
Y103068: Ecosystem functioning in small streams and their riparian areas in 
response to partial harvest riparian management 
 
Abstract. Energy subsidies link headwater streams and riparian forests. Forest harvesting 
can shift stream community composition and ecosystem functions by altering terrestrial 
inputs. The proposed research will examine a) how shifts in terrestrial inputs due to 
forestry may affect the diversity of stream invertebrates and rates of detrital processing in 
the stream, and b) how shifts in the timing of stream invertebrate emergence might 
feedback into effects on riparian forest food webs. 
 
Introduction. Forest and stream food webs are widely viewed as energetically coupled, 
particularly with respect to the contributions of riparian forests to stream ecosystems. 
Increasingly, researchers are recognizing the reciprocal nature of connections between 
streams and forest, with streams providing critical inputs to riparian forests (Helfield and 
Naiman 2006). Stream food webs receive important subsidies of energy from terrestrial 
invertebrate and detrital inputs, downstream transport from small headwaters and 
spawning migrations. Inputs of particulate organic matter from riparian forests represent 
an important energy source for stream production (Wallace et al. 1997) while accidental 
inputs of terrestrial invertebrates are a major prey category directly available for stream 
consumers such as fish (Wipfli 2005). Conversely, stream ecosystems subsidize forest 
food webs through emerging aquatic invertebrates that are prey for a variety of terrestrial 
consumers (Paetzold et al. 2006, Collier et al. 2002) and as conduits for marine nutrients 
in the form of salmon carcasses (Zhang et al. 2003, Helfield and Naiman 2002, Hocking 
and Reimchem 2002). The intent of the proposed research is to clarify the effects of 
forest harvesting in either disrupting or enhancing the magnitude of subsidies to stream 
environments and the reciprocal feedback to terrestrial habitats. 
In recent years, concurrent with an increased awareness of the importance of dynamic 
functioning of ecosystems, there has been an upsurge of interest in the dynamic 
consequences of resources subsidies for maintaining ecosystem function and patterns of 
biodiversity (Zhang et al. 2003, Hocking and Reimchem 2002, Szepanski et al. 1999, 
Wipfli et al. 1999). Land-use changes, such as forestry, can fundamentally alter the flux 
of materials between terrestrial settings and aquatic systems. It has been clearly shown in 
a range of habitats that these changes in subsidy quantity or pattern have important 
effects on patterns of biodiversity (Marczak et al. 2007).  
 
Forest harvesting frequently converts coniferous stands to deciduous forest – at least in 
the short term. These forests exhibit considerable variation in their contribution of both 
falling terrestrial invertebrates and organic matter to streams (Allan et al. 2003). At the 
same time, reforestation efforts that focus on softwoods may result in a decrease in 
deciduous inputs to streams (Wipfli and Musselwhite 2004). Stream canopies may shift 
towards greater deciduous cover with harvesting and back towards coniferous cover 
through either natural succession of due to direct reforestation efforts. Although the 
consequences of timber harvesting for both streams and forest ecosystems have been 
extensively investigated over the past several decades, less is understood about the 
consequences of post-harvest forest succession on the connections between stream and 
riparian ecosystems. Regenerating forests in the coastal region are frequently dominated 



by red alder (Alnus rubra) and vine maple (Acer circinatum) in addition to quick growing 
shrubs such as salmonberry (Rubus spectabilis). Although these deciduous trees and 
shrubs are not considered valuable from the perspective of either timber production or as 
a source of wood for fish habitat, red alder in particular has the potential to alter both 
terrestrial productivity and diversity as well as stream productivity and diversity [Wipfli 
and Musselwhite 2004, Piccolo and Wipfli 2002. Wipfli et al. (1999) and Allan et al. 
(2003) found that red alder may provide greater inputs of terrestrial invertebrates to drift-
feeding fishes than systems with little alder. Alder leaf litter to streams is more nutritious 
and more quickly broken down than similar coniferous material and streams flowing 
through areas with a deciduous canopy tend to export greater absolute quantities of 
aquatic invertebrates during emergence than similar streams under deciduous canopies 
[Richardson unpublished data]. Current provincial guidelines for timber harvest 
recognize the need for protection along fish-bearing or drinking water streams. Streams 
without fish or streams less than 1.5m wide at bankfull currently receive no mandatory 
riparian reserves during harvesting. Not only do these streams typically drain into lower 
salmon-bearing reaches, they may also be strongly influenced by their surrounding 
terrestrial habitats due to their high perimeter to area ratio. We do not yet have 
experimental evidence of how sequential shifts in the types of resources entering streams 
from different canopy types may alter the diversity of stream invertebrates or change key 
ecosystem functions such as detrital processing or rates of secondary production that may 
eventual spiral upwards to fish populations or back to terrestrial habitats through altered 
timing of aquatic insect emergence patterns.  
 
The goal of the proposed project is to determine if (a) changes in the composition of leaf 
litter inputs (e.g. from Douglas-fir needles to red alder leaf litter) results in changes in the 
abundance and diversity of benthic invertebrates, and (b) how this shift translates into 
changes in rates of detrital processing and secondary production and (c) whether these 
shifts ultimately translate into changes in stream invertebrate emergence pattern or 
abundance. The proposed project will clarify how forest harvesting operations may alter 
the riparian connection with headwater streams and reciprocal subsidies from streams to 
riparian forests. This will provide immediately applicable results in terms of 
understanding the need for, and the effects of, maintenance of riparian vegetation during 
forest harvest operations. Research testing the generality of these patterns will improve 
understanding of how aquatic ecosystems respond to anthropogenic and natural 
trajectories of forest change. 
 
Overall objectives: 
•Determine shifts in benthic invertebrate community abundance and composition as a 
result of changes in riparian canopy cover. 
•Evaluate the effects of such community shifts on key ecosystem functions including 
detrital processing and secondary production. 
•Quantify the cascading effects of any shifts in benthic production for subsidies of 
emerging stream insects back to riparian forests by estimating differences in aquatic 
insect emergence between treatments. 
•Provide predictive capacity for the relationship between riparian canopy cover, stream 
invertebrate diversity and stream ecosystem function. 



•Develop a website describing project results and outcomes, including both initial and 
medium term outcomes 
 
Project 1 Objectives/Predictions: 

Our primary research objectives were to determine structural and functional 
differences among streams dominated by riparian forests spanning a gradient from mostly 
coniferous to mostly deciduous. We specifically assessed 1) differences in breakdown 
rates (i.e. decomposition) of high- and low-quality organic matter among streams that 
receive subsidies from riparian forests with different tree species compositions, and 2) 
how a natural gradient of riparian forest composition, which alters the identity and 
heterogeneity of litter subsidies, differentially affects multi-trophic stream ecosystem 
structure and catabolism. Using organic matter breakdown as one measure of ecosystem 
functioning (Gessner and Chauvet 2002), we measured in situ decomposition of 
deciduous and coniferous leaf litter and manipulated invertebrate presence/absence 
within coastal rainforest streams of southwestern British Columbia. This enabled us to 
test the importance of riparian forest composition on stream ecosystem functioning and 
consumer diversity across trophic levels. We predicted that: 1) litter would decay faster in 
deciduous than coniferous streams due to the predominance of N-fixing alder, 2) mixed-
canopy streams (containing riparian forests with deciduous and coniferous tree species) 
would support the highest stream biodiversity due to greater detrital resource 
heterogeneity, and 3) stream invertebrate and microbial communities would respond 
differentially to resource heterogeneity and quality associated with subsidies from 
coniferous, mixed, and deciduous riparian forests.  
 
Project 2 Objectives/Predictions: 

Here, we tested effects of riparian forest composition (deciduous, mixed, 
coniferous), determined previously as relative percent deciduous canopy (Kominoski et 
al., submitted) on resource-consumer stoichiometry (C:N:P) and isotopes, invertebrate 
feeding preferences, and emergence dynamics from forested streams. We hypothesized 
that: (1) Invertebrates from streams with deciduous riparian forests would have lower 
C:N:P, higher C:P threshold elemental ratios, and more enriched 15N than invertebrates 
from coniferous forests due to less constraints on resource-consumer nutrient imbalance. 
Alnus rubra is a dominant N-fixing tree species in deciduous riparian forests, and PO4-P 
is rapidly leached from A. rubra litter incubated in streams (C. Lovatt, unpublished 
manuscript). Therefore, N- and P-availability in deciduous-forested streams via A. rubra 
detritus could decrease resource-consumer imbalances for N and P. (2) High-quality A. 
rubra litter will have lower C:N:P and more enriched 15N when incubated in deciduous 
than coniferous streams, whereas riparian-incubation type will have no effect on the 
stoichiometry or isotopic composition of litter from the conifer Tsuga heterophylla; (3) 
invertebrates will preferentially consume A. rubra litter incubated in deciduous streams 
than coniferous streams, whereas riparian-incubation type will have no affect on 
invertebrate consumption of T. heterophylla; and (4) invertebrate emergence will be 
greater from deciduous than coniferous streams, where aquatic consumers are more 
constrained by resources (energy and nutrients). We predicted the relationship between 
resource-consumer stoichiometry and isotopes would be influenced by riparian forest 



composition and would explain both invertebrate feeding preferences and emergence 
dynamics.  
 
Study sites. We conducted this research in small streams within the Malcolm Knapp 
Research Forest (MKRF; 49°18’40”N, 122°32’40”W), a temperate rainforest located in 
the Pacific Coast Mountains of southwestern British Columbia, Canada. Mean monthly 
air temperatures range from 2°C to 16°C, and mean annual precipitation is approximately 
2500 mm. Dominant tree species in riparian areas include western hemlock (Tsuga 
heterophylla), western redcedar (Thuja plicata) and Douglas-fir (Pseudotsuga menziesii) 
and deciduous trees such as A. rubra and vine maple (Acer circinatum). Temperate 
rainforest ecosystems in MKRF are highly productive (1050 – 1300 g C m-2 year-1; Forest 
Ecosystem Modelling 2006). In contrast, primary productivity in headwater streams at 
MKRF is comparatively low (0.018 – 3.65 g C m-2 year-1; Kiffney et al. 2000).  
 
 

Methods: Project 1 

Field experiments 
To test the importance of canopy composition on the breakdown rate of 

coniferous and deciduous litter inputs and associated multi-trophic diversity we added 
litter tubes containing each litter type (red alder and hemlock) to each of 10 streams. 
These 10 streams represent a gradient of riparian canopy composition from high to low 
percent deciduous canopy cover. We selected streams within the MKRF (Supplementary 
Figure 1) that were roughly similar in terms of size and physical/chemical parameters 
(Supplementary Table 1). Previous studies found that invertebrate communities and their 
ability to break down organic matter were closely related to land use at the 200 m reach 
scale (Sponseller and Benfield 2001, Sponseller et al. 2001). To characterize the relative 
riparian canopy composition of each stream reach, we used a spherical densiometer to 
estimate the percent riparian canopy covered by coniferous and deciduous trees. Ten 
estimates were made along each stream channel (n = 5 per side) and an additional 10 
measures at approximately 25 m from the stream channel (n = 5 per side). Webster and 
Meyer (1997) determined that 15 - 20% of stream leaf litter inputs reach the channel 
through lateral inputs. Accordingly, we developed a weighted stream canopy estimate 
using 17.5% of the average canopy composition (% deciduous and % coniferous cover) 
estimated 25 m from the stream and 82.5% of the average canopy composition estimated 
directly over the stream bed. Mean percent deciduous canopy cover was used to 
categorize streams by riparian forest composition (> 10% = coniferous, 10 – 60% = 
mixed, > 60% = deciduous). 

Freshly senesced A. rubra leaves and T. heterophylla needles were collected 
immediately prior to the studies. Alder leaves were collected from the forest floor, and 
conifer needles were obtained by shaking T. heterophylla trees and collecting the dropped 
needles that were ready for abscission. Litter was air-dried for 48 hours prior to use. Two 
grams of leaf litter were weighed, and individual species litter was placed in PVC 
cylinders (24.5 cm long × 6 cm diameter). Each cylinder was fitted with mesh (0.48 mm) 
at both the upstream and downstream ends; this mesh size is sufficient to allow the free 



movement of water through the cylinders while preventing the loss of the smallest 
particles of interest (fragments of T. heterophylla litter). Eight to ten holes (1.0 cm 
diameter) were drilled in the sides of the upstream half of each cylinder to allow access 
by microbes as well as invertebrates. Additional leaf litter cylinders lacking holes, which 
excluded invertebrate access, were constructed to measure microbial-specific effects on 
decomposition. 

We deployed 210 leaf litter cylinders among the 10 streams on 08 July 2007 
(microbes + invertebrates) and 02 July 2008 (microbes only). Specifically, nine cylinders 
containing A. rubra litter and 12 cylinders containing T. heterophylla litter were 
incubated in each of the 10 streams. Empty cylinders or controls were placed in each 
stream to estimate organic matter entering cylinders during the study. Additional 
cylinders were transported back to the laboratory the same day and were used to estimate 
handling loss and initial litter chemistry. Leaf litter was retrieved after 3, 20 and 40 (45 
for the 2008 study) days of incubation, returned to the laboratory on ice, and processed 
within 12 h. Additional T. heterophylla litter samples were collected after 60 days of 
incubation due to its known slower breakdown rate (Richardson et al. 2004). Retrieved 
litter was rinsed over nested sieves (1 mm and 250 µm) to collect invertebrates and 
remove sediments and debris.  

 
Litter chemistry and mass loss. Litter carbon and nitrogen ratios (C:N) for 2008 

samples were measured with a Carlo Erba 1500N CHN Analyzer (Carlo Erba, Milan, 
Italy). Data for litter mass remaining were fitted to a negative exponential model, Mt = 
M0e-kt, Mo is initial mass and Mt is the mass of the litter at time t (Petersen and Cummins 
1974). Oven-dried (40º C for 24 h) litter was weighed and combusted at 550 °C for four 
hours to estimate ash-free dry mass (AFDM) remaining. Litter AFDM was measured by 
subtracting ash mass from dry mass. Mass of organic matter remaining when cylinders 
were collected was corrected for passive deposition of organic matter by subtracting 
mean AFDM of controls from litter AFDM. 

 
Stream macroinvertebrates. Invertebrates from all leaf litter cylinders on days 20 

and 40 (2007) were stored in 70% ethanol for later identification. Individuals from two 
size classes (250 µm and 1000 µm) were counted and identified to the lowest possible 
taxonomic level and assigned to a functional feeding group (Merritt et al. 2008, Wallace 
et al. 1999). Shredder biomass was estimated as AFDM. 
 

Microbial respiration. We measured microbial respiration in the laboratory as 
oxygen uptake by incubated litter. Ten A. rubra leaf disks (17 mm diameter) and 50 T. 
heterophylla needles were taken from incubated leaf litter on each sampling date in 2008. 
These litter subsamples were placed in darkened respiration chambers (60 mL) 
containing unfiltered stream water, and oxygen concentrations were measured after 24 h 
with a WTW Oxi 330 Oximeter and CellOx 325 Probe (WTW, Weilheim, Germany). 
Controls contained only unfiltered stream water. Oxygen consumption was determined as 
the slope of the regression of initial versus final oxygen concentration, adjusted for 
unfiltered stream water controls and temperature, and expressed per gram litter AFDM 
per hour (Gulis and Suberkropp 2003).   

 



Microbial community analyses. DNA of bacteria and fungi was isolated from 
frozen (-80 °C) subsamples of A. rubra (five 17-mm-diameter leaf disks) and T. 
heterophylla (5 needles) using an Ultraclean Soil DNA extraction kit (MoBio 
Laboratories, Carlsbad, CA, USA). Three replicates of extracted DNA from A. rubra and 
T. heterophylla litter and DNA of bacterial [Paenibacillus polymyxa strain P2b-2R (R = 
Rifamycin resistant)] and fungal (Neonectria spp.) reference cultures were amplified with 
polymerase chain reaction (PCR). Universal primers (Operon Biotechnologies, Inc., 
Huntsville, AL, USA) were used to amplify a fragment of 18S rRNA gene of bacteria and 
the intergenic transcribed spacer (ITS) region of fungi. Microbial community diversity 
from each replicate of extracted DNA from bacteria and fungi was assessed with a 
modified terminal restriction-fragment length polymorphism (TRFLP; Nikolcheva and 
Bärlocher 2005). The number of distinct genotypic bands was used as a surrogate for 
bacterial and fungal community structure and diversity. 

 
Statistical analyses 

Analyses were conducted with SAS version 9.1 (SAS Institute Inc., Cary, NC, 
USA) with an alpha of 0.05, unless otherwise indicated. Assumptions of normality of 
residuals were met for all analyses (Shapiro-Wilkes test). Analysis of covariance 
(ANCOVA) was used to evaluate site elevation as a covariate. 

Data on riparian canopy composition and stream physical/chemical properties 
were pooled across sites to produce deciduous, mixed, and coniferous categories. Mean 
percent deciduous riparian canopy and stream properties were compared among forest 
categories using one-way ANCOVA.  

Breakdown rates (k) of A. rubra and T. heterophylla litter in the presence and 
absence of invertebrates were compared against percent deciduous riparian canopy using 
simple linear regressions and were analyzed using two-way ANCOVA (litter species × 
invertebrate exclusion with percent deciduous riparian canopy as the covariate) and 
Tukey’s HSD. 

We used similar two-way ANCOVA and Tukey’s HSD to compare effects of 
canopy composition and litter species on litter C:N and microbial respiration rates of A. 
rubra and T. heterophylla from fine-mesh cylinders (i.e. invertebrate-excluded).  

Total invertebrate abundance, biomass, and diversity (taxa richness and 
Shannon’s diversity index) were compared using two-way ANCOVA and Tukey’s HSD 
on each sampling date. We analyzed invertebrate community data using the non-metric 
multidimensional scaling (NMDS) procedure in PC-ORD (Version 5.0, MjM Software, 
Gleneden Beach, OR, USA). An indicator taxa analysis (Dufrêne and Legendre, 1997) 
was used to determine the responses of specific invertebrate taxa to litter quality and 
riparian canopy composition. An indicator value (0 – 100) was generated for each taxon 
based on the product of its relative frequency and relative abundance. Monte Carlo tests 
(1000 randomizations) determined if indicator values were greater than expected by 
chance. Indicator taxa have both an indicator value > 20 and a P ≤ 0.05 (Dufrêne and 
Legendre, 1997). 
 Bacterial and fungal richness associated with alder and hemlock litter incubated in 
streams with different riparian forests were compared on each sampling date using two-
way ANCOVA and Tukey’s HSD. We also used NMDS with the Sorensen distance 
measure (Bray-Curtis) and multiple response permutation procedure (MRPP) in PC-ORD 



to compared bacterial and fungal TRFLP community profiles associated with both litter 
types during decomposition. The MRPP determines the treatment effect size (A), where A 
= 1 indicates similarity and A = 0 indicates heterogeneity among treatments. An A < 0 
indicates that there is less likelihood of treatment effects than due to chance. 
 
 
Methods: Project 2 
Study I: Riparian forest type and stream resource-consumer attributes  
Leaf litter incubation 

Freshly senesced red alder Alnus rubra leaves and western hemlock Tsuga 
heterophylla needles were collected from MKRF in fall 2008. Alnus rubra litter was 
collected from the forest floor and T. heterophylla needles were obtained by shaking trees 
and collecting the dropped material which were leaves ready for abscission. Two grams 
of air-dried litter were weighed and placed in 24.5 × 6 cm diameter PVC tubes (hereafter 
leaf-litter cylinders). Each cylinder was fitted with mesh (0.48 mm) at both the upstream 
and downstream ends, this mesh size is sufficient to allow the free movement of water 
through the cylinders while preventing the loss of the smallest particles of interest 
(fragments of T. heterophylla needles). On 07 May 2009 we deployed leaf-litter cylinders 
(n = 192; 2 litter species × 6 streams × 16 replicates) into streams. Litter was retrieved 
after 60 days, returned to the laboratory on ice, and processed within 12 h. Retrieved litter 
was rinsed over sieves to remove sediments and debris. Subsamples of litter were taken 
for stoichiometric and stable isotope analyses and invertebrate preferential feeding trials 
(see below). 
 
Dominant invertebrate consumers 

Benthic invertebrates were collected in each of the six study streams on 10 July 
2009. For benthic samples, Surber samples were collected from three riffles in each 
stream. Dominant shredder, collector-gatherer, and predator invertebrate taxa were 
identified to lowest possible taxonomic level (Merritt et al. 2008). We identified the 
following dominant taxa: shredder = Zapada haysi (Plecoptera: Nemouridae), collector-
gatherer = Paraleptophlebia gregalis (Ephemeroptera: Leptophlebidae), predator = 
Chloroperlidae (Plecoptera). Invertebrate samples were collected from the field, returned 
to the laboratory on ice, and frozen (-20°C) until processed. Due to their small size, 
invertebrates were not gut dissected prior to stoichiometric and isotopic analyses.  
 
Resource-consumer elemental stoichiometry and isotopes 

Leaf litter and invertebrate elemental stoichiometry 
(Carbon:Nitrogen:Phosphorus; C:N:P) were measured in each of the six study streams 
[leaf litter initial n = 10 (2 species × 5 replicates), 60-d incubation n = 60 (2 species × 3 
riparian canopy types × 10 replicates); invertebrate n = 54 (3 invertebrate taxa × 3 
riparian canopy types × 6 replicates)]. Concentrations of litter and consumer tissue C and 
N were measured as a percentage of organic mass (mg AFDM), using a Carlo Erba 
1500N CHN Analyzer (Carlo Erba, Milan, Italy). For P-analysis, oven-dried (60°C for 
48h) litter and invertebrate samples were ground using a ball mill, weighed in acid-
washed, pre-ashed ceramic crucibles, combusted at 500°C, acid-digested and analyzed 
spectrophotometrically (ascorbic acid method; APHA 1998). Elemental imbalances 



between resources and consumers were assess arithmetically comparing C:N:P ratios 
(Sterner and Elser 2002). Threshold elemental ratios (TER) were used to determine 
consumer nutrient deficiency limit beyond which nutrient limitation switches from one 
element to another (Frost et al. 2006). This approach integrates consumer bioenergetics 
and body elemental composition to more accurately determine resource limitation. As P 
is most often limiting growth among consumers, TER for C:P (TERC:P) has been 
estimated among 41 aquatic consumers from a range of trophic positions (Frost et al. 
2006). The mean TERC:P of 2.4 was multiplied to all invertebrate C:P to estimate 
resource-consumer C:P imbalances among dominant invertebrate taxa from streams with 
different riparian forest types. 

Dominant invertebrate taxa from benthic samples (Z. haysi, P. gregalis, and 
Chloroperlidae) and A. rubra and T. heterophylla litter were analyzed for 13C and 15N 
isotopes. All samples were dried to a constant weight at 60˚C, and whole-body, 
composite invertebrate samples were used due to small size. Samples were weighed, 
packed into tin capsules, and analyzed for δ13C and δ15N using a Carlo Erba NA1500 
CHN Analyzer (Carlo Erba Instrumentazione, Milan, Italy) coupled to a Thermo-Electron 
Delta V Mass Spectrometer via Conflo III Interface (Thermo Fisher Scientific, Bremen, 
Germany). Stable isotope signatures were calculated as follows: δX (‰) = ([R sample / R 
standard] -1) 1000, where X is 13C or 15N and R is 13C: 12C or 15N: 14N. Results are 
presented as deviations from a standard (V-PDB for δ13C and atmospheric N2 for δ15N) 
and reported as δ13C and δ15N in parts per thousand (‰). 
 
Study II: Effects of riparian forest type on stream consumer dynamics 
Invertebrate preferential feeding 

The larval stonefly (Trichoptera: Lepidostomatidae: Lepidostoma unicolor) is a 
relatively large-bodied, dominant shredder in streams of MKRF during summer months 
(Richardson 2001). Samples of L. unicolor were collected from Spring Creek at MKRF, 
brought back to the lab, and placed in aquaria with 64-µm-filtered (Whatman GF-F) 
stream water at 12°C for 48 h to clear their guts.  

Invertebrate feeding trials were conducted at the Experimental Stream Channel 
Facility located along Mayfly Creek (Richardson 1991), using 250-µm-mesh plastic 
mesocosms (6.5 cm length, 4.5 cm diameter) containing A. rubra or T. heterophylla litter 
that was incubated for 60 d in streams with deciduous (D), coniferous (C), or mixed (M) 
riparian canopies (hereafter riparian-incubation treatment). Prior to feeding trials, A. 
rubra leaf disks (diameter = 17 mm) were cut, and needles of hemlock were obtained 
from stream-incubated litter. A total of 6 A. rubra leaf disks and 12 T. heterophylla 
needles were added to mesocosms in equal proportions for single (D, M, C) and multiple-
riparian canopy treatments (D + M, D + C, M + C, D + M + C). Experimental mesocosms 
(containing invertebrates) were paired with control mesocosms (containing leaf disks and 
needles from the same replicate leaf-litter cylinder but without invertebrates), and litter 
mass loss in controls was subtracted from experimental mesocosms. 
 The preferential feeding experiment began on 06 July 2009. The experimental 
design was a two-way factorial design [(two shredder treatments (present/absent), 14 
litter treatments (two litter species × seven possible riparian-incubation combinations)].  
Litter treatments were fully crossed with the presence and absence of the shredder L. 
unicolor with a total of 10 replicates. After measuring case length to ensure similar sized 



organisms, a single shredder was introduced to each of the mesocosms designated to be 
shredder-present treatments. A total of 280 mesocosms (140 shredder present + 140 
shredder absent/control) were deployed in a stream water tank at the Mayfly Creek 
Stream Channel facility. Mesocosms were collected after 7 days. Sampling involved 
emptying the contents of each chamber onto a 500 µm sieve, and rinsing the contents 
with tap water. Leaf litter and shredders were placed in pre-weighed aluminum tins, dried 
(60°C for 48 h), and combusted (550°C for 4 h) to estimate AFDM. If a shredder was 
missing or dead, that replicate was dropped from the study.  

Individual consumption rates were calculated as: 
Consumption rate (mg AFDM litter mg AFDM invertebrate-1 day-1) = (Mi - (MtS - Mt 

NS))/MSt/t 
where Mi is initial litter mass (prior to feeding trials), Mt is litter mass at time t, and MSt 
shredder mass at time t. The subscripts “S” and “NS” refer to the presence (experimental) 
and absence of shredders (control), respectively. 

Lepidostoma unicolor consumption rates of A. rubra and T. heterophylla litter 
from deciduous, coniferous, and mixed streams was determined by litter mass loss (mg 
AFDM). Preferential feeding was determined from multiple-forest incubation treatments 
and was estimated as the relative proportion of A. rubra or T. heterophylla litter mass loss 
from mesocosms with multiple treatments (D-M, D-M, D-C, D-C, M-C, M-C, D-M-C, 
D-M-C, D-M-C).   
 
Invertebrate emergence  

We quantified diel stream invertebrate emergence from all six streams twice a 
month from May - September 2009. Emergence traps (n = 6) were deployed in 
representative habitat (i.e. riffles, pools, margins) at each stream site on each sampling 
date. Traps consisted of 45-cm diameter (area = 1589.63 cm2), tapered wire frames 
covered with no-see-um mesh, and a 20-cm diameter, plastic container with soapy water 
was secured to the inside of each trap with flexible wire. All traps were secured to the 
stream substrate for 24 h, after which traps were emptied. Samples were preserved in 
70% ethanol, counted, and identified to genus or family (Merritt et al. 2008). Samples 
from early summer (May - June) were selected to identify invertebrates and determine 
community composition, coincident with the time when most taxa are emerging from 
streams at MKRF (Richardson 2001). Abundance (total individuals) and biomass (mg 
AFDM) of all taxa on all sampling dates (May - September) were estimated per unit area 
(cm2 stream substrate). 
 
Statistical analyses 
 Study I. Initial A. rubra and T. heterophylla litter stoichiometry and isotopes were 
compared using t-tests. Two-way analysis of variance (ANOVA; species × riparian forest 
type) and Tukey’s HSD were used to determine differences in chemistry (C, N, P, 
stoichiometry, and δ13C and δ15N) of 60-day incubated leaf litter and invertebrates among 
streams with different riparian forest types.  

Study II. We compared invertebrate consumption rates of A. rubra and T. 
heterophylla separately litter using one-way ANOVA (riparian-incubation treatment). For 
tests of preferential feeding, we calculated Chi-square test statistics (Observed – 
Expected)2/Expected) of the proportion of litter AFDM for each riparian-incubation 



treatment, which were compared using two-way ANOVA (riparian-incubation treatment 
× treatment composition). Invertebrate emergence (abundance, biomass, diversity) among 
riparian forest types over time was analyzed with two-way ANOVA. 
 All data were transformed, where necessary, to meet assumptions normality of 
residual variance (Shapiro-Wilks test), and all analyses were performed in SAS version 
9.1 (SAS Institute Inc., Cary, NC, USA) using an alpha (Type I error rate) of 0.05. 
 
Results: Project 1 

Riparian canopy composition and stream properties 
 Mean percent deciduous riparian canopy was different among all streams 
categorized as having deciduous, mixed, or coniferous riparian canopies (F2,6 = 50.9, P = 
0.0002; Tukey’s HSD P < 0.05; Supplementary Table 1). Stream temperature varied by 
riparian canopy composition (temperature: F2,6 = 5.59, P = 0.043), whereby coniferous 
streams had higher mean daily temperatures than mixed streams (Tukey’s HSD P < 
0.05). Elevation marginally co-varied with temperature (F1,6 = 5.52, P = 0.057). 
Conductivity also differed among streams with different canopies (F2,6 = 5.62, P = 
0.042), with mixed-canopy streams having higher conductivity than coniferous streams 
(P < 0.05; Supplementary Table 1). All other stream physical (depth: F2,6 = 2.03, P = 
0.21; wetted width: F2,6 = 1.07, P = 0.40; slope: F2,6 = 0.09, P = 0.92; velocity: F2,6 = 
0.02, P = 0.98; substrate class: F2,6 = 2.08, P = 0.21) and chemical variables (pH: F2,6 = 
0.41, P = 0.68; Supplementary Table 1) did not vary by riparian forest composition. 
Additionally, dissolved concentrations of NO2 and NO3

- were not different among 
streams with different percent deciduous riparian canopy (NO2: F2,6 = 1.91, P = 0.23; 
NO3

-: F2,6 = 3.84, P = 0.085), and levels of both were very low in all streams 
(Supplementary Table 1).  

 
Litter decomposition and chemistry 

 Litter breakdown rates varied with canopy composition and were dependent on 
litter type and consumer trophic level (Figs. 1A and 1B).  Alnus rubra litter breakdown 
rates were higher than that of T. heterophylla (F1,35 = 28.5, P < 0.0001), and invertebrate 
access to leaf-litter cylinders increased breakdown rates (F1,35 = 49.0, P < 0.0001). The 
effect of litter species and invertebrate presence interacted (F1,35 = 25.8, P < 0.0001) and 
percent deciduous riparian canopy co-varied with litter breakdown rates (F1,35 = 11.1, P = 
0.002). In the absence of invertebrates, breakdown rates for A. rubra (R2 = 0.25, P = 
0.144; Fig 1A) and T. heterophylla (R2 = 0.37, P = 0.061; Fig 1A) were more similar 
among forest compositions. When invertebrates and microbes were present together, A. 
rubra litter decomposed faster in deciduous than mixed or coniferous streams (R2 = 0.79, 
P < 0.001; Fig. 1B), whereas T. heterophylla litter decomposition was not influenced by 
forest composition (R2 < 0.03, P = 0.623; Fig. 1B). 
 Initial C:N was lower for A. rubra (mean = 25.4 ± 0.7) than T. heterophylla (mean 
= 43.7 ± 0.3). During decomposition, A. rubra litter C:N remained relatively constant and 
was lower than T. heterophylla C:N throughout the study, whereas T. heterophylla C:N 
declined after 20 d (Supplementary Figures 2A and 2B). Effects of forest composition on 
C:N of A. rubra and T. heterophylla varied over time (A. rubra: F4,77 = 3.55, P = 0.010; 
T. heterophylla: F6,101 = 2.99, P = 0.010). Alnus rubra C:N was higher in coniferous than 
deciduous streams on day 20, but by day 45 C:N for A. rubra in coniferous streams was 



lower than alder from both mixed or deciduous streams (P < 0.05; Supplementary Figure 
2A). After 3 days of incubation, T. heterophylla C:N was lower in mixed than deciduous 
streams, but T. heterophylla C:N was lowest from deciduous streams after 60 days (P < 
0.05; Supplementary Figure 2B). Litter C:N of T. heterophylla (F1,101 = 3.95, P = 0.050), 
but not A. rubra, covaried with elevation (F1,77 = 1.04, P = 0.311). 

 
Microbial respiration 

Microbial respiration associated with A. rubra and T. heterophylla litter varied by 
canopy composition independent of time during decomposition (A. rubra: F2,71 = 3.00, P 
= 0.056, Supplementary Figure 3A; T. heterophylla: F2,100 = 3.09, P = 0.050; 
Supplementary Figure 3B). Specifically, microbes respired at higher rates on A. rubra 
litter incubated in deciduous than coniferous streams and on T. heterophylla incubated in 
mixed than coniferous streams (P < 0.05; Supplementary Figure 3A and 3B). Respiration 
covaried with elevation associated with both A. rubra (F1,71 = 9.02, P = 0.004) and T. 
heterophylla litter (F1,100 = 3.71, P = 0.057). 
 

Invertebrate and microbial communities 
Invertebrate biomass and abundance. Invertebrate biomass and abundance varied 

with litter species and forest composition during decomposition. Invertebrate biomass 
was higher in A. rubra than T. heterophylla litter tubes or control tubes (no litter added) 
after both 20 and 40 days of stream incubation (Tukey’s HSD P < 0.05; Table 1), and 
control tubes supported greater invertebrate biomass in deciduous than mixed or 
coniferous streams (Tukey’s HSD P < 0.05; Table 1). Invertebrate biomass did not 
covary with elevation on either sampling day (Day 20: F1,18 = 0.24, P = 0.63; Day 40: 
F1,57 = 0.12, P = 0.73).  
 The effects of litter species and riparian forest composition on invertebrate 
abundance varied during decomposition. Abundance was greater in A. rubra and T. 
heterophylla than control cylinders, and streams with mixed forest composition had 
greater abundances than coniferous streams (Table 1). Invertebrate abundance covaried 
marginally with elevation on day 20 (F1,25 = 3.91, P = 0.060) and significant by day 40 
(F1,57 = 10.2, P = 0.002). 

Invertebrate community diversity. Diversity within invertebrate communities was 
influenced by litter species and forest composition. Invertebrate taxa richness was greater 
in A. rubra and T. heterophylla cylinders than controls on day 40. Invertebrate taxa 
evenness was generally greatest in control and T. heterophylla litter, and evenness was 
highest in streams in coniferous forests, where interactions with A. rubra and control 
tubes occurred (Table 1). On day 40, Shannon’s diversity index was higher in A. rubra 
and T. heterophylla cylinders than controls, and control cylinders in coniferous streams 
had the lowest index values (Table 1). Diversity did not covary with elevation, except for 
richness and Shannon’s index on day 40 (richness: F1,57 = 13.5, P = 0.0005; Shannon’s: 
F1,57 = 20.4, P < 0.0001).  
 Overall invertebrate community structure did not differ significantly between 
litter type (MRPP: A = - 0.024, P = 0.879) or streams with different riparian forest 
composition (MRPP: A = - 0.402, P = 0.887). Invertebrate functional feeding groups 
(FFGs) and dominant taxa (indicator taxa) were associated with some aspects of forest 
composition and litter species (Supplementary Table 2). 



Microbial community diversity. Overall microbial community structure did not 
differ significantly between litter type (Bacteria MRPP: A = 0.007, P = 0.300; Fungi 
MRPP: A = 0.021, P = 0.131) or between streams with different riparian forest 
composition (Bacteria MRPP: A = - 0.024, P = 0.801; Fungi MRPP: A = - 0.014, P = 
0.663). The percentage of bacterial and fungal alleles unique to one litter species or one 
category of riparian forest were low in comparison to common alleles found on both litter 
species or in streams from all riparian forest types (Table 2). In contrast to invertebrates, 
bacterial and fungal diversity were generally similar between A. rubra and T. 
heterophylla as well as among streams from different forests (Table 2; Supplementary 
Figures 4A and 4B). Microbial allele richness steadily increased throughout 
decomposition for both litter species (Table 2). In general, fungal allele richness was 
greater than bacterial allele richness (Table 2), and microbial diversity was greater for T. 
heterophylla than for A. rubra litter (Table 2). Bacterial richness did not covary with 
elevation (A. rubra: F1,71 = 0.06, P = 0.815; T. heterophylla: F1,94 = 0.28, P = 0.600) and 
neither did fungal allele richness (A. rubra: F1,72 = 0.00, P = 0.944; T. heterophylla: F1,93 
= 0.04, P = 0.850).  
 
Results: Project 2 
Study I: Riparian forest type and stream resource-consumer attributes  
Leaf litter stoichiometry 
 Initial A. rubra and T. heterophylla litter chemistry varied stoichiometrically and 
isotopically. Alnus rubra N concentration was higher and C:N lower than that of T. 
heterophylla (Table 1A). Isotopically, A. rubra was more enriched in 15N and more 
depleted in 13C than T. heterophylla (15N: t5.24,0.05 = 23.4, P < 0.0001; 13C: t6,0.05 = -4.24, 
P = 0.005) (Fig. 1A).  

Chemistry of stream-incubated litter varied primarily by species and less by 
riparian-incubation treatment (Table 1B). After 60 days of incubation, litter C 
concentration was lower for A. rubra, and incubation in deciduous streams resulted in 
greater C loss than incubation in coniferous streams for both litter species. Litter N was 
higher for A. rubra than T. heterophylla, which subsequently resulted in lower C:N and 
higher N:P for A. rubra (Table 1B). Other aspects of litter stoichiometry were not 
different between species or among riparian-incubation treatments (Table 1B). Isotopes 
of incubated litter remained different among species and were not influenced by riparian-
incubation treatment; A. rubra was more enriched in 15N and depleted in 13C than T. 
heterophylla (Fig. 1A). However, A. rubra became enriched in 13C after incubation 
compared to its initial value (independent of riparian-incubation treatment), whereas T. 
heterophylla 13C and 15N isotopes were not changed by incubation (Fig. 1A).  
 
Invertebrate tissue stoichiometry and isotopes 
 Invertebrate C, N, and P concentrations and subsequent C:N, C:P, and N:P were 
consistent among taxa and among riparian forest type (Table 2). Threshold elemental 
ratios for C:P were variable but not significantly or predictably among riparian forest 
types or invertebrate trophic position (Table 2). However, invertebrate isotope values 
were influenced by both riparian canopy and invertebrate taxon identity (Fig. 1B). 13C 
isotope values were more enriched for invertebrates from mixed and coniferous than 
deciduous streams (riparian canopy: F2,36 = 3.32, P = 0.048), and for Chloroperlidae than 



Z. haysi or P. gregalis (consumer taxa: F2,36 = 27.3, P < 0.0001) (Fig. 1B), but not their 
interactions (F4,36 = 1.77, P = 0.155). Similarly, 15N isotope values were more enriched 
for invertebrates from coniferous than mixed or deciduous streams (riparian canopy: F2,35 
= 6.64, P = 0.004), and for Chloroperlidae than Z. haysi (consumer taxa: F2,35 = 5.27, P < 
0.01) (Fig. 1B), but not their interactions (F4,35 = 0.84, P = 0.511). 
 
Study II: Effects of riparian canopy type on consumer dynamics 
Preferential feeding 
 Incubating A. rubra and T. heterophylla litter in streams with different riparian 
forest types influenced its rate of consumption by L. unicolor. In single-forest incubation 
trials, L. unicolor consumed A, rubra litter incubated in deciduous streams at a faster rate 
than A. rubra litter from coniferous streams (F2,24 = 7.24, P = 0.004; Fig. 2A). 
Consumption rates of T. heterophylla litter were higher for deciduous- than mixed- or 
coniferous-incubated treatments, but not significantly (T. heterophylla: F2,22 = 0.69, P = 
0.51; Fig. 2A).  

In contrast, when offered A. rubra or T. heterophylla litter from multiple-riparian 
incubation treatments, L. unicolor did not demonstrate preferential consumption based on 
riparian forest type (Figs 2B, 2C). Consumption rates of A. rubra and T. heterophylla 
litter were not influenced by the presence of a particular riparian-incubation type (D, C, 
M; F2,72 = 1.39, P = 0.25; F2,53 = 0.48, P = 0.62) or the composition of riparian incubation 
treatments (D-C, D-M, M-C, D-M-C; F3,72 = 1.37, P = 0.25; F3,53 = 0.91, P = 0.44) 
offered  
 
Invertebrate emergence 
 Similar emergence patterns occurred among in-stream habitats (margin, pool, 
riffle), so data were pooled across habitat types and compared among riparian forest type 
and time. There was a strong temporal pattern of emergence, whereby the highest 
abundance, biomass, and diversity was measured in early summer (Table 3). In general, 
streams with deciduous riparian forests had higher summed abundance, biomass, and 
diversity than streams with coniferous riparian forests (Table 3).  See Appendix A for list 
of emerged aquatic invertebrate taxa metrics (Supplementary Material). 
 
Discussion: Projects 1 and 2 

Streams and riparian forests are unequivocally linked physically and 
energetically, but understanding how this connection influences ecosystem structure and 
functioning in coupled environments is a fundamental challenge in ecology. In Project 1, 
we tested the effects of riparian forest composition on stream consumers and 
decomposition (Kominoski et al., submitted). Breakdown rates of higher-quality, A. 
rubra litter were faster in streams with a greater percentage of deciduous than coniferous 
riparian canopy, whereas breakdown rates of lower-quality, T. heterophylla litter were 
independent of riparian forest composition. Therefore, riparian forest composition 
affected stream ecosystem catabolism irrespective of stream community similarity, as 
microbial and invertebrate consumers were comparable but ecosystem functioning varied 
(Kominoski et al., submitted). In Project 2, we found that riparian forest composition 
influenced stream resource-consumer elemental imbalance, detrital feeding rates, and 
emergence dynamics in accordance with our predictions. Although the stoichiometric and 



isotopic components of detrital resources were not affected by riparian forest type, 
invertebrates from coniferous streams had more enriched 13C and 15N and than 
invertebrates from deciduous streams, suggesting that lower-quality conifer detritus 
increases nutrient retention in consumers. In addition, invertebrates did consume A. rubra 
litter faster when it was incubated in deciduous than coniferous streams, although 
invertebrates did not appear to prefer A. rubra from particular riparian-incubation 
treatments when given a choice among two or three types. Consumption rates of T. 
heterophylla litter tended to be faster for deciduous than other riparian-incubation types, 
although not significantly, and invertebrates did not preferentially consume T. 
heterophylla litter from different riparian-incubation types. Finally, as we predicted, 
invertebrate emergence was greater from deciduous than coniferous streams, and 
interestingly abundance and biomass of emerged invertebrates was lowest from mixed-
canopy streams. These results suggest that coniferous streams may be slightly more 
energy- and nutrient-limited than deciduous streams and that consumers in mixed-canopy 
streams are less efficient at assimilating detrital resources than their deciduous or 
coniferous counterparts. 
 

Riparian vegetation has been shown to affect decomposition and nutrient cycling 
in terrestrial ecosystems. Comparisons of high- and low-quality terrestrial litter 
decomposition in forests of coastal Oregon found that A. rubra litter decomposes faster in 
deciduous than coniferous forests; whereas decomposition of Douglas-fir (Pseudotsuga 
menziesii) litter does not vary with forest composition (Matkins 2009). These results in 
terrestrial ecosystems are similar to our findings in stream ecosystems. What drives these 
differences in catabolism within and among ecosystems at the landscape scale? The amount 
of organic matter subsidies entering detrital food webs is greater in deciduous, and 
specifically A. rubra-forested ecosystems. A comparison of litter inputs from A. rubra and 
coniferous forest canopies found approximately 30% greater deciduous than coniferous 
organic matter and twice as much seasonal N flux in A. rubra forests during autumn (Hart 
2006). Streams draining catchments with deciduous and mixed riparian vegetation receive 
nearly 30% greater fluxes of terrestrial invertebrate biomass than streams in coniferous 
catchments (Romero et al. 2005). The increase in terrestrial subsidies attributed to A. 
rubra also supports greater biomass of stream invertebrate drift, which could have 
important conservation implications for downstream fish communities, in particular, for 
salmonids (Wipfli and Musselwhite 2004). The effects of A. rubra in terrestrial food 
webs appear to be less pronounced at higher trophic levels (S. Shirley, pers. comm.), 
which is likely explained by predators being less constrained by environmental 
conditions at local or even regional scales due to their greater dispersal ability. However, 
donor-controlled, forested stream food webs are highly influenced by alterations in 
riparian litter inputs (Wallace et al. 1997). 
 
Conclusions 

We provide evidence that stream ecosystems can have similar communities that 
function differently in response to riparian forest composition. Our data also suggest that 
the composition of riparian vegetation influences the palatability of both deciduous litter 
and its consumption by dominant stream invertebrates, although the same is not apparent 
for coniferous litter. In addition, isotopic enrichment (both 13C and 15N) among 
invertebrates in coniferous relative to deciduous streams indicates two things: (1) despite 



being a low-quality resource, conifer needles such as T. heterophylla constitute a 
substantial portion of consumer energy demands (as evidenced by overlap in invertebrate 
and T. heterophylla 13C in coniferous streams), and (2) because invertebrates in 
coniferous streams rely on conifer detritus with higher C:N and lower N:P than deciduous 
detritus, resource 15N is more retained in these consumers’ tissues. The effects of riparian 
composition on stream ecosystem functioning are dependent on the presence of 
invertebrates and high-quality litter. Despite land-use legacies that can render 
communities to be structurally similar among watersheds (Harding et al. 1998), natural 
regeneration of riparian forests, which alters the identity and heterogeneity of detrital 
subsidies, can differentially affect stream ecosystem catabolism due to the availability of 
higher quality detritus. Our data suggest that invertebrate feeding activity and/or 
interactions between invertebrate and microbial trophic levels, rather than community 
diversity per se, explain differences in stream ecosystem functioning attributed to riparian 
forest composition. 
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Table 1. Habitat characteristics of the 10 small streams at Malcolm Knapp Research Forest, British Columbia, Canada. Data are 1 
means (n = 5). Substrate classes are calculated from mean particle widths from two depth levels (Bain et al. 1985). Physical and 2 
chemical measurements were taken in June 2007, except for stream water NO2 and NO3

- (n = 3) that were collected in June 2009. 3 
4 

Lower Mirror Creek - LOMI 6.21 14.90 13.6 3.0 5.08 4 - cobble 0.017 0.203 1.26 0.32 3 Coniferous

Upper Mirror Creek - UPMI 6.28 15.22 13.7 4.0 3.82 4 - cobble 0.018 0.184 1.54 0.17 4 Coniferous

Marion Creek - MARI 6.20 13.08 26.3 8.0 8.46 4 - cobble 0.018 0.114 1.92 0.06 40 Mixed

East Creek - EAST 6.15 13.77 23.3 1.5 11.00 3 - pebble 0.020 0.105 1.76 0.26 42 Mixed

Big Doneghy Creek -BIDO 6.47 14.01 32.1 4.0 6.60 3 - pebble 0.021 0.074 1.26 0.38 56 Mixed

Blaney Creek -BLAN 6.50 12.91 25.3 2.0 14.02 3 - pebble 0.020 0.140 3.82 0.35 40 Mixed

Little Spring - LISP 6.62 14.45 33.1 2.0 6.30 3 - pebble 0.019 0.161 2.12 0.20 52 Mixed

Spring Creek - SPRG 6.44 14.96 30.4 2.0 11.46 3 - pebble 0.018 0.146 3.38 0.23 62 Deciduous

Mirror Creek - MIRR 6.35 13.28 15.4 5.5 5.73 4 - cobble 0.017 0.099 1.56 0.29 66 Deciduous

Little Doneghy Creek - LIDO 6.12 14.08 26.7 2.5 6.38 3 - pebble 0.021 0.163 1.30 0.38 81 Deciduous

Wetted width (m) Canopy typeStream name and abbrviation

Velocity 

(cm/sec)

Percent deciduous 

riparian cover (%)pH Temperature (C)

Conductivity 

(uS)

Slope 

(%)

Depth 

(cm) NO2 (mg L
-1

) NO3
-  

(mg L
-1

)

Substrate 

class



Table 2. Bacterial and fungal alleles associated with red alder (Alnus rubra) and western 
hemlock (Tsuga heterophylla) litter during decomposition in streams at Malcolm Knapp 
Research Forest, British Columbia, Canada. Richness values are means averaged across 
streams with different riparian forest compositions [coniferous (n = 2), mixed (n = 5), 
deciduous (n = 3)] on each sampling date. 
 

Bacteria Fungi

Unique to deciduous streams 4 3

Unique to mixed-canopy streams 5 23

Unique to coniferous streams 1 2

Found in all streams 54 49

Unique to Alnus rubra 2 17

Unique to Tsuga heterophylla 14 19

Found on both litter species 56 62

Total 72 98

Percent unique to one litter species 22 37

Percent found on both litter species 78 63

Percent unique to one riparian forest 14 29

Percent found in all streams 75 50

Allele richness day 3 20 26

Allele richness day 20 16 19

Allele richness day 45 28 32

Allele richness day 3 24 22

Allele richness day 20 20 20

Allele richness day 45 29 34

Allele richness day 60 20 42

Bacteria associated 

with T. heterophylla

Fungi associated 

with T. heterophylla

Alleles (#)

Bacteria associated 

with A. rubra

Fungi associated 

with A. rubra



Table 3. Emergence of adult aquatic invertebrates from streams with different riparian 
forest composition at Malcolm Knapp Research Forest, British Columbia, Canada. 
Abundance, density, and biomass data were calculated from nine sampling dates (08 May 
– 26 September 2009). Invertebrate diversity data were estimated from four sampling 
dates (08 May – 19 June 2009). See Appendix A for list of taxa identified. All values are 
means (± 1SE). Different lowercase letters denote significant differences (P < 0.05) using 
two-way ANOVA and Tukey’s HSD (except summed abundance, which was compared 
using one-way ANOVA). 
 

Deciduous Mixed Coniferous

Abundance (total sum of individuals) 28.00 (2.47)a 14.74 (1.68)b 23.38 (2.37)c

Density (individuals/cm
2
 stream benthos) 0.018 (0.0016)a 0.009 (0.0011)b 0.015 (0.0015)c

Biomass (mg AFDM)

Diversity

Taxon richness 2.90 (0.41)a 2.12 (0.28)ab 1.71 (0.28)bc

Taxon evenness 0.51 (0.06)a 0.47 (0.06)ab 0.29 (0.06)bc

Shannon's diversity 0.69 (0.09)a 0.52 (0.08)ab 0.34 (0.07)bc

Simpson's diversity 0.36 (0.05)a 0.30 (0.04)ab 0.19 (0.04)bc



Figure legends 
 
Figure 1. Map of the 10 stream sites with different riparian canopies [coniferous (n = 2), 
mixed (n = 5), deciduous (n = 3)] at the Malcolm Knapp Research Forest (MKRF) in 
British Columbia, Canada.  
 
Figure 2. Breakdown rates (k) of deciduous (red alder, Alnus rubra) and coniferous 
(Western hemlock, Tsuga heterophylla) litter from 10 streams representing a gradient of 
percentage deciduous riparian canopy at the Malcolm Knapp Research Forest, British 
Columbia, Canada. (A) microbes only; (B) invertebrates and microbes. Note that the y-
axes for A and B are an order of magnitude different. 
 
 
Figure 3. Carbon-to-nitrogen ratio (C:N) of Alnus rubra (A) and Tsuga heterophylla (B) 
litter before (initial) and during decomposition in streams with coniferous (n = 2), mixed 
(n = 5), and deciduous (n = 3) riparian canopies at Malcolm Knapp Research Forest, 
British Columbia, Canada. Data are means (± 1SE). Asterisks indicate significant (P < 
0.05) differences using two-way ANCOVA. 
 
Figure 4. Microbial respiration associated with Alnus rubra (A) and Tsuga heterophylla 
(B) litter during decomposition in streams with coniferous (n = 2), mixed (n = 5), and 
deciduous (n = 3) riparian canopies at Malcolm Knapp Research Forest, British 
Columbia, Canada. Data are means (± 1SE). Asterisks indicate significant (P < 0.05) 
differences using two-way ANCOVA. 
 
Figure 5. Carbon (13C) and nitrogen (15N) stable isotope biplots for (A) initial and 60-day 
incubated Alnus rubra and Tsuga heterophylla leaf litter from streams with different 
riparian forest types [deciduous (D), mixed (M), coniferous (C)] at Malcolm Knapp 
Research Forest, British Columbia, Canada.; (B) dominant invertebrate taxa from streams 
with different forest types representing different trophic positions [shredder (Zapada 
haysi), collector-gatherer (Paraleptophlebia gregalis), and predator (Chloroperlidae) 
functional feeding groups]. Each point represents a mean ± 1SE (n = 8-11 replicates of 
leaf litter samples; n = 4-6 individual invertebrates). 
 
Figure 6. Lepidostoma unicolor (Trichoptera: Leptidostomatidae) consumption rates of 
Alnus rubra and Tsuga heterophylla leaf litter incubated in streams with different riparian 
forest types at Malcolm Knapp Research Forest, British Columbia, Canada. (A) 
Invertebrate consumption rates of litter from single-forest incubation treatments were 
compared using one-way ANOVA for each litter species. Values are means ± 1SE ; n = 
10. * P < 0.05, ** P < 0.01, NS = not significant (P > 0.05). (B, C) Invertebrate 
consumption rates of litter from multiple-forest incubation treatments (choice) are shown 
as the relative proportion mass observed compared to the relative proportion mass 
expected calculated as the mean (i.e. 0.5 for two treatment choices and 0.33 for three 
treatment choices). Values are means ± 95% CI ; n = 10. Confidence intervals that cross y 
= 0 are considered to be non-significantly different. 
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Appendix A. List of early summer (08 May – 19 June 2009) emergent adult aquatic 

invertebrates from streams with different riparian forest types (deciduous, mixed, and 

coniferous) in Malcolm Knapp Research Forest, British Columbia, Canada.  

 

Order Family Genus Forest type Percent Present

Coleoptera Carabidae M 0.68

Coleoptera Chrysomelidae D 0.68

Coleoptera Curculionidae D, M 2.05

Coleoptera Dytiscidae C, D 1.37

Coleoptera Elmidae D 0.68

Coleoptera Staphylinidae C, D, M 15.07

Diptera Athericidae D 0.68

Diptera Blephariceridae D, M 1.37

Diptera Canacidae C, D, M 15.07

Diptera Ceratopogonidae C, D, M 6.85

Diptera Chaoboridae D 0.68

Diptera Chironomidae C, D, M 60.96

Diptera Dixidae D 0.68

Diptera Dolichopodidae C, D, M 10.27

Diptera Empididae C, D, M 17.12

Diptera Ephydridae D 0.68

Diptera Phoridae M 0.68

Diptera Sciomyzidae C 0.68

Diptera Simuliidae C, D, M 6.16

Diptera Tipulidae Antocha C, D, M 4.79

Diptera Unknown 1 C 0.68

Diptera Unknown 2 M 0.68

Diptera Unknown 3 D 0.68

Diptera Unknown 4 C, D 1.37

Ephemeroptera Ameletidae Ameletus D, M 3.42

Ephemeroptera Baetidae Baetis C, D, M 6.16

Ephemeroptera Baetidae Acentella? M 0.68

Ephemeroptera Ephemerellidae Atenella? C, D, M 4.79

Ephemeroptera Heptageniidae Ironodes D, M 4.11

Ephemeroptera Leptophlebiidae Paraleptohlebia C, D, M 6.16

Ephemeroptera Unknown 1 D 1.37

Ephemeroptera Unknown 2 D 0.68



Appendix A. continued. 

 

 

Order Family Genus Forest type Percent Present

Hemiptera Belastomatidae D 0.68

Hemiptera Gerridae C, D, M 2.05

Hemiptera Unknown 1 D, M 1.37

Homoptera Unknown 1 M 1.37

Hymenoptera Braconidae D 0.68

Hymenoptera Figitidae M 0.68

Hymenoptera Scelionidae M 0.68

Lepidoptera Unknown 1 D, M 1.37

Neuroptera Sisyridae Climacia D, M 2.05

Plecoptera Capniidae D 0.68

Plecoptera Chloroperlidae Alloperla? C, D, M 10.96

Plecoptera Chloroperlidae Haploperla? M 0.68

Plecoptera Leuctridae Paraleuctra? C, M 2.74

Plecoptera Nemouridae Zapada C, D, M 6.16

Plecoptera Nemouridae Soyedina C, D 1.37

Plecoptera Peltoperlidae C, D, M 2.05

Plecoptera Pteronarcyidae Pteronarcys C, D, M 2.05

Plecoptera unknown M 0.68

Trichoptera Glossosomatidae M 0.68

Trichoptera Molannidae D 0.68

Trichoptera Philopotamidae D 0.68

Trichoptera Phryganeidae C 0.68

Trichoptera Polycentripodidae C 0.68

Trichoptera Rhyacophilidae D, M 1.37

Trichoptera Unknown 1 C 0.68
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