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Presenter
Presentation Notes
 Largely a conceptual talk that will present a framework for examining how climate change may affect channel morphology & salmon habitat.
 A thought exercise for developing hypotheses for us to test.  




Presenter
Presentation Notes
 Most climate change studies for rivers involve predicting changes in stream temperature, runoff, and sediment transport, but surprisingly little work has been done on predicting changes in channel morphology and associated aquatic habitats.   



How will climate change affect

1. Reach-scale channel morphology (reach
type, depth, slope, grain size)?

2. Scour regime (depth of scour relative to
egg burial depths)?

one —————— foof

Fiaure 1.—Redd making. Female digging. (Burner 1951)
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Presentation Notes
 Here, we focus on how climate change may alter reach-scale channel morphology and scour regime.  
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 Our approach uses regime diagrams that formalize Lane’s (1955) balance (i.e., equilibrium channel morphology = balance between supply of water and sediment)
 Couples equations for streamflow, bedload transport, and channel characteristics (grain size, flow depth, slope) to relate these parameters to one another and to be able to make quantitative predictions of channel response to changes in discharge and bedload transport rate.  
 Axes: dimensionless bankfull discharge and bedload transport rate (= sediment supply for equilibrium conditions)
 Contours: channel characteristics (slope, submergence h/D50, excess shear stress t*/t*c (i.e. scour))
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Each combination of discharge and bedload transport rate corresponds with specific channel dimensions (specific values of slope, grain size, depth, etc.)
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Allows quantitative predictions of how channel characteristics will respond to altered discharge or bedload transport rate.  
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 In addition to changes in channel characteristics, can consider broader scale changes in channel morphology.  
 Lots of overlap, but channel types stratify into different domains in the framework
 Changes in channel type have implications for availability salmon habitat (e.g. pool-riffle and plane-bed channels)


Hydroclimate
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 Now, let’s use this framework to look at how channels might respond to changes in hydroclimate…



Hydroclimate

thunderstorm

frontal rainfall

Streamflow

snowmelt

Time
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 Hydroclimate affects the shape of the hydrograph which, in turn, likely effects channel morphology and variability of channel conditions.  
 Rainfall-driven environments are characterized by flashy, peaked hydrographs, and snowmelt-driven environments characterized by long, low-amplitude hydrographs.  


Hydroclimate

(Pitlick 1994)

thunderstorm
=
=
% frontal rainfall
S
P
=
oL snowmelt
Time
Discharge | Snowmelt Frontal Thunderstorm
ratio rainfall
Q./Q, 1 1 1
Qs/Q, 1.3 1.3 1.1
Q./Q, 1.4 1.9 1.9
Q://Q, 1.8 3.5 4.5
Q100/Q> 2 4.5 8.9
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Similarly, the size of floods relative to the mean annual flow differs between hydroclimates (Pitlick 1994).
 So, the potential for doing work on the channel varies with hydroclimate and the characteristics of the hydrograph
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 Let’s consider a gravel-bed river with a pool-riffle morphology typical of that used by salmonids (orange circle & photo).
 What’s the response potential of this channel under different hydrologic regimes (snowmelt, frontal rainfall, and thunderstorms)?
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Snowmelt
 The blue field shows the response potential for floods of different magnitude (Q2-Q100), with larger circles representing larger floods.
 A range of channel responses to these flood events is possible (colored field), with the bounding lines representing end member conditions of constant slope (S) (lower bound) and constant dimensionless flow depth (h*) (upper bound).
 The range of channel conditions and response potential is fairly limited in snowmelt regimes because discharge does not vary much across these different floods (Q100=2Q2). 
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 In contrast, frontal rainfall regimes exhibit a broader range of flood sizes and channel response potential.


@Iydroclimate & channel response potential =

b

Dimensionless Bankfull Bedload Transport Rate, g_*
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 And Thunderstorm regimes show an even greater range of response potential.
 Conclusion: 
 Response potential and temporal variability of channel conditions likely vary with hydroclimate: snowmelt channels are relatively stable across floods of different magnitude, while rainfall channels are highly variable and less stable.  
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 We can use the regime framework to consider how different climate change scenarios might play out.
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For example:
Scenario 1, reduced snowpack (by half), but retain snowmelt hydrology: the magnitude of flows changes, but the variability of potential channel conditions stays the same because the hydrologic environment and the relative size of flows is maintained
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Scenario 2, same as above, but now make mixed rain and snow: variance of channel conditions increases because of the change in hydrologic regime and inclusion of relatively larger rainfall floods (if the rainfall events are rain-on-snow, the variability might increase even more).  
 Conclusion: the exact response depends on the basin-specific changes in hydrology that occur, but transitional environments (e.g., changing from snowmelt to mixed rain and snow) will increase the potential variability of channel conditions.  This, in turn, will produce a more volatile (less stable) aquatic environment.   
 Some additional factors also need to be accounted for…


Process domains

Hillslopes Wind and/or Fire

Hollows

Frequency

Ground Saturation

Disturbance

Avalanches Time Channel condition

’ s Infrequent,but large disturbances. Little to no
Debris Flow Initiation and Scour variance of channel condtion until rare events

occur.

Colluvial Channels

Confined Channels
Debris Flow Scour and Deposition

Disturbance
Frequency

Flooding
Floodplain Channels

Time Channel condition

Frequent, moderate-scale disturbance; rare large

i ]

Channel Migration events. Little variance of channel condltion;
changes mainly associated with rare events.

VAN

Time Channel condition

Channel Avulsion

Flooding

Disturbance
Frequency

Frequent, small- to moderate-scale disturbance;
rare large events. Variable channel condition.

after Montgomery (1999)
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 Additional factors….
 Response potential and variance of channel conditions will depend on channel morphology and location within the stream network.  
 Hydrology and sediment supply of headwater areas will be more variable than that of the mainstem river, but headwater streams have fewer degrees of freedom for channel adjustment due to hillslope confinement, smaller alluvial volumes, and coarser bed material.
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 Bigger picture: Identifying which parts of the river network are relatively stable and which are likely to cross critical thresholds in response to climate change is important for predicting the persistence of salmonid populations.  
 We can use DEMs to make spatially explicit predictions of channel condition and response potential:  
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By plotting each river segment of the DEM in our regime diagram, we can identify those segments that are close to critical thresholds.
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For example, channel reaches close to the boundary between two channel types, and that could be pushed into an undesirable morphology (poorer quality habitat) with changes in discharge or bedload transport.  
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We can then map these locations back on to the DEM to examine their spatial distribution within the watershed and overlay observed fish distributions to assess the potential biological impacts of morphologic change.
 Allows spatially explicit predictions that can be used to prioritize research and management efforts across the landscape. 
 One thing to note from these figures is that most of the river network (>80%) is composed of steep channel types (boulder-bedded step-pool and cascade channels) that provide marginal salmon habitat, and that are used predominantly by resident species and some migratory ones.
 So, depending on the species of interest, we may only be interested in a small subset of the river network, which could greatly simply the analyses and development of conservation strategies.  
 However, processes occurring in other portions of the network can’t be neglected, as they may ultimately set the sediment and water regimes imposed on the reaches of interest.


Climate-driven changes in scour regime

Fiaure 1.—Redd making. Female digging.

(Burner 1951)

(Esteve 2000)
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 Switch gears to scour regime.  
 Salmon bury their eggs in streambed gravels.
 So, the question here is whether climate change will increase the depth of scour and cause increased egg mortality?  


S
Scour of bull trout eggs
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 Example for bull trout.
 Scour is predicted from Judy Haschenburger’s (1999) equation, which is a function of excess Shields stress (t*/t*c)
 We then use Judy’s equation to predict the proportion of the bed that scours to a given critical depth of egg burial.     
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Figure: Predicted scour potential for floods in different hydroclimates.  
 Analysis for same gravel-bed river considered earlier (photo)
 x-axis shows flood frequency from 2 to 100-year floods
 y-axis shows predicted cumulative proportion of bed scoured to a depth of 10 cm or more (a typical egg burial depth for resident bull trout).  
 Blue=snowmelt, yellow=frontal rainfall, and red=thunderstorms
 Results:
 As expected, larger floods create greater scour, but scour varies with hydrologic regime.
 For floods with a recurrence intervals >10 years, there is a consistent difference in predicted scour, with snowmelt regimes having the smallest proportion of bed scour to critical burial depths, and thunderstorm environments having the largest.  
 Implications: 
for a given hydrologic regime, climate variability that causes increases in the frequency of larger floods can cause significant increases in critical scour.  
looking across different hydrologic regimes, snowmelt environments are generally safer (less of the bed is scoured to egg burial depths) during large floods.  
 Caveat: these results are for a single channel, and results will vary both with channel type and location within the river network.  So, spatially explicit analyses are needed.  For, example…  


Current scour it f 2080 scour
regime ) S regime

e dbf/dc < 1.00 (No Scour Risk)
s 1,00 < dbf/dc < 3.33 (Scour within Egg Burial Range) 15 30
Kilometers
dbf/dc> 3.33 (Complete Scour of Eggs)
® Redd Sites

(Goode et al. 2010)
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 Example of applying the scour predictions across an entire basin, comparing current scour risk to climate scenario for 2080, with discharge predicted from the VIC model, which Charlie mentioned earlier.
 Stream segments that change from blue to green or yellow indicate increased scour risk.  
 Provides spatially explicit predictions of scour risk that can be used to prioritize research and management efforts across the landscape.  
 For further detail, see Jaime Goode’s poster.   


Vulnerability to scour

o Size of fish & consequent egg burial depth
» Species & life history (resident vs. migratory)

) critical discharge
& incubation period

Streamflow
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 Vulnerability to scour depends on several factors…


Vulnerability to scour

o Size of fish & consequent egg burial depth
» Species & life history (resident vs. migratory)
« Timing of incubation relative to scouring flows
o Species & phenotype (fall vs. spring spawners)

) critical discharge
& incubation period

Streamflow
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 Vulnerability to scour depends on several factors…
 In this example, changes in flow impact Chinook spawning, but not bull trout


Dynamic (transient) responses
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 The regime approach is a useful first approximation for assessing channel condition and response potential, but the approach is based on quasi-equilibrium (i.e., the stable morphology for a given discharge and bedload transport rate).
 Dynamic models are needed to address transient responses, such as post-fire sediment pulses that Rachel mentioned earlier.  
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 Goal of these dynamic models is to provide a landscape perspective of spatial and temporal availability of habitat.  
 So, at larger landscape scales, we can think about core areas of usable spawning habitats (solid green) and others that wink on and off from sediment pulses and downstream movement of that material (dashed/transparent green).  



Field and numerical studies

3 post-fire debris flows In
neighboring basins

* Repeat topographic surveys of
debris fans and mainstem river

e 1D numerical model of fan
evolution and downstream
movement of sediment through
river network

(Lewicki et al. submitted)
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 We’re conducting a series of field and numerical studies to examine this issue.
 Local example from the Boise Basin.  


Rapid recovery:
20m of
incision in 5
yrs.
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 Repeat photographs of the fans (2003-2007) document rapid erosion by the mainstem river, which is steep and confined.  
 Yellow arrow points to the same tree in each photo.
 20 m of incision in 5 years.


Changes in grain size (spawning habitat) over time
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 What does this sediment supply mean for fish?
 Plot shows predicted median grain size as a function of distance over time.
 The green box indicates the typical range of median grain sizes used by spawning salmonids.  
 A general pattern of coarsening is predicted at each tributary junction where debris flows enter the main channel (coarse lag), while a pattern of downstream fining, followed by coarsening, is predicted as the debris-flow sediment is routed downstream over time. 
 This is a steep boulder and cobble channel, but the wave of downstream fining from the debris-flow sediment creates suitable spawning gravels for brief periods in different downstream locations. 
 This sort of modeling allows explicit predictions of sediment impacts (positive or negative) over space and time.  
 Debris-flow disturbances in mountain basins will be more likely as climate change increases the frequency, severity, and spatial extent of fires in the West. 
 How much sediment can we expect?...


Changes in grain size (spawning habitat) over time
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Presenter
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 What does this sediment supply mean for fish?
 Plot shows predicted median grain size as a function of distance over time.
 The green box indicates the typical range of median grain sizes used by spawning salmonids.  
 A general pattern of coarsening is predicted at each tributary junction where debris flows enter the main channel (coarse lag), while a pattern of downstream fining, followed by coarsening, is predicted as the debris-flow sediment is routed downstream over time. 
 This is a steep boulder and cobble channel, but the wave of downstream fining from the debris-flow sediment creates suitable spawning gravels for brief periods in different downstream locations. 
 This sort of modeling allows explicit predictions of sediment impacts (positive or negative) over space and time.  
 Debris-flow disturbances in mountain basins will be more likely as climate change increases the frequency, severity, and spatial extent of fires in the West. 
 How much sediment can we expect?...


Changes in grain size (spawning habitat) over time
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 What does this sediment supply mean for fish?
 Plot shows predicted median grain size as a function of distance over time.
 The green box indicates the typical range of median grain sizes used by spawning salmonids.  
 A general pattern of coarsening is predicted at each tributary junction where debris flows enter the main channel (coarse lag), while a pattern of downstream fining, followed by coarsening, is predicted as the debris-flow sediment is routed downstream over time. 
 This is a steep boulder and cobble channel, but the wave of downstream fining from the debris-flow sediment creates suitable spawning gravels for brief periods in different downstream locations. 
 This sort of modeling allows explicit predictions of sediment impacts (positive or negative) over space and time.  
 Debris-flow disturbances in mountain basins will be more likely as climate change increases the frequency, severity, and spatial extent of fires in the West. 
 How much sediment can we expect?...


Changes in grain size (spawning habitat) over time
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 What does this sediment supply mean for fish?
 Plot shows predicted median grain size as a function of distance over time.
 The green box indicates the typical range of median grain sizes used by spawning salmonids.  
 A general pattern of coarsening is predicted at each tributary junction where debris flows enter the main channel (coarse lag), while a pattern of downstream fining, followed by coarsening, is predicted as the debris-flow sediment is routed downstream over time. 
 This is a steep boulder and cobble channel, but the wave of downstream fining from the debris-flow sediment creates suitable spawning gravels for brief periods in different downstream locations. 
 This sort of modeling allows explicit predictions of sediment impacts (positive or negative) over space and time.  
 Debris-flow disturbances in mountain basins will be more likely as climate change increases the frequency, severity, and spatial extent of fires in the West. 
 How much sediment can we expect?...
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Open triangles are the long-term average sediment yield determined from cosmogenic dating
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Orange & red diamonds are short-term sediment yields from post-fire debris flows and gully erosion (several orders of magnitude larger than the long-term averages)
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across floods of different magnitude, while rainfall channels
should be more variable and less stable.



Summary
» Quantitative framework for spatially-explicit 4:;2; '
predictions of channel response to changes
In streamflow and bedload transport

* Response potential and temporal variability of channel
conditions likely vary with hydroclimate

o Snowmelt channels are expected to be relatively stable
across floods of different magnitude, while rainfall channels
should be more variable and less stable.

 Scour potential varies with hydrologic regime (particularly for
larger floods, > 10-yr. events).
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Summary

o Effects of climate change on channel
morphology, scour regime, and risk to
salmonids will depend on:

o Hydroclimate (hydrologic regime)
 Location within the basin (process domains)

 Fish species, life history, and phenology
(depth of egg burial, timing of spawning
relative to scouring flows)
 Transitional changes in hydrologic
regime (e.g., changing from snowmelt to
mixed rain and snow) have the greatest
potential for altering geomorphic
conditions and salmonid habitat.

e Dynamic models are needed to
understand transient responses and
changes in habitat over space and time

'(VaIIie'r 1998;)' e R A
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