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Why should we care about fluvial geomorphology? Fluvial geomorphology is literally the shape -“morphology” of the earth -“geo” as caused by flowing water -“fluvial”.  We can think of this as the channel and floodplain shape as sculpted by flows of water and sediment. This presentation will give you a bit of the history of how fluvial geomorphology came to be recognized as important in instream flow assessment, show you some results of a hydraulic modeling effort that demonstrates the importance of channel shape to aquatic habitat, and give you some examples of the ecological consequences of changes in sediment transport in river systems in the United States.  My objective is to provide a clear sense of why you may want to have a geomorphic overlay to an instream flow recommendation. 



(from FISRWG 1998)

Lane’s Diagram
A “stable” stream channel is a balance of sediment and discharge.
“The importance of fluvial morphology in hydraulic engineering” (Lane 1955) 
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Let me start with the somewhat famous Lane’s diagram, which pictures a stable stream channel as being a balance of the stream’s flow of water and sediment. The bottom of a “stable” channel may scour during a storm event, then build back up later, and the channel may meander from side to side across the valley, but the channel does not show a long term trend of either cutting down (degrading) or building up (aggrading).  As a result, the various habitats within the channel are maintained in a relatively similar condition over time.

Lane’s diagram also shows how stream slope and sediment size affect the balance.  For example, for a fixed amount of sediment, it takes less flow to come to a balance if the stream has a steeper slope.

Lane’s diagram can be used to explain the general response of a stable stream if you change the discharge, slope, sediment supply, or sediment size.  For example, if you begin with a stable channel and remove some of the flow while keeping the sediment supply the same, Lane’s diagram predicts that the balance will tip and the stream will begin to aggrade.

(Federal Interagency Stream Restoration Working Group)
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(from Lane 1955)

Examples
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Lane was not the first to discover the principles demonstrated in his diagram, but prior to his paper in 1955, these principles were not widely considered by hydraulic engineers. As a result, even in 1955 there had already been a number of spectacular failures related to ignoring sediment transport during engineering designs.  These figures, from Lane’s original paper, show some examples.  Figure 3 shows how “hungry” water downstream of a dam caused severe degradation, eventually compromising the entire structure. Here’s a head cut on a stream caused by increased flow.  Here’s an example of channel degradation caused by sand mining upstream. These problems and others described by Lane eventually required expensive engineering fixes. After Lane’s article in 1955 it became standard practice for hydraulic engineers to consider sediment transport when designing structures in a stream, from large dams to simple road crossings such as culverts.  These  engineers were not motivated by maintaining aquatic habitat, but rather by maintaining their hydraulic structures.
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Well, how about instream flow?  When was geomorphology recognized as important in that discipline?
Let’s start with a review of what I call the “Old paradigm” for instream flow requirements.  This paradigm existed from the infancy of instream flow science in the 1950’s and 60s to well into the 1990s.  In this paradigm, it was recognized that water was important to the riverine ecosystem, but sediment was left out of the equation. The riverine ecosystem was considered too complex and poorly understood to consider in its entirety, so this paradigm really only considered the biological features of the system.  Those too, were poorly understood, so we settled for trying to understand how base and subsistence flows affected fish, and really not fish directly, but fish habitat.  This paradigm works somewhat and had some early successes in protecting river ecosystems.  But as time went on, it also had a few failures.



Trinity River Basin, CA

Pre-Dam Conditions
from (Trush, McBain, Leopold 2000)
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One of the first failures of the old paradigm recognized by the instream flow community occurred on the Trinity River in California.  Here’s a conceptual cross section of what that river looked like before construction of a large water project upstream of the town of Lewiston.  Historically, flows varied from about 100 cfs in dry summers to more than 12,000 cfs during peak runoff in wet winters.  The river migrated across the river valley, providing depositional surfaces of various ages that in turn provided for a riparian area with various age classes from seedlings to mature trees.  The channel itself had a complex pattern of physical features, including alternating pools and bars that provided a variety of aquatic habitats.

In the late 50’s and early 60’s, the US Bureau of Reclamation designed a large project with the capacity to store and divert up to 90% of the streamflow of the Trinity River.  Studies were done to determine the amount of flow required to maintain fish in the river downstream of the project.  These were habitat studies focused on salmon.  The studies concluded that flows of about 150 cfs would provide ideal conditions for all life stages of salmon (from adult, to spawning, to juveniles).



Trinity River 
Basin, CA

Trinity River at Lewiston, CA

Qpre = 1,650 cfs
Qpost = 590 cfs

Qpost 
Qpre

= 36%
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The project, consisting of a large reservoir to store water and a smaller reservoir to divert water to a tunnel which carried the flow on to another basin, was completed and began operation in 1963.  Here are the flow duration curves for the pre and post project periods.  Following the recommendations of the habitat studies, flows in the range from about 150 to 300 cfs were kept at their pre-project occurrence frequencies.  The average flow of the river just downstream of the project was reduced from 1,650 cfs to 590 cfs, providing 36% of the historical flow volume.  So what happened? How did this become a train wreck?



Trinity River Basin, CA

Post-Dam Conditions
(Trush, McBain, Leopold 2000)
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Despite the release of near “ideal” flows for salmon habitat, the salmon population began to plummet almost immediately. Lawsuits and expensive studies and rehabilitation efforts ensued.  What had happened to the river?

Under the post-project hydrology, the channel changed dramatically and here is a conceptual cross section of what it looks like currently.  High flows are no longer adequate to cause the channel to meander across the valley.  Vegetation has built up on the banks.  Reduced pulse and overbank flows are not sufficient to scour out this vegetation, so these flows are confined to the channel and scour out the channel bottom instead.  The channel has lost most of its complex features and has become more uniform in cross sectional shape.  Flows of 150-300 cfs that had previously provided ideal habitat for all life stages of salmon no longer do so.  

The channel shape has changed and along with it, aquatic habitat and riparian conditions have changed in a dramatic way.




Scenario 1

X-Section

Scenario 4

Scenario 3

Scenario 2

Scenario 5

Instream Habitat
Consider five different 
(but similar) channels.
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Before we go farther, lets call a quick time out and take a detailed look at how channel shape influences aquatic habitat.  For this exercise, we’re going to look at the results from a 2-dimensional computer model of the hydraulics of flow through 5 different channels.  The channels all have the same slope (0.0005), length (4,500 feet), average width (70 feet), and hydraulic roughness (or resistance to flow).  The first channel is just one long, rectangular flume with no in-channel complexity at all.  The second scenario is the same as the first, but we’ve added some alternating bars within the channel.  The third has no bars, but the straight, rectangular channel has been twisted to provide some plan form change.  Scenario 4 is a natural channel.  Note that we’ve had to change the elevation scale to accommodate wider variation in pool depths and bank heights.  Scenario 5 is identical to 4, with the addition of some backwater areas and a secondary channel that is active at higher flows.



Instream Habitat
Habitat descriptions based on flow velocity and depth.

( from Vadas and Orth 1998)
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The output of all five of our hydraulic model runs will be average column velocity and depth at points scattered throughout the channel.  We’ll use those depth and velocity pairs to evaluate the aquatic habitat provided by each channel at various flow rates.  In order to help us evaluate that habitat, we’re going to use a somewhat generic description of habitat developed by Vadas and Orth.  Based on input from many fisheries scientists, they developed the habitat descriptions shown in this chart for warm water fish in streams and rivers similar to those in Texas.  These definitions are pretty intuitive.  For example, shallow-fast water is categorized as fast riffle.  Slow-deep water is classified as deep pool.   Although they aren’t for any particular fish species or life stage, these habitats are similar to what might be generated for individual species or groups of similar species (known as a guild).



Instream Habitat
Scenario 1 – Straight rectangular flume
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Here are the results of looking at the first configuration of the channel, the long, straight flume with no channel shape complexity.  It should come as no surprise that there is very little variation in habitat for the various flow rates.  At 50 cfs, all of the locations in the channel have essentially the same properties in terms of flow depth and velocity.  The entire reach is “Slow Riffle” habitat.  At 100 cfs, the velocity and depth increase a little, but again, the habitat is the same throughout the entire reach.  This time it’s “Run.”  The habitat stays uniform for all the flow rates we modeled.  Clever hydraulic engineering types in the audience will recognize that you don’t need a 2-dimensional computer model to solve for velocity and depth for this channel.  You could have just used the one-dimensional Manning’s equation and got the same results.  The message from this model run is pretty clear, uniform channel means uniform habitat.



Instream Habitat
Scenario 2 – Straight rectangular flume 
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For Scenario 2, we introduce some variation to the channel shape in the form of within channel, alternating bars.  The improvement in habitat is immediate.  You can see that at 50 cfs we get a variety of velocity and depth pairs within the channel.   We’ve got fast riffle, slow riffle, run, and even a little bit of shallow pool.  As we increase the discharge, we get deeper and faster habitat.  Notice also, that we have a greater range in flow depths at 500 cfs than we do at 1000 cfs.  This is because the in-channel bars are completely covered at a flow rate somewhere between these two flow values.  The message from this model run is that any variation in the channel shape provides some variation in the habitat.



Instream Habitat
Scenario 3 – Meandering rectangular flume
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In Scenario 3, we keep the rectangular cross section but let the channel meander a bit from side to side.  The results show some spread in the velocities, but not much variation in the depths.  The plan form complexity does contribute to variation in the available habitat, but it’s not as effective as complexity in the channel cross section shape itself. 



Instream Habitat
Scenario 4 – Main channel with natural form
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For Scenario 4, with channel shape based on “natural” river form which includes variation in both plan form and cross sectional shape, the results in terms of aquatic habitat are spectacular.  Habitat area and variety does increase with discharge, but even at the lowest flow rate (50 cfs) there are a broad range of habitats available.



Instream Habitat
Scenario 5 – Main and side channels with backwater area
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For Scenario 5, we add in a side channel and some backwater areas.  The improvement in habitat in comparison to Scenario 4 is pretty subtle, but at higher flow rates, we do get some improvement in overall habitat diversity.



Instream Habitat
Aquatic habitat is a function of flow and channel shape.

Q = 1000 cfs
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So what’s the message?  This chart shows the habitat available at 1,000 cfs for all 5 channels.  Look at the dramatic difference in habitat available between the simple, uniform channels of scenarios 1, 2, and 3 versus the wide variety of habitats available with the more diverse channel shapes of scenarios 4 and 5.  When you have a complex channel, you can provide a variety of habitats for a great number of different organisms with relative ease.  If the channel shape becomes more uniform, as happened on the Trinity River in California, the habitat available at a particular flow rate changes dramatically. Aquatic habitat is a function of both flow and channel shape.
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Environmental Flow – New Paradigm
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So, as a result of train wrecks like the Trinity River in California, a new paradigm for instream flows has developed.  That paradigm recognizes that the physical features of the river ecosystem must be maintained in order to support the biological features.  Supporting those physical features requires sediment as well as water and it requires flow components beyond subsistence and base flows. This new paradigm is generally accepted by instream flow scientists and was reflected in the National Research Council review of the Texas Instream Flow Program.



Example –
Central Platte 

River, NE

(Murphy et. al 2004)

Q70-99  2,100 cfs
Q10-35          3,150 cfs = 67%=
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Now I’d like to provide a couple of additional examples of how changes in flow (both water and sediment) have impacted river ecosystems.  These examples were selected to be representative of the types of changes that have been observed.  They were also selected because they include  before and after pictures of the actual river channel to show you what channel changes look like visually.

This example is from the Central Platte River in Nebraska.  This chart shows median flows for several locations on the river and this chart compares annual hydrographs from 1900 and 1990 at Overton.  Note that at Overton, flows are about 2 thirds of what they were in the period 1910 to 1935.  Note also that snowmelt peak flows used to be substantially higher in the spring and early summer.  At the present, peak flow in the spring is about the same magnitude as peak flows in the summer.



Example –
Central Platte 

River, NE
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This chart shows the change in annual sediment load, which has also been reduced, at the same locations along the river.  So, with big changes in both flow and sediment, we’d expect some changes in the channel shape.  That has indeed happened, as shown in this figure showing the channel near river mile 217 and 218.  The left hand side of this figure is a black and white aerial photo from 1938.  The active channel is about a mile wide at this point.  The river is what’s described as “braided.”  At less than flood flows, the river flows in a large number of channels with a lot of exposed sand showing up in between flow areas.  The dark areas at the bottom of the photo are patches of riparian trees.  In contrast, the right side of this figure shows how the channel has changed by 1998.  This is an infrared photo showing the large amount of riparian vegetation that has grown up.  Flow still occurs in a number of channels, but you can see that there are fewer low flow channels and the flow in those channels appears deeper.  

So what’s the problem?  In many ways, the photo on the right looks nicer.  In fact, if we could take a little more flow and sediment out of this system, it might settle down to a single thread river meandering across this wide riparian area and look even nicer still.  But regardless of whether you think the photo on the right looks like a desirable condition or not, it’s clear that habitat conditions have changed dramatically.



Example –
Central Platte 

River, NE Whooping 
Crane

Piping Plover
Least
Tern

Pallid Sturgeon
(NRC2004)
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That change in habitat has affected a number of endangered species that are dependent on the Central Platte ecosystem.  Whooping cranes use the Central Platte as important habitat during migration.  They are adversely affected because the encroaching riparian vegetation provides cover to their predators.  Piping plovers and least terns depend on the Central Platte for sand bars on which to nest.  Historically, sand bars were built up to a high elevation during peak flows in the spring and early summer.  Those large, high bars provided nesting habitat that was above the level of inundation during summer thunderstorms.  The smaller spring peak flows currently provided have resulted in smaller sand bars, which are more easily flooded during summer rainstorms, destroying plover and tern nests.  Pallid sturgeon are adapted to the shallow, wide conditions of the pre-development Platte River.  The transition to fewer, deeper channels has reduced their habitat.  The bottom line is that the altered habitat may look better to some, but it translates to problems for the biological features of the system.



Example –
Rio Grande, TX
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(modified from Dean 2009)
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One more example, this time from the Rio Grande here at home in Texas.  In particular, we’re going to look at the section of river from about El Paso to downstream of the Big Bend area.  Over the last century, flows in the Rio Grande and the Rio Conchos in this area have changed significantly.  At El Paso, the reduction in flow is about 50%.  Upstream of the confluence with the Rio Conchos, flow in the Rio Grande is about a quarter of what it used to be. Immediately downstream of the confluence with the Rio Conchos, flow in the Rio Grande is about 15 percent of what it was historically.
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Rio Grande
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Flow Volume at 
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(from Solis 2010)
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(Post 1946, 1980-
2009 shown)
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These charts show the change in annual flow volume of the Rio Grande at Johnson Ranch, farther downstream from the confluence with the Rio Conchos.  Tributary inflows have increased the flow of the river and somewhat dampened the effect of reduced flows from the Rio Conchos and upper portion of the Rio Grande Basin.  The flows since 1946 have averaged about half a million acre-feet per year, about 50% of the historical annual flow volume.  
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Rio Grande 1972

1933
~8’

~35’~30’

Rio Grande above Rio Conchos, near Presidio, TX

(from Everitt 1993)

(from Dean 2009)

1900-1941

1940s-1970s

After 1979 and 1991 floods

Post 1991
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What’s been the impact on channel shape?  Just above the Rio Conchos, Everitt documented significant changes in the channel.  The channel, which was about 100 feet wide in 1933, lost more than half it’s width and the bed elevation aggraded about 8 feet.  Downstream of the Rio Conchos confluence, Dean documented similar changes to the Rio Grande channel.  In general, the channel narrowed, but gained back some of its width after large flood events.  Since 1991, invasive species (salt cedar and giant cane) have contributed to channel narrowing.



Example – Rio Grande, TX
Rio Grande at Black Dike 1933      2010

(from Dean 2009 and Bennett 2010)

Rio Grande near 
Hot Spring Canyon 1945      2008
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Visually, here’s what channel changes have looked like at two locations downstream of the Rio Conchos confluence.  The top photo pair shows the river near Black Dike in 1933 and again in 2010.  What was a broad, shallow river has become narrower.  Near Hot Spring Canyon, the channel shows a similar change from 1945 to 2008.  The surface area of the channel is reduced to about half and the river appears to have built a floodplain inset within the previous channel.

So what’s the problem?  The photos on the right still look pretty nice.  The habitat has clearly been altered but it still looks appealing.



Example –
Rio Grande, TX

Silvery 
Minnow

Salina 
Mucket

(Howells 
2010)

(USFWS 
2010)
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Again, it’s the biological features dependent on habitat in or near the river that bear the brunt of the consequences of channel change.  Silvery minnow, a federally endangered species, was eliminated from this portion of the Rio Grande about 1960.  Least terns have experienced a reduction in suitable nesting habitat for similar reasons as occurred on the Central Platte.   And there are several species of freshwater mussels that are at risk in this portion of the Rio Grande.  Again, changes in the physical shape of the channel translate to impacts on habitat and the biological features dependent on those habitats.



Questions?
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Let’s review - Why is fluvial geomorphology important?  Because channel shape impacts the habitat provided by base and subsistence flows almost (if not more) than the flows themselves.  Uniform flows produce uniform channels that produce uniform habitat, adversely affecting the biological features that depend on river ecosystems.  

Altering the geomorphic processes of rivers by significantly altering sediment transport will, in all likelihood,  change channel shape and therefore impact habitat and the biological features dependent on that habitat.  That’s the motivation for carrying out a geomorphic overlay on flow recommendations which in all other ways may appear sufficient.  

Thank you and I’d be happy to answer any questions.
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