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A.1 Instream Flow Incremental Methodology (IFIM) 

The Instream Flow Incremental Methodology (IFIM) was designed by the U.S. Fish and Wildlife Service for
river system management; it provides an organizational framework for evaluating and formulating management options.
IFIM is a general, problem-solving approach which employs systems analysis techniques with which to assess the
impacts of altered flow on aquatic resources.  In general, IFIM has been used to evaluate effects on fish habitat that are
caused by changes in flow regimes (Cavendish and Duncan 1986).  One of the underlying assumptions of the
methodology is that the dynamics of fish populations are directly related to habitat availability (i.e., an increase in the
amount of habitat suitable for a species would result in an increased population of that species).  IFIM relies on field data
collection and models to establish links between microhabitat availability and discharge; the methodology was originally
applied to cold-water systems where salmonids were easily identified as the important fish species (Bovee 1982, 1986).
More recently, it has also been applied to warm-water streams (e.g., Aadland 1993; Sutton et al. 1997). 

The Physical Habitat Simulation Model (PHABSIM) is a specific model widely used within IFIM to estimate
available physical habitat for specific target species.  It is designed to estimate the amount and quality of habitat available
for different species and life stages at different flow levels and, thus, allows incremental analysis (Milhous et al. 1989).
Target species can be selected on the basis of their economic importance, their status as endangered species, or their role
in the ecosystem. Macroinvertebrates and small forage fish are also potential target species because they are sources of
food for species of interest (Cavendish and Duncan 1986). 

The PHABSIM model encompasses the following characteristics:

• the model can be used to quantify and predict the impact on fisheries that could result from incremental
changes in stream flow and habitat characteristics; 

• the model provides recommended flow regimes that can be selected based on calculations of the
surface area of usable habitat by target species at different flow regimes;

• the model can only be used if the species under consideration exhibit documented preferences for
depth, velocity, substrate, material, cover, or other predictable microhabitat attributes in a specific
environment of competition and predation;

• model predictions derive their validity from the accuracy of the habitat criteria used to describe habitat
requirements of the target species;

• the model does not include effects of competition, predation, or interspecies interactions;
• for a typical application, the model’s assumptions include relatively steady flow conditions;

• the model is data intensive, requiring (1) site-specific field data on stream cross-sections and habitat
features, (2) hydraulic simulation to evaluate habitat variables at different flow, and (3) species
suitability criteria to calculate available habitat at different flow rates.

The complexity of warm-water fish communities makes selecting target species difficult, and  correlations
among traditional microhabitat parameters may limit IFIM applicability to systems of this type (Yu and Peters 1997).
Nevertheless, the methodology provides an objective basis for making management decisions (Sutton et al. 1997). Due
to its complexity, however, uncertainties inherent in model results due to sampling variability in stream cross-sections
can not be evaluated analytically.  Re-sampling methods could be employed to establish confidence intervals for model
predictions if transects were randomly allocated. 

Site-specific habitat criteria are  recommended in instream flow analysis whenever possible because of the
numerous factors influencing habitat use (Moyle and Balz 1985).   For some stream fishes, it might be possible to
develop habitat criteria based on habitat suitability studies in similar streams within a given physiographic region
(Freeman et al. 1997).
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A.2 The Riverine Community Habitat Assessment and Restoration Concept (RCHARC).

RCHARC is a simulation approach for relating the effects of flow alterations and eligible channel designs on
aquatic biota. (Nestler et al. 1993a, 1993b, 1995).  It combines conceptual elements of the Index of Biotic Integrity (IBI)
(Karr et al. 1986) and the PHABSIM system. It is primarily used for designing restorations and evaluating a restored
reach of a river relative to reference conditions.

RCHARC  has been applied to large, warm-water and cold-water rivers (Bradley et al. 1996).  The method
involves the following assumptions:

• each specific discharge is supported by a distribution of flow depths and velocities; and,

• aquatic community structure is closely related to hydraulic diversity, as described by the  frequency
distributions of flow depths and velocities.
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The model encompasses the following characteristics:

• the model does not provide a quantitative method for comparison of reaches (all evaluations are
qualitative);

• the model provides a link between field observations, survey results, and understanding of habitat
diversity;

• the model does not use species suitability criteria to calculate available habitat at different flows;

• the model may be used to compare velocity and depth conditions and habitat similarity between 
reference and study channel reaches;

• the model requires the selection of a comparison standard river system (CSRS) which represents the
ideal or target microhabitat conditions for channel structure and seasonally varying flow depth and
velocity;

• the model only compares the hydraulic characteristics between the CSRS and the restored reach or
river; and,

• the model requires data on channel geometry, stream hydrology, stage-discharge relationships, depth
and velocity distributions, and information on microhabitat variables such as water temperature,
sediment load, bed load, and dissolved oxygen.

A.3 Comparison of IFIM and RCHARC

RCHARC summarizes physical habitat in rivers in a fundamentally different way than the PHABSIM system.
Rather than attempting to model the complexity of habitat requirements for each species, the RCHARC compares the
underlying patterns of depth and velocities in the two systems (target and reference river system).  The community-level
impact analysis is based on the degree of change between the target and reference systems. 

Both models need data-intensive hydraulic measurements: 10-20 representative cross-sections over the reach,
with about 20 depth and velocity measurements on each, over a range of flows under consideration.   For the lower
Potomac River, the flow range minimum is approximately 600 million gallons per day (mgd) (approximately 930 cubic
feet per second [cfs]) and the maximum is 1200 mgd (approximately 1860 cfs).
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The PHABSIM system includes the following attributes:

• it is applicable and useful for low-flow habitat assessment;
• it provides a steady-state habitat comparison at different flow levels;

• it requires species-specific preference information, preferably site-specific; and.,

• it does not easily combine multiple species and life stages into one habitat value curve.

The RCHARC approach includes the following major attributes:

• it is applicable and useful for comparing a reference reach with a study (usually restoration) reach;

• it uses natural flow range, so not sensitive to small flow changes;

• it requires a hydraulic model to estimate water surface elevations; and,

• it does not need biological data.

The habitat response for both of these modeling approaches is likely to be rather insensitive over the flow ranges
of concern to HAS.   This can be illustrated with results of an IFIM analysis using 1981 data for six species of fish. 
Figure A-1 and Table A-1 present an analysis of composite habitat change based on the 1981 IFIM results, for the area
above Little Falls, as represented by Transects 8 and 9 in that study.  Each of the Weighted Usable Area (WUA) curves
for the adult and juvenile forms of the six species evaluated in that study is presented, along with the average of all the
curves, weighted equally.  These results show a 7-percent average increase in available habitat for flows ranging from
300 mgd (464 cfs) to 500 mgd (774 cfs) and another 5-percent increase between 500 mgd (774 cfs) and 700 mgd (1083
cfs).  In the results, the greatest increase in habitat (17% and 10%) occurs for adult white sucker in these flow ranges;
at the same time, there are decreases of 23% and 22% in juvenile bluegill habitat.  There are more sophisticated ways
to produce a combined habitat curve but this example illustrates the concept. 

HAS discussions also included mention of the relatively high cost of conducting a new IFIM-type study,
because this method is data intensive.  A new IFIM study would require fairly comprehensive mapping of habitat and
habitat types, the selection and layout of transects representative of various types of finfish habitat, and the measurement
at each transect of depth and velocity at several flow levels. Data collection of this sort would require several months
of field effort by a crew of at least six people, over a period of time determined by the availability of target river flows.
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Table A-1. Potomac River Historical IFIM (1981) Habitat change, combining fish species. Units in Weighted-
Usable Area, 1000 square feet / foot.  Based on transects above Little Falls (Figures 5-11 to 5-16 in
1981 Potomac River Environmental Flow-by Study).

Species
Flow, mgd

Change300 500 700
Smallmouth - Adult 275 285 320 45
Smallmouth - Juv. 650 675 700 50
Channel Catfish - A 204 220 235 31
Channel Catfish - J 25 35 45 20
Bluegill Sunfish - A 269 276 276 7
Bluegill Sunfish - J 293 225 160 -133
Greenside Darter – A 83 112 135 52
Greenside Darter – J 160 200 205 45
Gizzard Shad - A 205 225 245 40
Gizzard Shad - J 205 225 245 40
White Sucker - A 675 788 859 184
White Sucker - J 679 727 753 74

Average (equal weight) 310 333 348 38
 % increase 7% 12%

Max % increase 17% 27%

Min % increase -23% -45%

Relative change in habitat from 300 mgd (1000's of square feet per foot of river length)
Smallmouth - Adult 0 10 45
Smallmouth - Juv. 0 25 50
Channel Catfish - A 0 16 31

Channel Catfish - J 0 10 20
Bluegill Sunfish - A 0 7 7
Bluegill Sunfish - J 0 -68 -133
Greenside Darter – A 0 29 52
Greenside Darter – J 0 40 45
Gizzard Shad - A 0 20 40
Gizzard Shad - J 0 20 40
White Sucker - A 0 113 184
White Sucker - J 0 48 74
Average 0 23 38
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A.4 Review Comments on the Use of IFIM for the Lower Potomac River

In addition to the HAS review and discussion of habitat modeling approaches, one outside reviewer provided
comments to the Maryland Department of Natural Resources (DNR) on the use of IFIM in any new low-flow study on
the Potomac, based on his review of the June 2000 proposed study plan.   The complete review is attached at the end of
this section.   This reviewer concluded that IFIM is an inappropriate methodology for assessing instream flow needs
between Great Falls and Little Falls.  He noted that, given its limitations, IFIM is most appropriate for use in regulated
waters, such as those downstream of hydroelectric facilities, where there is an upstream hydrologic control structure that
can modify the flow (and could reduce it to zero or very low flow on a regular basis).  He suggested that the application
of IFIM is less appropriate in situations where flows are primarily uncontrolled, and low flows occur infrequently.  He
also suggested that a workshop be held  to establish meaningful management objectives for such a study.  DNR
concurred with most of the technical comments of the reviewer regarding the limitations of IFIM for the purposes
intended in the June 2000 study plan.    

A.5 Indicators of Hydrologic Alteration (IHA) Program 

The Indicators of Hydrologic Alteration (IHA) program was developed by The Nature Conservancy’s
Biohydrology Program to provide an easy-to-use tool for computing hydrologic regime characteristics, and analyzing
changes in those characteristics over time (Richter et al. 1996; The Nature Conservancy, 2001).  A summary from these
references is presented below.  

The general approach for hydrologic assessment using this method is to define a series of biologically relevant
hydrologic attributes that characterize intra-annual variation in water conditions and then use an analysis of the
inter-annual variation in these attributes as the foundation for comparing hydrologic regimes before versus after a system
has been altered by various human activities.  The Indicators of Hydrologic Alteration (or IHA) method computes a
representative, multi-parameter suite of hydrologic characteristics, or indicators, for assessing hydrologic alteration. 

The IHA method has four basic steps: 

• Define the data series (e.g., stream gage or well records) for pre- and post-impact periods in the
ecosystem of interest.

2. Calculate values of hydrologic attributes:  values for each of 32 ecologically relevant hydrologic
attributes are calculated for each year in each data series (i.e., one set of values for the pre-impact
data series and one for the post-impact data series).

3. Compute inter-annual statistics:  compute measures of central tendency and dispersion for the 32
attributes in each data series, based on the values calculated in Step 2.  This produces a total of 64
inter-annual statistics for each data series (32 measures of central tendency and 32 measures of
dispersion).

4. Calculate values of the Indicators of Hydrologic Alteration:  compare the 64 inter-annual statistics
between the pre- and post-impact data series, and present each result as a percentage deviation of one
time period (the post-impact condition) relative to the other (the pre-impact condition). 

The method can be used to compare the state of one system to itself over time (e.g., pre- versus post-impact);
compare the state of one system to another (e.g., an altered system to a reference system), or compare current conditions
to simulated results based on models of future modification to a system. See section A.6 for discussion of results from
this tool.

Literature:
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A.6 Summary and Review of Additional Reports Submitted by Draft Study Plan Reviewers as Potentially
Relevant to the Potomac River Flowby Study

1. Richter, B., R. Mathews, D. Harrison, R. Wigington. (Undated manuscript) Ecologically Sustainable Water
Management: Managing River Flows for Ecological Integrity, Prepared by the Nature Conservancy. 
Submitted by the Audubon Naturalist Society.  This is the ESWM model suggested by the Audubon
Naturalist Society (ANC) and The Nature Conservancy as an approach for the Potomac Flow-by
Evaluation.

This report presents a framework for developing what is termed ‘an ecologically sustainable water management
program, in which human needs for water are met by storing and diverting water in a manner that does not
degrade affected ecosystems.’

The six-step process is as follows: 1) developing initial numerical estimates of key aspects of river flow
necessary to sustain native species and ecological integrity; 2) accounting for human uses of water, both current
and future, through development of a computerized hydrologic simulation model; 3) assessing incompatibilities
between human and ecosystem needs with particular attention to their spatial and temporal character; 4)
collaboratively searching for solutions to resolve incompatibilities; 5) conducting water management
experiments to resolve critical uncertainties that frustrate efforts to eliminate incompatabilities; 6) designing
and implementing an adaptive management program to facilitate ecologically sustainable water management
for the long term.

The above framework appears to be designed for a river system with one or more large reservoirs which could
be manipulated to restore a river to a more natural hydrologic state.  It is a useful conceptual approach for the
Potomac River flowby, although this system is more limited in what can be done by reservoir manipulation.
Step 1 is basically what DNR is starting now.  Step 2 has already been done by ICPRB.  Steps 3 and beyond
is what would follow once DNR has completed step 1.  So basically this approach is similar in concept to what
DNR and MDE have been contemplating over the long term.  

Within the body of the report there is more detailed discussion of approaches for each step.  However, there
is no specific technical approach for step 1.  Some useful definitions are provided, not inconsistent with our
approach.  Ecological integrity is protected when the compositional and structural diversity and natural
functioning of affected ecosystems is maintained [italics indicate text from report].  How do you measure this?
Estimating ecosystem flow requirements requires input from an interdisciplinary group of scientists familiar
with the habitat requirements of native biota (i.e., species, communities) and the hydrologic, geomorphic, and
biogeochemical processes that influence those habitats and support essential ecosystem processes...  This
sounds like what will need to happen after the hydraulically-based habitat mapping and assessment is
completed.  It is important for water managers, conservationists and water users to understand that scientists
will seldom be able to provide comprehensive and exact estimates of the flows required by a particular species
or aquatic or riparian communities.  Rather, scientists should be able to provide initial estimates of ecosystem
flow requirements that need to be subsequently tested and refined, as described later.  This sounds like a long-
term monitoring program which we also believe is a good idea but we’re uncertain what to recommend in this
logistically difficult area.

The ANC mentioned the Apalachicola-Chattahoochee-Flint (ACF) River Basin as an example where the
ESWM approach has been used.  One key difference in the ACF system, though, is that it contains 16 dams,
5 of them large federal projects operated by the Corps for a variety of purposes, whereas the Potomac River
only contains 3 water supply reservoirs with limited capability of maintaining a natural flow condition during
a drought and with virtually no affect on flood flow conditions except in the upper reaches (Jennings-Randolph,
Savage and Seneca Creek impound only about 5% of the total Potomac watershed area upstream of Little Falls
Dam; see Table 2-1 for a summary of Potomac River flow statistics).  Focusing on the approach used to
establish ecosystem flow requirements, this report discusses an unpublished report by USFWS and USEPA in
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which a set of instream flow guidelines were developed.  As stated in the ESWM report, These guidelines
address intra- and inter-annual flow variability by setting threshold limits for the monthly one-day minimum,
annual low-flow duration...that must be met in all years, in 3 out of 4 years or in 2 out of 4 years; and as a
range of values for the monthly average flows.  The federal instream flow guidelines include two low flow
parameters: a limit in the one-day minimum flow in each month and a limit in the maximum number of days
in each year that flows can be below a certain threshold.  However, the ESWM report does not provide any
biological basis for these recommendations.  It is also not clear how the reservoir operation could be modified
to try to meet these goals but that is a question for a hydrology model to answer.

2.  Trush, W.J., S.M. McBain, and L.B. Leopold.  2000. Attributes of an alluvial river and their relation to
water policy and management.  PNAS 97(22) 11858-11863.  Submitted by the Audubon Naturalist Society.

This paper discusses how regulated rivers may be altered physically by changes in river hydrologic patterns,
primarily as influenced by large store-and-release reservoirs.  The paper is not relevant to the lower freshwater
Potomac for a couple of reasons.  First, this section of the river is not alluvial for the most part, since the
gradient is high and there isn’t much deposition in a lot of places.  But primarily this paper is talking about a
reduction in flood flows which may be caused by a large dam.  This situation is not present here and the flood
flows are not affected much if any by dams.  We expect there would be little if any effect of low flows even
in any alluvial areas.

3. The National Park Service and The Nature Conservancy.  2001.  Potomac Gorge Site Conservation Plan. 
Submitted by the Nature Conservancy.

This report focuses primarily on the terrestrial and riparian areas of the Potomac Gorge from Roosevelt Island
to Great Falls, covering much of the same area as the flow-by study area but including some of the tidal area
below Little Falls.  It discusses the present state of natural resources in this area and presents a conservation
plan to protect them.  There is some discussion of riverine natural resources and these are summarized below.

In the Water Withdrawals and Inputs section, the following paragraph discusses hydrologic impacts to the
system.  

However, anthropogenic impacts to the hydrology of the Potomac mainstem within the Gorge have apparently
been minor despite these withdrawals [speaking of major municipal withdrawals in the paragraphs above] and
inputs, and despite the effects of increased stormwater runoff from developed areas.  An analysis of changes
in hydrologic parameters at Little Falls since the 1930s shows only very small increases in “flashiness” that
is expected in urbanized waterways: short duration minimum flows have decreased and maximum flows have
increased; base flow has decreased; the number of high pulses has increased; and the rates of rises and falls
have increased.  However, all of these changes are slight, and they are apparently not statistically significant.
[emphasis added]  Note, though, that the period of record for this analysis postdates the construction of the two
low-head dams [they are speaking of Little Falls and Aqueduct Dams], so that their  impact cannot be analyzed
(although it is thought to be small).  Also, small but regular water quality releases from the Jennings Randolph
Reservoir and the Savage River Reservoir (near Westernport, Maryland) may slightly mask some changes,
especially the severity of low flows.

This analysis was carried out using the Indicators of Hydrologic Alteration program developed by TNC
(2000b), a software package that allows statistical characterization of historical changes in streamflow
regimes.  The program uses daily USGS streamflow records and generates a total of 33 statistical parameters.
[See summary table A-3 below of these IHA results].

In section 4 on conservation target selection, under Anadromous/semianadromous Fish, American shad,
hickory shad, striped bass and white perch are listed as target species, with striped bass and white perch
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being confined to the area below Little Falls.  This section also discusses selection of the entire aquatic
community as a target but states that community-level measurements for large rivers, such as an IBI, are
problematic.  In a section on conservation target viability assessment, anadromous fish have only fair
viability because populations of shad remain extremely low due to overfishing of the ocean population. 
The report further states that Populations of all species seem to exhibit normal age class distribution,
yielding a Good Condition rank.  Hydrology and water quality impacts appear insignificant, thus a
Landscape Context rank of Good, although questions remain about the adequacy of minimum flow
allocations relative to municipal withdrawals.

Under Other Potential Conservation Targets, other anadromous fish species considered were sea lamprey,
Atlantic and shortnose sturgeon, river herring, gizzard shad and yellow perch.  The latter three are stated to
spawn in the Gorge but also spawn extensively (perhaps exclusively) in tributaries, and are therefore not
indicative of the river.  Sturgeon are greatly depleted and little is know about sea lamprey, so these were also
not included.  Other species considered but excluded for various reasons were muskellunge, white sucker,
cutlips minnow, margined madtom, central stoneroller, northern hogsucker, rosyside dace, and American eel.
Regarding freshwater mussels, the following statement was made:  No viable populations of native freshwater
mussels appear to remain for consideration as targets.  There are records for a number of rare species in the
river at the site, including dwarf wedge mussel (Alasmidonta heterodon), last seen in 1956.  However, recent
surveys have found none of these rare species, and even the more common species are now greatly depleted.

Information gaps noted for the riverine areas include the following.  Under Anadromous/semianadromous
Fish, 

• Impacts of sedimentation from “agricultural practices” and “residential/commercial/office
development,” pesticides and herbicides from lawn care, and road treatment chemicals.

• Applicability of using a large river Index of Biotic Integrity to assess the viability of the aquatic
community in the Potomac River.

Under Other Targets,

• Abundance and distribution of American eel, native freshwater mussels, dragonflies and damselflies,
butterflies and moths, and lichens.

4.  MesoHABSIM: A concept for application of instream flow models in river restoration planning.  Fisheries
26(9) 6-13.

This paper describes an approach similar to PHABSIM for evaluating riverine habitats relative to flow.
However, the approach is at a meso scale (hence the title), rather than the microscale as with the original
PHABSIM model.  It includes what is termed mesohabitat mapping of whole river sections, not unlike the
approach we have proposed for the lower freshwater Potomac.  Ten habitat types are defined, which would be
mapped based on a range of flows of interest.  Random sampling techniques can be applied to obtain the key
hydraulic characteristics of the ‘hydro-morphological’ unit.  Habitat rating curves for specified units can be
constructed by plotting suitable habitat area or weighted usable area, or landscape metrics against discharge.
This part of the procedure differs from PHABSIM because the rating curves are established for the whole study
area.  Biological criteria were established in one example application using a pre-exposed electro-grids
technique, in which 1800 fish from 17 species were captured at 468 selected mesohabitats over a 15-day period,
with physical attributes (hydro-morphological unit, cover, and hydraulics) recorded for each sample.  One
conclusion from the example application was that, within the observed flow range, the sensitivity of the
mesohabitat distribution to flow alteration was greater than expected. More change in the types of mesohabitats
were observed than of their wetted area.  One limitation is that the model has proved valid only for relatively
small streams at low flow conditions.
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The ultimate result from this model is still a plot of relative community habitat area over a range of flows, thus
there will still remain the issue of how to choose particular minimum flows, especially if there is no definite
inflection point in the curve.  In addition, to apply this model in the lower freshwater Potomac would be very
expensive, with all of the fisheries and physical data that would need to be collected in a difficult logistical
situation.

5.  Instream Flow Assessment Methods: Guidance for Evaluating Instream Flow Needs in Hydropower
Licensing.  Electric Power Research Institute (EPRI) Report No. 1000554, December 2000.

Although focused on hydropower licensing and therefore situations involving flows below dams, this report
provides a comprehensive review of the various methods for evaluating instream flow needs, including
PHABSIM, Tennant Method, Aquatic Base Flow Method, Qualitative Observation, Texas Method and
Standardized Habitat Analysis, Plunge Pool Method, Riverine Community Habitat Assessment and Restoration
Concept (RCHARC), Range of Variability Approach, and Individual-Based Models.  Results from the report
summary are listed below:

Most recent instream flow studies used one of three approaches: (1) PHABSIM remains popular but has major
flaws, including the failure to establish an appropriate spatial resolution and use it throughout the method; a
decision variable, Weighted Usable Area, that lacks biological meaning; and lack of a sound conceptual basis,
which encourages ad hoc and poorly conceived methods for applying the approach.  Some of PHABSIM’s flaws
are inherent to habitat preference modeling, but others are specific to how PHABSIM was designed and is used.
Without the recommended changes, PHABSIM is highly questionable and its cost not justified. (2) the Aquatic
Base Flow and Tennant desktop methods are commonly used but arbitrary.  Their assumptions are poorly
justified, especially where significant changes in channel size and shape have occurred. (3) Qualitative
Observation is a new approach in which participants provide judgement-based recommendations after
observing several alternative instream flows.  Following formal judgement-based decision making processes
like the Delphi Method could make Qualitative Observation more credible than PHABSIM and the desktop
methods.

Individual-based models have promise as credible, useful, and cost-effective methods for assessing flow effects
on one or several species.  IBM strengths include output (fish abundance and growth) that is a clear and
testable measure of instream flow effects; the ability to predict effects of short- and long-term flow variation;
and a clear conceptual basis and biological meaning.  The ability of IBMs to predict fish population response
to instream flow changes has not been tested, but initial validation efforts have been successful.  Since this
method involves comprehensive modeling of important factors affecting individual fish, costs for adapting
models to new species and situations must be expected.  Recent EPRI research has reduced the costs of
applying IBMs to instream flow study sites.

Two new methods assume that a natural community can be protected by providing the range of flows or
physical habitat available at a reference site that supports the desired community.  These methods still have
flaws that make their credibility and usefulness questionable, but the general approach of designing instream
flows to reproduce conditions at a reference site deserves further consideration.



Appendix A

A-15

Table A-3. Summary of hydrologic changes in Potomac River flow as measured at Little Falls gage from
1930-1998, based on output from the Indicators of Hydrologic Alteration analysis (results
presented in Potomac Gorge Site Conservation Plan, National Park Service and The Nature
Conservancy, November 2001).

Parameter
Slope Standard

Error
R-square P-value Significance

January Average Flow 69 9480 0.021 < 0.25 NS
February Average Flow 38 9130 0.007 > 0.25 NS
March Average Flow 123 13400 0.032 < 0.25 NS
April Average Flow 51 11300 0.008 > 0.25 NS
May Average Flow 68 7900 0.029 <0.25 NS
June Average Flow 50 6520 0.023 <0.25 NS
July Average Flow 13 3490 0.006 >0.25 NS
August Average Flow -11 4750 0.002 >0.25 NS
September Average Flow 34 6710 0.010 >0.25 NS
October Average Flow 8.7 8540 0.000 >0.25 NS
November Average Flow 59 6670 0.030 <0.25 NS
December Average Flow 105 8020 0.063 <0.05 S
1-day minimum -1.1 4820 0.002 >0.25 NS
3-day minimum -1.4 5180 0.003 >0.25 NS
7-day minimum -2.2 5410 0.007 >0.25 NS
30-day minimum 5.1 910 0.012 >0.25 NS
90-day minimum 7.1 1560 0.000 >0.25 NS
1-day maximum 43 83100 0.000 >0.25 NS
3-day maximum 120 59400 0.002 >0.25 NS
7-day maximum 169 32900 0.010 >0.25 NS
30-day maximum 199 14000 0.075 <0.025 S
90-day maximum 110 8130 0.067 <0.05 S
Base Flow -0.0006 .0444 0.066 <0.05 S
Julian date of annual minimum 0.0443 42 0.000 >0.25 NS
Julian date of annual maximum -.54 96 0.013 >0.25 NS
Annual number of low pulses -.037 2.6 0.077 <0.025 S
Average length of low pulses -0.0022 10 .000 >0.25 NS
Annual number of high pulses 0.015 3.3 0.009 >0.25 NS
Average length of high pulses 0.031 1.9 0.100 <0.01 S
Average rate of hydrographic rise 10 1880 0.012 >0.25 NS
Average rate of hydrographic fall -5.6 880 0.016 >0.25 NS
Annual number of hydrographic
reversals

-0.0023 13 .000 >0.25 NS
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Review of Draft 2000 Workplan by Stuart Schwartz

Stuart S. Schwartz Ph.D.
January 29, 2001

To: Paul Massicot, MdDNR
From: Stu Schwartz
Re: Draft summary and workplan: Potomac instream flow study.

Thank you for the opportunity to review the activity summary and proposed workplan to study instream
flow needs for the Potomac River between Great Falls and Little Falls.  I appreciate the technical challenge and
political visibility of such an effort and offer the enclosed comments to highlight some significant issues that I hope
will improve both the scientific study and management decision.

Management
From a management perspective I think the study and overall effort would be greatly improved by clear a

priori identification of the management criteria and goals for the study.  The management goals need to be specific
and quantifiable. The greatest weakness in the materials I reviewed is that they inappropriately draw upon the
experience and techniques for evaluating instream flows on heavily regulated rivers, to try and address issues related
to infrequent extreme drought.  The management criteria need to be explicitly formulated considering the frequency
as well as the magnitude of the estimated impacts. 

In this context it is quite unclear how the study proposes to evaluate short-term impacts from low flow
anomalies that may be experienced with recurrence intervals of 25-50 years (or longer).  The tools and approaches
for setting instream flow standards on heavily regulated rivers (e.g. downstream of Conowingo Dam) are neither
appropriate nor transferrable for the management of extreme events.  It is important to reach consensus on what
constitutes an irreversible impact under extreme drought.  For example, considering common species like channel
catfish, bluegill etc. is restocking an alternative management response to infrequent low flows?  Would the
possibility of post-drought transplanting or restocking activities alter the “instream flow” recommendation?

Technical
As I detail in my accompanying comments, the proposed workplan seems overly reliant on an inappropriate

application of weighted useable area methods like PHABSIM and IFIM.  These tools, like the vast majority of
techniques for instream flow analysis, were developed and intended to be used on heavily (permanently) regulated
rivers to relate changes in hydrobiology to changes in long-term carrying capacity.  In those applications, the
instream flow standard represents a fundamental change in the flow duration curve.  The proposed transfer of these
techniques to evaluate infrequent extreme drought is inappropriate.  If the Department’s concern is short term aquatic
community impact during drought, a more behavioral, individual-based approach to evaluating impacts is called for. 
In the short-term, adaptive behavior of aquatic biota under drought stress is diverse and resilient, not simply  WUA-
controlled mortality, as implicitly assumed in the techniques proposed in the draft study plan. 

Finally, I note the interest in the possibility of a workshop to consider alternate technical methods to
evaluate fishery impacts.  I would suggest a more valuable workshop would be a facilitated effort to establish clear
meaningful management objectives for the study, including the consideration of risk when evaluating the impacts of
infrequent events like severe drought.  Absent a clear consensus on meaningful management objectives it is difficult
to imagine how you can confidently proceed with extended data collection and field work.  If the committee only
considers a broader range of more detailed (and more data intensive) habitat models, without some meaningful
agreement on management objectives, the management and decision objectives will be defined by available models. 
It would be far preferable for the model selection process to be driven by clear management objectives, which are
not well identified in the material I reviewed.

Thanks again for the opportunity to comment on these ongoing activities.  I hope the accompanying
material and comments will be of some help in your deliberations.  If I can offer any additional information and
clarification, please don’t hesitate to contact me. 
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Review of Summary Report and Draft Workplan: Potomac River Instream Flow 
Study

Use of PHABSIM

PHABSIM was designed and intended to help evaluate the change in the distribution or time series of
weighted useable area (WUA), over the range of historical flow conditions.  This use of the WUA surrogate is not
unreasonable when PHABSIM is used on habitat limited regulated streams where the hydrobiology has been
permanently and fundamentally altered (e.g. downstream from a regulating reservoir that significantly alters flow
patterns  in every year).  PHABSIM was never intended to be used to evaluate singular values of streamflow,
independent of the history and sequence of preceding flows.

There seem to be some basic misunderstandings about the use of PHABSIM in the Draft workplan.  For
example habitat evaluation requires much more than the “three steps” described.  The assumption that a “typical
application” assumes steady flow, is misleading.  It is certainly true that the hydraulic computations are made under
steady-flow assumptions.  However PHABSIM was never intended to be used to evaluate conditions at only a single
flow condition [Milhous 1999].  The conclusion that PHABSIM is “used for low-flow habitat assessment” is
extremely misleading in this context; the evaluation of habitat under drought conditions is one of the specific areas
needing development [see subsequent discussion and Milhous 1999].  Similarly the conclusion that PHABSIM
provides steady-state habitat comparisons misleadingly suggests evaluating single flow values.  The appropriate and
intended “steady state” evaluation with PHABSIM is better described as considering the dynamic equilibrium related
to long-term carrying capacity (not static values of WUA computed for an instantaneous value of low flow).  For this
reason the appropriate use of PHABSIM is through the simulation of time series yielding the long-term distribution
of habitat area over the range of historical hydrology.  The use of PHABSIM to evaluate a “critical condition”
instream flow requirement on the mainstem Potomac under extreme drought conditions is inappropriate.  More
reasonable alternatives to evaluate instream flow requirements for the Potomac might use some form of life-stage, or
community response model. 

Life-Stage and Population Models

Heuristic “quasi-population” models offer a simplified extension of IFIM [Harpman et al. [1993, Johnson
and Adams 1988], developed to address some of the more extreme limitations in PHABSIM and IFIM.  Like
PHABSIM, these models are intended to be used to evaluate long-term population response to variations in the long-
term timeseries of flow and flow related changes in potential carrying capacity.  Like PHABSIM and IFIM, they are
not designed or intended to be used to evaluate short-term aquatic community responses to stress from extreme
drought.  For example, Harpman et al. (1993) link WUA by species and life stage to a simple multiple life stage
model that represents both critical flow thresholds and flow history.  These “quasi-population” or effective habitat
models propagate habitat limitations through year classes for individual species.  They incorporate life stage
distributions of each species through time (years) and have been used to evaluate the potential effects of temporal
changes in carrying capacities on a fishery resource (Cheslak and Jacobson 1990). 

Even this simplified extension of IFIM still incorporated reach-specific behavior to determine the basis of
predicted enhancements - not just weighted useable area.  In this way the potential impact of a critical low flow year
can propagate forward in time, providing a linkage to population recovery from a low flow year, as well as testable
predictions of the implicit assumption of physical habitat limitation.  They are referred to as quasi population
models, because they assume only habitat is limiting.  Like the use of WUA and habitat suitability indices, quasi
population models do not account for recruitment and migration, food limitation, or competition within or between
species.   Parameters for these simple population models can be estimated from field sampling, and they have been
applied with some effectiveness  e.g. Johnson and Adams [1988 ].  

Community Response

It is important to realize that PHABSIM, by design, is not intended to be used to set instream flows under a
single “design” or critical condition like extreme drought.  The short-term (i.e. seasonal or intra-event) evaluation of
drought stress requires community based impact assessment, linked to individual responses to stresses in velocity
and depth, temperature, food, cover, and both intraspecies and interspecies competition.  For example, in evaluating
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the flow sensitivity of critical species as part of the instream analysis in the San Francisco Bay, Sacramento San
Joaquin Delta systems, weighted useable area from PHABSIM proved of little value, since the exclusive reliance on
physical habitat neglects all adaptive behavioral responses to stress [Bull et al. 1996, Grand 1999].  Instead,
mitigation of flow induced stresses to these critical fish species was evaluated with a prototype community-based
model, [Kimmerer 1989, Hagar 1988].  The very detailed, reach-specific aquatic community response to instream
flow was then linked to a separate age structured cohort model with out-migration and escapement, to quantify
interannual age-specific population responses [Fisher et al. 1991].

In more recent refinements, so-called individual based models (IBMs) are forced by daily inputs including
hydraulic information such as that used in PHABSIM as well as boundary conditions on forage species abundance,
shelter, temperature, etc.  The current generation of IBMs are continuous patch habitat models operating on daily
time steps - not just weighted abstractions from a few transects. [Radner and Puff 1999, Van Winkle et al. 1998, 
Railsback 1999). 

The use of detailed continuous behavioral models is the level of detail required if DNR’s intention is to
look at short-term impacts during drought (as opposed to interannual impacts to carrying capacity).  For either
application, picking inflection points on weighted habitat suitability curves for extreme drought flows is an 
inappropriate use of PHABSIM.  Instream flows for this reach of the Potomac should also consider the impact of the
augmented habitat upstream from Great Falls, recognizing that both water supply and water quality releases made
from Jennings Randolph reservoir under low flow conditions create over 200 km of enhanced habitat, in which the
instream flows are substantially higher than those that would be experienced under “natural” conditions.  Indeed,
this extensive section of the river serves as a major refuge for aquatic biota under drought conditions, with habitat
enhanced by both augmentation from upstream reservoir releases, and enhanced SAV growth with greater water
clarity.  As an illustration, for at least the last 15 years or so, the USGS gauge at Point of Rocks has required
supplemental flow measurements to adjust its calibration under low flow conditions.  This is necessary because the
proliferation of SAV under low flow (not just drought) conditions is so dense that it creates a backwater condition in
the river, expanding valuable habitat (particularly for fingerlings) even as the discharge declines!. [Note: these same
effects must be incorporated in HEC-2 modeling for PHABSIM below Great Falls] Sampling and anecdotal evidence
from the drought of 1999 indicated this phenomenon was widespread on the river, with dense growth of SAV
providing enormous habitat and refuge for aquatic biota.  The reach immediately upstream of Great Falls is an
extremely productive refuge offering a ready population for recruitment in downstream reaches that may be
impacted by extreme low flows.  If the emphasis of the study is overall (long-term) fishery impact, it would be a
major oversight to consider only the reach from Great Falls to Little Falls, unrelated to its function and context as
part of the larger river system.

Misinterpretation of the 1981 Instream Flow Study and PHABSIM

The emphasis on a single value of instream flow based only on WUA seems to have emerged because of
misinterpretation of the 1981 instream flow report.  Most advocates who have criticized that report interpret the
“management decision” as picking an inflection point on WUA vs. discharge curves, and suggest a higher point
should be selected.  Indeed, I have seen press reports in which advocates for such an approach have cited the
percentage of WUA reduction from the 1981 report, confidently referring to it as the per cent increase in mortality! 
PHABSIM was never intended to be used in this way.  Milhous [1999] is very clear that  PHABSIM requires the use
of additional factors, including interactions between species and life stages.  In particular he emphasizes the need to
understand the (interannual) timeseries of physical habitat, not just a single, minimum flow value, emphasizing that
there is not a simple relationship between biomass and flow, and that flow decisions must therefore incorporate the
history of streamflow and the long-term variation in habitat with flow.  

PHABSIM was intended to be used to evaluate long-term changes to the natural variation in habitat, not a
single low flow condition, independent of the range of variation, antecedent conditions, and recurrence intervals of
discharge; 

“Since the birth of PHABSIM in 1978 to the present, the use of habitat time series analysis has been
essential to the use of the physical habitat versus streamflow function produced by PHABSIM. ... Few
investigators have totally ignored streamflow variability” [Milhous 1999]
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The very early use of IFIM in the 1981 DNR study is one of those few studies.  However, to repeat these mistakes in
2001 would be to ignore the problems observed and lessons learned from the last 20 years of instream flow studies
with PHABSIM and IFIM:

“The initial problems associated with PHABSIM were, and still are: 
•limited testing (both biological and water management), 
•the existence of true believers willing to apply PHABSIM (or IFIM) without really understanding the
ecosystem, 
•and the existence of one way thinkers demanding PHABSIM be easy to use and be a ‘cookbook’. 
PHABSIM fails the ‘cookbook’ test because natural systems are just too complex (and interesting).

-[Milhous 1999]

The importance of interannual variability and the sequence and timing of minimum flow and flow-derived
habitat is clearly at the heart of PHABSIM, illustrated, e.g., in Nehring and Miller [1987].  Especially relevant for
the DNR Instream Flow study is Milhous’s specific identification of physical habitat modeling under low flow
conditions  as one of the needed improvements in PHABSIM.  He notes the need for (as yet undeveloped) species
survival curves, not habitat suitability curves for analysis of drought conditions.  

The misinterpretation of DNR’s 1981 study and the use of PHABSIM has created the erroneous impression
that using long-term variability of weighted useable area to set minimum instream flow requirements for heavily
regulated rivers is somehow directly transferrable to setting minimum instream flows under extreme drought
conditions, ignoring the sequence and variability of historical flows.  This is not the case.  This misinterpretation
appears to be propagating through DNR’s proposed study plan, evidenced e.g. by the reference to Weisberg and
Burton’s (1993) observations below Conowingo reservoir.  In their work, measurable improvements of fitness
indicators for biota below the dam have been attributed to the establishment of a minimum instream flow standard. 
The implication is that these types of instream benefits could similarly be expected from an increased instream
standard between Great Falls and Little Falls.  

Comparison to Conowingo

The study below Conowingo is a poor analogy for the Potomac for several reasons.  First, the flow regime
is dominated by the inherently episodic nature of pulsed hydroelectric releases.  This is an inappropriate analogy for
flow requirements under infrequent prolonged drought conditions on the Potomac.   Second, the disruption from
hydroelectric releases establishes a truncated flow duration curve.  In other words the operation of a hydroelectric
dam to store inflow, and release that inflow in large scouring pulses, is a disruptive hydromodification that is
experienced every summer, in every year, over the range of historical hydrologic conditions.   Even under average
flow conditions, the hydromodification by the dam imposes severe low flow stresses, defining the limiting condition
for instream biota.  In contrast, the most significant low flow stress to the Potomac River between Great Falls and
Little Falls occurs only under extreme drought conditions.  For this reason the casual implication that dramatic and
transferrable habitat improvements uniformly result from instream flow standards is misleading.  For example, even
downstream from a regulating reservoir, Harris et al. [1991] found the assumption that enhanced minimum instream
flow should result in the production of more or larger fish was not supported at most of their study sites in Douglas
Creek, WY.

A cursory inspection of the accompanying graphs of streamflow below Conowingo reservoir reveal the
sustained hydromodification from hydropower operations. Prior to the implementation of a minimum instream flow
standard, the reservoir gates were literally closed on the weekends.  The hydrologic records, even in average years,
show the stream flow dropping from 5000 to 10,000 cfs during the week, to minimal flows on weekends.  This
minimal flow was primarily seepage around dam.  In contrast, for all but the most extreme droughts, the impact of
water withdrawals between great Falls and little Falls is an ever declining fraction of the available flows; is
experienced infrequently; and is only a minor source of variability-certainly not at all comparable to the hydrologic
disruption of Conowingo reservoir.  

Conowingo vs. Potomac

The impact of instream flow below Conowingo Reservoir differs from that between Great Falls and Little
Falls in two fundamental ways.  First, and most importantly, the effects of regulation below Conowingo reservoir are
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manifested in every year, over the entire range of historical hydrologic variation, resulting in a permanent persistent
change in the hydrobiology below the dam.  For this reason, a “minimum instream flow standard” at Conowingo has
instream aquatic benefits over the entire range of historical flows.

The second important difference between the Conowingo reaches and the subject reach of the Potomac is
the biologically disruptive pattern of flows that resulted in a profound disruption of the natural hydroperiod during
the low flow season in every year.  While it is certainly true that these changes in discharge are associated with
changes in “weighted useable area” it would be extremely misleading to attribute the community and population-
level changes to a minimum flow standard, without recognizing the profound change in variability and associated
stress to the system resulting from the change in release pattern.  

In contrast, the effect of a minimum instream flow requirement on the Potomac diminishes rapidly for all
but the most extreme droughts.  Unlike the substantial benefits below Conowingo reservoir, during average summer
flow conditions the impact of a minimum instream flow requirement below Great Falls will be negligible, even for
projected demands.  

Management Issues 

The stated objectives for the study are to determine the adequacy of low flow requirements to protect
against irreversible, long-term or significant short-term impacts.  It is therefore extremely important for DNR to
carefully frame the management objectives for this study.  Simply seeking to “mitigate impacts” is a meaninglessly
vague goal. There will always be stresses during drought -with or without water supply withdrawals.  What is the
basis for requiring minimum instream flows? Is it community impacts during the drought? Population impacts the
following year? Recreational fishing impacts? Changes to long-term carrying capacity for this particular reach?
Changes to long-term carrying capacity for the entire river system? To blithely say all of the above and passively
rely on changes in WUA under low flow conditions is inappropriate.   

A starting point for such an evaluation would be to identify and quantify the impacts of low flows in 1999
and their lingering impacts on the population observed in year 2000.

Management Objectives

The committee found they were unable to discern the biological/environmental basis used to develop the
recommended minimum flow by.  However, in choosing PHABSIM and IFIM, the executive summary and work
plan provide no indication of what guidance or criteria would be used to develop new recommendations based on the
proposed study.  Like the committee’s review of the 1981 survey, I am unable to find any biological/environmental
basis that the committee expects to use in evaluating or developing a new instream flow standard for the Potomac. 
The plan references a “systems approach” in IFIM, but no elements of a comprehensive systems analysis are
described.  The implicit assumption is that a committee scrutinizing a more detailed set of habitat area curves for
more species at more locations would be better able to identify a biological/environmental basis for minimum
flowby.  From a management perspective this abandons the science and ecology needed to manage drought impacts,
and would represent a significant misapplication of PHABSIM.  Critical elements that Beecher [1990] suggests are
needed to develop an unambiguous instream flow standard (such as clear goals, and clear units of measurement) are
absent from the proposed workplan.  

It is essential to reach a consensus on meaningful goals and management objectives before the study is
undertaken.  The current focus on data generation serves only to create the appearance of objective analysis, while
avoiding the fundamental science and policy questions that must be resolved to make management decisions.  
Absent a clear management framework, prolific data generation will not make the management problem clearer,
easier, or more effective.   On the contrary, if the only new data available for management decision making will be
new (albeit more detailed) estimated habitat area curves generated at considerable cost and highly visible effort, the
pressure to use this data will be irresistible, degenerating to an ad hoc debate about WUA rather than 

any meaningful understanding of the science, ecology, and management of aquatic ecosystem response to drought
stress.  If you are unable to articulate meaningful criteria for making management decisions a priori, how can you
feel confident that the significant investment proposed in the draft work plan is even targeting the right data?  For
example, if the key management issue is community response during drought, important questions that need to be
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answered involve adaptive behavior, recruitment, refugia,  and migration in the subject reach.  These questions might
favor, e.g.,  a more carefully designed and sustained effort to release and recover tagged species within, above, and
below the subject portion of the river, in order to estimate the opportunities for stressed individuals to seek refuge,
and for new individuals to recolonize the subject portion of the river after droughts. 

Are weighted useable area curves a sufficient basis to set management goals for infrequent extreme events? 
Management goals must consider the frequency of extreme hydrologic events, and the specific aspects of community
impact to be quantified, as well as costs and alternatives.  For example, if significant low flows will be experienced
on average only 1 year in 20 (more likely much less frequently) what are the relative merits of requiring higher
instream flows, vs. capturing and transplanting or even post-drought restocking resident biota?  Aside from the
infrequent nature of significant impacts, are management priorities and resulting policies independent of the status,
abundance and “value” of the affected species? I.e. would instream flow requirements for channel catfish and
bluegill be developed in the same way as for an endangered species?  Ultimately this management decision comes
down to how the impacts of extreme drought will be allocated and mitigated.  Such a decision requires consideration
of the full range of management measures; minimum instream flow is but one such measures.  WUA from
PHABSIM is an inappropriate framework for such an evaluation. 

Risk and Recurrence Interval

The plan refers to some comparison with reference conditions.  The definition of the “reference condition”
must incorporate the frequency of the underlying conditions.  For example in writing permits for water quality
standards, the convention of using the 7Q10 defines the frequency and duration of the water quality reference
condition.  Clearly any water standard (whether water quality or in stream flow) must be related to the recurrence
interval of the intended management conditions.  Suppose a diversion was proposed at Great Falls that would
appropriate the entire flow of the Potomac, except the minimum flow requirement to be determined by DNR.  The
minimum instream flow specified for such a use would surely consider the frequency, magnitude and duration of the
resulting instream flow.  How would the magnitude of such a standard compare to a requirement explicitly identified
as the instream flow for a drought with a 20 year recurrence interval?  Would the instream flow requirement for a 20
year drought be the same as for a 100 year drought?  What about a 200 year or 500 year drought?  In all other
standards (discharge permits, stormwater management designs, SCS ponds, floodplain zoning) the management
criteria explicitly incorporates the recurrence interval of extreme events.  It seems DNR’s intention is to develop a
single instream flow standard based only on weighted usable habitat area, irrespective of the frequency interval of
low flow conditions.  The use of PHABSIM and WUA in such a “design event” approach to setting instream flows is
inappropriate. 

Habitat Preference Curves

The work plan follows habitat surveys with development of habitat preference curves but there's nothing in
the work plan that relates stresses in these particular reaches to the vibrancy of the overall population.  The presumed
transferability of habitat suitability curves is questionable.  Instream observations by Newcomb et al. [1995] found
smallmouth (Micropterus dolomieu) used significantly different mean column velocities in different West Virginia
streams.  Both optimal and suitable ranges differed among these streams as well as streams in other parts of the U.S. 
Even in the limited context of PHABSIM, the use of univariate versus multivariate suitability curves gives very
different results, and confirms the need to use site-specific evaluations of habitat suitability [Vismara et al. 2001,
Lamouroux et al. 1998]

The proposed study, if carried out at the most detailed level of analysis, will create a very useful snapshot
of physical habitat for this ~15-20 km reach of the Potomac.  This proposed quantitative snapshot will usefully
describe the great variety of habitats in the reach.  These habitat relationships vary dynamically on event to
interannual scales, in response to the history and sequence of streamflow.  However, understanding the relative
abundance of habitat types is insufficient to understand the function of stream habitat sequences [Kershner et al.
1992].  If the study is not also structured to relate these physical changes in both habitat and community structure
(not just weighted usable area) there will be an irresistible pressure to simply manage weighted usable area.  

Miscellaneous
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The sampling plan places significant emphasis on fixed station sampling.  The limitations of fixed station
sampling are nontrivial.  Many of these concerns, raised in detail for fixed station water quality sampling by the
General Accounting Office (GAO 1981) , are even more applicable to large-river fixed station biological sampling,
where the particular site being sampled has far less spatial significance than a water quality station with a fixed
spatial relationship to upstream pollution sources.  A change in distribution of woody debris, shelter and substrate
distribution following spring floods can completely change the location of microhabitat with no significant impact on
the resident aquatic populations.  Fixed station sampling will perceive this as the “loss” of habitat and biota. 
Without truly randomized stratified sampling, the claim that random reductions in habitat at one location should, on
average, be offset by gains elsewhere, will not be supportable.  The study plan seems ready to accept a non-
randomized sample design due to access limitations.  In this section of the river it seems some of the least accessible
sites include the most significant refuges during prolonged low flows.

To evaluate community-level impacts to drought stress requires a habitat/substrate description that supports
patch dynamics analysis [Townsend 1989].  Rather than pseudo randomized transects limited by access constraints,
more appropriate  approaches are those described in  Collins and Dietrich [1988], Collins [1988], and Collins [1990]. 
In addition to sampling bias in habitat, I am concerned about bias in the biological sampling plan.  Anecdotal
evidence suggests DNR’s boat electrofishing is biased in undersampling larger predator species in deep holes.  If so,
this will tend to erroneously exaggerate the estimated loss of desirable individual game fish under drought
conditions.  Limited use of “representative reaches” to describe stream habitats should be viewed with caution, given
the dynamic nature of stream habitats and the biotic and abiotic factors that influence them  Kershner et al. [1992].
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