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5.	Lessons
Monitoring the Marmot Dam removal over a 4-year period has provided several lessons regarding both 
river adjustments and the process of documenting those adjustments.  We offer several concise lessons 
below and then use our experiences on this project to propose a template for displaying, communicating, 
and optimizing a large collaborative river restoration effort such as this one.

5.1.	 Geomorphic	observations

§	A one-dimensional morphodynamic model, coupled with professional qualitative assessment can 
capture the overall pattern and timing of erosion and deposition associated with a dam removal like 
the Marmot Dam.  The predictions of the areal extent of significant bed change proved to be quite 
accurate.  

§	Measuring the transport and deposition in at least a two-fraction framework was important to capture 
the disparate sand and gravel ‘stories’.

§	A water year with below normal peak flows had the ability to mobilize and redistribute a large 
reservoir sediment volume containing large grain sizes. 

§	After significant redistribution of sediment occurred in the first (low-flow) year, subsequent years 
with significant flow events saw very little change in the bed topography.

§	Sediment transport rates varied through the season not only below the damsite (as expected), but 
at the upstream boundary, where variability in ambient conditions proved to be a large source of 
uncertainty. 

§	The variability in sediment transport rates underscores the importance of measuring sediment at 
a tight temporal resolution keyed to peak flow events. At times, the Sandy River transports large 
volumes of sand during low flow periods, so sampling strategies should also strive to characterize the 
low flow season. 

§	Surveys & LiDAR at with ≈ 1 pt/m2 density, coupled with large (0.25 – 1 meter) grain sizes, cannot 
resolve elevation changes much below several tens of centimeters.

§	In areas below the main depositional reach, bed elevation changes were very localized.  Full 
topographic surveys were much more effective at capturing the areas of erosion and deposition than a 
method of widely spaced cross sections.

§	The patterns of deposition in the near-dam area were such that the river rapidly regained its pre-
removal planform.  The size, number, and location of the bars were similar to the pre-removal 
configuration one year after the removal.  The primary adjustment was an increase in elevation of the 
entire river surface (bed and bars).  

5.2.	 monitorinG	observations

§	A collaborative monitoring effort without a dedicated organizational structure is possible with 
cooperative partners.

§	The lack of baseline data for the bedrock gorge downstream of the dam has hampered both 
predictions and monitoring efforts.

§	Where adequate reception was available, RTK GPS was a much more efficient way to capture 
bathymetry, however, high local relief combined with valley orientation can make RTK GPS nearly 
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unusable and favored a more traditional total station survey method.  
§	Choosing multi-year study reaches which require ongoing landowner permission without a financial / 

contractual access agreement, leaves one open to the chance of losing access to a crucial site. 
§	General interest and resources were relatively abundant for the first year monitoring due to 

widespread publicity, but maintaining a similar level of interest and support for a multiple-year 
monitoring program has been challenging.  

5.3.	 coordinatinG	and	optimizinG	a	LarGe	monitorinG	effort

One of the challenges of monitoring the Marmot Dam removal was the coordination of efforts by 
various parties in an informally organized group.  A product of this coordination effort was the 
development of a visual framework / template to present, analyze, and optimize a large monitoring 
effort.  This framework is presented below using the Marmot Dam removal as an example.

5.3.1.	 Motivation

Describing changes in a river following a large restoration project requires a substantial monitoring 
effort involving repeated measurements of various channel features over an extended time period.  
A large and highly visible project can attract a variety of parties including, regulators, managers, 
researchers, and concerned citizens, each with unique goals, questions, tools, techniques, personnel, and 
financial resources.  Given each party’s particular combination of objectives and resource constraints, 
they must select the type, location, frequency, and duration of measurements in their monitoring effort.  
The understanding of the state of the river following the restoration is then the sum total of what is 
learned from each of the individual monitoring efforts.  
In the case of the Marmot Dam removal, the parties involved in monitoring included the utility that 
owned the dam, a number of federal agencies, state and local organizations, and several academic 
institutions. Formal and informal connections between the interested parties allowed a measure of 
coordination early in the monitoring design that facilitated the creation of a more comprehensive picture 
by focusing the individual efforts on complementary data collection goals. The data collected from the 
Marmot Dam removal monitoring effort has improved our overall understanding of channel response 
to dam removal. More specifically, these datasets have allowed us to evaluate a ‘blow and go’ style 
sediment management plan for a moderate-sized dam.  By assessing numerical and physical predictive 
model performance relative to measured outcomes, Marmot Dam monitoring data will ultimately 
also improve predictions of river morphology.  The monitoring used both long-established techniques 
such as a Wolman pebble count to measure surface grain size, and repeated topographic surveys at 
monumented cross sections, as well as newer techniques such as airborne LiDAR and cataraft-based 
bedload sampling.  The utilization of these techniques and the processing of the collected data are well 
documented in this report and others (GMA, 2008;Watershed Sciences, 2006, 2008, and 2009; Podolak 
and Pittman, 2010; and Major et al 2011), and can serve as a good example of the application of these 
various monitoring techniques.  The unique contribution of the Marmot Dam monitoring experience to 
the practice river restoration monitoring comes from analyzing how a coherent integrated plan can arise 
from disparate groups interested in measuring a river’s response to a restoration project. 

5.3.2.	 overview

A monitoring effort to collect data describing changes in river characteristics is essentially an attempt to 
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answer a question. Broadly speaking there are three types of questions that can be asked about changes 
following a restoration project:  
§	compliance – “Was the project executed as planned?”, 
§	documenting change –  “Did the project change ______ in the river?”, and 
§	explaining change –  “How did the project change _______ in the river?”  
Since there may be several organizations interested in monitoring the effects of a project, the questions 
each are striving to answer may fit into different categories, and therefore the monitoring choices 
appropriate to answer the questions will necessarily differ.  Efforts to answer the first type of question, 
compliance, will likely focus on the local detailed conditions at a single point in time.  The information 
required for the second type of question, documenting changes, needs to span a larger spatial extent 
and occur over a longer period of time, but is still restricted to documenting project effects.  The third 
type of question, documenting mechanisms of change, encompasses the full range of the second type of 
question, but adds in measurements of the drivers, not just the results, of change and may occur over a 
large spatial extent and occur at a higher frequency. In order to visualize, communicate, integrate, and 
optimize disparate monitoring efforts answering various types of questions, we propose a framework 
that presents the type, spatial extent, spatial density, and temporal frequency of each monitoring 
technique.  
The ability to see all of the monitoring efforts of various parties at-a-glance is a valuable communication 
tool allowing comparisons of monitoring campaigns within one project or between projects in an 
intuitive manner.  With a common frame of reference to view and communicate the efforts, it is possible 
to look for inefficiencies and optimize the broader monitoring plan.  Fine-tuning one party’s plan could 
not only suggest changes in another’s, 
but also can assist communicating those 
suggestions, allowing the better use of 
limited resources by ensuring that all the 
individual efforts are optimized relative to 
one another.

5.3.3.	 FraMework

Our proposed framework is a method to 
display an entire monitoring plan in an 
intuitively understandable yet data-dense 
manner.  We do this with a 2-dimensional 
chart of colored symbols (Figure 57) with 
varying sizes presenting 4 dimensions of 
data: type of monitoring technique (color), 
spatial density of data collected (size), 
spatial extent of data collection (along the 
horizontal axis), and temporal frequency of 
data collection (along the vertical axis).  

Figure 57 – Example of the display of several techniques  for a 
hypothetical monitoring effort
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5.3.3.1.	 Layout	oF	the	FraMework

§	Spatial Extent - The symbol for a specific monitoring technique (i.e. cross section surveys, macro-
invertebrate count, turbidity measurement) is placed along the horizontal axis (Figure 58) according 
to its spatial extent. This plotting scheme helps distinguish measurements at various scales.  
Localized ‘project-scale’ measures will be concentrated in the tens to hundreds of meters around the 
project.  Broader ‘reach-scale’ measures will occur in the kilometers around the project.  Finally, 
‘river-scale’ measures encompass the tens to hundreds of kilometers and span much of the horizontal 
axis. The endpoints of the line show the location along the river, while the total length of the 
line(s) expresses the spatial coverage. Certain measures such as sediment flux are truly single-point 
measurements and are represented by a point. Discharge measurements are point measures but under 

certain circumstances such as reaches with slowly increasing drainage areas or only minor tributary 
inputs, the discharge point measures provide discharge information over some length of the river, 
which may be subjectively determined and represented with a line. The horizontal axis then provides 
a visual indication of the amount of a river that a technique applies to – from the project scale through 
the reach scale and potentially to the entire river scale.

§	Temporal Frequency - The symbol’s position along the vertical axis (Figure 58) is a function of how 
often measurements are made.  Measurements made at a low frequency (only once or perhaps every 
few years) populate the low end of the scale, while measurements taken more frequently (perhaps 
annually or on a storm-by-storm basis) are placed higher along the vertical axis.  Very frequent, daily 
and even ‘continuous’ measurements (which in practice may mean every 5-15 minutes) are located on 
the upper portion of the vertical axis. The scaling of the vertical axis can be linear or logarithmic, as 
is often the case with frequency information. 

§	Data Density - The spatial extent conveys the limits of the data gathered, but the number of spatial 
measurements made within those limits can vary greatly, and as a result the amount of information 
gathered will vary greatly.   As an example, an airborne LiDAR-derived DEM for a 10 km reach 
of the river may provide evenly spaced elevation information every 1 square meter.  The amount 
of information measured per area (or in this context, per length of river) is the data density, and 
is communicated on the chart as the size of the symbol (Figure 58).  A large symbol denotes a 
monitoring technique with a high data density, while a small one has a low data density.  Unlike 
spatial extent and temporal frequency there is not a common scale for data density across techniques 

Figure 58 – Composition of the framework [left to right]  a. Spatial extent is plotted against the horizontal axis.  b. Measurement 
frequency is plotted against the vertical axis. c. Data density (information per unit river length) scales the symbol size
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and hence the scaling of this parameter is somewhat subjective. A series of 20 cross sections spaced 
every 500 meters along the same 10 km as the LiDAR-derived DEM also provides topographic 
information, but at a much lower spatial resolution.  While the cross section data can give a detailed 
picture of the topography for a small portion of the river, the topography information provided 
over the entire 10 km of river is much less dense than the LiDAR information and data density, or 
information per unit of river length, is less.  However, if the same 20 cross sections were spaced 
instead over 200 meters, the spatial extent would be much lower, and consequently the data density 
would be nearly as high as the LiDAR data.  

§	Monitoring Technique - The fourth data dimension displayed on the plot is measurement type.  
Unlike the other three dimensions (spatial extent, temporal frequency, and data density) the type 
of monitoring technique is categorical, and the categories are completely project dependent.  For 
example, a morphological-centric monitoring approach might classify techniques as those which 
measure fluxes (including water, suspended sediment, and bedload sediment) or those which measure 
static topographic variables such as surface elevations.  Alternatively, the monitoring techniques 
for this example could be classified as those that measure drivers of morphologic change (sediment 
and water fluxes) and measures of morphologic change (grain size and elevation).  A classification 
scheme with multiple categories might make distinctions between topography measurements, grain 
size measurements, photography, ecologic measurements, water fluxes, sediment fluxes, etc…  The 
important part of the classification scheme is the ability to differentiate between the causes and 
effects for the explanatory type of monitoring.  For example if the monitoring goal is to examine 
the relationship between changes in bed elevation and characteristics of  the macroinvertebrate 
community is the goal, then categorizing topographic measures and macroinvertebrate counts 
separately will yield the ability to view disparities in the data collected as the explained variable and 
the explanatory variable.  

5.3.3.2.	 PLotting	a	Monitoring	PLan

An existing or proposed monitoring plan can be displayed and communicated by plotting each of the 
individual monitoring techniques relative to the horizontal and vertical axes, with the appropriate size 
and color.  Some subjective judgment may factor into the placement of techniques on the axes.  For 
example the location along the vertical axis of annual surveys and daily measurements are unambiguous, 
however event-based sediment measurements and surveys can be slightly ambiguous.  The more 
important factor is that the techniques are properly aligned with respect to each other.  If surveys and 
bedload sampling are both planned every time a storm above a specific discharge occurs, then they need 
to be aligned in the horizontal.  Conversely if there will likely be storms without bedload sampling, but 
which do have post-event surveys, the surveys need to be placed higher (at a greater frequency) than the 
bedload sampling.
The data density scaling is more subjective then the location along the frequency axes.  The absolute 
measure of density is unimportant; it is the relative sizes which matter.  If a topographic measurement 
and grain size measurement have overlapping spatial extents and they have the same data density, the 
implication is that one could pair a topographic measurement of a specific portion of the river with a 
grain size measurement at the same scale.  If the grain size measurements are at a coarser scale then the 
grain size symbol should reflect a lower data density.  
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5.3.4.	 uses	oF	the	FraMework

5.3.4.1.	 tyPes	oF	questions	to	be	
answered

One advantage of the visual depiction of this 
framework is that the data collected to answer 
the various types of questions should plot 
in different areas on the graph (Figure 59). 
A monitoring effort striving to answer the 
compliance-type question needs monitoring 
techniques that plot near the origin of the 
graph – infrequent local data with high spatial 
density.  If a compliance-type monitoring 
effort has a data-collection plan which plots 
outside this parameter space, there may be 
more data being collected than is needed and 
efficiencies may be gained by shrinking the 
monitoring effort.  The parameter space for 
data collection appropriate for documenting 
change will be larger in its spatial extent, and 
likely in the temporal extent.  Constructing 
a river restoration project can be expected to 
have an effect downstream, and possibly upstream for some distance outside the immediate project area.  
Various effects will have a time required for impacts to become evident, therefore the monitoring will 
have to span a larger timeframe than the compliance-type question, perhaps occurring on a seasonal 
or annual basis for some period of years following the project completion.  Finally, the parameter 
space for a monitoring effort aimed at explaining changes encompasses increased measurement 
frequency and broader spatial extent.  The fluxes of water and sediment are the drivers of change in 
the river bed, and measuring these fluxes typically involves measurements on a continuous, daily, or 
event basis.  Likewise, the drivers of change will often arrive from outside the area being monitored 
(upstream or from the a nearby hillside), necessitating an increase in spatial extent being monitored 
when monitoring for explanations.  Although the boundaries between the zones are subjective, there 
is value in the visualizing a monitoring plan and discerning the appropriate spatial extent, data density 
and measurement frequency necessary to answer compliance-, documentary-, or explanatory-type of 
questions.

5.3.4.2.	 Cost	direCtionaLity

In addition to areas on the graph specific to various question types, there is directionality in cost 
when techniques are visualized with the framework (Figure 60).  For a given monitoring technique, 
making more frequent measurements will increase the associated costs, although the marginal cost 
for an increase in frequency will vary with each technique.  Some techniques, such as a stream gauge, 
have much of the cost involved in initial startup and scheduled maintenance.  For these types of 
measurements, the marginal cost of gathering data more frequently (5 minute vs. 1 hour intervals) 
would be negligible.  However, for a multi-person effort such as a surface pebble count, increasing 
measurement frequency would be expected to result in a near linear increase in the cost.  Likewise, 

Figure 59 – Areas of the parameter space applicable to 
different monitoring goals.
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there are varying marginal costs in increasing 
the spatial extent.  Doubling the extent for 
a LiDAR acquisition might have a larger 
proportional increase in cost than doubling 
the extent of a series of cross sections.  
Nevertheless, for any given technique moving 
vertically along the y-axis of the chart and 
lengthening the horizontal span of a symbol 
will result in an increase in cost, while 
moving downward and shrinking horizontally 
will incur a savings.  This is useful in the 
optimization process, as a plan that involves 
only positive shifts along the y-axis and 
lengthening symbols along the x-axis cannot 
be a cost-neutral solution.  Finally, it should 
be noted that spatial extent and data density 
are related measures.  Simply modifying the 
spatial extent of a technique without changing 
the data density will change its cost. However 
collecting the identical amount of information 
over a larger area would simultaneously 
lengthen the symbol (larger spatial extent) 
and make it thinner (decreased data density), 
with little to no increase in cost.  For example, 
making 20 pebble counts over 5 river miles and 
making 20 counts over 20 river miles probably 
incurs similar costs, but the increased spatial 
extent is offset by the decrease in data density.

5.3.4.3.	 overLaP	/	gaP	anaLysis

One strength of this framework comes from 
its ability to communicate diverse aspects 
of a monitoring plan.  More importantly, it 
allows one to optimize a monitoring plan by 
identifying inefficiencies.  Underlying this 
optimization is the assumption that data is 
more valuable when it can be used with other 
information to ‘tell the whole story’ or explain 
why something happened.  If one in interested 
in the relationship between two variables, it 
is inefficient to have measures of one variable 
at points in space or time where there are not 
measures of the other.  In this case one of the 
variables is being under-collected or the other 
is being over-collected.  A more efficient use 

Figure 60 – Cost directionality applies to each technique, but not 
necessarily between techniques. The constant cost example shows a 
decreasing spatial extent balancing increased measurement frequency, 
for a specific technique, in order to keep the costs unchanging.

Figure 61– A ‘typical’ arrangement of topographic measurements and 
grain size measurements. Note the more frequent (cros sections) and 
greater spatial extent (LiDAR) of topograpic data relative to grain size 
measurements.
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of the resources would be to move some effort from collecting the over-collected variable to increasing 
the collection of the under-collected variable.  This disparity can occur in both spatial extent and/or 
measurement frequency, and the arrangement of the axes allow disparities to be identified by observing 
vertical and horizontal misalignments. One common type of mismatch is between grain size and 
topography, which are used as inputs to hydraulic models (where roughness is often approximated with 
some function of grain size).  Techniques for remotely sensing topography are more widespread than 
techniques for remotely sensing grain size, and as a result one may see grain size information collected 
less frequently and/or over a smaller spatial scale than topographic data.  In this case, discrepancies 

Figure 62 – Correcting disparities in temporal frequency and spatial extent beginning from Figure 61.   a) change in frequency to 
align techniques, b) aligned techniques, c) shifts in spatial extent, d) final aligned techniques
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between become immediately apparent because the symbols for grain size monitoring techniques would 
be located below and have a shorter line length than those for topography (Figure 61).  

5.3.4.4.	 CorreCtions	/	trade-oFFs

The logical next step following identification of inefficiencies is to develop a plan to minimize the gaps 
and overlaps.  This can be thought of graphically as shifting symbols along the x and y axes to create 
alignments (Figure 62).  Fixing two techniques, such as grain size and topography, mismatched in the 
horizontal (spatial extent), involves increasing the spatial extent of one and/or reducing the spatial 
extent of the other, resulting in a horizontal convergence of the two symbols.  Because the marginal 
cost associated with the spatial extent is specific to each technique, a cost-neutral optimization does not 
necessarily imply equal-magnitude shifts of each technique.  For example, if there is a disparity between 
over-collected LiDAR topography and under-collected grain size information, the marginal costs may 
dictate a decrease in the LiDAR spatial extent of 20 km in order to offset the cost of increasing the 
grain-size extent by 10 km. It is important to acknowledge that the goal is not to align all data collection 
to a single symbol on the chart, but rather to align complimentary data sets in both time and space to the 
maximum extent possible. 

5.3.4.5.	 CoMMuniCating	ineFFiCienCies	and	oPtiMization	oPtions

Where a monitoring plan is the combined effort of several parties, optimizing to reduce inefficiencies 
may involve modifications and trade-offs among different groups.  In the example above, trading off 
LiDAR spatial extent to gain additional grain-size extent could be made more difficult if different groups 
were funding and using the LiDAR and the grain-size information.  An optimization plan that is cost-
neutral overall may not necessarily be cost neutral to each party, and a holistic display of the inefficient 
and optimized plans can serve as a tool to negotiate transfers of resources or responsibilities among the 
groups involved.

5.3.5.	 MarMot	Case	study

The background, participants, and techniques used to monitor the removal of the Marmot Dam are 
described elsewhere in this report, and the monitoring effort was coordinated in an informal manner. 
Although our proposed framework was not part of the planning process the Marmot Dam monitoring 
project can be used to demonstrate how it could be used to display and optimize a plan involving 
multiple parties.  

5.3.5.1.	 disPLaying	the	PLan

As part of the decommissioning agreement PGE was required to conduct post-removal monitoring, 
including annual cross-section surveys upstream of, within, and downstream of the project reach, aerial 
photography of the entire river, turbidity measurements near the project site, and regular observations 
of the river for fish passage issues, as well as funding a USGS stream gauge (PGE 2002; Esler, personal 
communication, 2011; Heintzman, personal communication, 2011). While the required PGE monitoring 
was directed toward the ‘documenting change’ type of question, there were project funds directed 
toward funding research related to the dam removal (PGE 2002).  The PGE project manager, John 
Esler, described their commitment not only to ‘need-to-know’ information but also to ‘neat-to-know’ 
information (Esler, J., personal communication, 2011) and to that end they funded a 2006 LiDAR 
acquisition and partially funded the 2007 LiDAR acquisition.  The stand-alone PGE monitoring plan is 
displayed in Figure 63a.



MarMot DaM reMoval GeoMorphic MonitorinG & MoDelinG project - Final report 
86

lessons

The USGS monitoring effort involved a combination of tasks, including stream gaging, sediment 
transport measurements, topographic surveys, and time-lapse photography.  With the exception of 
several sediment transport measurements taken far downstream (RK 29.8 and 8.7), and the gages 
maintained throughout the basin, the USGS monitoring effort was largely contained to the area within 
2 km of the dam site (Figure 63b).  The overlap in the stage (discharge) measurements on the PGE and 
USGS diagrams reflects the fact that PGE was obligated to fund the gaging that the USGS carried out.
The JHU/NCED monitoring plan (Figure 63c) was focused on measuring changes in the bed elevation 

Figure 63 – Marmot Monitoring Plan.  a) PGE [upper left], b) USGS [upper right], c) JHU/GMA/OWEB [lower left], d) 
combined plan to include Bureau of Reclamation survey and jointly–funded LiDAR [lower right]
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and texture at four reaches over the 
32 kilometers of river downstream 
of the dam.  These changes were 
documented through repeated high-
density measurements of channel 
topography and grainsize in each 
of the four reaches. The combined 
monitoring plan including 
contributions by PGE, the USGS, 
JHN/NCED, and the Bureau of 
Reclamation and jointly-funded 
LiDAR flights is shown in Figure 
63d. 

5.3.5.2.	 identiFying	
ineFFiCienCies

During the coordination phase 
it became apparent that there 
was overlap in efforts – notably 
surveying immediately downstream 
of the dam and sediment sampling 
downstream of the dam.  With 
an agreement to share data, the 
overall spatial extent and data 
density increased as resources were 
reallocated from the overlap area to areas farther downstream.  While no individual group was able 
to fund the 2007 LiDAR flight, there were enough resources available for each group to contribute a 
portion, resulting in LiDAR acquisition for three consecutive years.  
Despite the informal coordination, there still remained several inefficiencies in the plan.  The most 
significant inefficiency is a spatial disparity in data describing the river bed.  Changes in the bed can 
take several forms including bed elevation changes (above or below the waterline) and / or changes to 
the bed texture (grain size).  The airborne LiDAR system used in this study was unable penetrate the 
water, which meant that additional surveys were required to measure the bathymetry.  While there are 
methods for extracting grain size information from photographs, the resolution of the aerial photography 
relative to the surface grain size in the reaches of interest meant that remote sensing of the bed grain size 
was impractical.  These inefficiencies are depicted in Figure 64 as areas with LiDAR measurements, but 
without both grain size and bathymetry measurements. Likewise, the gap along the vertical axis between 
the pebble counts and the topographic surveys represents a temporal mismatch in measurements of 
bed topography and texture.  A full description of the morphologic changes of the channel bed requires 
describing changes in elevation (above and below the waterline) and texture, and therefore the extent 
of the river which can be fully described is limited to the time and area where all three types of data are 
collected.  Where the goal is a full description, the non-intersecting areas then represent inefficiencies in 
the overall plan.  
Although much of the plan has a temporal frequency of one year, several of the measurements were 

Figure 64 – Disparites between topography, bathymetry and grain size information
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conducted more frequently – on 
the basis of high flow events.  For 
example in the three years following 
dam removal, repeat photographs 
were taken 6 times, sediment 
transport measurements were taken 8 
times, and channel topography near 
the dam was measured 10 times. The 
timing of these measurements were 
not always coincidental (shown by 
separations along the vertical axis 
in Figure 65 and therefore it was 
not always possible to use these 
measurements to attribute changes to 
a specific flow event.  
A further disparity was between the 
measurements of bed level change 
and measurements of the fluxes of 
sediment and water – or between 
causes and effects.  Changes in the 
bed each year were related to the 
total annual sediment yield into and 
out of the dam reach.  Since the 

total annual sediment yield was not 
a measured value, it was computed 
by summing over the entire year 
the sediment fluxes at a 15 to 30 
minute interval.  The fluxes were 
computed from a record of stages 
using a relationship between stage and 
discharge and a relationship between 
discharge and sediment flux.  The 
method chosen to compute fluxes 
(causes) results in a high-frequency 
time series relative to the annual 
topography measurements (effects), 
and where the goal is to match causes 
with effects, the disparity represents an 
inefficiency in the data collection plan 
and is displayed in Figure 66.

5.3.5.3.	 oPtiMizing	the	
PLan

While some of the measurement 
disparities such as the higher-

Figure 65 – Temporal discrepencies in the ‘event based’ data collection

Figure 66 – Temporal and spatial disparites between sediment transport and 
topography measurements
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frequency sediment transport  measurements vs. annual 
topography measurements are artifacts of the methods 
selected and will persist, there are other disparities 
that could be reduced by optimization.  Operating 
under the assumption that the current plan employs all 
the available resources, an optimization plan requires 
tradeoffs – decreasing costs for one or more techniques 
to offset increases in costs by other techniques.  Without 
exact measures of the marginal cost (in temporal 
frequency or spatial extent) it is not possible to precisely 
describe the tradeoff.  However, for purposes of this 
example it is sufficient to require that when correcting 
a gap in spatial extent (or temporal frequency) the 
correction will involve a decrease by one technique and 
an increase by the other.  
The first disparity to optimize is between the spatial 
extent in bed topography and texture (Figure 64 
& Figure 67).  The LiDAR surveys have a much 
larger spatial extent than the bathymetric and grain 
size measurements.  One of the ways to correct this 
disparity is to collect LiDAR over a smaller reach 
of the river. With the savings from reduced LiDAR 
requirements, the spatial extent of topographic and 
grain size measurements can be increased.  Under 
the current monitoring plan, LiDAR survey coverage 
extends to the mouth of the Sandy River, but under a 
reduced LiDAR scenario, the coverage could  end some 
distance upstream of the mouth. While the tradeoff 
seems simple in principle, the specifics of executing 
this plan are somewhat more complicated.  The LiDAR 
acquisition was funded in 2006 by PGE, and in 2007 
and 2008 by small contributions from several of the 
monitoring groups (JHU/NCED, USGS, and others).  
The grain-size measurements were taken primarily by 
undergraduate students on a 3-week field internship, 
and the bathymetric surveys were taken by both the 
students and several consultants.  While final extent can 
be negotiated so that spatial extent of the LiDAR, grain 
size, and bathymetric data all coincide, moving funds 
from one source to another could require some creativity 
and flexibility.  
The second major disparity in the Marmot Dam removal 
monitoring effort is between the surveys, sediment 
transport measurements, and repeat photographs Figure 67 – Optimizing spatial extent disparities  in 

topography, grain size, and sediment transport.  From top to 
bottom: original plan, suggested changes, optimized plan.
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(Figure 65 & Figure 68).  Like the mismatched spatial 
extents for topography described above, ameliorating 
this disparity involves tradeoffs across groups.  An 
agreement among the groups to collect all three types 
of data when the river rose above an agreed-upon 
threshold would ensure the data would be matched not 
only across a year, but the same magnitude flow events 
would be documented year-to-year.  
The final disparities are in both the temporal and 
spatial scales of the annual data collection near the 
dam.  While surface grain size measurements were 
sampled on an annual basis, the sub-surface grain 
sizes were sampled only once during the three-year 
period (Figure 69).  High-density cross sections were 
also collected annually, providing both topography 
and bathymetry, but the spatial extent of the cross 
sections exceeded the spatial scale where where 
the event-based topographic surveys and grain size 
measurements were taken.  Optimizing these spatial 

Figure 68 – Optimizing temporal disparities for the 
event–based measurements. From top to bottom: plan 
after optimizing for spatial disparities, suggested changes, 
optimized plan.
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and temporal disparities would entail taking annual bulk 
samples to assess subsurface grain sizes and aligning 
the spatial extent of the annual bulk samples and cross 
section surveys with the event-based measurements of 
topography and grain size.  
The optimized plan with the monitoring techniques 
aligned in groups both horizontally and vertically is 
presented in Figure 70.  There are three groupings 
of data by measurement frequency, and two spatial 
scales.  Annually, there are detailed measurements 
of bathymetry and subsurface grain size made at the 
reach scale (around the dam site) in addition to the 
river scale photography, LiDAR, and surface grain-size 
measurements.  On a large-flow-event basis, there are 
grain size and topography measurements taken at the 
reach scale to combine with sediment flux measurements 
taken at a river scale.  Finally, at the near continuous 
frequency, there are measurements of discharge river-
wide, and photographs taken at the reach scale.  
One strength of this framework is that it is an intuitive 
way to look for temporal and spatial disparities in the 
collection of geomorphic monitoring data, however 
correcting these mismatches and optimizing the plan 
is not as simple as replotting symbols on a chart.  
Especially when trading off efforts and resources 
between several agencies, communicating the goals and 
benefits in a concise manner is important and this visual 
framework can serve to assist in that communication.  

 

Figure 69 – Optimizing remaining disparities. From top to bottom: plan after 
optimizing for spatial disparities, suggested changes, optimized plan.
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Figure 70 – Final optimized plan (top right).  Original plan (top left).  
Horizontal axis is zoomed to project area in the lower 
figures – left: original, right: optimized
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