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April 28, 2013

Division of Environmental Geosciences

Welcome to the June issue of Environmental Geosciences. This issue includes an article on the resistivity-based
mapping techniques used in Nigeria. It is great to see articles from our international members in the journal.
The authors discuss the methods used to map fractures in the near-surface Mamu Formation to aid in the 
identification of drill sites for better-yielding water wells.

The second article looks at the application of resource assessment protocols for wetland and stream mitigation
in the Marcellus shale in Pennsylvania. The article outlines methods to assess impacts of oil and gas activities
on the environment. The protocol was developed by the Pennsylvania Department of Environmental Protection
and builds on previous work by the U.S. Army Corps of Engineers and the Virginia Department of Environmental
Quality. This work should be of great interest to our readers working in shale resource plays. 

Also included in this issue are abstracts for DEG oral and poster presentations given at the ACE in Pittsburgh in
May 2013. As always, if you have an article that the readers of Environmental Geosciences would enjoy, or
know someone who does, send them along to our editorial staff. Thank you.

Sincerely,

Tom J. Temples, President
Division of Environmental Geosciences
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ABSTRACT
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determine the existing quality of Pennsylvania streams to assess im-
pacts to those streams and to quantify appropriate compensatory
mitigation for impacts to these water resources.

This protocol, advanced by the Bureau of Waterways Engineer-
ing andWetlands of the Pennsylvania Department of Environmental
Protection, builds on prior work of the U.S. Army Corps of Engi-
neers Norfolk District and the Unified Stream Methodology of the
Virginia Department of Environmental Quality to provide a consis-
tent and rapid condition assessment for projects to obtain water ob-
struction and encroachment permits, for water quality certifications,
as well as general permits that affect waterways, floodways, and/or
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and project complexity. A mechanism for quantifying
anthropogenic impacts to wetlands and streams, and a
corresponding approach for measuring required com-
pensatory mitigation, has recently been introduced in
the Commonwealth of Pennsylvania, which could si-
multaneously improve permit timing and increase the
replacement of impacted resources such as wetlands
and streams.

Unavoidable, project-related impacts to wetlands
and streams have increased in the early stages of the
Marcellus Shale play life cycle because, at the outset,
few or no connections from the wellhead were ob-
served to intrastate and interstate pipeline systems.
The aerial extent of Marcellus Shale play spans some
60,882,397 ac (24,638,253 ha) (U.S. Energy Information
Agency, 2012).More than 16,000,000 ac (6475 ha) have
been leased for oil and gas development, and thousands
of miles of flowlines, gathering systems, and pipelines
are in process or will be constructed (Unconventional
Gas Database, 2012). Both the scale and magnitude of
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potential impacts from surface operations necessitate a
more programmatic approach to the assessment of im-
pacts and offsets for streams and wetlands.

If a pipeline runs through wetlands or crosses
streams or rivers, permits are needed from the Penn-
sylvania Department of Environmental Protection
(DEP). TheMarcellus play area within Pennsylvania en-
compasses some 21,223,383 ac (8,588,806 ha), and
681,697 wetland acres (275,873 ha) exist within the
Commonwealth as measured using the National Wet-
land Inventory database (U.S. Department of the Interior,
2012). Estimates of waterways, rivers, and streams with-
in the entire play area exceed 197,153mi (317,285 km);
an estimated 70,180 mi (112,565 km) of streams exist
within Pennsylvania (National Hydrographic Dataset,
2012). One pipeline development company has esti-
mated that a pipeline must cross a stream every 2000 ft
(610 m), meaning that waterways are difficult to avoid
and obtaining a permit for a water crossing is commonly
required (Figures 1, 2).
Figure 1. Marcellus Wetlands.
le



BACKGROUND

The CleanWater Act of 1972 Section 404 and the Riv-
ers and Harbors Act of 1899 Section 10 direct the U.S.
Army Corps of Engineers (USACE) to administer a
regulatory program for permitting the discharge of
dredged or fill materials in waters of the United States
including navigablewaterways, rivers, streams, their trib-
utaries, and associated wetlands. Impacts from discharge
of dredged or fill materials on wetland and stream func-
tionsmust be assessed and quantified as part of the per-
mit application process.

Assessment methods used to quantify the functions
and values of aquatic resources including wetlands and
streams have evolved for the past 50 yr and, most re-
cently, were adapted to consider regional and local con-
ditions. The result is the widely used Hydrogeomorphic
Model (Clairain, 2002). Likewise, resource condition
assessment methods for streams, riparian zones, and
floodplains have been adapted to include local geomor-
phology. Additionally, each regulatory agency cate-
gorizes water resources in their own manner, neces-
sitating a knowledge base of assessment approaches
and methods to stay in compliance with play-specific
rules and regulations (U.S. Army Corps of Engineers
and Galveston District, 2011).

Permit applicants, developers such as oil and gas
producers, pipeline and process plant companies, as
well as governmental entities, commercial firms, and
even residential applicants, use three-step mitigation
sequencing to guide their efforts:

Step 1: avoid impacts to regulated and/or other im-
portant resources;
Step 2: minimize impacts to those resources that
cannot be avoided; and
Step 3: mitigate impacts to those resources that can-
not be further minimized.
Figure 2. Marcellus Streams.
Goerman et al. 55



At Step 3, the permit applicant calculates the
amount of compensatory mitigation required to off-
set the unavoidable impacts of the project (Krauss,
2009).

On June 9, 2008, the USACE and the Environ-
mental Protection Agency made effective the joint Fi-
nal Rule governing Compensatory Mitigation for
Losses of Aquatic Resources. The Final Rule requires
that mitigation be identified by the developer before
the permit is authorized and provides a foundation
for addressing wetland and stream impacts by pointing
to mitigation banks as the preferred mitigation solution
in any given watershed (Compensatory Mitigation for
Losses of Aquatic Resources, Final Rule, 2008).

Developers who purchase compensatorymitigation
credits from an approved mitigation bank offset envi-
ronmental impacts to wetlands or streams. A mitigation
credit is used to offset these environmental losses in the
form of wetland credits or stream credits. Mitigation
banks are siteswhere resources such aswetlands, streams,
or riparian areas are restored, established, enhanced, or
preserved. The volume of mitigation credits approved
and released by regulatory agencies for use is based on
physical, biological, and chemical factors including
total acreage or linear feet of habitat restored, restora-
tion type and quality, and overall environmental ben-
efits. When mitigation bank credits are used for com-
pensatory mitigation, liability for required mitigation
transfers from the developer to the mitigation bank
sponsor.
PROPOSED APPROACH OF PENNSYLVANIA

On July 1, 2011, the USACE issued the Pennsylvania
Special Programmatic General Permit-4 (PASPGP-4).
The DEP and county conservation districts can authorize
the use of the PASPGP for minor activities (crossings)
in wetlands, streams, rivers, and other waters without
additional USACE review. The PASPGP-4 contains
key changes that impact linear projects ranging from
natural gas pipelines to water and sewer pipelines to
electrical transmission, cable television, and telephone
lines. Permit applicantsmust supply the locations for the
start and end points, along with each proposed crossing,
as well as the total cumulative impacts needed to com-
plete the entire project. These are used to determine the
activity category of the impact. For example, if the cu-
mulative impact project is greater than 1 ac of jurisdic-
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tional waters or 250 linear ft of streams, then the entire
project will be a Category III activity and will be re-
viewed by the USACE and DEP.

The PASPGP-4 includes clarification on the calcu-
lation of the linear footage of stream impact, now to
be measured from the top of the bank to the top of
the opposite bank and from the upstream to down-
stream limits of work. The linear footage of stream
impact will be the greater of these twomeasurements.
As such, linear project rights of way will typically be
the basis of the calculations used to determine the lin-
ear footage of stream impacts for midstream pipeline
projects. The Department of Environmental Protec-
tion permits for water crossings considered PASPGP-4
PA Chapter 105 applications a general permit or joint
permit.

During 2011 and 2012, DEP worked to a stan-
dardized process for determining aquatic resource
compensation requirements and simultaneously estab-
lish a standardized process for determining the poten-
tial value of proposed aquatic resource compensation
projects including mitigation banks. The protocol is
intended for use in determining functional compensa-
tion requirements for projects affecting waters of the
United States, which require authorization from the
DEP and USACE regulatory programs.

The Pennsylvania Function-Based Aquatic Re-
source Compensation Protocol is applied to authorized
activities permitted via Title 25 PA Code Chapters 105
and 106 and ensures compliance with the Final Rule
(Pennsylvania Code, 2012). This protocol would re-
place the current ratio-based approach of calculating
required offsets relative to unavoidable project impacts.

The protocol includes the Pennsylvania Riverine
Condition Level 2 Rapid Assessment method, devel-
oped to determine the effect of a proposed project on
the basic functions that comprise the riparian ecotone
and to ensure that adequate compensation is provided
to offset those effects. The primary modification made
to the popular Unified Stream Methodology reflects
the approach of DEP to establish the condition of a riv-
erine resource using a riparian ecotone. Riparian eco-
tones are a three-dimensional space of interaction that
includes terrestrial and aquatic ecosystems, which ex-
tend down into the groundwater, up above the vegeta-
tive canopy, out across the floodplain, up the near slopes
that drain water, laterally into the terrestrial ecosystem,
and along thewatercourse at a variablewidth. The ripar-
ian ecotone includes the 100-yr floodplain and 100 ft
(31 m) landward along the valley, where obvious slumps
le



or landslides are added with a 45-ft (14-m) band around
their edge (Verry et al, 2004).

This rapid condition assessment approach was de-
veloped to use the components of the riparian ecotone
concept while balancing the cost of information gath-
ering requirements. Ease of data capture, rapid calcula-
tion, and comprehensive application by practitioners,
commonly biologists, ecologists, geologists, and hy-
drologists, were key design elements of the assessment
approach.
ASSESSING STREAMS AND RIPARIAN AREAS

Permit applicants will propose projects that have un-
avoidable impacts to streams of varying type and quality.
Therefore, it is important to assess the quality of the
stream reach being impacted and to ensure that adequate
compensation is required to offset any unavoidable im-
pacts. Those assessing impacts must establish the upper
and lower boundaries of the Stream Assessment Reach
(SAR) to represent the overall condition of the area
where the structures or activities may occur. Factors to
consider in determining these boundaries include:

• the upstream influence of backwater projected as
part of the hydrologic and hydraulic analysis and ap-
plication of the same distance downstream;

• 20 times the channel width at bankfull stage up-
stream and downstream; and
• 250 ft (76 m) upstream and downstream of the pro-
posed location of the structure or activity, which-
ever is greater.

Once the upper and lower limits of SAR are estab-
lished, the assessor establishes the boundaries of the ripar-
ian vegetation and the riparian zone of influence (ZOI).
Riparian vegetation boundaries can be established by:

• hydrologic modeling analysis to determine 100-yr
storm-event elevations;

• 100-yr Federal Emergency Management Agency
(FEMA) floodplain mapping;

• in FEMA unmapped areas, estimating the flood prone
area width by determining the elevation that corre-
sponds to twice the maximum depth of the bankfull
channel as taken from the established bankfull stage; or

• 100 ft (31 m) from the stream bank (only used in
FEMA unmapped areas) when hydrologic modeling
analysis and stream cross section data are not avail-
able for determining the flood-prone area.

Figure 3 shows an example of FEMA floodplain
mapping. Whenmapped floodplains are available, they
may be used to establish boundaries for the riparian
vegetation and the ZOI. Once the riparian vegetation
boundaries are established, the ZOI boundaries are de-
termined by extending the riparian vegetation bound-
aries 100 ft (31 m) landward on each side along the
length of the riparian vegetation area.
Figure 3. Schematic of stream
assessment reach.
Goerman et al. 57



CONDITION INDICES

The individual indices used to establish the overall Ri-
parian Ecotone Condition Index (RECI) are:

• Channel/floodplain condition index
• Riparian vegetation condition index
• Riparian zone of influence condition index
• Instream habitat condition index
• Channel alteration condition index
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Each index, and its components and calculations
are described below.

Channel/Floodplain Condition Index

Under most circumstances, stream channels respond to
disturbances or changes in flow regime in a sequential
predictable manner (Rosgen, 1996). The way a stream
responds to changes is by degrading to a lower eleva-
tion and eventually restabilizing at that lower elevation
Figure 4. Channel condition index.
Figure 5. Riparian vegetation condition index. SAR = stream assessment reach.
le



(Figure 4). By analyzing the stream channel cross sec-
tion at different points along the stream, the differing
stages of the stream-channel evolutionary process can
be directly correlated with the current state of stream
stability. The condition of a channel can be determined
by visually assessing certain geomorphological indicators
related to the channel geometry, stability, and active
floodplain connection.

Channel Geometry
Visually assess the channel profile to determine the de-
gree of incision and/or widening. Channel incision is a
common response of alluvial channels that have excess
amounts of flow energy or stream power relative to the
sediment load. This change in flow regime results in the
stream eroding the stream bed, causing steep, easily
eroded banks. If the cohesiveness of the bank material
is very low, such as loose sand, the channel will erode
the banks and have a wide cross section compared to its
depth. This instability presents itself as an overwidened
channel.

Channel Stability
Assess visual indicators of stability or instability. In a
stable stream, the pattern of erosion and deposition oc-
curs in an orderly and predictable manner. Indicators of
an unstable stream channel include depositional features
such as mid-channel bars, transverse bars, and transient
sediments, as well as erosion features such as erosion
scars, denuded banks, and threaded channels.

Active Floodplain Connection
Active floodplain is the land between the active chan-
nel at the bankfull elevation and the terraces that are
flooded by stream water on a periodic basis. Natural
channels at or immediately below surrounding flood-
plain elevations will be connected to the active flood-
plain. Channels that are deeply incised or channelized
will be below the elevation of the floodplain andwill no
longer be able to likely flood the floodplain during nor-
mal high-water events.

The Channel Condition Index is calculated as:

Channel CI ¼ Condition Score
20

ð1Þ

Riparian Vegetation Condition Index

This condition index is a qualitative evaluation of the
cover types that make up the riparian vegetation within
the 100-yr floodplain limits. This index is determined
by evaluating what cover types occupy what percent-
age of the total riparian vegetation area for each side of
100-yr floodplain within the SAR. The left side and
right side are determined by facing downstream. Aerial
photography combined with a visual observation of the
riparian area is used to determine this condition index
(Figure 5).

The ideal and/or optimal riparian vegetation would
be homogenous with a mature hardwood and/or conifer
forest occupying 100% of the assessment area. Any trib-
utary stream channels or wetlands located within the
riparian vegetation area are scored as optimal. If the
riparian vegetation area is heterogeneous (e.g., 33%
forested, 33% cropland, and 34% pavement), it is pos-
sible that the riparian vegetation area could contain
multiple condition categories. In that case, each condi-
tion category present within the riparian vegetation area
is scored and weighted by the percent it occupies within
the riparian vegetation area. An estimate of the percent
area that each cover type occupies may be made from
visual estimates made on the ground or by measuring
each different area to obtain its dimensions.

The following formulas are used in establishing the
right and left sides of the riparian vegetation:

Left Side Sub� Index ¼ SUMð%Areas� ScoresÞ
20

ð2Þ

Right Side Sub� Index ¼ SUMð%Areas� ScoresÞ
20

ð3Þ

Riparian Vegetation CI¼ðLeft Side CIþ Right Side CIÞ
2

ð4Þ

Riparian Zone of Influence Condition Index

This index is a qualitative evaluation of the cover types
that make up the ZOI. The riparian ZOI is the land ex-
tending 100 ft (31 m) into the adjacent uplands from
the 100-yr floodplain limits on both sides of the valley
floor. The score for this index is determined by evalu-
ating which cover type occupies what percent of the
total ZOI area for each side of the floodplain within
the SAR. The total ZOI assessment area (on each
side of the 100-yr floodplain limits) is calculated by
multiplying the length of the SAR by 100 ft (31 m).
The left side and right side are determined by facing
Goerman et al. 59



downstream. The ideal ZOI would have a homogenous
land cover composed of a mature hardwood and/or co-
niferous forest occupying 100% of the assessment area.
Any tributary stream channels or wetlands locatedwith-
in the ZOI areas are scored as optimal. If the ZOI is
composed of heterogeneous land cover (e.g., 33%
forested, 33% cropland, and 34% pavement), it is pos-
sible that the ZOI could contain multiple condition cat-
egories. In that case, each condition category present
within the ZOI is scored and weighted by the percent
it occupies within the ZOI.

The following formulas are used if establishing
right and left sides of the Riparian ZOI:

Left Side Sub� Index ¼ SUMð%Areas� ScoresÞ
20

ð5Þ

Right Side Sub� Index ¼ SUMð%Areas� ScoresÞ
20

ð6Þ

Riparian ZOI CI ¼ ðLeft Side CIþ Right Side CIÞ
2

ð7Þ

In-Stream Habitat Condition Index

The in-stream habitat assessment considers the habitat
suitability for effective colonization or use by fish, am-
phibians, and/or macroinvertebrates. This parameter
does not consider the abundance or types of organisms
present, nor the water quality of the stream. Other fac-
tors beyond those measured in this methodology (i.e.,
watershed conditions) also affect the presence and di-
versity of aquatic organisms. Therefore, evaluation of
this parameter seeks to assess the suitability of physical
elements within the SAR to support aquatic organisms.

This parameter includes the relative quantity and
variety of natural structures in the stream, such as cob-
ble (riffles), large rocks, fallen trees, logs and branches,
persistent leaf packs, and undercut banks, available as
refugia, feeding, or sites for spawning and nursery func-
tions of aquatic macro fauna. A wide variety and/or
abundance of instream habitat features provide macro-
invertebrates and fish with a large number of niches,
thus increasing species diversity. As variety and abun-
dance of cover decreases, habitat structure becomes
homogenous, diversity decreases, and the potential for
recovery after disturbance decreases. Riffles and runs
are critical for maintaining a variety and abundance of
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benthic organisms and serve as spawning and feeding re-
fugia for certain fish. The extent and quality of the riffle
is an important factor in the support of a healthy biolog-
ical condition. Riffles and runs offer habitat diversity
through a variety of particle sizes. Snags and submerged
logs are also productive habitat structures for macroin-
vertebrate colonization and fish refugia.

Typically, most streams in Pennsylvania are high
gradient, with the exception of streams in the coastal
plain, low gradient streams flowing through wetlands
or wet meadows, and tributary streams flowing through
larger floodplains (e.g., tributaries flowing to the Dela-
ware and Susquehanna rivers) throughout the state.
Headwater stream channels have intermittent hydrolo-
gic regimes and may not have the diversity of habitat
features found in higher-order stream channels. Hy-
porheic flowmay comprise all of the flow in intermittent
streams during dry times of the year. A high-gradient
stream should not be scored lower because of the lack of
submerged aquatic vegetation. Likewise, a low-gradient
stream should not be scored lower because it does not
contain riffles and is sand-dominated substrate.

Channel Alteration Condition Index

This condition index considers direct physical altera-
tion to the stream channel from anthropogenic sources.
The SAR may or may not have been altered through-
out its entire length. Examples of channel alterations
evaluated in this condition index that may disrupt the
natural conditions of the stream include, but are not lim-
ited to, the following:

• Straightening of channel or other channelization
• Stream crossings (bridges and culverts)
• Riprap along stream bank or in stream bed
• Concrete, gabions, or concrete blocks along stream

bank
• Manmade embankments on stream banks, including

spoil piles
• Constrictions to stream channel or immediate flood-

prone area

This condition index evaluates the physical channel
alteration, separate from any impact the alteration is hav-
ing on the assessment reach. Any impact to the assess-
ment reach resulting from the alteration (i.e., scouring,
head cuts, vertical banks, etc.) is accounted for in the
channel/floodplain condition index. Any revegetation
or natural restabilization of the channel is also accounted
le



for in that condition index. For example, consider two
assessment reaches, each with similar bridges: the first
reach shows no adverse effects to the stream channel
or banks, whereas the second shows significant scouring.
The alteration is the bridge, not the effects of the bridge;
therefore, it is the length of the bridge relative to the
length of the assessment reach that is evaluated. The
scour effect of the bridge would be considered under
the channel/floodplain condition and in the scoring of
that condition index. The presence of a structure does
not necessarily result in a reduced score. For instance,
a bridge that completely spans the floodplain would
not be considered an alteration. Also, the assessor is cau-
tioned not tomake assumptions about past alterations. In-
cision can commonly bemistaken for past channelization.
Riparian Ecotone Condition Index

The RECI is a numerical value placed on the SAR using
the scores determined from each individual condition in-
dex during the stream assessment. Each individual condi-
tion index score should result in a value from 0.05 to 1.0.
The RECI score should also result in a score from 0.05 to
1.0. If values greater than 1.0 result, then it is likely that
the individual scores are being used andnot the calculated
indexes. The individual condition indexes are equally
weighted, and the RECI is calculated by summing the in-
dividual condition indexes and then dividing by 5. The
following equation is used to determine the RECI:

RECI ¼ ðSum of Condition Index ScoresÞ
5

ð8Þ

COMPENSATORY MITIGATION
CREDIT DETERMINATION

The indices and scores determined by the application
of the Pennsylvania Riverine Condition Level 2 Rapid
Assessmentmethod are applied to theCompensationRe-
quirement Equation to determine the number of credits
required to offset the measured impact. The RECI pa-
rameter is one of the four parameters used in this equa-
tion with the other three being the area of impact, the
project effect factor—a score of the relative impact on
biogeochemical, habitat, and hydrologic groups—and
the resource value—a Pennsylvania Chapter 93 designa-
tion noting the category of the stream being affected
using designations made in state statutes. The resulting
credits required as a compensation requirement are cal-
culated as:

Credits Required ¼ Area of Impact
� Project Effect Factor
� Resource Value Factor� RECI

ð9Þ

For the assessor/practitioner, therefore, the river-
ine compensation requirement is a matter of answering
four questions:

1. What is the area of impact? This is measured as the
area of stream and/or floodplain impacted. For pre-
impact permits, this is commonly the area of the
stream open cut for pass through. If stream crossings
via horizontal directional drilling are used to mini-
mize impacts, the area of impact may be located
at the entry and exit points of the bore. For after-
the-fact permits, include any horizontal directional
drilling frac-out impacts and unplanned temporary
workspaces as impact areas.

2. What is the nature of the impact? This is a relative
rating from none to severe.

3. What is the Chapter 93 Stream Designation? The
designations by Pennsylvania via Title 25 PA Code
Chapter 93 are exceptional value, high quality,
trout stocked fishery, cold water fishery, migratory
fishery and warm water fishery.

4. What is the RECI? The condition index score that
results from the assessment of chemical, physical
and biological attributes that contribute to maintain-
ing downstream water quality designations and uses.

The developer would then seek to source the result-
ing number of compensatory mitigation credits from an
approved mitigation bank to satisfy the mitigation re-
quirement of the permit application. The permitting
authority is assured that the mitigation offset debited
from the mitigation bank are ecologically sound in
the actual wetland and/or stream restoration has oc-
curred, thus maintaining the no net loss of wetland
and stream policy, established in the United States in
1977 (Executive Order 11990, 1977).
CONCLUSIONS AND RECOMMENDATIONS

In terms of impacts and offsets to thewaters of theUnited
States, the authors are aware of dozens of assessment
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methods applied by regulatory agencies to permit projects
in each unconventional play (Krauss, 2013). These proj-
ects include drilling pad sites, access roads, flowlines,
gathering systems, trunks, laterals and pipelines to trans-
port captured hydrocarbons from wellhead to market
and between interstate markets. Pennsylvania, mostly
as a response to impacts from Marcellus Shale gas dril-
ling and associated field infrastructure development, has
applied a riparian ecotone approach to create a new rap-
id assessment method that ensures the long-term via-
bility of riverine aquatic resources and quantifies both
unavoidable impacts and required compensatory offset
mitigation. This approach is a framework for resource
planning and is a quantitative approach that builds on
mitigation sequencing. The Level 2 riverine assessment
method provides a standardized measurement and re-
placement mechanism for resource impacts. The com-
pensation protocol readily assesses ecosystem services
in terms of their biogeochemical, hydrologic, habitat,
and resource support functions. This method will be ap-
plied to diverse water resources across Pennsylvania,
used as a tool for permittees to plan, avoid andminimize
impacts, and used by agencies as part of a streamlined
regulatory review process. The new approach recognizes
the aquatic resource functions and values impacted from
permittee projects, provides a standardmethod of quanti-
fying ecologically appropriate compensatory mitigation,
andultimately enables all practitioners to do their jobs eas-
ier, faster, and in an environmentally responsible manner.
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