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Abstract 

The delivery of wood from riparian forests to stream channels represents an important 

linkage between terrestrial and aquatic ecosystems. The recruitment and transport of 

in-stream large woody debris (LWD) in forest watersheds have been monitoring in the 

interior British Columbia, Canada since 2004. Four types of sites were selected to 

present the major natural disturbance types: wildfire site; undisturbed old-growth 

forest site; mountain pine beetle (MPB) site; and MPB reference site.  

 

In the last year’s survey, we continued to measure the rates of LWD recruitment, 

redistribution and export in 12 established sites using ‘tagged wood and total station 

shot’ method. In addition, we re-measured the channel morphological features of the 

studied streams and took litterfall samples to determine the natural disturbance 

impacts on channel habitats. It was found that annual rates of LWD recruitment and 

transport varied greatly with the site types and years. On average, 7.0 ± 1.6 pieces 

(mean ± standard deviation) of LWD number or 1.03 ± 0.15 m
3
 of LWD volume per 

100-m stream reach were annually recruited to the burned sites, which were 

significantly higher than those in undisturbed old-growth forest sites (3.0 ± 1.3 pieces 

and 0.38 ± 0.22 m
3
, respectively). Average yearly recruitment rate of LWD number 

was 2.6 ± 0.8 pieces per 100-m stream reach in MPB sites, while the corresponding 

value was 2.6 ± 0.8 per 100-m stream reach in the MPB reference sites. The burned 

sites annually accumulated about 1 to 5 pieces of LWD number (0.29 to 0.92 m
2
 of 

LWD volume) per 100-m stream reach during the four-year monitoring period, while 

undisturbed sites slightly reduced LWD piece at the same times. MPB sites added 

LWD pieces with a range of 0 to 2.7 pieces per 100-m stream reach per year, while 

the MBP reference sites lost wood pieces with a range of 0.3 to 2.7 pieces per 100-m 

stream reach. About 13-48%, 3-66%, 12-18% and 13-28% of the total LWD pieces 
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were annually redistributed in old-growth, burned, MPB and reference sites, 

respectively, with the average transport distances of 13-15, 17-22, 7-20, and 9-25m  in 

the four types of sites. Specifically, 20-57%, 22-88%, 8-21% and 11-33% of the first-

year tagged LWD pieces have been exported from the studied reaches in old-growth, 

burned, MPB and reference sites, respectively. Wildfire and MPB changed stream 

channel morphological characteristics. MPB infestation increased needle mass and 

reproductive materials. Our results demonstrated that wildfire and MPB infestation 

disturbance have great impacts on dynamics of LWD, channel morphology, and 

inputs of litterfall materials.   
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Introduction 

 

In-stream large woody debris (LWD) plays a variety of roles in forested watersheds 

through its influences in ecological and biological processes (Harmon et al. 1986; 

Bilby and Ward 1991; Montgomery et al. 1995; Hilderbrand et al. 1997; Benda et al. 

2002; Wei 2003; Benda and Sias 2003). Directly or indirectly it supplies substrate and 

food sources for aquatic organisms in stream networks (Wallace and Benke 1984); 

provides habitats for microbes, fungi, insects, invertebrates, fish and other wildlife 

(Beechie and Sibley 1997); creates or affects patterns of sediment accumulation and 

composition, and channel morphologies (Nakamura and Swanson 1993; Montgomery 

et al. 1995); and linkages carbon and other nutrients between terrestrial and aquatic 

environments (Guyette et al. 2002; Chen et al. 2005). While abundance, distribution 

and functions of dead wood in both riparian forests and stream channels have been 

extensively investigated, the dynamic properties of wood in aquatic environments are 

far less documented. Furthermore, few studies have actually been conducted on 

measuring rates of wood recruitment to stream channels from streamside forests. 

Obviously, the knowledge of LWD dynamics provides us an important basis and 

reference for sustainably managing streamside buffer zones, determining the ideal 

wood loadings in aquatic environments, and developing reliable models of wood 

budgets.  

 

LWD recruitment and redistribution processes represent two fundamental processes 

that maintain the wood supply to streams from riparian zones and downstream 

through stream networks (Beechie et al. 2000; Meleason 2001). As a result, natural 

and human disturbances in riparian forests are expected to affect the amounts and 

rates of wood delivery to the channels in a given stream network (Minshall et al. 

1989). Previous studies indicated that forest mortality, land-sliding and bank erosion 
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were primarily contributors to high in-stream wood storage in second-growth and old-

growth forests, northern California (Benda et al. 2002). Slope instability and 

windthrow were the major factors in controlling wood recruitment process in 

headwater stream channels in southern Oregon (May and Gresswell 2003). In-stream 

LWD loadings were increased by windthrow in logging sites (Grizzel and Wolff 1998; 

Hairston-Strang and Adams 1998), but the effects of windthrow on wood recruitment 

rates was probably short-term (Martin and Grotefendt 2007). Wildfires are the most 

significant one of the natural stand-replacing disturbances (Benda et al. 2002) and 

they often have immediate effects on LWD loadings (Yong 1994; Minshall et al. 

1997). In addition, LWD recruitment under catastrophic fire disturbance would 

generate a large wood flux into aquatic systems, peaking a few decades later (Bragg 

2000).   Timber harvesting would cause a short-term increase of LWD stocks and 

might greatly reduce LWD loadings over a long-term due to increased decay, LWD 

transport and lack of recruitment from adjacent riparian vegetation over a significant 

period. Wildfire disturbance would delay LWD recruitment because not all burnt trees 

would be fall in the stream immediately after the wildfire (Chen et al. 2005). The 

dimension of individual LWD (diameter, length, volume and biomass) increased as a 

function of increasing bankfull width. However, LWD density (piece per 100 m
2
 of 

the stream area) decreased with an increase in bankfull width. In small sized streams, 

majority of LWD was perpendicular to the stream flows and bridged to the channel 

width and thus they had litter chance to be redistributed within the stream even during 

periods of high flows. In contrast, the largest proportion of wood in intermediate and 

large sized streams was found parallel to stream flows and below bankfull height 

where LWD directly impacts the aquatic environments. Consequence, the wood was 

easily mobile within intermediate and large sized streams (Chen et al. 2006, 2008). 

Because forest logging activities often lead to an increase in water transport capacity, 
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the patterns of LWD movement in forest harvested watershed were modified (Chen 

and Wei 2008). 

 

Anthropogenic and natural disturbances of riparian forests can also subsequently 

reduce the quality of the aquatic habitat by the alteration of LWD recruitment and 

redistribution processes. Bilby and Ward (1991) observed 77 to 56% more LWD in 

old growth sites compared to clear cut sites. They also observed an associated greater 

variety of pool types at old growth sites, as well as greater retention of sediment and 

fine organic matter. Ralph et al. (1994) observed that logging decreased the number of 

large-sized pieces of LWD and alters the position of LWD within the channel causing 

an increase in riffle area and a decrease in pool area and depth. In contrast to the 

extensive literature on harvesting, there has been little work done on the geomorphic 

impact of natural disturbances. In British Columbia (BC), wildfire and mountain pine 

beetle (MPB) infestation are important forest disturbances for which the geomorphic 

effects on aquatic ecosystems have not been sufficiently documented. Additionally, 

most of the research done to date has focused on large cobble and gravel bed rivers.  

However, smaller headwater streams can constitute over 80% of stream networks of 

watershed areas (Naiman et al. 1983), provide unique habitat to a variety of species 

and are highly important for understanding and protecting downstream environments, 

to which headwaters are intimately linked through hydrology, supply of sediment and 

organic materials (Gomi et al. 2002). Furthermore, LWD interacts very differently 

with the morphology of steep, coarse-substrate headwater streams than with larger, 

low gradient (Faustini and Jones 2003). 

 

 In this long-term Forest Science Program (FSP) supported research project, we focus 

on the dynamical properties of LWD under natural disturbance impacts in the 

southern interior of BC. The overall objective of the project is to monitor in-stream 
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LWD recruitment, redistribution and transportation processes in forested headwater 

streams under the influence of wildfire and MBP infestation disturbances. This project 

will support development of the LWD budget at stream reach scale. The influence of 

natural disturbance types on LWD input, output and transfer processes will be 

compared and evaluated. The present project will provide necessary scientific 

information regarding the role of forest disturbance in the southern interior of BC. 

This information is required to support policy, regulations and guideline development, 

evaluation and adjustment for sustainable forest management. 

 

In the last year, we put our efforts into the following three aspects:  

 

1. Continuously measuring LWD input-output processes in the established 12 long-

term stream reach sites. Based on the long-term surveys, we address the following 

null hypotheses: First, the annual recruitment rate of LWD pieces equates to annual 

export rate of LWD pieces in old-growth undisturbed forested streams; Second, 

wildfires do not change the patterns of LWD recruitment into the forested streams; 

Third, both burned and undisturbed sites do not differ in the movement of LWD 

pieces within the channels in interior of BC. 

 

2. Re-measuring morphological characteristics of each of the 12 study sites, including 

thalweg profile, and the topography of the stream regarding with pool geometry, 

gradient, width, depth, sinuosity and habitat complexity. Specifically, we hypothesize  

that (1) there exist significant differences in morphological features between streams 

affected by wildfire and MPB; (2) these differences can significantly be attributed to 

the changes in LWD recruitment and characteristics; and (3) there are significant 

differences in LWD influenced stream morphology between anthropogenic (logging) 

disturbance and natural (wildfire and MPB) disturbance regimes. 
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3. Sampling allochthonous materials and benthic macro-invertebrate from the long-

term monitoring stream sites. The specific objective of our experiments are (1) 

quantifying the changes to the allochthonous and autochthonous energy pathways; (2) 

evaluating the shift in the aquatic communities due to disturbances; and (3) linking 

LWD habitat formation to abundance of aquatic life.  

 

Methods 

 

Site selection 

The studies streams were located in the south central interior of British Columbia near 

the city of Kelowna (43
0
10

0
N, 79

0
55

0
W). Dominate tree species in this region are 

Douglas-fir (Pseudotsuga menziesii), subalpine fir (Abies lasiocarpa), and lodgepole 

pine (Pinus contorta) with minor components of hybird white spruce (Picea glauca 

and Picea engelmannii) and trembling aspen (Populus tremuloides). Mean annual 

temperatures in this area ranges from 1.7 to 4.0 
0
C. Mean annual precipitation ranges 

from 400 mm to over 1000 mm, and most (50-70%) of the precipitation falls as snow 

(Meidinger and Pojar 1991). Annual streamflow is typical of snow-dominated 

hydrologic regimes with peak runoff occurring between April and June, primarily 

from melting snowpacks situated above 1200 m (Canada-British Columbia Okanagan 

Basin Agreement 1974).  

 

Our study sites were limited to the interior Douglas-fir biogeoclimateic zones (IDF) 

and Montane Spruce biogeoclimateic zones (MS) because the recent Okanagan 

Mountain Park forest fire and recent mountain pine beetle infestation were happened 

in these two biogeoclimatic zones, respectively. Four types of sites were selected: 1. 

wildfire site (burned site); undisturbed old-growth forest site (unburned site); 
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mountain pine beetle site (MPB site); and MPB control site (reference site). Each site 

type had three replications. Therefore, a total of 12 sites were selected in this long-

term project (Figure 1) 

 

The task of selecting suitable sites for this project is complicated and critical to ensure 

the studied watersheds have similar characteristics. Potential sites were determined by 

the accessibility in survey period, forest cover type, stream width, valley type, and 

stream gradient.  The streams were required to have a bankfull width less 5 meters in 

MS zone and 5-10 meters in IDF zone. All sites had a valley type of ‘U’ or shallow 

‘V’ and greater than 10m wide, and stream gradient of less than 15%, 

 

Wildfire sites were selected from the burned watersheds where a wildfire was 

happened in the summer of 2003 with a moderately to severe impact. The undisturbed 

forest watersheds were undisturbed old-growth forests with at least 120 years old in 

the IDF zones. There were no historic records of land use and signs of recent logging 

activity within the immediate watershed area. Three streams were chosen from each 

of burned and undisturbed sites. At each of the six sites, a representative 100 m stream 

reach was established to measure channel morphology and in-stream LWD loading.  

Once the study reach was selected, the starting point was arbitrarily chosen for each 

site. Each 100 m stream reach was then evenly divided into five 20m segments, where 

a stream cross-section would be captured. 
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Figure 1. Twelve study sites in Okanagan area of the southern interior of British 

Columbia   
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A comprehensive approach including the GIS spatial analysis, a total station survey  

and a tag method was employed in this three-year project. Combinations of GIS 

computer analysis and field reconnaissance were used to locate, identify, and choose 

appropriate fire and old-growth study sites.  The data used in the GIS was only of 

sufficient quality to identify potential sites and to produce field maps.  The field 

reconnaissance was the final step to visually check and finalize the site based on the 

above criteria. 

 

Establishment of the sites and the LWD field survey 

In the study streams, all pieces of in-stream LWD,  situated within the bankfull width 

of the channel with a minimum diameter of at 10 cm and a minimum length of 1.0 m, 

were accounted.  The small end diameter, large end diameter, and length of LWD 

were measured using a tape. Wood volume was calculated as a cylinder using the 

diameters and the length. The attributes of the each piece were recorded including 

decay state, orientation, position, stability, input source and function. Further details 

about the concept, definition and measurement of these features are available 

elsewhere (Chen et al. 2008). 

 

Each in-stream LWD piece sited within the 100 m study reach was tagged with a plain 

aluminum disk tag with stamped number. The tag on all pieces was attached as close 

as possible to the larger end of the wood without compromising the loss of the tag.  In 

order to attach the tag a poly coated tie wire was used to resist corrosion and breakage. 

The tie wire was threaded through the pre-drilled holes in the tags and securely 

fastened around the piece. In order to accurately measure each piece of LWD and 

determine the movement of the pieces over time a method of identifying each piece 

was used, involving tagging of the LWD with the number, and surveying the 

coordinate location of the wood with shot numbers of a total station (Leica TPS800). 
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Each survey shot by the total station was unique by having a set of coordinates and 

elevation.  For each piece of LWD the survey shots were taken at the two endpoints of 

the piece within the bankfull points. Where a piece of LWD extended beyond bankfull, 

the shots at the endpoints of the pieces were taken for estimating the total length of 

the piece.   

 

To accurately measure the location of LWD piece in the following years, a benchmark 

was established at each site. In order to set a suitable benchmark that was spatially 

geo-referenced, a Trimble GeoXT GPS was used to set a UTM Zone11 coordinate for 

the benchmark.  The GPS settings were set to have a Precision Dilution of Precision 

of 5.0, a minimum of 4 satellite positions, and a minimum of 30 positions per GPS 

point. The benchmark was set using a wooden stake driven into the ground with a 

mark for its location.  It was important to place the benchmark firmly so it will not 

move over the period of the project as the benchmark coordinates will be used to 

determine the movement of LWD and recruitment. A wooden stake was set to back 

sight an arbitrary 0
o
 horizontal angle that the total station instrument uses to calculate 

the exact location of each survey shot. In the case of needing a second benchmark, a 

wooden stake was driven into the ground at an appropriate position and marked, and 

an accompanying back sight stake similar to above. A survey shot taken on the new 

benchmark with the total station would determine the new benchmark coordinates 

which will be used to setup the instrument over this point. Once the instrument was 

setup on the new benchmark a survey shot was then taken on the original benchmark 

to perform an error check. 

 

For any new piece without tag and stamped number in the flowing survey years, a 

detail survey would be employed including tagging using a different color plastic disk 
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tag with stamped number, and shooting using the total station for recording the 

coordinates and elevation, as mentioned above.  

  

Table 1. Physical and LWD characteristics of the long-term study stream reaches 

 

Site 

type 

Stream 

name 

Mean 

channel 

width 

(m) 

Channel 

gradient 

(%) 

LWD 

number 

(piece) 

Mean 

LWD 

diameter 

(m) 

Mean 

LWD 

length 

(m) 

Mean 

LWD 

volume 

(m
3
/piece) 

Total 

LWD 

Volume 

(m
3
/100m) 

Bellevue 7.08 5.67 24 0.13 4.5 0.067 1.62 

Deeper 4.12 6.41 41 0.20 2.7 0.111 4.54 

Wildfire 

Goode 3.92 3.7 41 0.17 3.0 0.088 3.62 

Greata 3.48 1.89 59 0.13 3.9 0.073 4.32 

Jack 8.5 6.8 23 0.19 2.8 0.111 2.55 

Old-

growth 

McDougall 9.5 5.8 88 0.22 3.5 0.169 14.89 

Beak 2.45 6.81 28 0.15 1.8 0.063 0.88 

Cotton 2.28 8.48 43 0.13 2.8 0.040 1.73 

MPB 

Mellin 1.95 3.8 25 0.20 1.7 0.078 2.03 

Penticton240 3.31 4.48 78 0.14 3.0 0.039 3.89 

Sunset lake 4.29 2.94 63 0.17 2.9 0.053 5.30 

Control 

Sunset 2 2.14 2.78 46 0.15 1.6 0.015 1.52 

 

Calculation of LWD piece recruitment, export and redistribution 

All new pieces appeared in the 100 m study reach in the past year was accounted as 

the annual recruitment number or as an annual import. The total LWD pieces with the 

tag number that were disappeared between the two survey years were treated as an 

annual export. In order to calculate the movement or redistribution of LWD, we 
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treated LWD as a point. The point was defined as the centroid, or geometric center of 

each piece of LWD, which can be calculated based on the X coordinate and Y 

coordinate of the piece taken by the total station. The difference of the centroid 

location of the same LWD in the two surveys was recognized as the movement or 

redistribution. The characteristics of all study streams and features of LWD loads at 

the first year of survey were shown in Table 1. 

 

Mapping geomorphic attributes 

The total station was used to measure cross sections every 10m, for a total of 11 cross 

sections per study stream. Average width and depth was derived from these 

measurements. A thalweg profile was taken with measurements every two meters, 

from which slope could be calculated. Additionally, residual pool lengths and depths 

were measured by taking measurements at the upstream and downstream ends of the 

pools as well as in the deepest part.  Pools were measured at low flow to aid in 

identification.  Residual values of pools were measured as per Lisle (1987), and pools 

will be classified as per Bisson et al. (1982).  It was very important to classify them 

correctly and identify any causative relationship to LWD.  The reason for formation 

of each pool was also be recorded, as far as could be determined.   

 

Investigation of vertebrate communities 

Each of study sites will be sampled for vertebrate community at three temporal 

intervals, spring, summer, and autumn. Preliminary sampling was concluded this past 

autumn at each site. Sampling included: 1) allochthonous material collections by the 

use of vertical litter fall traps, lateral blow-in trap, and organic flux netting; 2) benthic 

macro-invertebrate sampling by haphazard rock collection. It was initially planned to 

quantify vertebrate communities within these systems as well, however the boulder 

step-pool features in these streams in combination with large log jams would have 
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made snorkel surveys for fish extremely difficult and unreliable. Stream features 

would have also made netting the fish nearly impossible. Therefore we have chosen to 

analyze the trophic base of vertebrate communities, the macro-invertebrates.  

Establishing the integrity of the invertebrate communities would allow us to infer 

health of higher trophic levels. Macro-invertebrates could not be collected with 

conventional benthic samplers due to the frequency of boulders in these streams. 

 

Allochthonous materials were sorted into categories which are nutritionally distinct; 

leaves, needles, wood material, reproductive material, and other.  Dry weights were 

measured to quantify each category and, and nitrogen content of the samples were 

also measured.  Periphyton biomass is determined by measuring the ash free dry mass 

of material collected from rock scrubbings. Invertebrates were removed from the 

artificial substrate trays, sorted to genus or family and counted.  Individual body 

lengths of a subsample of each taxon were measured, which are directly related to the 

individual biomass (using various length vs weight regressions).  This provides us 

with taxonomic compositions, abundances and biomasses of the invertebrate 

communities.   

 

Data statistic analysis 

Statistical comparisons were conducted for site types (burned sites and undisturbed 

old-growth forest sites) with the values of LWD number and volume. Before using a 

one-way analysis of variance (ANOVA), distributions of all available were checked 

for normality. Log-transformations were used where appropriate. Statistics test and 

analysis were performed using the SAS software program (SAS Institute Inc., 2004). 

Results were considered significant if p-values ≤ 0.05. 
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In order to identify which LWD characteristics were most important in determining 

channel morphology, morphological characteristics were firstly be pooled from each 

of the sites, regardless of disturbance regime, and regressed against LWD 

characteristics.  This will determine how sensitive different morphological 

characteristics were to specific LWD characteristics. Then morphological 

characteristics were compared between disturbance regimes and an analysis was 

conducted to investigate whether these differences can be attributed to LWD. 

 

Results 

 

Wildfire impacts on LWD recruitment and budget 

Annual recruitment and export of LWD number and volume in the study streams 

varied greatly, depending on site types and years (Table 2 and Table 3). For example, 

Bellevue stream (a burned site) obtained 11 pieces of LWD per 100-m stream reach in 

the period of 2005-06, but the undisturbed old-growth forest site, Jack stream gained 

none piece in this time. In 2004-05, Greata stream gained 4 pieces of LWD per 100-m 

stream reach in 2004-05, but none was delivered into McDougall stream even if they 

both were undisturbed old-growth forest sites. The mean rate of LWD recruitment 

was 3.0 ± 1.3 pieces (mean ± standard deviation) per 100-m stream reach per year 

with the range of 2 to 4 pieces in the undisturbed old-growth forest streams during the 

study period. At the same time, about 4.0 ± 1.4 pieces of LWD (ranged from 4 to 6 

pieces) were exported from the undisturbed old-growth forest streams. In comparison 

with the undisturbed sites, cumulative LWD input was significantly increased in 

burned sites (p = 0.030). Annual rates of LWD recruitment ranged from 5 to 9 pieces 

per 100-m stream reach in burned sites with a mean value of 7.0 ± 1.6 pieces. The 

export rates of LWD pieces ranged from 2 to 7 pieces with a mean of 5.0 ± 2.5 pieces 

per 100-m stream reach per year in burned sites within the study time. No statistically 
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change was found in terms of the export rate of LWD number between burned and 

undisturbed old-growth sites (p = 0.889). 

 

In terms of LWD volume, cumulative LWD import was statistically higher in burned 

sites than undisturbed old-growth forest sites (p = 0.001), although there was no 

significant differences dealing with the output of LWD volume between the two types 

of sites (p = 0.666). Mean annual rates of LWD volume recruitment and export were 

0.13 ± 0.06 (range: 0.08 to 0.19 m
3
) and 0.31 ± 0.15 (range: 0.17 to 0.47 m

3
) m

3
 per 

100-m stream reach in undisturbed old-growth sites, and 1.03 ± 0.15 (range: 0.93 to 

1.21 m
3
) and 0.38 ± 0.22 (range: 0.22 to 0.64 m

3
) m

3
 per 100-m stream reach in 

burned sites, respectively (Table 3). 

 

 

Table 2. Annual recruitment and export of LWD number (piece/100-m stream reach) 

at burned and unburned old-growth forest sites during the four-year study period 

 

Recruitment Export Site type Stream 

name 04-05 05-06 06-08 Cumulative 04-05 05-06 06-08 Cumulative 

Bellevue 8 11 15 34 0 18 11 29 

Deeper 2 7 12 21 1 9 7 17 

Burned 

Goods 4 6 19 29 1 1 7 9 

Greata 4 6 4 14 8 6 10 24 

Jack 3 0 3 6 1 10 3 14 

Unburned 

McDougall 0 5 11 16 5 6 3 14 
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Table 3. Annual recruitment and export of LWD volume (m
3
/100-m stream reach) at 

burned and unburned sites during the four-year study period 

 

Recruitment Export Site type Stream 

name 04-05 05-06 06-08 Cumulative 04-05 05-06 06-08 Cumulative 

Bellevue 1.26 0.66 1.79 3.71 0.00 1.11 1.43 04-08 

Deeper 0.13 2.72 2.00 4.85 0.02 0.80 0.38 2.54 

Burned 

Goods 0.38 0.83 2.83 4.04 0.01 0.19 0.67 1.20 

Greata 0.07 0.31 0.08 0.47 0.13 0.60 0.44 0.87 

Jack 0.20 0.00 0.12 0.32 0.01 0.59 0.10 1.17 

Unburned 

McDougall 0.00 0.23 0.54 0.77 0.13 1.64 0.11 0.70 

 

 

Table 4. Budget of LWD number and volume in burned and unburned old-growth 

forest sites in the four-year study period 

LWD number 

(piece/100-m reach) 

LWD volume 

(m
3
/100-m reach) 

Site 

type 

Stream 

name 

2004 2008 Difference* 2004 2008 Difference* 

Bellevue 24 29 5 1.62 2.79 1.17 

Deeper 41 45 4 4.54 8.2 3.66 

Burned 

Goods 41 61 20 3.62 6.79 3.17 

Greata 59 49 -10 4.32 3.61 -0.71 

Jack 23 15 -8 2.55 2.18 -0.38 

Unburned 

McDougall 88 90 2 14.89 13.78 -1.11 

*differences of LWD pieces (number and volume) between the year 2008 and the year 

2004. 
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Because LWD recruitment rate was less than LWD export rate at the study reach in 

most unburned old-growth forest sites, the unburned old-growth streams slightly lost 

LWD loadings yearly from the study stream segment throughout the observation 

period (Table 4). For instance, the study reach in Greata stream lost 10 of LWD 

number (or 0.71 m
3
) per 100-m stream reach over the four-year study time. Only 

McDougall stream showed a net gain of LWD number in the study period, but the 

reach of McDougall exhibited a net lost LWD volume. The annual change rates of 

LWD number and volume per 100-m stream reach in the three undisturbed streams 

ranged from 0.5 to -2.5 pieces or from -0.10 to -0.28 m
3
, respectively. This indicated 

that the number and volume of LWD in undisturbed old-growth forest sites were 

tended to be maintained or slightly reduced in the study period. On the contrary, 

standing amount of LWD number and volume was continuously increased in all 

burned sites over the study period. The mean annual net accumulation rates of 

standing number and volume of LWD per 100-m stream reach ranged from 1 to 5 

pieces and from 0.29 to 0.92 m
2
 in the three burned sites. 

 

Mountain pine beetle impacts on LWD recruitment and budget 

During the monitoring period, average recruitment rate of LWD number was 2.6 ± 0.8 

pieces per 100-m stream reach per year in MPB sites, while the corresponding value 

was 2.6 ± 0.8 per 100-m stream reach per year in the reference sites (Table 5). The 

difference of LWD recruitment rate between the two types of sites did not statistically 

differ (p > 0.05).  However, the export rats of LWD pieces were significantly less in 

MPB sites than those in reference sites (p = 0.031). Based on the input-output 

monitoring data, it can be estimated that positive net LWD pieces were cumulated in 

MPB sites, with a range of 0 to 2.7 pieces per 100-m stream reach per year and the 

reference sites lost net pieces with a range of 0.3 to 2.7 pieces per 100-m stream reach 
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per year in the study watersheds. Such difference in terms of LWD budget between 

the MPB and reference sites was significant (p = 0.028). 

 

When LWD volume was used as a variable, the input-output patterns of LWD volume 

was similar with those found in LWD number indicated above (Table 6). Mean yearly 

recruitment rate of LWD volume in the MPB sites (0.684 ± 0.678 m
3
 per 100-m 

stream reach) did not significantly differ from that in the reference sites (0.452 ± 

0.202 m
3
 per 100-m stream reach), but the former had statistic lower LWD export rate 

(0.125 ± 0.079 m
3
 per 100-m stream reach) than the later (0.496 ± 0.165 m

3
 per 100-

m stream reach). 

 

 

Table 5. Annual recruitment and export of LWD number (piece/100-m stream reach) 

at MPB and reference sites during the four-year study period 

Recruitment Export Site type Stream name 

05-06 06-08 Cumulative 05-06 06-08 Cumulative 

Beak 3 2 5 2 3 5 

Cotton 1 7 8 4 2 6 

MPB 

Mellin 2 8 10 2 0 2 

Penticton240 4 7 11 13 5 18 

Sunset lake 2 4 6 4 3 7 

Reference 

Sunset 2 4 2 6 8 7 15 
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Table 6. Annual recruitment and export of LWD volume (m
3
/100-m stream reach) at 

MPB and reference sites during the four-year study period 

 

Recruitment Export Site type Stream name 

05-06 06-08 Cumulative 05-06 06-08 Cumulative 

Beak 0.073 0.234 0.307 0.123 0.040 0.163 

Cotton 0.044 0.235 0.279 0.079 0.099 0.178 

MPB 

Mellin 0.513 0.954 1.467 0.034 0.000 0.034 

Penticton240 0.181 0.355 0.536 0.460 0.201 0.661 

Sunset lake 0.021 0.090 0.111 0.158 0.172 0.330 

Reference 

Sunset 2 0.536 0.023 0.559 0.169 0.330 0.499 

 

 

As a result, MPB sites annually cumulated LWD volume with a range of 0.034 to 

0.478 m
3
 per 100-m stream reach. But the budget of LWD volume in the reference 

sites was of more complexity. Two of the three reference sites yearly lost LWD 

volume, while the third one gained LWD volume.  

 

Wildfire impacts on LWD redistribution and transport 

The total redistribution piece of LWD (sum of tagged LWD pieces that moved within 

and exported from the studied reach) differs considerably among the study reaches 

and the observation periods (Table 7). The redistributed piece of LWD ranged from 4 

to 14 pieces in unburned old-growth sites each year during the study time. They 

represented approximately 13-48% of the total tagged wood in the sites. The total 

number of annul mobile pieces did not significantly change in burned sites (range: 1-
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21 pieces; p > 0.05) and the proportions of the redistributed piece to the total tagged 

piece did not statistically differ (range: 2-66%; p > 0.05) as well. Table 8 listed the 

number and proportion of first tagged LWD pieces (in 2004) which were still found in 

the survey of 2008. It showed that 22-88% and 20-57% of the first tagged LWD 

pieces have exported from the studied reach segments in burned and unburned sites, 

respectively. The differences between the two types of sites were not significant (p = 

0.795). 

 

 

Table 7. Amount and percentage of redistributed LWD pieces in burned and unburned 

sites at different survey periods  

2004-05 2005-06 2006-08 Site 

type 

Stream 

name Number % Number % Number % 

Bellevue 4 16.7 21 65.6 17 68.0 

Deeper 1 2.4 19 45.2 18 45.0 

Burned 

Goods 4 9.8 9 20.5 17 34.7 

Greata 11 18.6 14 25.5 25 45.5 

Jack 4 17.4 12 48.0 10 66.7 

Unburned 

McDougall 11 12.5 14 16.9 18 22.0 
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Table 8. Remaining and proportion of first tagged LWD pieces found in 2008 survey 

at burned and unburned sites  

2004 survey 2008 survey Site 

type 

Stream 

name Tagged 

LWD 

% Remaining 

LWD 

% Lost 

LWD 

% 

Bellevue 24 100 3 12 21 88 

Deeper 41 100 25 61 16 39 

Burned 

Goods 41 100 32 78 9 22 

Greata 59 100 28 47 31 53 

Jack 23 100 10 43 13 57 

Unburned 

McDougall 88 100 70 80 18 20 

 

 

Table 9. Transport characteristics of LWD pieces in burned and unburned at different 

monitoring times 

Total LWD moved distance 

(m) 

Longest LWD moved 

distance (m) 

Site 

type 

Stream 

name 

04-05 05-06 06-08 04-05 05-06 06-08 

Bellevue 140.2 39.6 231 56.7 15.8 53.6 

Deeper 112.6 315 180.8 45.8 69.5 25.4 

Burned 

Goods 28.9 43.6 120 13 20.4 19.1 

Greata 91.6 41.5 127 23.8 9.9 21.8 

Jack 52.7 56.8 83 26.3 42.7 20.2 

Unburned 

McDougall 75.9 66.3 274.8 20.9 11.7 59.4 
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The average distance traveled by tagged LWD pieces was slightly higher in burned 

sites (range: 17-22 m) than in unburned old-growth forest sites (range: 13-15 m), but 

no significant effect can be found in terms of LWD travel distances between the two 

types of sites (p > 0.05) (Table 9). Because the average distance traveled by tagged 

LWD pieces did not include the LWD pieces that exported from the study reach, thus 

the values might be overestimated or underestimated.  

 

Mountain pine beetle impacts on LWD redistribution and transport 

On average, approximately 15% of total LWD pieces per 100-m stream reach was 

redistributed in MPB sites which was statistically lower than that in reference sites 

(about 21%; p = 0.019) (Table 10). 

  

Table 10. Amount and percentage of redistributed LWD pieces in MPB and reference 

sites at different survey period  

2005-06 2006-08 Site 

type 

Stream 

name Number % Number % 

Beak 5 17.9 9 31.0 

Cotton 5 11.6 4 10.0 

MPB 

Mellin 4 16.0 0 0.0 

Penticton240 17 21.8 8 11.6 

Sunset lake 8 12.7 8 13.1 

Reference 

Sunset 2 13 28.3 12 28.6 

 

If the first tagged LWD numbers in 2004’s survey were assumed as 100%, about 8-

21% and 11-33% of the first tagged LWD were lost from the study reach segments in 

MPB and reference sites, respectively in the past three monitoring period (Table 11). 
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There was no significant different in terms of LWD redistribution between the two 

types of sites (p > 0.05). 

 

Table 11. Remaining and proportion of first tagged LWD pieces found in 2008 survey 

at MPB and reference sites 

2004 survey 2008 survey Site 

type 

Stream 

name Tagged 

LWD 

% Remaining 

LWD 

% Lost 

LWD 

% 

Beak 28 100 22 78.6 6 21.4 

Cotton 43 100 37 86.0 6 14.0 

MPB 

Mellin 25 100 23 92.0 2 8.0 

Penticton240 78 100 60 76.9 18 23.1 

Sunset lake 63 100 56 88.9 7 11.1 

Reference 

Sunset 2 46 100 31 67.4 15 32.6 

 

Table 12. Transport characteristics of LWD pieces in MPB and reference sites at 

different monitoring times 

Total LWD moved distance 

(m) 

Longest LWD moved distance 

(m) 

Site 

type 

Stream 

name 

05-06 06-08 05-06 06-08 

Beak 35.2 276.7 24.6 69.3 

Cotton 4.2 28.5 4.2 14.5 

MPB 

Mellin 10.0 0.0 5.0 0.0 

Penticton240 50.3 85.0 19.1 52.1 

Sunset lake 22.3 134.7 6.0 44.9 

Reference 

Sunset 2 48.0 98.7 11.3 25.7 
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Total movement distances of LWD pieces ranged from 22 to 50 m in reference sites in 

05-06’s survey period, which was marginally significantly higher than those in MPB 

sites (range: 4-35 m) (Table 12). However, no statistic difference in terms of total 

LWD movement distances was found between these two types of sites in 2008’ 

survey. The average distance traveled by tagged LWD pieces in these two types of 

sites was also not statistically different (p > 0.05). 

 

Influence of wildfire and MBP on stream channel characteristics 

Statistic analysis showed the there were significant (p-value <0.05) differences in 

depth, width and residual pool depth between disturbances, however pool frequency 

did not differ significantly between disturbances (Table 13).  ANOVA analysis 

indicated that depth differed significantly between MBP and wildfire sites, width 

differed between wildfire and MBP sites as well as between MBP and reference sites, 

width/depth ratio differed between wildfire and MBP as well as between MBP and 

reference sites, and pool depth varied between burned and unburned control sites. 

 

Regression analysis was used to examine the effect of basin area and gradient on 

channel morphological features. It revealed that stream width was significantly 

influenced by basin area but not by gradient (R
2
 = 0.714), as was the case for depth 

(R
2
 = 0.543) to a lesser degree.  Pool frequency was significantly influenced by 

gradient (R
2
 = 0.495).  Using the width to depth ratio is a way of controlling for the 

influence of basin area on width between streams, and was found to be not 

significantly affected by either basin area or gradient (R
2
 = 0.170).  Similarly, pool 

depth was not significantly affected by either basin area or gradient.  These 

relationships were illustrated below in Figures 2 and 3.  
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Table 13. Characteristics of 12 study sites in 2008’s surveys 

 

Site 

type 

Stream 

name 

Gradient 

(%) 

Avg. 

width 

(m) 

Avg. 

Depth 

(m) 

W/D Residual 

pool depth 

(m) 

Pool 

frequency 

Basin 

Area (ha) 

Bellevue 5.67 7.08 0.95 7.45 0.11 18 7185.42 

Deeper 6.41 4.12 0.59 6.98 0.14 20 1624.3 

Wildfire 

Goode 3.7 3.92 0.42 9.33 0.17 13 963.8 

Greata 1.89 3.48 0.41 8.49 0.15 7 150.89 

Jack 7.4 4.78 0.59 8.1 0.21 20 3040.66 

Old-growth 

McDougall 6.39 5.49 0.97 5.69 0.18 14 2047.9 

Beak 6.81 2.45 0.48 5.1 0.18 20 986.63 

Cotton 8.48 2.28 0.51 4.47 0.13 21 185.03 

MPB 

Mellin 3.8 1.95 0.46 4.24 0.16 10 955.8 

Penticton240 4.48 3.31 0.59 5.61 0.20 13 506.19 

Sunset lake 2.94 4.29 0.63 6.81 0.20 21 1303.23 

Control 

Sunset 2 2.78 2.14 0.53 4.04 0.20 13 397.43 
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Figure 2. Influence of gradient on morphologcal attributes in the study sites 

 

 

 

 

Figure 3. Influence of basin area on morphologcal attributes in the study sites 
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Influence of wildfire and MBP on allochthonous material 

The distribution of dry weights of the litter fall is greatly skewed towards the lower 

values, which is expected considering most weights are small (median material 

captured 10.62g) with a few large values (Table 14). Running the Kruskal-Wallis Test 

on the rank sums of each treatment revealed that there were differences among 

treatments, but the wildfire treatment being the only significant difference.  

Examining the differences among individual categories across treatments using the 

Kruskal-Wallis test again, it was found that there were differences across treatments 

for needle mass and reproductive material. 

 

The invertebrate results were less satisfactory, there were very few taxa present in the 

samples. Species present were animals which were common to dwelling on the 

surface of benthic rocks.  The invertebrate sampling method had been altered (as 

mentioned above) in order incorporate more of the species that occupied the 

interstitial spaces in the benthos.  The proportions of invertebrates occupying separate 

functional feeding groups (Merrit & Cummins 1996) across streams were not 

correlated to riparian treatments (Fig 4). 

 

Table 14. Dry weight of different components of litterfall in different study sites 

Dry weight (g) Site 

Type 

Stream name 

Leaf Needle Reproduction Woody Other 

Wildfire Goode 1.274 0.224 0.000 0.422 0.071 

Old-growth Greata 5.643 3.140 0.079 0.335 0.307 

Beak 0.737 7.551 0.063 0.706 0.463 MPB 

Cotton 5.026 6.063 2.949 23.078 3.007 

Reference Sunset Lake 1.731 8.006 0.320 6.729 1.366 
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Figure 4. Proportions of functional feeding groups found in study sites. 

Feeding group classification is based on Merritt and Cummins (1996). 

 

Discussions 

This study presents the first stream reach-scale data of recruitment rates of LWD 

pieces in interior British Columbia forested watersheds. There is little data available 

on rates of LWD recruitment in undisturbed old-growth forests in British Columbia 

from which to compare the monitoring data from this study. Lienkaemper and 

Swanson (1987) reported that 2.0-8.8 Mg.ha
-1

 of woody debris were annually 

recruited into the stream reaches in old-growth Douglas-fir forests in Oregon. Based 

on their data dealing with the size of the study stream reaches, the values were 

approximately equated to 0.776-4.80 m
3
 per 100-m reach per year. Benda et al. (2002) 

used a “wood budgeting” model to quantify LWD recruitment rates in northern 

California redwood forest. They found that wood recruitment rates in old-growth 
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forests (conifer and deciduous combined) averaged 0.25 m
3
 per 100-m reach per year 

with the range of 0.11-3.06 m
3
 per 100-m reach per year. In southeast Alaska, annual 

LWD recruitment rates ranged from 0.01 to 0.81 m
3
 per 100-m reach with a mean 

recruitment rate of 0.38 m
3
 per 100-m reach per year (Martin and Benda 2001). Bragg 

(2000) employed FVS growth and yield model to simulate LWD recruitment process 

in old-growth forests under several catastrophic disturbances and undisturbed 

situations. The predicated results showed that undisturbed old-growth forests in Dry 

Lake Creek, Wyoming delivered LWD at the annual rate of 0.15-0.45 per 100-m 

reach. Our four-year monitoring data of LWD recruitment rates, ranged from 0.08 to 

0.19 m
3
 per 100-m reach per year in unburned old-growth forest were consistent with 

the previous findings and were at the lower end of the range of the LWD recruitment 

rates in undisturbed old-growth forest presented above. The low level of LWD 

recruitment rates in terms of wood volume in undisturbed old-growth forest sites in 

the present study might be associated with the relative small size of the wood and 

relatively young forests in our study area (Chen et al. 2005). 

 

Wildfire not only damaged the structure of riparian forest community, but also 

disturbed the natural rates of wood delivery process from terrestrial forests to aquatic 

environments. Annual recruitment rates of LWD number in burned sites (mean: 7 

piece) was more than double as that in unburned old-growth forest sites (mean: 3 

piece) in the present study. The increases of LWD recruitment due to wildfire were 

reported in other studies (Young 1994; Minshall et al. 1997). The mechanisms raising 

LWD delivery rates because of wildfire can be grouped into direct and indirect effects. 

Severe wildfires can directly kill trees and often cause dramatic increase of fire-felled 

loggings entering to the streams. The indirect effects of wildfires usually result from 

moderately and severely intense fires and dealt with the remarkable increases of the 

remained standing snags killed by the fires in the burned sites. These standing snags 



 32 

would not be immediately felled into the forest-floors and recruited into the channels, 

but they were more sensitive to many biotic and abiotc factors, such as windthrow, 

storms, insect breaking and landslide, and became great potential wood resources. 

Once these factors happened, the sensitized standing snags constantly felled in the 

ground as major LWD resources delivered to the streams. Such indirect effects of 

wildfire on LWD recruitment process would be referred as the phenomenon of lag 

time in recruitment. Our previous studies demonstrated that wildfire disturbance 

would delay LWD recruitment because not all burnt trees would be fall in the 

ground/stream immediately after the wildfire (Chen et al. 2005). In the burned sites in 

the present study, because the fire occurred in 2003 summer the remained standing 

snags killed by fire in the sites were still LWD resources, and therefore the LWD 

input was kept a relative high rate in the fire sites. The results derived from model 

simulating (Authors’ unpublished data) and field measurement (Chen et al. 2005; 

Scherer 2009) indicated that LWD loadings would be constantly increased after 

wildfire, and arrived at their highest point at the year 30-50 after wildfire disturbance 

in the study region. Bragg (2000) found that the peaks of LWD recruitment rate (> 13 

m
3
 per 100-m reach per 10-year cycle) could arrive at two periods: one was 

immediately after the fire and another would appear a few decades later. As a 

consequence, wildfire might have relative long-term impacts on LWD recruitment in 

comparison with unburned forest watersheds.  

 

One target of sustainable forest management is to supply suitable amount of wood to 

stream channels to protect, restore and enhance aquatic habitats (Benda et al. 2002). 

For achieving the objective, understanding of rates and characteristics of wood 

delivery from forests to streams and transport within the aquatic environments. There 

was a high degree of spatial and temporal variability of annual rates of LWD 

recruitment in both unburned old-growth forest and burned sites in the present study. 
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No new LWD pieces were entered in the monitoring stream segment in some sites at 

specific year (Table 2). The similar phenomenon was also observed in other previous 

studies (Lienkaemper and Swanson 1987; Benda et al. 2002). Annual random weather 

conditions and heterogeneities in geographic locations are primarily attributed to the 

time-space variability in wood delivery from riparian zones to the streams. Such 

highly variable recruitment of wood debris implied that there would cause a great 

uncertain if the investigation of wood recruitment process was only took for a short-

term, such as one year. A misleading would happen if the riparian-stream LWD 

management strategies and planning were made based upon the short-term survey. 

Therefore, a long-term monitoring for LWD recruitment process was necessary to 

provide reliable and accuracy data and information.   

 

In theory, exported wood pieces from a reach segment were likely to be balanced by 

inputs in the undisturbed old-growth forests because of a steady state in the old 

growth stands. Our results showed that a slight net negative budget of LWD was 

found in the old growth forests in the study sites (equated to 7-16% of original LWD 

volumes were cumulatively decreased in the four-year monitoring period). High 

variable characteristics of LWD input-output and relative short observation time may 

explain the net loss of wood in the old-growth sites. In fact, McDougall stream, one of 

the old-growth sites net gained two pieces during the four-year study. Budget balance 

of any materials, such as wood debris, in an ecosystem should not be a single value, 

but a range of values. In addition, a balance status in a system should be dynamic and 

fluctuated.  

 

High mobile characteristics of LWD pieces in the study streams (Tables 5 and 6) were 

surprised and indicated that wood debris transport in British Columbia interior 

mountain forested watersheds may be of greater significance than our previously 
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thought. In the previous studies, the proportion of moved or redistributed LWD 

ranged from less than 10% to 65% of the pieces since they were identified in five old-

growth Douglas-fir forested streams in Oregon during the 7-9 years’ observation 

(Lienkaemper and Swanson 1987). Young (1994) found that 18% and 58% of the 

tagged sampled wood were moved or buried from undisturbed and burned creeks in 

Wyoming, respectively. The mean percentage of mobile wood debris per year was 

18% in northwestern Washington (Grette 1985) and 17% in the Coastal Plain of the 

southeastern USA (Benke and Wallace 1990). Our four-year monitoring results 

showed that 20-53% and 22-88% of LWD were moved in the study period (Table 6) 

and they were at the upper end of the rang of the LWD redistribution indicated above. 

The high values of wood redistribution in the present study were mainly related to the 

relative small ration of wood length to stream bankfull width (Table 1). Many 

previous studies (Lienkaemper and Swanson 1987; Nakamura and Swanson, 

1993; Marcus et al., 2002; Abbe and Montgomery 2003) and our previous study 

(Chen et al. 2006, 2008)  indicated that wood length to channel width to be an 

important factor in controlling the mobility of wood along the stream network.  

 

The results of the preliminary analysis indicate that basin area (and gradient to a lesser 

extent) is likely to play an important role in determining channel morphology 

independently of the influence of LWD.  This highlights the importance of using and 

developing dimensionless measurements such as the width to depth ratio to control for 

the overlying morphological influences of the basin and to make for easier 

comparisons between streams.  Furthermore, the ANOVA results demonstrate the 

difficulty which will be encountered in isolating the influence of LWD on stream 

morphology, given the inherent differences between these streams.  LWD data 

collection in 2009 will need to place greater emphasis on LWD function so that 

causative relationships can be distinguished from overall trends which may or may 
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not be directly caused by LWD.  For example, any analysis of the influence of LWD 

on pool morphology cannot be a simple regression of reach averaged pool 

morphology relative to reach averaged LWD characteristics, but will need to be a 

comparison of non LWD-related pools to LWD-related pools.  Planned data collection 

in 2009 involves a more complete mapping of the streams and development of a DEM 

for easier extraction of all relative morphological characteristics.   

 

Streams in the MS biogeoclimatic zone experienced no differences in forest litter 

loading into the stream.  This would be expected considering that sampling in the 

beetle impacted areas occurred only 3 years post major beetle infection, and many of 

the deceased trees still have needles clinging to their limbs.  During these initial post-

disturbance years, these trees are still providing a valuable resource to the stream 

environment, and one that is indistinguishable from an intact forest, despite being 

dead.  As the years pass, with more material being shed and none replenished, one 

would expect a greater difference in detritus inputs to the streams.  The fire impacted 

stream, on the other hand, displayed a markedly reduced amount of forest litter ( < 

30% ) being contributed to the stream, which is expected considering a major fire 

event typically removes the needles, branches, limbs and even trees from the riparian 

zone.  In-depth conclusive statements would be a bit premature however as half the 

data is to be analyzed. 

 

The invertebrate response to the riparian disturbances being investigated remains 

unclear as no discernable pattern across treatments or forest litter loading.  Melody 

and Richardson (2007) reported similar confounding results, revealing dominate 

invertebrate functional feeding group shifts over separate temporal sampling periods 

that were unrelated to riparian disturbances.  However, only two temporal time 

periods and five separate streams were sampled in the Melody and Richardson study.  
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Our broader scope of sampling should address the temporal and spatial changes across 

disturbance types. 

 

Data collection in 2009 will be thorough and motivated by a desire to establish 

causative relationships between stream morphology and LWD characteristics.  

Preliminary surveys indicate a high degree of natural variability between sites, 

suggesting complications for future data analysis.  Nonetheless, because of the 

catastrophic nature of the disturbances in question, we expect to find significant 

differences in how the riparian disturbances affect stream morphology.  These 

expected results will contribute significantly towards the development of management 

practices for forested aquatic ecosystems, and will synthesize and test literature on the 

relative importance of the abundance and individual piece characteristics of LWD.   
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