairs of diel DO-pH swing and diel DO-water temperature swing
values recorded in a given month were required for calculating correlation values for
that month.

Cause/response relationships linking nutrient levels to stream biological integrity were
analyzed within the framework of the conceptual model shown in Figure 5. Spearman
rank correlations were used to confirm the concepts and linkages in the conceptual
model and to demonstrate significant relationships between variables recognized as
important factors or pathways by which nutrient enrichment leads to the loss of
biological integrity.

The biological integrity of each sample station was quantified using three measures of
biological condition: 1) PADEP’s macroinvertebrate index of biological integrity (I1BI)
score, 2) biological condition gradient (BCG) taxa richness ratio, and 3) BCG individuals
ratio (Chalfant 2012). BCG taxa richness and BCG individuals ratios are used in the
PADEP aquatic life use (ALU) attainment decision process, but not used in the
generation of macroinvertebrate 1Bl scores. Thus, the ratios provide additional
measures of benthic macroinvertebrate community biological integrity, that are
calculated independent of macroinvertebrate IBI scores (Table 2 and Figure 6).
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Figure 5. Conceptual model of how nutrient enrichment and eutrophication impact
stream biological condition (modified from Heiskary and Bouchard (2015), Minnesota
Eutrophication Criteria for Streams and Rivers).
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Table 2. Sample nutrient and benthic macroinvertebrate community data.

Sample Aquatic Life  Mean TP Mean TN Macroinvertebrate BCG Taxa BCG
Use Attainment  (mg/L) (mg/L) IBI Score Richness Individuals

Status Ratio Ratio

Beaver Run 2016 Attaining 0.031 1.05 72.9 1.89 2.26
Bells Run 2016 Impaired 0.061 10.45 32.8 0.27 0.04
Big Elk Cr 2014 Impaired 0.025 5.17 41.7 0.45 0.34
Birch Run 2016 Attaining 0.034 1.09 86.8 1.54 3.07
Browns Run 2013 Attaining 0.005 0.21 89.2 5.00 11.47
Campbells Run 2015 Impaired 0.442 1.89 24.9 0.67 0.18
Carley Brk 2016 Attaining 0.020 0.36 89.5 2.75 3.38
Cherry Run 2016 Attaining 0.014 0.52 57.3 1.29 7.43
Cooks Cr 2013 Attaining 0.012 1.62 56.5 0.70 1.20
Cooks Cr 2016 Attaining 0.026 1.57 70.7 1.50 1.02
Donegal Cr 2015 Impaired 0.058 9.83 36.8 0.18 0.27
Dunbar Cr 2016 Attaining 0.011 0.29 93.2 2.75 2.72
French Cr (Upper) 2016 Attaining 0.031 0.59 59.9 0.83 1.50
Goose Cr (Most) 2014 Impaired 0.078 2.80 23.2 0.11 0.01
Goose Cr (Oak) 2014 Impaired 1.594 16.14 22.2 0.00 0.00
Goose Cr (Thorn) 2014 Impaired 1.088 13.24 23.1 0.09 0.00
Grays Run 2013 Attaining 0.005 0.30 93.6 3.71 2.66
Groff Cr 2016 Impaired 0.197 8.72 24.6 0.00 0.00
Hell Run 2016 Attaining 0.040 0.67 64.8 0.92 0.59
Hyner Run 2014 Attaining 0.006 0.22 98.9 6.20 4.76
Hyner Run 2015 Attaining 0.005 0.17 97.5 2.78 3.35
Hyner Run 2016 Attaining 0.010 0.26 97.0 5.60 4.10
Indian Cr (Berg) 2013 Impaired 0.102 10.68 16.4 0.00 0.00
Indian Cr (Berg) 2014 Impaired 0.092 8.42 20.6 0.00 0.00
Indian Cr (Rt 63) 2013 Impaired 0.094 1.78 24.2 0.00 0.00
Indian Cr (Rt 63) 2014 Impaired 0.098 2.21 28.9 0.15 0.04
L Beaver Cr 2016 Impaired 0.138 7.91 26.8 0.00 0.00
Lick Run 2015 Impaired 1.047 5.98 21.7 0.00 0.00
Masthope Cr 2016 Attaining 0.023 0.27 90.2 2.33 1.62
Middle Cr 2016 Attaining 0.043 0.60 63.3 1.10 1.99
Moyers Mill Run 2016 Attaining 0.027 1.24 66.7 1.88 0.89
Muddy Run 2016 Impaired 0.288 8.98 26.3 0.00 0.00
Peters Cr (DnS) 2015 Impaired 0.453 4.62 22.6 0.13 0.00
Peters Cr (UpS) 2015 Impaired 0.052 0.83 26.9 0.08 0.01
Pickering Cr 2016 Impaired 0.027 1.30 59.7 0.69 0.40
Pine Cr (Berks) 2014 Attaining 0.018 0.63 66.9 1.25 0.55
Piney Fork Run 2015 Impaired 0.856 7.34 17.2 0.00 0.00
Raccoon Cr 2013 Attaining 0.021 1.33 60.9 1.00 0.20
Red Clay Cr 2014 Impaired 0.109 5.23 29.8 0.09 0.01
Rife Run 2015 Impaired 0.054 6.40 24.0 0.10 0.01
Rock Run 2014 Attaining 0.004 0.32 90.5 2.75 1.96
Rock Run 2015 Attaining 0.004 0.25 79.6 2.83 1.04
Rock Run 2016 Attaining 0.010 0.80 95.5 4.00 7.63
Skippack Cr (Rt 63) 2013 Impaired 0.424 22.27 28.4 0.00 0.00
Tinicum Cr 2016 Impaired 0.024 0.37 51.9 0.43 0.76
Towamencin Cr 2013 Impaired 0.239 5.97 17.4 0.13 0.00
Traverse Cr 2015 Attaining 0.039 0.73 50.7 0.78 0.69
W Br Brandywine Cr 2016 Impaired 0.076 2.50 59.7 0.71 0.70
W Br Octoraro Cr 2016 Impaired 0.087 8.23 54.2 0.62 0.59
Wissahickon Cr 2013 Impaired 0.303 5.85 23.2 0.00 0.00
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The first linkage in the pathway by which nutrient enrichment leads to degraded
biological integrity is between nutrient levels and the growth of primary producers (algae
and aquatic plants) and heterotrophic organisms (bacteria and fungi) (Figure 5).
Spearman rank correlations identified significant positive correlations (p=0.000)
between water column nutrients (total phosphorus (TP) and total nitrogen (TN)) and
primary production (measured as benthic chlorophyll-a concentration (mg/m?)) (Table 3
and Figure 7).

Table 3. Sample benthic chlorophyll-a, monthly diel DO swing p75 values, and mean
total phosphorus and total nitrogen values.

Sample Benthic Chl-a Month Benthic Monthly Diel Sample Sample
Sample Date Chl-a DO Swing Mean TP Mean TN
(mg/m2)  p75 (mg/L) (mg/L) (mg/L)
Beaver Run 2016 9/12/2016 09 Sep 190 1.3 0.031 1.05
Big Elk Cr 2014 7/10/2014 07 Jul 121 2.8 0.025 5.17
Big Elk Cr 2014 8/26/2014 08 Aug 59 2.7 0.025 5.17
Birch Run 2016 9/12/2016 09 Sep 89 2.0 0.034 1.09
Campbells Run 2015 6/11/2015 06 Jun 63 0.7 0.442 1.89
Carley Brk 2016 9/14/2016 09 Sep 36 1.3 0.020 0.36
Cherry Run 2016 7/11/2016 07 Jul 144 3.2 0.014 0.52
Cooks Cr 2013 4/24/2013 04 Apr 258 3.7 0.012 1.62
Cooks Cr 2016 9/13/2016 09 Sep 261 2.6 0.026 1.57
Donegal Cr 2015 5/14/2015 05 May 186 1.9 0.058 9.83
Dunbar Cr 2016 7/12/2016 07 Jul 26 0.6 0.011 0.29
French Cr (Upper) 2016 9/12/2016 09 Sep 241 1.7 0.031 0.59
Goose Cr (Most) 2014 7/9/2014 07 Jul 92 2.1 0.078 2.80
Goose Cr (Most) 2014 8/29/2014 08 Aug 127 1.7 0.078 2.80
Goose Cr (Oak) 2014 8/29/2014 08 Aug 186 2.4 1.594 16.14
Goose Cr (Oak) 2014 10/15/2014 10 Oct 169 29 1.594 16.14
Goose Cr (Thorn) 2014 719/2014 07 Jul 93 3.6 1.088 13.24
Goose Cr (Thorn) 2014 8/29/2014 08 Aug 100 4.3 1.088 13.24
Goose Cr (Thorn) 2014 10/15/2014 10 Oct 123 3.6 1.088 13.24
Hyner Run 2015 7/13/2015 07 Jul 8 0.5 0.005 0.17
Hyner Run 2016 7127/2016 07 Jul 24 0.7 0.010 0.26
Indian Cr (Berg) 2013 10/31/2013 10 Oct 201 6.8 0.102 10.68
Indian Cr (Berg) 2014 6/23/2014 06 Jun 247 35 0.092 8.42
Indian Cr (Berg) 2014 7/21/2014 07 Jul 438 6.2 0.092 8.42
Indian Cr (Berg) 2014 10/23/2014 10 Oct 722 5.5 0.092 8.42
Indian Cr (Rt 63) 2013 4/25/2013 04 Apr 1086 13.2 0.094 1.78
Indian Cr (Rt 63) 2013 10/31/2013 10 Oct 663 8.4 0.094 1.78
Indian Cr (Rt 63) 2014 4/28/2014 04 Apr 869 9.3 0.098 2.21
Indian Cr (Rt 63) 2014 6/23/2014 06 Jun 622 6.9 0.098 2.21
Indian Cr (Rt 63) 2014 7/21/2014 07 Jul 596 9.2 0.098 2.21
Indian Cr (Rt 63) 2014 8/19/2014 08 Aug 299 8.5 0.098 2.21
Indian Cr (Rt 63) 2014 10/23/2014 10 Oct 422 7.4 0.098 2.21
Lick Run 2015 5/18/2015 05 May 91 3.8 1.047 5.98
Masthope Cr 2016 9/14/2016 09 Sep 71 15 0.023 0.27
Middle Cr 2016 7/18/2016 07 Jul 118 4.2 0.043 0.60
Moyers Mill Run 2016 7126/2016 07 Jul 40 1.1 0.027 1.24
Peters Cr (DnS) 2015 5/18/2015 05 May 191 3.2 0.453 4.62
Peters Cr (UpS) 2015 6/10/2015 06 Jun 48 1.3 0.052 0.83
Pickering Cr 2016 9/13/2016 09 Sep 56 2.9 0.027 1.30
Pine Cr (Berks) 2014 7/10/2014 07 Jul 167 1.2 0.018 0.63
Pine Cr (Berks) 2014 8/21/2014 08 Aug 86 14 0.018 0.63
Piney Fork Run 2015 6/11/2015 06 Jun 552 1.7 0.856 7.34
Raccoon Cr 2013 5/6/2013 05 May 46 1.7 0.021 1.33
Red Clay Cr 2014 7/10/2014 07 Jul 120 25 0.109 5.23
Red Clay Cr 2014 8/26/2014 08 Aug 175 2.5 0.109 5.23
Rife Run 2015 5/14/2015 05 May 147 5.1 0.054 6.40
Rock Run 2014 7/30/2014 07 Jul 9 0.7 0.004 0.32
Rock Run 2015 7/13/2015 07 Jul 9 0.5 0.004 0.25
Skippack Cr (Rt 63) 2013 4/25/2013 04 Apr 227 12.5 0.424 22.27
Tinicum Cr 2016 9/13/2016 09 Sep 156 5.8 0.024 0.37
Towamencin Cr 2013 4/25/2013 04 Apr 1216 8.6 0.239 5.97
W Br Brandywine Cr 2016 ~ 9/12/2016 09 Sep 135 1.9 0.076 2.50
Wissahickon Cr 2013 4/25/2013 04 Apr 1058 14.9 0.303 5.85
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Figure 7. Scatter plots of sample benthic chlorophyll-a concentration vs. mean total
phosphorus (A) and sample benthic chlorophyll-a concentration vs. mean total nitrogen
value (B).
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Water column

nutrients are also positively correlated (p=0.000) with diel DO swings

(Appendix A and Figure 8) and negatively correlated (p=0.000) with all three measures
of stream biological integrity (Figures 9-11).

Monthly Diel DO Swing p75 (mg/L)

Monthly Diel DO Swing p75 (mg/L)

Monthly Diel DO Swing p75 vs Mean TP (n=303)
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Figure 8. Scatter plots of sample monthly diel DO swing p75 value vs. mean total
phosphorus (A) and sample monthly diel DO swing p75 value vs. nitrogen value (B).
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Macroinvertebrate IBl Score vs Mean TP (n=50)
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Figure 9. Scatter plots of sample benthic macroinvertebrate 1Bl score vs. mean total
phosphorus (A) and sample benthic macroinvertebrate 1Bl score vs. mean total nitrogen
value (B).
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BCG Taxa Richness Ratio vs Mean TP (n=50)
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BCG Individuals Ratio vs Mean TP (n=50)
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Figure 11. Scatter plots of sample biological condition gradient individuals ratio vs.
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The next linkage in the conceptual model is between ecosystem photosynthesis and
respiration rates and stream diel DO characteristics (Figure 5). Spearman rank
correlations identified significant positive correlations (p=0.000) between primary
production (measured as benthic chlorophyll-a concentration (mg/m?)) and monthly diel
DO swing p75 values (Figure 12). Chlorophyll-a concentrations are also negatively
correlated (p=0.000) with all three measures of stream biological integrity (Table 4,
Figures 13 and 14).

The third linkage in the conceptual model is between stream diel DO swing
characteristics and biological integrity (Figure 5). The conceptual model shows the
functionality of stream diel DO swings as an indicator of both stream ecosystem
metabolic conditions and the potential presence of eutrophication-related stressors to
stream biological communities such as elevated pH levels, low DO concentrations,
elevated levels of organic matter and biochemical oxygen demand, altered food
resources and physical habitat conditions, and the potential for harmful algal blooms
and algal toxins. Spearman rank correlations identified significant negative correlations
(p=0.000) between monthly diel DO swing p75 values and all three measures of stream
biological integrity (Figures 15 and 16).

Monthly Diel DO Swing p75 vs Benthic Chl-a (n=53)

y = 0.142x9-6029
R2=0.68
Spearman Rank (r,) = 0.753
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Figure 12. Scatter plot of sample monthly diel DO swing p75 value vs. benthic
chlorophyll-a concentration.
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Table 4. Sample benthic chlorophyll-a concentration, macroinvertebrate 1Bl score, and
biological condition gradient (BCG) ratio values.

Sample Benthic Chl-a Benthic Chl-a Macroinvertebrate BCG Taxa BCG
Collection Date (mg/mz) IBl Score Richness Ratio Individuals
Beaver Run 2016 9/12/2016 190 72.9 1.89 2.26
Big Elk Cr 2014 4/29/2014 221 41.7 0.45 0.34
Big Elk Cr 2014 7/10/2014 121 41.7 0.45 0.34
Big Elk Cr 2014 8/26/2014 59 41.7 0.45 0.34
Birch Run 2016 9/12/2016 89 86.8 154 3.07
Browns Run 2013 7/29/2013 18 89.2 5.00 11.47
Campbells Run 2015 6/11/2015 63 249 0.67 0.18
Carley Brk 2016 9/14/2016 36 89.5 2.75 3.38
Cherry Run 2016 7/11/2016 144 57.3 1.29 7.43
Cooks Cr 2013 4/24/2013 258 56.5 0.70 1.20
Cooks Cr 2016 9/13/2016 261 70.7 1.50 1.02
Donegal Cr 2015 5/14/2015 186 36.8 0.18 0.27
Dunbar Cr 2016 7/12/2016 26 93.2 2.75 2.72
French Cr (Upper) 2016 9/12/2016 241 59.9 0.83 150
Goose Cr (Most) 2014 7/9/2014 92 23.2 0.11 0.01
Goose Cr (Most) 2014 8/29/2014 127 23.2 0.11 0.01
Goose Cr (Most) 2014 10/15/2014 99 23.2 0.11 0.01
Goose Cr (Oak) 2014 7/9/2014 239 22.2 0.00 0.00
Goose Cr (Oak) 2014 8/29/2014 186 22.2 0.00 0.00
Goose Cr (Oak) 2014 10/15/2014 169 222 0.00 0.00
Goose Cr (Thorn) 2014 7/9/2014 93 231 0.09 0.00
Goose Cr (Thorn) 2014 8/29/2014 100 23.1 0.09 0.00
Goose Cr (Thorn) 2014 10/15/2014 123 23.1 0.09 0.00
Grays Run 2013 7/30/2013 37 93.6 3.71 2.66
Hyner Run 2014 7/31/2014 7 98.9 6.20 4.76
Hyner Run 2015 7/13/2015 8 97.5 2.78 3.35
Hyner Run 2016 7/27/2016 24 97.0 5.60 4.10
Indian Cr (Berg) 2013 4/25/2013 699 16.4 0.00 0.00
Indian Cr (Berg) 2013 10/31/2013 201 16.4 0.00 0.00
Indian Cr (Berg) 2013 11/20/2013 559 16.4 0.00 0.00
Indian Cr (Berg) 2014 4/28/2014 898 20.6 0.00 0.00
Indian Cr (Berg) 2014 6/23/2014 247 20.6 0.00 0.00
Indian Cr (Berg) 2014 7/21/2014 438 20.6 0.00 0.00
Indian Cr (Berg) 2014 8/19/2014 552 20.6 0.00 0.00
Indian Cr (Berg) 2014 10/23/2014 722 20.6 0.00 0.00
Indian Cr (Rt 63) 2013 4/25/2013 1086 24.2 0.00 0.00
Indian Cr (Rt 63) 2013 10/31/2013 663 242 0.00 0.00
Indian Cr (Rt 63) 2013 11/20/2013 607 24.2 0.00 0.00
Indian Cr (Rt 63) 2014 4/28/2014 869 28.9 0.15 0.04
Indian Cr (Rt 63) 2014 6/23/2014 622 28.9 0.15 0.04
Indian Cr (Rt 63) 2014 7/21/2014 596 28.9 0.15 0.04
Indian Cr (Rt 63) 2014 8/19/2014 299 28.9 0.15 0.04
Indian Cr (Rt 63) 2014 10/23/2014 422 28.9 0.15 0.04
Lick Run 2015 5/18/2015 91 21.7 0.00 0.00
Masthope Cr 2016 9/14/2016 71 90.2 2.33 1.62
Middle Cr 2016 7/18/2016 118 63.3 1.10 1.99
Moyers MillRun 2016 7/26/2016 40 66.7 1.88 0.89
Peters Cr (DnS) 2015 5/18/2015 191 22.6 0.13 0.00
Peters Cr (UpS) 2015 6/10/2015 48 26.9 0.08 0.01
Pickering Cr 2016 9/13/2016 56 59.7 0.69 0.40
Pine Cr (Berks) 2014 4/29/2014 89 66.9 1.25 0.55
Pine Cr (Berks) 2014 7/10/2014 167 66.9 1.25 0.55
Pine Cr (Berks) 2014 8/21/2014 86 66.9 1.25 0.55
Piney Fork Run 2015 6/11/2015 552 17.2 0.00 0.00
Raccoon Cr 2013 5/6/2013 46 60.9 1.00 0.20
Red Clay Cr 2014 7/10/2014 120 29.8 0.09 0.01
Red Clay Cr 2014 8/26/2014 175 29.8 0.09 0.01
Rife Run 2015 5/14/2015 147 24.0 0.10 0.01
Rock Run 2014 7/30/2014 9 90.5 2.75 1.96
Rock Run 2015 7/13/2015 9 79.6 2.83 1.04
Skippack Cr (Rt 63) 2013 4/25/2013 227 28.4 0.00 0.00
Tinicum Cr 2016 9/13/2016 156 51.9 0.43 0.76
Towamencin Cr 2013 4/25/2013 1216 174 0.13 0.00
W Br Brandywine Cr 2016 9/12/2016 135 59.7 0.71 0.70
Wissahickon Cr 2013 4/25/2013 1058 23.2 0.00 0.00
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Macroinvertebrate IBI Score vs Benthic Chl-a (n=65)
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Figure 13. Scatter plot of sample macroinvertebrate 1Bl score vs. benthic chlorophyll-a
concentration.
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BCG Taxa Richness Ratio vs Benthic Chl-a (n=65)
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Figure 14. Scatter plots of sample biological condition gradient taxa richness ratio vs.
benthic chlorophyll-a concentration (A) and sample biological condition gradient
individuals ratio vs. benthic chlorophyll-a concentration (B).
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Macroinvertebrate IBI Score vs Monthly Diel DO Swing p75 Values (n=303)
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Figure 15. Scatter plot of sample macroinvertebrate 1Bl score vs. monthly diel DO
swing p75 value.
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BCG Taxa Richness Ratio vs Monthly Diel DO Swing p75 Values (n=303)
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Figure 16. Scatter plots of sample biological condition gradient taxa richness ratio vs.
monthly diel DO swing p75 value (A) and sample biological condition gradient
individuals ratio vs. monthly diel DO swing p75 value (B).
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TRANSLATOR FOR ASSESSING EUTROPHICATION IMPACTS TO SMALL STREAMS

The linkages between nutrients and biological integrity shown in the conceptual model
(Figure 5) and confirmed by the correlation analyses discussed above were used to
develop a translator for quantitatively assessing the impact of nutrient enrichment on
small streams in Pennsylvania. This translator is summarized in a stand-alone
assessment protocol for use when identifying eutrophication as a cause of ALU
impairment in small (<50 mi? drainage area) streams. The translator uses stream diel
DO swings as an indicator of both stream ecosystem metabolic conditions and the
potential presence of eutrophication-related stressors to stream biological communities
shown in the conceptual model. The translator utilizes several of the ecosystem
responses to nutrient enrichment discussed above, in conjunction with relationships
between diel pH, water temperature, and DO swings to quantitatively assessing the
impact of nutrient enrichment on small streams.

The translator considers regional and seasonal differences in stream diel DO
characteristics and was developed via the following approach:

1. Identified regional differences in the diel DO characteristics of ALU attaining
streams and developed an ecologically meaningful and practical regional stream
classification system,

2. Used the diel DO characteristics of biologically healthy streams (benchmark
streams), to develop regionally- and temporally-appropriate diel DO swing
benchmarks for objectively identifying sample stations with excessive diel DO
swings,

3. ldentified a benthic chlorophyll-a concentration benchmark (breakpoint)
associated with biological degradation,

4. Used the relationships observed between diel DO swings and diel pH swings and
between diel DO swings and diel water temperature swings of benchmark
sample to identify benchmark values to account for the influence of diel water
temperature swings on diel DO swings.

EPA Nutrient Ecoregions and Physiographic Province designation (Figure 17) were
explored as potential classification schemes. Physiographic Province designation was
found to be more effective and practical than EPA Nutrient Ecoregion for classifying
ALU-attaining streams into ecologically meaningful groups based on their diel DO swing
characteristics (Figure 18). The diel DO swing characteristics of ALU-attaining streams
in the Piedmont, New England, and Ridge and Valley Physiographic Provinces are
similar and higher than those of the Appalachian Plateaus Physiographic Province
(Figures 18(B) and 19). Based on this observation, samples were categorized into two
Physiographic Regions (Figures 20-21).
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Figure 17. Maps of Pennsylvania showing (A) EPA Nutrient Ecoregions and (B)
Physiographic Provinces.
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Aquatic Life Use Attaining Monthly Diel DO Swing p75 Values

5 (30) (32) (14) (70)
All in New England
Physiographic Province
o4
X
o
E
!
o
o
=
=
0 o
(]
(a)
2
(a) 1
07 T T T T
IX Xl Vil Vi
EPA Nutrient Ecoregion
(A)
Aquatic Life Use Attaining Monthly Diel DO Swing p75 Values
5 (30) (14) (14) (88)
All from
4 Cherry Run 2016
< Sample
(=)
E
!
o
o
=
=
0 o
(]
o
2
(a) 1
07 T T T T
Piedmont New England Ridge and Valley Appalachian Plateaus

Physiographic Province

(B)
Figure 18. Monthly diel DO swing p75 values of aquatic life use attaining samples by
(A) EPA Nutrient Ecoregion and (B) Physiographic Province.
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Aquatic Life Use Attaining Monthly Diel DO Swing p75 Values
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Figure 19. Monthly Diel DO Swing p75 values of aquatic life use attaining samples by
Physiographic Region. Physiographic Region A consists of the Atlantic Coastal Plain,
Piedmont, New England, Blue Ridge, and Ridge and Valley Physiographic Provinces.
Physiographic Region B consists of the Appalachian Plateaus and Central Lowland
Physiographic Province.

Figure 20 Map of sample stations and Physiographic Regions.
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Sample Station Watershed Characteristics by Physiographic Region
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Figure 21. Sample station watershed characteristics by Physiographic Region.

Regionally- and temporally-appropriate diel DO swing benchmarks were developed for
objectively identifying sample stations with excessive diel DO swings. Diel DO swing
benchmark values were developed within the context of 2-month sample periods. Two-
month sample periods were used to minimize the influence of seasonally-variable
environmental factors (e.g., daylight duration, water temperature, canopy cover and
shading, stream discharge conditions) that can influence stream metabolic conditions
(Figure 22). The following screening criteria were used to identify benchmark samples:

e ALU attaining benthic macroinvertebrate community

e No DO readings <5.0 mg/L

e No pH readings >9.0

e Middle Cr 2016 and Cherry Run 2016 were not included in the benchmark
dataset because they have monthly diel DO swing p75 values atypical of ALU
attaining samples in their respective Physiographic Regions (Figure 19).
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Figure 22. Two-month sample periods shown over daylight duration at State College,
PA and best-fit of mean daily temperature values from 44 USGS gages in Pennsylvania
(2013-2016).

Applying benchmark screening criteria to the dataset generated the benchmark dataset
of 19 benchmark samples from 14 sample stations (Table 3). Benchmark sample
benthic macroinvertebrate IBI scores, mean TP and TN values, and station watershed
characteristics are summarized in Table 4 and Figure 23. Physiographic Region-
specific monthly diel DO swing benchmark values represent the upper limit (90"
percentile value) of diel DO swings recorded at benchmark sample stations during the
specified sample period. Benchmark values ranged from a high of 2.8 mg/L in
Physiographic Region A in the March-April sample period to 1.3 mg/L in Physiographic
Region B in the July-August sample period (Figure 24).

Scatter plots of benthic macroinvertebrate biological integrity measures vs. benthic
chlorophyll-a concentration show a clear breakpoint in biological integrity associated
with a maximum chlorophyll-a concentration of approximately 275 mg/m? (Figures 25
and 26). Based on this observation, a one-time maximum benthic chlorophyll-a
concentration benchmark value of 275 mg/m? is included in the translator. The
maximum benthic chlorophyll-a concentration benchmark value of 275 mg/m? is
supported in the scientific literature. Several authors have used a maximum benthic
chlorophyll-a value of 200 mg/m? as a boundary for discriminating between mesotrophic
and eutrophic streams or as a threshold value for high or nuisance periphytic biomass
(Welch et al. 1988, Welch et al. 1989, Dodds et al. 1998, Biggs 2000).
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Table 3. Sample benchmark screening data and benchmark status.

Map Sample Physiographic  Aquatic Life  Macroinvertebrate DO pH Benchmark
ID Region Use Attainment IBI Score Readings Readings  Sample
Status <5.0 mg/L >9.0
1 Beaver Run 2016 A Attaining 72.9 0 0 Yes
4  Birch Run 2016 A Attaining 86.8 0 0 Yes
12  French Cr (Upper) 2016 A Attaining 59.9 0 0 Yes
26 Moyers Mill Run 2016 A Attaining 66.7 0 0 Yes
31 Pine Cr (Berks) 2014 A Attaining 66.9 0 0 Yes
33 Raccoon Cr 2013 A Attaining 60.9 0 0 Yes
5 Browns Run 2013 B Attaining 89.2 0 0 Yes
7 Carley Brk 2016 B Attaining 89.5 0 0 Yes
11 Dunbar Cr 2016 B Attaining 93.2 0 0 Yes
16 Grays Run 2013 B Attaining 93.6 0 0 Yes
18 Hell Run 2016 B Attaining 64.8 0 0 Yes
19 Hyner Run 2014 B Attaining 98.9 0 0 Yes
19 Hyner Run 2015 B Attaining 97.5 0 0 Yes
19 Hyner Run 2016 B Attaining 97.0 0 0 Yes
24 Masthope Cr 2016 B Attaining 90.2 0 0 Yes
36 Rock Run 2014 B Attaining 90.5 0 0 Yes
36 Rock Run 2015 B Attaining 79.6 0 0 Yes
36 Rock Run 2016 B Attaining 95.5 0 0 Yes
40 Traverse Cr 2015 B Attaining 50.7 0 0 Yes
9 Cooks Cr 2013 A Attaining 56.5 0 139 No
9 Cooks Cr 2016 A Attaining 70.7 0 151 No
25 Middle Cr 2016 A Attaining 63.3 38 166 No
8 Cherry Run 2016 B Attaining 57.3 0 0 No
2 Bells Run 2016 A Impaired 32.8 29 2 No
3 Big EIk Cr 2014 A Impaired 41.7 0 85 No
10 Donegal Cr 2015 A Impaired 36.8 0 0 No
13 Goose Cr (Most) 2014 A Impaired 23.2 298 0 No
14 Goose Cr (Oak) 2014 A Impaired 22.2 193 0 No
15 Goose Cr (Thorn) 2014 A Impaired 23.1 1 0 No
17 Groff Cr 2016 A Impaired 24.6 222 0 No
20 Indian Cr (Berg) 2013 A Impaired 16.4 44 35 No
20 Indian Cr (Berg) 2014 A Impaired 20.6 3 57 No
21 Indian Cr (Rt 63) 2013 A Impaired 24.2 1 1053 No
21 Indian Cr (Rt 63) 2014 A Impaired 28.9 159 880 No
22 L Beaver Cr 2016 A Impaired 26.8 10 0 No
27 Muddy Run 2016 A Impaired 26.3 975 0 No
30 Pickering Cr 2016 A Impaired 59.7 0 1 No
34 Red Clay Cr 2014 A Impaired 29.8 0 0 No
35 Rife Run 2015 A Impaired 24.0 28 40 No
37 Skippack Cr (Rt 63) 2013 A Impaired 28.4 111 498 No
38 Tinicum Cr 2016 A Impaired 51.9 74 306 No
39 Towamencin Cr 2013 A Impaired 17.4 0 2 No
41 W Br Brandywine Cr 2016 A Impaired 59.7 0 379 No
42 W Br Octoraro Cr 2016 A Impaired 54.2 0 299 No
43 Wissahickon Cr 2013 A Impaired 23.2 20 484 No
6 Campbells Run 2015 B Impaired 24.9 0 0 No
23 Lick Run 2015 B Impaired 21.7 1 0 No
28 Peters Cr (DnS) 2015 B Impaired 22.6 0 3 No
29 Peters Cr (UpS) 2015 B Impaired 26.9 0 0 No
32  Piney Fork Run 2015 B Impaired 17.2 1 0 No
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Table 4. Benchmark sample station watershed characteristics.

Map Sample Benchmark Physiographic Macroinvertebrate % % % Mean Mean
ID Sample Region IBI Score Forest Agriculture Developed TP TN
Land (mg/L) (mg/L)
1 Beaver Run 2016 Yes A 72.9 50.2 24.7 10.0 0.031 1.05
4  Birch Run 2016 Yes A 86.8 40.8 33.1 12.6 0.034 1.09
12 French Cr (Upper) 2016 Yes A 59.9 62.6 15.9 8.0 0.031 0.59
26 Moyers Mill Run 2016 Yes A 66.7 84.7 10.5 4.7 0.027 1.24
31 Pine Cr (Berks) 2014 Yes A 66.9 68.0 14.5 5.0 0.018 0.63
33 Raccoon Cr 2013 Yes A 60.9 79.8 14.9 41 0.021 1.33
5 Browns Run 2013 Yes B 89.2 90.0 0.0 0.4 0.005 0.21
7 Carley Brk 2016 Yes B 89.5 55.8 30.0 40 0.020 0.36
11 Dunbar Cr 2016 Yes B 93.2 94.3 1.2 4.3 0.011 0.29
16 Grays Run 2013 Yes B 93.6 92.6 0.0 0.8 0.005 0.30
18 Hell Run 2016 Yes B 64.8 58.0 304 7.6 0.040 0.67
19 Hyner Run 2014 Yes B 98.9 95.8 0.1 0.3 0.006 0.22
19 Hyner Run 2015 Yes B 97.5 95.8 0.1 0.3 0.005 0.17
19 Hyner Run 2016 Yes B 97.0 95.8 0.1 0.3 0.010 0.26
24 Masthope Cr 2016 Yes B 90.2 69.1 14.2 40 0.023 0.27
36 Rock Run 2014 Yes B 90.5 89.7 24 1.5 0.004 0.32
36 Rock Run 2015 Yes B 79.6 89.7 24 1.5 0.004 0.25
36 Rock Run 2016 Yes B 95.5 89.7 2.4 1.5 0.010 0.80
40 Traverse Cr 2015 Yes B 50.7 73.2 17.7 6.8 0.039 0.73
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Benchmark Sample Macroinvertebrate 1Bl Scores and Land Use/Land Cover Values
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Figure 23. Benchmark sample macroinvertebrate IBI scores and watershed land
use/land cover values (A) and mean total phosphorus and total nitrogen values (B).
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Benchmark Sample Monthly Diel DO Swing p75 Values (Mar-Apr and May-Jun)
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Figure 24. Benchmark sample monthly diel DO swing p75 values with benchmark (90"
percentile) values identified.

Panel variable: Sample Period
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Macroinvertebrate IBl Score vs Benthic Chl-a (n=65)
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Figure 25. Scatter plot of benthic macroinvertebrate 1Bl score vs. benthic chlorophyll-a
concentration showing a breakpoint in biological integrity associated with a chlorophyll-a
concentration of approximately 275 mg/m? used as a maximum chlorophyll-a
concentration benchmark value.
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BCG Taxa Richness Ratio vs Benthic Chl-a (n=65)

@
L]

B w
L]

Biological Condition Gradient Taxa Richness Ratio
w

L

L]

2 . [ ]
. .
LK ]
1 « *
.

- . .

e e .
0 L ".’:o -2?5' % - %% . oo .o ) .

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
Benthic Chl-a (mg/m?)

(A)

BCG Individuals Ratio vs Benthic Chl-a (n=65)
12

11

10

Biological Condition Gradient Individuals Ratio
[=2]

0 L avcomonle e - %t 3 oo LY oe .

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
Benthic Chl-a (mg/m?)

(B)
Figure 26. Scatter plots of (A) biological condition gradient taxa richness ratio vs.
benthic chlorophyll-a concentration and (B) biological condition gradient individuals ratio
vs. benthic chlorophyll-a concentration showing a breakpoint in biological integrity
associated with a chlorophyll-a concentration of approximately 275 mg/m? used as a
maximum chlorophyll-a concentration benchmark value.
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Pearson correlation coefficient (r) values were used to quantify the relative influence of
stream metabolic processes (photosynthesis and respiration) and water temperature on
sample diel DO swings. Diel DO swings driven by metabolic processes will be
positively correlated with diel pH swings. Photosynthesis consumes water column COz,
generates Oz and bicarbonate and hydroxide ions, and increases stream pH (Eq. 4,
moving from left to right). Respiration consumes oxygen, generates hydrogen ions and
carbonic acid, and lowers pH (Eg. 4, moving from right to left). Thus, a strong positive
correlation between diel DO swings and diel pH swings is indicative of DO swings that
are driven by photosynthesis and respiration.

Pearson correlation coefficient (r) values also were used to quantify the relative
influence of water temperature on sample diel DO swings. Water temperature
influences the solubility of oxygen in water and fluctuates on a diel cycle as
temperatures rise during the day and decrease throughout the night. Stream DO, pH,
and water temperature values recorded over two days at two sample stations with
dramatically different stream metabolic conditions are shown in Figure 27. Figure 27(A)
is an example of stream diel DO swings that are driven by diel water temperature
fluctuations. Figure 27(B) is an example of diel DO swings driven predominantly by diel
pH swings (photosynthesis and respiration rates), and to a lesser extent, diel water
temperature swings. Monthly diel DO swing vs. diel pH swing and diel DO swing vs.
diel water temperature swing values of two sample stations with dramatically different
stream metabolic conditions are shown in Figure 28. Figure 28(A) is an example of
data from a stream with diel DO swings that are driven by diel water temperature
fluctuations. Figure 28(B) is an example of data from a stream with diel DO swings that
are driven by stream metabolic processes (photosynthesis and respiration rates)
expressed as diel pH swings.

Monthly Pearson correlation coefficient (r) values were used to quantify the relative
influence of stream metabolic processes (diel pH swings) and diel water temperature
swings on benchmark sample monthly diel DO swing p75 values (Figure 29). Pearson
correlation results indicate the following: 1) benchmark sample diel DO swings are
more-strongly correlated with diel water temperature swings than they are diel pH
swings, 2) benchmark sample diel DO swing vs. diel water temperature swing r values
are typically >0.61, and 3) benchmark sample diel DO swing vs. diel pH swing r values
are typically <0.66. The Pearson correlationO coefficient r values of 0.61 and 0.66 are
used in the translator to objectively describe the influence of water temperature and
metabolic conditions (via diel pH swings) on stream diel DO swings. Benchmark values
are summarized in Table 5 and the translator is shown graphically in Figure 30.
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Figure 27. Continuously monitored DO, pH, and water temperature data collected over
two days, showing (A) diel DO swings driven by diel water temperature swings as
opposed to pH swings (photosynthesis and respiration rates) and (B) diel DO swings
driven predominantly by diel pH swings (photosynthesis and respiration rates), and to a
lesser extent, diel water temperature swings.
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Figure 28. Monthly diel DO-diel pH swing and diel DO-diel water temperature swing Pearson correlation coefficient (r)
values indicative of (A) diel DO swings driven by diel water temperature swings as opposed to pH swings (photosynthesis
and respiration rates) and (B) diel DO swings driven by diel pH swings (photosynthesis and respiration rates).
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Benchmark Sample DO-pH Swing & DO-Temp Swing Pearson r-Values
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Figure 29. Benchmark sample Pearson correlation coefficient r values of 0.66 and 0.61
used to objectively describe the influence of metabolic conditions (via diel pH swings)
and water temperature on stream diel DO swings.

Table 5. Summary of translator benchmark values.

Monthly Diel DO Swing p75 Benchmark Values (mg/L) Physiographic Region
Sample Period A B
March-April 2.8 15
May-June 1.7 1.4
July-August 1.8 1.3
September-October 2.0 1.5
Maximum Benthic Chlorophyll-a Value (mg/m? 275

Monthly Correlation Benchmark Values Pearson Correlation Coefficient (r)
Monthly Diel DO Swing-Diel pH Swing >0.66

Monthly Diel DO Swing-Diel Water Temperature Swing <0.61
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ALU Impairment
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Figure 30. Graphical summary of translator.

APPLICATION OF TRANSLATOR TO ENTIRE DATASET

The data used in this project consists of over 300 monthly datasets of continuously
monitored DO, pH and water temperature from 23 ALU attaining samples and 27 ALU
impaired samples collected at 43 sample stations over a four-year timeframe. Applying
the translator to the entire dataset results in samples being delineated into four
categories, based on their ALU attainment status and translator result:

1. ALU attaining samples with no nutrient issue (n=16 samples)

2. ALU attaining samples that are nutrient enriched (n=7 samples)

3. ALU impaired samples with translator results that indicate the cause of ALU
impairment is something other than eutrophication (n=2 samples)

4. ALU impaired samples with translator results that identify eutrophication as a
cause of ALU impairment (n=25 samples)

Table 6 provides a summary of translator results based on data from several samples.
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Table 6. Summary of translator results generated for several samples.

Sample ALU Physio- Month  Diel DO  Diel DO Chpt 93 Chpt 93 Max Chl-a DO-pH DO-Temp Translator Result
Attainment graphic Swing p75 Swing DO pH (mg/m2)  Swing Swing
Status Region Benchmark p75 Violation Violation Pearson Pearson r-
(mg/L) (mg/L) r-Value  Value

Beaver Run 2016 Attaining A 04 Apr 28 HEO 0.91 Not Eutrophic
Beaver Run 2016 Attaining A 05 May 1.7 1.3 0.83 Not Eutrophic
Beaver Run 2016 Attaining A 06 Jun 1.7 1.0 0.47 0.81 Not Eutrophic
Beaver Run 2016 Attaining A 07 Jul 1.8 1.1 No No 190 Not Eutrophic
Beaver Run 2016 Attaining A 08 Aug 1.8 1.1 Not Eutrophic
Beaver Run 2016 Attaining A 09 Sep 2.0 1.3 Not Eutrophic
Beaver Run 2016 Attaining A 100ct 2.0 1.5 0.82 Not Eutrophic
Cherry Run 2016 Attaining B 03 Mar 15 0.94 Not Eutrophic
Cherry Run 2016 Attaining B 04 Apr 15 Not Eutrophic
Cherry Run 2016 Attaining B 05 May 14 Not Eutrophic
Cherry Run 2016 Atta!n!ng B 06 Jun 14 No No 144 Not Eutrophic
Cherry Run 2016 Attaining B 07 Jul 1.3

Cherry Run 2016 Attaining B 08 Aug 13 . Not Eutrophic
Cherry Run 2016 Attaining B 09 Sep 15 1.5 Not Eutrophic
Cherry Run 2016 Attaining B 10 Oct 15

Peters Cr (UpS) 2015 Impaired B 04 Apr 15 Cause: Not Eutrophication
Peters Cr (UpS) 2015 Impaired B 05 May 14 0.24 0.96 Cause: Not Eutrophication
Peters Cr (UpS) 2015  Impaired B 06 Jun 14 1.3 No No 8 0.38 0.71 Cause: Not Eutrophication
Peters Cr (UpS) 2015  Impaired B 07 Jul 1.3 1.3 -0.02 0.72 Cause: Not Eutrophication
Peters Cr (UpS) 2015  Impaired B 09 Sep 15 0.02 0.69 Cause: Not Eutrophication
Peters Cr (UpS) 2015  Impaired B 10 Oct 15 N/D N/D Cause: Not Eutrophication
Campbells Run 2015 Impaired B 04 Apr 15 -0.24 0.92 Cause: Not Eutrophication
Campbells Run 2015 Impaired B 05 May 1.4 1.1 No No 63 -0.26 0.86 Cause: Not Eutrophication
Campbells Run 2015 Impaired B 06 Jun 1.4 Cause: Not Eutrophication
Bells Run 2016 Impaired A 03 Mar 2.8

Bells Run 2016 Impaired A 04 Apr 2.8 . : Not Eutrophication
Bells Run 2016 Impaired A 05 May 1.7

Bells Run 2016 Impaired A 06 Jun 1.7 . : Not Eutrophication
Bells Run 2016 Impaired A 07 Jul 1.8

Bells Run 2016 Impaired A 08 Aug 1.8

Bells Run 2016 Impaired A 09 Sep 2.0 . Cause: Not Eutrophication
Bells Run 2016 Impaired A 10 Oct 2.0 E Cause: Not Eutrophication
Piney Fork Run 2015 Impaired B 04 Apr 15

Piney Fork Run 2015 Impaired B 05 May 1.4

Piney Fork Run 2015 Impaired B 06 Jun 1.4

Piney Fork Run 2015 Impaired B 08 Aug 1.3

Groff Cr 2016 Impaired A 03 Mar 2.8

Groff Cr 2016 Impaired A 04 Apr 2.8

Groff Cr 2016 Impaired A 05 May 1.7

Groff Cr 2016 Impaired A 06 Jun 1.7

Groff Cr 2016 Impaired A 07 Jul 1.8

Groff Cr 2016 Impaired A 08 Aug 1.8

Groff Cr 2016 Impaired A 09 Sep 2.0

Groff Cr 2016 Impaired A 10 Oct 2.0

Tinicum Cr 2016 Impaired A 03 Mar 2.8

Tinicum Cr 2016 Impaired A 04 Apr 2.8

Tinicum Cr 2016 Impaired A 05 May 1.7

Tinicum Cr 2016 Impaired A 06 Jun 1.7

Tinicum Cr 2016 Impaired A 07 Jul 1.8

Tinicum Cr 2016 Impaired A 08 Aug 1.8

Tinicum Cr 2016 Impaired A 09 Sep 2.0

Tinicum Cr 2016 Impaired A 10O0ct 2.0

ALU attainment status and translator results for Beaver Run 2016 indicate this sample
is ALU attaining with no nutrient issue. ALU attainment status and translator results for
Cherry Run 2016 indicate this sample is ALU attaining and subject to nutrient
enrichment. Monthly diel DO swing p75 values exceeded benchmark values during
seven of the eight months of usable data in the sample. However, in four of the seven
months with diel DO swing values that exceed benchmark values, DO swings were
more-strongly correlated with water temperature swing than pH swings. Translator
results from July and October identify eutrophication as a cause of ALU impairment.
Cherry Run 2016, and other ALU attaining samples with translator results that identify
eutrophication as a cause of ALU impairment, are examples of streams with metabolic
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conditions that have been altered by nutrient enrichment/eutrophication, but that the
potential stressors to aquatic life shown in Figure 5 are not exerting stress on the
benthic macroinvertebrate community to the degree that the ALU use is not attained.

Peters Creek (UpS) 2015 and Campbells Run 2015 are ALU impaired samples with
translator results that indicate the cause of ALU impairment is something other than
eutrophication. These samples both have months with diel DO swing p75 values that
exceed benchmark values, but these elevated DO swings are more-strongly correlated
with water temperature swings than they are diel pH swings (photosynthesis and
respiration rates).

The remaining four samples included in Table 6 are ALU impaired samples with
translator results that indicate the cause of ALU impairment is eutrophication. All
monthly diel DO swing p75 values from these samples exceed benchmark values.
Translator results from the Bells Run 2016 sample in March, May, July, and August
identify eutrophication as a cause of ALU impairment, based on diel DO swing
benchmark exceedances in conjunction with diel DO-pH swing and DO-water
temperature swing Pearson correlation values. Translator results from the Piney Fork
Run 2015 sample identify eutrophication as a cause of ALU impairment based on diel
DO swing benchmark exceedances in conjunction with a maximum benthic chlorophyll-
a concentration value of >275 mg/m?2. In the absence of the maximum benthic
chlorophyll-a benchmark exceedance recorded at the Piney Fork Run sample station in
2015, translator results from April identify eutrophication as a cause of ALU impairment.

Groff Creek 2016 and Tinicum Creek 2016 are samples with monthly diel DO swing p75
values that exceed benchmark values with accompanying exceedances of specific
water quality criteria for DO (Groff Creek 2016) or pH (Tinicum Creek 2016) in
accordance with Hoger (2017). In the absence of specific water quality criteria
exceedances, translator results based on monthly diel DO swing p75 and correlation
values identify eutrophication as a cause of ALU impairment at both sample stations.
ALU attainment status, translator results, mean TP and TN values, and land use/land
cover data of all samples are summarized in Tables 7 and 8.
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Table 7. Summary of sample ALU attainment status, translator results, and mean total

phosphorus and total nitrogen values.

Sample Physio- ALU Macro- Translator Result Chpt 93 Chpt 93 Max Benthic Mean Mean

graphic Attainment invertebrate DO pH Chl-a TP TN

Region Status IBl Score Violation Violation (mg/m2) (mg/L) (mg/L)
Beaver Run 2016 A Attaining 72.9 Not Eutrophic No No 190 0.031 1.05
Pine Cr (Berks) 2014 A Attaining 66.9 Not Eutrophic No No 167 0.018 0.63
Moyers Mill Run 2016 A Attaining 66.7 Not Eutrophic No No 40 0.027 1.24
French Cr (Upper) 2016 A Attaining 59.9 Not Eutrophic No No 241 0.031 0.59
Hyner Run 2014 B Attaining 98.9 Not Eutrophic No No 7 0.006 0.22
Hyner Run 2015 B Attaining 97.5 Not Eutrophic No No 8 0.005 0.17
Hyner Run 2016 B Attaining 97.0 Not Eutrophic No No 24 0.010 0.26
Rock Run 2016 B Attaining 95.5 Not Eutrophic No No 0.010 0.80
Grays Run 2013 B Attaining 93.6 Not Eutrophic No No 37 0.005 0.30
Dunbar Cr 2016 B Attaining 93.2 Not Eutrophic No No 26 0.011 0.29
Rock Run 2014 B Attaining 90.5 Not Eutrophic No No 9 0.004 0.32
Masthope Cr 2016 B Attaining 90.2 Not Eutrophic No No 71 0.023 0.27
Carley Brk 2016 B Attaining 89.5 Not Eutrophic No No 36 0.020 0.36
Browns Run 2013 B Attaining 89.2 Not Eutrophic No No 18 0.005 0.21
Rock Run 2015 B Attaining 79.6 Not Eutrophic No No 9 0.004 0.25
Hell Run 2016 B Attaining 64.8 Not Eutrophic No No 0.040 0.67
Birch Run 2016 A Attaining 86.8 Eutrophic No No 89 0.034 1.09
Cooks Cr 2016 A Attaining 70.7 Eutrophic No No 261 0.026 1.57
Middle Cr 2016 A Attaining 63.3 Eutrophic No No 118 0.043 0.60
Raccoon Cr 2013 A Attaining 60.9 Eutrophic No No 46 0.021 1.33
Cooks Cr 2013 A Attaining 56.5 Eutrophic No No 258 0.012 1.62
Cherry Run 2016 B Attaining 57.3 Eutrophic No No 144 0.014 0.52
Traverse Cr 2015 B Attaining 50.7 Eutrophic No No 0.039 0.73
Peters Cr (UpS) 2015 B Impaired 26.9 Cause: Not Eutrophication No No 48 0.052 0.83
Campbells Run 2015 B Impaired 24.9 Cause: Not Eutrophication No No 63  0.442 1.89
Pickering Cr 2016 A Impaired 59.7 Cause: Eutrophication No No 56 0.027 1.30
W Br Brandywine Cr 2016 A Impaired 59.7 Cause: Eutrophication No 135 0.076  2.50
W Br Octoraro Cr 2016 A Impaired 54.2 Cause: Eutrophication No 0.087 8.23
Tinicum Cr 2016 A Impaired 51.9 Cause: Eutrophication No 156 0.024 0.37
Big Elk Cr 2014 A Impaired 41.7 Cause: Eutrophication No No 221 0.025 5.17
Donegal Cr 2015 A Impaired 36.8 Cause: Eutrophication No No 186 0.058 9.83
Bells Run 2016 A Impaired 32.8 Cause: Eutrophication No No 0.061 10.45
Red Clay Cr 2014 A Impaired 29.8 Cause: Eutrophication No No 175 0.109 5.23
Indian Cr (Rt 63) 2014 A Impaired 28.9 Cause: Eutrophication No 0.098 2.21
Skippack Cr (Rt 63) 2013 A Impaired 28.4 Cause: Eutrophication No 227 0424 2227
L Beaver Cr 2016 A Impaired 26.8 Cause: Eutrophication No No 0.138 7.91
Muddy Run 2016 A Impaired 26.3 Cause: Eutrophication No 0.288 8.98
Groff Cr 2016 A Impaired 24.6 Cause: Eutrophication No 0.197 8.72
Indian Cr (Rt 63) 2013 A Impaired 24.2 Cause: Eutrophication No 0.094 1.78
Rife Run 2015 A Impaired 24.0 Cause: Eutrophication No No 147 0.054 6.40
Goose Cr (Most) 2014 A Impaired 23.2 Cause: Eutrophication No 127 0.078 2.80
Wissahickon Cr 2013 A Impaired 23.2 Cause: Eutrophication No 0.303 5.85
Goose Cr (Thorn) 2014 A Impaired 231 Cause: Eutrophication No No 123 1.088 13.24
Goose Cr (Oak) 2014 A Impaired 22.2 cause: Eutrophication [ NESHE No 239 1594 16.14
Indian Cr (Berg) 2014 A Impaired 20.6 Cause: Eutrophication No No 0.092 8.42
Towamencin Cr 2013 A Impaired 17.4 Cause: Eutrophication No No 0.239 5.97
Indian Cr (Berg) 2013 A Impaired 16.4 Cause: Eutrophication No No 0.102 10.68
Peters Cr (DnS) 2015 B Impaired 22.6 Cause: Eutrophication No No 191 0453 4.62
Lick Run 2015 B Impaired 21.7 Cause: Eutrophication No No 91 1.047 5.98
Piney Fork Run 2015 B Impaired 17.2 Cause: Eutrophication No No 0.856 7.34
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Table 8. Summary of sample ALU attainment status, translator results, and watershed

land use/land cover characteristics.

Sample Physio- ALU Macro- Translator Result Percent  Percent Percent
graphic Attainment invertebrate Forest Agriculture Developed
Region Status IBI Score Land
Beaver Run 2016 A Attaining 72.9 Not Eutrophic 50.2 24.7 10.0
Pine Cr (Berks) 2014 A Attaining 66.9 Not Eutrophic 68.0 14.5 5.0
Moyers Mill Run 2016 A Attaining 66.7 Not Eutrophic 84.7 10.5 4.7
French Cr (Upper) 2016 A Attaining 59.9 Not Eutrophic 62.6 15.9 8.0
Hyner Run 2014 B Attaining 98.9 Not Eutrophic 95.8 0.1 0.3
Hyner Run 2015 B Attaining 97.5 Not Eutrophic 95.8 0.1 0.3
Hyner Run 2016 B Attaining 97.0 Not Eutrophic 95.8 0.1 0.3
Rock Run 2016 B Attaining 95.5 Not Eutrophic 89.7 2.4 1.5
Grays Run 2013 B Attaining 93.6 Not Eutrophic 92.6 0.0 0.8
Dunbar Cr 2016 B Attaining 93.2 Not Eutrophic 94.3 1.2 4.3
Rock Run 2014 B Attaining 90.5 Not Eutrophic 89.7 2.4 1.5
Masthope Cr 2016 B Attaining 90.2 Not Eutrophic 69.1 14.2 4.0
Carley Brk 2016 B Attaining 89.5 Not Eutrophic 55.8 30.0 4.0
Browns Run 2013 B Attaining 89.2 Not Eutrophic 90.0 0.0 0.4
Rock Run 2015 B Attaining 79.6 Not Eutrophic 89.7 2.4 1.5
Hell Run 2016 B Attaining 64.8 Not Eutrophic 58.0 30.4 7.6
Birch Run 2016 A Attaining 86.8 Eutrophic 40.8 33.1 12.6
Cooks Cr 2016 A Attaining 70.7 Eutrophic 38.6 39.8 10.2
Middle Cr 2016 A Attaining 63.3 Eutrophic 51.3 35.8 10.0
Raccoon Cr 2013 A Attaining 60.9 Eutrophic 79.8 14.9 4.1
Cooks Cr 2013 A Attaining 56.5 Eutrophic 38.6 39.8 10.2
Cherry Run 2016 B Attaining 57.3 Eutrophic 71.8 19.0 9.2
Traverse Cr 2015 B Attaining 50.7 Eutrophic 73.2 17.7 6.8
Peters Cr (UpS) 2015 B Impaired 26.9 Cause: Not Eutrophication 46.6 15.2 35.2
Campbells Run 2015 B Impaired 24.9 Cause: Not Eutrophication 26.8 0.8 72.3
Pickering Cr 2016 A Impaired 59.7 Cause: Eutrophication 331 29.8 22.5
W Br Brandywine Cr 2016 A Impaired 59.7 Cause: Eutrophication 317 43.3 14.8
W Br Octoraro Cr 2016 A Impaired 54.2 Cause: Eutrophication 17.8 71.7 7.4
Tinicum Cr 2016 A Impaired 51.9 Cause: Eutrophication 65.8 16.0 9.7
Big Elk Cr 2014 A Impaired 41.7 Cause: Eutrophication 21.8 48.8 24.2
Donegal Cr 2015 A Impaired 36.8 Cause: Eutrophication 2.8 71.6 24.4
Bells Run 2016 A Impaired 32.8 Cause: Eutrophication 13.0 79.3 4.8
Red Clay Cr 2014 A Impaired 29.8 Cause: Eutrophication 21.9 36.1 34.2
Indian Cr (Rt 63) 2014 A Impaired 28.9 Cause: Eutrophication 5.1 37.8 51.1
Skippack Cr (Rt 63) 2013 A Impaired 28.4 Cause: Eutrophication 6.4 32.8 57.4
L Beaver Cr 2016 A Impaired 26.8 Cause: Eutrophication 20.3 64.0 12.2
Muddy Run 2016 A Impaired 26.3 Cause: Eutrophication 0.7 88.2 10.3
Groff Cr 2016 A Impaired 24.6 Cause: Eutrophication 0.1 81.8 17.9
Indian Cr (Rt 63) 2013 A Impaired 24.2 Cause: Eutrophication 5.1 37.8 51.1
Rife Run 2015 A Impaired 24.0 Cause: Eutrophication 11.1 68.9 14.9
Goose Cr (Most) 2014 A Impaired 23.2 Cause: Eutrophication 4.0 1.6 93.5
Wissahickon Cr 2013 A Impaired 23.2 Cause: Eutrophication 20.4 5.9 69.2
Goose Cr (Thorn) 2014 A Impaired 23.1 Cause: Eutrophication 16.0 3.4 75.5
Goose Cr (Oak) 2014 A Impaired 22.2 Cause: Eutrophication 7.4 0.9 89.8
Indian Cr (Berg) 2014 A Impaired 20.6 Cause: Eutrophication 1.4 17.1 78.6
Towamencin Cr 2013 A Impaired 17.4 Cause: Eutrophication 9.7 9.0 78.5
Indian Cr (Berg) 2013 A Impaired 16.4 Cause: Eutrophication 1.4 17.1 78.6
Peters Cr (DnS) 2015 B Impaired 22.6 Cause: Eutrophication 36.3 6.8 55.2
Lick Run 2015 B Impaired 21.7 Cause: Eutrophication 221 0.7 76.6
Piney Fork Run 2015 B Impaired 17.2 Cause: Eutrophication 30.2 1.5 67.7

Figure 31 shows the land use/land cover characteristics of sample stations by ALU

attainment status and translator result. This scatter plot illustrates that translator results
combined with ALU attainment status show good agreement with the expected pattern
of decreasing biological integrity with increased nutrient enrichment as forested land is



replaced by agriculture and developed land (Peters Cr (Ups) 2015 and Campbells Run
2015 are impacted by coal mining activities).

Figures 31 and 32 illustrate the atypical conditions observed in the Tinicum Creek 2016
sample. Despite having land use/land cover characteristics (Figure 31) and water
column nutrient levels (Figure 32) similar to those of ALU attaining samples, the Tinicum
Creek 2016 sample is ALU impaired with translator results that clearly identify
eutrophication as a cause of impairment. All monthly diel DO swing p75 values in the
Tinicum Creek 2016 sample exceed benchmark values and correlation values of four of
the eight months identify eutrophication as a cause of ALU impairment. Continuously
monitored pH data from the Tinicum Creek 2016 sample station exceed the specific
water quality criterion for pH (Table 6). The single benthic chlorophyll-a sample
collected at the Tinicum Creek 2016 sample station in September 2016 was well below
the translator benchmark value of 275 mg/m?, indicating relatively low algal productivity
at that sample station the day the periphyton sample was collected. However,
excessive periphyton growth was photo-documented at the sample station in July of
2016 (Figure 33).

The Tinicum Creek 2016 sample data illustrates some of the complications with using
either discrete water column nutrient or benthic chlorophyll-a concentrations alone as
indicators of nutrient enrichment in streams. The complexity of the indirect pathway by
which nutrient enrichment ultimately degrades the integrity of stream biological
communities requires a similarly complex assessment of stream environmental data to
accurately ascertain if nutrient enrichment is a cause of ALU impairment in a specific
reach of stream. This complex and indirect relationship between nutrient enrichment
and stream biological community degradation has led several states to adopt a multiple
lines of evidence approach in their numeric eutrophication criteria (Minnesota) or the
translators they use (New Jersey), or propose to use (Ohio), to quantitatively assess
attainment of their narrative nutrient or general water quality criteria.

This document summarizes the cause/response relationships observed between
nutrient levels; primary production (measured as benthic chlorophyll-a); DO, pH, and
water temperature characteristics; and the biological integrity of small streams in
Pennsylvania. The observed relationships were used to develop a translator for
guantitatively assessing the impact of nutrient enrichment on small streams (drainage
area <50 mi?) in Pennsylvania. The translator will be included in PADEP’s water quality
monitoring protocols for streams and rivers as a eutrophication cause determination
protocol for small streams.
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Percent Forest vs Percent Agriculture (n=50 Samples, 43 Stations)
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Figure 31. Scatter plots of sample station watershed land use/land cover

characteristics by ALU attainment status and translator result showing (A) percent forest
vs. percent agriculture and (B) percent forest vs. percent developed land.
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Mean Total Nitrogenvs Mean Total Phosphorus (n=50)
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Figure 32. Scatter plot of sample mean total nitrogen vs. mean total phosphorus by
ALU attainment status and translator result.
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Figure 33. Dense perlphyton growth at the T|n|cum Creek Sample Station in July 2016.
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Sample Month Diel DO Swing DO-pHSwing DO-Temp Swing Number of

p75 (mg/L) Pearson r-Value Pearson r-Value Correlation Pairs
Beaver Run 2016 04 Apr 3.0 0.91 0.91 17
Beaver Run 2016 05 May 1.3 0.82 0.83 28
Beaver Run 2016 06 Jun 1.0 0.47 0.81 22
Beaver Run 2016 07 Jul 1.1 -0.11 0.37 31
Beaver Run 2016 08 Aug 1.1 0.54 0.59 20
Beaver Run 2016 09 Sep 1.3 0.63 0.86 30
Beaver Run 2016 10 Oct 1.5 0.69 0.82 29
Bells Run 2016 03 Mar 4.4 0.94 0.41 31
Bells Run 2016 04 Apr 5.3 0.95 0.69 30
Bells Run 2016 05 May 3.5 0.84 0.59 31
Bells Run 2016 06 Jun 4.2 0.93 0.63 30
Bells Run 2016 07 Jul 4.5 0.81 0.43 31
Bells Run 2016 08 Aug 4.8 0.88 0.27 31
Bells Run 2016 09 Sep 4.2 0.82 0.69 30
Bells Run 2016 10 Oct 3.6 0.89 0.62 31
Big Elk Cr 2014 06 Jun 1.7 0.94 0.37 28
Big Elk Cr 2014 07 Jul 2.8 0.90 0.44 22
Big Elk Cr 2014 08 Aug 2.7 0.89 0.39 26
Big Elk Cr 2014 09 Sep 2.9 0.84 0.09 30
Big Elk Cr 2014 10 Oct 3.0 0.93 0.45 31
Birch Run 2016 03 Mar 2.6 0.79 0.66 28
Birch Run 2016 04 Apr 2.7 0.78 0.74 30
Birch Run 2016 05 May 1.5 0.51 0.78 19
Birch Run 2016 06 Jun 1.7 0.80 0.71 23
Birch Run 2016 07 Jul 1.9 0.81 0.26 31
Birch Run 2016 08 Aug 1.8 0.74 0.18 29
Birch Run 2016 09 Sep 2.0 0.85 0.60 21
Birch Run 2016 10 Oct 1.9 0.59 0.78 31
Browns Run 2013 03 Mar 0.6 0.47 0.98 31
Browns Run 2013 04 Apr 1.0 0.19 0.97 30
Browns Run 2013 05 May 0.7 0.19 0.98 31
Browns Run 2013 06 Jun 0.4 0.24 0.96 17
Browns Run 2013 10 Oct 0.6 0.82 0.10 31
Campbells Run 2015 04 Apr 1.6 -0.24 0.92 22
Campbells Run 2015 05 May 1.1 -0.26 0.86 31
Campbells Run 2015 06 Jun 0.7 -0.21 0.77 20
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Carley Brk 2016 03 Mar 1.7 0.61 0.91 30
Carley Brk 2016 04 Apr 2.3 0.51 0.68 30
Carley Brk 2016 05 May 1.8 0.77 0.76 31
Carley Brk 2016 06 Jun 1.4 0.44 0.86 30
Carley Brk 2016 07 Jul 1.3 -0.58 0.72 31
Carley Brk 2016 08 Aug 1.1 0.15 0.87 31
Carley Brk 2016 09 Sep 1.3 0.11 0.74 30
Carley Brk 2016 10 Oct 1.4 0.49 0.90 26
Cherry Run 2016 03 Mar 2.1 0.86 0.94 15
Cherry Run 2016 04 Apr 2.3 0.82 0.86 30
Cherry Run 2016 05 May 1.5 0.81 0.88 31
Cherry Run 2016 06 Jun 2.8 0.79 0.61 30
Cherry Run 2016 07 Jul 3.2 0.84 0.51 31
Cherry Run 2016 08 Aug 2.7 0.37 0.86 31
Cherry Run 2016 09 Sep 1.5 -0.02 0.27 23
Cherry Run 2016 10 Oct 1.6 0.79 0.52 31
Cooks Cr 2013 03 Mar 3.2 0.89 0.31 27
Cooks Cr 2013 04 Apr 3.7 0.75 0.59 23
Cooks Cr 2016 04 Apr 3.0 0.80 0.59 30
Cooks Cr 2016 05 May 2.5 0.92 0.83 25
Cooks Cr 2016 06 Jun 3.7 0.96 0.18 30
Cooks Cr 2016 07 Jul 2.5 0.94 0.23 25
Cooks Cr 2016 08 Aug 2.2 0.54 0.22 31
Cooks Cr 2016 09 Sep 2.6 0.89 0.61 30
Cooks Cr 2016 10 Oct 33 0.95 0.69 31
Donegal Cr 2015 05 May 1.9 0.83 0.41 17
Donegal Cr 2015 06 Jun 1.5 0.24 0.19 30
Donegal Cr 2015 07 Jul 2.4 0.32 -0.31 31
Donegal Cr 2015 08 Aug 1.9 0.52 0.18 31
Donegal Cr 2015 09 Sep 1.7 0.47 -0.08 30
Donegal Cr 2015 10 Oct 1.6 0.60 0.42 31
Dunbar Cr 2016 04 Apr 1.3 -0.40 0.93 30
Dunbar Cr 2016 05 May 0.6 -0.21 0.96 30
Dunbar Cr 2016 06 Jun 0.6 -0.19 0.84 30
Dunbar Cr 2016 07 Jul 0.6 -0.09 0.78 31
Dunbar Cr 2016 08 Aug 0.7 0.27 0.68 31
Dunbar Cr 2016 09 Sep 0.7 0.06 0.41 30
Dunbar Cr 2016 10 Oct 0.8 0.64 0.77 31

57



Sample Month Diel DO Swing DO-pH Swing DO-Temp Swing Number of

p75 (mg/L) Pearson r-Value Pearson r-Value Correlation Pairs
French Cr (Upper) 2016 03 Mar 2.1 0.89 0.59 28
French Cr (Upper) 2016 04 Apr 2.5 0.94 0.73 30
French Cr (Upper) 2016 06 Jun 1.5 0.86 0.60 30
French Cr (Upper) 2016 07 Jul 1.6 0.90 0.68 31
French Cr (Upper) 2016 08 Aug 1.6 0.85 0.51 31
French Cr (Upper) 2016 09 Sep 1.7 0.71 0.87 30
French Cr (Upper) 2016 10 Oct 1.8 0.61 0.77 31
Goose Cr (Most) 2014 03 Mar 5.8 N/D N/D 0
Goose Cr (Most) 2014 04 Apr 8.2 N/D N/D 5
Goose Cr (Most) 2014 07 Jul 2.1 0.39 0.44 17
Goose Cr (Most) 2014 08 Aug 1.7 0.65 0.55 26
Goose Cr (Most) 2014 09 Sep 1.9 0.03 0.06 30
Goose Cr (Oak) 2014 03 Mar 4.4 0.00 0.01 29
Goose Cr (Oak) 2014 06 Jun 1.9 -0.21 0.39 18
Goose Cr (Oak) 2014 08 Aug 2.4 0.09 0.17 18
Goose Cr (Oak) 2014 09 Sep 2.5 -0.26 -0.08 30
Goose Cr (Oak) 2014 10 Oct 2.9 -0.19 -0.14 18
Goose Cr (Thorn) 2014 07 Jul 3.6 0.70 0.11 26
Goose Cr (Thorn) 2014 08 Aug 4.3 0.93 0.35 19
Goose Cr (Thorn) 2014 09 Sep 3.3 0.91 0.40 30
Goose Cr (Thorn) 2014 10 Oct 3.6 0.93 0.44 31
Grays Run 2013 03 Mar 0.9 0.27 0.95 31
Grays Run 2013 04 Apr 1.3 -0.05 0.96 30
Grays Run 2013 05 May 1.0 -0.19 0.95 31
Grays Run 2013 06 Jun 0.7 0.03 0.93 30
Grays Run 2013 09 Sep 0.8 -0.14 0.86 19
Grays Run 2013 10 Oct 1.0 0.59 0.45 31
Groff Cr 2016 03 Mar 5.3 0.95 0.47 31
Groff Cr 2016 04 Apr 7.1 0.80 0.71 28
Groff Cr 2016 05 May 4.3 0.35 0.82 31
Groff Cr 2016 06 Jun 3.9 0.48 0.53 30
Groff Cr 2016 07 Jul 4.3 0.54 0.06 31
Groff Cr 2016 08 Aug 5.4 0.89 0.66 31
Groff Cr 2016 09 Sep 6.5 0.69 0.71 30
Groff Cr 2016 10 Oct 6.1 0.82 0.68 31
Hell Run 2016 05 May 1.4 0.90 0.73 26
Hell Run 2016 06 Jun 0.7 0.55 0.91 25
Hell Run 2016 07 Jul 1.2 N/D N/D 0
Hell Run 2016 08 Aug 0.6 0.76 0.85 31
Hell Run 2016 09 Sep 0.6 0.88 0.77 24
Hell Run 2016 10 Oct 0.5 0.61 0.61 31

58



Sample Month Diel DO Swing DO-pH Swing DO-Temp Swing Number of

p75 (mg/L) Pearson r-Value Pearson r-Value Correlation Pairs
Hyner Run 2014 08 Aug 0.5 -0.23 0.97 19
Hyner Run 2014 09 Sep 0.6 -0.52 0.88 30
Hyner Run 2014 10 Oct 0.7 0.14 0.87 31
Hyner Run 2015 03 Mar 0.6 0.20 0.96 31
Hyner Run 2015 05 May 1.0 -0.08 0.93 31
Hyner Run 2015 06 Jun 0.4 -0.10 0.90 30
Hyner Run 2015 07 Jul 0.5 N/D N/D 0
Hyner Run 2015 08 Aug 0.5 N/D N/D 0
Hyner Run 2015 09 Sep 0.6 N/D N/D 0
Hyner Run 2015 10 Oct 0.7 -0.18 0.82 31
Hyner Run 2016 03 Mar 1.2 0.42 0.96 31
Hyner Run 2016 04 Apr 1.3 0.02 0.89 30
Hyner Run 2016 05 May 0.7 -0.01 0.97 31
Hyner Run 2016 06 Jun 0.6 -0.39 0.90 30
Hyner Run 2016 07 Jul 0.7 0.56 0.84 31
Hyner Run 2016 08 Aug 0.7 0.06 0.90 31
Hyner Run 2016 09 Sep 0.9 0.10 0.73 24
Hyner Run 2016 10 Oct 0.8 N/D N/D 0
Indian Cr (Berg) 2013 03 Mar 6.5 N/D N/D 0
Indian Cr (Berg) 2013 09 Sep 5.7 0.63 0.22 27
Indian Cr (Berg) 2013 10 Oct 6.8 0.19 -0.49 21
Indian Cr (Berg) 2014 06 Jun 3.5 0.85 0.27 20
Indian Cr (Berg) 2014 07 Jul 6.2 0.91 0.17 25
Indian Cr (Berg) 2014 10 Oct 5.5 0.91 0.44 30
Indian Cr (Rt 63) 2013 04 Apr 13.2 0.86 0.64 30
Indian Cr (Rt 63) 2013 05 May 6.5 0.97 0.68 31
Indian Cr (Rt 63) 2013 06 Jun 7.1 0.96 0.72 29
Indian Cr (Rt 63) 2013 07 Jul 7.2 0.95 0.55 31
Indian Cr (Rt 63) 2013 08 Aug 5.8 0.95 0.58 31
Indian Cr (Rt 63) 2013 09 Sep 7.0 0.85 0.48 30
Indian Cr (Rt 63) 2013 10 Oct 8.4 0.75 0.64 31
Indian Cr (Rt 63) 2014 04 Apr 9.3 N/D N/D 14
Indian Cr (Rt 63) 2014 05 May 8.4 0.99 0.26 17
Indian Cr (Rt 63) 2014 06 Jun 6.9 0.98 0.21 28
Indian Cr (Rt 63) 2014 07 Jul 9.2 0.82 0.63 30
Indian Cr (Rt 63) 2014 08 Aug 8.5 0.88 0.69 24
Indian Cr (Rt 63) 2014 09 Sep 9.2 0.88 0.60 29
Indian Cr (Rt 63) 2014 10 Oct 7.4 0.95 0.63 31
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L Beaver Cr 2016 03 Mar 6.3 0.97 0.45 31
L Beaver Cr 2016 04 Apr 4.8 0.94 0.52 30
L Beaver Cr 2016 05 May 4.3 0.94 0.82 31
L Beaver Cr 2016 06 Jun 4.6 0.92 0.71 30
L Beaver Cr 2016 07 Jul 3.5 0.92 0.38 31
L Beaver Cr 2016 08 Aug 4.4 0.64 0.45 31
L Beaver Cr 2016 09 Sep 5.0 0.76 0.75 30
L Beaver Cr 2016 10 Oct 4.8 0.60 0.66 31
Lick Run 2015 04 Apr 3.8 0.88 0.56 30
Lick Run 2015 05 May 3.8 0.89 0.65 29
Lick Run 2015 06 Jun 1.5 0.56 0.67 27
Lick Run 2015 08 Aug 1.5 0.65 0.54 28
Lick Run 2015 09 Sep 1.5 -0.03 0.56 30
Lick Run 2015 10 Oct 1.9 0.77 0.53 31
Masthope Cr 2016 03 Mar 1.0 0.26 0.86 30
Masthope Cr 2016 04 Apr 1.2 0.15 0.80 30
Masthope Cr 2016 05 May 1.1 0.36 0.90 31
Masthope Cr 2016 06 Jun 1.1 0.25 0.79 30
Masthope Cr 2016 07 Jul 1.4 0.05 0.54 31
Masthope Cr 2016 08 Aug 1.1 0.55 0.65 31
Masthope Cr 2016 09 Sep 1.5 0.00 0.53 30
Masthope Cr 2016 10 Oct 1.2 0.13 0.87 31
Middle Cr 2016 03 Mar 4.6 0.76 0.71 24
Middle Cr 2016 04 Apr 4.9 0.89 0.65 30
Middle Cr 2016 05 May 3.5 0.93 0.83 31
Middle Cr 2016 06 Jun 3.4 0.78 0.58 30
Middle Cr 2016 07 Jul 4.2 0.70 0.50 31
Middle Cr 2016 08 Aug 4.2 0.47 0.71 31
Middle Cr 2016 09 Sep 4.4 0.81 0.73 30
Middle Cr 2016 10 Oct 2.9 0.62 0.73 31
Moyers Mill Run 2016 03 Mar 2.0 0.66 0.94 29
Moyers Mill Run 2016 04 Apr 2.2 0.40 0.91 30
Moyers Mill Run 2016 05 May 1.4 0.56 0.84 31
Moyers Mill Run 2016 06 Jun 1.0 -0.01 0.86 22
Moyers Mill Run 2016 07 Jul 1.1 0.30 0.70 31
Moyers Mill Run 2016 08 Aug 1.2 0.44 0.68 31
Moyers Mill Run 2016 09 Sep 1.4 0.40 0.69 30
Moyers Mill Run 2016 10 Oct 1.8 0.66 0.81 31
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Muddy Run 2016 03 Mar 5.1 0.83 0.65 31
Muddy Run 2016 04 Apr 6.6 0.63 0.75 30
Muddy Run 2016 05 May 7.8 0.93 0.78 31
Muddy Run 2016 06 Jun 8.2 0.44 0.65 30
Muddy Run 2016 07 Jul 6.8 0.57 0.04 31
Muddy Run 2016 08 Aug 8.0 0.60 0.54 31
Muddy Run 2016 09 Sep 7.7 0.91 0.78 30
Muddy Run 2016 10 Oct 7.0 0.91 0.58 31
Peters Cr (DnS) 2015 04 Apr 5.5 0.95 0.42 30
Peters Cr (DnS) 2015 05 May 3.2 0.94 0.72 17
Peters Cr (DnS) 2015 06 Jun 2.8 0.77 0.68 30
Peters Cr (DnS) 2015 07 Jul 3.5 0.91 0.77 31
Peters Cr (DnS) 2015 08 Aug 2.9 0.95 0.23 31
Peters Cr (DnS) 2015 09 Sep 4.0 0.94 0.32 30
Peters Cr (DnS) 2015 10 Oct 3.3 0.87 0.34 31
Peters Cr (UpS) 2015 04 Apr 1.8 0.25 0.89 30
Peters Cr (UpS) 2015 05 May 1.9 0.24 0.96 16
Peters Cr (UpS) 2015 06 Jun 1.3 0.38 0.71 30
Peters Cr (UpS) 2015 07 Jul 1.3 -0.02 0.72 25
Peters Cr (UpS) 2015 09 Sep 1.6 0.02 0.69 17
Peters Cr (UpS) 2015 10 Oct 2.3 N/D N/D 13
Pickering Cr 2016 04 Apr 2.8 0.86 0.82 30
Pickering Cr 2016 05 May 2.1 0.86 0.70 31
Pickering Cr 2016 06 Jun 2.3 0.92 0.56 30
Pickering Cr 2016 07 Jul 2.7 0.95 0.41 31
Pickering Cr 2016 08 Aug 3.0 0.92 0.25 31
Pickering Cr 2016 09 Sep 2.9 0.92 0.66 30
Pickering Cr 2016 10 Oct 2.2 0.67 0.68 31
Pine Cr (Berks) 2014 06 Jun 1.1 0.08 0.86 17
Pine Cr (Berks) 2014 07 Jul 1.2 0.78 0.19 20
Pine Cr (Berks) 2014 08 Aug 1.4 0.92 0.55 31
Pine Cr (Berks) 2014 09 Sep 1.4 0.28 0.26 30
Pine Cr (Berks) 2014 10 Oct 1.7 0.66 0.61 23
Piney Fork Run 2015 04 Apr 5.9 0.79 0.47 30
Piney Fork Run 2015 05 May 3.2 0.97 0.70 16
Piney Fork Run 2015 06 Jun 1.7 0.40 0.76 16
Piney Fork Run 2015 08 Aug 1.6 0.50 0.29 28
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Raccoon Cr 2013 05 May 1.7 0.75 0.93 22
Raccoon Cr 2013 06 Jun 1.2 N/D N/D 0
Raccoon Cr 2013 07 Jul 1.2 0.56 0.24 21
Raccoon Cr 2013 08 Aug 1.3 0.13 0.58 31
Raccoon Cr 2013 09 Sep 1.5 0.37 0.72 30
Raccoon Cr 2013 10 Oct 2.3 0.71 0.49 27
Red Clay Cr 2014 05 May 2.7 N/D N/D 0
Red Clay Cr 2014 06 Jun 1.5 N/D N/D 0
Red Clay Cr 2014 07 Jul 2.5 0.91 0.38 20
Red Clay Cr 2014 08 Aug 2.5 0.94 0.54 24
Red Clay Cr 2014 09 Sep 2.2 0.87 0.48 30
Red Clay Cr 2014 10 Oct 2.2 0.93 0.59 25
Rife Run 2015 05 May 5.1 0.80 0.44 31
Rife Run 2015 06 Jun 4.3 0.95 0.50 30
Rife Run 2015 07 Jul 3.9 0.97 0.32 31
Rife Run 2015 08 Aug 4.7 0.93 0.28 30
Rife Run 2015 09 Sep 5.6 0.96 0.21 30
Rife Run 2015 10 Oct 4.7 0.99 0.41 31
Rock Run 2014 06 Jun 0.7 -0.38 0.93 20
Rock Run 2014 07 Jul 0.7 0.07 0.81 31
Rock Run 2014 08 Aug 0.6 0.05 0.83 31
Rock Run 2014 09 Sep 0.7 0.58 0.51 30
Rock Run 2014 10 Oct 0.7 0.15 0.75 31
Rock Run 2015 03 Mar 0.6 -0.10 0.95 31
Rock Run 2015 04 Apr 1.1 -0.40 0.98 30
Rock Run 2015 05 May 0.8 -0.30 0.93 31
Rock Run 2015 06 Jun 0.5 0.16 0.87 30
Rock Run 2015 07 Jul 0.5 -0.18 0.87 31
Rock Run 2015 08 Aug 0.5 -0.12 0.60 31
Rock Run 2015 09 Sep 0.7 0.50 0.30 30
Rock Run 2015 10 Oct 0.7 0.22 0.74 31
Rock Run 2016 03 Mar 1.0 0.23 0.95 31
Rock Run 2016 04 Apr 1.2 0.11 0.90 23
Rock Run 2016 05 May 0.7 0.03 0.93 31
Rock Run 2016 06 Jun 0.7 -0.09 0.84 30
Rock Run 2016 07 Jul 1.1 0.85 0.29 31
Rock Run 2016 08 Aug 0.9 0.71 0.44 31
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Skippack Cr (Rt 63) 2013 03 Mar 12.4 0.85 0.29 27
Skippack Cr (Rt 63) 2013 04 Apr 12.5 0.84 0.47 30
Skippack Cr (Rt 63) 2013 05 May 8.1 0.97 0.69 19
Skippack Cr (Rt 63) 2013 06 Jun 6.4 0.87 0.41 27
Skippack Cr (Rt 63) 2013 07 Jul 6.7 0.92 -0.23 20
Skippack Cr (Rt 63) 2013 08 Aug 4.6 0.97 0.08 24
Skippack Cr (Rt 63) 2013 09 Sep 5.5 0.93 0.31 30
Skippack Cr (Rt 63) 2013 10 Oct 6.8 0.96 0.59 31
Tinicum Cr 2016 03 Mar 4.9 0.90 0.50 31
Tinicum Cr 2016 04 Apr 5.4 0.90 0.78 30
Tinicum Cr 2016 05 May 3.8 0.95 0.45 22
Tinicum Cr 2016 06 Jun 9.0 0.98 0.59 30
Tinicum Cr 2016 07 Jul 8.3 0.92 0.65 31
Tinicum Cr 2016 08 Aug 5.6 0.79 0.66 31
Tinicum Cr 2016 09 Sep 5.8 0.86 0.64 30
Tinicum Cr 2016 10 Oct 5.2 0.77 0.57 19
Towamencin Cr 2013 04 Apr 8.6 N/D N/D 0
Traverse Cr 2015 08 Aug 2.0 0.78 0.16 31
Traverse Cr 2015 09 Sep 1.6 0.61 0.25 29
Traverse Cr 2015 10 Oct 2.3 0.69 0.49 31
W Br Brandywine Cr 2016 03 Mar 4.4 0.96 0.40 29
W Br Brandywine Cr 2016 04 Apr 4.1 0.92 0.65 30
W Br Brandywine Cr 2016 05 May 2.5 0.83 0.79 31
W Br Brandywine Cr 2016 06 Jun 2.2 0.64 0.62 30
W Br Brandywine Cr 2016 07 Jul 3.0 0.36 0.45 31
W Br Brandywine Cr 2016 08 Aug 2.2 0.00 0.31 31
W Br Brandywine Cr 2016 09 Sep 1.9 0.08 0.54 30
W Br Brandywine Cr 2016 10 Oct 1.6 0.79 0.74 31
W Br Octoraro Cr 2016 03 Mar 4.9 0.94 0.33 16
W Br Octoraro Cr 2016 04 Apr 5.0 0.92 0.66 30
W Br Octoraro Cr 2016 05 May 3.4 0.81 0.66 30
W Br Octoraro Cr 2016 06 Jun 2.6 0.68 0.73 30
W Br Octoraro Cr 2016 07 Jul 2.8 0.79 0.29 29
W Br Octoraro Cr 2016 08 Aug 2.9 N/D N/D 0
W Br Octoraro Cr 2016 09 Sep 2.8 0.94 0.58 29
W Br Octoraro Cr 2016 10 Oct 3.3 0.85 0.50 27
Wissahickon Cr 2013 03 Mar 12.5 0.84 0.46 26
Wissahickon Cr 2013 04 Apr 14.9 0.68 0.42 16
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