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Abstract- Primary producers have a profound effect on nutrient cycling, habitat 

complexity, population productivity, and diversity of natural systems. For example, 

needles and leaves falling from trees provide a source of nutrients and energy fueling 

food webs; therefore, harvesting of trees can have strong impacts on terrestrial and 

aquatic ecosystems. Riparian reserves (no logging zones) are used world-wide to reduce 

logging impacts on streams and lakes, including effects on organic matter dynamics. To 

quantify the relationship between riparian reserve width (4 riparian reserve widths; n = 2 

replicates per treatment) and particulate organic matter flux into streams, vertical litter 

inputs were measured for seven years after logging in experimental watersheds located in 

southwestern British Columbia, Canada. We hypothesized that the timing, composition 

and quantity of organic matter entering these streams would vary as a function of reserve 

width, but that these differences would decline with time since logging. Litter inputs were 

highly variable across sites and time. Riparian management treatment significantly 

affected litter flux. Inputs of needles and small wood were significantly lower in streams 

with no reserve (clear-cut to the stream edge) relative to streams with 10 and 30-m 

reserves and controls. These differences persisted through year 7 for small wood and year 

8 for needles. However, total inputs at the clear-cut treatment (242 g m-2 yr-1) were 

statistically indistinguishable from controls (288 g m-2 yr-1) in year 8. Deciduous litter 

and small wood inputs were largely responsible for recovery of total litter subsidies in the 

no reserve treatment. Litter inputs during summer were a large proportion of total organic 

matter (allochthonous + autochthonous) across all treatments except the no reserve 

treatment the first year after logging. Litter inputs made up the majority of total inputs 

across all treatments eight years later. In addition to the successional recovery of the plant 
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community affecting the flux of organic matter to streams following logging, litter inputs 

increased with annual snowfall. We conclude that riparian reserves of 10 to 30-m width 

provide litter inputs similar to unlogged control streams. We also found that inputs from 

no reserve treatments were similar to controls eight years after logging; however, 

differences in the composition of litter inputs persisted. 

Keywords: organic matter, resource subsidies, leaf litter, logging, periphyton, riparian 

reserves, streams 
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Introduction 

Litter falling from trees is a major source of nutrients and carbon for terrestrial 

(Bray and Gorham 1964) and aquatic ecosystems (Wallace et al. 1997, Richardson 1991, 

Volk et al. 2003).  Larger pieces of organic matter, such as branches or whole trees, also 

provide important structural heterogeneity to these ecosystems (Gregory et al. 2003). In 

addition, the structure of riparian forests can have strong effects on primary productivity 

of understory vegetation, and the streams and lakes shaded by these trees. For example, a 

dense riparian canopy intercepts incoming solar radiation limiting aquatic primary and 

secondary productivity (Hill et al. 1995, Kiffney et al. 2003). Recent studies have also 

shown that the flux of organic matter from streams to forests is an important energy 

source for terrestrial animals (Nakano et al. 1999, Sabo and Power 2002). Thus, it is 

imperative to understand both natural and anthropogenic controls on organic matter flux, 

because of the important role these materials play in recipient habitats (Polis et al. 1997, 

Huxel and McCann 1998).  

Litter dynamics is of particular importance to small, forested streams of temperate 

regions because this material provides energy and nutrients supporting aquatic food webs 

(Richardson 1991, Wallace et al. 1997). The flux of litter from riparian trees into 

freshwater ecosystems is affected by a variety of factors, such as climate, forest age, 

forest structure and composition, and land use. At regional or global scales, variation in 

litter flux is largely explained by temperature and precipitation (Meentemeyer et al. 1982, 

Liu et al. 2004). At a local scale, with climatic conditions being relatively similar within a 

given area, variation in litter inputs can be attributed to differences in site conditions, tree 

species, and stand age (Bray and Gorham 1964, Volk et al. 2003, Liu et al. 2004). For 
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example, recent studies in western North America noted higher litter inputs into streams 

with riparian forests comprised of mostly broadleaf deciduous species, such as alder, 

compared to streams bordered by mostly coniferous species (Hart 2006, Volk et al. 

2003).  

Logging is a major landscape change that can affect litter flux to streams and 

lakes. Not surprisingly, clear-cut logging to the stream edge reduces litter inputs to 

aquatic ecosystems (Bilby and Bisson 1992, Webster et al.1990, France et al. 1995); leaf 

inputs into Big Hurricane Branch, a hardwood-dominated stream located in western 

North Carolina, were <2% of pre-logging values two years after logging (Webster and 

Waide 1982). Although logging reduces allochthonous organic matter inputs, reduced 

shading increases in-stream or autochthonous inputs because of increased primary 

production (Kiffney et al. 2003). How long these changes persist or how inputs of forest 

litter recover following logging remain in question, however; such studies are necessary 

if we are to make predictions about trajectories of ecosystem recovery following 

landscape change.  

A management practice designed to reduce the impact of forest harvest on aquatic 

systems is to leave riparian buffers, or reserve, adjacent to the water body.  Typically, 

there are no or limited management activities, such as logging, road building, or use of 

heavy equipment, within riparian reserves. The required width of these reserves depends 

on many factors, including economic and ecological objectives.  For instance, Semlitsch 

(1998) recommended a 164-m wide buffer around wetlands for an assemblage of pond-

breeding amphibians, whereas a 30-m wide forest buffer may be sufficient to remove 

excess nitrate from groundwater (Pinay & Décamps 1988). Despite the widespread use of 
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riparian reserves as a management tool to maintain a variety of ecological functions 

(FEMAT 1993), there has been little experimental evaluation of their effectiveness 

(except see Darveau et al. 1995, Kiffney et al. 2003).   

Watershed-scale experiments are critical to evaluating the functional significance 

of riparian reserves of different widths or configuration (Darveau et al. 1995, Kiffney et 

al. 2003).  For example, we know that clear-cut logging reduces litter inputs to streams 

and lakes, but how do litter inputs vary as a function of riparian reserve width or 

configuration? There are few published studies from any region that has described such a 

relationship (except see Palik et al. 1999, Muto et al. in press). Understanding this 

relationship will allow us to prescribe management practices that may limit the negative 

impacts of logging on forests and streams. There are also few studies that have followed 

the temporal dynamics of litter inputs, or other ecological processes for that matter, 

following logging of riparian trees (except see the Carnation Creek study on Vancouver 

Island, Canada, http://www.for.gov.bc.ca/hre/ffip/CarnationCrk.htm). Understanding the 

temporal dynamics of important ecosystem processes (i.e., organic matter flux) may 

allow us to quantify recovery rates and how these rates vary across different land 

management alternatives or strategies.  

In 1996, a riparian management study was initiated at the University of British 

Columbia’s Malcolm Knapp Research Forest (MKRF) to evaluate the effects of reserve 

width on a variety of ecological functions in headwater streams and associated riparian 

plant communities using a watershed-scale, replicated experimental approach.  These 

riparian manipulations included clear-cutting to the stream edge, 10 and 30-m wide 

riparian reserves and uncut controls. Previous research identified the short-term effects of 

http://www.for.gov.bc.ca/hre/ffip/CarnationCrk.htm
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these riparian treatments on light flux and primary and secondary productivity (Kiffney et 

al. 2003, Kiffney et al. 2004, Kiffney 2008). In this paper, we address a number of critical 

gaps in our understanding of how organic matter flux to streams is affected by different 

forest management regimes. Specifically, we address the following questions: (1) Does 

the vertical flux of riparian organic matter vary as a function of riparian reserve width? 

(2) If so, what is the nature of this relationship and how does it change over time? and (3) 

Are there climatic factors that are also important in explaining variation in litter inputs? 

We addressed these questions by quantifying vertical inputs in four riparian treatments 

over an 8-year period beginning the first year after logging was completed. These data 

were compared to estimates of in-stream or autochthonous organic matter inputs the first 

year after logging and in year 8 to quantify temporal changes in the relative importance 

of basal resources that support these stream food webs. 

Material and methods 

Study site and design 

The experimental watersheds are located in the Coast Range of the Pacific Coastal 

ecoregion (Naiman & Bilby 1998) about 45 km east of Vancouver near Maple Ridge, 

British Columbia (122º 34’ W, 49° 16’ N, Fig. 1).  The research forest lies in the Coastal 

Western Hemlock biogeoclimatic zone, and the conifers western hemlock Tsuga 

heterophylla (Raf.) Sarg., western red cedar Thuja plicata Donn and Douglas-fir 

Pseudotsuga menziesii (Mirb.) Franco are the dominant forest tree species (Franklin & 

Dyrness 1969).  Common broadleaf riparian species consisted of black cottonwood 

Populus trichocarpa Torr. & Gray, red alder Alnus rubra Bong., vine maple Acer 

circinatum Pursh, big leaf maple Acer macrophyllum, and paper birch Betula papyrifera.  
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Understory vegetation before logging was sparse, and was dominated by ferns, salal 

Gaultheria shallon Pursh, salmonberry Rubus spectabilis Pursh, huckleberry Vaccinium 

spp., western skunk cabbage Lysichiton americanus, and willow Salix spp. The forest was 

logged in the early 1900s, and burned in 1931, so most is dense stands (550-650 trees/ha; 

average dbh = 40 cm; average stand height = 45 m) of second growth, fire-initiated forest 

approximately 77 years old.   

The study area has a marine, temperate climate with wet, cool winters and dry 

summers (Kiffney et al. 2002) (Fig. 2).  Long-term (1945-2006) mean monthly air 

temperature ranged from a low of ~2 in January to a high of 17 °C in July and August. 

More than 70% of the total annual precipitation (mean = 2875 mm, range = 1401-4846 

mm) falls between October and March, primarily as rain but snow accounts for about 

50% of total precipitation in January.  Water year (October 1-September 30) precipitation 

during the study period (1999-2007) ranged from 1750-3033 mm with snow accounting 

from 8-32% of total.  

Elevations of experimental watersheds range from 110 to 555 m above sea level.  

Streams drain thin, glacial till underlain by igneous bedrock (Feller & Kimmins 1979) 

and have a southerly aspect, except stream I, which drains north (see Table 1 for physical 

features of streams and riparian treatments). These streams are primarily steep and small 

(1st or 2nd – order streams, Strahler 1955) (0.5 to 4.4 m minimum wetted width), with 

substrata consisting of primarily sand, gravel and cobble. Each site was randomly 

assigned to be one of the following treatments: control (no harvesting), 30 m reserves, 10 

m reserves, or clear-cut to the stream edge. Clear-cut logging of upland areas occurred 

during fall and winter 1998, with the completion of logging activities in winter 1999.  
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From 215 to 650 m of stream length was affected in each of the logged watersheds (Fig. 

1, Table 1).  For streams receiving either 30 m or 10-m riparian reserves, vegetation was 

maintained on on both sides of the stream, and no logging activities occurred within these 

reserves. Our study reaches were approximately 200 m long and were within areas 

affected by logging.  

Organic matter collection and processing 

Beginning in October 1999, vertical litter inputs were quantified at each riparian 

reserve treatment (n = 2-3 replicates per treatment) during 1999, 2000, 2001, 2004, 2005, 

2006 and 2007, which corresponded to ~1, 2, 3, 6, 7, 8 and 9 years after logging was 

completed. Litter samples were collected approximately monthly between October 1999 

–September 2001, and at ~6-8 week intervals during each season (fall [September-

November], winter [December-February], spring [March-May], summer [June-August]) 

in other years. Ten traps (25 cm wide × 50 cm long × 6 cm deep) were deployed every 

10-15 m along a ~100-150 m reach at each stream. Paired traps were secured horizontally 

on top of relatively stable pieces of large woody debris located within the wetted stream 

channel. All material within the trap was collected into an individual plastic bag; a total 

of 2413 traps were sampled over the study period. Because of logistical constraints, we 

did not quantify lateral inputs although they can account for a large proportion of riparian 

litter inputs to streams (~4-50% Hart 2006).  

In the laboratory, litter contents were air-dried prior to processing. In 1999-2000, 

litter from each sample was separated into four categories: broadleaf deciduous 

(including grasses, shrubs, herbs and leaves), small wood (bark, sticks and twigs < 10 cm 

in diameter)), needles and other (seeds, cones, moss). After 2000, seeds were sorted into 
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the deciduous category, and cones and moss into the coniferous category. Each sample 

was placed into a separate pre-weighed aluminum pan and dried at 60 °C for 48 hours (or 

until completely dry). Dried samples collected between October 1999 and September 

2000 were placed in a muffle furnace at 500 °C for ~four hours to burn off organic 

material (i.e., ashed mass); the difference between the dried and ashed mass                                                     

represented total organic matter (ash-free dry mass) in each sample. Samples collected 

after September 2001 were not ashed because of time constraints: on average ~0.2% of 

conifer litter and 6% of broadleaf litter was inorganic material (ash). To correct for not 

ashing litter samples, we adjusted vertical inputs using ratios determined during 1999-

2000. Dried litter was cooled and weighed using a Sartorius Model 110 microbalance 

(Company, City?).  

The energy base supporting these stream food webs comes from two sources: 

organic material, such as leaf litter, produced outside the stream (allochthonous) and 

organic matter produced within the stream (autochthonous) (Allen 1995). If inputs of 

these two organic matter sources are quantified across riparian treatments, one can 

determine the relative importance of allochthonous vs.  autochthonous sources as a 

function of total inputs (g·m-2·yr-1). We estimated autochthonous organic matter inputs 

during each season in 1999-2000 using one replicate of each riparian treatment (control 

[East Creek], 30-m reserve [stream H], 10-m reserve [stream C] and clear-cut [stream 

A]).  Streams were selected based on similar physical attributes (width, discharge, 

gradient, and substrata). These sites also corresponded to where we collected litter inputs 

(except stream A). Six templates, consisting of six unglazed ceramic tiles, were placed in 

each stream to quantify autochthonous organic matter inputs (defined as algae, bacteria, 



Litter dynamics and headwater streams-DRAFT 11

fungi, and organic detritus accumulating on tiles) weekly for six-week colonization 

studies during summer (15 June to 27 July) and fall (23 September to 4 November). 

Organic matter on tiles was scraped into a bucket and collected onto a glass-fiber filter. 

These filters were processed as described for litter between October 1999 and September 

2000 (see Kiffney et al. 2003 for further details). Autochthonous inputs were also 

quantified in 2006-2007 using ceramic tiles, but these tiles were sampled about every 45 

days. We recognize that using this method likely underestimates autochthonous inputs, 

because it does not account for organic matter lost to herbivores or sloughing; however, a 

similar sampling technique was used across sites and years thus providing a useful 

comparison for our purposes.  

Data analysis 

 To compare vertical inputs of needles, leaves and small wood among riparian 

treatments and years since logging, we pooled measurements across the ten traps from a 

stream within each sample period to calculate inputs as g·m-2·day-1; these daily values 

were converted to g·m-2·yr-1 for comparative purposes with other studies. Fall 

(September-November) was the only season that was consistently sampled across years 

and treatments, and ~70% of litter inputs occur during this season; therefore, fall data 

were used in an analysis of covariance (ANCOVA) model with riparian reserve treatment 

as a categorical variable and year since logging as a covariate. The heterogeneity of 

slopes assumption (treatment × year interaction) was first examined; if this interaction 

was not significant, it was removed from the model.  

To determine the effects of riparian reserve treatment on litter flux within each 

year, we used ANOVA and all data collected during that year. If the ANOVA model 
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indicated a treatment effect (p < 0.05), the LSMEANS procedure was used to determine 

treatment differences. Linear regression was also used with data collected during 1999-

2000 to determine the functional relationship between riparian reserve width as a 

continuous variable (clear-cut = 0 m, 10-m, 30-m and controls=100-m wide reserves) and 

litter flux. Our study streams were mostly non-fish bearing channels, and the 30-m 

reserve treatment approximated the recommended reserve width in FEMAT (1993) for 

these channel types. Therefore, we assigned a 100-m reserve width to the controls, as this 

represents the minimum reserve width recommended for fish-bearing streams proposed in 

FEMAT (1993). Because the relationships between reserve width as a continuous 

variable and litter flux appeared to be curvilinear, we compared models with a linear term 

with those containing both a linear and quadratic term. If both the linear and quadratic 

slope estimates did not overlap zero, we presented the model with both coefficients. 

We also hypothesized that litter input rates would vary with time since logging. 

Specifically, we predicted litter inputs would increase over time in the no reserve 

treatment as riparian plants recovered from logging impacts. It is also possible that litter 

inputs would increase in the 10 and 30-m reserve treatments because logging of upland 

forests increased light flux to the riparian zone potentially increasing production of 

needles and leaves (Kiffney et al 2003). Variation in climate can also affect litter inputs: 

Liu et al. (2004) observed that regional variation in litter flux was positively associated 

with temperature and precipitation. Therefore, we predicted that vertical inputs would be 

higher during years with precipitation totals greater than the long-term mean, because 

these wetter than average years are a result of vigorous and numerous Pacific storms 

(Kiffney et al. 2002). During some of these storms we observed stem breakage, and 
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copious needle and leaf fall that appeared to be associated with wind or large amounts of 

precipitation. Correlation analysis was used to assess co-variation between climatic 

variables and litter inputs averaged across the fall and winter sampling periods. Climate 

variables included the difference between the long-term maximum, mean and minimum 

air temperature; cumulative rainfall, snowfall and total precipitation (rain+snow); and 

mean annual values for these variables measured during years litter was sampled. 

Climatic variables have been measured continuously at the Malcolm Knapp Research 

Forest since 1945 

(http://www.climate.weatheroffice.ec.gc.ca/climateData/canada_e.html). Although it can 

clearly affect litter inputs, wind speed was not recorded at the weather station. These 

exploratory analyses showed that the difference in snowfall was the only variable 

correlated with litter inputs. Model selection and the AIC statistic was then used to 

determine important covariates (year since logging and difference in snowfall) explaining 

variation in inputs of needles, deciduous vegetation, and small wood (Burnham and 

Anderson 2000) 

These data were positively right skewed; therefore, log(x + 1) transformation data 

were roughly normally distributed. Statistical analysis was conducted in Statistical 

Analysis System (SAS® 2002) or JMP (SAS® 2002). 

Results 

Short-term patterns 

Litter input rates were heterogeneous in space and time. The first year after 

logging litter inputs were approximately equal between the two control streams except 

November where flux of needles and leaves was higher at Mike Creek than East Creek 

http://www.climate.weatheroffice.ec.gc.ca/climateData/canada_e.html
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(Figure 3a-d). For example, inputs of leaves from vascular plants at Mike Creek in 

November were ~13× higher than East Creek. Litter inputs were also highly seasonal. 

Monthly litter inputs at control streams between October 1999 and September 2000 

exhibited three peaks: large peaks of needles and leaves in fall with smaller peaks of 

these materials in summer, while wood input peaked in winter.  

Results from the ANCOVA indicated significant treatment effects for all litter 

categories. Data collected during the first year (1999-2000) after logging represent 

treatment differences observed during years 1 and 2 (Fig. 4a-d). Vertical inputs from 

coniferous trees were substantially lower at the no reserve treatment compared to other 

treatments, and these differences persisted across months (Figure 4a). In November, for 

example, inputs of needles into controls and steams with riparian reserves were 31-39× 

times higher than no reserve streams. Similarly, inputs of small wood were much lower in 

the no reserve treatment (Figure 4b): wood inputs into the 10 and 30-m reserves, and 

controls during February were 13, 28 and 108× greater than no reserve streams, 

respectively.  Although litter flux from vascular plants was lower at the no reserve 

treatment compared to other treatments in October (i.e., 5× higher in controls compared 

to the no reserve treatment) and November 1999, these differences were not statistically 

significant in the ANCOVA model. This result was likely due to rapid growth of grasses, 

herbs, shrubs and sprouting of deciduous trees at the no reserve treatment during the first 

growing season after logging; therefore, this re-growth likely led to increased vascular 

plant inputs the following fall (Fig. 4c). Large reductions in needles and small wood 

contributed to overall lower total litter inputs at the no reserve treatment compared to 

other treatments (Fig. 4d). I 
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Regression demonstrated the functional form of the association between litter flux 

and reserve width as a continuous variable during 1999-2000. Overall, this relationship 

was best explained with a model containing both a linear and quadratic term (Fig. 5a-d). 

For example, a model that included both a linear and quadratic term explained twice the 

variation as a model with a linear term only (Table 2). This functional relationship 

suggests steep linear increases in vertical inputs with a unit increase in reserve width up 

to ~30 m, with no further increase past this point. The strength of this association was 

greater for needles, wood and total inputs than for leaves. Specifically, the slope 

estimates for the linear and quadratic terms for the models of needle, wood and total 

inputs were about 2-4× greater than for leaves. 

Long-term patterns 

Statistically significant lower annual inputs of small wood and coniferous litter at 

the no reserve treatment persisted until seven and eight years after logging, respectively 

(least square means procedure for within a year contrasts): mean annual needle inputs 

during 1999-2000 were 76× higher in controls than no reserve streams and 3× higher 

during 2006-2007 (Figure 6a). The significant interaction between year since logging and 

riparian treatment for needle inputs was a result of the steep increases between year 7 and 

8 in the no reserve, and 10 and 30-m treatments relative to controls. Wood inputs in the 

no reserve treatment were 6-60× lower than controls from year 1-6 but recovered to 

levels similar to other treatments in year 7 (Figure 6b). Time and treatment also explained 

a significant amount of variation in vascular plant flux. Treatment differences did not 

follow patterns observed for needles and wood, however. For example, leaf flux was 

higher in the 30-m riparian reserve compared to other treatments in years 1 and 2, but 
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similar in other years (Figure 6c). Recovery of total inputs in year 7 at the no reserve 

treatment was a reflection of increased inputs of needles and small wood, and a spike in 

leaf inputs (Figure 6d). 

Although the quantity of total inputs recovered at the no reserve treatment to 

levels observed in other treatments during year 8, compositional differences persisted. 

The first fall following logging, flux of needles (45%) and leaves (47%) was 

approximately equal at the no reserve treatment, while small wood contributed about 8%. 

In contrast, needle (58-74%) and small wood (13-20%) inputs were relatively more 

important at the other treatments, with leaves (7-13%) contributing the smallest fraction 

(Figure 7a). Compositional differences were more pronounced in year 8: leaves made up 

73% and needles 18% of total inputs at the no reserve treatment, while needles comprised 

~70% at other treatments (Figure 7b). 

Temporal patterns of litter flux were a result of both recovery processes and 

natural variation in snowfall. In general, both snowfall and time since logging were 

positively associated with litter flux. Snowfall was positively associated with needle flux 

at all treatments explaining from 35-75% of overall model variation (Table 3). Temporal 

patterns in small wood were also positively associated with snowfall, but the no reserve 

slope coefficient was the only estimate greater than zero. Time since logging was 

important in explaining variation in leaf and needle inputs at the no reserve, and 10 and 

30-m reserve treatments. Slope estimates for these relationships were positive and 

different from zero for leaves at the 10-m treatment, and for leaves and needles at the no 

reserve treatments. In contrast, this estimate was negative for leaves at the 30-m 

treatment.  
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During summer 2000, there was a general increase in the importance of 

allochthonous (defined as vertical inputs only) relative to autochthonous (defined as 

organic matter accruing on tiles) as reserve width increased (Figure 8). Specifically, 

allochthonous inputs relative to total inputs were 30% in the no reserve treatment, and 

93%, 95% and 96% in the 10-m, 30-m and control treatments. Although differences 

among controls, and 10 and 30-m treatments were relatively small, they were potentially 

biologically important as we observed a concomitant increase in primary consumer 

abundance and biomass as reserve width narrowed (Kiffney et al. 2003, P. M. Kiffney, 

unpublished data). During summer 2007 there was no pattern between reserve width and 

the relative importance of autochthonous inputs. A major reason for this change was the 

23-fold reduction in the relative importance of autochthonous inputs at the no reserve 

treatment compared to 2000. This decline emphasizes the rapid growth of plants shading 

the stream channel since the first years following logging. 

Discussion 

As far as we know, our study is the first to document how inputs and recovery 

rates of litter flux to streams vary across a gradient of riparian reserve width.  Variation in 

amounts, timing and composition of these ecologically important resource subsidies was 

a function of reserve width, and that recovery rates varied among litter type (e.g., needles 

vs. leaves). In addition to recovery rates being a function of riparian plant successional 

trajectories, annual variation in litter flux was in some cases related to snowfall patterns. 

In terms of riparian management, the most salient finding from our study was that 10 and 

30-m reserves contributed similar amounts and types of litter as controls. In addition, 

total input rates at the no reserve treatment recovered to levels similar to the controls in 
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eight years following logging, but the composition of this litter remained substantially 

different than other treatments.  

Short-term patterns 

Streams with no reserves received substantially lower inputs of vertical litter than 

controls and streams with reserves. In addition, the composition and timing of plant litter 

delivered to the no reserve treatment was different than litter delivered to the other 

treatments.  Our results were in agreement with other studies that compared litter flux in 

streams with and without reserves (Webster et al. 1990, Bilby and Bisson 1992). The 

reduction at the no reserve treatment we observed was due to losses of needle and small 

wood inputs, and deciduous litter the first fall after logging. Reductions in deciduous 

litter were relatively short-lived, however, which was a result of increased production of 

grasses, herbs, and shrubs that were released from resource competition. Increased flux of 

labile deciduous material in late summer, early fall at the no reserve treatment has the 

potential to affect stream chemistry and primary consumer populations (Volk et al. 2003, 

Richardson et al. 2004). For example, Richardson et al. (2004) found unique invertebrate 

assemblages associated with deciduous and needle litter, and hypothesized that 

successional changes in riparian forests may lead to changes in the composition and 

productivity of benthic communities.  

Most of the MKRF is comprised of dense stands of 70-80 year old conifers; these 

stands are efficient at shading stream channels thereby limiting production of understory 

plants. Therefore, harvesting these conifers removed light as factor limiting establishment 

and growth of understory plants and rapid recovery of vascular plant inputs 
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(Miquelajauregui 2008). During the first two years after logging, light flux at no reserve 

streams was 58× greater than controls (Kiffney et al. 2003).  

In addition to small peaks of deciduous matter in late summer, early fall 2000 at 

the no reserve treatment, there was an absence of small wood input during winter. Bilby 

and Bisson (1992) also found that small wood inputs peaked during winter. Winter is 

when the Pacific Coastal ecoregion is affected by vigorous Pacific storms that can 

generate copious amounts of precipitation and wind. As a result, live and dead twigs and 

bark can be detached from trees and blow in to nearby streams. Bray and Gorham (1964) 

observed that storms and cold temperatures increased the flux of litter from conifer 

species. There is a substantial body of research demonstrating the importance of large 

wood (generally defined as > 10 cm in diameter and 1 m in length) on the structure and 

function of stream ecosystems; however, our understanding of the role of small wood is 

not as great. Wallace et al. (1999) demonstrated that removal of small wood (< 10 cm in 

diameter) resulted in reductions of some stream invertebrate taxa, especially those that 

are known to feed on wood (e.g., Tipula) or are associated with organic matter that 

accumulates behind wood in channels (Wallace et al. 1999).  Clear-cut logging can also 

influence forest floor invertebrates: abundance of bark beetle and predator functional 

groups generally decline, whereas some root-feeding beetles increase following natural or 

anthropogenic thinning (e.g., Schowalter 1995). Thus, besides the long-term loss of large 

wood as a result of logging to the stream edge, the no reserve treatment also experienced 

reductions in small wood inputs. Overall, this reduction in wood flux has the potential to 

affect terrestrial and aquatic habitat and food webs. 
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The nature of our experimental design afforded the opportunity to examine the 

functional form of the relationship between reserve width and litter inputs the first year 

after logging. We found that this association was best explained by a model that included 

both a linear and quadratic term. Specifically, this model suggests that litter inputs 

increased with reserve width up to about 30-m but declined at a relatively low rate past 

this point. There are few studies that have examined litter flux as a function of reserve 

(except Grady 2001, Palik et al. 2001). Grady (2001) evaluated how riparian reserve 

width affected litter flux in small streams of western Washington. This study quantified 

vertical litter flux as a function of reserve width (~6 to 100 m wide riparian reserves) in 

four streams of similar size and forest composition to our study watersheds except stand 

age was older than the MKRF forests (Grady 2001). Using these data, we regressed log-

transformed total inputs versus riparian reserve width and found this relationship to be 

linear (log(total inputs, g·m-2·yr-1) = 5.1 + 0.9(reserve width), R2 = 0.68, p < 0.001, n = 

20). Furthermore, Palik et al. (1999) examined litter inputs in an uncut control and a 30-m 

riparian reserve, and found inputs at the reserve treatment was about 27% less than the 

control.  

Taken together, these studies show that litter flux increases with reserve width, 

but that the nature of this relationship varies within and among regions. For instance, data 

from Grady (2001) did not exhibit a curvilinear response. We hypothesize that some of 

this variation can be attributed to the steepness of the valley walls bordering streams.  

The streams in the Grady (2001) study were surrounded by steeper valley walls than our 

study streams (P. M. Kiffney, personal observation). Streams with steep valley walls may 

have a source area for litter that extends further into the forest than streams with broad 



Litter dynamics and headwater streams-DRAFT 21

valleys. Specifically, because of the geometry of narrow channels, litter from trees 

relatively far removed from the stream will more likely end up in the stream than 

channels with broad valleys. Neither study quantified the relief of valley walls bordering 

streams, however. Nevertheless, these results suggest that the relationship between source 

area, valley wall relief, and litter flux should be examined. If such a relationship exists, it 

would indicate different management strategies depending on channel form. 

Long-term patterns 

It was not surprising that clear-cut logging up to the stream’s edge reduced litter 

inputs; however, how long this reduction persists and whether recovery varies with litter 

type (needles, leaves, small wood) are less obvious. Approximately nine years after clear-

cut logging, Bilby and Bisson (1992) found that total litter flux into a western 

Washington stream with no riparian reserve was 93% less than a nearby stream flowing 

through an old-growth coniferous forest. Vertical litter inputs from a mixed deciduous 

forest into a stream with no riparian reserve were reduced by 98% compared to pre-

logging values two years after logging and remained 38% less than reference streams 6 

years later (Webster et al. 1990). In this same study, litter inputs into a logged stream 

were 30% less than reference streams 16 years after allowing the forest to re-grow 

(Webster et al. 1990).  

We observed that total litter inputs into the no reserve treatment recovered at a 

relatively faster rate than the studies described above. Specifically, total inputs into no 

reserve streams were ~44-55% lower than controls during years 1-7, and 20% lower in 

year 8. The difference in year 8 was not statistically significant, however. Recovery of 

total inputs at the no reserve treatment was largely a reflection of litter from vascular 
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plants including: grasses, shrubs, and broadleaf saplings or basal shoots of maples (vine 

and big leaf maple), cottonwood, and paper birch. For example, we observed rapid 

growth of basal shoots from stumps of these trees the first summer after logging. Some of 

these shoots reached heights of 4-5 meters five years later at no reserve sites (P. M. 

Kiffney, personal observation).  

Therefore, the rapid recovery of total litter inputs after logging at the no reserve 

site was likely a result of increased light flux which allowed for growth of productive 

herbaceous plants, and broadleaf deciduous shrubs (salmonberry, huckleberry, willow) 

and trees. We also observed that deciduous flux at the 10-m treatment increased over 

time, which was also likely a result of increased plant production due to higher light flux. 

In a companion study, Miquelajauregui (2008) provided evidence for this recovery as 

deciduous plant cover at the no reserve treatment in our study increased at rate of ~9% 

year reaching about 65% cover in 2006. Deciduous plant cover also increased at a rate of 

4% per year at the 10-m reserve (Miquelajauregui 2008). We correlated the percent 

increase in plant cover over time at the no reserve and 10-m reserve treatments with 

corresponding years of deciduous inputs: temporal increases in plant cover were 

positively correlated with deciduous inputs at the no reserve and 10-m riparian treatments 

(r = 0.95, p < 0.05). Therefore, recovery of total litter inputs at these treatments was a 

direct result of increased production of vascular plants. In addition, small wood inputs at 

the no reserve stream in 2006-2007 were 65× higher than the previous year indicating 

that these young riparian forests were at a stage to provide larger pieces of organic 

matter. Despite the recovery of total inputs by year 8, needle input remained 60-97% 

lower than other treatments indicating persistent compositional differences. As mentioned 
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previously, unique invertebrate assemblages are associated with different litter types; 

therefore, these persistent compositional differences in litter flux may lead to long-term 

compositional differences in invertebrate assemblages.  

Changes in the composition of riparian plants also likely affects the length of time 

litter is available as an energy source for higher trophic levels in adjacent streams. During 

year 8, 54% of total inputs into the clear-cut stream were from vascular plants and 29% 

from needles compared to 61-79% needles and 12-27% vascular plants at other 

treatments. In general, litter from deciduous plants degrades at a faster rate than conifer 

needles because of differences in chemical composition. For instance, alder mass loss 

was 40-100% quicker than hemlock or western red cedar (Richardson et al. 2004); 

therefore, a stream dominated by vascular plants that breakdown at a high rate may 

provide a less persistent food resource than conifer needles. These differences, in turn, 

could affect the composition and productivity of stream invertebrates that consume leaf 

litter or associated organic matter (fungi, bacteria growing on leaf surfaces). Richardson 

et al. (2004) observed invertebrate assemblages that were uniquely associated with leaf 

litter type. 

Clearly, the natural succession of riparian vegetation contributed to the temporal 

dynamics of litter inputs but we also found that variability in snowfall amounts 

contributed to this variation. For example, temporal variation of needles, leaves and small 

wood at control streams was positively associated with variation in snowfall amounts, but 

the slope estimate for needle flux was the only coefficient different from zero. Similarly, 

about 40% of the variation in needle flux at the 10 and 30-m treatments, and 84% of the 

variation in small wood inputs was explained by variation in snowfall amounts. Bray and 
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Gorham (1964) also found that litter flux in coniferous forests was higher during cold, 

wet winters. Although our study only included five years of data, these results indicate 

that a portion of the long-term variation in litter flux in coastal forests of southwestern 

British Columbia can be explained by variability in snowfall. Some of this variability in 

weather patterns is a result of ENSO (El Niño-Southern Oscillation) events (e.g., Kiffney 

et al. 2002). In particular, the research forest and Pacific Coastal ecoregion in general 

experiences wetter and colder than average winters during the La Niña phase of ENSO 

(Kiffney et al. 2002). As a result, small streams in the Pacific Coastal ecoregion may 

experience pulses of litter flux during particularly wet and cold winters, which may have 

implications for the temporal dynamics of populations of stream organisms. 

The changes in litter flux we observed had relatively short-term impacts on the 

relative importance of the two main sources of organic matter to these streams and were 

largely confined to the no reserve treatment. Autochthonous organic matter contributed 

about 70% of total organic matter to the no reserve treatment during summer 2000, and 

was a function of higher light flux and water temperature stimulating primary 

productivity (Kiffney et al. 2003). This increase was relatively short-lived, however. In 

summer 2007, there was no difference in the autochthonous:allochthonous ratio 

indicating the rapid recovery of the plant community to a point where it shaded stream 

habitat limiting in-stream plant production. Bilby and Bisson (1992) observed that 

autochthonous inputs were 92% of total inputs (i.e., litterfall + autochthonous, in Table 2 

for 1982-83) eight years after logging the no reserve treatments. The streams in Bilby and 

Bisson’s (1992) study were larger (255-850 ha watershed area) than the headwater 

channels (~12-89 ha watershed area) in our study. To shade these larger channels, the 
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height of riparian vegetation would need to be taller relative to small channels in our 

study. These results point out that the intimate relationship between headwater streams 

and their riparian forests. In addition, this comparison suggests that recovery of organic 

matter flow in forested streams depends on channel size. Specifically, the increase in the 

importance of the autochthonous pathway in headwater forest streams after logging is 

relatively transient.  

Management implications 

This study shows how landscape management can affect linkages between 

riparian and aquatic ecosystems. Specifically, we found that the flux of litter to headwater 

streams was strongly reduced in the no reserve treatment and that these reductions 

persisted for eight years post-harvest. In the short-term, clear-cutting to the stream edge 

shifted the dominance of riparian litter as the energy base supporting upper trophic levels 

to one supported by organic matter produced within the stream. The severe reduction in 

litter entering the no reserve stream has the potential to affect stream invertebrate 

populations in a number of ways. First, litter reductions could affect invertebrate 

community structure. Some species depend on litter (e.g., detritivores) and associated 

flora and fauna for food or use it in constructions of retreats (Richardson 1992). Wallace 

et al. (1997) demonstrated that reductions in litter led to reductions in the abundance and 

biomass of a number of invertebrate functional feeding groups. As a result, we might 

predict a reduction in the relative abundance of litter-dependent feeding groups and an 

increase in the abundance of invertebrates that consume algae. Second, litter reductions 

could affect carbon and nutrient cycling in riparian soils and stream water. Meyer et al. 

(2001) showed that litter exclusion reduced the concentrations of dissolved organic 
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carbon in a headwater stream bordered by a canopy of hardwoods.  Although we found 

that total litter fluxes in the no reserve stream approached the other treatments by year 

eight, the compositional differences persisted. Specifically, litter entering the no reserve 

stream in the last year of data collection was dominated by broadleaf species. Therefore, 

ecological processes, such as stream water nutrient and carbon cycling, that partially 

depend on the composition of leaf litter may also persist.  

Our data also showed that a riparian reserve between 10 and 30 m provided total 

litter inputs that were similar to controls. Kiffney et al. (2003) observed that light flux, 

water temperature, periphyton organic and inorganic matter increased as reserve width 

narrowed, with the largest differences occurring at the no and 10-m reserve treatment. 

Taken together, these results are consistent with a number of other studies that a 30-m 

reserve minimizes ecological changes associated with clear-cut logging. Of course a 

variety of terrestrial species and processes are affected by clear-cut logging, and forest 

managers must consider these effects when designing strategies to minimize the negative 

effects of forest clearing. In addition to the immediate impacts of logging on natural 

ecosystems, we must also begin to consider how forest management affects carbon 

cycling.  
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 Table 1. Physical characteristics and riparian treatments of study streams at the Malcolm 

Knapp Research Forest, Maple Ridge, British Columbia, Canada.  

Treatment Stream Area 

(ha) 

Elevation 

range 

(m) 

Gradient 

(%) 

Stream 

width 

(m) 

Channel 

length 

(m) 

Stream 

length 

logged 

(m) 

% Basal 

area 

removed

Controls East 

Creek 

44.0 295-555 8 1.8-2.2 855 0 0 

 Mike 

Creek 

29.7 240-310 8 1.2-2.6 1200 0 0 

30-m 

reserves 

South 

Creek 

18.6 175-320 10 0.8-2.2 1105 400 20.4 

 H 55.4 205-320 5 2.3-4.4 1440 300 16.1 

10-m 

reserves 

C 89.1 110-285 4 0.8-3.9 2015 335 25.8 

 F 11.5 170-285 14 0.7-1.3 605 340 24.3 

 G 83.5 190-325 4 2.3-5.1 1935 265 18.3 

Clear-cut B 13.5 110-265 10 0.7-1.7 765 250 24.4 

 E 12.2 170-320 12 0.5-1.4 805 650 53 

 I 12.6 255-320 6 0.9-1.9 570 215 21.4 
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Table 2. Parameter estimates (±1se) from regression models quantifying the functional relationship between log10(x+1) litter inputs (g 

· m-2 · yr-1) and riparian reserved width (0 m [clear-cut], 10 m, 30 m, and 100 m [controls]) during water year 1999-2000.  All 

intercepts did not overlap zero; slope estimates with * or ** indicates p-value < 0.05 and < 0.01, respectively. Value in brackets in the 

coefficient of determination column represents regression model with linear term only. 

Year Category Intercept Βlinear Βquadratic R2 Model p-value 

 (n = 99) Needles 1.1 (0.08) 0.04 (0.003)** -0.0006 (0.00007)** 0.57 [0.24] < 0.0001 

 Leaves 0.8 (0.09) 0.009 (0.004)* -0.0002 (0.00008)** 0.08 [0.002] 0.02 

 Wood 0.9 (0.06) 0.02 (0.002)** -0.0004 (0.00005)** 0.43 [0.10] < 0.0001 

 Total 1.5 (0.07) 0.03 (0.003)** -0.0005 (0.00007)** 0.47 [0.17] < 0.0001 
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Table 3. Model selection results examining the effects of time since logging and annual 

variation in snowfall on log-transformed vertical litter inputs (g · m-2 · yr-1) during the 

fall-winter period in the different reserve treatments. Intercept and slope estimates (±1se) 

followed by * or ** indicates p-value < 0.1 and < 0.01, respectively. 

Treatment Intercept Βtime Βsnowfall Model R2

Control     

  Needles 5.2 (0.2)**  0.0007 (0.0004)* 0.35 

  Leaves 3.6 (0.7)**  0.002 (0.001) 0.25 

  Wood 3.4 (0.4)**  0.0009 (0.0008) 0.14 

30-m reserves     

  Needles 5.3 (0.2)**  0.001 (0.0005)* 0.39 

  Leaves 5.5 (0.6)** -0.1 (0.07)** 0.002 (0.0008)** 0.49 

  Wood 3.0 (0.2) 0.05 (0.04)  0.14 

10-m reserves     

  Needles 5.4 (0.2)**  0.001 (0.0005)* 0.40 

  Leaves 2.4 (0.3) 0.2 (0.06)**  0.63 

  Wood 3.3 (0.3)  0.001 (0.0007) 0.25 

No reserve     

  Needles 2.2 (0.6)** 0.2 (0.07)** 0.003 (0.0008)** 0.86 

  Leaves 2.1 (0.6)** 0.3 (0.1)**  0.40 

  Wood 2.7 (0.3)**  0.004 (0.0006)** 0.84 
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Figure legend 

Figure 1. Location of the University of British Columbia’s Malcolm Knapp Research 

Forest, Maple Ridge, British Columbia, Canada, and the riparian reserve management 

experiment. 

Figure 2. Mean monthly a) air temperature and b) precipitation between 1945-2007, and 

c) total annual precipitation during the study period (1999-2007). Black and grey portions 

of the precipitation bars represent total rainfall and snowfall, respectively. 

Figure 3. Mean monthly (± 1se) of vertical inputs (g · m-2) of a) needles, b) small wood 

(bark, twigs, sticks < 20 mm in diameter), c) leaves, and d) total litter from October 1999 

to September 2000 in control (EC = East Creek, MC = Mike Creek) streams.  Values 

were based on averaging across traps within each stream and month. 

Figure 4. Mean monthly (± 1se) vertical inputs (g · m-2) of a) needles, b) small wood, c) 

leaves, and d) total litter from October 1999 to September 2000 as a function of riparian 

treatments.  Values were based on averaging across traps within each stream and month. 

Figure 5. Scatter plots of mean vertical inputs (g · m-2 · yr-1) during fall (September – 

November) of a) needles, b) small wood, c) leaves and d) total inputs as a function of 

riparian reserve width (m) during 1999-2000. 

Figure 6. Mean (± 1se) vertical inputs (g · m-2 · yr-1)  during fall of a) needles (Treatment 

effect: F-value = 47.6, p < 0.0001; Year: F-value = 5.7, p < 0.02; Treatment × year: F-

value = 3.8, p < 0.01, model R2 = 0.81), b) small wood  (Treatment effect: F-value = 

15.4, p < 0.0001; Year: F-value = 14.9, p < 0.01, model R2 = 0.50). c) leaves (Treatment 

effect: F-value = 4.1, p < 0.01; Year: F-value = 7.6, p = 0.05, model R2 = 0.21), and d) 
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total litter (Treatment effect: F-value = 14.7, p < 0.0001; Year: F-value = 4.5, p < 0.04; 

Treatment × year: F-value = 2.5, p = 0.07, model R2 = 0.53) and time since completion of 

logging activities. Data were collected from 1999 – 2007, with year 1 = 1999-2000, year 

2 = 2000-2001, year 4 = 2004-2005, year 7 = 2006-2007, and year 8=2006-2007. 

Figure 7. Mean proportion of needles, leaves and small wood as a function of riparian 

treatment during fall in a) 1999-2000 and b) 2006-2007. 

Figure 8. Ratio of autochthonous (algae, bacteria, fungus, detritus) to allochthonous 

(vertical litter) inputs as a function of riparian treatment measured during summer a) in 

1999 and b) 2007. 
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