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PLEASE PRINT RESPONSIBLY!

Some of the figures and tables in this report require full color for comprehension and are
best viewed in electronic format. In an effort to help conserve resources, please print
only as much of this report as you really, really need to.

THANK YOU!
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PROJECT SUMMARY

The principal motivation for this project was to develop an index of biological integrity (IBI)
for benthic macroinvertebrate communitiesinP e n n s y | largen wadealde, freestone,
riffle-run streams. This project builds on previous work to develop a benthic
macroinvertebrate IBI for smaller wadeable, freestone, riffle-run streams in Pennsylvania.
The following report synthesizes analyses of benthic macroinvertebrate samples from
wadeable, freestone, riffle-run streams across Pennsylvania i sizeable, tiny, and otherwise.

The IBI developed in this project incorporates six biological metrics that measure relevant
aspects of benthic macroinvertebratec o mmuni ty composition in
freestone, riffle-run streams. Before combining the individual metrics into IBI scores, two
different sets of metric standardization values are applied. One set of metric
standardization values is applied to samples from smaller streams while a second set of
values is applied to samples from larger streams. Broadly speaking, smaller streams are
characterized as first through third order streams (using the Strahler stream ordering
system) that drain 25 or fewer square miles of land. For this project, larger streams are
broadly characterized as fifth and higher order wadeable streams draining 50 or more
square miles of land i different sampling and assessment protocols apply to non-wadeable
rivers. Detailed discussion about how to apply these procedures as well as considerations
about whether to apply the large-stream or the small-stream procedures to fourth order
freestone streams and streams draining 25 to 50 square miles are discussed in detail in the
body of this report.

Aquatic life use attainment benchmarks are established based on IBI scores. Different
benchmarks apply to samples collected in different seasons. One set of benchmarks
applies to samples collected from November to May and another set of benchmarks applies
to samples collected from June to September. Depending on the particular climatological
conditions in a given year and other considerations discussed in this report, either of these
two sets of seasonal benchmarks can apply to samples collected during October. Different
benchmarks and assessment criteria are also developed for streams with different protected
aguatic life uses. To strengthen the assessment process, a series of additional biological
screening criteria 1 detailed in the report 1 are applied to samples from streams of different
sizes at different times of the year.

The biological and ecological concepts concerning changes in the composition of benthic
macroinvertebrate communities related to stream size (e.g., Vannote et al. 1980) and
annual seasons are well established. This project provides analyses that support specific
stream size and seasonal classifications for an IBl and aquatic life use assessment

Penns\

procedures for benthic macroinvertebrate samplesfromPennsyl vani aés wadeabl

freestone, riffle-run streams. This report also presents some considerations for applying the
index to wadeable, limestone-influenced, riffle-run streams. Separate protocols exist for
evaluating lower gradient pool-glide streams (PADEP 2007) as well as true limestone spring
streams (PADEP 2009a).

Happy reading!



INTRODUCTION

This project aims to develop an indicator of biological integrity for benthic macroinvertebrate

communities in the wadeable, freestone, riffle-run streams of Pennsylvania. Through direct

guantification of biological attributes along a gradient of ecosystem conditions, this indicator

will measure the extent to which anthropogenic activities compromisea st r eamdés abi |l i
support healthy aquatic communities (Davis and Simon 1995). This biological assessment

tool will help guide and evaluate legislation, policy, goals, and management strategies for

Pennsyl vani ads &ausandiSinonrl@s; ®aviescasdslackson 2006;

Hawkins 2006).

Legislative Background

The objective of the United States Federal Water Pollution Control Act (United States Code
2011: Title 33, Sections 1251 through 1387) i more commonly known as the Clean Water
Act i as stated in section 1251(a) is,

At o r est or aintamtee chemical, physical,
and biological int egrity of the Nationbés waters.

An interim goal of the Clean Water Act as stated in Section 1251(a)(2) is,

Aé wat er g u adhproviges fohthe protection
and propagation of fish, shellfish, and wildlif e

Section 1251(b) of the Clean Water Act indicates that the primary authority and
responsibility for prevention, reduction, and elimination of pollution as well as for
management of land and water resources rests with the States. Thus, States are
responsible for setting water quality goals to protect aquatic life. To this end, States have
defined various levels of designated aquatic life use (ALU) i such as recreational fishing
and fish migration 1 to be protected for specific water bodies.

In addition to the federal Clean Water Act, Pennsyl vani aés Clean Streams
8§88 691.17 691.1001) aims to,

~

Afé preserve and i mprove the purity of the
Commonwealth for

the protection of public health, animal and aquatic life,

and for industrial consumption, and recr

To this end, the Pennsylvania Code (2011: Title 25, Chapter 93.3) recognizes four

categories of protected ALUs, including: (1) cold water fishes (CWF); (2) warm water fishes

(WWF); (3) migratory fishes (MF); and (4) trout stocking (TSF). The CWF and WWF uses

include protection of fish as well as additional flora and fauna (e.g., benthic

macroinvertebrates) indigenous to a cold or warm water habitat, respectively. The TSF use

also includes protection of fish and additional flora/fauna indigenous to a warm water

habitat. Pennsylvania regulations also recognize two antidegradationi or @A speci al

pr ot e ¢ wateouses: high quality waters (HQ) and exceptional value waters (EV).

Details concerning these uses and their applica



in Chapter 93 of the Pennsylvania Code.



Biological Monitoring

To meet the objectives outlined in the federal Clean Water Acti as wel | as Pennsyl \
Clean Streams Law i evaluations of aquatic ecosystem integrity ideally include evaluations
of physical characteristics (e.g. types and distribution of habitats and substrates; flow
patterns; channel stability), water chemistry (e.g., concentrations of toxic and nontoxic
chemicals), and biological communities (e.g., fish, benthic macroinvertebrates, periphyton).
However, chemical water quality evaluations are of limited value in assessing overall
ecosystem condition because of the difficulty of evaluating every relevant chemical
parameter, the synergistic chemical effects on ecosystems, and the highly transient nature
of lotic water chemistry, as well as cost and logistical considerations of frequent chemical
monitoring. Abiotic physical evaluations of streams i although informative in many respects
T are also of limited value in assessing overall ecosystem integrity for a wide array of
stressors. For example, in some acid deposition situations, watershed and in-stream
physical conditions may be largely undisturbed, but the biotic community may be drastically
altered by the acidification.

Biological monitoring offers the ability to assess long-term, cumulative effects of many types
of ecosystem stress, including stress related to chemical and physical habitat factors.
Organisms living in aquatic environments are intimately associated with and affected by
chemical water quality and the physical conditions of streams and watersheds. As such,
these organisms can be viewed as living indicators of overall ecosystem condition.
However, biological monitoring also has its limitations and cannot always unequivocally
identify causative stressors, which may be better identified when biological data is viewed in
conjunction with chemical water quality and physical habitat assessments (Novotny 2004).

Indicators of biological integrity i based on direct measures of community and population
response i provide relevant and useful tools that can be used independently, or in concert
with other information (e.g., physical and chemical evaluations) for the purpose of assessing
protected ALUs (Novotny 2004).

Indicators of Biological Integrity

Although the Clean Water Act outlines the general objective of biological integrity, no
legislation explicitly defines biological integrity. The United States House and Senate
Committee on Public Works deliberations on the Clean Water Act included the concept of
Anatural ness o0 alaicahintdgrtyy(se@ Staddard etfal. 2006). Legislation in
the United States, Europe, and Australia expresses a need to characterize biological
conditions that occur in natural states, with minimal human impacts (Stoddard et al. 2006).

Consistent with this concept, a definition of biological integrity proposed and endorsed by
many ecologists states that an ecosystem with biological integrity supports and maintains a
balanced, integrated, adaptive system having a full range of ecosystem elements (e.g.,
genes, species, assemblages) and processes (e.g., mutation, metapopulation dynamics,
nutrient and energy dynamics) expected in areas with minimal human influence (Karr and
Dudley 1981; Davis and Simon 1995; Davies and Jackson 2006).

Monitoring and assessment of the biological integrity of inland water resources across the
world frequently involves measuring the degree to which community-level biological



attributes (e.g., structure, composition, function, diversity) differ from a community minimally
influenced by human activities: a reference community (Davis and Simon 1995; Davies and
Jackson 2006; Hawkins 2006; Stoddard et al. 2006). Often, a major goal of biological
monitoring and assessment is to describe the impacts of human activities on the structure
and function of aquatic ecosystems (Stoddard et al. 2006).

Accurate assessment of biological condition requires integration of biological responses at
varying scales, from individual organism responses to community-level responses and
ecosystem-level responses (Barbour et al. 1995). Past efforts have helped develop and
refine the science of using biological indicators to assess ecosystem conditions (Hawkins
2006). Such indicators of biological integrity help to document environmental conditions at
community and ecosystem levels, which can assist in diagnostic analyses of sources and
causes of ecosystem stress (Barbour et al. 1995).

Many States have developed and are using indicators of biological integrity based on
stream benthic macroinvertebrate communities as ALU assessment tools, including
Maryland (Stribling et al. 1998), West Virginia (Gerritsen et al. 2000), Virginia (Burton and
Gerritsen 2003), and Kentucky (Pond et al. 2003) among many others.

The Commonwealth and Its Waters

The Commonwealth of Pennsylvania encompasses approximately 45,000 square miles of

land (Figure 1) with diverse climatic, geological, physiographic, and land use characteristics.

Well over 80,000 miles of flowing watersdr ai n Pennsyl vaniabds varied | ¢
from ephemeral headwater hollows, small perennial creeks and brooks, to massive rivers

such as the Ohio, Delaware, and Susquehanna.

The Pennsylvania Department of Environmental Protection (PADEP) recognizes that certain
types of streams naturally differ in physiochemical, climatological, geological, and many
other -ological characteristics and, consequently, in biological potential. For example,
benthic macroinvertebrate communities in limestone spring streams (streams in which most
or all of the flow arises from springs and groundwater in areas with primarily calcareous
geologies) often exhibit noticeably different characteristics (e.g. low diversity, high
abundance) than communities in many freestone streams. These differences are
attributable, in large part, to the unique physiochemical conditions associated with spring-
fed, groundwater-dominated streams (e.qg., relatively constant thermal and flow regimes).

Currently, PADEP utilizes three different methodologies to monitor and assess the benthic
macroinvertebrate communities in three types of streams in Pennsylvania: true limestone
spring streams (PADEP 2009a); lower gradient pool-glide type streams (PADEP 2007); and
wadeable, freestone, riffle-run type streams. The last of these three stream types is the
focus of this project. PADEP is also currently developing biological assessment methods
for large, non-wadeable rivers.
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Figure 1. Shaded relief map of the Commonwealth of Pennsylvania, with county boundaries.



DATA COLLECTION METHODS

All benthic macroinvertebrate samples analyzed in this project were collected using D-frame
nets with 500-micron mesh. At a sampling site, biologists worked progressively upstream,
compositing six kicks from riffle areas distributed throughout a 100-meter stream reach.
Biologists sampled areas representative of the variety of riffle habitats (e.g., slower flowing,
shallow riffles and faster flowing, deeper riffles) present within the sample reach. With each
kick, biologists disturbed approximately one square meter immediately upstream of the net
for approximately one minute to an approximate depth of 10 cm, as substrate allowed.
Composited samples were preserved with 95% ethanol in the field and transported back to
the laboratory for processing.

Inthe lab, eachcomposi t ed sampl e was placed into a 3.50 ¢
(measuring 140 | ong x 80 wide on t hequireoinch om of
(206 x 2Ieolrofghe gridsswere randomly selected. The contents of the randomly

selected grids were extracted i using plastic spoons, knives, turkey basters, and other

implements as needed i from withinfour-s quar e i nch circular fAcooki e
selected grids in the pan. These extracted contents were then placed into a second pan

with the same dimensions and markings as the initial pan. All the organisms were picked

from this second pan.

If less than 160 identifiable organisms were picked from the second pan, an additional grid
was randomly selected and extracted from the first pan. The contents of this additional grid
were transferred to the second pan, and the organisms were picked from the second pan.
This process was continued until the target number of organisms was reached. The target
number of organisms was 200 * 40 identifiable organisms, with 190 to 210 identifiable
organisms being the preferred range. In situations with a count of identifiable organisms in
a sub-sample between 160 and 180 and a sample that has not been entirely picked,
PADEP highly encourages picking an additional grid or two to get closer to the target
number of 200 identifiable organisms (i.e., in the preferred 190 to 210 organism range).

If more than 240 identifiable organisms were picked from the initial four grids, then those
organisms were all placed into another pan and floated. A grid was then randomly selected
and the organisms were picked from the selected grid. This process continued until the
target number of organisms (200 + 40, with 190 to 210 preferred) was reached.

Any grid selected during any part of the sub-sampling process was picked in its entirety.
The total number of grids selected for each part of the sub-sampling process (e.g., 4 of 28
grids from the first pan, 10 of 28 grids from the second pan) was recorded.

Organisms in the sub-sample were identified and counted. Midges were identified to the
family level of Chironomidae. Snails, clams, and mussels were all also identified to family
levels. Roundworms and proboscis worms were identified to the phylum levels of
Nematoda and Nemertea, respectively. Moss animacules were identified to the phylum
level of Bryozoa. Flatworms and leeches were identified to the class levels of Turbellaria
and Hirudenia, respectively. Segmented worms, aquatic earthworms, and tubificids were
identified to the class level of Oligochaeta. All water mites were identified as Hydracarina,
an artificial taxonomic grouping of several mite superfamilies. All other macroinvertebrates



were identified to genus level. Field sampling and laboratory methods are more fully
described in Appendix A.

Land uses were calculated for the upstream basins of each sampling location using ESRI ®

ArcMapTM 9.3 geographic information system (GIS) software and the 2001 National Land
Cover Dataset (Homer et al. 2004).

Biologists collected water chemistry samples and conducted physical habitat assessments
concurrently with many macroinvertebrate samples, although not all macroinvertebrate
samples in the dataset had accompanying water chemistry and habitat data.

In addition to benthic macroinvertebrates, land use, water chemistry, and physical habitat
data, a suite of GIS-based data were included in the analysis for each sample, including:
watershed area; Strahler stream order; river basin; county; sampling location elevation;
current ALU and attainment status of the stream segment from which the sample was
taken; proportion of stream miles upstream impaired by various sources and causes;
geologic composition of the watershed; and slope of the stream segment from which the
sample was taken. Strahler stream order was determined from the 1:100,000-scale
National Hydrography Dataset Plus (http://www.horizon-systems.com/nhdplus) and from an
internal PADEP GIS stream layer. Slope data was derived from Anderson and Olivero
(2003) and from Gawler et al. (2008).

Numerous biologists (see Acknowledgements) collected the data used in this analysis. The
samples in the dataset were collected for a variety of PADEP survey types, with most
samples collected as part of in-stream comprehensive evaluation surveys (1,167 samples)
and antidegradation surveys (773 samples). Some samples in this dataset were also
collected as probabilistic surveys (341 samples), long-term fixed-site water quality network
monitoring surveys (264 samples), cause and effect surveys (186 samples), effluent
dominated stream surveys (127 samples), intensive unassessed follow-up surveys (48
samples), basin surveys (46 samples), benthic macroinvertebrate surveys at fish sampling
sites (38 samples), use attainability surveys (34 samples), point of first use surveys (14
samples), nonpoint source remediation surveys (5 samples), outside agency surveys (4
samples), and a stream enrichment risk analysis survey (1 sample).

In areas with multiple samples taken within a short distance (i.e., within a few hundred
meters on the same stream reach), nearby samples were considered to be from one site,
unless there were major intervening differences between spatially proximate samples (e.qg.,
samples collected just upstream and just downstream of a discharge; substantial changes
in land use between samples), in which case nearby samples were considered as
representing distinct sites.


http://www.horizon-systems.com/nhdplus

SITES AND SAMPLES

The dataset consisted of 3,047 benthic macroinvertebrate samples from 2,480 sites. All
sites were located within the borders of the Commonwealth of Pennsylvania except for five
sites on larger streams in the Potomac River basin whose headwaters are in Pennsylvania
(Figure 2). Samples from these five Potomac basin sites were collected at long-term, fixed-
location monitoring sites located just south of the Mason-Dixon Line in Maryland on
Antietam Creek, Conococheague Creek, Tonoloway Creek, Town Creek, and Sideling Hill
Creek.

Although samples were collected from sites representing many areas of Pennsylvania,
some basins had noticeably higher sampling densities than other basins (Figure 2) as a
result of PADEPG6s rotating basin monitoring str

In terms of major basins in Pennsylvania, sampling densities were particularly high in the
following basins:

Brandywine River - Christina River Chautauqua Creek - Conneaut Creek
Lower West Branch Susquehanna River Clarion River

Lehigh River Schuylkill River

Middle Delaware River Lackawaxen River

Middle Allegheny River - Tionesta Creek

Sampling densities were also high in some basins that drain smaller areas of Pennsylvania
such as:

Upper Genesee River Upper Monongahela River
Gunpowder River - Patapsco River Crosswicks Creek - Neshaminy Creek
Monocacy River

Of the larger basins in Pennsylvania, sampling densities were lowest in the following basins:

Upper Ohio River Connoquenessing Creek
Raystown Branch Juniata River Lower Delaware River
Upper West Branch Susquehanna River Upper Allegheny River
Conemaugh River Lower Monongahela River
Lower Juniata River Shenango River

Upper Susquehanna River - Lackawanna River

Sampling densities were also low in some basins that drain smaller areas of Pennsylvania
such as:

Owego Creek - Wappasening Creek Cacapon River - Town Creek
North Branch Potomac River Cheat River
Mahoning River






Most of the samples were collected from first through third Strahler order stream reaches
draining less than 25 square miles of land (Table 1).

Table 1. Number of samples by drainage area ranges and Strahler stream order.

Drainage area range Strahler stream order
(square miles) 1 2 3 4 5 6 | 7 | 8
Oto3 364 | 551 70
3t0 10 15| 348 | 433 31
10to 25 12| 323 | 172 10
2510 50 2 47 | 149 16
50 to 100 2| 106 63
100 to 500 1 20| 185 | 650
500 to 1,000 5| 44 1
1,000 to 5,000 1 4] 13
5,000 to 10,000 41 2
> 10,000 1 2

Samples were collected from streams at a range of elevations (Figure 3, Figure 4) with a
range of slopes (Figure 4, Figure 5). The smallest stream sites tended to have the highest
slopes while larger stream sites tended to have lower slopes (Figure 5).

Strahler stream order
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Figure 3. Relationship of sample site elevation and drainage area coded by Strahler stream order.
Note logarithmic scale for drainage area.
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Slope

Figure 4. Relationship of sample site slope and elevation coded by Strahler stream order.
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Samples were collected from November 10, 1999 to June 4, 2010 with about 75% of
samples collected in 2006, 2007, 2008, and 2009 (Figure 6, Table 2). Around 60% of
samples were collected during the months of March, April, and May (Figure 7, Table 2).
Smaller stream sites tended to be sampled proportionally more in the spring while the
largest stream sites tended to be sampled more in late summer and autumn (Figure 8).

12
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Table2. Sample collean dates by month and year.

Year # of samples | % of samples
Month 1999 | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 by month by month
January 2 10 22 38 5 5 82 2.7%
February 3 9 22 13 15 4 9 1 76 2.5%
March 2 5 3 14 2 50 92 85 100 31 384 12.6%
April 14 14 24 53 55 38 99 120 242 170 65 894 29.3%
May 15 22 24 32 4 25 44 148 124 101 11 550 18.1%
June 2 7 6 26 29 9 79 2.6%
July 2 1 3 30 12 23 6 77 2.5%
August 5 1 8 22 15 58 39 34 11 193 6.3%
September 4 5 10 6 22 39 29 36 151 5.0%
October 4 2 14 6 16 28 39 15 124 4.1%
November 12 10 4 5 11 19 12 41 36 94 21 265 8.7%
December 4 2 19 5 23 4 2 40 20 13 40 172 5.6%
# of samples by year 16 56 65 81| 136 | 137 | 133 430 577 751 543 | 122 3,047
% of samples by year | 0.5% | 1.8% | 2.1% | 2.7% | 4.5% | 4.5% | 4.4% | 14.1% | 18.9% | 24.7% | 17.8% | 4.0%
Strahler stream order
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Figure 8. Distribution of samples by drainage area and Julian day, coded by Strahler stream
order. Note logarithmic scale for drainage area.
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Just under half of the samples in the dataset were collected from stream segments with
protected antidegradation ALUs of EV or HQ, with about 25% of samples collected from
streams with protected CWF, 9% with TSF, and 17% with WWF ALUs (Table 3).

Table 3. Number of samples by stream order and protected aquatic life use.
Protected uses were undetermined for 17 samples (< 1% of the total number
of samples) because the stream segments were not digitized in the National

Hydrography Dataset.
Strahler Protected aquatic life use
stream N _ _
order EV gv(\?/F ?gF V|\-/|V?/F CWF TSF | WWF
1 75 123 9 16 89 13 44
2 198 234 20 7 264 58 130
3 181 279 18 5 219 71 103
4 110 131 10 4 106 48 68
5 17 26 8 3 57 59 108
6 12 2 25 15 10 32
7 4 15
8 4
total # 593 795 90 35 754 259 504
% of total 19% 26% 3% 1% 25% 9% 17%

15



DEFINING SITE CONDITION

A critical step in development and implementation of any indicator of biological integrity
used to evaluate effects of human activities on stream ecosystems involves quantification
and comparison of the current condition of a st
condition. The standard or benchmark condition is often referred to as the reference
condition and can be defined for a given type of water body and a given ALU (Hughes 1995;
Barbour et al. 1999; Hawkins 2006; Stoddard et al. 2006). This reference condition
represents the desired state of biotic assemblages based on relatively undisturbed
conditions representative of a region and serves as the foundation for development of
biological criteria (Hughes 1995; Stoddard et al. 2006). Reference conditions must be
tailored to certain regions or certain types of water bodies because attainable biological
conditions cannot be expected to be the same for every region or type of water body. For
example, one would expect naturally different biological conditions in a stream in a tropical
rainforest than in an arctic lake. The reference condition is usually defined as a range of
conditions resulting from natural temporal and spatial variation and sampling error (Hughes
1995; Stoddard et al. 2006).

Expectations of biological condition can be estimated in a number of ways, including: the
reference site approach (i.e., comparison to minimally or least disturbed sites); best
professional judgment; interpretation of historical conditions; extrapolation of empirical
models; and evaluation of ambient distributions (Hughes 1995; Stoddard et al. 2006). Each
method of determining the reference condition has its own strengths and weaknesses and
each method relies on ecosystem classification to some degree (Hughes 1995). The most
useful means of defining reference conditions draw on all these approaches (Hughes 1995).

Although the process of defining the reference condition should be as objective as possible
(e.g., use of defined abiotic criteria), considerable professional judgment is involved in site
selection, data analysis and subsequent determination of acceptable versus unacceptable
indicator scores (Hughes 1995). Professional sagacity can be difficult to quantify, but it
plays an important role in any method of defining the reference condition (Hughes 1995)
and can be strengthened when used in concert with other methods, such as abiotic criteria.
Experienced biologists can develop empirical understanding of biological conditions in the
absence of substantial human disturbance (Stoddard et al. 2006). The scientific credibility
of professional judgment improves if it is tied to sound ecological theory, can be replicated
by similarly experienced peers, and any decision rules or guidelines can be documented or
guantified (Stoddard et al. 2006). The discussion later in this paper about PADEP 6 s t i er ed
aquatic life use workshops further explores the scientific credibility of applying professional
judgment to macroinvertebrate communities in the wadeable, freestone, riffle-run streams of
Pennsylvania, with encouraging results.

Stoddard et al. (2006) argue that the term reference condition should be used consistently

to refer to a state of naturalness of the bioti
i mplies the absence of signif i Gtadddrdebhal (B@6) di st ur
also propose that this reference condition should be properly referred to as the reference

condition of biological integrity. Stoddard et al. (2006) define four additional terms to

describe the expected condition to which current conditions are compared, including: (1)
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minimally disturbed condition; (2) historical condition; (3) least disturbed condition; and (4)
best attainable condition.

In many areas, if not all over the planet, it is difficult to locate sampling sites representative
of the natural state, or reference condition of biological integrity, and the goal of fpristineo
waters (i.e., free from all human impacts) is an unrealistic goal due to widespread human
impacts. As a result, reference conditions and water resource goals often practically
describe minimally disturbed, least disturbed, or best attainable conditions (Hughes 1995;
Novotny 2004; Stoddard et al. 2006). However, it is important to select reference sites
representative of a region and ecosystem type that are disturbed as little as possible by
human activities because the definition of the reference site has important consequences
for development of biological indicators and subsequent establishment of ALU attainment
thresholds (Hughes 1995; Barbour et al. 1999).

For natural resource management purposes, defining the reference condition helps
establish the ecological potential of aquatic ecosystem types in a region while accounting
for irreversible and reversible changes caused by humans (Novotny 2004). Reference sites
representing least-disturbed conditions are moving targets of which human activities and
natural processes are a part (Hughes 1995; Stoddard et al. 2006), but the range of
conditions defined by what Stoddard et al. (2006) name the minimally disturbed condition
should serve as a nearly invariant anchor by which we can assess ecosystem integrity.

Limited resources, time and data often hinder our ability to holistically assess exposure of
stream ecosystems to the full range of stressors that impact them, so suites of criteria are
often used to describe the characteristics of sites in a region that are least and most
exposed to stressors, representing reference and stressed conditions respectively
(Stoddard et al. 2006).

This project defines a reference condition based on a population of sites exhibiting
biological integrity from across Pennsylvania to which sites of unknown biological integrity
can be compared (Hughes 1995). This population-based approach to defining reference
conditions provides comparability of samples for sites across the state from similar types of
water bodies (i.e., wadeable, freestone, riffle-run streams) and promotes efficient use of
limited public resources for monitoring and assessment of aquatic resources.

For this project, a suite of abiotic parameters comprised of watershed land uses, physical
habitat evaluations, abandoned mine land prevalence, upstream ALU impairments, and
water chemistry was used to determine relative anthropogenic impacts at each site and to
define reference conditions. Initial site condition categories were assigned with a site
condition index calculated from metrics of upstream land use, physical habitat evaluations,
abandoned mine land prevalence, and upstream ALU impairments. The components of the
initial site condition index were calculated for the upstream basin at each site as follows:
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Land use component = (% forest + % wetlands) i
(% high-density development * 5) i
(% medium-density development * 3) i
(% low-density development *2) i
(% row crops) i
(% hay or pasture * 0.5)

Physical habitat component = minimum total habitat score at site / 240 * 100
Abandoned mine lands component = (% abandoned mine lands * -2)

Upstream impairments component = (% impaired stream miles * -1)

These four components were added together to calculate the initial site condition index for
each site.

Initial site condition index = Land use component +
Physical habitat component +
Abandoned mine lands component +
Upstream impairments component

As shown above, various weightings were applied to the land use, abandoned mine lands,
and upstream impairments components of the condition index. A number of different site
characterization approaches were evaluated. The component weighting and condition
index approach presented above is based on empirical observation and reasoning about
how different types of impacts affect streams and benthic macroinvertebrate communities.
For example, relatively small areas of high-density development can cause severe impacts
to a stream by drastically altering flow patterns (e.qg., increased overland runoff associated
with impervious surfaces). An equal spatial extent of hay or pasture often has much less
pronounced in-stream effects. In other words, if three percent of an otherwise forested
streambs wdensely develepdd aind imperviously paved, this will often have a
much more severei mpact on t hesthaaitthantdes pescent of lanchwere
utilized for hay or pasture. That is why high-density developed land use percentage was
given a weighting of five while hay/pasture land use percentage was assigned a weighting
of one-half. Similar reasoning was used to assign the weightings for each site condition
component. Of course, the impact of any human activity on a stream depends on where the
activity is located in the basin relative to the stream and a host of other situation-specific
factors. However 1 for the purposes of this project i the site condition index as presented
above represents a useful, tenable tool for comparing watershed condition across a large
number of sites. There are certainly instances where the index does not holistically gauge
the condition of certain streams and watersheds, but i by and large T it accomplishes its
intent of quantifying the level of anthropogenic impacts to streams and their basins. This
multifaceted quantification of anthropogenic impacts is conceptually similar to that of the
Ecological Risk Index developed by Mattson and Angermeier (2007).

The initial site condition index values ranged from a maximum of 197 to a minimum of -255
(Figure 9). Higher initial site condition index values represent relatively pristine watersheds
and streams while lower values represent streams and watersheds more impacted by
anthropogenic activities.
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Figure 9. Boxplot of initial site condition index values by drainage area ranges.

Diamonds mark the mean index value for each drainage area range.

Box

widths are proportional to the number of sites in each drainage area range.

The initial site condition index values were divided into bins based on the distribution of
values for different sizes of streams (Table 4). Sample sites were grouped into seven
groups based on drainage area (i.e., 0-3 square miles, 3-10 square miles, 10-25 square
miles, 25-50 square miles, 50-100 square miles, 100-500 square miles, 500-1,000 square
miles). Within each of the seven drainage area groups, sites were grouped into six
condition tiers based on the initial site condition index based on percentiles of the index
distribution in each size group. Sites with initial condition index values greater than the 85"

percenti

|l e of

t he i

ndex

di

stri

buti i

Sites with initial condition index values less than the 25™ percentile of index distributions in

each size groupwe r e

Afcondi ti

on 3,0

desi gnat e d Sies designaied dsiftoinadmn t 6 o n
fi ¢ o n dwereithose sités, with indtial site corrdiiam thdex i

values between the 85" to 70", 70" to 55, 55" to 40", and 40" to 25" percentiles,

respectively. In otherwords,ftondi t i on

10

sites

ons ion each s
2,0

on 50

represent sites

by human activities with subsequent tiers representing progressively more impacted sites.

Table 4. Determination of initial site condition categories based on distribution of initial site condition index

values. Percentiles were determined for each drainage area grouping.

Drainage area range Initial Site Condition Category
(square miles) 1 2 3 4 5 6
Oto 3
310 10 > g5 85" to 70" | 70" to 55" | 55 to 40" | 40" to 25" <25t
10to 25 percentile | percentile | percentile | percentile | percentile | percentile
2510 50 of initial site | of initial site | of initial site | of initial site | of initial site | of initial site
50 to 100 condition condition condition condition condition condition
100 to 500 index values | index values | index values | index values | index values | index values
500 to 1,000
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Sites without physical habitat data i about 10% of all sites T were assigned to initial site
condition categories of zero (0). Sites from streams draining > 1,000 square miles were not
assigned into condition categories since there were only samples from 26 sites draining that
much land; each of these samples were evaluated individually.

The percentiles of initial site condition index values chosen as breakpoints between

condition categories were selected such that each category would have a reasonably

comparable number of samples, and suchthaticondi t i on il@onsdésaould condi t
represent the least impacted conditions possible. Other approaches to defining site

conditions often set threshold values for each of a suite of abiotic components (e.g., greater

than 85% forested land use, less than 5% abandoned mine lands). The condition index

approach is analogous to this component-by-component threshold approach since the

condition index is built from a suite of abiotic components.

The percentile breakpoints were applied to different groupings of stream sizes because the
characteristics of the least disturbed small headwater brooks may be quite different from the
least disturbed larger rivers. For example, there are many small streams in Pennsylvania
that drain basins with greater than 90% forested land use, but there are relatively few larger
rivers that have this high a proportion of forested land in their upstream basins. Applying
the site condition index percentile breakpoints to different sizes of streams facilitated
distinguishing the least disturbed streams in various size ranges and maintaining stringent
standards for what constitutes minimally disturbed streams. This is a key component of
such a project since we know and expect that benthic macroinvertebrate communities
exhibit natural changes with stream size (Vannotte et al. 1980).

Over39% of all @Aconadintdi o elro 3ddmplfesal IwefeGann di t i on
streams with EV aquatic life uses. Over4 6 % of al | fc o naddiover38¥%ofl o s amp
al | Aicondi t werenfrod sirecamawitlp HQeaguatic life uses. Across stream sizes,

Acondidanad ni daongitas predominarlyrepresented sites in excellent condition

with very high percentages of forested land use and optimal total habitat scores (Figure 10)

across the state (see Figure 11 below). These two conditiontiers( i . e . , Acondition
icondi trepresenttRedeference conditions for subsequent analyses in this project.
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Figurel10. Distribution of (a) percent forested land use in upstream basins and (bpldit scores
among sites by initial site condition categories.

Field-observed water chemistry data i which consisted of pH, total alkalinity, and specific
conductance i were used to further determine site conditions. Any site with a pH recorded
below 5.5 was flagged for possible impacts from atmospheric acid deposition, although pH
was not recorded for 887 of the 2,482 sites so it is possible that some sites impacted by
acidic deposition were not identified. Any site with a specific conductance recorded over
500 uS/cm* was considered fcondition 6. 0 peciffs conductance was not recorded for 837
of the 2,482 sites. The site condition for each sample was assigned as the initial site
condition category adjusted for these water chemistry screenings (Table 5).
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Table 5. Number of samples by drainage area range and site condition.

Site condition

4
Drainage area range @ @ @ o 5 o o
(square miles) T} T} T} To} To} To} To}
% % % % % % %
T T T T I I I
o o o o o o o
Oto3 97| 33|148| 18| 118 | 7 (126 | 3|120| 6244 | 3|61 | 1
3t0 10 121 | 11| 108 61119 5|115| 1| 96| 8|19 | 5|36
10to 25 86 2| 76 65 76| 1| 55| 1118 37
25to 50 29 25 30 41 28 | 3| 47 11
50 to 100 31 26 29 23 19| 4| 35 4
100 to 500 38 45 38 29 27 50 29
500 to 1,000 19 4 3 4 3 16

22




DATA EXPLORATION AND SAMPLE CLASSIFICATION

In addition to varying impacts of human activities, natural variation exists among different
types of stream ecosystems. For example, biotic assemblages in streams often vary in
space and time with basin geology, soil types, stream gradient, substrate composition,
climate, and other non-anthropogenic factors. The goal of a classification scheme is to
provide a framework for organizing and interpreting the non-anthropogenic spatial and
temporal variation of stream ecosystems in order to establish meaningful reference
conditions (Whittaker 1962; Hughes 1995; Barbour et al. 1999). Appropriate ecosystem
classification is critical to the reference condition concept because it helps determine the
spatial and temporal extent to which particular biological attributes apply (Hughes 1995).

Stream classification identifies relatively homogenous classes of streams. Workable
classification schemes are characterized by biological expectations that vary less within
each class of streams than among the different classes. Representative sites can be
selected from each class of streams to establish reference conditions (Barbour et al. 1999).
Classification across heterogeneous classes may result in misrepresentation of the
biological condition in certain ecosystem types. For these reasons, the need for some sort
of classification scheme that groups streams together that are more similar than others
(e.g., true limestone spring streams, freestone streams) should be carefully evaluated
(Hughes 1995). Evaluation of biological attributes that represent structures and functions of
reference condition communities represents a critical component of any classificatory
analysis of biological data (Hughes 1995). An analysis of taxa sampled from streams in
different areas during different seasons can help identify important classifications for
biological expectations (Hughes 1995).

In this project, two multivariate statistical methods i agglomerative hierarchical cluster
analysis (Lance and Williams 1967; Milligan 1989) and nonmetric multidimensional scaling,
or NMDS (Kruskal and Wish 1978; Ludwig and Reynolds 1988) i were used to explore
patterns of variation in the biological data as related to abiotic variables, and to evaluate the
biological relevance of various potential classification schemes. Both types of analyses,
which have been used in similar applications evaluating biological integrity of stream
ecosystems (see Barbour et al. 1995; Hawkins and Norris 2000), were performed using
SAS ® 9.1 software. The groups defined by the cluster analysis can be thought of as an a
posteriori classification scheme based solely on characteristics of the biological community,
while the other classification schemes tested were determined a priori based on
physiochemical, biogeographical, and/or seasonal characteristics (Barbour et al. 1999).

All classification analyses were based on matrices of Bray-Curtis similarity measures
(Ludwig and Reynolds 1988) calculated on natural log-transformed proportional abundance
of taxa. In order to minimize variation attributable to anthropogenic impacts, all
classification analyses were based only on the 923 samples from the 715 reference sites

( i . cendition Toor ftondition 26 (Figure 11). These 923 least-disturbed samples
contained 293 taxa. Extremely rare taxa (i.e., those encountered in less than five of the 923
samples) were not included in the classification analyses, which resulted in excluding the
rarest 101 taxa from the classification analyses and including 192 more common taxa.
Previous analyses (see Marchant 1999, 2002) suggest that extremely rare taxa are largely
unimportant to multivariate analyses, especially when considering only relatively
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undisturbed sites, because only more commonly encountered taxa can be adequately
characterized in terms of response to environmental variables. In addition, extremely rare
taxa are more likely to have been misidentified and could obscure the ability to detect
biologically significant differences among sites (Hawkins et al. 2000).

Figure 11. Map of the 715 basins for the 923 samples from reference (i.e., condition 1 and condition 2)
sites used in cluster and NMDS analyses.

Cluster Analysis

The cluster tree resulting from the SAS ® CLUSTER procedure using the flexible beta
method with a beta value of -0.25 was analyzed at the level of 11 clusters (Figure 12),
which explained 27% of the variation in the data. For purposes of the cluster analysis Bray-
Curtis similarity measures were converted to distance measures by subtraction from one.
The beta value of -0.25 was chosen based on literature (Milligan 1989) and visual
inspection of cluster trees constructed using other beta values; a value of -0.25 produced a
tree with visually distinguishable groupings, as opposed to other values that tended to
produce overly detailed groups (more positive beta values) or overly simplified groups
(more negative beta values).
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