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Abstract: Projects that require analyses of ecosystem response to
changing flow regime and other environmental factors can depend on
software technologies for modeling. Choosing the appropriate technology
is a vital concern for each project. This report is designed to help managers
evaluate which models would be useful for specific applications related to
assessing habitat and ecosystem functions.

The report describes seven software packages that can be used to study
ecosystem habitat characteristics and processes. This information can help
managers evaluate models and their utility for specific applications related
to assessing habitat and ecosystem functions. This report identifies the
seven models and who developed them, describes target applications, and
discusses data requirements, ease of use, and the form of the results.

Case studies were performed for two different species: Fremont cotton-
wood and Chinook salmon. Habitat conditions for Fremont cottonwood
(Populus fremontii) seedling recruitment were evaluated using five of the
models, excluding the fish models. Habitat potential was analyzed with
three alternative flow regimes in the time period 1946-1994 in a selected
reach of the Upper Sacramento River in Northern California. Habitat
conditions related to redd-dewatering, which is a limiting population
factor of fall-run Chinook salmon (Onchohynchus tshawytscha), were
evaluated using four of the models.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Summary

Management decisions related to ecosystem functions can benefit from
models that evaluate biological habitat characteristics and simulate
ecosystem processes. This review describes seven software packages that
can be used to study ecosystem habitat characteristics and processes. This
review can help managers evaluate models and their utility for specific
applications related to assessing habitat and ecosystem functions. This
short report identifies the seven models and who developed them,
identifies the target applications, and discusses data requirements, ease of
use, and the form of the results.

Ecosystem simulation models typically have been developed with a target
application, which influences the operation of the model. The software
packages were classified into two categories: 1) ecosystem relationships,
and 2) environmental flows. Ecosystem relationship models simulate
habitat conditions based on specific biological processes and also simulate
how the habitat changes in relationship to environmental changes. Two of
the models in the ecosystem relationship group were designed specifically
to evaluate fish habitat. Environmental flow models analyze the changes in
hydrologic flow.

For evaluating habitat quality of ecosystems, all of the models reviewed
tend to be based on the thinking behind “habitat suitability indices,” where
the quantitative evaluation of habitat change is ultimately based on a
ranking system established by a body of scientific expertise. For the
ecosystem relationship models, the habitat suitability assessment is an
explicit part of the model; for the environmental flow models, the habitat
suitability tends to be determined outside of the modeling effort.

In this review, case studies were performed for two different species:
Fremont cottonwood and Chinook salmon. Habitat conditions for Fremont
cottonwood (Populus fremontii) seedling recruitment were evaluated by
using five of the models, excluding the fish models. Habitat potential was
analyzed with three alternative flow regimes in the time period 1946-1994 in
a selected reach of the Upper Sacramento River in Northern California.
Because the “ecosystem relationship” models are designed for applications
like examining habitat characteristics, it was easier to use the ecosystem
relationship models to directly analyze the cottonwood recruitment.
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Although the “environmental flow” models are not specifically designed to
define ecosystem relationships, they were used to consider the cottonwood
habitat analysis. Technical knowledge of cottonwood recruitment played a
key role in successfully using all the models. For evaluating ecosystem
response to changing environmental conditions, the definition of the
relationship rules, the choice of which output to use, and the interpretation
of the output all required technical knowledge of the biological system in
guestion. Partly because similar metrics were extracted from the five
models, the results of analyzing cottonwood habitat were qualitatively
similar in all five cases. The Base Flow scenario resulted in the best potential
habitat, followed by the Nodos and Shasta scenarios, in that order.

Habitat conditions related to redd-dewatering, which is a limiting
population factor of fall-run Chinook salmon (Onchohynchus
tshawytscha), were evaluated using four of the models. The Chinook
salmon spawning habitat potential results, based on analyses of redd-
dewatering, suggested that the Nodos and Shasta scenarios both provided
somewhat better habitat potential than the Base Flow scenario.

Many of the models can analyze and visualize flow time series, which are
data that are generally accessible and useful to a wide range of users, both
expert and general. In addition, many of the models are designed to give
simple output data related to ecosystem response (e.g. SacEFT, HEC-EFM).
In some cases, the pre-defined output is relatively easy to interpret by a lay
practitioner (e.g. SacEFT); in some cases it is not as obvious. For the
environmental flow models, the choice of which indices to choose in order
to reflect a defined ecosystem response requires significant technical
judgment.

The process of developing relationships for environmental flow and
ecosystem processes modeling software packages can be conceptualized in
seven steps:

Analyze life history

Screen variability between scenarios

Identify and refine key ecosystem relationships
Develop hypotheses

Run model and review graphic output (visualizations)
Interpret output

Refine and revisit where necessary

No gakrMwbdE
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1 Introduction

In recent years, as research groups and regulatory agencies needed to study
the ecosystem impacts resulting from land-use and flow regime changes,
ecosystem habitat modeling has become prominent. Modeling how flow and
land-use alterations determine future effects on natural systems is critical.
With the current interest in restoring environments, and with the concern
that present actions may have future effects, mathematical models are a
powerful and efficient way of assessing the effect on ecosystem processes of
flow regulations and land-use actions. This review examines seven
mathematical computer software packages that aid in evaluating ecosystem
conditions resulting from flow and land-use changes.

Management decisions, regulatory issues, and restoration efforts are all
aided by ecosystem modeling and visualization tools. Managers for public
and non-profit agencies, private groups, consulting firms, and research
groups use modeling tools for many planning purposes such as restoration
design, mitigation evaluation, and cost-benefit analyses. In addition, the
visualization component of the software packages is a valuable communi-
cation tool. Various tools are available that model ecosystem functions.
The models studied in this review were chosen because they are potentially
valuable in helping understand ecosystem processes. To one degree or
another, they are publically available. Many have been developed for
specific purposes, but can possibly be generalized outside the original area
of concern.

The models evaluated here were classified into two broad categories:

1) models that focused primarily on “ecosystem relationships,” and

2) models that focused on “environmental flows.” Ecosystem relationship
models simulate a biological process and how it changes in relationship to
environmental changes. Ecosystem relationship models include a metric
within the model that quantitatively evaluates habitat quality given various
environmental situations. Environmental flow models analyze the changes
in hydrologic flow and leave it up to the user, outside of the model, to
interpret how this will influence ecological factors.

Any conceptualization of reality is a model. The increasing speed and
utility of computers have made mathematical modeling more common,
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and more effective. Modeling ecosystem relationships ultimately deals
with assessing biological health. Because biological health depends on the
habitat in which an organism lives, habitat modeling is common. The
assumption is that positive habitat will result in more life organisms. This
may not always be the case, and it is important to note that most models
can only model the potential for the abundance and health of a biological
organism (i.e. the habitat), not the actual abundance or health of the
organism itself.

Traditionally, an ecosystem is defined as referring to a collection of plants,
animals, and microorganisms and the physical environment in which they
live. A more complete and current view is that “an ecosystem is a complex of
ecological communities and their environment, forming a functional whole
in nature (Patten and Jgrgensen 1995).” Ecosystem relationship models
therefore conceptualize how a species interacts with the physical environ-
ment. Mathematical models of ecosystem processes assign numerical values
to flow and habitat features. Mathematical procedures are also used to
assess habitats and their suitability through procedures that are similar to
“habitat suitability indices,” which are used to evaluate particular habitat
gualities of an ecosystem generally for a particular species or research
objective. A habitat suitability index provides a quantitative evaluation of
habitat change that is ultimately based on a ranking system established by a
body of scientific expertise, often developed from research studies. For the
ecosystem relationship models, the habitat suitability assessment is an
explicit part of the model; for the environmental flow models, the habitat
suitability tends to be determined outside of the modeling effort.

Environmental flow models are based on the idea that biological responses
are related to the hydrologic flow regime (the inter- and intra-annual
variability of flow levels and events) of a river. River management related
to flow has led to the setting of “environmental flow” or “instream flow”
regimes that are commonly designed to protect or enhance biological
processes. The early work in this field led to a definition of a collection of
simple statistical measures of a flow regime (Richter et al. 1996). In an
effort to assess how much a flow regime has been altered, indices of a
natural regime can be compared with the indices of an altered flow regime.
Further research proposed the idea that such statistical indices naturally
have a range of variability, and that managed flow regimes that remained
within these ranges of variability could potentially restore or maintain
river ecosystems (Richter et al. 1997). Although a great deal of technical



ERDC/EL SR-10-X

judgment is required to choose the appropriate indicators for
environmental flow models, and how to interpret the results, the actual
data (observed or synthesized daily flow records) are relatively simple to
obtain and input.

In addition to the technical merits of the various modeling software
packages, ecosystem modeling software packages benefit from an
“infrastructure” in order to survive effectively and usefully. Software
support was critical to the effective use of the various packages included in
this report. Such support is ideally included with the help menu of the
software, is interactive, relates to the issue on the screen at the time of
query (i.e. context-sensitive), and adequately resolves all issues that arise.
With the rapid changes in computer hardware and software technology,
updates, error fixes, and ongoing support beyond the software help menu
are important. Where this climate of software support does not exist, the
software becomes less effective. With the rapidly changing computing
environment, computer software for ecosystem modeling can be transient.
Models can be formulated but not be effectively used after their support
structure does not meet user needs. Additionally, active research that
explains or uses the software package is beneficial.

This short review introduces each of the models and identifies who
developed the model. The report describes the target audience and
applications. It also discusses data requirements, ease of use, the form of
the results, support and research resources, and the typical user base. In
addition, for a preliminary numerical comparison of the use of the models,
case studies of two sample relationships were performed. The relationship
for cottonwood recruitment was patterned after the pre-defined cottonwood
recruitment relationship in one of the software packages, the Sacramento
River Ecological Flows Tool (SacEFT), which was determined by a panel of
experts for cottonwood seedling recruitment on the Sacramento River. The
potential habitat for cottonwood recruitment was assessed for three
different flow scenarios (called Base, Nodos, and Shasta; cf. Figure 23)
based on various hypothetical reservoir operations on the Upper
Sacramento River, again patterned after input data develop for the SacEFT
(The Nature Conservancy 2008). The fall-run Chinook Salmon redd-
dewatering relationship used by SacEFT and also used for the other models
in the current report was based on work by the U.S. Fish and Wildlife
Service on the Sacramento River (U.S. Fish and Wildlife Service 2006). The
U.S. Fish and Wildlife Service developed habitat suitability criteria for redd
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dewatering based on depth, velocity, and bed exposed, and related those
criteria to various flow regimes. These relationships were used for the case
study modeling reported here.
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2 Model descriptions

Choice of models/overview

Many agencies and organizations (e.g. The Nature Conservancy (TNC),
U.S. Geological Survey (USGS), U.S. Army Corps of Engineers (USACE))
have developed models in response to a need to understand how flow and
land-use changes influence biotic habitat in ecosystems. For this brief
review, software packages that can be used to examine ecosystem
processes and that are similar and complementary to each other were
identified and examined (Table 1).

The models can be classified into two main groups (Table 1). One group of
models, which can be called ecosystem process (or function) models,
includes a component of quantitative modeling of environmental processes.
The other group focuses on flow regime analyses, and may generally be
classified as environmental flow models. Some of the models include both
elements. General characteristics of the seven models are listed (Tables 1
and 2). Also listed are selected research citations and appropriate resource
papers (Appendix A) and a brief description of the intended and practicing
user groups (Appendix B).

Description of models
Ecosystem process models
Sacramento River Ecological Flows Tool (SacEFT)

The Sacramento River Ecological Flows Tool (SacEFT) grew out of the
“Sacramento River Ecological Flows Study, which was initiated by The
Nature Conservancy (TNC) in collaboration with a team of ecologists,
geomorphologists, and river management specialists” (The Nature
Conservancy 2008). Growing out of studies conducted to understand the
physical and biological processes that determine the riparian habitat of the
Sacramento River, the SacEFT was developed as a tool to analyze the
ecological outcomes on terrestrial and aquatic species resulting from
water-planning processes that involve changes in the flow regime.
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“The Sacramento River Ecological Flows Tool (SacEFT) is a database
centered software system for linking flow, gravel and channel
management actions to changes in the physical habitats for the following
six focal species of concern: Chinook salmon, Steelhead, Green sturgeon,
Bank swallow, Western pond turtle, and Fremont cottonwood. SacEFT is
[currently] a viewer of run results. [Future versions plan to be fully
operational.] Users cannot create new scenarios or edit existing scenarios.
To view results for most of the scenarios, users must run the model for
each scenario they wish to use. [Some of the scenarios have results already
produced.] The Ecological Flows Study treats flow as the “master” variable
regulating the form and function of riverine habitats.”

The tool is web-based and currently requires accessing the database
operated by ESSA Technologies. The interface is easy to understand, and it
should be easy for managers and non-technical users to accomplish runs.
The modeling tool is currently specific to the Sacramento River, and the
flows, focal species, and relationships are all pre-defined and can be viewed
in the tool. Future plans include users being able to modify or define
relationship parameters in SacEFT V2. For user input in SacEFT V1, the
user must currently choose “output” in the “output choices” offered on the
program screen (Figure 1). When “Output choices” is selected, the user must
choose from three different groups: 1) scenarios, 2) performance measures,
and 3) years (Figure 1). The “scenarios” group consists of pre-defined flow
regime time series of daily flows. The “performance measures” consists of
performance measures chosen and encoded in the software that represent
defined aspects of ecosystem response to flow. The “years” are the possible
years available for modeling.

When the “Output viewer” button (see Figure 1) on the user interface screen
is selected, the output shown in Figure 2 is made available. Model run
default output shows an “annual” view and a “rollup” view, both of which
are based on a good-fair-poor ranking system shown with green, yellow, and
red colors. The example output (Figure 2) shows the output for three test
flow regimes and the pre-defined relationship for cottonwood recruitment
that are described later in this report. For some of the pre-defined
performance measures, like Fremont cottonwood seeding initiation, reports
can be generated through the interface on the “Finished reports” button
(Figure 1). The metrics that are used to determine the default output (the

1 http://www.essa.com/downloads/saceft/help/
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poor-fair-good ranking) are recorded in the reports, and can possibly be
used for further analysis. An example of these reports is given in
Appendix C.

SacEFT is designed for water-management decision-makers to evaluate the
effects of flow regime changes on ecosystem processes of selected species.
The program is easy to use by non-experts and can effectively give qualita-
tive (i.e. good, fair, poor) judgments based on relationships that have been
defined for the Sacramento River by a panel of experts. Version 1 software is
currently specific to the Sacramento River ecosystem relationships.

Figure 1. User interface screen with “Output choices” (These are essentially pre-
defined input variables that a user may choose.)
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Figure 2. SacEFT rollup (top) and annual (bottom) view of output.

Hydrologic Engineering Center Ecosystem Functions Model (HEC-EFM)

The Hydrologic Engineering Center Ecosystem Functions Model (HEC-
EFM) grew out of a need to understand the complex relationships between
river flow (and stage) and elements of the ecosystem. The model has its
roots in the Sacramento-San Joaquin Rivers Comprehensive Study initiated
in 1997 by the US Army Corps of Engineers (USACE 2002). Based on an
input of flow and stage time-series, which is configured on the first tab of
the user interface (Figure 3), the model analyzes scenarios using “functional
relationships.” Once the flow time series is input, the four basic criteria for
the functional relationships (which are accessed by way of the second tab on
the user interface) that are analyzed are 1) season, 2), flow duration, 3) rate
of change, and 4) flow frequency (Figure 4).

Once the flow and stage time series are input into the model, the user
defines the ecosystem relationship of interest in terms of the four basic
criteria described above. For example, in the cottonwood recruitment
relationship that is used in the case studies for this report, 1) the season is
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defined as April 15 to June 21, 2) the duration is defined as 1 day, 3) the rate
of change is defined as 0.19 ft in 2 days, and 4) the flow frequency is defined
to be the flow that occurs once in 10 years (Figure 4). Relationships may be
defined for aquatic or terrestrial species of plants and/or animals.

The default output (Figure 5), which appears on the third tab (Tables),
once the “recalculate” button on the user interface screen is pressed, gives
a single number for stage or flow. In the case of cottonwood recruitment, it
gives the stage and flow at which recruitment is successful, based on
recession rate (i.e. #3 above: rate of change) and seasonal timing criteria
(#1 above: season). The output data can be used for further analysis and
can be used to develop spatial visualizations in GIS.

Figure 3. Flow time series input data screen shot for HEC-EFM.
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Figure 4. “Relationships” screen shot for HEC-EFM.

EFM also has a plotter (Figure 6), accessed from the menu under “plot,”
that helps users quickly visualize and interpret the data and the output
from the EFM software. This streamlines manipulation of the data. There
are standard graphs and an option to create custom graphs.

HEC-EFM is a free USACE software package available through HEC. It is
actively supported and undergoes regular updates. It is currently being used
for USACE projects, as well as by consultants and researchers. EFM is
highly versatile, allowing user-defined relationships. Using the output tables
and EFM plotter, an experienced user can then define a set of output values
that further clarify ecosystem relationships such as tree recruitment success.
Expert knowledge is required to define the relationships, and to interpret
the results.
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Figure 5. HEC-EFM sample summary output table.

eWater Cooperative Research Centre River Analysis Package (RAP)

The River Analysis Package (RAP) is a suite of software packages that
assesses the environmental consequences of flow and channel changes.
Four modules fall under the umbrella of the system. Two modules, Time
Series Analysis (TSA) and Time Series Management (TSM), are used for
manipulating and analyzing time series data. The Hydraulic Analysis
module (HA) utilizes HEC-RAS data and is able to manipulate it. The fourth
module, Ecological Response Model (ERM), “is a tool for collating and
organizing existing knowledge of environmental requirements (e.g. flow,
hydraulic habitat) of biota or ecosystem processes in a rules database. It
can predict habitat change in response to altered flow conditions ... and it
enables the user to run scenarios and evaluate the likely impact of changes
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Figure 6. HEC-EFM Plotter.

to the flow regime on pre-defined habitat components of ecological
importance to species’ or ecosystem processes.”?

The TSA module is used to manipulate the flow time series data. For
example, in evaluating the cottonwood recruitment potential, the TSA was
used to analyze and display fall rates during the defined recruitment season.
The ERM is the “expert panel” component of the RAP process, where more
complex relationships can be defined. Although an early version of the ERM
is capable of a range of interactive trials and visualizations that would
benefit decision-making processes, the ERM is no longer offered as a
download on the web site.

The interface for this software package, exemplified by the TSA interface
(Figure 7), is user-friendly and intuitive to use. The tree structure for the
TSA in the program interface (Figure 7), along with the context-sensitive

1 RAP Version 2.0.4 ERM Help menu.
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help menu, makes the software easy to use. The interactive help menu is,
in some cases, slightly out of date. The program was developed in
Australia, and required changing the operating systems date format to
English (Australian) and formatting the dates in the flow input data in the
Australian format (ddmmyyyy). Once this was discovered (it is not
mentioned in the user guide), the program was useable. It is not clear
whether there is active support or research related to this program.

The input consists of flow time series and a number of user-defined options
(e.g. Figure 7). The output includes options to see a table (Figure 8, upper),
different types of visualizations (see output section of menu tree in

Figure 7), and different methods of viewing the frequency of the flow
(Figure 8, lower).

Only interactive help is available for the ERM; there is no user’s guide.
Apparently there is not a way to save a model run in the TSA module, and
therefore it is necessary to reload the data and analysis choices each time
the module is used. Output was easily saved to a format that was directly
usable in a spreadsheet.

RAP is a software package with great flexibility in defining relationships,
and it is easy to use, with the interactive help guidance. There is only
limited support for RAP, which seems to have become inactive since some
time in 2006. In addition to the user reference manual (Marsh et al. 2003)
there is a limited body of research literature that supports or has utilized
the software package (e.g. Navarro et al. 2007; Humphries et al. 2008;
Smakhtin and Eriyagama 2008).

Fish Models
Standard Assessment Methodology (SAM)

“The Standard Assessment Methodology (SAM) (USACE 2006) was
developed by the U.S. Army Corps of Engineers to address specific
habitat assessment and regulatory needs for bank protection actions in
the Sacramento River Bank Protection Project (SRBPP) planning area.
The SAM was designed to provide a tool to systematically evaluate the
impacts and compensation requirements of bank protection projects
based on the needs of listed fish species. ... SAM integrates species life
history and flow-related variability in habitat to generate species
responses to project actions over time. In general, the SAM quantifies
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Figure 7. Time series (upper figure) and general statistics (lower figure) options tables for the
RAP time series analysis (TSA) module.
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Figure 8. Output table (top figure) and annual series plot (bottom figure) for the RAP time
series analysis (TSA) module. Discharges are given in cubic feet per second.
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habitat values in terms of bank line- or area-weighted species responses
that are calculated by combining habitat quality with quantity for each
season, target year, and relevant species/life stage. ... The response
indices vary from O to 1, representing conditions for survival, growth,
and/or reproduction. For a given site and scenario, the SAM uses these
relationships to determine the response of individual species and life
stages to the measured or predicted values of each variable for each
season and target year, and multiplies these values together to generate
an overall response index. This index is then multiplied by the area or
linear feet of bank to which it applies to generate the weighted species
response. These values provide a common metric that can be used to
quantify habitat values over time, compare project alternatives to
baseline conditions, and evaluate the effectiveness of onsite and offsite
mitigation actions.”

The SAM is performed by means of an Electronic Calculation Template
(ECT) (Figure 9), which carries out all the calculations and tabulates the
results. The data requirements for the SAM are a set of cross sections from
which bank shape characteristics can be calculated. This will be available for
the original target purpose of the program, which is an evaluation of bank
restraint scenarios on the Sacramento River. For other users, it requires
data that are similar to those required by HEC-RAS, which require cross
section bed topography and stage-discharge relationships at defined flows
(for calibration). HEC-RAS runs are also necessary to develop the input data
for conditions at different flow rates. SAM was designed to assess changes
in fisheries habitat resulting from possible bank revetment scenarios on the
Sacramento River. SAM is currently in limited public use, and tends to be
used by a small group of “in-house” trained users.

The user interface is easy to use, and the user’s manual gives step-by-step
instructions, which are prompted and performed through the Access-based
user interface (Figure 9). Required input data for the SAM ECT are
illustrated in Figure 10. This example shows the data in an Excel
spreadsheet that have been prepared in the input data format for a “with-
project” design where the construction design alters the alternative input
values. For example, see bank slope and bank substrate size and how they
change over time. In the SAM ECT, six response curves (bank slope,
floodplain inundation ratio, bank Substrate Size, instream structure, aquatic

1 Jones and Stokes Draft review memo October 2005
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vegetation, and shade) are supplied or can be developed by the user. A
sample response curve from the ECT is shown in Figure 11.

Another run parameter requires defining a season of interest, which can be
done with the life-history timing table (Figure 12).

The results are shown in both length- and area-weighted values; sample
output data for length-weighted values are shown in Figure 13.

Figure 9. User interface for SAM Electronic Calculation Template (ECT).
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Seasonal Values

Habitat Parameter wy Fall Winter Spring Summer
Water Surface 2005 59 62 62 61
Elevation (feet) 2060 59 62 62 61

Wetted Area 2005 116,721 120,773 120,040 118,904
(square feet) 2060 116,721 120,773 120,040 118,904
Shoreline Length 2005 1,065 1,064 1,066 1,065
(feet) 2060 1,065 1,064 1,066 1,065
2005 1 1 1 2
Bank Slope (dH:dV) 2011 2 10 10 2
2060 2 10 10 2
Floodplain 2005 1 2 2 1
Inundation Ratio
(AQ2:AQavg) 2060 1 2 2 1
Bank Substrate 2005 0 0 0 10
Size (D50 in 2011 10 0 0 10
inches) 2060 10 0 0 10
Instream Structure 2005 26 26 26 50
(% shoreline) 2011 50 50 50 50
2060 50 50 50 50
2005 13 38 38 0
2011 0 25 50 0
Vegetation (% 2015 0 88 88 0
shoreline) 2025 0 88 88 0
2035 0 88 88 0
2060 0 88 88 0
2005 78 20 59 20
2011 20 6 18 20
Shade (% 2015 20 18 55 20
shoreline) 2025 100 25 75 100
2035 100 25 75 100
2060 100 25 75 100

Figure 10. SAM sample data summary showing a “with-project” design at Sacramento River
Mile 152.7R (SAM sample data, Personal Communication Mike Dietl, U.S. Army Engineer
District, Sacramento).

Figure 11. Sample SAM response curve.
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Figure 12. Sample Life history timing table.

Figure 13. SAM sample output data.
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EnviroFish

EnviroFish is a software package developed by the USACE Engineer
Research and Development Center (ERDC) that can be used to “estimate
[the] value of floodplain habitat suitable for fish reproduction under a
given set of hydrologic and hydraulic conditions. EnviroFish can be used
to calculate habitat units for specific floodplain habitats, with each
habitat providing different values for spawning and rearing fishes. In
order of least to most preferred habitats, are agricultural fields, fallow
fields, bottomland hardwood forests, and permanent waterbodies. Area
can be weighted using a Habitat Suitability Index (HSI), which reflects
the biological value of a land use for fish reproduction. Habitat units are
computed by multiplying the average daily flooded area (ADFA) by the
associated HSI value.

EnviroFish was initially developed for flood control projects in the lower
Mississippi River Valley. However, the approach is applicable to any
alluvial river system where floodplain fish spawning habitat is being
managed, mitigated, or restored, by determining applicable land use
categories and HSIs for representative fish species.” “Over 100 species of
fish are represented in the current framework of EnviroFish, so this
technique has applicability to a broad range of warmwater fish
assemblages”.2

The user interface for EnviroFish will be familiar to, and easy to use, for
those who have used the U.S. Army Corps of Engineers' Hydrologic
Engineering Center Data Storage System, or HEC-DSS (USACE 2009). The
input data are in the form of a DSS file with elevation-area data. “Habitat
constraints” are set on the main screen and are separated into spawning,
season, and rearing constraints (Figure 14).

The output is generated by selecting “calc summary” from the “model”
pull-down menu, which can be saved to a user-defined output path.
Sample output, saved to Excel, is shown in Figure 15.

1 User manual v 1.0
2 System-Wide Water Resources Program Brochure USACE
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Figure 14. EnviroFish user interface.

EnviroFish is currently in a testing phase, and does not accept flow data
from the most current version of Data Storage System (HEC-DSS; USACE
2009). It is not appropriate for riparian tree species, and was not tested
using this test relationship. The fall-run Chinook salmon relationship did
not fit into the floodplain fish categories of EnviroFish. Currently, this
program is in the first phases of development and is only used in limited
applications by “in-house” users.
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Figure 15. EnviroFish sample output.

Flow alteration models
Indicators of Hydrologic Alteration (IHA)

Indicators of Hydrologic Alteration (IHA) is a statistical analysis and
viewing package that calculates hydrologic indices from flow time series.
The program itself can provide statistical descriptions of a given flow regime
or quantitatively describe the degree of difference between two flow data
sets. These can include analysis of a single time series of river hydrology
with a “before and after” scenario (such as a river’s flow regime before and
after the construction of a dam) and Version 7.1 allows for input of two time
series. Using two time series allows for additional comparisons such as
reservoir inflow versus outflow, managed flows versus simulated natural
flows, or comparisons between a reference river and an altered river. These
comparisons can provide a basis for asking questions and formulating
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hypotheses about how flow alterations may be affecting the river processes
and outputs. The statistical descriptions and comparisons can provide
insight to those engaged in processes to define environmental flows. Users
can analyze changes in these indices as a basis to explore potential changes
in river processes. Thirty-three indices are calculated automatically, and
graphical and tabular output can be selectively chosen, saved, and exported.
Recently IHA, which was primarily a statistical analysis of flow regime data,
added the capability of calculating an additional 34 “environmental flow
components” (EFC), which are aimed at informing the flow-ecology
relationship more directly (Mathews and Richter 2007).

The input for IHA consists of daily flow data that can be input in a number
of formats (Figure 16). Once a project has been defined, the main user
interface includes two tabs, one for the project basic definition (Figure 17
upper) and one for the list of analyses that can be defined by the user
(Figure 17 lower). Once an analysis has been defined, and calculated, the
“view results” tab on the bottom of the interface (Figure 17 lower) provides a
method to create new graphs and to view graphs that have been previously
created and saved (e.g. Figure 18).

IHA is one of the oldest of the software packages reviewed, having roots in
the early work of Richter et al. (1996). It is widely used, and is supported
by TNC staff.

In applying IHA to the cottonwood recruitment problem, different weighted
combinations of selected indices were tested for cottonwood seedling
recruitment output. Ultimately, one single index seemed most applicable.
IHA allows the creation of a number of graphs, and also allows access to all
the data from which the graphs are made. In order to get the quantity of
mean fall rate in the season of interest, a graph was defined, created, and
used to read off the desired number (Figure 18). As with every model in this
review, technical knowledge of both the model and the species of concern,
and carefully defined assumptions, were useful to define and interpret
cottonwood-specific results.

Hydroecological Integrity Assessment Process / Hydrologic Assessment Tool
(HIP/HAT)

The Hydroecological Integrity Assessment Process (HIP), which was
developed and is maintained by the USGS, originally consisted of four
computer software tools that together compute statistics that are designed
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Figure 16. IHA user interface for data input.

Figure 17. IHA project definition (upper) and analysis list (lower) user
interfaces.
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Figure 18. IHA seasonal analysis of mean fall rate (Note: the data used for
cottonwood recruitment assessment were taken from the dotted lines, the
mean fall rate in the recruitment season).

to be related to the physical make-up of rivers. Currently, the HIP process
for general use is entirely contained in the National Hydrologic Assessment
Tool (NATHAT) or more simply HAT. The software suite, developed by the
USGS, was originally applied in New Jersey, for which there is a specific tool
(New Jersey Hydrologic Assessment Tool NJHAT). The HIP process was
designed to utilize hydrologic indices of flow regimes, and to define which
indices were specifically appropriate for specific stream types. Stream type
classifications were researched and codified for New Jersey, but not
specifically for other areas. Recently a similar site-specific HAT application
was developed for Missouri streams (Kennen et al. 2009); this application is
called MOHAT.

HAT was designed for use in general settings outside New Jersey or
Missouri. HAT (NATHAT) is useable as a single program, but requires the
user to define the indices of interest. Essentially, the “stream
classification” is left to the user. The basic steps in this tool are 1) use daily
and peak flow records (from USGS records) to calculate 171 indices of
hydrologic performance, 2) having performed a stream classification,
establish indices for the magnitude, frequency, duration, timing, and rate
of change. This is accomplished through 10 specific indices chosen,
according to stream class, from 171 indices defined in step 1, 3) with the
HAT, establish environmental flow standards, and assess changes in
stream flow characteristics due to changes in environmental factors.
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The user interface is controlled by buttons at the top of the screen
(Figure 19), which control defining a project, importing data, and viewing
data analyses. There are a number of pre-defined ways to view and graph
the data, all controlled by “radio” buttons on the lower part of the “graph
data set” option (Figure 20). Based on the data sets entered, and the pre-
defined indices that are automatically calculated from the data, a graph
comparing hydrologic indices, which can be the default indices or
manually selected ones, is produced (Figure 21).

Figure 19. HAT user interface.

Figure 20. HAT graph data set option user interface.
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Figure 21. HAT hydrologic indices user interface.

Another feature of this program is that the comparison of hydrologic
indices can be selected manually if the default ones don’t meet the needs of
the defined project. This implicitly applies a stream classification for the
subject stream. The main analytic task is defining a specific ecosystem
process in a way that can be informed by the analyses that are available.
This is probably best done as is recommended for IHA, with a group of
experts who work together on defining which indicators will reveal
meaningful results about the change in habitat due to change in flow.

The software is used to calculate statistical indices of hydrologic alteration
and allows the user to compare indices of a base condition with altered
conditions. Once a generic stream type is picked (HAT offers a limited
selection), the program displays a default set of 10 non-redundant indices
that have been shown to adequately characterize the five major components
of the flow regime (magnitude, frequency, duration, timing, and rate of
change (Olden and Poff 2003). It is also possible for the user to define
which indices are chosen for analysis and viewing.

Like the other software packages, HAT is also effective and useful for
analyzing and visualizing flow data. The flow analysis portion is fairly
intuitive, easy to use, and is useful for viewing and analyzing time series of
flow data.
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3 Case studies

In order to evaluate software usage, two sample ecological relationships
were chosen: Fremont cottonwood seedling initiation, and fall-run Chinook
salmon redd-dewatering. The relationship for cottonwood recruitment was
patterned after the Sacramento River Ecological Flows Tool (SacEFT) pre-
defined cottonwood recruitment relationship, which was determined by a
panel of experts for cottonwood seedling recruitment on the Sacramento
River (The Nature Conservancy 2008). In short, the relationship defines the
recruitment season as occurring between April 15 and July 21, and requires
a specified drawdown rate not to be exceeded in the recruitment season or
the seedlings will dry out. The potential habitat for cottonwood recruitment
was assessed for three different flow scenarios (Base [also called 1a], Nodos
[3a], and Shasta [4a]; Figure 23) based on different hypothetical reservoir
operations on the Upper Sacramento River, California between Redbluff
and Colusa (Figure 22), again patterned after input data develop for the
SacEFT (The Nature Conservancy 2008).

The fall-run Chinook salmon redd-dewatering relationship that was used
by SacEFT and that was also used for the other models in the current
report was based on work on the Sacramento River by the U.S. Fish and
Wildlife Service (U.S. Fish and Wildlife Service 2006), who developed
habitat suitability criteria for redd-dewatering based on depth, velocity,
and bed exposed; and related those criteria to different flow regimes. A
conceptual model of the link between redd-dewatering and population
impacts follows. Eggs may be laid at any flow during the spawning period.
Correlated with the flow when spawning occurs is an area of the bed in
which the eggs are laid. Reductions in flows result in reductions of the bed
surface area that is covered by water and also in reductions in water depth
and velocity. As areas become dewatered, or have critically reduced flows,
the eggs die (U.S. Fish and Wildlife Service 2006). Based on the difference
between the flow at egg laying, and the flow at post-laying reduction in
flow, the USFWS developed curves that give the percent redd dewatered.
These curves are used in the analyses reported herein.
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Figure 22. Sacramento River study area.
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Figure 23. Base, Nodos, and Shasta flows; a sample of data from 1966 to 1998.
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Case studies of these two relationships were performed using some of the
software packages. Neither of the two fish-specific software packages was
used for the cottonwood seedling initiation modeling. Because SAM is
configured to evaluate response to changes in channel banks, and because
the six response curves in the SAM ECT (bank slope, floodplain inundation
ratio, bank substrate size, instream structure, aquatic vegetation, and
shade) cannot be configured to evaluate redd-dewatering (cf. Figure 12),
SAM was not used to evaluate fall-run Chinook salmon redd-dewatering.
EnviroFish was also not used for the salmon analysis, because EnviroFish is
designed primarily for analyses of floodplain habitat and is not applicable to
salmon redd-dewatering. In addition, RAP was not used to examine the
Chinook salmon redd-dewatering. RAP could be used to calculate statistics
similar to those calculated in IHA, but more precisely than in IHA because
the period of interest could be specified in RAP. Technical problems linked
with lack of software support were the main reason for not using RAP for
the redd-dewatering analysis.

Sacramento River Ecological Flows Tool (SacEFT)
Cottonwood seedling initiation

In developing metrics to compare the SacEFT with the other models, the
default poor-fair-good output metrics of SacEFT were not used in the final
analysis. The cottonwood initiation model is currently defined in the
program software such that there are three cross sections that are intended
to represent the entire area of concern. Arbitrary nodes are defined across
each cross section and each node is considered with respect to the criteria
for seedling establishment. The nodes satisfying the criteria that allow
cottonwood seeds to establish and successfully grow are counted, summed,
and tabulated. For the default output, good-fair-poor ratings are established
(Figure 24) using defined criteria.

For the current study, a more detailed analysis was performed using data
from the reports that were provided in the software package to document
the default results. From the data in those reports (Appendix C) a sum of
total number of appropriate nodes from 1946 to 1994 was used as the
metric for comparisons with other software packages. These are the data
from which the poor-fair-good ratings were derived; the raw data were
used in a different way in the current study to summarize the total number
of nodes for the analysis in this report (Figure 25). The results for total
number of nodes were used for the final comparison with other software
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packages (Figure 38). In the final analysis, all the values were non-
dimensionalized; the number of nodes in each scenario was divided (non-
dimensionalized) by the total number in the Base scenario.

Figure 24. SacEFT multi-year “rollup” view output.
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Figure 25. Number of potential cottonwood recruitment nodes in SacEFT run.

Fall-run Chinook salmon redd-dewatering

For fall-run Chinook salmon redd-dewatering, the final “roll-up” results
for the SacEFT analyses are shown in Table 3. These data show that the
Base flow scenario has the most “poor” potential habitat; all three
scenarios have almost the same percent “good” habitat. The Nodos flow
scenario has the most “fair” habitat.
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Table 3. EFT “rollup” results for fall-run Chinook Salmon

Chinook salmon EFT dewatering
Flow Type % Poor % Fair % Good
Base flow 33 29 38
Nodos flow 12 51 37
Shasta flow 27 34 39

In order to compare these results with the output from the other models, a
non-dimensional rating system was developed similar to the one used for
the cottonwood, where the values for all three flow scenarios were non-
dimensionalized by the base value. Different combinations of the “Good”
(G) and “Fair” (F) were calculated. For example, in Figure 26, the 1.0 for the
(G+F) Base flow scenario is (38+29)/(38+29) = (G +F)Base/(G+F) Base;
the Nodos value is (37+51)Nodos /(38+29)Base = (G +F)Nodos/(G+F)
Base. Three combinations (G, G+F, and 2G+F) were used (Figure 26) to
compare with the results from the other software packages (Figure 39).
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Figure 26. Chinook spawning potential non-dimensional comparison for EFT results.
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Hydrologic Engineering Center Ecosystem Functions Model (HEC-EFM)
Cottonwood seedling initiation

HEC-EFM focuses on flow and stage changes, and the default output gives a
single number for stage and a single number for flow. In the case of cotton-
wood recruitment, it gives the stage (that occurs once in 10 years) at which
recruitment is successful, based on recession rate and seasonal timing
criteria. The program allows for hypotheses to be formulated, but this
feature is not illustrated in the current figures. For example, one hypothesis
is that a higher value (10-year recurrence interval flow, or stage) is better
than a lower 10-year flow. Based on the relationship definitions, the output
showed the stage and flow that satisfied the cottonwood seedling establish-
ment rules on the average once in 10 years (Table 4). In the case of the
cottonwood relationship, these default outputs are difficult to interpret. For
example, it is not clear whether a higher 10-year flow (stage) indicates better
or worse habitat conditions.

Table 4. HEC-EFM sample summary output table.

Base Shasta Nodos
Relationship Stage, ft Flow, cfs Stage, ft Flow, cfs Stage, ft Flow, cfs
Cottonwood recruitment | 168.9 16,900 168.5 15,377 169.0 17,304
Stage at end of season | 168.4 15,081 168.4 14,960 168.6 15,844

Another way to compare the output is to assume that there is no
recruitment after the end date of the season. Without doing further
analysis, which is possible (for example, one can import the existing
output data into GIS, and calculate areas inundated), one can use the
tables that are available to do further analyses. The area available for
seedling recruitment would be proportional to the difference in stage
between the first day of successful recruitment and the stage on the last
day of the season. The stage differences between successful recruitment
initiation and end of season for the cottonwood relationship for the three
different flows are shown in Table 5.

Table 5. HEC-EFM results for cottonwood seedling
recruitment.

Stage difference (ft)

Base flow Nodos flow Shasta flow

0.5 0.4 0.1
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These results were compared to the results of the other software packages
(Figure 38), where non-dimensionalizing the results allows a comparison
where the base case is represented by 100% in all the models.

Fall-run Chinook salmon redd-dewatering

In EFM, the redd-dewatering relationship was defined in the following way.
The flow in each single day of the egg-laying season was chosen. This season
was defined as October 1 to December 31. Then, from each individual day,

the minimum flow that occurred anytime in the interval 60 days after the

eggs were laid was identified. This results in two numbers that can be
inserted into the dewatering lookup table. Each combination of flows
returns a percent dewatered. The conceptual model assumes that eggs can

be laid in gravels that become exposed, or dewatered, to such an extent that

the reduced flows cannot support the egg survival. A number of statistics
can be used to establish the resulting discharges. Three were used in this

study: the 20% exceedance, 50% exceedance (5-year and 2-year recurrence
intervals), and the mean.

Table 6. HEC-EFM Chinook fall run dewatering output analysis results.

20% exceedance (5-yr

50% exceedance (2-yr

dewatered

flow) flow) Mean
Description Base Nodos |Shasta | Base |Nodos |Shasta |Base Nodos | Shasta
Segszﬁg—laymg 15330 | 12623 | 12870 (8347 8514 |8175 10,708 {9,696 |9,816
Minimum in egg-
incubation 7869 [8046 |6775 |6283 |[5653 |5407 6,432 | 6,075 | 6,484
Percent of redds
30.3% |19.2% |27.0% |7.3% |12.7% |12.3% |24% 14.4% | 18.3%

The inverse of the percent dewatered was non-dimensionalized, plotted,
and the different methods were compared to each other (Figure 27), and

used in the final comparison (Figure 39). The inverse was used because the
more dewatered, the less the good habitat, and the final metric was chosen

to represent the good habitat.
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Figure 27. HEC EFM Chinook fall run dewatering output using different flow
frequencies.

eWater Cooperative research Centre River Analysis Package (RAP)
Cottonwood seedling initiation

It was a simple matter in the Time Series Analysis (TSA) module in RAP to
calculate and output the mean fall rate during the recruitment season and
to use this as a metric for cottonwood recruitment (Figure 28).

OutputTable
Base___46_94_cfs Nodos__46_94_cf Shasta_46_94 cfs

Name Abbreviation _australian.csv s_australian.csv  _australian.csv
Reporting Period Summary

Run date RunDate 23/01/201011:29 23/01/201011:29 23/01/201011:29
Start based on User Start 1/10/1945 1/10/1945 1/10/1945
End Date End 30/09/1994 30/09/1994 30/09/1994
Rise and Fall result
Whole Period
Mean rate of Fall MRateFall 1448 880 824
Summary For Season Recruitment
Mean of Recruitment Mean rate of Fall MDFMRateFallRecruitment 567 274 203
Median of Recruitment Mean rate of Fall MedMRateFallRecruitment 382 175 123
CV of Recruitment Mean rate of Fall CVMRateFallRecruitment 0.95 0.896 1.029
Variability of Recruitment Mean rate of Fall VarMRateFallRecruitment 3.025 4.053 4.248

Figure 28. RAP output for mean rate of fall during the recruitment season.
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Taking the mean of the mean rate of fall, dimensionless ratings were
developed as they were for the other software package results, yielding the
relationships in Figure 29, which were used in the overall comparison of
all models.
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Figure 29. Rap cottonwood seedling recruitment potential flow scenarios compared.

The Ecological Response Model (ERM) module in RAP could be used to
further define ecosystem relationship rules for cottonwood recruitment,
but learning time for defining relationships in the software is significant,
and an ERM analysis was not done for the current study. Additionally, it is
not clear whether the ERM is still supported or offered as part of the RAP
system.

Indicators of Hydrologic Alteration (IHA)
Cottonwood seedling initiation

The same three flow scenarios used in the previous software package
applications were used in applying IHA to the cottonwood recruitment
problem. A set of IHA indices were applied to various weighted
combinations to evaluate cottonwood seedling recruitment habitat. Three
different hypotheses were considered: 1) the faster the flow recedes, the
better for habitat suitability (because a faster recession rate will expose
more area for recruitment), 2) the recession rate in season has to be less
than a certain amount (derived from the stage discharge curve), and 3) the
fewer reversals in the season, the better.
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A composite index was formed (Equation 1). The first “a” component
addresses the hypothesis that the faster the mean fall rate, the better. The
“mean seasonal scenario fall rate” is the mean rate of flow fall in the
seasons of interest for a selected scenario (i.e. Base, Nodos, or Shasta), and
the “mean seasonal Base fall rate” is the mean rate of flow fall during the
season of interest for the Base case scenario. The “b” component addresses
the issue that if the stage drops at a certain rate, it will kill the seedlings.
As a crude approximation, the number of “killing” fall rates have been
counted (where “killing” is defined as the number of rates that are greater
than 2.9 cm/day.) In order to make an index that positively weights the
minimization of killing rates, the number of killing rates in a specific
scenario were subtracted from the sum of killing rates in all scenarios, and
non-dimensionalized by the sum in all scenarios. The “c” component is
composed of the number of flow reversals.

Index

(mean seasonal scenario fallrate)
(mean seasonal Base fallrate)

b (sum of #of rates greater than "killing" in all scenenarios —#in scenario) (1)

(sum of #of rates greater than "killing" in all scenarios)

+C

(sum of #of reversals —#in scenario)]

(sum of #of reversals)

Table 7 shows the raw data derived from the IHA graphs and data, and
Table 8 shows the results using different values of the weighting factors. It is
reasonable that factors b and c have less weight than factor a. Two indices
were ultimately used: 1) the a component alone (the fall rate of the hydro-
graph during the season of interest) and 2) with a=0.75, b=0.20, and

c= 0.05. This represented a portion of the cottonwood recruitment
relationship that was originally defined. It does not completely account for
fall rates that are too fast, which would “dry out” the seedlings. An
assumption was made that the faster the mean seasonal fall rate, the more
area would be available. For example, a fall rate of 188 cfs/day is better than
171 cfs/day. This is a crude assumption, and even with the other criteria in
weighting factors b and c, the criteria that a drawdown rate that is too fast
will desiccate and kill the seedlings (a model requirement that was included
in the HEC-EFM criteria) is not adequately modeled. IHA allows the
creation of a number of graphs, and also allows access to all the data from
which the graphs are made. In order to get the quantity of mean fall rate in
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the season of interest, a graph was defined, created, and used to determine
the desired number.

Table 7. IHA statistics for evaluating Cottonwood recruitment potential.

Factor | Description Base flow | Nodos flow | Shasta flow
a Mean seasonal fall rate (cfs/day) 188 171 99
Number of seasonal rates below standard deviation
b 2 4 0
of Base
c Number of reversals in the recruitment season 11 4 3
Table 8 IHA Composite index of Cottonwood recruitment potential
Graph Weighting factors Composite Index value
name a b c Base Nodos Shasta
IHA 1 0 0 1.00 0.91 0.53
IHA2 0.75 0.2 0.05 1.00 0.87 0.71

Figure 30 shows the results of the two composite indices that were used.
Qualitatively the results are the same, and show that the Base flow scenario
potentially provides more habitat, with the Nodos and Shasta following in
that order. For the final comparison of the results from all software
packages, the simple metric with a=1 (the fall rate of the hydrograph during
the season of interest) was used (i.e. IHA on the bar graph).

Relative potential
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Cottonwood recruitment potential
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0.6 -
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Figure 30. Cottonwood recruitment potential.
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Figure 31. IHA Seasonal analysis of mean fall rate (for Base and Nodos) (Note:
the data used for cottonwood recruitment assessment were taken from the
dotted lines, which represent the mean fall rate in the recruitment season.)

Fall-run Chinook salmon redd-dewatering

IHA is useful as a tool to analyze the changes in flow from one operational
schedule to another. This is often in the form of pre- and post-dam flow
regimes, or other changes to flows. IHA is also effective as “a screening
tool,” which can be used to screen for possible limiting factors. IHA was
used in three ways, 1) to screen for possible high flows, which could scour
the redds; 2) to analyze flow decreases for changes in habitat that could
cause redd dewatering; and 3) to examine general indices that might relate
to the dewatering. The tabular data, processed with some additional
mathematical steps, were used to develop the dewatering table. For the
third method, standard IHA indices were used and a parameter that could
measure flow decrease was sought, because redd dewatering increases
monotonically with higher flow decreases.

The same life-history conceptual relationship used in the previous cases
was used for this analysis. The first part of the IHA analysis examined the
average flow in the season for the egg laying (October 1 to December 31).
Next, flow decreases following the egg-laying were examined. From the
relationship between the flow at which the eggs are laid, and how far it
tends to drop sometime in the next 60 days, the redd-dewatering curve
(Appendix E) was used to estimate the percent dewatered with that
particular flow drop. Ideally, a program could calculate the percent of
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habitat dewatered for each day during the spawning season. Such a
procedure would sequentially examine each day during the spawning
season by recording the daily discharge of a “spawning day” and then
identifying the minimum daily flow within the subsequent 60 days. The
difference between the spawning day and the 60-day minimum would
indicate the proportion of eggs laid on the spawning day that become
dewatered. This procedure would be conducted for each spawning day,
yielding a cumulative total for the entire season.

However, this procedure cannot be followed within IHA. Thus, a statistical
measure (the mean and the median of the entire 49-year record) of the
flow in the egg-laying season was used to characterize the egg-laying flow.
This is the same statistical value calculated in EFM. Following this step,
the data in IHA were used to get a statistical measure of the minimum in
the “incubation” season, which was defined as October 1 to March 1, a
season that would include any of the days in which eggs could be
dewatered. This value differed from the one derived in EFM, which was
more particularly derived from the minimum that occurred sometime in
the 60 days after the specific date of egg-laying.

Both the mean value of each of the egg-laying Q’s and the incubation
period minimum were used; and then the median. Based on the values of
the Q’s, the look-up table in Formation was entered and the percent of
redds dewatered was caluculated.

Table 9. IHA redd dewatering.

Mean Median
Criteria Base Nodos |Shasta |Base |Nodos |Shasta
Q in egg-laying season 9267 8509 8728 7250 |6446 6425
Minimum in egg-incubation 6093 5910 6611 5780 |5105 |5380
Percent of redds dewatered 14.1% [10.5% |7.6% 53% [45% |3.4%

IHA indicators that represent flow decreases were searched for. One
possibility was the “low-flow” pulses. A pulse is defined as a daily mean
flow that falls below a selected threshold; in this case it is the number of
daily mean flows less than the 25th percentile over the period of record.
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Figure 32. IHA low pulse count.

Table 10. IHA seasonal low-flow pulses over 49 years.

Base 60
Nodos 78
Shasta 64

Figure 33. IHA seasonal fall rate.
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Table 11. IHA sum of fall rate over years of record.

Base -13144
Nodos -6458
Shasta -6646

Looking at all the results for the IHA parameters considered, there are

very similar results for the two analyses that use the weighted useable area
(WUA) curves for dewatering. The Shasta scenario is the best, followed by
Nodos and then Base. The low-flow pulses suggest that the Base is the best

with the others somewhat less. The fall rate suggests that Nodos and
Shasta are similar and both are better than the Base case. In order to

compare all the measures, they were non-dimensionalized. Because more
dewatering means less habitat, the inverse of the non-dimensional number

was used for comparisons.
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Figure 34. IHA dewatering analysis.
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Hydroecological Integrity Assessment Process / Hydrologic Assessment
Tool (HIP/HAT)

Cottonwood seedling initiation

In applying the HAT to the cottonwood recruitment example scenario, it
was necessary to study the definitions of the indices and to choose one, or a
combination of, indices that seemed applicable to the problem. After
experimenting with different combinations, a single index seemed the most
appropriate, which was the mean rate of flow fall for those days when the
flow reduces (Figure 35). This is almost identical to the approach used with
IHA, but it is less versatile and less precise than the IHA approach, because
it does not have a way to use an average limited to the recruitment season.

Figure 35. HAT output showing the hydrologic index for mean rate of flow fall for those
days when the flow reduces.

Fall-run Chinook salmon redd-dewatering

The pre-defined indices that best represent the dewatering phenomenon
both relate to the fall rate of the flows. As with IHA, there is no method to
limit the calculations to the season in question, so the indices represent
the entire flow year. Two indices were chosen.
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RA3 (fall rate) “compute[s] the change in flow for days in which the change
is negative for the entire flow record. RA3 is the mean (or median — Use
Preference option) of these values (cubic feet/second/day). RA7 (change of
flow) compute[s] the log10 of the flows for the entire flow record. [RA7]
computes the change in log of flow for days in which the change is negative
for the entire flow record. RA7 is the median of these log values (cubic feet/
second/day).”

Figure 36. HIP/HAT indices.

Table 12. HIP/HAT indices.

Index Base Nodos Shasta
RA3 1 0.548 0.483
RA7 1 0.5 0.542

In order to compare all the measures, they were non-dimensionalized.
Because more dewatering means less habitat, the inverse of the non-
dimensional number was used for comparisons.

1 RAP interactive help.
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Figure 37. HAT dewatering results.
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Summary and discussion

Choosing an appropriate software package for a specific application related
to modeling ecosystem functions requires knowledge of the capabilities of
the software packages being considered. When faced with a problem that
requires ecosystem modeling, decision makers often do not have the
resources to explore a range of software packages. This review examined
seven software packages that can be applied to evaluate habitat changes in
response to hydrologic changes. The goal of the review was to make it easier
for a manager or decision-maker to decide which software package(s) would
be appropriate for a specific application.

The models evaluated here were classified into two categories: 1) models
that focused primarily on “ecosystem relationships,” and 2) models that
focused on “environmental flows.” Ecosystem relationship models simulate
habitat conditions based on specific biological processes and how the
habitat changes when the environmental conditions change. Two of the
models that are included in the ecosystem relationship group are designed
specifically to evaluate fish habitat. Environmental flow models analyze the
changes in hydrologic flow. This type of model was specifically designed to
analyze flow alterations. If the defined sample problems — which were
defined as the ecological functions of cottonwood seedling recruitment and
salmon redd dewatering — had instead been related to developing indices of
flow regime alteration, the environmental flow models would have been
more direct and easier to apply than the ecosystem relationship models.

For evaluating habitat quality of ecosystems, all of the models reviewed
tend to be based on the thinking behind “habitat suitability indices.” This
means that the quantitative evaluation of habitat change is ultimately
based on a ranking system established by a body of scientific expertise,
often developed from research studies. For the ecosystem relationship
models, the habitat suitability assessment is an explicit part of the model,;
for the environmental flow models, the habitat suitability tends to be
determined outside of the modeling effort.

The two environmental flow software packages (IHA, HIP/HAT) are similar
to each other and produce a similar array of flow regime indices. Both
software packages are oriented to evaluating “instream flow” requirements,
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which is an important and prominent issue in river management. The
ability to assess ecosystem functions in the “environmental flow paradigm”
is implicitly embedded in the assumption that a “natural” flow regime tends
to satisfy the flow required to create suitable habitat for species in an
ecosystem. These software packages were not specifically designed to
simulate the habitat, or to address the biological processes that depend on
the habitat. Although not specifically designed for habitat assessment, these
indices of hydrologic conditions can be used to consider such questions. As
illustrated by the simple examples used here (assessing habitat for
cottonwood seedling recruitment and examining the habitat quality defined
by redd-dewatering for the fall-run Chinook salmon), defining the indices
(or combination of them) that correlate with habitat quality is the key step,
and requires technical knowledge. A study comparing the utility of these
two programs for use in the Texas Instream Flow Program concluded that
“IHA, as its name implies, is best suited to assess hydrologic alteration and
to quantify the effects of dam construction and other such water manage-
ment development projects on the flow regime via two-period analyses and
the Range of Variability Approach. HAT, as its name implies, is focused on
characterizing streamflow, particularly in the context of a regional analysis
of factors that influence streamflow properties” (Hersh and Maidment
2006). Neither software package was directly suitable for the Texas
program; both required modifications for the needs of the instream flow
program. The study concluded that there was little difference between the
two software packages for characterizing streamflow hydrographs.

“One of the logical problems encountered when trying to use the flow
indices, either environmental flow components (EFC's) in IHA or the
indices in HIT/HAT, comes in thinking about rules for evaluating impacts
or conserving species based on analyzing multiple flow indices as done in
most applications. A good example is current work on analyses of
HIP/HAT flow indices and trout abundance in Missouri streams (Kennen
et al. 2009). When using rules like 25th to 75th percentiles in HIP/HAT or
mean plus or minus 1 standard deviation as Richter proposed, one rapidly
runs into the issue of how to obtain such intervals simultaneously across
multiple flow indices. There will always be tradeoffs in one group of flow
indices versus another group or two. The only way to resolve these
tradeoffs in flow indices would seem to require information on how
biological components (e.g., fish species) or ecological processes are
related to the flows, and which ones are deemed more important in a given
analysis. So although avoiding direct linkages with important biological
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components and ecological processes may make it easier to get started
with an analysis using IHA or HIP/HAT, the issue of which flow indices
are related to which biological components/ecological processes will
always return in some form when trying to interpret outputs from these
flow index approaches. And establishing meaningful relationships between
the flow indices and some biological measure is not easy nor will such
relationships ever have strong relationships with narrow intervals of
responses. People are just barely beginning to explore these issues with the
flow indices. None of the issues will be a surprise to anyone who has
worked with terrestrial habitat suitability models for many years.”!

Of the programs reviewed here, three have specific target fish species
(Table 13). The table shows the partial overlap of the selected fish species
of the software packages. EnviroFish is specific to the Mississippi River
region and includes approximately 100 in-channel and floodplain fish.

Table 13. Fish relationships “common” to SacEFT, SAM ECT (Version 3.0), and EnviroFish.

EnviroFish1l SacEFT SAM ECT

Chinook salmon | Chinook salmon (Oncorhynchus tshawytscha)
Central Valley spring-run

Central Valley fall-run

Central Valley late fall-run

Sacramento River winter-run

Steelhead Central Valley steelhead DPS (Oncorhynchus mykiss)
Threatened

Delta smelt (Hypomesus transpacificus) Threatened

Shovelnose Green sturgeon | Green sturgeon southern DPS (Acipenser medirostros)
sturgeon

1EnviroFish currently applies to about 100 species of Mississippi River in-channel and floodplain fish;
only one is shown here.

Two of the software packages, which were designed to be used for fish
species (SAM and EnviroFish), are currently limited to the target locale and
application for which they were designed. EnviroFish was designed for
floodplain fisheries of the Mississippi River basin. SAM was designed to be
used to assess changes in fisheries habitat resulting from possible bank
revetment scenarios on the Sacramento River. Both are currently in limited
public use, and tend to be used by a limited group of “in-house” trained
users related to the USACE. Review of these two packages was limited to a

1 This paragraph was contributed by Brian Cade of the USGS.
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description; they were not used with a sample data set, as were the other
packages. There were two main reasons for this. First, the sample problems
were framed as flow-change problems, with a time series of discharges and
stages used as the variable that changed between scenarios. These input
data — flow time series — are not standard input data for SAM or
EnviroFish. Second, for EnviroFish, the sample fish problem is a
Sacramento River species whose spawning and rearing behavior is limited
to the main channel; EnviroFish focuses on Mississippi River species with
floodplain life history behaviors.

A useful development, for both the environmental flow and ecosystem
relationship software packages, is a peer-reviewed library of relationships
to assess specific habitats. This is similar to the extensive library of habitat
suitability indices (HSI) that exists (USGS 2010). For the environmental
flow example, research studies could be performed that correlate a specific
combination of indices with specific habitat quality; then that index or
weighted group of indices could be used confidently by various groups to
evaluate the specified habitat. Likewise, with the ecosystem relationships
group of programs, if the habitat requirements were defined by research
groups, and research results were peer-reviewed, then one could refer to
the research to use a defined relationship. A library of relationships could
then be established that users could call upon for specific applications.

One related effort for standardizing such information is TNC’s Ecological
Limits of Hydrologic Alteration (ELOHA) framework (Poff et al. 2010),
whose goal is evaluating environmental flows when detailed site-specific
information is not available. The ELOHA framework, and particularly the
ELOHA Toolbox,! has a detailed collection of information and references
related to the use of environmental flows to assess ecologically significant
hydrologic alteration at a regional scale.

In using specific ecosystem relationships (cottonwood seedling recruitment
and salmon redd dewatering) in the course of this review, technical
knowledge of the biological life history played a key role in successfully
using the software packages. Some of the software packages are designed to
give simple output data related to ecosystem response (e.g. SacEFT, HEC-
EFM, HIT/HAT). In some cases, the pre-defined output is relatively easy to
interpret by a lay practitioner (e.g. SacEFT); in some cases it is not. In

1 http://conserveonline.org/workspaces/eloha
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general, for evaluating ecosystem response to changing environmental
conditions, the definition of the relationship rules, the choice of which
output to use, and the interpretation of the output all require technical
knowledge of the biological system in question. For the environmental flow
programs, the choice of which indices to choose in order to reflect a defined
ecosystem response also requires significant technical knowledge.

Many of the software packages can analyze and visualize flow time series,
which is output data that are generally accessible and useful to a wide
range of users, both expert and general. But this is essentially a
visualization of the input data, and not a metric of habitat suitability.

In utilizing similar criteria for the cottonwood seedling recruitment in five
of the software packages (excluding the fish-only ones) the results were
qualitatively similar (Figure 38). The scale of the quantitative metrics
differed in each case; therefore, the results for the different programs were
non-dimensionalized, with each value presented as a percentage of the
Base flow scenario case. All programs showed that the Base flow case had
the most habitat potential, the Nodos case had the second-most potential,
and the Shasta case had the least habitat potential in all cases. The results
are similar for IHA, HAT, and RAP probably because a very similar metric
was chosen to represent the recruitment model.

1.2 : :
Cottonwood recruitment potential

S . mEFT
038 -

° EEFM
20.6 -

2 IHA
20.4 -

< m HAT
0.2 -

B RAP
O .

Base Nodos Shasta
Flow scenario

Figure 38. Cottonwood recruitment potential with different flow scenarios
as modeled by five software packages.

For the Chinook salmon habitat potential, based on the limiting factor of
redd-dewatering, multiple indices were developed for four of the models.
Each of those indices, non-dimensionalized by the Base flow value, was
plotted (Figure 39). On the average, the Nodos and Shasta scenarios show
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potentially better habitat for the salmon, based on the redd-dewatering
relationship.

2.5

Chinook redd-dewatering potential
BEFTG+F

WEFTG

B EFT 2G+F

B EFM mean

B EFM 5-yr

B EFM 2-yr
IHA low pulses

| |HA fall rate

B IHA - median dewat wua
IHA -mean dewat wua

HAT RA3

HAT RA7

Base Nodos Shasta

Figure 39. Chinook redd-dewatering potential with various flow scenarios as modeled by four
software packages.

The process of utilizing an ecosystem functions and flow modeling approach
is similar to the Range of Variability approach (Richter et al. 1997; Richter
and Richter 2000), which is effective for setting quantitative flow-
management goals.

The process of developing relationships for ecosystem flow models and
other analysis tools like environmental flow tools is illustrated in
Figure 40.

1. The process begins with examining individual life stages of a species in
guestion (step 1).

2. Once these life stages are conceptually described, a simple initial screening
can be performed to see if the life stage process is sensitive to the
environmental changes in the project being considered (step 2).

3. The habitat preferences for each life stage and how habitat preference is
linked to flow is then reconsidered (step 3).

4. Based on that, the process differs slightly for the two types of models that
have been considered. The ecosystem functions models use life stage-
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habitat-flow linkages and a defined relationship to develop hypotheses

(step 4).

The environmental flow models use the linkages to identify specific
environmental flow components or indicators that influence the life-
stage habitat preference (e.g. Mathews and Richter 2007). The RVA
approach can be a subset of step 2 in the flow chart below.

5. An Ecosystem functions model like EFM then has internal review
capabilities (Vue) where the flow-process linkage (step 1), relationship
dynamics (step 3), and hypotheses (step 4) can be visualized. This
visualization and review (step 5) can be an important juncture where

stakeholder communication and input are valuable.

6. Based on this analysis, interpretation of output results and hypotheses
testing (step 6) can be the result of technical advisory meetings based on
the presentation of the visual output.

7. Decisions may be made to refine some of the preceding steps (step 7), until
aworking set of results is agreed upon.

Step 1. Life history
analysis; identify flow-
process linkages and

limiting factors

>

Step 2. Initial screening of
variability naturally and
between scenarios
(sensitivity to flow factor)

Step 3. Identify and refine
key ecosystem
relationships related to
changing flow and other
factors

\ 4

Step 4. Develop
hypotheses about
ecosystem impacts related
to flow changes

Step 5. Run ecosystem
functions model and review
graphic output
(visualizations)

Step 6. Interpret output
results and hypothesis
testing

\ 4

Step 7. Refine where
necessary - revisiting
previous steps

Figure 40. Conceptual stages in using ecosystem modeling to inform management decisions.
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For the majority of the software packages, the most important aspect of
ecosystem modeling is establishing and using a panel of experts to define
the ecosystem relationship to be used, determine which metrics will be used
to assess the change in habitat resulting from a change in the environment,
and define how the results are to be interpreted. SacEFT and SAM differ
because the “expert panel” was used to develop the relationships, which are
then embedded in the software packages. In that sense, these two packages
could be the most easily used by non-experts. Currently, HEC-EFM and
RAP ERM have the most flexibility in terms of user-defined relationships;
both of these software packages could be used for a wide range of ecosystem
habitats and ecosystem relationships. Both of them accept HEC RAS data.
HEC-EFM is easily extended to produce GIS visualization of its results. RAP
appears to not be widely used, is not well supported, and is apparently not
cited in research papers. HIT/HAT and IHA are essentially “environmental
flow” software packages that produce similar indices of flow regimes.
Currently IHA is widely used and is cited in numerous research studies.
HIT/HAT tends to be used by USGS-specific projects.

Projects that require analyses of ecosystem response to changing flow
regime and other environmental factors can depend on software
technologies for modeling. Choosing the appropriate technology is a vital
concern for each project. This review aims to help managers evaluate
which models would be useful for specific applications related to assessing
habitat and ecosystem functions.
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Appendix A: Citations and resource papers
for the software packages

Software
package
Name

Selected Citations/Resource papers
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the Sacramento River—a focal species approach. Final Report. Prepared by Stillwater Sciences, Berkeley for The Nature
Conservancy, Chico, California.

ESSA Technologies Ltd. 2005. Sacramento River Decision Analysis Tool: workshop backgrounder. Prepared by ESSA
Technologies Ltd., Vancouver, British Columbia for The Nature Conservancy, Chico, California. Available at:
www.delta.dfg.ca.gov/erp/sacriverecoflows.asp

ESSA Technologies Ltd. 2007. Sacramento River ecological flows tool (SacEFT): design & guidelines (v.1.00.018).
Prepared by ESSA Technologies Ltd., Vancouver, British Columbia for The Nature Conservancy, Chico, California.
Available at: www.delta.dfg.ca.gov/erp/sacriverecoflows.asp

ESSA Technologies Ltd. 2008. Appendix F. SacEFT Analysis Results. Prepared by ESSA Technologies, Vancouver, B.C. for
The Nature Conservancy, Chico, California. (http://www.delta.dfg.ca.gov/erp/sacriverecoflows.asp)

HEC-EFM

Jones and Stokes. (2000). Final functional relationships for the Ecosystem Functions Model, Sacramento and San
Joaquin River Basins Comprehensive Study, Sacramento, CA.

A. H. Arthington, R. J. Naiman, M. E. Mcclain and C. Nilsson (2009) Preserving the biodiversity and ecological services
of rivers: new challenges and research opportunities; Freshwater Biology doi:10.1111/j.1365-2427.2009.02340.x
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Engineering Center, Davis, CA.
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floods in a dryland river." Freshwater Biology 55(1): 68-85.

U.S. Army Corps of Engineers (USACE) and Reclamation Board, State of California (Rec Board). 2002. Ecosystem
Functions Model - Technical Studies Documentation, Appendix G. Sacramento and San Joaquin Rivers Basin
Comprehensive Study, Sacramento, CA.

Hutzinger, Hickey, and Walker. 2008. How Much Water Do Stream-Dependent Species Need? Southwest Hydrology
July/August 2008.

Hickey. 2007. Models and Software for Supporting Ecologically Sustainable Water Management. Water Resources
IMPACT July 2007.

RAP

Marsh, Nick. 2004. River Analysis Package - Users Guide. CRC for Catchment Hydrology, Australia 2004.
http://toolkit.ewater.com.au/Tools/RAP/documentation.
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Software
package
Name

Selected Citations/Resource papers

SAM

U.S. Army Corps of Engineers, Sacramento District. 2004. Standard Assessment Methodology for the Sacramento
River Bank Protection Project, Final. Prepared by Stillwater Sciences and Dean Ryan Consultants, Sacramento AC.
DACWO05-99-D-00066. Task Order 0017.30 July. http://www.stillwatersci.com/resources/2004SAMfinalreport.pdf

IHA

Richter, B. D., Baumgartner,J.V.,Powel,J.,Braun,D.P. (1996). "A Method for Assessing Hydrologic Alteration within
Ecosystems." Conservation Biology 10(4): 1163-1174.

Richter, B. D., Baumgartner,J).V.,Wigington,R. (1997). "How Much Water Does a River Need?" Freshwater Biology 37:
231-249.

Richter, B. D., Baumgartner,J.V.,Braun,D.P.,Powell J. (1998). "A Spatial Assessment of Hydrologic Alteration Within A
River Network." Regulated Rivers: Research & Management 14: 329-340.

Mathews, R. and B. D. Richter (2007). "Application of the Indicators of Hydrologic Alteration Software in Environmental
Flow Setting." JAWRA Journal of the American Water Resources Association 43(6): 1400-1413.

HIP/HAT

Olden, J.D., and N.L. Poff. 2003. Redundancy and the choice of hydrologic indices for characterizing streamflow
regimes. River Research and Applications 19:101-121.

Poff, N.L. 1996. A hydrogeography of unregulated streams in the United States and an examination of scale-
dependence in some hydrological descriptors. Freshwater Biology 36:71-91.

Henriksen J.A., Heasley J., Kennen J.G. & Nieswand S. (2006) Users’ Manual for the Hydroecological Integrity
Assessment Process Software (Including the New Jersey Assessment Tools). Open-File Report 2006-1093. U.S.
Geological Survey, Fort Collins Science Center, Fort Collins, CO.

Kennen J.G., Henriksen J.A. & Nieswand S.P. (2007) Development of the Hydroecological Integrity Assessment Process
for Determining Environmental Flows for New Jersey Streams. Scientific Investigations Report 2007- 5206. US
Geological Survey, New Jersey Water Science Center. Available at: hitp://pubs.er.usgs.gov/usgspubs/sir/sir20075206

Kennen, J. G., J. A. Henriksen, et al. (2009). Application of the Hydroecological Integrity Assessment Process for
Missouri Streams Open-File Report 2009-1138 U. S. D. o. t. Interior and U. S. G. Survey: 57.

EnviroFish

Killgore, K. J., et al. 2009. EnviroFish Version 1.0 User Manual (Draft). System Wide Research Program ERDC/EL TR-

08-.

http://www.mvm.usace.army.mil /stjohns/2009 _update/Model_Certfication_Documents/4_Envirofish/EnviroFish_User_Manual_19
Mar_09.pdf
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Appendix B: User Base for the Software
Packages

Software
Number | package Name | User base
1 SacEFT Version 1. Targeted user base consists of managers and decision makers related to water-planning
efforts on the Sacramento River.
2 HEC-EFM USACE managers. Environmental and engineering consultants.
RAP The target audience was defined as:
Water resource managers
Consultants
3 Scientists
River management community groups
Expert Panels
Currently, the program does not appear to be actively used or supported.
4 SAM USACE for bank protection mitigation and evaluation.
5 IHA Widely used. http://www.nature.org/initiatives/freshwater/files/iha_apps.pdf provides a 20-page list of known
applications.
6 HIP/HAT
7 EnviroFish BETA. Previous use: Yazoo Delta projects in Mississippi during the late 1990'’s. Previously used for

Mississippi River flood-control projects. Current version not yet in public use.
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Appendix C: EFT data available in detailed
reports

SacEFT - Riparian Initiation Multi-year Report
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Appendix D: IHA 33 basic indices

Richter et al. 1998.
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Appendix E: USFWS redd dewatering table

Table 14. Fall-run Chinook redd-dewatering relationship (U.S. Fish and Wildlife Service 2006).
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