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Summary
Unlike the continental U.S., Alaska’s major rivers are still free‐flowing and support some of the most
abundant Pacific salmon populations in the world ‐ this includes the Susitna River. For the third time in
six decades, a federal license for the construction and operation of a 600 MW hydropower dam is being
considered on the Susitna’s mainstem. This is the first time it is being considered as a renewable energy
resource to meet the state’s voluntary Renewable Energy Portfolio Goal of 50 percent by 2025.
Globally, we have decades of experience understanding the known and unintended consequences of
large‐scale hydropower development. It’s from this experience that innovative governance, financing,
planning, design and operational solutions have been born. Key to leveraging this experience to avoid
unmitigable decisions is being forthright about what we still don’t understand in those ecosystems
we’ve been working to restore for decades. To date, despite significant investments in mitigating the
impacts of large‐scale hydropower in the continental U.S., affected Pacific salmon stocks have not yet
recovered (NMFS 2015 & 2016).
The briefing paper builds on the Phase I Preliminary Framework for Ecological Risk Assessment of Large‐
scale Hydropower on Braided Rivers in Alaska (ERA), with a focus on risks to Pacific salmon populations
(Anchor QEA 2015). The ERA methodology is based on a U.S. Environmental Protection Agency
framework to define the problem, assess related impacts and characterize risks and uncertainty.
Focusing on the proposed Susitna‐Watana hydropower dam, the ERA identifies four ‘first‐order’ effects
of hydropower development on Pacific salmon – these include flow (and ice) regimes, sediment regimes,
connectivity (instream barrier) and water quality – and serve as the hub of influence from which
secondary and tertiary impacts are expected to radiate. This paper aims to contribute to a dialogue
around hydropower development approaches and characteristics that may be compatible with
supporting Alaska’s robust Pacific salmon populations and the communities they support, by providing a
summary of and references to:





Contemporary approaches to sustainable hydropower development
Supporting science, case studies and emerging technologies to avoid and minimize adverse
first‐order effects of hydropower development on flow, sediment, connectivity and water
quality as they influence Pacific salmon populations; and
A comparison between the proposed Susitna‐Watana project and a range of first‐order risk
indicators, demonstrated best practices and mitigation technologies

Through this review we find incredible innovations in planning and design approaches and technologies
available to meet energy and ecological objectives. Examples include, operational releases to support
habitat and fish abundance, sediment bypass tunnels, regional fish migration plans, fishways safely
passing more than 90% of migrating salmon and hydropower turbines and outlets that can both
maintain water quality and increase electricity generation. Conversely, we find that the proposed siting,
design and operation of the Susitna‐Watana Project exceeds risk indicator thresholds and is outside of
the range of reviewed mitigation technologies to avoid or mitigate significant impacts to stream flow,
sediment transport, habitat connectivity and water quality.

Section 1. Introduction
With a changing climate, the need for low‐carbon energy sources has renewed investment in
hydroelectric power globally. The Nature Conservancy is currently engaged at all levels of the global
hydropower development curve. In those regions planning significant hydropower development in the
coming decades, like Latin America and Africa, we are working with governments and financial
institutions to incentivize basin‐scale planning and a decision process linked to a transparent
sustainability framework. In places with a relatively mature hydropower network and evolved regulatory
system, like the continental U.S., we are working with private and public dam owners to restore rivers by
incorporating best practices into existing facility design and operations. Where those practices fall short
of restoration goals, we are seeking and promoting opportunities to ‘re‐think’ our hydropower network,
by concentrating investments and hydropower improvements in publically relevant infrastructure and
removing those dams whose environmental and social costs outweigh their economic benefit.
Unlike the continental U.S., Alaska’s major rivers are free‐flowing and support some of the top
remaining Pacific salmon populations in the world ‐ this includes the Susitna River (Johnson and
Daigneault 2013, ADFG 2013). For the third time in six decades, a federal license for the construction
and operation of a 600 MW hydropower dam is being considered on the mainstem Susitna River. This is
the first time it is being considered as a renewable energy resource to meet the state’s voluntary
Renewable Energy Portfolio Goal of 50 percent by 2025. While it is known that the Susitna River
supports all five species of Pacific salmon (Oncorhynchus spp), including one of the top sockeye
populations in the world, like much of Alaska’s 365,000 miles of rivers and streams, the majority of the
Basin’s waters have not yet been surveyed (Johnson and Daigneault 2013). As proposed, the Susitna‐
Watana hydropower dam would disconnect migrating Chinook salmon from spawning habitat in the
upper Susitna River, and its design and operation could affect flow, sediment and thermal regimes on
the entire mainstem from the dam to Cook Inlet (Anchor QEA 2015).
Alaskans have a unique opportunity. Globally, we have decades of experience understanding the
implications of known and unintended consequences of large‐scale hydropower development. It’s from
this experience that innovative governance, financing, planning, design and operational solutions have
been born. Key to leveraging this experience to avoid unmitigable decisions, is being forthright about
what we still don’t understand in those systems we’ve been working to restore for decades.
The objectives of this white paper are to provide a summary of, and references to:
 Section 2 (pg. 3). Contemporary approaches to sustainable hydropower development;
 Section 3 (pg.6). Supporting science, case studies and emerging technologies to avoid and minimize
adverse effects of hydropower development on flow, sediment, connectivity and water quality; and
 Section 4 (pg. 27) A comparison between the proposed Susitna‐Watana project and a range of risk
indicators, demonstrated best practices and mitigation technologies.

Section 2. Contemporary approaches to sustainable
hydropower development



There are several converging global and domestic initiatives and supporting
frameworks for sustainable hydropower development that include optimizing
across social, environmental and economic objectives, at local and regional scales.



In the U.S., not all hydropower is considered to be ‘renewable’ energy – with many
states imposing limits to size, construction date, or requiring certification by the
Low Impact Hydropower Institute.



In the last couple of years, U.S. government agencies have placed a significant
emphasis on sustainable hydropower development including the 2015 Sustainable
Hydropower Action Plan (U.S. Department of Energy, U.S. Department of the
Interior and the Department of the Army MOU) and the Department of Energy’s
Hydropower Vision.

Hydropower Sustainability Assessment Protocol (Protocol). The Protocol is an international
sustainability assessment tool developed between 2008 and 2010 by a multi‐stakeholder forum with
representatives from social and environmental NGOs, governments, commercial and development
banks and the hydropower sector (IHA 2010). The Protocol is not a certification rather it is an
assessment and disclosure practice that was designed to be used at any stage of hydropower
development including early stage, preparation, implementation and operation. The Protocol includes
an assessment of sixteen indicators of sustainability, generally in the categories of social, economic and
cultural sustainability (Table 1). The Protocol is overseen by the Hydropower Sustainability Assessment
Council. The Conservancy generally supports use of the Protocol when developing new hydropower, but
has identified areas for potential improvement including the future consideration of regional or basin‐
scale hydropower planning.1
The Nature Conservancy’s Hydropower‐by‐ Design Approach. Hydropower by Design is one of the
Conservancy’s approaches to identify development scenarios that allow for energy production while
maintaining vital river functions. It involves the consideration of social and ecological resources when
planning and developing hydropower resources. Principles of the approach include: (1) influencing the
siting of hydropower, avoiding the most damaging sites and directing development toward sites with
lower impacts; (2) minimizing impacts at a site, (3) effective basin‐scale conservation and mitigation; and
1
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(4) seeking collaborative outcomes that provide benefits across stakeholder groups. At the 2015 World
Hydropower Congress, the Conservancy (2015) launched a white‐paper, “The Power of Rivers: Finding
balance between energy and conservation in hydropower development.” Using a Hydropower by Design
approach, this work illustrates the opportunity to avoid impacts to ecological and cultural resources on
more than 100,000 river kilometers while yielding the same energy benefits (Figure 1) (Hartmann et al.
2013, Opperman et al. 2015).
Low Impact Hydropower Institute (LIHI). LIHI is a U.S. based non‐profit organization dedicated to
reducing the impacts of hydropower generation through the certification of hydropower projects that
have avoided or reduced their environmental impacts pursuant to LIHI’s criteria. At this time, only
existing projects generating electricity as of 1998 or existing dams that add new hydropower capacity
are eligible for LIHI certification. New dams and facilities outside of the U.S. are not eligible. In the
winter of 2016, LIHI adopted revised certification criteria related to eight social and environmental
factors. The organization is currently considering expanding the program’s eligibility requirements to
include new projects in the U.S. and Canadian‐based projects, and is considering additional criteria that
could be used to assure these hydropower resources meet LIHI’s program intent.
U.S. Department of Energy Hydropower Vision. The U.S. Department of Energy (DOE) Water Power
Program is developing a long‐range hydropower development vision and roadmap. The objectives of
their Vision process include: leading the development of a cohesive long‐term vision for the benefit of
the broad U.S. hydropower community; analyzing a range of aggressive but attainable industry growth
scenarios; providing best available information relative to stakeholder interests and providing objective
and relevant information for use by policy and decision makers.
Parallel to this process, the Conservancy has worked with dozens of agencies, non‐profits and research
institutions to summarize existing approaches and drafted the following working definition for
sustainable hydropower development in the U.S. (Richter 2009, IHA 2010, Kiesecker et al. 2010, Watts et
al. 2011, USACE et al.2014, Hartman et al. 2013, McManamay and Bevelheimer 2013, Smart et al. 2013, ,
and LIHI 2016):
“Sustainable hydropower is hydropower that is sited, designed, constructed, operated, and
decommissioned in a way that optimizes social, environmental, and economic objectives at local,
basin, regional, and national scales. It is adaptable to changes in system state (e.g., changing
climate and hydrologic regimes) and to accumulated scientific knowledge and new technologies that
will improve the potential for meeting system objectives.”

Table 1. The 2010 International Hydropower Sustainability Assessment Protocol (HSAP) includes sixteen
indicators of sustainability across the areas of environmental, social, technical, economic and cross‐
cutting (IHA 2010).

Figure 1. An illustration of basin scale hydropower planning comparing various scenarios of hydropower
configurations for meeting economic, social, and environmental objectives (Opperman et al. 2015, Jager
et al. 2015).

Section 3. Supporting science, case studies and emerging
technologies to avoid and minimize ‘first order impacts’ of
hydropower
How can we develop hydropower in a way that protects Alaska’s Pacific salmon population, distribution
and abundance for generations to come? This section focuses on approaches to hydropower planning,
design and operation that may be compatible with sustaining Alaska’s salmon resource. As mentioned in
the previous section, an applied framework can be found in Hydropower by Design, the key steps of
which are to (1) create a conservation blueprint, (2) map social values and (3) use the blueprint to
provide an effective framework for avoidance, minimization and offset (Hartmann et al. 2013). Here we
share more detail on developing a conservation blueprint and mitigation framework for Pacific salmon.
Conservation blueprint. In their Ecological Risk Assessment, Anchor QEA (2015) laid out a detailed plan
to create a conservation blueprint. This includes involving key stakeholders in the development of
population baselines, performance goals and collaborative governance– including local, state and
federal regulatory agencies, indigenous groups, resource‐based industries (fisheries cooperatives, eco‐
tourism groups), and non‐governmental organizations with aligning missions. The blueprint should help
to establish salmon population and habitat baselines for each life stage. Habitat baselines should include
an understanding not only of the location and extent of habitat, but also its physical and chemical
patterns including temperature, flow, water quality and nutrient and sediment regimes. In addition,
population performance goals should be explicitly developed. These baselines and performance goals
will serve as a reference point during planning, scenario modeling and adaptively managing any project
(Anchor QEA 2015). For more detail about methods for salmon baseline habitat and population
development and monitoring, see Anchor QEA 2015.
Avoiding, minimizing and mitigating ‘first order impacts’ to flow, sediment, connectivity and water
quality (Figure 2). The blueprint can then be used to plan a hydropower approach that (a) avoids sites
and designs that would incur significant impacts to flows, sediment, connectivity and water quality for
those conservation areas identified in the blueprint, (b) minimizes direct impacts at a site through best
practices in design and operation, and (c) provides an effective framework for offsetting those impacts
that cannot be avoided – like protection and management of nearby rivers that provide similar benefits.
The remaining discussion focuses on the ecological risks of hydropower development, specifically those
risks that pose a direct threat, or ‘first order impacts,’ to Pacific salmon populations. Here, we pair first
order impacts identified in the Phase I: Ecological Risk Assessment (Anchor QEA 2015) with case studies,
technologies and supporting science that demonstrate best practices for risk avoidance or mitigation.
Best practices result from a combination of siting and planning, design, technology, operations and
maintenance and decommissioning. For each first order impact, we discuss considerations at the basin
scale, and at the development site, to avoid or minimize risks from hydropower to Pacific salmon
populations. These direct impacts must be avoided or mitigated in order to minimize the risk of
cascading second and third order impacts on Pacific salmon abundance, productivity, spatial structure
and diversity (Figure 2, Anchor QEA 2015).

Figure 2. The Nature Conservancy’s Ecological Risk Assessment identified four first order, or direct impacts (highlighted in the red circle) to
salmon populations from hydropower development (Graphic Adapted from Anchor QEA 2015).

Flow Regime


Use a science‐based framework, like the Ecological Limits of Hydrologic Alteration
(ELOHA), to develop and protect instream flow reservations that support
regionally‐specific environmental flow goals or needs.



Where environmental flow needs (flow‐ecology relationships) are poorly
understood, or resources are unavailable to develop instream flow reservations, a
presumptive standard can be used to implement an interim low risk approach, at a
minimum conserving daily, seasonal and inter‐annual flow patterns.



Screen the potential risks of water management scenarios using ecologically
relevant statistics –for Alaska’s streams this includes the Cold‐regions Indicators of
Hydrologic Change (CHIC) for ecological flow needs assessments (Peters 2014).



Develop flow‐habitat models to estimate the availability and connectedness of
habitat under different water management scenarios for different life stages – over
space, and time.



Through off‐stream siting, innovative design or operation, hydro‐peaking facilities
should avoid or mitigate habitat affected by extreme flow fluctuations –and use
appropriate ramping rates for regional biota.

Flow alteration from reservoir storage and dam operations constitutes a global threat to river and
estuarine function and diversity (Postel and Richter 2003, Nilsson et al. 2005, Poff et al. 2007, Poff and
Zimmerman 2010, Carlisle et al. 2011). Specifically, dam operations have resulted in measured affects to
daily, seasonal and annual time scales (Magilligan et al. 2003, Magilligan and Nislow 2005, Poff et al.
2007). The entire flow regime, including seasonal and inter‐annual variability, is critical to maintain the
diversity of biological communities in rivers (Power et al. 1995, Poff et al. 1997, Bunn and Arthington
2002). With this understanding, contemporary water resource planning includes water allocations to the
environment, or ‘environmental flows.’ The following discussion provides an overview of approaches to
maintain critical components of the flow regime at the basin and local scales, while considering
hydropower development.

Basin scale planning
Risk from alteration to the flow regime should be assessed both for the direct influence of a proposed
hydropower project on downstream hydrology and cumulatively, considering all upstream and
downstream water uses. Recognizing the need to move beyond river‐specific environmental flow
prescriptions in order to protect streamflows, Poff et al. (2010) developed a framework ‐ the Ecological

Limits of Hydrologic Alteration (ELOHA) ‐ for the development of flow recommendations at the basin or
regional scale. This framework has been successfully applied to several watersheds in the United States
to establish regional instream flow policies and protection guidance (Kendy et al. 2012, DePhilip and
Moberg 2013 a &b, Taylor et al. 2013, EPA and USGS 2016, in draft). It includes the development of
regionally‐specific flow‐ecology relationships. In January of 2014, the Conservancy held a workshop in
Anchorage to begin to characterize existing hydrology on the Susitna River and to hypothesize
relationships between seasonal and interannual variability and the needs for all life stages of the five
Pacific salmon species (Attachment 1). These conversations can serve as a foundation for the
development of regional flow recommendations and appropriate instream flow reservations (under
Alaska Statute 46.15.145) to support ecological needs including fish and wildlife habitat, migration,
propagation and water quality.

Example flow‐ecology relationships for Chinook salmon on the Susitna River

1.
2.
3.

1. Spring high flow pulses cue upstream migration of spawning adults
2. High base flows in the spring provide quality of and connectivity between spawning habitats
and directional cues for emigrating juveniles

3. Stable winter low flows maintain ice cover, dissolved oxygen and thermal buffering for
incubation and juvenile rearing
Figure 3. Flow‐ecology diagram and example relationships for Chinook salmon on the Susitna River. Please see
Attachment 1 for flow‐ecology diagrams for all five Pacific salmon.

This also includes identifying sites that may be suitable for off‐stream generation. If considering on‐
stream dams, avoid proximity to species and habitats with particular flow‐sensitivity. Additionally, siting
higher in the watershed may provide the opportunity for tributary inflow to mitigate flow alteration to
downstream salmon habitats or resources with high conservation value (Hartmann et al. 2013,
Opperman et al. 2015, Jager et al. 2015).

Considerations at the development site
Avoid. One way to avoid risk to the flow regime downstream of a dam or diversion for hydropower can
be operating under an instantaneous run‐of‐river mode. Under its proposed revised certification criteria,
the Low Impact Hydropower Institute determines projects that operate in an instantaneous run‐of‐river
mode to have deminimus risk to the flow regime (LIHI 2016). That is not to say that run‐of‐river projects
avoid all risks. These projects may still pose a risk through the other first order impacts, including
biological connectivity, water quality and sediment regimes (Anchor QEA 2015).
Minimize. In 2010, Zimmerman and Poff conducted one of the first meta‐analyses of publications
documenting ecological responses to flow alterations. They reviewed over 165 papers in an effort to
develop quantitative relationships. While their analysis did not find one specific, globally transferable
quantitative relationship, it does provide an important finding – flow alteration is associated with
ecological change and the risk of ecological change increases with increasing magnitude of alteration.
Several tools exist to assess hydrologic alteration, including the Conservancy’s Indicators of Hydrologic
Alteration. Specific to Alaska’s rivers, where the salmon habitat template is defined by winter ice cover,
scour, snowpack and a spring freshet, Peters et al. (2014) recently published a synthesis of flow‐ecology
relationships and ecologically relevant statistics to consider when assessing the implications of
hydrologic alteration in cold regions. Additionally, Bevelheimer et al. (2013) cites ecologically‐relevant
sub‐daily statistics that should be considered when reviewing the potential effects of hydro‐peaking
operations (Attachment 1). Another indicator that has been used to predict risk of hydrologic alteration
is the storage ratio, or the ratio of reservoir storage to mean annual flow. When the ratio exceeds 2%,
there may be a risk of hydrologic alteration; a storage ratio that exceeds 10% may risk impacts to
ecosystem services (Nilsson et al. 2005, Vogel et al. 2007, Richter et al. 2012, Lehner et al. 2011).
River‐specific and regional case studies led to the development of a ‘presumptive standard’ for
environmental flow protection (Richter et al. 2012). This standard suggests that less than 10% alteration
to daily flows should maintain ecosystem structure and function and result in minimal changes to the
abundance and diversity of regional diversity. Between 10 and 20% alteration may maintain ecosystem
function, but some changes to abundance and diversity are expected, and greater than 20% alteration is
likely to result in moderate or greater changes to structure and function (Richter et al. 2012).
Mitigate. Typically triggered by the intensity of localized human water demands, prescriptions for
ecosystem flows have been developed for a number of rivers systems globally (Annear et al. 2003,
Tharme 2003, King and Brown 2006). In the U.S., the requirement for environmental flow releases
related to privately owned and operated hydropower predominantly occurs through the FERC licensing
and re‐licensing processes. Despite relative consensus in the scientific community for the need to

protect the entire flow regime including seasonality and inter‐annual variability, unfortunately, the
majority of prescriptions through the FERC process still focus on minimum flow releases (Jager et al.
2008). In the hydropower context the greatest barriers to implementation of site‐specific ecological flow
prescriptions include a lack of incentive for power producers and need for economic valuation of
ecological benefits derived from various prescriptions (Jager et al. 2008). Further, instead of seeing
ecological flows through a dual‐objective, or multi‐objective framework, most optimization approaches
view environmental flows as a constraint (Jager et al. 2008). In a comprehensive ex‐post analysis of a
river re‐licensing on the Manistee River, researchers found that the benefits from flow modifications to
increase environmental flow releases were valued at more than twice the cost to power producers
(Kotchen et al. 2006).
The hypothesized first, second and third‐order impacts of hydrologic alteration on salmon populations in
glacial rivers are discussed in detail in Anchor QEA 2015. In order to avoid these risks, water
management scenarios should be vetted through flow‐habitat models that consider seasonal and
interannual variability and all salmon life stages and link to the population performance goals developed
in the conservation blueprint. In addition, water management scenarios should be screened using
ecologically relevant statistics (Attachment 1) including inter‐annual, seasonal daily and sub‐daily
statistics – to predict the significance of alteration for glacial rivers (Richter et al. 1996, Mathews and
Richter 2007, Peter et al. 2014). For on‐stream dams, in order to provide mitigated flow releases that
support key elements of annual and inter‐annual variability, it is necessary to include flexible outlet
works and a controlled spillway to allow the operator to adjust the volume of instream flow releases
(ACOE 2013).
Sub‐daily variability and rate of change
Some hydropower facilities, like the proposed Susitna project, are sited and designed to produce energy
in order to meet peak‐daily electricity demands. Often referred to as hydro‐peaking dams, they release
water to generate electricity during peak daily demands, and store water during periods of low daily or
seasonal demand, often resulting in a marked ‘yo‐yo,’ pattern in downstream hydrology. Specifically, for
most on‐stream reservoirs, this includes large fluctuations in water releases that may result in significant
variations of downstream flow, depth, velocity and the wetted width of habitat, within a single day
(Figure 4). This can be particularly detrimental to species and life stages with limited mobility that can
be easily stranded by drastic changes in wetted channel margins, like larval fish and freshwater mussels
(Maloney et al. 2012, Stalnaker 1995). For salmon habitats that support life stages with low mobility (like
eggs, larvae and young‐of‐year), habitat persistence, or the availability of habitat over time and space
(the connectivity of suitable habitat patches), should be modeled and can be used to compare the
relative habitat availability between baseline and operational alternatives to find pathways to
population goals (Maloney et al. 2012, Stalnaker 1995).

Figure 4. A comparison of winter streamflow on the Susitna River at Gold Creek under current
conditions and proposed hydropower operations. Developed by T.Moberg for the Susitna River
Coalition

The significance of hydro‐peaking on downstream habitat and ecological processes will vary depending
on stream order, hydrology and channel morphology (Stalnaker 1995). For river reaches below hydro‐
peaking facilities, it may not be possible to maintain flows within a natural range of variability, while
achieving electricity generation goals (Jones 2014). On the Susitna, stable winter baseflows and ice cover
support salmon egg incubation and juvenile rearing (Figure 3). During this sensitive life stage, proposed
peaking operations may cause significant daily stage instability, increasing flows by 5 times the
maximum recorded winter streamflow (Figure 4). In order to mitigate this impact, the original project
(1960’s) included a second dam for re‐regulating peaking flows to mimic natural flows downstream. The
current project design does not include a re‐regulating dam.
As the ratio between generation flows (high) and minimum flows (low) increases, specialized species are
often replaced by more generalist species (Poff et al. 1997, Jones et al. 2014). In a study of the effect of
peaking magnitude on fish biomass in 5th to 7th order rivers in Austria, tailwaters with a ratio of
generation flows (high flow releases) to minimum flows (low flow releases) of <=2:1 had a biomass of
more than 400 kg ha. As the ratio transitioned to > 5:1, biomass for all sites was below 200 kg ha, and as
the ratio increased above 10:1, fish biomass was less than 20 kg ha (Moog 1993). The ratio from
proposed peaking operations of the Susitna‐Watana project on the Susitna at Gold Creek is about 10:1
(Figure 4). On the Lower Susquehanna River below Conowingo Hydropower facility, peaking operations
result in a ratio of > 10:1. As a result, an estimated 95% of persistent habitat has been lost for migratory
fish like American shad, river herring and striped bass downstream of the dam (TNC MOI 2014).

Flow and Ice Regimes
While environmental flows science has developed
considerably in the last three decades, the study
of cold‐regions, their river ice processes and
resulting hydraulics is still an emerging area of
science. For rivers like the Susitna, whose habitat
template is defined by winter ice cover, scour,
snowpack and a spring freshet, Peters et al.
(2014) recently published a synthesis of flow‐
ecology relationships and ecologically relevant
statistics to consider when assessing the
implications of hydrologic alteration (See Table 3
below).
Right: Susitna River at Talkeetna, January 2014 ©
T.Moberg; Below: Global polar and snow driven
climates (Peters et al. 2014).

Figure 5. A summary of the importance of flows for supporting flow and ice regimes which define the river
habitats of cold regions.

Table 3. Ecologically relevant hydrological indicators of change for cold‐regions, including Alaska (Peters
et al. 2014).

Sediment Regime


Dozens of case studies across five continents demonstrate the ability to site, size,
design, retrofit and operate reservoirs to support system sediment regimes. Costs
continue to deter widespread implementation.



Siting and sizing are the most critical drivers determining a reservoir’s influence on
the local and regional sediment budget. Avoid streams with high sediment yields and
avoid placing a barrier between major sediment sources and sinks. The risk of
sediment trapping increases exponentially with increasing reservoir size and as you
move further down into the watershed and can be mathematically estimated by the
Brune Curve.



Technologies like bypass tunnels have been used to successfully route sands, gravels
and cobbles downstream of reservoirs with less than a 45,000 AF capacity and with a
dam height of less than 300 ft.



Hydraulic flushing has been demonstrated as a method that can be more cost‐
effective than dredging, but it must be done with careful planning to avoid
significant downstream ecological effects.

Just as the development of hundreds of thousands of dams and reservoirs has had a global effect on
flow regimes and dependent resources, these same structures have influenced the substrate size,
distribution and timing of sediment transport processes in rivers, floodplains and estuaries. It is
estimated that more than half of the global sediment flux is trapped in reservoirs (Vorosmarty et al.
2003). Dams tend to block bed load and coarse materials from moving downstream. Depending on the
size of the reservoir and characteristics like length and slope, suspended sediments may also settle out
of the water column and become trapped behind the dam (Kondolf et al. 2005, Walling 2006). The
absence of sediment downstream of the dam results in ‘sediment starvation,’ or loss of sediments to
maintain downstream geomorphic processes (Draut et al. 2011, Ma et al. 2012, Singer 2010).

Figure 6. Susitna River Mouth and Cook Inlet © USGS Landsat Image

Environmental implications include channel erosion, incision and loss of downstream habitat, including
spawning gravels, as exampled below dams on the Elwha (recently decommissioned) and Colorado
Rivers in the United States and the Yellow River in China (Kondolf 1995, Grams et al. 2007, Draut et al.
2011, Ma et al. 2012). Further downstream, the loss of sediment loads has implications including
shrinking deltas, like the Mississippi (Syvitski et al. 2009). In cases where reservoirs have reached
sediment equilibrium, large flood pulses can flush high loads of stored sediments resulting in a
significant pulse of fine sediments to estuaries, like below Conowingo dam on the Chesapeake Bay
(ACOE 2014). For more detail on the implications of sediment trapping and downstream starvation,
Anchor QEA (2015) published the first, second and third‐order implications of changes to the sediment
regime on a glacial river.

Basin‐scale planning
Avoid. Basin‐scale planning can be used to both identify potential sites and appropriately size
hydropower capacity that minimizes risks to basin sediment regimes. Hydropower technologies such as
off‐stream hydropower facilities and in‐pipe turbines, also called conduit hydropower, avoid new on‐
stream storage reservoirs. If off‐channel siting is not an alternative, identify development sites that
maximize use of existing infrastructure, including non‐powered dams and dams with the opportunity to
increase efficiencies and to assess appropriate sites for intermittent infrastructure (e.g. inflatable dams).
Minimize. For on‐stream barriers, Kondolf (et al. 2014) published an expert synthesis of experience
across North America, Europe and Asia, in minimizing the impacts of reservoirs and dams on sediment
regimes. They highlight several siting and sizing considerations (Figure 4):




Avoid streams and rivers with high sediment yields, including streams in highly erodible areas;
Size reservoirs and design bypasses and outlet works with an understanding of both the short‐
and long‐term patterns of stream power sediment transport;
Avoid placing an impermeable sediment barrier between major sediment sources and sinks.

Considerations at a development site
Mitigate. For those hydropower facilities that include an on‐stream dam, there are three main areas of
mitigation to reduce sediment storage in the reservoir: (1) methods to remove sediment load from
upstream watershed, (2) methods to route sediment through or around reservoir and (3) methods, like
hydraulic flushing, to remove sediment from the reservoir and replace it downstream. Here, we focus on
the latter two, recognizing that methods to remove sediment load from the upstream watershed, like
land management strategies, do not mitigate the downstream geomorphic impacts of sediment
starvation.
Sediment bypass structures are considered to be sustainable remedial measures and their effectiveness
has been best demonstrated in Japan and Switzerland (Sumi et al 2004, Visher et al. 1997, Schleiss et al.
2014). Bypass technologies can be either be incorporated into the design of proposed dams and
reservoir, or they can be incorporated through retrofits.

Bypass tunnels. On the Tenryu River in Japan, Sumi (et al. 2004) documents the conditions under which
retrofits to the Miwa, Koshibu and Matusukawa dams provide successful sediment bypass through
construction tunnels. The catchments upstream from the dams contributed up to several thousand
m3/km/yr, with the highest volumes originating in the high mountain regions. Tunnel lengths range from
250 m to 4,300 m with cross‐sectional areas between 10 and 60 m2. Tunnel slopes varied between 1 and
4% with design discharges between 40 and 300 m3 /s (Sumi et al. 2004). Studies found that two design
considerations necessary to ensure structural integrity of the tunnel are the use of high strength
concrete and a thicker top of the tunnel to compensate for the high rate of abrasion of the tunnel walls.
Also in Japan, the Asahi Dam resulted in sediment starvation and downstream scouring on the Asahi
River. The Asahi is a cobble‐bed river with a wide range of grain size distribution from boulders to sand.
This resulted in the loss of channel habitat maintenance including sand bar development and migration
(Fukuda et al. 2012). To restore channel‐forming functions, a flushing bypass tunnel was installed and
resulted in a shift in grain size distribution toward pre‐dam conditions. Results include the recovery of
geomorphic processes of to maintain sandbars, riffles and pools downstream of the dam. Sediments,
including gravels, have been successfully transported downstream of the dam (Fukuda et al. 2012).
Bypass channels. In addition to bypass tunnels, small to medium reservoirs have been designed with the
capacity to bypass bedload being transported during high flow events. Examples include the Robles
diversion dam on the Ventura River (Lorang et al. 2013, Reclamation 2008). While these designs can be
efficient in reducing the amount of sediment stored behind a dam during high flow events, as is the case
with the Robles diversion dam, they often divert sediment to a side channel above the reservoir.
Therefore, there often needs to be a complementary downstream sediment re‐introduction plan to
mitigate the impacts of downstream sediment starvation.

Susitna‐Watana Reservoir –
estimated trapping
efficiency of 95% as
measured at Gold Creek

Figure 7. Reservoirs can be sized and sited to minimize the expected trap efficiency which is mathematically
predicted by the ratio of reservoir capacity to average annual inflow. The proposed Susitna‐Watana would
have an estimated ratio of (red dot) .58, or 95% trapping efficiency as measured at Gold Creek (Brune 1953,
Morris and Fan 1998).

A last method includes sediment removal by hydraulic flushing, because it operates by draining the
reservoir, then scouring the sediment through a timed pulse, it changes the timing and distribution of
transport downstream. This can have detrimental ecosystem effects downstream by burying habitats
and immobile species in fine sediments (Lee and Foster 2013). An ‘environmentally friendly’ flushing
approach has been pioneered at the Génissiat Dam in France. This approach syncs timing, and requires
resources (hundreds of staff and millions of dollars), but in comparison, was found to be more cost‐
effective than dredging (Kandolf et al. 2014).

The Susitna River is a native
Dena’ina name meaning ‘Sandy
River.’ For hundreds of thousands of
years, the river has moved glacial silt, sand
and gravels from the mountains of the
Alaska Range, including Denali, through the
river beds, floodplains and ultimately the
Cook Inlet delta and Pacific Ocean.

Figure 8. Susitna River Islands and gravel bars above the three rivers confluence, July 2014 © T.Moberg

Asahi Dam

Egshi Dam
Palagnedra Dam
Pffaffensprung Dam
Rempen Dam
Runcahez Dam
Solis Dam

Asia, Japan

Switzerland

Switzerland

Switzerland

Switzerland

Switzerland

Switzerland

France

Nunobuki Dam

Asia, Japan

Ecological Hydraulic
flushing

Matusukawa Dam

Asia, Japan

Génissiat dam

Robles Canal and
Diversion Dam

Koshibu Dam

Asia, Japan

California

Miwa Dam

Facility Name

Asia, Japan

Region

Bypass
spillways/sluicing

Sediment bypass
tunnels

Strategy

341 (104)

__

200 (61)

108 (33)

105 (32)

105 (32)

236 (72)

__

285 (87)

109 (33)

272 (83)

335 (105)

454 (560)

__

3,299 (4,070)

389 (480)

405 (500)

121 (150)

3,453 (4,260)

__

20,683 (25,513)

338 (417)

6,039 (7,450)

47,021 (58,000)

24,282 (29,952)

__

__

__

__

__

__

53.2

__

15.1

4.1

23

111

120

square miles

acre feet (thousand cubic
meters)

feet (meters)
226 (69.1)

Catchment Area

Reservoir Storage

Dam Height

NA

6,003 (170)

3,885 (110)

2,825 (80)

7,769 (220)

3,885 (110)

2,613 (74)

4,944 (140)

1,377 (39)

7,062 (200)

13,066 (370)

20,594 (300)

cubic feet/s (cm/s)

Design Discharge

Hydraulic flushing during high flow
events

Sluicing during high flow events

3,175 ft Archway

1,876 ft Archway

1,476 ft Horshoe shaped tunnel

918 ft Horshoe shaped tunnel

5,905 ft Circular tunnel

1,181 foot Circular tunnel

Retrofit to construct bypass 2,350
m long

.16 mile (258 m) Archway tunnel

.88 mile (1,417 m) archway tunnel

2.4 mile (3,982 m) Horseshoe
shaped tunnel

2.6 mile (4,300 m) Horseshoe
shaped tunnel

Transport Mechanism

Table 4. Summary table of successful sediment management case studies adapted from Sumi et al. (2004), Kondolf et al. (2014) and Structure
Database (2015).

Biological Connectivity (Instream Barrier)


Avoid new barriers by maximizing opportunities to use off‐stream hydropower technologies
and to add hydropower to existing non‐powered water infrastructure.



If an on‐stream facility is used, avoid siting the facility within migratory corridors or key
habitats for spawning and rearing. If migratory fish are present, the facility should be designed
and operated to provide safe and timely up and downstream volitional fish passage consistent
with performance‐based passage standards (as opposed to technology‐based prescriptions),
monitoring and adaptive management that are linked to population goals.



While fish passage science and engineering has developed considerably in the last two
decades, there is still a lack of information to draw general conclusions about adequate
design. Of the four groups of fishways (pool and weir, V‐slot, Denil and nature‐like), nature‐
like fishways had the highest passage efficiency for salmonids and are capable of passing
multiple life stages up and downstream. In a recent review of pool and weir and vertical slot
structures passing more than 80% of the upstream migrating spawning sockeye, all facilities
had performance‐based standards. Structurally the majority of the facilities had less than a 6%
slope and were less than 85 feet in height.



Recent technologies to prevent direct or indirect blade mortality during outmigration should
be included in the design and operations, including vertical screens to prevent entrainment
fish‐friendly turbines and effective monitoring approaches.

Reproductive success of Pacific salmon depends in large part on completion of spawning migration from
the Pacific Ocean to natal spawning grounds. In the Susitna River basin, each of the five species has
preferential spawning habitats – including the mainstem river, side sloughs, tributary lakes and wetlands
and the upper river (AEA 2014, Anchor QEA 2015, Attachment 1). Depending on their location, dams can
and have impeded the connectivity between ocean and spawning habitats. This has contributed to
significant declines in anadromous salmon in North America (Nehlsen et al. 1991, Slaney et al. 1996).
Despite substantial investments in mitigation, including fishways, no Pacific salmon stock affected by
large‐scale hydropower has been fully recovered in the continental U.S (NMFS 2015, 2016). For more
detail on specific hypotheses of the effects of an instream barrier on anadromous communities, Anchor
QEA (2015) published the first, second and third‐order implications of changes to biological connectivity
on a glacial river.

Basin scale planning
Avoid. One of the most effective ways to protect the connectivity to and quality of spawning and rearing
habitats is to avoid placement of on‐stream barriers between those habitats (Hartmann et al. 2013,
Jager et al. 2015). Additionally, as referenced previously, this approach is supported by several

hydropower technologies and designs. In most of the U.S. and mature hydropower contexts, this
concept is being applied through advanced spatial analysis to ‘re‐design’ the basin configuration of
existing infrastructure. Governments and resource agencies in places like the Netherlands and the State
of California have developed large‐scale, regional fish migration plans to prioritize barrier mitigation and
removal (Wannigen et al. 2010, State of California Department of Water Resources 2015, California Fish
Passage Forum 2015).
The Danube salmon restoration in Europe provides a similar case study to Pacific salmon restoration
efforts in the Northwestern U.S. Hydropower development and river channelization have reduced the
distribution of the Danube salmon to less than 10% of its former range. It is now one of the most
endangered fish species in Europe. In response, the European Union has taken significant measures to
restore connectivity between remaining population centers critical habitats. Connectivity is being
restored using demonstrated methods of rock ramps and bypass channels (Schmitz et al. 2001). In
addition, in order to restore flows in key stream reaches and through bypass channels, water rights have
been partially or entirely assumed from the hydropower company after providing compensatory
payments (Schmitz et al. 2001).
The Nature Conservancy has developed basin‐scale tools to assist in mapping critical habitats and
prioritizing habitat re‐connection efforts through barrier removal. This includes mapping the
configuration of new development in basins in Mexico and Gabón and re‐design in places with a mature
infrastructure and hydropower context, like the Chesapeake Bay, and the Northeastern and
Southeastern United States (Martin and Apse 2011 & 2013, Opperman et al. 2015).

Considerations at a development site
Mitigate. If a hydropower facility is placed on‐stream, resulting in disconnection of a migratory corridor,
some volitional fish passage technologies have been demonstrated to support self‐sustaining fish
populations. Volitional means the fish are swimming through a fish lift or ladder to pass the barrier
without being handled.
Fish passage mitigation strategies should consider both up and downstream migration for relevant
species and life stages. The passage structures should be coupled with adequate stream flows to attract
fish (‘attraction flows’) and provide timely passage. Like many mitigation approaches, our understanding
of fish passage approaches is continuously evolving. It is now understood that even successful passage
can have consequences to fitness of the spawning fish (Roscoe 2010). Depending on the sustained and
burst swimming speeds of the migrating fish, passage can require high‐levels of energy expenditure
(Gowans et al. 2003; Brown et al. 2006). Fishways typically encourage migration by providing flows to
attract fish to an entrance. This may result in high concentrations of fish in resting pools and at the base
of the dam. High concentrations and delayed movement (while waiting for a lift or favorable conditions
to enter the fishway) have resulted in increased predation and potential injury through fish interactions
with the infrastructure (Bunt et al 2000, Keefer et al. 2004, Pelicice and Agostinho 2008 and Castro‐
Santos et al. 2009). Studies have also found differences in passage success between male and female

fish. Crossin (et al. 2008) found female sockeye to be more susceptible to high temperatures and to
have a higher passage failure and mortality than male sockeye.
When appropriately designed and situated, a fishway structure allows migratory fish to move both up
and downstream (Jungwirth et al. 1998, Roscoe et al. 2010). In a recent meta‐analysis (116 peer‐review
publications) reviewing the performance of fish passage structures at upstream barriers, Bunt (et al.
2012) found that the species of fish and structural design of the fishway have strong implications for
passage efficiency, and in most cases, that there is insufficient data to support successful design
recommendations. Related to this, there is a need for establishing systematic and broadly applied
methods to document the relative contributions of fish attraction efficiency and passage efficiency to
overall fish passage performance. Bunt (et al. 2012) found that the factors that most influenced passage
performance include slope, width, length, depth and configuration (design and number of pools,
traverses, baffles or roughness elements).
Fishways are generally categorized into four groups ‐ pool and weir, vertical slot (or V‐slot), Denil and
nature‐like. Bunt (et al. 2012) found that the pool and weir design had the highest attraction efficiency,
but the lowest passage efficiency across fish taxa. This pattern held for the subset of samples that were
measuring salmonid passage (Figure 9). Denil fishways tend to be deployed on small streams in the
eastern part of the country and are not deployed in the Pacific Northwest. A cousin of the Denil fish
ladder is the Alaska steepass – a prefabricated fish ladder for use in remote, steep streams. Because it is
not hydraulically self‐regulating (cannot function under a range of flows), this design is not used for
passage at hydropower facilities (Katapodis 1992). Nature‐like fishways had the highest passage
efficiency for salmonids (up to 100%), with a median passage efficiency of 70% across all fish taxa.
Nature‐like fishways also had > 50% attraction efficiency for salmonids (Bunt et al. 2012). Vertical slots
and nature‐ like fishways were the only technology that demonstrated > 70% passage efficiency for
salmonids. Nature‐like fishways are designed to provide both upstream and downstream passage,
therefore we describe successful cases first, here.
Nature‐like fishways are used commonly in Europe, Canada, Australia, Japan, and more recently in the
United States. The definition for nature‐like fishways can vary, but generally, the design takes on the
philosophy of ‘physiomimesis,’ or the mimicking of natural systems (Katopodis 2001). Recognizing that
species have evolved over millions of years to the physical and hydraulic conditions in the rivers systems

Figure 9. Attraction and passage efficiencies for fishway types (pool/weir, V‐slot, Denil and nature‐like)
across ten fish families (Bunt et al. 2012).

they inhabit, this fishway design strives to pass the complement of fish species at varying life stages by
simulating local stream characteristics and using native materials to provide suitable passage conditions
for fish and other aquatic species over a range of flows (Katopodis 2001, Katapodis et al. 2004,
Parasiewicz, et al. 1998, Wildman 2010). Wildman et al. 2010 refers to a collection of more than 85 case
studies, documenting the river context and design approach for over 35 nature‐like fishways. Case
studies, like that on the Lima River in Portugal, demonstrate the ability of nature‐like bypasses in
facilitating volitional transport across species and life stages, including fish in the salmonid family
(Santos et al. 2005).
Hydropower turbines can result in three types of mortality to outmigrating fish: (1) direct mortality,
where lethal injuries are suffered during turbine passage, (2) indirect mortality, where sub‐lethal injuries
are suffered that lead to mortality from stress, predation or disease, and (3) delayed mortality, which
occurs lower in the river, estuary or marine environment and is attributed to passage stress. It is
estimated that 5 to 30% of fish passing through turbines are killed – with variation among fish length
and turbine design and operation (Cada et al. 1997).
A couple of technologies for downstream passage include the use of fish friendly turbines to improve
safe passage through the powerhouse, and vertical barrier screens to reduce entrainment and re‐direct
fish around the power house to a safe bypass facility. There are a couple of designs for ‘fish friendly’
turbines including the Alden turbine with fewer blades, larger diameter, lower rotational speed, and
optimal hydraulics and the recent Voith hydro turbine (Biel 2014). Voith’s turbine was recently
commissioned by the U.S. Army Corps of Engineers at the Ice Harbor hydroelectric project (603 MW) to
increase survival rates of out‐migrating fish to up to 98% (Brown et al 2012, HydroWorld 2014).

From Cook Inlet to the Susitna Glacier. On the Susitna River, it was previously thought
that the steep gradient and significant velocities kept Pacific salmon from migrating past Devil’s Canyon,
therefore the proposed dam would not preclude access to upstream habitat. However, during the 2014 AEA
telemetry studies, Chinook were tracked migrating (green dots) not only past the proposed dam site (red
line), but upstream to the base of the Susitna headwater glacier above the East Fork and Boulder Creek.
While the study was not designed to determine whether they were spawning, this migration did coincide
with the peak spawning period for Chinook throughout the month of July.

Figure 10. Extent of spawning migration for telemetered Chinook salmon documented to reach the Susitna glacier (AEA 2014).

Table 5. Summary table of upstream fish passage case studies summarizing structure characteristics and
total passage efficiency (adapted from Bunt et al. 2012).
Strategy
Pool‐and‐
weir

Vertical‐slot

Region

Facility Name

Structure
Slope (%)

Height
(m)

Elevation
change (m)

Attraction (%) Passage (%)

Total
efficiency (%)

Species

Source

Pacific Northwest, Lower Snake
River 2002 ‐ control

Granite Dam

6.6

77.4

11.9

100

0

0

Chinook

Naughton et al. 2007

Pacific Northwest, Lower Snake
River 2001 ‐ control

Granite Dam

6.6

77.4

11.9

100

33

37

Chinook

Naughton et al. 2007

Pacific Northwest, Lower Snake
River ‐ 2002 flow restricted

Granite Dam

6.6

77.4

11.9

100

25

25

Chinook

Naughton et al. 2007

Pacific Northwest, Columbia River

John Day

4.7

32

32

85

95

81

Sockeye

Naughton et al. 2005

Pacific Northwest, Columbia River

Dalles

4.4

79

24.1

98

97

85

Sockeye

Naughton et al. 2005

Pacific Northwest, Columbia River

McNary

5

67

22.7

81

98

79

Sockeye

Naughton et al. 2005

Pacific Northwest, Columbia River

Wells

5

21

21

42

96

40

Sockeye

Naughton et al. 2005

Pacific Northwest, Columbia River

Right bank Rock
Island

5.2

12.5

12.5

74

60

44

Sockeye

Naughton et al. 2005

Pacific Northwest, Columbia River

Fishway, Rocky
Reach

6.25

27.7

27.7

72

56

40

Sockeye

Naughton et al. 2005

Pacific Northwest, Columbia River

Priest Rapids

6.25

25.6

25.6

79

95

75

Sockeye

Naughton et al. 2005

Pacific Northwest, Columbia River

Left Bank Rock
Island

6.2

12.5

12.5

74

31

23

Sockeye

Naughton et al. 2005

Pacific Northwest, Columbia River

Bonneville

8.13

18.3

18.3

100

98

98

Sockeye

Naughton et al. 2005

Pacific Northwest, Columbia River

10

25.1

25.2

75

99

74

Sockeye

Naughton et al. 2005

Pacific Northwest, Columbia River

Wanapum
Middle Rock
Island

10

12.5

12.5

74

7

5

Sockeye

Naughton et al. 2005

BC Canada, Seton River

Seton Dam

6.9

7.6

7.4

77

100

77

Sockeye

Pon et al. 2006

BC Canada, Seton River

Seton Dam

6.9

7.6

7.4

86

93

80

Sockeye

Roscoe and Hinch 2008

BC Canada, Seton River

Seton Dam

6.9

7.6

7.4

86

80

69

Sockeye

Roscoe et al. 2009

Water Quality


Avoid new impoundments by maximizing opportunities to use off‐stream hydropower
technologies and to add hydropower to existing non‐powered water infrastructure.



Hydropower facilities likely to cause water quality impairments include reservoirs with
depth greater than 15 m, power capacity greater than 10 MW, retention time greater
than 10 days and reservoir volume greater than 50,000 acre feet



Recent technologies should be included in the design of the turbines and outlet works
to allow operators to match upstream water quality with the water quality of their
releases. Aerating turbine technologies have recently demonstrated dual benefits to
generating efficiency and water quality.

The construction and operation of a reservoir can impact the biogeochemistry above, within and
downstream of the reservoir (Haxton et al. 2008). Historically, most reservoirs, particularly those
designed to meet hydropower purposes, have constructed outlets at the base of the dam (in order to
capitalize on the maximum hydraulic head). Reservoir stratification can cause hypoxic conditions in the
water at the bottom of the reservoir. If the hydropower facility is diverting water from the bottom of the
reservoir, it may release this poor quality water downstream. Similarly, reservoir stratification can
significantly change the temperature of releases, often resulting in cooler than ambient releases during
the summer months and warmer than ambient releases during the winter months (Straskraba et al.
2013). For more detail, Anchor QEA (2015) published a synthesis of the first, second and third‐order
implications of hydropower development and operation on water quality in a glacial river setting.
Basin‐scale planning
Avoid. By using hydropower technologies and designs that take advantage of existing water
infrastructure, like conduits and non‐powered dams, cumulative basin‐scale water quality impacts
associated with new impoundments may be avoided. Further, the addition of new turbine technologies
to non‐powered dams may provide the opportunity for water quality improvements (see mechanical
aeration below).
Minimize. Similar to the impacts associated with flow regimes and sediment, the scale of potential water
quality impacts from hydropower is correlated with the site‐specific river flow and, most importantly,
with reservoir size. EPRI (1990) found that hydropower facilities associated with reservoirs greater than
15 m in depth, a power capacity greater than 10 MW, a reservoir volume of greater than 50,000 acre
feet or a retention time of greater than 10 days, were likely to cause water quality problems. Depth,
generation capacity, reservoir size and retention time are contributing factors of reservoir stratification
and hypoxic hypolimnetic conditions. The larger the reservoir size, specifically the deeper the reservoir

is, the more likely it is to seasonally stratify, resulting in a seasonally inverted thermal profile as
compared to ambient river temperatures.
Considerations at a development site to minimize
Multi‐level outlet works. Outlet works are the structures that allow water to pass through a dam.
Conventional designs typically include one outlet or gate, near the bottom of the reservoir. This is called
a hypolimnetic release. Multi‐level outlet works can provide the necessary flexibility to meet
downstream water quality performance standards by having multiple gates at different reservoir
elevations to allow the operator to release water from the combination of reservoir elevations that
most closely mimics the desired downstream water temperature and quality (Poore and Loftis 1983,
Rheinheimer et al. 2014).
The spillway and outlet works should also be designed to avoid supersaturation of dissolved gases in the
downstream river reach (Stewart et al. 2015). A recent study by Oakridge National Laboratory
documented an approach to predicting total dissolved gas and optimizing operations using a readily‐
available model (Stewart et al. 2015). Supersaturation causes gas bubble disease in fish (Feng et al.
2014).
Mechanical aeration. The hydraulic and environmental performance of aerating turbines has made
significant strides over the last decade. In addition to improving water quality conditions, aerating
turbines have demonstrated the ability to provide higher generation efficiency and capacity (EPRI 2009).
First pioneered at TVA’s Norris Project by Voith Hydro, this technology demonstrated that up to 5.5
mg/L of dissolved oxygen could be obtained from a single unit when dissolved oxygen of the inflow
water was 0 mg/L. This technology continues to be refined and adopted and is now supported by
several manufacturers, including ALSTOM, American Hydro, Andritz and Voith Hydro (March 2012).
While the advantages to environmental performance are a clear benefit, one of the barriers to wide‐
spread adoption of the technology is the high initial cost (March 2012, Liu et al. 2015).
Coupled with advances in aerating turbine technology, there have been innovations in real‐time plant
optimization to meet environmental performance standards. USACE’s Thurmond project and Ameren
Missouri’s Osage Project have demonstrated that real‐time optimization can improve environmental
performance while increasing generation efficiencies and profitability (Smith et al. 2007). Similarly, with
the exponential increase in big data computing technology, design models can predict the performance
of these technologies before fabrication and installation (DOE 2004). In addition to turbine technologies,
aeration technologies have also been applied directly in the tailrace.

Section 4. A comparison between the proposed Susitna‐Watana
project and a range of risk indicators, demonstrated best
practices and mitigation technologies
Based on the referenced case studies and scientific research, this section summarizes indicators and
thresholds of risk associated with development of hydropower to the first order impacts of flow,
sediment, connectivity and water quality (Anchor QEA 2015). Here, we outline key characteristics of the
proposed Susitna‐Watana Project and its operations to compare to these indicators:
Siting:
 Sited on the mainstem Susitna River between Susitna Glacier and the Cook Inlet, 184 miles
upstream of the Cook Inlet
Design:
 450 to 650 MW estimated generation capacity
 705 foot estimated dam height (would be the second tallest dam in the U.S., if constructed)
 42 mile long reservoir
 4,100,000 acre‐foot (AF) capacity
Operation:
 A water right that provides up to 22,800 cfs diversion (median spring discharge) and 9,470,000
AF of annual storage
 Operating rules in pre‐application document are illustrated in Figures 10 and 11.
 Operated as a hydro‐peaking facility, in particular to meet peak winter electricity demands

Proposed minimum flow release
in spring, 9,000 cfs, is lower than
minimum recorded daily flow
from June – Mid Aug.

Figure 10. Minimum daily flow release articulated in Pre‐Application Document (AEA 2014).

Figure 11. Maximum daily flow release articulated in Pre‐Application Document (AEA 2014).

From the Ecological Risk Assessment (Anchor QEA 2015) we know that impacts to the flow and sediment
regime, connectivity and water quality, must be avoided or mitigated in order to avoid cascading
impacts on Pacific salmon abundance, productivity, spatial structure and diversity in Alaska’s large
braided rivers. Sub‐daily, seasonal and interannual components of the flow regime are at risk as
indicated by the reservoir storage ratio, presumptive flow standards and sub‐daily alteration thresholds
(Nilsson et al. 2005, Richter et al. 2010, Lehner et al. 2011, Richter et al. 2012, Moog 1993). The
reservoir storage ratio indicates that risks to the flow regime may extend 184 miles from the proposed
dam site through Cook Inlet. Regarding impacts to the sediment regime, as designed, the reservoir is
expected to have a 95% or greater trapping efficiency and is outside of the range of demonstrated
sediment bypass technologies (Table 4, Brune 1993, Morris and Fan 1998, Kondolfo et al. 2011). The
proposed reservoir is also sited on a glacial river with high sediment yields and between a major source
of sediment (Susitna glacier) and sink (Cook Inlet) (Kondolfo et al 2011). Similarly, the site would
disconnect Chinook salmon spawning and rearing habitat and the reservoir design is outside of the
range of demonstrated fish passage technologies (Figure 10, Table 6). Lastly, based on reservoir depth
and size, the project exceeds indicators of impact to downstream water quality including thermal regime
and dissolved oxygen, by more than ten‐fold (EPRI 1990). In summary, the proposed siting, design and
operation of the Susitna‐Watana Project exceeds risk indicator thresholds and is outside of the range
of any demonstrated mitigation technologies to avoid significant impacts to stream flow, sediment
transport, habitat connectivity and water quality (Table 6).

Table 6. A comparison between the proposed Susitna‐Watana project, risk indicators, demonstrated
best practices and mitigation technologies.
First Order
Summary Indicator
Proposed Susitna‐Watana Hydropower Dam
Impact

Flow

Storage Ratio: Ratio of storage to mean annual flow.
2 to 10%: potential effects,
> 10%: risk to ecosystem services
(Nilsson et al. 2005, Richter et al. 2010, Lehner et al. 2011).

Exceeds indicator threshold from proposed dam
site through Cook Inlet (58% at Gold Creek ; 24% at
Sunshine; 12% at Susitna).

Presumptive Flow Standard: Percent daily flow alteration.
10‐20%: some changes to abundance and diversity;
>20% to 50%: changes in ecosystem function and structure
(Richter et al. 2012).

Exceeds indicator threshold (>100% percent daily
flow alteration in all seasons at Gold Creek).

Indicators of Hydrologic Alteration :
Attachment 1
(Mathews 2007, Bevelheimer 2013, Peters 2014)

Unknown at this time. Daily and sub‐daily
operational releases have not yet been published,
however base on the proposed operating rules,
peaking, especially during the winter months, will
likely result in unmitigable effects to overwintering
eggs and juveniles (Figures 3,4 and 10).
Exceeds indicator threshold (10:1 during fall/winter
and 5:1 during spring/summer at Gold Creek).

Sub‐daily Alteration: Ratio of max flows to min releases.
< 2:1: unmeasured impact;
> 5:1, 50% loss in biomass;
>10:1, 95% loss of biomass (Moog 1993).
Reservoir Trapping efficiency: Ratio of reservoir capacity
to annual flow as an indicator of percent of sediment load
that will be stored by the reservoir (Brune 1993, Morris
and Fan 1998).

Sediment

Connectivity

Water
Quality

Within demonstrated range of sediment bypass
technology (Table 4).

Up to 95% trapping efficiency. Estimated to trap
95% of upstream sediments at Gold Creek; 65% of
upstream sediments at Sunshine; 40% of upstream
sediments at Susitna. This is a coarse estimate based
on basin area and not material contribution.
No. Reservoir size and sediment capacity are
outside of range.

Avoids rivers with high sediment yields and maintains
connections between major sediment sources and sinks
(Kondolfo et al. 2011).

No. The proposed dam is sited on a glacial river and
would disconnect the Susitna glacier from Cook
Inlet.

Maintains spawning and rearing migration corridors

No. The proposed dam site would disconnect
Chinook salmon from spawning habitat in the Upper
River (Figure 10).

Within range of successful volitional fish passage
technology (Table 6).

No. The proposed dam height of 705 feet is outside
of the range of successful volitional passage.

Safe downstream migration

Unknown. It is not clear whether the final design
will include fish screens or modified turbine designs
to safely pass fish migrating downstream.
Exceeds indicator threshold. The proposed
reservoir would be more than 500 ft deep and have
a capacity of 4,100,000 AF.

Reservoir size and retention time: Reservoirs with > 50 ft
depth and capacity of >50, 000 AF had higher likelihood of
downstream water quality impacts including changes to
thermal regime and dissolved oxygen (EPRI 1990).
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Ecosystem Flows and Indicators of Hydrologic Alteration
Workshop Agenda
22 January 2014
Location: Room 107 Gorsuch Commons, University of Alaska Anchorage
OR webinar (information to be sent later)
Meeting objectives
 Overview of Ecosystem Flows including flow-ecology relationships in the Susitna basin
 Introduction to tools to characterize the flow regime and measure alteration, focusing on
Indicators of Hydrologic Alteration (IHA)
 Introduce the preliminary framework of TNC’s Ecological Risk Assessment (ERA)
Meeting materials to be provided:
 Flow-ecology diagrams for salmon
 Flow data for Susitna River and Willamette River case studies
What participants provide:
 If interested in hands-on IHA training, a laptop with IHA installed in advance (TNC will
provide link and technical assistance)
 Flow data if interested in another river and/or effect other than hydropower (e.g. climate
change or water withdrawals for mining)
----------------------------------------9:00 a.m.

Welcome, Introductions and Review of Agenda and meeting materials

9:30 a.m.

Ecological Risk Assessment – Problem Formulation
 Approach and overview
 Present risk profile for changes to flow regime

10:00 a.m

Ecosystem Flows
 Introduction to concept and supporting science
 Methods to define ecosystem flow needs and track change
 In practice – review large river case studies

11:00 a.m.

Break

11:15 a.m.

Flow-ecology relationships – Susitna case study
 Outline key flow-ecology relationships for the Susitna
 Review ecologically relevant statistics
Matanuska-Susitna Basin Salmon Habitat Partnership
Thriving fish, healthy habitats, & vital communities in the Mat-Su Basin

12:15 p.m.

Lunch (provided on site)

1:15 p.m.

Willamette River (Columbia River Basin) Case Study
Assessing Hydrologic Alteration – Comparative Analysis and Outputs
 Overview of IHA
 Hydrologic data selection, sources and formatting
 Running IHA to compare unaltered and altered conditions
 Interpreting outputs
 Methods to assess sub-daily alteration with IHA and other tools

2:45

Susitna River Case Study
Characterizing a Baseline Flow Regime with IHA
 Application of a single-period analysis
 Analysis and interpreting outputs

3:45

Assessing Hydrologic Alteration - Defining the Question
Break-out session: Participants will be divided into two groups based on
hydro-period. Each group will refine a few flow-ecology hypotheses about
how changes to the magnitude, duration, frequency or rate of change of
flows during a particular season may affect biota or processes in Susitna river
reaches and macrohabitats

4:30

Exploration, Discussion and Questions

5:00

Meeting ends
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Instructions for Downloading IHA
Link:
http://www.conservationgateway.org/ConservationPractices/Freshwater/EnvironmentalFlows/MethodsandTo
ols/IndicatorsofHydrologicAlteration/Pages/indicators-hydrologic-alt.aspx/








Click ‘[Downloads]’
Click ‘Download IHA Software [English],
Read and decide whether you agree to legal disclosure and terms of use
Download zip file
Make a folder on your C: drive titled ‘IHA’
Extract the contexts of the zip file to C:/IHA
Open IHA by clicking on the IHA7 application file

If you have any problems, we will also set up a help station during the lunch to install the
program, so not to worry.

Flow-ecology Diagrams
We’ve included an example flow-ecology diagram for Chinook salmon and will provide additional
diagrams at the workshop. Diagrams include:
 A hydrograph illustrating seasonal and among-year flow variability. Hydrographs are based
on distribution of average daily flows at representative flow gages based on Water Years
1950-2013.
 Below each hydrograph, we indicate the timing of key life history stages. Darker bars
indicate timing of peak use (R2 Resource Consultants 2013).
 Below each hydrograph, we also include a table of the macrohabitats used by each life stage.
Black dots indicate peak use habitats and grey dots indicate general habitat use. The
macrohabitats are main channel (M), side channel (Sc), tributary mouth (Tm), side slough
(Ss), upland slough (Us) and tributary (T).
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Flow‐e
ecology hypothese
es are relattionships deerived from data, literaature and exxpert
input ab
bout the expected influeence of chan
nge to an en
nvironmentaal flow comp
ponent on
physical, chemical and
a particullarly biolog
gical processses within a river or haabitat type. T
The
hypothesses should bee as specific as existing information
i
allows, withh the goal off creating
hypothesses that can be
b tested thro
ough subseq
quent quantittative analyssis. Hypotheses should bbe
expressed
d so they add
dress the folllowing:






Who
W (speciess, group of sp
pecies, physical or chem
mical processs)
What
W (flow component an
nd )
When
W
(month
h or season)
Where
W
(river type, reach, habitat)
Why/how
W
(ex
xpected ecolo
ogical response)

Examplee: “From mid-June throu
ugh mid-Aug
gust (when) if monthly m
median flows decrease
(what), access
a
to tributary mouth
hs and tributaaries (wheree) for adult m
migrating Chhinook (who)) may
be reduceed or eliminaated, resultin
ng in reduced extent of uupstream migration and reduced yeaar
class streength (why/h
how).”

Ecologically‐relevant flow statistics are statistics that represent environmental
flow components and (Mathews and Richter 2007), when altered, have been linked to a
published ecological response.

Table 1. A subset of statistics calculated by the Indicators of Hydrologic Alteration and their
Ecosystem Influences

Table 2. Seven sub-daily flow statistics and their description (Bevelhimer et al. 2013)

Tablee 3. Ecologically relevant hydrological in
ndicators of c hange for cold‐regions, in
ncluding Alaskka (Peters et
al. 20
014).

