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Assessment of performance targets related to Pool Spacing in the Washington 

Forest Practice Rules, Schedule L-1 

1.0.  Introduction 

This document provides a review of the existing performance target as stated in Schedule L-1 
(Forest Practices Board, 2002) for the “Pool Frequency” performance measure which specifies: 
 

“<2 channel widths per pool.” 

It should be noted that the performance target, as written, refers to pool spacing (i.e., the average 
distance between pools), rather than pool frequency as stated in the associated performance 
measure (which should include a unit of length in the denominator, e.g., 0.5 pools per channel 
width). For the purpose of this document, terminology related to pool spacing has been adopted 
for consistency. It is recommended that the performance measure be reworded from “pool 
frequency” to “pool spacing” to align with the performance target. 
 
Section 2.0 of this document provides a summary of the current understanding and interpretation 
of the existing performance target. 
 
Section 3.0 reviews the key scientific findings to support the use of the performance target. 
 
Section 4.0 of this document provides a discussion of the following limitations that have been 
identified in relation to the existing performance target: 

• Natural Variability - the target does not account for natural variability in the expected pool 
spacing that is correlated with changes in channel size, gradient, morphology and 
biogeographic characteristics of the watershed. 

• Attainability - the target is aspirational based on assessments of fish habitat and may not 
be typical even in many undisturbed fluvial systems.  

• Monitoring Timelines – the target may only be sensitive to certain aspects of riparian 
management on long-term (50-200 year) monitoring timelines.  

 
Section 4.0 concludes by providing recommendations for revision of this performance target and 
for further study.   
 
2.0 Interpretation 

The performance targets outlined in Schedule L-1 are intended to be used in the Forest Practice 
Board’s adaptive management program to provide “measurable criteria defining specific, 
attainable target forest conditions and processes”. These are intended to accompany functional 
objectives which define “broad statements of objectives for the major watershed functions affected 
by forest practices” (Forest Practices Board, 2002). 
 
This performance target is associated with the following functional objective:  

Commented [TH1]: Note: the instream group produced 4 
separate documents that have been combined, therefore each 
section describing a performance target is intended to stand 
alone. 
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“Develop riparian conditions that provide complex habitats for recruiting large woody debris 

and litter.” 

Based on the association of the existing performance target and functional objective, it is 
understood that the current performance target interprets a pool spacing of <2 channel widths 
between pool centers as a component of the aforementioned “complex habitats”.  Furthermore, 
this association implies that the performance target is intended to provide a measurable criterion 
for pool spacing exclusively as it is influenced by the forestry practices/riparian management and 
the resulting recruitment of large wood (LW).  
 
3.0 Scientific Basis 
 
In the1980’s, 1990’s and early 2000’s fluvial geomorphologists and fisheries biologists conducted 
a large number of studies that attempted to relate the quantity of wood in a stream channel to the 
habitat characteristics of those streams. Much of this work focused on the streams in the Pacific 
Northwest, where pools (particularly those associated with LW) are key habitat units for various 
species of salmonid, and the work was largely intended to support management activities in 
forested watershed. After about 2005, many of those researchers turned their attention to 
developing a better understanding of the processes controlling the input of LW and how much 
variability can be expected in those inputs (as well as the effects of wildfires, large floods, and 
high sediment supply events), rather on the forms created by LW input. More recently, the advent 
of lidar and drone-based digital photogrammetry has made it possible to study stream channel 
dynamics without resorting to the often over-simplified morphologic classifications (e.g., 
Tamminga and Eaton, 2018; Booker and Eaton, 2022).  So while the scientific community has 
learned a great deal about how forest harvesting and wildfire can affect LW inputs over decades 
and centuries (e.g., Davidson and Eaton, 2015), there has not been significant work done that 
improves the statistical correlations between pool spacing and LW loads. However, the progress 
that has been made does provide important context for interpreting the past studies and for refining 
the performance target related to pool spacing. The scientific findings are summarized below. 
 
The addition of LW to stream channels interacts with erosion, transport and storage of bed material 
in streams (Gurnell et al., 2002; Montgomery et al., 2003; Hassan et al., 2005), and influences the 
number of bars, pools and riffles (Bilby and Ward, 1989; Montgomery et al., 1995) trapping 
sediment in streams that might otherwise retain little sediment (Adenlof and Wohl ,1994; 
Fetherston et al., 1995; Montgomery et al., 1996; Montgomery and Buffington, 1997; May and 
Gresswell, 2003).  In many streams, wood-related features dominate the aquatic habitat, providing 
deposits suitable for spawning, causing local scour, creating a hydraulically complex environment, 
and providing cover for fish through the formation of pools (Abbe and Montgomery, 1996; 
Beechie and Sibley, 1997; Buffington et al., 2004). But LW function depends on a number of 
factors, most importantly the length of the wood pieces relative to the width of the stream channel 
(Harmon et al., 1986; Lienkaemper and Swanson, 1987; Bilby and Ward, 1989; Hogan et al., 1998; 
Abbe and Montgomery, 2003; Hassan et al., 2008; Wohl and Goode, 2008; Wohl and Jaeger, 2009; 
Wohl and Cadol, 2011), and has the greatest effect when channel widths are similar to the length 
of the large wood pieces (Bilby and Ward, 1989; Gurnell et al., 2002; Wohl and Jaeger, 2009; Seo 
and Nakamura, 2009). 
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Pools are also formed in channels independent of LW influences, and Buffington et al. (2002) 
suggest that management strategies that do not account for the other controls on pool formation 
are less likely to be effective at protecting complex aquatic ecosystems. A statistical analysis of 
the relation between LW load, channel gradient and pool characteristics by Beechie and Sibley 
(1997) indicates that the influence of LW on pool formation is correlated with slope: they found 
that channels with gradients less than 2% were less sensitive to LW abundance (presumably 
because pools in those streams are dominated by the sediment transport dynamics creating sinuous 
channel thalwegs with bars on alternating sides of the channel, connected by riffles) and that the 
relation between LW load and pool frequency was also weaker in streams with gradients greater 
than 5% (where pool spacing is controlled by the development of cobble and boulder bedforms). 
Montgomery et al. (1995) goes further, and states that pool spacing in steeper, step-pool reaches 
are independent of wood loading.  
 
The streams where LW load has the strongest influence on pool frequency and/or channel 
morphology have been variously described as: 
 

• those with stream gradients between 2% and 5% (Beechie and Sibley, 1997) 
• those where channel width is between 7 m and 20 m and the typical height of mature trees 

is about 30 m  (Eaton and Hassan, 2013) 
• channels with a forced riffle-pool morphology, corresponding approximately to gradients 

between about 1% and 4% (Montgomery and Buffington, 1997) 
 

Because channel width and channel slope tend to be correlated, the results above are saying much 
the same thing. Wohl and Merritt (2005) in their study of over 300 mountain streams from around 
the world found that channel gradient was by far the best predictor of channel characteristics, while 
many researchers have pointed out that LW load is related to the mobility of the wood pieces, 
which is reasonably indexed by the ratio of LW piece length to channel width.  
 
Looking at the data in Montgomery et al. (1995), it is clear that – even for old growth forests – 
LW load declines with channel size for channel widths less than about 20 m.  Eaton and Hassan 
(2013) reproduced this decline using a physics-based model of LW input and transport, and show 
that the pattern occurs as a result of increased LW mobility with channel size, even when inputs 
of LW from the riparian area remain constant. They also predict that the functional LW load (i.e., 
the volume of LW that is directly interacting with the channel morphology) peaks in channels 
about 10 m wide. In channels smaller than that, the total LW load is predicted to increase, but the 
functional LW load will decrease because much of the LW will be suspended above the channel, 
rather that falling into it.  In channels larger than 10 m, Eaton and Hassan (2013) predicted that 
both total LW load and the functional LW load will decrease due to increased LW mobility.  
 
4.0  Limitations of the current performance target 

4.1. Natural Variability 

Isolated measurement of the impact of LW on channel morphology (in this case pool spacing) is a 
challenge due to the influence of numerous external factors beyond the control of forestry related 
riparian management such as channel width, channel gradient, surficial geology, bedrock controls, 
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drainage area, and hydroclimatic variability (Beechie and Sibley, 1997; Buffington et al., 2002; 
Gurnell et al., 2002; Lienkaemper and Swanson, 1987; Wohl and Merritt, 2005).  
 
The effect of LW varies with the width, depth, and gradient of the channel. It is expected that pool 
frequency is likely to be connected with riparian management practices for only certain channel 
sizes and gradients as described below. Proposed metrics to classify these channel sizes in the 
existing performance target are provided in Section 5.0.  
 
Small Streams:  a practical definition of a small stream is one in which the channel width is less 
than 5 m and the gradient is steeper than 5%. For small streams wood often remains suspended 
above the stream channel and does not interact with the movement of sediment or formation of 
pools (Gurnell et al., 2002; Wohl and Jaeger, 2009). In such streams, the morphology of the stream 
is likely to have a step-pool morphology, and the pool spacing is controlled by jamming of large 
grains (cobbles and boulders), which form steps with plunge pools located immediately 
downstream (Zimmerman, 2022). Wood can form steps in small step-pool streams, but given the 
process by which steps form, they are unlikely to change the step-pool spacing because nearly all 
the vertical drop in such channels are controlled by steps of some kind or another, so spacing is 
determined by the typical height of the steps and the gradient of the stream.  
 
Montgomery (1995) identified that for narrow channels (<4 m channel width) and for channels 
with a step-pool morphology, pool frequency is independent of LW loading, and Beechie and 
Sibley (1997) came to a similar conclusion for streams with gradients steeper than 5%. Eaton and 
Hassan (2013) define small streams as those having widths less than about 7 m and gradients 
greater than 5%, assuming a typical mature tree height of 30 m. In small streams, the existing 
research indicates that changes in forest practices and riparian management are unlikely to 
influence the pool spacing, and the current performance target is not likely to be sensitive to 
riparian management practices.  
 
Intermediate Streams: intermediate streams can be practically defined as those channels with 
bankfull widths ranging from 5 to 20 m, which is similar to the LW piece lengths expected to be 
produced from a riparian forest with 30-m tall mature trees. Intermediate streams are large enough 
to accommodate most LW pieces produced by the riparian forest and small enough to retain them 
in the channel. As a result, the addition of LW is likely to produce a range of morphological effects 
in intermediate streams and may be critical to maintaining the naturally occurring range of habitat 
types. Where LW is not likely to be transported during flood events, functional LW can create 
scour holes during high flows that form pools of a range of sizes, often with good cover (Bilby and 
Ward, 1989; Gurnell et al., 2002). Rootwads are a key component of the wood likely to create 
pools, because rootwads reduce the likelihood of wood transport, and can cause scour of the bed 
in and around the rootwad during high flows. As LW mobility increases, individual pieces of wood 
begin to interact, forming jams of a range of sizes (Eaton et al., 2012; Hogan et al., 1998). As a 
result, forest practices and riparian management practices are very likely to directly influence the 
pool frequency in these streams (Beechie and Sibley, 1997; Buffington et al, 2004; Eaton and 
Hassan, 2013; Montgomery and Buffington, 1997).  
 
Large Streams:  large streams can be practically defined as those streams with widths greater than 
about 20 m and in which the channel width is at least 67% the value of the typical mature tree 
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height; most of these channels will have gradients of 1% or less, but it is the channel width relative 
to the typical mature tree height that is the key metric defining large channels. For the largest 
streams, LW is often not found in the main channel, but can accumulate on channel margins, bar 
tops, the mouths of smaller side channels, and attached to cut banks where wood has been input 
via bank erosion (Abbe and Montgomery, 1996).  Montgomery et al. (1995) concluded that in 
addition to a positive correlation between LW loading and pool frequency, LW loading is inversely 
correlated with channel width. Field work by Wohl and Jaeger (2009) generally support this 
conclusion, and Eaton and Hassan (2013) demonstrated that this trend can occur even when LW 
input rates are held constant over time. These findings generally show a significant drop in LW 
loading for channels wider than about 20 m as a result of rapidly increasing LW piece mobility.   
 
The effect of LW in large streams is to provide cover (particularly at eroding cutbanks adjacent to 
pools), affect the channel pattern by facilitating both the creation and abandonment of secondary 
channels and to serve as nuclei for revegetation of exposed bar tops (Abbe and Montgomery, 
1996). The roughness of the wood may also be related to the volume and texture of the bed material 
stored in the floodplains of large channels, as well (Buffington et al., 2004). Channel-spanning 
jams can form in rare instances where multiple wood pieces are able to jam together and collect 
additional LW moving along the channel, but these jams will not decrease the pool spacing over 
that expected of riffle-pool streams without LW (something like 5 channel widths between pools), 
even if they do form locally important habitat units that may be ecological hotspots (Abbe and 
Montgomery, 2003; Montgomery et al., 1996). LW that remains attached to the bank of an eroding 
cutbank (usually adjacent to pool) will possibly increase the depth of the pool and provide 
important cover for fish, however, changes in forest practices and riparian management are 
unlikely to influence the overall pool spacing in these streams. 
 
4.2. Attainability 

“Current targets are those the Forest Practices Board believes will be met by the rules.” and must 
be “attainable within the context of a viable forest products industry” though it is acknowledged 
that “performance targets are not attainable in all places, even under natural conditions” (Forest 
Practices Board, 2002). Based on our understanding of the changing role of LW supplied from the 
riparian area in creating and maintaining pools in small, intermediate, and large channels, it is 
unlikely that the current performance target is attainable in all reaches, even under the most 
favorable of conditions.  
 
4.3. Monitoring Timelines 

Wood in fluvial systems is inherently transitory and even stable LW jams are reliant on continuous 
renewal of LW loading from the riparian environment (Hogan et al., 1998; Hassan et al., 2005). If 
the supply of LW from the riparian environment declines or is eliminated, it can be expected that 
the instream pool habitat formed by LW will also decline (Davidson and Eaton, 2015). The 
timelines for this decline are dependent on channel specific characteristics and biogeoclimatic 
variability, but are likely to occur on a medium-term (10-50 year) time horizon (Davidson and 
Eaton, 2015).   
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Furthermore, Eaton et al. (2012) have demonstrated that LW loads (and presumably the resulting 
pool spacing) are expected to vary substantially even when the LW input rate from the riparian 
forest remains constant. Therefore ideal management of the riparian forest cannot be expected to 
produce the highest LW loads and lowest pool spacing in all reaches at all times; variation in the 
occurrence of wood input events (such as bank erosion and windstorms) combined with variations 
in the breakage, mobilization and transport of LW in the stream will cause LW loads to vary about 
their mean by a factor or two or more. 
 
To address this inherent variability, the performance target may require much longer monitoring 
horizons to measure changes to the fluvial system resulting from introduction of riparian 
protections to a previously disturbed forest ecosystem. In this scenario, a forest that is previously 
disturbed and depleted of mature trees can be expected to take 80 – 150 years to reach maturity 
and upwards of 150 years to become characteristic of old growth habitat (Keeton, Kraft, and 
Warrant, 2007). This means that formation of new pools dependent on inputs of functional LW 
from mature trees may only be observed on a long-term (50-200) year monitoring horizon 
(Davidson and Eaton, 2015).  
 
5.0  Recommendations 

5.1. Performance Target Revision 

The influence of LW on channel morphology (particularly pool spacing) is dependent on channel 
size and channel gradient as previously presented in Section 4.1. A performance target connecting 
riparian management with pool spacing is expected to be most relevant for Intermediate channel 
sizes.  
 
It is recommended that the existing performance target be: 

a) expressed in terms of pool spacing instead of pool frequency to address inconsistencies 
between the language and the units of measurement in the existing performance target 
description, and 

b) revised to explicitly include a consideration of the stream size (restricting the target 
applicability to Intermediate channels as defined above where stable LW pieces and LW 
jams are expected to control pool formation).  
 

These revisions will encourage focused monitoring of the performance target only at sites where 
it is expected that perturbation to the performance measure is likely to occur as a result of changes 
in forest practices and riparian management practices. This will likely reduce overall monitoring 
expenditures by refining the sites of interest and limit ‘noise’ in the data. 
 
Furthermore, the performance target is intended to directly link pool spacing to loading of LW. It 
is recommended that the performance measure directly monitor the function of LW as a driver of 
pool formation. The threshold for frequency of pool formation driven by LW should be subject to 
further study (Section 5.3), however an initial value of 50% of all pools forming due to the function 
of LW is proposed. The typical classification of a forced pool-riffle channel morphology is such 
that greater than half the pool and bar forms result from in-channel obstructions (Montgomery, 
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1995). By specifically referencing formation due to LW (as opposed to any obstructions) this 
removes potential confusion related to channels where boulders and bedrock outcrops contribute 
to the creation of a forced-pool riffle morphology independent of forest practices and riparian 
management.  
 
Proposed performance targets are presented below. 

Table 1. Pool Spacing Performance Target 

 

The target pool spacing values are based largely on the data for streams with moderate and high 
wood loads presented by Montgomery et al. (1996). If gradients are higher than the limit listed in 
the table above, bedrock channel morphology may occur, and the performance target is unlikely 
to be met. The key parameter governing the effect of LW on pool spacing is the ratio of the 
channel width to the typical mature tree height in the riparian area. In coastal forests where 
mature trees are typically taller than this, the influence of LW on pools will extend into larger 
streams and lower gradients. The proposed revision to the performance target (to be 
accompanied by Table 1) is:  
 

“Target pool spacing as outlined in Table 1 and greater than 50% of pools in 
intermediate streams are associated with instream LW.”  

Bankfull 
Channel width 

Range

Channel 
Gradient Range Target Pool Spacing

SMALL 
STREAMS

< 5 m  > 5% None1

5 to 10 m  < 5%  < 2 Channel widths2

10 to 15 m  < 2%  < 3 Channel widths2

15 to 20 m  < 1.5%  < 4 Channel widths2

LARGE 
STREAMS > 20 m < 1.5% None3

INTERMEDIATE 
STREAMS

1 No target is required for small streams; expect step pool stream morphology; LW that spans channel; or 
bedrock morphology.
2Target is adapted from pool spacing associated with streams with moderate and high wood load 
presented by Montgomery et al. (1995).
3No target is proposed for large streams. Expect riffle-pool morphology, and lower wood loads. LW jams can be 
locally very important (Abbe and Montgomery, 1996; Montgomery et al., 1996), but as width increases, jam 
frequency will decline and jam size will increase, making the collection of statistically meaningful data 
problematic. Jams, not pools, are the key concern in larger rivers, particularly with respect to floodplain-scale 
effects (Buffington et al., 2004)

Note: The table above assumes a typical mature tree height of about 30 m
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Figure 1 outlines the typical approach to documenting pool spacing by dividing the number of 
pools identified through the study reach by the total length of the study reach. The figure shows 
an example study reach with a length of 15 times the channel width, and a total of seven pools, 
resulting in a pool spacing of approximately 2.1 channel widths per pool and greater than 50% of 
pools appearing to be associated with instream LWD.   
 

 

Figure 1. Example showing plan and profile of a stream and example approach to calculation of pool spacing. 
The reach is 15 channel widths in length, and contains 7 pools, giving a pool spacing of 2.1 channel widths, 
which meets the performance targets for intermediate channels greater than 10 m in width, and is close to the 
performance target for channels with bankfull widths ranging from 5 to 10 m. 

5.2. Further Study 

Limited research is available to directly demonstrate the spacing of pools in channels under 
varying levels of riparian management or protection. Furthermore, the spacing of pools may be 
influenced by changes in LW loading resulting from biogeoclimatic variability and associated 
differences in the frequency of natural disturbance (Moore and Richardson, 2012; Scherer, 2008). 
The impact of biogeoclimatic variables, riparian conditions, and channel characteristics on the 
effectiveness of the performance target across all areas of Washington State may require further 
study. While an initial value of 50% of pools forming from LW is proposed as a revision to the 
existing performance target (Section 5.1), it is recommended to develop a broad dataset 
characterizing frequency of pool formation from LW in relation to timber age, riparian forest 
characteristics, and biogeoclimatic characteristics to guide future iterations of the performance 
target if the proposed target proves overly restrictive for certain scenarios.   
 
Stillwater Sciences (2009) aptly indicates that for site selection in studies pertaining to channel 
characteristics, a “before-after-control-treatment” approach has few comparable substitutes. 
Unfortunately, “before” data are not generally available at many study sites and as such Stillwater 
recommends development of a reference dataset for Washington State. This dataset should aim to 
characterize the influence of inherent landscape and site variability on pool spacing and in-stream 
LW by incorporating sites from the east of the state where decades-long datasets of Timber Fish 
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and Wildlife (TFW) stream surveys can be obtained for USFS managed and unmanaged sites 
(Stillwater, 2009).  
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Assessment of performance targets related to Residual Pool Depth in the 

Washington Forest Practice Rules, Schedule L-1 

1.0 Introduction 

This document provides a review of the existing performance target as stated in Schedule L-1 
(Forest Practices Board, 2002) for the “Residual Pool Depth1” performance measure which is 
presented in Table 1-1. 

 

Table 1-1. Schedule L-1 Residual Pool Depth Performance Target 

 

Section 2.0 of this document provides a summary of existing limitations pertaining to the 
performance target, namely that the target is not applicable to the associated functional objective, 
not relevant in the context of modern practices, and is too prescriptive for the inherent variability 
of the natural system.  
 
Section 3.0 provides recommendations for future revision of the performance target in Schedule 
L-1.  
 
 
 
 
 

 
1 Residual pool depth refers to the depth of a stream pool that remains when the influence of stream discharge is 
removed. It is calculated as the difference in elevation or depth between the deepest point in a pool and the crest of 
the downstream riffle (Lisle, 1987). 



Instream Group Recommendations – Pool Freq, Pool Depth, Peak Flows, Fines in Gravel 
 

13 
 

2.0 Summary of Limitations 

2.1. Applicability to the Functional Objective 

The performance targets outlined in Schedule L-1 are intended to be used in the Forest Practice 
Board’s adaptive management program to provide “measurable criteria defining specific, 
attainable target forest conditions and processes”. These are intended to accompany functional 
objectives which define “broad statements of objectives for the major watershed functions affected 
by forest practices” (Forest Practices Board, 2002). 
 
The residual pool depth performance target is associated with the following functional objective:  

“Develop riparian conditions that provide complex habitats for recruiting large woody 

debris and litter.” 

Based on the association of the existing performance target and functional objective, it is assumed 
that the prescribed pool depths are expected to arise as a result of proper management of riparian 
conditions for recruiting large woody debris and litter. While the residual pool depth is generally 
accepted to be an important parameter related to aquatic habitat quality (Lisle, 1987). Pool depth 
is understood to be driven primarily by sediment supply, and increases/decreases in response to 
discrete sediment supply events in the same pool (Lisle, 1982; Lisle & Hilton, 1992); therefore 
residual pool depth is not an appropriate performance target for recruitment of large woody debris.  
 
2.2. Relevance  

Practice has shifted away from using simple indices like residual pool depths to characterize 
changes in aquatic habitat quality towards more sophisticated analysis schemes that consider 
both depth and velocity characteristics across a spectrum of stream flows (Poole et al. 1997; 
Rosenfeld, 2003), including various implementations of the instream flow incremental 
methodology (Bovee et al., 1998; Jowett, 1989; Jowett et al, 2008; Gronsdahl et al, 2021), and 
use of objective stream habitat unit classification methods (e.g. Tamminga and Eaton, 2018).   
 
2.3. Prescriptiveness  

The performance target prescribes specific target residual pool depths related to the bankfull 
width of the channel, with the target depth increasing for larger bankfull widths (Table 1-1). This 
target does not consider the inherent variability of natural pool depths related to differences in 
channel morphology, whereby two channels with the same bankfull width may have drastically 
different pool depths due to differences in gradient or sediment supply, or due to a recent 
extreme flood event (e.g. Tamminga and Eaton, 2018). The prescriptive approach of the existing  
performance target does not account for the inherently variable and dynamic nature of typical 
channels. 
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3.0. Recommendations 

For the reasons described in Section 2, it is recommended that the performance target be removed 
from Schedule L-1.  
 
Generally, the use of simple metrics fails to quantify changes in aquatic habitat in response to land 
use. More modern approaches are available that could be used to quantify habitat quality and 
availability (e.g. Gronsdahl et al. 2021), and CMER could consider using those to assess the 
potential cumulative impacts of forest harvesting, but they would not be suitable for assessing the 
functional objective currently associated with Large Woody Debris and Organic Inputs in 
Schedule L-1. A system like the Geomorphic Instream Flow Tool (GIFT)2 developed by Gronsdahl 
et al. (2021) could therefore be considered as part of a future iteration of a performance target 
related to the sediment functional objective in Schedule L-1. Implementing such an approach 
should first focus on establishing a suite of reference conditions against which to compare channel 
reaches potentially impacted by forestry operations.  
 
If it is desired to maintain a simple performance target for pool depth, it should be associated with 
the sediment supply functional objective. As described in Section 2.1, while pool depth is a good 
indicator of aquatic habitat, it is controlled by multiple factors besides just LW. Importantly, for a 
given LW load and configuration, the depth of pools is expected to vary significantly from year to 
year due to fine sediment supply from the upstream watershed (Lisle, 1982). 
 
If the pool depth performance target is intended as a metric for the presence of in-stream LW (as 
implied by the associated functional objective), this will be most appropriately captured using 
direct measurement of the frequency of key-pieces of in-stream LW (for which there is an 
existing performance measure).  
 
Measurement of pool depth may be more appropriate as a performance measure for the Schedule 
L-1 functional objective related to sediment, however setting an appropriate target will require 
further study and consideration.  
  

 
2 The Geomorphic Instream-Flow Tool (GIFT) is a hydraulic-habitat modeling technique designed to streamline 
instream flow assessments. It was developed to reduce the complexity and resource demands of traditional modeling 
approaches. Unlike conventional methods that produce fine-resolution outputs at microhabitat scales, GIFT estimates 
reach-averaged hydraulic geometry and simulates depth and velocity distributions across a range of flows. GIFT 
assumes depth and velocity distributions are independent, contrasting with the bivariate pairing used in traditional 
habitat suitability models. 
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 Assessment of performance target related to peak flows in the Washington 

Forest Practice Rules, Schedule L-1 

1.0 Introduction and summary recommendation 

This document provides a critical assessment of the performance target related to peak flows as 
specified in the Schedule L-1. The Forests and Fish Report (1999) and Schedule L-1 (2002) only 
specify peak-flow-related performance targets (PT) for the west side (see Appendix 1). The PT in 
the 1999 document specifies that  
 

Increases in 2-year peak flows related to forest management (roads and 
harvest) are ≤ 20%. 
 

The PT in Schedule L-1 is somewhat broader: 

Do not cause a significant increase in peak flow recurrence intervals resulting 
in scour that disturbs stream channel substrates providing actual or potential 
habitat for salmonids, attributable to forest management activities. 
 

As outlined in Section 2 of this document, the PT in Schedule L-1 is ineffective due to the 
following specific limitations and related considerations: 
 

• the statement is imprecisely worded 
• forestry effects on peak flows are challenging to detect in operational contexts 
• forestry effects on peak flow recurrence intervals are challenging to detect even for paired-

catchment studies 
• non-stationary frequency analysis is an alternative to paired-catchment studies and can 

potentially be applied using operational streamflow data, but is not a panacea  
• the statement includes no reference to east-side catchments, despite the fact that logging 

can increase snowmelt-generated peak flows over a broad range of return periods. 
 
The summary recommendation is to change the performance target to focus on limiting increases 
in the 2-year-return-period peak flow for both west-side and east-side regions. However, 
specifying an acceptable increase requires further study, particularly in relation to assessing (a) the 
uncertainty in estimates of the forestry-related peak flow changes and (b) the influence of increased 
scour depth on salmonid populations. Further, robust approaches for estimating the effect of 
forestry operations on the 2-year peak flow need to developed, along with methods for estimating 
the associated uncertainty. 
 
The remainder of this report consists of two sections and two appendices. Section 2 provides more 
detailed discussion of the limitations of the current performance target, with support from the 
relevant peer-reviewed literature, while Section 3 provides recommendations for moving forward, 
particularly in relation to specifying an acceptable level of change in peak flow magnitudes and 
methods for assessing the effect of forestry on peak flow magnitudes.  
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Appendix 1 reproduces the statements related to peak flows in the Fish and Forest Report (1999) 
and Schedule L-1 (2001). Appendix 2, provides a justification for focusing a performance target 
on the 2-year-return-period peak flow. 
 
2.0 Limitations of the current performance target 

2.1 The statement is imprecisely worded 
 
The statement is imprecisely worded, which makes it difficult design a study to assess whether the 
target has been met. This imprecision has four aspects, expanded upon below. 
 

a) The wording of the target is imprecise because it refers to an increase in recurrence 
intervals, not the peak flow magnitudes. What the authors appear to intend is that forest 
practices should not cause a significant increase in the frequency of peak flows with a 
magnitude sufficient to result in scour that disturbs …. This condition would actually 
correspond to a decrease in the recurrence interval associated with a given flow magnitude, 
not an increase.  
 

b) Another point of imprecision is that the term “significant” is not defined. If “significant” 
is being used in a statistical sense, then a confidence level should be specified – e.g., 95%. 
An alternative approach might be to define a significant change as one that is greater than 
the uncertainty associated with estimating a given flood quantile, such as the 2-year or 5-
year peak flow, at a gauged site. In that case, the uncertainty in estimating flood quantiles 
needs to be associated with a specific confidence level.  

 
c) Another issue is that the target does not specify a baseline condition in terms of either forest 

cover or climatic conditions. Considering that much of the forested land base in 
Washington has experienced two or more logging rotations, it would be practically difficult 
to specify old-growth forest as a baseline given the lack of suitable reference catchments 
in most regions. Therefore, this point requires careful consideration in the context of the 
functional linkages between forest cover, peak flows and salmon habitat. 

 
d) A final issue is that the statement does not specify the time scale of peak flows to be 

considered – e.g., instantaneous peak flows versus daily mean peak flows. Published 
studies of peak flow response to forestry in rain and rain-on-snow dominated catchments 
have focused on instantaneous peak flows, while those in snow-dominated catchments 
have also focused on daily mean peak flows (e.g., Yu and Alila, 2019; Johnson and Alila, 
2023). Given the non-linearity between discharge and sediment transport, using a daily 
mean flows may result in underestimation of the increase in scour associated with a change 
in peak flows. The difference between instantaneous and daily mean peak flows will be 
greatest for small catchments and decrease with increasing catchment area. 

 
2.2 Forestry effects on peak flows are challenging to detect in operational contexts 

Detecting forestry effects on peak flows is challenging in an operational context because 
streamflow data measured at a suitable location downstream of areas influenced by forestry 
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operations often are not available, and thus it is not possible to test for forestry impacts. However, 
even where operational streamflow data have been collected at a suitable location, the spatial and 
temporal variability of peak flows is subject to considerable background noise associated with 
complex interactions among the meteorological conditions during the peak-flow-generating event, 
antecedent moisture characteristics such as snowpack and soil moisture conditions, and the land-
cover history of a catchment, including legacy effects of past natural and anthropogenic 
disturbances.  
 
Another complication is that the effect of any given harvest unit in isolation may be minor, but the 
cumulative hydrological effect of both historical and recent harvesting could be substantial. For 
this reason, some jurisdictions, such as British Columbia, use an index of equivalent clearcut area 
(ECA) as a measure of the hydrological impacts of forestry at a given location (Winkler et al., 
2010), which is calculated as follows: 

𝐸𝐸𝐸𝐸𝐸𝐸 =  1
𝐴𝐴𝑐𝑐
∑ 𝐴𝐴𝑖𝑖(100 − 𝐻𝐻𝐻𝐻𝑖𝑖)𝑛𝑛
𝑖𝑖=1   (1) 

where 𝐴𝐴𝑐𝑐 is the catchment area at the point of interest on the stream (km2), 𝐴𝐴𝑖𝑖 is the area of harvest 
unit 𝑖𝑖 (km2), 𝑛𝑛 is the number of harvest units in the catchment, and 𝐻𝐻𝐻𝐻𝑖𝑖 is the hydrological recovery 
of unit 𝑖𝑖, where a value of 0 represents a fresh clearcut and a value of 100 indicates full recovery 
to the pre-harvest reference condition.  
 
As pointed out by Moore et al. (2016), there are three fundamental issues that compromise the 
validity of the ECA concept in application: 
 

1. Different processes (e.g. snow accumulation, snow melt, transpiration) may recover at 
different rates or even follow different trajectories. In particular, the effects of roads may 
recover at a slower rate than stand-scale processes such as rainfall interception. 
 

2. Streamflow represents the response to the combined effects of various stand-level 
processes, which may be nonlinear; consequently, the shape of recovery curves for 
streamflow parameters may not be simple asymptotic forms that vary monotonically from 
0% to 100% recovery, as has been assumed for stand-level processes such as snow ablation 
and accumulation. 

 
3. The term hydrological recovery implies that a catchment will eventually function as it did 

prior to harvest. However, this is not necessarily a valid assumption. In the case of 
conversion of old growth forest to stands that are managed on a sustained-yield basis, the 
catchment will contain a mosaic of younger stands with reduced biomass and possibly a 
different mix of tree species. Further, the hydrological functioning of a given forest stand 
may shift according to climatic conditions, such as in the case of a shift from a snow-
dominated to a hybrid rain-snow hydrological regime or form a hybrid rain-snow regime 
to a rain-dominated regime. 

 
Further, as Winkler et al. (2010) emphasized for the case of snowmelt-dominated catchments, 
streamflow response to forestry depends not just on the total area of harvest, but also on the spatial 
distribution of harvest units, which can result in synchronization or desynchronization of snowmelt 
across a catchment. 
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Logging has occurred progressively over many decades in Washington, with much of the logged 
area having experienced at least some level of forest regrowth and hydrologic recovery toward 
pre-logging conditions. As a consequence, forestry effects on peak flows may not be expressed as 
a monotonic trend, with a further complication being the occurrence of decadal climatic variability 
such as the Pacific Decadal Oscillation. Consequently, it is difficult to detect forestry effects using 
empirical analysis of operational hydrological data. For example, Bowling et al. (2000) concluded 
that “[u]sing paired catchment analysis [on operational streamflow data], the number of 
statistically significant trends detected for the peak flow series is largely within the range of 
statistical noise.”  
 
Bowling et al. (2000) had better success in detecting forestry effects by comparing the differences 
between observed peak flows and peak flows simulated using the process-based Distributed 
Hydrology-Soil-Vegetation Model (DHSVM) with fixed land-cover conditions; the simulated 
peak flows accounted for the effects of climatic variability, allowing for more effective detection 
of forestry impacts. However, setting up and running DHSVM requires a highly skilled analyst 
and substantial time and resources to compile and process the required input data. It also requires 
that continuous streamflow data are available at an appropriate location to support model 
calibration and validation 
 
Zégre et al. (2010) and Seibert et al. (2010) successfully used variants of the conceptual-parametric 
HBV (Hydrologiska Byråns Vattenbalansavdelning) hydrological model to assist in quantifying 
the effects of logging and wildfire, respectively, in Oregon. Zégre et al. (2010) calibrated the model 
to pre-logging data and then generated a time series of “no-logging” streamflow for both the pre- 
and post-logging periods. This simulated time series was then used as a “virtual control” in a 
paired-catchment analysis to quantify the effects of forestry on streamflow. Seibert et al. (2010) 
analyzed the streamflow changes between pre- and post-fire periods in three different ways: 
reconstruction of runoff series, comparison of model parameters, and comparison of simulations 
using parameter sets calibrated to the two different periods. It is important to note that both of 
these analyses benefitted from having sufficient data prior to a distinct disturbance in order to 
calibrate the model for pre-disturbance conditions. Given the extensive history of logging in 
Washington, many gauged catchments will have experienced progressive disturbance over 
extended periods of time and thus not provide opportunities to calibrate a model to pre-disturbance 
conditions. One limitation to these studies is that the models generated daily mean flows and thus 
did not provide estimates of instantaneous peak flow magnitudes. 
 
Another challenge to using operational stream gauges to detect forestry effects on streamflow is 
that, due to changes in channel morphology during high-flow events, the accuracy of peak flows 
is lower than that achievable on smaller streams using weirs and flumes; indeed, peak flows are 
often estimated when they fall outside the range of flows included in the gauging station’s rating 
curve (Beschta et al., 2000). Basing a performance target on the magnitude of a relatively frequent 
peak flow, such as a 2-year event, would help reduce this source of uncertainty. 
 
A related issue is that operational stream gauge locations are occasionally moved for a variety of 
reasons, often related to shifting channel conditions, and that these moves can compromise the 
homogeneity of peak flow records, rendering them unsuitable for analysis (Beschta et al., 2000).  
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2.3 Forestry effects on peak flow recurrence intervals are challenging to quantify even for 
paired-catchment studies 
 
The most rigorous empirical approach to quantifying the effects of forestry on streamflow, 
including peak flows, is to conduct a paired-catchment experiment, which involves both control 
and treatment catchments with monitoring both before and after application of a forestry 
“treatment” such as road building and/or logging. These designs are also called before-
after/control-impact (BACI) studies. Substantial time and resources are required to execute such a 
study. In addition, they require that the study catchments be covered by mature forest cover at the 
outset of the study such that natural forest development would have minimal influence on peak 
flow generation over the duration of the study. As a consequence of these requirements, relatively 
few paired-catchment studies that examined peak flows have been conducted, and all have been 
conducted on catchments smaller than 10 km2. While few paired-catchment studies focused on 
peak flows have been conducted in Washington (ongoing CMER work includes the “ENREP” 
project, a paired catchment study for type Np streams in Eastern Washington), such studies have 
been conducted at a number of sites in the broader Pacific Northwest, including Caspar Creek in 
California, the HJ Andrews Experimental Forest, Coyote Creek and Fox Creek in the Oregon 
Cascades, the Alsea Watershed Study in the Oregon Coast Range, and three sites in southwest 
British Columbia. See Tables 1 to 3 in Moore and Wondzell (2005) for summaries. 
 
A potential concern with many studies is that they used a partial duration sequence (PDS) with 
multiple peaks per year rather than an annual maximum series (AMS). While there are a number 
of advantages to using PDS to perform flood frequency analyses (e.g., Madsen et al., 1997), the 
concern in relation to fitting a pre-logging regression is that a larger fraction of the PDS will be 
smaller, more frequent, peak flows, which could mean that the fitted pre-logging regression may 
be biased to those flows at the expense of fitting the higher peak flows. For example, Jones and 
Grant (1996) noted that 90% of the peak flow events used in their analysis had return periods less 
than 1 year. 
 
The performance target for peak flows is expressed in relation to peak flows associated with 
specified recurrence intervals. However, most published studies that examined peak flow response 
to forestry have used chronological pairing in the analysis, including all of the studies reviewed by 
Moore and Wondzell (2005). Chronological pairing involves fitting a regression model to pre-
harvest data and then using the model to predict, for each post-harvest event (for PDS) or year (for 
AMS), what the peak flow would have been had the catchment not been subject to forest practices. 
While chronological pairing can provide valid estimates of the effect of forestry operations on 
individual peak flow events, it does not provide a rigorous basis for evaluating the effects on the 
frequencies of events of given magnitudes or of the frequencies of events of a given magnitude 
(Bathurst et al., 2020).  
 
A further limitation is that most studies had relatively short post-logging records, such as seven 
years in the Alsea Watershed Study, and thus do not provide a robust basis for inferring effects on 
peak flows with return periods in excess of five to ten years. Of the studies in the Pacific Northwest, 
only those in the HJ Andrews Experimental Forest have post-harvest periods of record longer than 
a decade, including treatment catchments WS1, WS3, WS6, WS7 and WS10. Unfortunately, there 
are serious concerns about the homogeneity of record at WS1 (Henshaw et al., 2018). In addition, 



Instream Group Recommendations – Pool Freq, Pool Depth, Peak Flows, Fines in Gravel 
 

21 
 

there have been changes in the control structure and methods for measuring stage and discharge 
for WS8 (the control for WS6 and WS7), which raises concerns about the homogeneity of that 
record and thus the integrity of paired-catchment analyses for WS6 and WS7. Notwithstanding 
these considerations, channel scour commonly initiates as streamflow approaches bankfull 
conditions, which typically coincide with roughly a 2-year return period (Nash, 1994). Castro and 
Jackson (2002) reported that bankfull conditions coincide with return periods of 1.3 to 1.5 years 
in Washington. 
 
Some attempts have been made to analyze data from paired-catchment studies using a frequency-
based approach. For example, Alila et al. (2009) fit a pre-harvest regression based on 
chronologically paired data to generate a time series of what flows would have been in the 
treatment catchment had logging not occurred, then performed frequency analyses of the observed 
post-harvest and predicted “no treatment” post-harvest peak flow series. They applied the analysis 
to two catchments in the Oregon Cascades, watersheds WS1 and WS3, for which peak flows are 
generated by rain and rain-on-snow events, and Fool Creek in Colorado, where peak flows are 
generated by seasonal snowmelt.  
 
A potential issue with the analyses conducted by Alila et al. (2009) for WS1 and WS3 is that they 
log-transformed the streamflow data prior to fitting the pre-logging regression, but did not report 
making a correction for back-transformation bias. Consequently, their predicted flows for the post-
logging period would be biased low (Moore, 2024), which would tend to increase the difference 
between observed and predicted. Without further analysis, the magnitude of such a bias is unclear. 
 
A problem with using ordinary least squares regression analysis to extend pre-logging peak flow 
time series is that the extended series will have a reduced variance unless the coefficient of 
determination, r2, equals unity. A predicted peak flow series with reduced variance will generate 
a “flatter” frequency curve, which would tend to cause a spurious increase in the difference 
between observed and predicted peak flows in the post-harvest period. To address this concern, 
Alila et al. (2009) added random noise with a distribution based on the residuals around the pre-
logging regression to the predicted values. However, as Hirsch (1982) pointed out, while this 
“regression plus noise” approach does effectively reproduce the variance in an extended time 
series, it has “serious deficiencies” as a tool for record extension for frequency analysis. This issue 
may be exacerbated by the fact that the noise was added prior to back-transforming the data. Alila 
et al. (2009) conducted frequency analyses using both the “raw” observed streamflow peaks as 
well as observed peaks that had been adjusted to account for post-logging recovery associated with 
forest regrowth. This adjustment was based on fitting a linear trend to the observed – predicted 
post-logging peak flow differences, then adjusting the observed flows upward to remove the 
recovery trend. This approach is reasonable if the goal is to understand the risk associated with 
increased peak flows for the immediate post-logging period, prior to significant forest regrowth, 
but it will overstate the longer-term risk. A practical issue in the specific case of WS3 is that the 
fitted trend was based on data up to and including 1988. An unpublished paired-catchment analysis 
by the current author, using data up to and including 2020, does not suggest a significant linear 
trend exists in the observed – predicted post-harvest peak flow differences. However, this lack of 
a trend may be due to inhomogeneity of the streamflow data, as discussed elsewhere in this report. 
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2.4 Non-stationary frequency analysis is an alternative to paired-catchment studies and can 
potentially be applied using operational streamflow data, but is not a panacea 
 
Yu and Alila (2017) introduced the use of non-stationary frequency analysis to quantify the effect 
of forestry operations on peak flow recurrence intervals with a specific application to Camp Creek, 
a snowmelt-dominated catchment in the Okanagan Valley in British Columbia, Canada. The 
approach has subsequently been applied by McEachran et al. (2021) and Johnson and Alila (2023). 
An advantage is that a control or reference catchment is not strictly required. 
 
Non-stationary frequency analysis (NFA) involves fitting an extreme value distribution to the peak 
flow time series, with the parameters of the distribution modelled as linear functions with 
covariates that represent the meteorological conditions that generate each peak flow and equivalent 
clearcut area (ECA). In the specific case of Camp Creek, the annual maximum series was used, 
with covariates that included the peak snowpack water equivalent (SWE) at snow courses near the 
catchment, the mean three-day antecedent air temperature at a weather station, and ECA computed 
using records of forest disturbance and published recovery curves, which relate the recovery of 
snow accumulation and melt rates, as a percentage of pre-logging conditions, to forest stand height. 
For the specific case of Camp Creek, the validity of the results is compromised by the fact that Yu 
and Alila (2017) created a merged air temperature record from time series at two weather stations 
but did not attempt to homogenize the record, despite the stations being separated in elevation by 
about 1000 m, resulting in a step change of about 6 °C in the merged time series. 
 
Beyond the data processing issue in the analysis of Yu and Alila (2017), there are a number of 
more fundamental challenges to the application and interpretation of non-stationary frequency 
analysis. A major issue is the fact that the approach generates conditional exceedance probabilities 
that are functions of the covariates, and does not provide a direct measure of long-term peak flow 
risk over a period with varying hydrometeorological conditions leading to each year’s peak flow. 
A practical issue is that a number of assumptions need to be made, such as the choice of extreme 
value distribution and the linearity of the relationships between the distribution parameters and the 
covariates. Unlike the use of linear regression in paired-catchment analysis, for which accepted 
diagnostic approaches are available to assess the validity of the underlying assumptions, clear 
diagnostic procedures do not appear to be available for non-stationary frequency analysis. 
 
The dependence of the NFA approach on ECA is particularly problematic. First, the published 
recovery curves that are commonly used in British Columbia are based on measurements at three 
relatively flat sites dominated by lodgepole pine (Pinus contorta) (Winkler and Boon, 2015) or 
one site in the Mountain Hemlock (Tsuga mertensiana) biogeoclimatic zone in coastal British 
Columbia (Hudson, 2000), and focus only on snow accumulation and melt rates. Consequently, 
these relations may not be valid for a broad range of forest types and slope-aspect combinations, 
especially at sites with a rain-dominated flood regime. In addition, ECA is an aggregate measure 
of stand-level estimates of the relative impact of logging on snow accumulation and melt that does 
not account for effects of synchronization or desynchronization of melt among harvested areas. 
Further, it does not capture effects of logging roads or other types of soil disturbance. Therefore, 
calculated values of ECA are likely to be, at best, a semi-quantitative measure of the effects of 
logging on peak flows.  
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2.5 The performance target includes no reference to east-side catchments, despite the fact that 
logging can increase snowmelt-generated peak flows 
 
While there are challenges to interpreting the results of NFA, the available evidence suggests that 
logging can result in increases in snowmelt-generated peak flow quantiles of 30% or more for 
return periods of 50 or more years (Johnson and Alila, 2023; Moore, unpublished analysis). 
Therefore, the lack of a peak-flow-related performance target for east side catchments appears to 
be a gap that either needs to be justified based on hydrogeomorphic considerations or addressed 
by formulating a target. 
 
3.0 Recommendations 

3.1 Toward framing a new performance target 

As discussed in Section 2, compliance with the current performance target for peak flows is 
difficult to verifybecause of (a) its imprecise wording and (b) challenges in quantifying effects of 
forestry operations on peak flows, especially in operational contexts. An important first step to 
moving forward will be to develop a new performance target that is clearly based on the 
hydrogeomorphic principles that govern channel sensitivity to peak flows and that carefully 
defines terms such as “significant.” As shown by unpublished analyses generated by B. Eaton 
(Instream SL1 Group Member), included in this report as Appendix 2, even modest changes in the 
2-year peak flow have the potential to cause substantial increases in the depth of scour and 
consequently loss of eggs from spawning gravels. These results suggest that it would be 
appropriate to frame a performance target related to scour in terms of the 2-year return period peak 
flow for both west-side and east-side regions. A pragmatic advantage of framing a performance 
target in terms of a 2-year-return-period peak flow is that the uncertainty in this quantile will be 
lower than those for higher return periods, particularly given the relatively short periods of record 
for most paired-catchment studies. However, further study is required to determine an acceptable 
level of change in relation to impacts on salmonid population dynamics.  
 
A second step will be to define how the magnitude and significance of forestry-related peak flow 
changes can be quantified in operational contexts, especially at sites where streamflow data are 
not available at an appropriate location downstream of the forestry operations. This second step is 
addressed in the following section. 
 
3.2 Developing methods for assessing compliance with a revised performance target 

As shown by unpublished analyses generated by B. Eaton, included in this report as Appendix 2, 
even modest changes in the 2-year peak flow have the potential to cause substantial increases in 
the depth of scour and consequently loss of eggs from spawning gravels. These results suggest that 
it would be appropriate to frame a performance target related to scour in terms of the 2-year return 
period peak flow. 
 
Given the substantial background “noise” in the spatial and temporal variability of peak flows, 
regional analyses using data from stream gauges are unlikely to provide a robust basis for linking 
peak flow changes to forestry operations, as was found by Bowling et al. (2000). The most viable 
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alternative would be to apply a process-based hydrological model, such as DHSVM or RHESSys 
(Regional HydroEcologic Simulation System), that can explicitly account for spatial and temporal 
variations in forest cover, as well as the effects of roads and logging-related soil disturbance on 
runoff generation (Tague and Band, 2001; Schnorbus and Alila, 2004; Kuraś et al., 2012; Du et 
al., 2015). Given the high costs of setting up these types of models, it would be useful to investigate 
the development of simpler models that are easier to set up and run, but still maintain sufficiently 
detailed representation of processes that they can simulate forestry effects on peak flows, as has 
been done for snow-dominated catchments in British Columbia (Chernos et al., 2023). 
 
Whereas many hydrologic design problems involve event-based analysis of “design storms,” this 
approach does not allow for the interpretation of changes to the recurrence interval of specific peak 
flows or changes in the magnitude of peak flows with a specified recurrence interval. Therefore, 
if the performance target continues to be framed in terms of recurrence intervals, simulation 
models will need to be run over multi-decade time periods to account for the stochastic influences 
of event meteorology and antecedent snowpack and soil moisture storage, and their interactions 
with catchment forest cover. 
 
If a model-based approach is to be used to assess compliance, it will be critical to confirm the 
validity of the model-based estimates of forestry effects in a transparent and rigorous manner. 
While internal catchment data such as snow surveys and soil moisture measurements in the 
calibration process can help ensure the model is “getting the right answers for the right reasons” 
(Kirchner, 2006), as in the study by Schnorbus and Alila (2004), they do not provide a critical test 
of the model’s ability to simulate the effects of forest harvesting on streamflow and, in particular, 
peak flows. 
 
A more suitable approach for testing models for their fitness to assess the effects of land-cover 
change is the differential split-sample (DSS) approach described by Klemeś (1986) (Thirel et al., 
2015). In the context of quantifying peak flow response to forestry operations, this approach would 
involve calibrating the model under one land-cover state (e.g., pre-logging) then testing the ability 
of the model to predict flows under a changed land-cover state (e.g., post-logging). Unfortunately, 
to the author’s knowledge, this approach has not previously been used in relation to forestry effects 
in western North America. 
 
Moore and MacDonald (2024) advocated applying the DSS approach in both directions: i.e., 
calibrate on pre-logging and test on post-logging data, and calibrate on post-logging and test on 
pre-logging data. They recommended that the model be considered credible for quantifying effects 
of forest harvesting or forest disturbance only if the model performance were deemed acceptable 
for both steps. Note that this testing protocol may or may not test the model’s ability to extrapolate 
to different climatic conditions unless the pre- and post-logging periods differ in those 
characteristics. This ability to extrapolate to novel climatic conditions may be particularly relevant 
given the occurrence of intense precipitation during atmospheric river events, which appear to be 
occurring more frequently (Sharma and Dery, 2021) and may increase in frequency and intensity 
in the future (e.g., Zhang et al., 2021). 
 
As Moore and MacDonald (2024) recommended, data from paired-catchment studies should be 
used in such model evaluations. However, bearing in mind the issues with homogeneity at the HJ 



Instream Group Recommendations – Pool Freq, Pool Depth, Peak Flows, Fines in Gravel 
 

25 
 

Andrews Experimental Forest stream gauges, a critical first step should be reviewing available 
data series to select only those portions for which there is high confidence that the peak flow data 
are homogeneous over the period of record. In order to apply the model, data will be required to 
quantify forest cover characteristics in the pre- and post-logging periods, such as stand density, 
stand height, species composition and leaf area index. In some cases, mensuration or vegetation 
survey data may be available – e.g., from pre-harvest timber cruises or post-harvest regeneration 
surveys. In other cases, such information may need to be estimated from photographs or field notes 
taken by researchers working at the sites, or by application of models of vegetation dynamics such 
as 3-PG, which was used in the study by Du et al. (2015). 
 
The paired-catchment studies in Oregon (HJ Andrews, Coyote Creek, Fox Creek, Alsea Watershed 
Study) provide opportunities for model testing in regimes in which peak flows are generated by 
rain and rain-on-snow events. A number of paired-catchment studies have been conducted in 
catchments with snowmelt-dominated peak flows, including Fool Creek in Colorado (Troendle 
and King, 1985), Mica Creek Experimental Watershed in Idaho (Du et al., 2015) and Upper 
Penticton Creek in British Columbia (Winkler et al, 2021). Upper Penticton Creek, in particular, 
has a rich data set, with an unlogged control catchment and two treatment catchments, all with 
several years of data in a pre-harvest period, several weather stations, and within-catchment 
observations of variables such as snowpack water equivalent, canopy interception loss, soil 
moisture and shallow groundwater levels (Moore et al., 2021). 
 
While a spatially distributed model with physics-based process parameterizations, such as 
DHSVM, would provide a framework for incorporating the range of influences of forestry 
operations on peak flows, such models are complex to set up and may not be feasible for 
widespread operational application. Therefore, it would be useful to explore the use of simpler, 
conceptual-parametric models such as a variant of the HBV model, at least as a screening tool. For 
example, Chernos et al. (2023) described a workflow based on a variant of the Canadian HBV-EC 
model within the Raven modelling framework to assess the effects of both forest cover change and 
future climate scenarios on peak flows in snowmelt-dominated catchments. 
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Appendix 1 – References to peak-flow-related performance targets in documents  

Forests and Fish Report (1999), pp. 163-164. 
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Schedule L-1 – Key questions, resource objectives, and priority topics for adaptive management. 

Final as approved by Forest Practices Board on 02-14-01, pp. 5-6. 
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Appendix 2 - Peak flow increases and scour of salmonid egg pockets in forest 

streams 

1.0  Introduction 

Scour occurs in gravel bed streams once sediment transport is initiated during high flows. The 
channel form is typically associated with the bankfull flow (i.e., the flow that just fills the stream 
channel), which is typically similar to the effective flow (i.e., the flow that is responsible for the 
majority of the work done by the stream over a long time period). Research on gravel bed rivers 
has demonstrated that bankfull flow and the effective flow values are similar to each other, and 
that flows less than the bankfull flow have little effect on the channel morphology (Andrews, 1980, 
1982; Pickup and Warner, 1976; Emmett and Wolman, 2001). Castro and Jackson (2002) report 
that, in Washington, the return period of the bankfull flow varies from about 1.2 years in the humid 
regions to about 1.5 years in drier ones. Others have reported similar values for the bankfull flow 
(e.g., Harvey, 1969; Williams, 1978; Bray, 1975).   
 
Based on the range of bankfull flow return periods reported in the literature, the 2-year return 
period flow (Q2) represents a suitable index for assessing the potential ecological effects of forest 
harvesting on bed scour.  This appendix presents the argument that any increase in the Q2 will 
increase the depth of scour in the stream, and that this increased scour has the potential to affect 
salmonid eggs buried in redds (Section 2.0).  
 
The worked example that follows in Section 3.0 demonstrates the point, and quantifies the 
magnitude of the effect using a simple model for predicting the proportion of the channel bed that 
experiences scour and the depth of scour in a typical salmon spawning stream. 
 
2.0  Bed scour and potential egg loss 

Salmonids deposit their eggs in nests (or redds) excavated into the stream bed, and then bury them.  
The maximum depth of an egg pocket depends largely on the size of the fish (Riebe et al., 2014), 
with values as high as 500 mm for Chinook salmon and as low as 250 mm for Sockeye salmon 
and various species of trout (DeVries, 1997). Typically the top of egg pocket is between 100 and 
150 mm below the bed of the stream. In a stream unaffected by forest harvesting, the Q2 will likely 
scour some parts of the stream bed to a depth that exceeds to the top of the egg pocket, but not the 
bottom of it (see Section 3.0). This implies that some of the eggs deposited in the gravel will be at 
risk of scour during typical flows (i.e., the Q2) under natural conditions.  
 
An increase in the magnitude of the Q2 due to forest harvesting will increase the water depth, 
velocity and shear stress. This increase will mobilize more of the sediment found on the bed, and 
produce deeper scour of the bed, which increases the risk to salmonid eggs of scour. 
 
As a result, any increase in the Q2 as a result of forest harvesting has the potential to negatively 
affect salmonid reproductive success by scouring increased numbers of eggs from spawning redds. 
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The potential magnitude of this effect is quantified below by calculating the proportion of salmon 
eggs in the stream bed that could be lost due to scour.  
 
Egg loss due to scour would not translate linearly into a reduction in salmon populations. Given 
the complexity of salmon population dynamics, the implications of increased egg loss on salmon 
stocks requires more detailed study. 
 
3.0 Estimating bed scour and quantifying egg mortality 

In this section, a simple worked example is presented that approximates the magnitude of the egg 
losses due to increased peak flows under a number of simplifying assumptions. The actual relation 
between peak flow increases, bed scour and egg loss will vary from site to site, and also required 
more detailed study. 
 
A study of coarse-grained streams by Phillips and Jerolmack (2019) found that the ratio of shear 
stress acting on the channel bed to a reference shear stress similar to the threshold for scouring the 
bed can be expressed as: 

𝜏𝜏𝑏𝑏𝑏𝑏
𝜏𝜏𝑟𝑟

=
0.55 𝑆𝑆0.42

0.27 𝑆𝑆0.38 = 2.04 𝑆𝑆0.04 

Based on this empirical finding, the bankfull stress in a gravel bed river with a gradient of 1% 
would be 1.7 times the reference shear stress for entraining the bed material in that stream. If the 
bed material had a median surface size (D50) of 64 mm and a D84 of 128 mm (typical for streams 
used for spawning by various species of Pacific salmon, according to Riebe et al, 2014), then the 
reference shear stress would be calculated as follows: 
 

𝜏𝜏𝑟𝑟 = 0.27 𝑆𝑆0.38 𝑔𝑔(𝜌𝜌𝑠𝑠 − 𝜌𝜌)𝐷𝐷50 

The above equation uses the empirical function from Phillips and Jerolmack (2019) with the classic 
formulation of the entrainment function (see Buffington, 1999). Using the above equation, the 
reference shear stress is estimated to be 49 Pa, which implies that the shear stress for the Q2 would 
be about 83 Pa, which in turn implies that the Q2 depth would be about 0.84 m. Using the flow 
resistance equation published by Ferguson (2007), the Q2 depth corresponds to a velocity of 2.25 
m/s, and a specific discharge of 1.9 m3/s/m.  
 
The potential effects of an increase in the Q2 can be evaluated by:  

1) specifying an expected percent increase in the Q2 due to forest harvesting activities;  
 

2) assuming that the width of the channel (W) remains essentially constant for the increased 
flow (which is the worst case scenario for potential scour)3;  
 

 
3 The largest credible increase in channel width associated with an increase in Q2 can be calculated assuming that the 
channel has a parabolic cross section (Ferguson, 1986). In that case, a 20% increase in Q2 translates into a 17% increase 
in specific discharge, and a 50% increase in Q2 translates into a 37% increase in specific discharge. 
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3) applying the anticipated increase in flow to the specific discharge, q (where q = Q2/W);  
 

4) determining the flow depth that corresponds to the increased specific discharge;  
 

5) estimating the new shear stress acting on the bed; and  
 

6) assessing how the shear stress increase could affect scour of eggs in redds. 
 
One way of quantifying the effect on egg scour is by calculating the increase in the fraction of the 
bed experiencing scour due to the increased flows.  Following the procedure described by Eaton 
et al. (2020), the fraction of the bed surface that is mobile and the fraction that is stable can be 
calculated (assuming the bed sediment is log-normally distributed). Figure 1 plots a log-normal 
bed surface distribution with a D50 of 64 mm and a D84 of 128 mm, along with the distribution of 
the population of grains that would be entrained at least once during the Q2 flow, and the population 
that would remain stable.  
 

 

Figure 2 Distributions of the bed surface grain size, the population of grains that would be mobilized during a bankfull flood, and 
the population of grains that would remain stable. The distributions are presented as a histogram (on the left) and as a cumulative 
distribution (on the right). 

For the system being assessed, approximately 47% of the bed would be stable during the Q2. If the 
Q2 were increased by 30%, then only 32% of the bed would remain stable, and scour would affect 
an addition 14% of the bed. 
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Table 2 Effect of peak flow increases on the area and depth of bed scour 

Increase 

in Q2/W 

Stable Area1   Additional 

Scoured Area1 

Scour Depth 

(mm) 

Potential Egg 

Pocket Scour2 

Net Egg Loss3 

0 47% n/a 195 23% 12% 

10% 41% 06% 210 30% 18% 

20% 37% 10% 220 35% 22% 

30% 32% 14% 235 43% 29% 

40% 29% 18% 245 48% 34% 

50% 26% 21% 255 53% 39% 

1. Expressed as a percent of the total bed area 
2. Expressed as a percent of the typical egg pocket. 
3. Calculated as (1 – Stable Area) * Potential Egg Scour 

 

Based on this analysis, a peak flow increase of X% translates into an increase in the bed area 
affected by scour of about half that amount (i.e., a 10% increase in flow causes scour of an 
additional 5% of the channel bed).  
 
Not only will scour occur over more of the bed as peak flows increase, scour will reach deeper into 
the channel bed.  According to DeVries (1997) the depth of scour in gravel beds is usually about 
2 times the competent grain size.  The competent grain size can be estimated and the 50th percentile 
of the stable population of grains shown in Figure 1. Using this estimate of the competent grain 
size, the typical scour depth can be estimated (Figure 2).  
 
For many salmon species, eggs are deposited between 150 mm and 350 mm below the bed surface 
(DeVries, 1997).  Even assuming no increase in peak flows due to forest harvesting, about 23% 
percent of eggs could be lost due to scour in redds that experience scour. Based on the estimated 
area of the bed that would experience scour and the depth of the scour relative to the depth of the 
egg pocket, about 12% of the eggs could be lost to scour during the Q2. A 20% increase in the peak 
flow would almost double the number of eggs lost to scour (i.e., net egg loss is estimated to 
increase to about 22%), and a 40% increase would almost triple it.  
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Figure 3 Estimated scour depth for a range of assumed increases in peak flow. The grey box indicates the typical depth range for 
egg pockets for Chum, Coho and Steelhead. 

While the effects of peak flow increases on the area experiencing scour and the depth of scour are 
modest in this simplified example, the combined effect on salmonid recruitment of increased areas 
affected by scour and increased depths of scour could be substantial, especially for increases in 
peak flow of 20% or greater. 
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Assessment of performance targets related to Fines in Gravel in the 

Washington Forest Practice Rules, Schedule L-1 

1.0  Introduction 

This document provides a review of the existing performance target as stated in Schedule L-1 
(Forest Practices Board, 2002) for the “Fines in Gravel” performance measure which specifies: 
 

“Less than 12% embedded fines (<0.85 mm)” 

This performance target applies to the following functional objective for sediment: 

“Provide clean water and substrate and maintain channel forming processes by 
minimizing to the maximum extent practicable, the delivery of management 
induced coarse and fine sediment to streams (including timing and quantity) by 
protecting stream bank integrity, providing vegetative filtering, protecting 
unstable slopes, and preventing the routing of sediment to streams.” 
 

 Fines in gravel are small sediment particles (interpreted here as less than 0.85 mm in diameter). 
These particles can accumulate between the larger gravel pieces in streambeds. In spawning 
habitats, excessive fines can block water flow and reduce oxygen levels, harming fish eggs and 
aquatic life.  Limiting “fines” helps maintain healthy spawning habitat and improves survival rates 
for gravel-spawning fish. While this measure is biologically important, the existing performance 
target has several limitations (Section 2.0). The existing limitations on the performance target are 
such that the performance target is believed to be of minimal value to monitoring the impact of 
forest practices on the overall performance goals outlined in Schedule L-1. As such it is 
recommended that this performance target be removed from Schedule L-1 (Section 3.0). 
 
2.0 Limitations 

While the existing performance target is applicable to the functional objective, it is subject to the 
following key limitations:  
 

• Attainability: the threshold value of 12% does not consider the natural baseline/reference 
condition for a given study site (in the absence of anthropogenic disturbance).  The amount 
of fine sediment in natural river channels varies substantially depending on upstream 
geology (e.g., O’Connor et al., 2021). Therefore, the target may not be attainable for certain 
sites, even under baseline conditions.   
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• Redundancy: fine sediment due to forestry operations is expected to be predominantly a 
result of roads4 and mass wasting events (e.g., Beechie, 1998), both of which are 
independently addressed by other existing performance targets outlined in Schedule L-1 
(e.g. the measure of road sediment delivered to streams which has the target of “virtually 
none”). There are existing measurement techniques for monitoring these sources or other 
direct sources of fine sediment that are better suited than measurement of fines in gravel, 
including use of aerial imagery (e.g., Turner et al., 2010), remote sensing, sediment traps 
at sources such as culverts (e.g., Reid and Dunne, 1984; Luce and Black, 1987), or tracer 
applications (Owens et al. 2021).  

 
• Inherent Variability and Noise: the quantity of fines in gravel is subject to drastic spatial-

temporal variability within a given stream or watershed such that establishing a 
baseline/reference condition to study the impact of forestry operations is not readily 
feasible. The signal in the data associated with natural disturbance such as forest fires and 
flooding is expected to be much greater than the signal associated with anthropogenic 
disturbance (e.g., East et al., 2018; 2025; Warrick et al., 2012). 

 
• Relevance of Existing Research to Modern Practices: Gomi et al. (2005) reviewed existing 

research on suspended sediment sources and concluded that “Many of the paired catchment 
studies in the Pacific Northwest were conducted in the 1970s and 1980s and applied 
treatments that are no longer used (e.g., clear-cutting with hot broadcast burning), and the 
results may not be applicable to newer practices such as clear-cutting with partial retention 
buffers and current standards for road design and construction.” Owens et al. (2021) 
summarizes current research on sediment sources from watersheds subject to forest 
harvesting and notes that the role of tree harvest operations is challenging to assess using 
conventional monitoring approaches (e.g. Motha et al. 2003). 

 

3.0 Recommendations 

It is recommended that this performance target be removed from Schedule L-1 due to the 
limitations summarized in Section 2.0. The presence of fines in gravel is considered an important 
metric for aquatic habitat quality (Chapman, 1988; Jensen et al., 2009). The recommendation for 
the removal of this performance target does not imply that fines in gravel is biologically 
unimportant, but that the monitoring of fines in gravel from forestry operations is already 
accomplished through other existing performance targets that can be more readily and effectively 
implemented. The primary sources of fines in gravel are already addressed by existing 
performance targets for roads and mass wasting, and monitoring fines in gravel directly is likely 
to be subject to limitations in establishing a reasonable reference condition due to the inherent 
spatial and temporal variability of fine sediment inputs to a typical stream.   
  

 
4 Owens et al. (2021) summarizes from Dougles et al. (1999) and Motha et al. (2003) that sediment supply from direct 
impacts of forestry operations is generally related to temporary log processing areas, skid tracks for log hauling, and 
road networks. The former two sources are not explicitly considered by the existing roads performance target.  
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