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Hyporheic Exchange Flow (HEF) is driven by head gradients defined by the hydro-

topography of the stream surface, which is controlled by the particular geomorphology of 

the stream.  We quantified the impact of large wood, which typically exerts a strong 

control on stream morphology, on HEF in a second order, low gradient (~1%), coastal 

Alaskan stream.  Experimental removal of large wood (> 10 cm diameter) from Bambi 

Creek, a second order stream on Chichagof Island, AK demonstrated that the wood-

forced pool-riffle morphology transitions to that of alternating pool-riffle sequences, and 

led to an increase in sediment stored in the reach (Smith et al., 1993).  We constructed a 

series of five groundwater flow models (MODFLOW) spanning 16 years to examine the 

response of HEF, and we used particle tracking (MODPATH) to examine changes to the 

flow paths and residence times. Changes in the pattern of hyporheic upwelling and 

downwelling generally correspond to changes in the local hydro-topography over the five 

study periods and generally corresponded to locations of large wood removal. Reach total 

hyporheic exchange decreased from 0.96 to 0.87 L/s during loss of sediment storage, then 

increased to 1.22 L/s and again to 1.90 L/s for periods when sediment storage increased 

in the reach.    The turnover length of hyporheic exchange for baseflow conditions 

decreased from 4.5 km to 2.3 km. The area of the streambed contributing to hyporheic 

flux increased over the study period, as well as the amount of hyporheic flow across 

meander bends.  The median residence time of the hyporheic flowpaths increased from 8 

to 11 hours by 4-years post removal then again to 14 hours by 16-years post-removal. 

Changes in the residence time probability and cumulative density functions for the 

models show an increase in late time portion of these functions at 4 years and 16 years 

post removal. The change in channel morphology from wood-forced pool-riffle to that of 

alternating pool-riffle sequences apparently increased the amount of hyporheic exchange. 
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INTRODUCTION 

Streams interact with their surrounding terrestrial ecosystems in many ways.  One 

such aquatic-terrestrial interaction is when stream water leaves the open channel and 

flows through the saturated sediments beneath and adjacent to the stream and later returns 

to the open channel. This surface-subsurface water interaction is known as hyporheic 

exchange, and the volume where this occurs is referred to as the hyporheic zone (Figure 

1).  This interaction can have strong effects on the chemistry (Triska et al., 1993) and 

temperature of streams (Poole & Berman, 2001). Hyporheic exchange can play an 

important role in the ecological and geochemical processes occurring in the stream 

systems (Gilbert et al., 1990; Mulholland et al., 1997; see also Appendix 1). 

As groundwater flow, hyporheic exchange is controlled by both the head 

gradients present in the sediment and their saturated hydraulic conductivity (Ksat).  Many 

of the head gradients in the hyporheic zone arise from the irregularity of the stream 

surface, which is largely determined by the particular geomorphology of the stream 

(Vaux, 1968; Harvey & Bencala, 1993).  The Ksat of the streambed sediment depends on 

the effective grain size & shape (Hazen, 1863) and packing of grains, which are 

controlled by many basin characteristics, but are strongly affected by the stream’s 

geomorphology.  Because the stream’s water surface elevations (WSE) and Ksat are 

controlled by its hydro-geomorphic template, the hyporheic flow in a stream is controlled 

by the same template. 

Geomorphic features have been found to occur at regularly spaced intervals in 

free-formed channels (Grant et al., 1990; Montgomery & Buffington, 1997; Chin, 2002; 

see also Appendix 2).  However, large wood exerts a strong control on stream 
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geomorphology, increasing the complexity of bedforms and channel shape (Montgomery 

& Buffington, 1997).  Given the link between a stream’s geomorphology and hyporheic 

exchange, changes in stream geomorphology or sediment characteristics may result in 

changes in the patterns and/or rates of hyporheic exchange flow (HEF) (Kasahara & 

Wondzell, 2003).  As such, understanding the geomorphologic responses of a stream 

channel to changes in large wood becomes important to understanding the potential 

changes to hyporheic zones and HEF following these changes.  
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In higher gradient streams (> 2%), large in-stream wood often provides the 

structure for sediment accumulation in sediment dams or wedges (Montgomery et al., 

2003) and creates local head gradients which drive hyporheic flow.  If the wood in high-

gradient channels is removed, one should expect sediment degradation (Faustini & Jones, 

2003), and a decrease in hyporheic flow (Kasahara and Wondzell, 2003).   

In lower gradient streams (< 2%), the effects of large wood on channel 

geomorphology are more complex, and can cause both sediment storage and scour (Smith 

et al., 1993). In such streams, the effects of large wood removal on channel 

geomorphology are less apparent due to the complex morphological response to wood 

removal (Smith et al., 1993). Even though the relationship between hyporheic exchange 

and channel geomorphology is clear, it is unclear how wood removal and subsequent 

changes in channel geomorphology would influence hyporheic zones.  This study aims to 

answer questions related to changes in hyporheic exchange in the context of the key 

findings of the Smith et al. (1993) wood removal study, supplemented by one additional 

survey that occurred in 2003. 

The geomorphic changes resulting from experimental wood removal were 

documented in the Smith et al. (1993) study of Bambi Creek, a low gradient (~1%) 

stream in coastal southeast Alaska. Large wood (> 10 cm diameter) and small wood 

accumulations (~1 cm diameter) were removed from the channel in May 1987 and the 

channel was surveyed at least every year for four years thereafter.  

The pre-removal bed condition was influenced by in-channel wood in complex 

ways.  Many of the pools corresponded to locations where large wood was interacting 

with sediment and the vegetated banks were resistant to erosion. Large wood embedded 
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in the channel both stored sediment via buttressing and scoured sediment by accelerating 

flow around large wood.  Smaller pieces, pieces suspended above the channel and pieces 

oriented parallel to flow direction had minimal or no effects on the channel 

geomorphology.  

The geomorphic response to large wood removal was spatially complex and 

temporally variable. Over the first year post treatment, there was a net loss of ~ 5 m3 of 

sediment stored in the reach due to scouring of bedforms previously buttressed by wood.  

By 2-years post treatment, this pattern was reversed, with the reach showing a net 

sediment accumulation of 15 m3.  The stream received increased sediment delivery 

during a very high discharge during the winter of 1990-1991 (estimated to be 12 m3/s), 

where bankfull discharge in this reach is 1.7 m3/s.  By year 4, 44 m3 of sediment had been 

deposited over the reach and 5.2 m3 of stream bank material had eroded, likely by the 

high flow during the winter flood of 1990-1991.  Additionally, by four years post 

removal, the channel began to develop gravel bars and bedforms at locations of meander 

bends in the channel. Generally, after wood removal, the channel continued to widen, 

develop point-bars, and bedload transport rate increased.   

Key findings from the Smith et al., 1993 study are: 

• The development of gravel bars after wood removal stored more sediment in the 

channel than what was buttressed by large wood. 

• Sediment storage in the channel decreased over the first year, and then began to 

increase with storm flows of the following years leading to 39 m3 net increase in 

sediment in the study reach. 
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• Channel response, such as thalweg shifts and gravel bar development were most 

noticeable near the locations of wood removal.  

These findings indicate large wood strongly influenced the channel geomorphology.  The 

control on pool and riffle locations seemed to shift from large wood to locations of 

meander bends of the channel, which, in turn, may be controlled by the erosion resistant 

bank material. 

Similar to the patterns of loss-then-gain of sediment storage observed in the Smith 

et al. (1993) study reach, hyporheic exchange flow (HEF) is expected to decrease-then-

increase, following the patterns of bedform degradation-then-development.  Additionally, 

changes in the WSE irregularity (resulting from bedform changes) should cause changes 

in amount and patterns of HEF, since irregularities in the water surface profile drive local 

patterns of upwelling and downwelling (sensu Tóth, 1963).   

The character of the hyporheic flow in small streams will be strongly influenced 

by head gradients driving hyporheic flow through the subsurface (Kasahara & Wondzell, 

2003). Because the geomorphology imposes head gradients, and because geomorphology 

changed from wood forced pool-riffle to less constrained pool-riffle sequences, wood 

removal in this stream will likely have an impact on the hyporheic zone.  
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METHODS 

Site Description 

Bambi Creek is a second order stream situated in the coastal lowlands on 

Chichagof Island, Southeast Alaska, near the Tenakee Inlet (Figure 2). The study reach is 

low gradient (slope ~ 0.012) and meandering (sinuosity ~ 1.7).  Prior to treatment the 

channel geomorphology was mostly wood-forced pool-riffle, as described by 

Montgomery & Buffington (1997).  Annual precipitation averages 1600 mm/yr, with 

heavy rainfall from October through December and moderate snowpack and rainfall 

through May. Based on partial discharge records over 5 years, bankfull discharge in the 

reach is 1700 L/s, average discharge is approximately 100 L/s, and baseflow in this reach 

is approximately 50 L/s.   

The 1.55km2 basin above the study reach is undisturbed by land management, and 

drains the western side of a cirque formed by Pleistocene ice, and is bounded by a marble 

horn peak to the south.  The bedrock is composed of Silurian greywacke and argillite, and 

Devonian limestone (Campbell and Sidle, 1985).  

The forest canopy is Sitka spruce (Picea sitchensis) and western hemlock (Tsuga 

heterophylla). Under story vegetation is dominated by vine maple, (Acer circinatum), 

skunk cabbage (Symplocarpus foetidus), and devil’s club (Echinopanax horridum).   

Experimental Debris Removal  

The experimental wood removal occurred in May of 1987 and subsequent 

geomorphic responses (through 1991) were reported by Smith et al. (1993).  During the 

wood removal treatment all wood larger than 10 cm diameter as well as accumulations of 
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smaller wood pieces were removed from the bankfull channel in the study reach in 1987 

to an elevation well above bankfull height (Figure 3).  Wood lying outside the banks was 

also removed if it was attached to in-channel wood.  The wood removal work was done 

by hand to minimize disturbance of the streambed.  The initial surveys of the channel 

were done immediately after wood removal, to insure that measured channel changes 

resulted from fluvial processes rather than disturbance from treatment.  
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Survey Methods 

Changes in the channel morphology from wood removal were quantified by 

repeated topographic surveys conducted between 1987 and 1991.  Topographic data from 

were obtained from surveys performed by Rick Woodsmith (USFS PNW Lab, 

Wenatchee, WA).  Additional topographic data was obtained by re-surveying the site in 

August 2003 with the help of the original author and personnel from the USFS PNW Lab 

in Juneau, AK.  

Smith et al. (1993) used an engineering level and stadia rod to survey 84 cross-

sections spaced, on average, 1.14 m apart along the 95-m long study reach (Figure 4).  

The elevations were measured to the nearest 0.005 m.  The cross-sections were surveyed 

immediately following debris removal, after each large storm in 1987, and one or more 

times per year through 1991 (Smith et al., 1993).  The locations of the water edge were 

noted in these surveys, and were used to create a spatial data set containing water surface 

elevations.   Since the wood was removed prior to the initial survey, the stream surface 

elevations interacting with the wood were not measured. 

The site was surveyed again in August 2003 (16 years post removal) using a 

Topcon GTS 223 total station and prism rod.  The prism rod was marked with 1 cm 

graduations that allowed the in-stream measurement of both the channel bottom and the 

stream surface if the foot of the rod was submerged.  Periodic checks to an arbitrary 

benchmark yields an estimated error for this survey of approximately 0.030 m in the 

horizontal dimensions, and 0.003 m in the vertical dimension.   

In 2003, the channel elevations were surveyed approximately every meter with 

smaller spacing where more detail was necessary to capture the topography and larger 

spacing where it was not.  Additionally, the surrounding floodplain elevations were  
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surveyed in order to better characterize the topography and valley edges of the study area, 

which were not available for the previous surveys.  The water surface elevations (WSE) 

were surveyed in a similar fashion by measuring the edge of the stream in order to locate 

both a point on the ground and water.   

Cross sectional transects where Smith et al. (1993) noted major channel change 

corresponded to locations where large wood was removed, and were identified by letters 

in their study.  The same letters and approximate downstream distance of these transects 

were used in this study (Figure 3).  

Subsurface characterization 

Two piezometer networks were established in the study area to characterize the 

hydraulic properties of two distinct sediment types in the study area, shown in (Figure 5). 

The first network was located on a gravel point-bar within the active channel near the 

stream transect at 25 m, and lacked vegetation.  The second piezometer network was 

located on the floodplain, on the inside of the meander bend between transects at 50 m 

and 95 m, in soils that appeared to have more fines and organic material, and was heavily 

vegetated with skunk cabbage and devil’s club.   The first was used to characterize 

channel sediments and the second to characterize floodplain sediments. 

The piezometers were constructed from schedule 40 PVC pipe, with inside 

diameter of 2.5 cm and outside diameter of 3.4 cm (4.5 mm wall thickness). They were 

1.0 m in length with 35 cm screened intervals.  The piezometers were arranged in 

transects oriented perpendicular to the assumed direction of groundwater flow across the 

gravel bar and floodplain and spaced at approximately 1.0 m to capture deviations from 

the assumed flow direction. Water levels were measured using an electronic measuring 
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stick with an open circuit at the end that closes when it touches water. The accuracy of 

this device was estimated to be ± 0.005 m. 

Falling head slug tests (Bouwer & Rice, 1976; Dawson & Istok, 1991) were 

conducted in all piezometers of both networks by pouring in a slug of water and making 

head measurements as the water level returned to equilibrium. In gravel bar piezometers, 

head data were recorded at 1 s intervals using a pressure transducer and data logger.  The 

recording interval was increased in the more slowly responding piezometers of the 

floodplain network.  The estimates of saturated hydraulic conductivity (Ksat) obtained by 

slug tests are 1.9 x 10-4 m/s for the gravel bar and 2.7 x 10-5 m/s for the floodplain.   

Tracer tests were conducted in both the gravel bar and floodplain piezometer 

networks as another method to estimate hydraulic conductivity. Salt injections were one-

minute pulse additions of approximately 4.5 L of solution containing approximately 

500_g of NaCl.  The electrical conductivity (EC) was measured in the piezometers with a 

YSI conductivity probe, temperature corrected to give specific conductance. The tracer 

tests yielded six useable breakthrough curves in the gravel bar wells, but none in the 

floodplain wells, giving only the estimate for the floodplain gravels as 4.7 x 10-3 m/s.  

See Appendix 3 for additional information regarding the tracer tests.  

To reconcile this difference in Ksat estimates between the two methods, the 

geometric mean of the two Ksat estimates (Ksg) from the gravel bar (9.5 x10-4 m/s) was 

used in the models.  The Ksg of the floodplain was approximately 1 order of magnitude 

lower than that of the gravel bar for the slug test and was therefore set at 9.5 x10-5 m/s. 

Further details for the slug and tracer tests and resulting Ksat and Ksg estimates described 

above, are given in Appendix 3. 
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Channel Change 

Maps of channel change were developed using survey data and information about 

major channel changes from Smith, et al. (1993).  The additional channel changes that 

occurred between 1991 and 2003 were also mapped. Maps of the bankfull channel and 

wetted channel in the study area were produced using the survey data for each survey 

period to examine planform changes to the hydro-geomorphology. 

The stream transects of Smith et al. (1993) were not re-surveyed in August 2003 

due to time constraints.  The amount of change in sediment stored in the reach between 

1991 and 2003 was not calculated in this study due to limitations in survey data 

resolution, sensitivity to volume estimates to the possible error in the vertical datum 

alignment of the 2003 survey, and complications due to changes in channel configuration 

relative to the survey transects. 

Groundwater Modeling  

Overview 

The hyporheic flow in the study reach for each observation period was quantified 

using a series of groundwater flow models that simulate surface-subsurface exchange 

flows.  MODFLOW models (Harbaugh et al., 2000) were constructed for the five periods 

(before removal, 1 month after, 2 years after, 4 years after, and 16 years after large wood 

removal). Surveys of both ground and water surface topography from the first four 

periods were provided by Rick Woodsmith (USFS PNW Lab, Wenatchee, WA), and the 

2003 data were collected in the field.  The survey data were used to construct the model 

topography and define boundary conditions of the groundwater models. 
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Model Grid Structure  

MODFLOW simulations are grid-based, finite difference models.  The finite 

difference grid used for each model has variable cell dimensions, ranging from 0.5 x 

0.5_m within the study area, increasing to a maximum cell size of 2.0 x 2.0 m at the outer 

edges of the grid. This technique is known as grid cell refinement and has the advantage 

of increasing the grid resolution in the area of interest and decreasing the resolution of the 

grid where detail is not necessary, thus conserving computational resources.  There are 12 

layers in the model, the top layer was 10 cm thick and each lower layer increased in 

thickness by 30%. The grid was rotated + 35° relative to North, to better align the stream 

reach with the refined cells, thereby minimizing the number of cells in the model.    

The optimal cell size, model domain size, and boundary conditions (water surface 

elevations) were determined by examining a model’s flux across the stream boundary 

with changes in the above parameters.  When reductions in a parameter (e.g. cell size) no 

longer have an effect on the boundary flux, the optimum parameter is achieved. See 

Appendix 4 for more details on the procedures for determining optimal grid structure 

parameters.  

Grid Topography 

In the area of the study reach, surveys of the land surface topography were 

interpolated to the grid cells for each study period. This reproduced the geometry of the 

channel in the model grid structure for each study period. The Smith et al. (1993) surveys 

excluded any area outside the channel from the surveys.  Since the 2003 survey data 

included floodplain elevations in the areas near the stream, these were used to define the 

floodplain topography for all study periods.  
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Physical Boundaries  

There were no natural features (such as bedrock outcrops) present in the study 

area to use as physical boundaries, so the groundwater flow system is assumed to be 

unaffected by either lateral or bottom boundaries.  To minimize the effects of boundary 

conditions on the model results, the model boundaries were located approximately 65 m 

and 40 m away from the study reach longitudinally and laterally, respectively, and the 

total grid thickness was 20 m.   

To define model boundary conditions at the lateral edge of the models, a plane 

was used to project ground and water surface elevations to the model’s edge.  This plane 

is equal to the average longitudinal and lateral slope of water surface elevations within 

the study reach over the five study periods.  These water and ground elevation boundary 

conditions were kept constant for all models to avoid the possibility of the boundary 

conditions affecting the model comparisons. 

The vertical faces at the model edges are modeled as specified head cells to allow 

groundwater flow to pass across these faces. This prevents flow from being forced 

vertical near the edges of the model, and is likely a more accurate representation of the 

actual groundwater flow regime in the subsurface.  

Stream Boundary Conditions 

The hydraulic head of a stream imposes head conditions on the adjacent 

groundwater flow system. The water surface elevations of the simulated stream boundary 

were determined from the Smith et al. (1993) surveys, and from the August 2003 surveys.  

The locations of the water edge were noted in the original survey notes and were then 

mapped into a separate spatial data set containing water surface elevations.  To define 

this boundary condition in the model, the spatial data set containing water surface 
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elevations were linearly interpolated to MODFLOW cells that cover an area inside the 

surveyed stream edge (see Appendix 5 for further details). 

Model Parameterization 

The models were not calibrated in the classical sense where model parameters are 

systematically changed to improve the agreement between observed data and simulated 

outputs. Rather, model parameters were measured in the field and extrapolated over the 

model domain. This was done because piezometers were not installed in earlier study 

periods and the hydraulic properties of the sediments are assumed not to change in the 

floodplain and channel sediments over the study period.  Additionally, because the 

purpose of this work is to examine how large wood affects HEF, we avoid confounding 

the results by not recalibrating the model between study periods. 

To examine how well the parameter measurements perform in our models, a 

comparison of observed vs. simulated piezometric head in our piezometer networks were 

made for the 2003 period.  The root mean square error (Appendix 7) of the residuals 

(simulated vs. observed heads) was 0.021 m, where the total elevation change over the 

study reach is approximately 1.1 m.  This indicates the modeled heads are in the range of 

2% of the observed heads (see Appendix 6).   

As an additional check for how well the parameter measurements perform in the 

models, observed median residence times from the NaCl tracer from the gravel bar 

(described above) were compared to the median residence times simulated by a numerical 

advection dispersion model, MT3D (Zheng, 1990).  Eight of nine of the modeled median 

residence times were within a factor of two of the observed median residence times 

indicating the model produces reasonably good estimates of flow through the gravel bar 

(see Appendix 6). 
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Modeled Hyporheic Exchange  

Upwelling and downwelling  

The stream is modeled as a group of specified-head cells in MODFLOW in the 

modeling framework presented here.  These cells are referred to as “stream cells”, though 

the MODFLOW stream package was not used.  Positive (+) volumetric flow of stream 

cells represents water flowing from the subsurface to the stream, or upwelling, while 

negative (-) flow of stream cells represents water flowing from the stream to the 

subsurface, or downwelling.     

Stream cells were grouped into segments according to the Smith et al. (1993) 

survey transects across the stream.  The wetted area between these transects are defined 

as stream segments, and the flow rates of stream cells in each stream segment were 

summed.  These summations give both upwelling and downwelling that occurred within 

a stream segment and allows us to measure upwelling and downwelling over discreet 

segments of the reach. This was done to examine surface-subsurface exchange on a larger 

scale than that of the individual stream cells (i.e., per meter stream reach). Note that since 

the survey transects of Smith et al. (1993) are lines arbitrarily placed across the stream, 

both upwelling and downwelling may occur in any given stream segment. 

Streambed flux and hyporheic exchange  

The upwelling and downwelling calculated over the stream segments described 

above, represents the total flow crossing the streambed surface over each segment, and is 

defined as streambed flux.  Under this definition, the streambed flux is positive (+) for 

upwelling water from the subsurface and negative (-) for downwelling water to the 

subsurface.  The total streambed flux is the sum of the absolute values of upwelling and 
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downwelling over that segment and the net streambed flux is the difference between the 

absolute values of upwelling and downwelling.  

Values of streambed flux for a stream segment may contain hyporheic, non-

hyporheic, or a combination of both types of exchange flow.  The definition of HEF used 

in this study is water that originates and terminates in the stream, therefore the HEF in 

our models may be all, part, or none of the streambed flux.  Since the streambed flux may 

contain a combination of hyporheic and non-hyporheic exchange (Figure 6), we needed a 

tool to differentiate the hyporheic component of the streambed flux. 

 

MODPATH (Pollock, 1994) is a particle tracking routine for use with 

MODFLOW simulations, and was used to delineate hyporheic zones.  Using 

MODPATH, virtual particles were released on the streambed and allowed to move along 

flow paths until reaching a model boundary, where the particle’s path terminates.  Stream 
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cells in which a MODPATH particle terminates are identified as locations of hyporheic 

upwelling. Stream cells whose particles travel to another stream cell are identified as 

hyporheic downwelling locations.  Using this approach, we can distinguish the 

component of streambed flux that is HEF, and identify the areas of the streambed that 

contribute to hyporheic exchange.  The spatial discretezation of stream cells prevents us 

from computing the exact streambed area that considered hyporheic, which has the effect 

of reducing our ability to calculate the exact amount of HEF upwelling or downwelling. 

Once the hyporheic area was delineated from the MODPATH simulations, the 

areas of hyporheic upwelling and downwelling were identified.  In addition, hyporheic 

flowpaths that travel beyond any given streambed feature were also identified as possible 

indicators of the spatial patterns of hyporheic exchange. 

Metrics of Hyporheic Zones  

Stream segment HEF 

With the hyporheic flow differentiated from streambed flux, we can more 

accurately estimate the HEF occurring in the stream.  HEF can have an upwelling 

component (HEFUP) and a downwelling component (HEFDN). The net HEF (HEFNET) is 

the difference between HEFUP and HEFDN. HEFNET indicates the general trend of up- or 

down-welling over stream segments, but it is not necessarily representative of the actual 

amount of HEF over a segment where there is both upwelling and downwelling.   

The HEF and streambed flux by segment yields a longitudinal view of the 

surface-subsurface interactions along the reach. To facilitate visualizing these flows 

along the reach, the streambed flux, HEFUP & HEFDN, and HEFNET data are represented 

2-dimensionally as longitudinal flow amounts. 
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Cumulative hyporheic exchange flow 

 The total amount of HEFDN should be the same as the total amount of HEFUP over 

the reach according to our definition of the hyporheic zone (i.e., what flows down must 

come up).  However, spatial discretezation of the grid cells prevents the exact calculation 

of these quantities. Therefore, the total amount of hyporheic flow occurring over the 

reach was calculated by summing the segment average HEFUP and HEFDN estimates 

(Equation 1).  This written as: 
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Where HEFCUM is the cumulative hyporheic flow rate occurring over the reach, and n is 

the number of segments in the reach. 

Change in groundwater Discharge 

An important measure of surface-subsurface interaction is the gain or loss of 

stream water to or from the groundwater system.  This is usually quantified by measuring 

the change in stream discharge between two locations and comparing to the modeled flux 

over that reach. For this reason, we quantify the net exchange between the aquifer and 

stream relative to the streamflow, Qs.  Then the gain or loss of water from the stream is 

reported as an estimated change in streamflow (∆Qs).   

∆Qs is computed as the net streambed flux over the entire study reach.  This 

includes both hyporheic and non-hyporheic flux across the streambed.  Changes in  ∆Qs 

may indicate how the groundwater system is responding to the geomorphic changes. 

Residence Times 

The MODPATH simulations used to delineate hyporheic zones were also used to 

quantify the residence times of hyporheic water in each model scenario.  MODPATH 
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tracks the virtual particle’s locations and cumulative time along its path through the 

model.  The cumulative travel times represent the length of time a particle resides in the 

hyporheic zone, or its residence time.  

To characterize the ensemble residence time in the hyporheic zone, the median 

travel time was computed from the MODPATH output. The median is the preferred 

measure since it tends to be less affected by very long residence times.  For comparison, 

the geometric mean residence time (RTG) was also computed  

 ( )







= ∑

=

n

i
iG RT

n
RT

1
ln1exp      Equation 2 

where n is the number of travel times, RTi are the individual travel times.   This measure 

is best for comparing means between lognormal distributions and can account for some 

skewness, but it can still be influenced by long residence times. 

The probability density functions (pdf) and cumulative density functions (cdf) 

were computed to characterize the distributions of hyporheic residence times using the 

individual MODPATH particle travel times.  The logarithms (base 10) of the hyporheic 

particles’ residence times were sorted into regularly spaced (log10) bins and cdfs were 

computed.  Each cdf was normalized by the number of particles released in each 

simulation.  The cdf bins were converted back to time in hours.  Slopes of each cdf were 

used to compute the corresponding pdf.  The result is the pdf of hyporheic residence time 

for each period of the study.   

Longitudinal HEF and WSE  

The WSE data as well as the groundwater flow output cover a complex, 3-

dimensional shape.  To aid the visualization of the 3-dimensional flow as well as WSE, 

we represent these data 2-dimensionally, giving a longitudinal view along the reach.  We 
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transformed WSE, and the groundwater exchange metrics (∆Qs, HEFUP, HEFDN, HEFNET 

and HEFCUM along the reach 2-dimensionally by equating the segment to its 

corresponding downstream survey transect, which are numbered by distance downstream 

from the start of the study reach. Although a simplification of the real system, data 

represented this way simplifies mathematical operations, and facilitates recognizing 

patterns of channel change along the stream. 

Metrics of change  

 To examine whether changes in WSE are expected to cause changes in HEF, the 

longitudinal (2-D) data for both WSE and HEF were subtracted from that of the previous 

study period.  The data are plotted together to aid this comparison.  The residuals of WSE 

and HEF were computed.  These indicate the change in HEF and WSE from the previous 

observation period.   

The area of the streambed considered hyporheic upwelling or downwelling (AHEF) 

was obtained from the hyporheic flux information.  The number of hyporheic cells in a 

stream segment was noted when collecting the HEFUP and HEFDN information.  The cell 

areas in the part of the model with the study stream were a constant 0.25 m2. The number 

of hyporheic cells was multiplied by the area of the cells over each segment. With this, 

the hyporheic area of each segment was computed.  Cumulative AHEF is the running total 

of the hyporheic area for each stream segment to a given location, and total AHEF is the 

reach total hyporheic streambed area.   

 Hyporheic turnover length is frequently reported as a metric of HEF (Harvey & 

Fuller, 1998; Kasahara & Wondzell, 2003).  This is the length of stream that would be 

necessary for all of the water in the channel to travel through the hyporheic zone for a 

given stream discharge.  This measure assumes all of the water travels through the 
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hyporheic zone once and none of the water travels through the hyporheic zone twice and 

is therefore only a theoretical measure of hyporheic exchange.  We compute the turnover 

length, Ls as: 

 
LHEF

Q
L

CUM

s
s /
=       Equation 3 

where Qs is the stream discharge, HEFCUM is total hyporheic flow over a reach of 

length_L.   
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RESULTS 

Geomorphic changes since 1991 

Changes in channel morphology occurred between 1991 and 2003 treatment 

periods.  The August 2003 survey (16 years after removal), showed that the channel 

continued to form regularly spaced pools and riffles more typical of a free-formed pool-

riffle channel (Montgomery & Buffington, 1997). The reach developed a series of 

regularly spaced pool and riffle sequences with alternating point bars on the inside of 

meander bends and vertical or undercut banks on the opposite bank.  There were no 

pieces of large wood in the study reach in 2003.  

The amount of scour or fill since 1991 was not calculated; however, it is visually 

apparent that significant areas of the channel, particularly in the upstream portion of the 

reach, experienced deposition of sediment and widened at some point between 1991 and 

2003 (Figure 7).  This area of deposition extended several meters upstream of the study 

transects and downstream to the survey transect at 21.2 m. The right bank of the channel 

eroded several meters beyond the transect endpoints. Additionally, several transect 

endpoints were buried in this area. An alcove formed near the wood removal location F 

(between transects 41.3 and 44.0 m).  This alcove was not present in any of the previous 

channel surveys. 

Changes in the location of the wetted channel are noticeable in the plan view and 

include channel shifts noted by the Smith et al. 1993 study (Figure 8).  Also noticeable in 

plan view is the widening of the wetted channel upstream portion of the reach (Figure 8 

D).  Changes in location of the wetted channel coincided with development of gravel bars 

in the stream  and occurred in general where large wood either was embedded in the 
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channel or was oriented perpendicular to the flow direction, namely locations A, B, C/D, 

F, and G. 

Prior to wood removal, there were 6 clearly defined steps (or riffles) in the 

longitudinal WSE (Figure 9).  Steps were less obvious immediately after wood removal 

because the bed features scoured, but 6 still remained after 1 month, and 5 steps remained 

by 2 years post treatment.  The 1991 WSE shows roughly 5 riffles but these are not as 

clearly defined as other periods.   The 2003 WSE shows 4 riffles separated by three flat 

stretches (pools) and are more distinctly shaped bedforms. 

In 2003, as in earlier survey periods, the channel between transects 45 m and 65 

m changed relatively little and was the section of the reach least affected by large wood.  

Only minor changes occurred to the channel between transects at 70 m and 97 m, except 

for deposition only at year 4 when it was a zone of deposition.   Other apparent changes 

in the streambed morphology since 1991 include a decrease in the number of thalweg 

crossovers from 6 to 5, and the mean thalweg crossover spacing increased from 

approximately 3 meters to 4.   

Hyporheic Patterns  

Aerial patterns of HEF 

The hyporheic area and dominant lateral flowpaths for the pre-removal condition 

is characterized by localized flowpaths, with relatively few cross-meander flowpaths 

(Figure 10).  At 1-month post removal, the number of cross meander flowpaths decreased 

and the location, number and size of upwelling and downwelling zones changed 

especially at wood removal locations at B and F (Figure 11).
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            The HEF patterns at the 2-year post removal condition exhibited further reduction 

in cross-meander flowpaths (Figure 12).  The hyporheic zone at wood removal location B 

from the previous two conditions was lost completely. At locations C/D and F changes in 

upwelling and downwelling patterns as well as reductions in riffle gradients occurred, 

while they increased slightly at  location G.   

The modeled HEF patterns for the 4-year post removal condition were markedly 

different from those of the previous periods (Figure 13).  The HEF areas were obviously 

larger than in the previous models, likely a response to channel widening.  Cross-

meander flowpaths became noticeable and were distributed across the meanders most 

notably between transects 5 m to 30 m, 25 m to 95 m, and 40 m to 60 m.  Lateral 

flowpaths also extended farther from the stream than in previous models. 

The modeled HEF patterns for the 16-year post removal condition has fewer 

hyporheic upwelling to downwelling transitions, but the area of these zones were 

substantially larger than in previous models (Figure 14). Cross-meander flowpaths were 

present across all of the meanders within the reach.  The alcove that formed at location F 

was an area of convergence of a wide range of lateral flowpath lengths, ranging from the 

upper part of the aquifer to the adjacent riffle.  Also, an area of hyporheic upwelling grew 

substantially in the meander at location G which corresponds to the downstream 

migration of the riffle at that location (Figure 9).   

AHEF 

 A plot of cumulative AHEF indicates the reach increased in hyporheic area mostly 

between 10 m and 25 m (Figure 15).  The total AHEF increased from 136 m2 to 228_m2 

from 1987 to 2003 (Figure 16), corresponding to a 68 % increase. 
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HEF metrics 

Longitudinal HEF 

Figures 17 through 21 present the flow crossing the streambed by stream segment 

along the reach.  For the pre-treatment period, locations of the greatest HEFUP and 

HEFDN were at, 25 to 30 m, 35 to 45 m, 57 to 67 m, and 85 to 95 m (Figure 17).  This 

pattern remained relatively consistent for the 1-month post treatment period (Figure 18). 

For the 2-year post treatment period, locations of the greatest HEF developed at locations 

0 to 10 m and disappeared at 15 to 20 m, reduced at 57 to 67 m and 80 to 87 m (Figure 

19). For the 4-year post treatment period, locations of the greatest HEF increased from 

the 2-year period at 0 to 15 m (with several upwelling downwelling transitions), 40 to 60 

m, and HEF at 85 to 95 m returned; HEF was reduced from 60 to 75 m (Figure 20).  
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For the 16-year post treatment period, HEF patterns were markedly different than 

any of the previous study periods (Figure 21).  Patterns of HEFUP & HEFDN are more 

regularly spaced and continuous.  In addition to the changes in patterns, the amount of 

HEF is visibly greater than in previous periods. 

Longitudinal plots of HEFCUM  (Equation 1) over the five study periods indicate 

locations where HEF is greater in 2003 with a marked increase in HEF near 40 m, which 

corresponds to the location of the alcove (Figure 22). The HEFCUM values at 96 m are the 

total amount of hyporheic flow occurring over the reach for each treatment period (Figure 

23).  HEFCUM was 0.96 L/s for the pre-treatment period in May 1987, and remained 

constant after 1-month post treatment. HEFCUM was 0.82 L/s 2-years post treatment in 

1987 (15% decrease relative to the pre-removal value), then increased to 1.22 L/s in 1991 

(27% increase), and was 1.90 L/s by the end of the study period in 2003 (97% increase). 

 With these cumulative hyporheic flow rates, we calculate the hyporheic turnover 

length to be 5.0 km, pre and 1-month post treatment, and 5.8 km, 3.9 km, and 2.5 km for 

the 2-, 4- and 16-years post treatment periods respectively.  

Gain or loss of stream flow (∆Qs) 

The longitudinal change in stream flow (∆Qs) over the five treatment periods 

shows the patterns of gain and loss along the reach all appear to oscillate (Figure 24). The 

16-year post treatment pattern is the only signal that oscillates between positive and 

negative values.  The values at 96 m from Figure 24 are ∆Qs and show a general trend of 

decreasing ∆Qs over the study periods (Figure 25). The reach was gaining 0.64 L/s pre- 

removal, and 1.11 L/s 1-month post removal.  ∆Qs decreased to 0.81 L/s 2-years post 

removal, and again at 4-years post to 0.27 L/s.  By 2003, the stream was losing 0.05 L/s. 
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The changes in WSE and HEF (HEFNET) between each study period are shown on 

(Figure 26).  The WSE changes over the study periods correspond to patterns of scour 

then fill from 1987 to 1991, and the development of regularly spaced bedforms are 

apparent in the WSE also.  Locations where WSE signals change generally correspond to 

a negative change in HEF.  

Residence times 

The median residence times of the hyporheic MODPATH particles increased 

from approximately 8 hours to approximately 11 hours by the 1991 survey period.  By 

2003 the median residence time increased to approximately 14 hours; less than the pre-

removal condition (Figure 27). 



 48

 



 49

 

Probability density functions (pdf) of residence times of hyporheic MODPATH 

particles change shape after treatment and continue to change thereafter (Figure 28). 

Initially the peaks shift later time, corresponding to an increase in median residence time, 

and indicate a reduction in the proportion of early residence times and an increase in the 

proportion of longer residence times.  

The proportion of particles still in the hyporheic zone after 1000 hours (~6 weeks) 

is 3.4 % and 8.2 % for the 1991 and 2003 periods respectively (Figure 29 A & B). The 

cdfs are similar for the pre, 1-month post, and 2-year post removal periods, showing 

single shoulder for these periods where the increased proportion of late times changes the 
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shape of the 4-year and 16-year post treatment cdfs by adding a second shoulder, thus 

extending the distributions later in time.  

 

 



 51

 



 52

DISCUSSION 

Geomorphic changes since 1991 

Large wood removal initially caused loss of sediment stored in this channel; 

however, this was followed by an increase in storage (Figure 30, Smith et al., 1993).  By 

2-years post treatment, the reach had stored 15 m3 more sediment than the pre-treatment 

period, mainly in the lower portions of the reach. The stream apparently received an 

increase in sediment delivery during a very high discharge during the winter of 1990-

1991, as re-measurements in May 1991 recorded deposition of 44 m3 of sediment over 

the reach forming gravel bars. The development of pool-riffle channel features, and point 

bars from the 1991 to 2003 treatment periods indicate the channel morphology continued 

to adjust from that of wood-forced pool-riffle morphology to that of a less constrained 

pool-riffle channel.   

The apparent increase in sediment delivery to the system in 1991 could be 

explained by a disturbance to the natural sediment transport regime or be part of an 

episodic, quasi-regular delivery of upstream sediment.  Regardless of character, this 

sediment delivery is to be expected in natural streams, which are typically the deposition 

zones of steeper supply-limited channels upstream that easily convey sediment from the 

uplands through the system.  Nonetheless, the estimated flow that delivered the sediment 

was nearly an order of magnitude greater than bankfull discharge and seemed to reset the 

bedform configurations within the channel in 1991.   

The channel topography after this sudden increase in sediment delivery to the 

reach was measured on the final survey of the Smith et al. (1993) study.  The 1991 survey 

captured one snapshot of what was likely part of a continual adjustment of the channel to  
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this new volume of sediment, or increase in sediment supply.  By 2003 (16-years post 

treatment), the channel seems to have equilibrated to this new sediment volume or change 

in supply as evidenced by the regularity of its bedforms typical of channels of similar 

slope and bankfull discharge.  The 2003 survey probably provides an end member of the 

treatment response that occurred since 1991, though without continuous monitoring of 

channel change, this will remain unproven.   

Perhaps the most significant channel change with respect to HEF for the 16-year 

post removal condition is the development of a left-hand side alcove where wood 

removal at location F occurred.  The exact mechanism that caused the alcove to form is 

not known; however this geomorphic feature strongly influences the subsurface 

flowpaths.  This feature acted to lower the local water table causing convergent flow 

from many different flowpaths in that region.  This indicates the unique aquatic habitat 

that alcoves provide in stream ecosystems may be related to their hydrologic function in 

streams.  

Changes in Hyporheic Exchange 

Over the five treatment periods, we can see the hyporheic measures responding to 

channel changes in the reach.  Although the HEFUP or HEFDN  signals for study periods 

up to 1991 (Figures 17 through 20) do not exhibit obvious patterns, by 16-years post 

removal (Figure 21), a pattern develops that resembles a four period signal similar to the 

pool and riffle sequence observed from the maps of the channel in (Figure 19) and of the 

WSE (Figure 9).  The increase in percent of streambed area contributing to HEF as well 

as the increased median hyporheic residence time indicates increased hyporheic 

interaction for the 2003 study period.   
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Changes in shape of the residence time pdfs and cdfs, and the development of 

bimodal distributions further demonstrate the shift toward late-times of the distributions, 

but may also provide insight to the characteristics of hyporheic retention.  The 

development of a second “shoulder” in the 1991 and 2003 cdfs indicate the presence of 

multiple characteristic residence times, or bi-modal distributions (Figure 30 B). 

The changes in WSE and HEF (Figure 28) indicate that a change in one 

approximately corresponds to a negative change in the other.  As wood removal clearly 

altered channel morphology and the WSE, we can then effects on HEF.  In addition, this 

shows that changes in morphology in general cause changes in the HEF patterns in the 

stream.    

The increase in sediment delivery likely had an impact on HEF the in the reach, 

but sediment storage did not follow the same trends as the increase in HEFCUM, amount 

of cross-meander flow paths, or an increase in residence times. This may be due to the 

way sediment needs to be stored in the reach for it to affect HEF.  For example, the 2-

year post treatment HEFCUM was lower than pre treatment, but the reach had already 

stored approximately 15 m3 of sediment.  This implicates WSE as an important stream 

feature that may be used to predict changes in HEF from morphologic changes since the 

only information it gives about sediment shape is at or below the water table. 

The changes in ∆Qs are likely due to the changes in the WSE relative the lateral 

boundary water elevations, which were held constant for all models.  This is not likely to 

have much effect on our HEF estimates due to the strong control of the stream boundary 

on streambed fluxes and the proximity of the stream boundary relative to the lateral 

boundary. In addition, the pattern of change in ∆Qs is not consistent with the pattern of 



 56

change in HEFCUM indicating it is unlikely that the lateral boundary is affecting the HEF 

patterns.  

The pre-treatment survey was conducted immediately post removal to facilitate 

the survey of the entire channel, a logical decision for a geomorphic study.  This affects 

our study in that the WSEs for the pre-treatment period are those with sediment in place 

but not the large wood.  The amount of error associated with this is difficult to quantify, 

however it likely has only minor effects on our estimates of HEF.   

The morphology of the reach was predominantly wood-forced pool-riffle, which 

differs from wood-forced step-pool (Montgomery and Buffington, 1997). Most of the 

wood in this channel was interacting with the flow to cause localized scour pools forcing 

gravel deposition away from the wood. Sediment buttressed by wood was mostly stored 

above the wetted channel.  

The only wood-forced step in this reach was the piece located at B, approximately 

17 m downstream. This location formed a pool and sediment wedge extending upstream 

approximately 5 meters.  Figure 9 indicates the sediment wedge may have preserved the 

WSE step at that location, but would be upstream 1 or 2 m from where the log was 

located. Scouring of this sediment wedge accounted for much of the total sediment loss at 

1-month post treatment and this location scoured further as evidenced by the WSE 

profiles in Figure 9.   

Another hyporheic groundwater modeling study by Kasahara and Wondzell 

(2003) reported turnover length (Ls) values of approximately 1.7 km for their low 

gradient (1-2 %), 5th order stream. Our values range from 2.5 to 5.0 km, which indicate 

their models predict more HEF relative to stream flow.  Differences in Ksat likely explain 
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this difference because their values for Ksat are about 50 % higher than ours and HEF 

estimates scale directly with Ksat.  Additionally, calculations of Ls are sensitive to the 

values of stream flow, and Ls will vary as widely as stream discharge.  

Other researchers studying hyporheic exchange in reaches similar in flow and 

gradient to Bambi Creek, found Ls values of 1.3 km (Harvey & Fuller, 1998), 40-400 m 

(Lautz, et al., 2006).  These researchers determined hyporheic exchange using the stream 

tracer technique of Bencala and Walters (1983) which estimate HEF by fitting 1-D 

modified advection-dispersion equation parameters to tracer data.  One possible source of 

discrepancy is that stream tracer experiments are subject to in-stream transient storage 

which has shorter residence times of eddies and side pools (Gooseff et al., 2005).  The 

shorter residence times may skew stream tracer HEF estimates to shorter residence times, 

thus increasing the exchange rate and then the estimate of HEF, which leads to shorter Ls.  

Our estimates of HEF seem realistic considering the low gradient of the stream, 

but this may also indicate that hyporheic exchange is generally a small part of the total 

movement of water through these types of streams. That said, an estimate of hydraulic 

conductivity could easily be off by factor of 2, if not by an order of magnitude, which 

could strongly negate or exacerbate the potential for HEF in this reach.  

Management Considerations  

Channel morphology plays a key role in determining patterns and amounts of 

hyporheic interactions, and changes to the channel morphology will almost definitely 

cause changes in the HEF patterns in a stream. This study shows that a geomorphic 

response to disturbance, natural or anthropogenic, can change the amount of surface-

subsurface interactions by a factor of 2.   
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Sediment accumulation was an unexpected result from large wood removal in this 

stream. It is unclear whether sediment will always accumulate in reaches similar to the 

Bambi Cr. study reach with wood removal, so we cannot generalize changes to HEF with 

wood removal.  However, an important ecological perspective illustrated herein is that 

HEF follows the trend of sediment accumulation and increased hydraulic head gradients 

within the hyporheic zone. 

Hyporheic exchange is only a part of the entire ecosystem of streams.  The role of 

wood in stream ecosystem functioning is complex and serves many purposes such as 

providing shade, hiding structure for fish, and may provide more pools.  However, the 

addition of large wood into streams should be done keeping in mind the impact on and 

long-term behavior of the channel geomorphology if maximizing HEF is desired in the 

reach in question.   
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CONCLUSIONS 

The effects of large wood on the morphology of low-gradient streams are 

complex.  Large wood can serve dual purposes of storing sediment, and scouring it, 

depending on its orientation in the channel.  Large wood removal in the study reach 

caused an increase in sediment volume stored in the reach, and pool-riffle sequences with 

alternating point bars developed corresponding to locations of channel meanders.  This 

study shows that the less constrained pool-riffle morphology (16-years post treatment) 

had more surface-subsurface connection than the wood-forced pool-riffle morphology, in 

this low gradient stream with fine textured sediment. 

The development of the less constrained pool-riffle morphology increased the 

total amount of hyporheic exchange in this stream over the study period by a factor of 

almost 2, the median travel time of hyporheic water increased by 78%, and the percent of 

streambed contributing to hyporheic exchange increased 20%.  By all measures, 

hyporheic interactions increased over the study period. 

The channel underwent complex changes over the study period as it responded to 

wood removal and an inferred reduction in shear stress provided by the in-stream wood. 

The complex changes between study periods was mimicked by the patterns in hyporheic 

exchange illustrating the link between channel morphology, the hydro-topography, and 

hyporheic exchange patterns.  

This work may have important implications for understanding hyporheic zones in 

the context of structural changes to the channel that cause changes to the sediment supply 

or other sediment disturbance. 
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APPENDICES 

Appendix 1: Description of hyporheic zones in streams 

Hyporheic flow is driven by irregularities in the boundary water elevations, or 

hydraulic head gradients.  The irregularity of the water surface elevations (WSE) 

provides the template for irregularities in groundwater flowpaths, and differentiates local 

(or hyporheic) flowpaths from regional groundwater flowpaths (Tóth, 1963).  In streams, 

the WSE is controlled by the shape of the channel sediment (or channel morphology), 

which in turn is in a dynamic equilibrium between sediment supply of the basin, channel 

gradient, and channel roughness, which can be strongly controlled by the presence of 

wood in streams (Montgomery & Buffington, 1997). 

The degree to which hyporheic flowpaths extend within an alluvial aquifer is 

known as the hyporheic zone, illustrated in Figure 1. Definitions of the hyporheic zone 

boundary include temporal exchange water having residence time of less than 10 days 

(Wroblicky et al., 1994) and mixing definitions (ground waters containing a mixture 

greater than 10% of stream-originated water (Triska et al., 1993)).  However, the shape 

and size of hyporheic influences are dynamic in time and space (Wondzell & Swanson, 

1999) and the scale of measurement will likely determine the size of the hyporheic zone 

(Haggerty et al., 2002; Wörman et al., 2006).  In this reach-scale modeling study, the 

hyporheic zone will be defined as any water that originates and terminates in the stream 

channel of the study reach (Kasahara & Wondzell, 2003; Gooseff et al., 2005). 

Recently, interest in the hyporheic zone has increased because of its ecological 

functions that influence biogeochemical retention and cycling and for its potential to 

moderate stream temperatures in streams (Triska et al., 1993; Mulholland et al., 1997, 
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Poole & Berman, 2001). Many benthic macroinvertibrates have a demonstrated 

preference for regions of high dissolved oxygen (DO) and the tendency to move along 

DO gradients as DO concentrations change (Henry & Danielopol, 1999).  Hyporheic 

zones have been shown to account for a large percentage of stream ecosystem respiration 

(76-97 %) compared to epilithic respiration (4-19%) (Naegeli and Uehlinger, 1997). 

Hyporheic zones are zones of mixing and storage, and as such can play an important role 

in the downstream transport of nutrients or other solutes given the required template for 

hyporheic exchange to occur (Harvey & Wagner, 2002).   
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Appendix 2: Explanation of the geomorphology of mountain stream bedforms 

The geomorphology of self-formed pool-riffle sequences in gravel bed streams 

has been thoroughly studied and documented (Grant et al., 1990; Montgomery & 

Buffington, 1997; Chin, 2002).  The regularity of free-formed channel units in the 

absence of forcing features like large wood, bedrock knick points, and bank protrusions is 

demonstrated in the clear differences between channel unit types as described in the 

“channel-reach morphology” classification system of Montgomery & Buffington (1997). 

Similarly, the arrangement of channel unit spacing in free-formed, higher gradient 

streams (>2%) in alluvial channels has been shown to be non-random (Grant et al., 1990; 

Chin, 2002), further indicating the tendency for streams to organize features that cause 

head loss at predictable spacing.   

 The presence of large wood in streams across a wide range of slopes and 

channel-reach types in forested mountain drainage basins in southeast Alaska and 

Washington was observed to systematically decrease the mean pool spacing in pool-

riffle, plane-bed, and forced pool-riffle channels, but no correlation between large wood 

and pool spacing was observed in step-pool reaches (Montgomery et al., 1995).  In 

addition, step spacing and height was proportional to channel gradient in NW Montana 

but varied little with large wood (Wohl et al., 1997). The average spacing of 309 steps in 

step-pool streams Washington with large wood was 1.2 bankfull channel widths, and 

when spacing is normalized by bankfull width a spectral test shows the steps are not 

randomly distributed (significant at p < 0.025) (Curran & Wohl, 2003).  To our 

knowledge, this has not been demonstrated in lower gradient pool-riffle channels. In 
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addition, a spectral test shows that steps are not randomly distributed in the presence of 

large wood when spacing is normalized by bankfull width (Curran & Wohl, 2003). 
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Appendix 3: Further details on determining hydraulic conductivity from slug tests  

Falling head slug tests were conducted in each piezometer of both networks by 

pouring in a slug of water and making head measurements as the water level returned to 

equilibrium. In gravel bar piezometers, head data were recorded at 1-s intervals using a 

pressure transducer and datalogger.  The recording interval was increased in the more 

slowly responding piezometers in the floodplain network.  

The slug tests were analyzed using Equation A3-1 from Dawson and Istok (1991), 

and is a formulation of the Bouwer-Rice (1976) technique for use in partially penetrating, 

unconfined or leaky confined, incompressible aquifers (Dawson & Istok, 1991, chapter 

23, model 18).   
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Ksat is saturated hydraulic conductivity; rc is the well radius; R is the radius of the gravel 

envelope; l is the screen length; and d is the distance between the screen top and the 

equilibrium water table elevation and tl is the time lag.   

The time lag is:   
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     Equation (A3-2) 

where t and Hw are the time and water elevation data respectively obtained from the slug 

tests and Ho is the equilibrium water level inside the piezometer. Time lag is computed by 

estimating the slope of the curve of the logarithm of normalized head vs. time, (i.e. the 

head recovery curves). This is done graphically, and the Hw/Ho region between 0.3 and 

0.2 should be used for calculating the slope (Butler, 1998).  Consequently, this technique 

is subject to some discretion by the user. The term ln(Re/rc) is found by using an 
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empirical relationship between Re and well dimensions, since Re is not physically 

possible to measure.  

The point values obtained for each set of tests were averaged by taking the 

geometric mean of the measured values. The geometric mean Ksat (Ksg) is computed by: 
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The estimates of saturated hydraulic conductivity (Ksg) obtained by slug tests are 

1.9_x_10-4 and 2.7 x 10-5 (m/s) in the gravel bar and floodplain respectively.  These 

individual estimates are given in Table A1.  

Notes on the Ksat calculations 

The Ksat calculations are based on "time lag" defined as the inverse of the slope of 

the "natural log of normalized head recession" vs. time curves.  Other inputs are well 

geometry, and an assumed aquifer depth.  The time lag seems to be the most subjective 

input of this calculation because it involves fitting a straight line to data that is often a 

curve and may not be precise (repeatable).  It is possible that a different type of analysis 

could be done on these to obtain a better estimate of Ksat.  Many of the curves did exhibit 

straight-line behavior, but some exhibited two straight-line and user judgment is 

necessary here, keeping in mind that the region of ln(H/Ho) between 0.2 and 0.3 is 

recommended for estimating the time lag (Butler, 1998).   

Statistical tests were done on the point estimates of Ksat to assure they were 

statistically different.  A t-test was used to test the means and returned a value near zero  

(p < 0.0001) with all normality assumptions met, indicating the means are statistically 

different at the 95% confidence level.  Additionally, the Mann-Whitney (W-test) returned 

a statistically significant result indicating the medians are significantly different  
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(p = 0.0003) at the 95% confidence level. This test is constructed by combining the two 

samples, sorting the data from smallest to largest, and comparing the average ranks of the 

two samples in the combined data. 
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Table A3-1 



 72

Appendix 4: Sensitivity of MODFLOW grid parameters. 

The appropriate cell size is one that does not affect the response of the model 

when this size is decreased (Anderson & Woessner, 1992). This was found by running 

the model with large cells and reducing their size until changes in the calculated HEF 

(Figure A1) and loss/gain (Qin – Qout) no longer responded to reductions in cell size 

(Figure A2). Changes to modeled HEF are denoted by upwelling/downwelling (IN / 

OUT) respectively, and gain equals the difference between the two. 

Figure A1 shows a change from 1.0 m2 to 0.5 m2 cell size, but not from 0.5 m2 to 

0.25 m2.  Figure A2 does not noticeably respond to changes in cell size.  The resolution 

desired for this study steered us toward a smaller size because in general, transport 

models tend to have increased stability with smaller cell sizes.  In light of these results 

and needs for transport modeling, a 0.25 m2 (0.5 m on a side) cell size was used within 

the refined model area.  

Model depth, was determined using a similar technique. MODFLOW cells cannot 

increase in dimensions more than 50% from one cell to the next, so layers were added 

that were less than 50% larger than the previous (upper) layer until a “plateau” value was 

found (Figures A3 & A4). Modeled HEF and gain all seem to “plateau” around 20 m, 

which corresponds to 12 vertical grid cells or layers. 
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Figures A1 through A4.  Sensitivity analysis to determine optimal MODFLOW grid 
parameters. 

A1: C e l l  S ize  Analysis: HEF

0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00

0.25m 0.50m 1.0m
C e ll  side  le ngth (m)

H
EF

 (l
/s)

Cons.Head OUT  
Cons.Head IN 

A2: C e l l  S iz e  Analysis: Gain/Loss

0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60

0.25m 0.50m 1.0m
C ell  side  le ngth (m)

G
ai

n 
(l/

s)

 

Fig. A3: Mode l Thickness Sensitivity:  HEF 
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Appendix 5: Boundary condition sensitivity 

The vertical faces of the models were set as specified head cells to allow lateral 

flow of water across the boundary and minimize edge effects. The appropriate way to 

assign these water elevations (head) at these boundaries was tested.  Three assumptions 

were tested to extrapolate data to the edges of the model of the 2003 period: 

1. Use average slope of four transects of the upstream transects to extrapolate 

upstream and four downstream transects for downstream boundaries. 

2. Constant slope at the model edges equal to that of average the down-valley slope 

of a plane fitted through the WSE points of the survey.  

3. Zero slope upstream and downstream of the study reach. 

These assumptions were all tested and compared to the 8-2003 model, which had 

the best constraint on boundary water elevations since they were part of the survey. The 

optimal technique was determined by testing a model’s response of total estimated HEF 

and gain or loss (from the boundary) to changes in the above parameters.  Figure A5 

shows boundary conditions assigned under assumptions 2 & 3 match the 2003 model 

output more closely than assumption #1, and indicates either would suffice in boundary 

condition specification. However, models based on assumption #3 resulted in more “dry” 

MODFLOW cells near the upper end of the study reach and more “flooded” cells toward 

the bottom, indicating the boundary condition had an effect on the study reach, likely due 

to the slope breaks.  No such effects were present using the #2 assumption. Assumption 

#2 was chosen for its apparent lack of effects on the model output. 
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Figure A5. Boundary water surface elevation sensitivity. This shows results of an 
analysis testing the models response to changes in the water elevations upstream ad 
downstream edges.  The configuration WTR 2 was chosen as the preferred boundary 
water elevation configuration since it was the simplest and performed as well as the other 
configurations. Note: these models were run with Ksat one order of magnitude higher than 
in the final models. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Portions of the stream bank were under cut, which caused only the horizontal 

location of the water’s edge to be noted in the original surveys, but not its elevation.    

With these gaps in water elevation data, the linear interpolation scheme produced 

unreasonable values due to influences of other nearby points not representative of its true 

elevation (i.e., elevations from nearby meander bend would influence the interpolated 

elevations).  To compensate for these missing data, it seemed reasonable to use the water 

elevation of the opposite side of the same transect since the transect lines were oriented 

approximately perpendicular to the direction of flow. 

The survey data obtained from the Smith et al. (1993) study occasionally had 

discrepancies in the water surface elevations.  A sensitivity analysis similar to the 
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techniques described above was done by varying the type (if any) of correction applied to 

these missing water elevation data. The first scenario was to run the May, 1987 model 

with all uncorrected data (Raw); the second was to remove obvious errors (OER); the 

third was to correct the previously removed point using the point form the other side of 

the transect if there was on to use (OEC); the fourth was to further screen the data for 

errors of increasing water elevations in the downstream direction with a tolerance of 5 cm 

(CDE).  The results of this analysis are shown in Figure A6.  

The models responded mainly to removing the obvious errors.   Only slight 

improvements occurred by further correcting the data.  As a measure of quality control, 

and to help with interpolation (by increasing the number of points available), the CDE 

method was used to screen the WSE data points.  

 
 
Figure A6.  Sensitivity analysis on the degree to which the Smith et al., data needed to be 
filtered.  Removing the obvious errors (OER) from the data was sufficient to reduce 
model uncertainty.  Note: these models were run with Ksat one order of magnitude higher 
than in the final models. 
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Appendix 6: Tracer tests  
 

Tracer tests were conducted in both the gravel bar and floodplain piezometer 

networks as another method to estimate hydraulic conductivity. Salt injections were one-

minute pulse additions of approximately 4.5 L of solution containing approximately 

500_g of NaCl into an upstream injection well over 1 minute.  The electrical conductivity 

(EC) was measured in the piezometers with an YSI conductivity probe, temperature 

corrected to give specific conductance.  

The hydraulic conductivity can be estimated from tracer tests using the arrival 

time of the peak of the solute breakthrough curves in each piezometer, and applying 

Darcy’s law. 

The Ksat from the tracer tests is computed by: 

h
LqKsat ∆

∆
=         Equation (A6-1) 

where q is the volumetric flux [L/T]; ∆L is the linear distance from the injection well to 

the observation point, and ∆h is the head difference between the two locations [L].  The 

volumetric flux is computed by  

e
p

n
t
Lq ∆

=        Equation (A6-2) 

where ne is the effective porosity, assumed to be 0.20; tp is the time at which the peak of 

the tracer plume arrives at the observation point.  Substituting equation (A6-2) into 

equation (A6-1), we get: 
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      Equation (A6-3) 
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The tracer tests performed in the gravel bar piezometer network yielded six good 

breakthrough curve peaks despite the deviation of plume flowpath from the expected 

direction.  The tracer tests conducted in the floodplain piezometer yielded few usable 

data. Further, the head gradients measured in the floodplain were very small and at or 

below the measurement accuracy of the measuring device. Consequently, hydraulic 

conductivity were characterized only the in the gravel bar sediments and not in the 

floodplain. The estimate of hydraulic conductivity for the gravel bar based on tracer tests 

was 4.7 x10-3 m/s. 
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Appendix 7:  Assessing model performance 

Three quantifications of error are computed for the simulated heads:  1) Mean 

Error is the arithmetic mean of the residuals; 2) Mean Absolute Error is the mean of the 

absolute values of the residuals; 3) the Root Mean Square Error (RMSE) is equal to the 

square root of the mean of the squared residuals (Equation A7-1). 
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where n is the number of observations, C is a computed value, and O is an observed 

value. The computed heads are plotted against the observed heads and indicate a 

reasonable agreement between observations and model predictions (Figure A7). 

The simulated travel times were obtained from numerical mass transport 

simulations (MT3D, Zheng, 1990), and particle tracking.   The conservative tracer was 

modeled using a standard value of longitudinal dispersion of 1x10-2 m2/s, and porosity of 

20%. The breakthrough curves measured in the field were compared to the MT3D solute 

transport simulations applied to the 2003 model to the groundwater flow model as 

another measure of accuracy (Figure A8). Median groundwater velocity was taken as the 

time for the peak of the tracer to pass an observation point at a known distance from the 

injection location. Comparisons between observed and simulated travel times show that 

most of the travel times are within a factor of 2 and indicate reasonably good model 

predictions (Figure A9). 
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Figure A7. Head error summary for the 2003 model. Points close to the 1:1 line indicate 
agreement between field observations and model predictions. 
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Figure A8. Tracer test breakthrough curves. These curves were from the gravel bar 
tracer test and were used to measure travel time and estimate groundwater flow velocity.
Model simulations are plotted to show the indicate model performance.   
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Figure A9. Assessing model performance using observed and modeled breakthrough 
curves.  This figure shows the observed vs. simulated tracer median travel times. Most of 
the predictions are within a factor of 2 of the observations which indicates reasonably 
good model performance. 
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Appendix 8: Slug test curves  
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Floodplain S lug Test: Well "D1", Plot 1

0.10

1.00

0 5 10 15 20 25 30

Time [s]

H
w

/H
o

Floodplain Slug Test: Well "D1", Plot 2

0.10

1.00

0 10 20 30 40 50

Time [s]

H
w

/H
o

Floodplain S lug Test: Well "D5", Plot 1

0.1000

1.0000

0 5 10 15 20 25 30

Time [s]

H
w

/H
o

Floodplain S lug Test: Well "D5", Plot 2

0.1000

1.0000

0 50 100 150 200 250 300

Time [s]

H
w

/H
o

Floodplain S lug Test: Well "BM2", Plot 1

0.1000

1.0000

0 10 20 30 40 50

Time [s]

H
w

/H
o

Floodplain Slug Test: Well "BM2", Plot 2

0.1000

1.0000

0 50 100 150

Time [s]

H
w

/H
o

Normalized slug test head recovery curves for the piezometers indicated. 



 85

Floodplain S lug Test: Well "VI", Plot 1
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Slug Test: Well B2 Plot 1
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Slug Test: Well B4 Plot 1
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Slug Test: Well C2 Plot 1
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Slug Test: Well C4 Plot 1
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Slug Test: Well D2 Plot 1
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Slug Test: Well E2 Plot 1
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