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Abstract 

Resource subsidies can alter the productivity, structure and function of ecosystems. 

These effects can be particularly strong when the resource is in limited supply within 

recipient habitats.  Migratory species can act as subsidy vectors, transporting vast 

quantities of nutrients to recipient habitats. They can also significantly disturb the 

physical, chemical and biological landscape of recipient habitats through their behaviour.  

This thesis explores how adult spawning salmon affect 1) algal and biofilm biomass, 2) 

benthic macroinvertebrate biomass, 3) benthic macroinvertebrate diversity and 4) food 

web structure in streams of the Pacific Northwest.  I draw spatial comparisons across 

multiple streams, compare pre-spawn with post-peak spawning periods, and test for 

habitat characteristics that mediate these effects.  In Chapters 2 and 3, I show that algal 

and invertebrate biomass in streams decline after salmon spawn, a likely result of 

substrate disturbance. Through the use of stable isotopes, I also show that algae and 

invertebrates readily incorporate salmon-derived material.  However, only algal biomass 

in the spring increases with salmon density.  Spring invertebrate biomass is low in 

streams with high salmon densities, despite being enriched in both salmon-derived 

nitrogen and carbon.  This may be due to a slow recovery from the previous fall or in 

response to salmon nutrients subsidizing higher trophic levels and eliciting a trophic 

cascade.  Chapter 4 reveals that this decline in invertebrate biomass may also be linked 

to life history traits.  Invertebrate family composition shifted significantly across a 

gradient in salmon density and stream temperature, both prior to and post spawning.  

However, invertebrate family richness was not related to salmon density; it declined with 

drainage size, a composite measure of stream and terrestrial habitat measurements.  

Finally, Chapter 5 reveals that aquatic invertebrates and resident fish species in these 

coastal streams consume a variety of resources throughout the year and that salmon are 

an important dietary source for many of these organisms, regardless of season.  This 

thesis demonstrates that salmon are a major structural component of coastal stream 

food webs, as a resource to benthic production, a major contributor to the diets of 

freshwater consumers, and as a source of disturbance that contributes to losses in lower 

trophic levels.  Declines in wild Pacific salmon populations would significantly impact 

how coastal stream food webs function. 
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Chapter 1. Introduction 

Understanding the sources, magnitude and flow of nutrients between ecosystems has 

been a major theme in ecology (Elton 1924, Odum 1971, Polis and Hurd 1996, Vanni et 

al. 2004).  Organisms that cross habitat boundaries can import resources that can 

greatly affect the structure and function of adjacent ecosystems (Polis and Strong 1996).  

However, the ecosystem responses to a resource subsidy can vary widely and depend 

on the timing and magnitude of the subsidy (Marczak et al. 2007) as well as the recipient 

food web characteristics (Marcarelli et al. 2011).  Many studies have investigated 

species responses to spatial and temporal subsidies (Paine 1980, Polis et al. 1997a, 

Leroux and Loreau 2008).  For example gulls can enhance primary production in lakes 

through their guano deposits (Payne and Moore 2006), oceanographic upwelling zones 

have been shown to supplement coastal systems with nutrient-rich water (Menge et al. 

2003), and forests on remote oceanic islands in Chile were shown to be subsidized by 

marine-derived nitrogen in cloud water (Weathers et al. 2000).  Resource subsidies can 

have the greatest effects in hydrologically-linked systems and habitats with large 

perimeter to area ratios, such as lakes, streams and estuaries (Polis and Hurd 1996, 

Marczak et al. 2007, Leroux and Loreau 2008).   

In contrast, disturbance has been shown to mediate or dampen the effect of subsidies 

(Moore and Schindler 2008).  Disturbance is defined as a discrete event that can disrupt 

the biological structure of an ecosystem while altering the chemical and physical 

landscape (Resh et al. 1988).  It is also considered to be a major organizing force in 

stream ecology (Resh et al. 1988).  While lotic habitats such as streams are inherently 

variable and disturbed frequently through natural events such as floods and droughts 

(Resh et al. 1988, Townsend et al. 1997, Lake 2000), species migrations can be an 

additional mechanism that alter the trophic interactions and physical landscape in these 

communities (Lake 2000, Vanni et al. 2004, Moore et al. 2004, Verspoor et al. 2010, 

Winemiller et al. 2010).   
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Spawning Pacific salmon (Oncorhynchus spp.) can play dual, and opposing roles in 

nutrient pathways in freshwater habitats.  They are both a source of high-quality 

nutrients, accumulating the majority of their body mass at sea, and are also a source of 

disturbance during spawning, which can export nutrients downstream (Wolman 1954, 

Quinn 2005).  Spawning females can disturb large areas of the streambed when digging 

their nests (redds) (Moore et al. 2004, Moore and Schindler 2008), but through spawning 

and subsequent death, adult salmon deposit the majority of their accumulated biomass 

in biologically available forms through their excretory products, eggs, milt and carcasses 

to systems that are known to be nutrient limited (Larkin and Slaney 1997, Gresh et al. 

2000, Gende et al. 2004).  

Previous studies using salmon carcasses, analogues of carcasses or live salmon have 

shown that stream producer and consumer abundance and biomass increase with an 

increase in salmon-derived material (Lamberti and Steinman 1997, Wipfli et al. 1999, 

Johnston et al. 2004, Janetski et al. 2009, Verspoor et al. 2011).  The same is true for 

the δ15N and δ13C of various freshwater organisms (Bilby et al. 1996, Chaloner et al. 

2002, Hicks et al. 2005, Peterson and Matthews 2009, Swain et al. 2014).  Isotopes are 

important tools in assessing the effect of salmon on stream communities; salmon are 

more enriched in 15N and 13C than freshwater and terrestrial sources and can therefore 

be used to track the movement of salmon-derived material through freshwater food 

webs.  While some studies have found a positive effect of salmon on stream 

communities, other studies have found either no clear relationship or a negative effect of 

salmon on stream production (Minakawa and Gara 1999, Moore et al. 2004, Mitchell and 

Lamberti 2005) and diversity (Kiffney and Roni 2007, Moore and Schindler 2010, 

Verspoor et al. 2011).  The lack of consensus in the literature on the net effects of 

salmon is in part due to methodological differences, contrasts between species, 

differences in catchment structure, differences between natural streams and 

experimental channels, and differences in the effects of carcasses, carcass analogues 

and live salmon (Janetski et al. 2009).  Salmon are also found across a broad 

geographic range, they can spawn directly upstream of estuaries or thousands of 

kilometers inland, and each species of Pacific salmon exhibits a different life history, 

spending weeks to years rearing in streams or lakes before migrating along different 

paths around the Pacific Ocean for one to four years (Groot and Margolis 1991, Quinn 
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2005, Augerot et al. 2005).  The effect of salmon is also mediated by chemical, physical 

and biological characteristics of streams and how these results are interpreted depends 

on the temporal and spatial range examined (Marczak et al. 2007, Janetski et al. 2009, 

Tiegs et al. 2011).   

Although there has been a great deal of research on the effects of resource subsidies 

and disturbance separately, it is unclear how they interact to shape community dynamics 

(Janetski et al. 2009).  My PhD thesis focuses on how these two central organizing 

themes in ecology shape stream communities.  I studied stream biofilm, benthic 

macroinvertebrates and resident fish on the central coast of British Columbia, Canada in 

systems that spanned a natural gradient in environmental conditions including spawning 

pink (O. gorbuscha) and chum (O. keta) salmon density.  I also incorporated both spatial 

and temporal controls to examine the effect of salmon presence and absence on 

community dynamics between seasons and upstream and downstream of barriers to 

salmon migration.  I also explicitly considered several habitat characteristics known or 

hypothesized to influence biofilm and invertebrates.  Finally, using isotopes, I compared 

how the diets of invertebrate and fish consumers shifted between seasons, prior to and 

post-peak salmon spawning. 

Epilithic biofilm is at the base of the food web, and provides energy and habitat structure 

to higher trophic levels.  Many factors influence biofilm biomass, which can be broadly 

categorized into resources, which regulate growth, and predation and physical 

disturbance, which cause biomass loss (Grime 1977, Biggs 1996, Robson et al. 2008).  I 

begin, in Chapter 2, by focusing on how resources and disturbance, measured as mean 

salmon density, interact to affect biofilm biomass, while accounting for the presence of 

grazers and other habitat characteristics.  I then use biofilm biomass to inform models on 

invertebrate functional feeding group biomass.  Stream invertebrates play a key role in 

stream food webs, linking riverine and terrestrial production and are one of the most 

important food sources for resident fish (Wallace and Webster 1996, Hauer and Resh 

2007).  They therefore provide a good case study to investigate ecosystem-level 

responses to subsidies and disturbance at a convenient scale (Chapter 3).  In Chapter 4, 

I consider how these naturally varying environmental gradients affect invertebrate family 

richness and composition.  Both disturbance and resources have been shown to affect 

diversity (Connell 1978, Townsend et al. 1997, Kassen et al. 2000, Worm et al. 2011) but 
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it remains unclear how stream invertebrate community composition changes along 

various environmental gradients including salmon density.  In these three chapters, I 

compare results within streams that have natural barriers to spawning salmon and 

among streams that vary in both salmon spawning density and environmental conditions 

prior to and post-peak spawning.  Finally, using isotopes, I reconstruct the average 

seasonal consumptive relationships between invertebrate consumers, common resident 

fish species and their diet sources and compare how the proportional contribution of 

inferred diet items change across a range in salmon density (Chapter 5).  In my final 

chapter, I conclude by summarizing the results from each data chapter, and consider 

how the results of this thesis can inform future research and be applied towards 

ecosystem-based management practices. 
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Chapter 2. Movers and shakers: nutrient subsidies 
and benthic disturbance predict biofilm biomass and 
stable isotope signatures in coastal streams1 

2.1. Abstract 

Nutrient subsidies and physical disturbance from migrating species can have strong 

impacts on primary producers.  In the north Pacific, adult salmon (Oncorhynchus spp.) 

transport marine-derived nutrients back to freshwater streams and can also significantly 

disrupt the substrate during spawning events.  We tested for effects of spawning pink (O. 

gorbuscha) and chum (O. keta) salmon on stream biofilm.  Biofilm is a mix of algae, fungi 

and bacteria that provides food and habitat and forms the base of these aquatic food 

webs.  We collected rock biofilm samples to compare stable isotopes and biomass prior 

to and following peak salmon spawning in 16 catchments on the central coast of British 

Columbia, Canada.  We conducted two separate analyses.  The first was a within-stream 

comparison, which focused on 5 catchments that had a barrier to pink and chum salmon 

migration.  The second was an among-stream analysis that included all 16 catchments 

and explicitly considered biotic and abiotic factors, in addition to salmon density, known 

to influence biofilm growth and isotope ratios.  Salmon density proved to be the best 

predictor of biofilm δ15N.  Biofilm δ13C was best predicted by salmon density and 

catchment size.  While spring chlorophyll a increased with mean salmon density, it was 

on average lower during spawning in the fall, probably due to physical disturbance from 

spawning salmon. These results show that of the several variables considered to affect 

biofilm isotopes and biomass, salmon density and catchment size are among the most 

influential in coastal streams where salmon spawn. 

 
1 A version of this chapter is published as Movers and shakers: nutrient subsidies and benthic 

disturbance predict biofilm biomass and stable isotope signatures in coastal streams. Harding, 
J. N., Harding, J. M. S. and Reynolds, J. D. Freshwater Biology 59(7): 1361-1377, Copyright © 
2014. 
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2.2. Introduction 

Streams are dynamic bi-directional nutrient highways.  They are the primary conduits for 

the export of terrestrial and freshwater resources to coastal environments but nutrients 

can also move upstream with species migration (Flecker et al. 2010).  Subsidies through 

species movements can increase production in nutrient-limited recipient ecosystems 

(Vanni 2002, Vanni et al. 2004, Payne and Moore 2006) and have been shown to have 

the greatest effects in such hydrologically-linked systems (Polis and Hurd 1996, Bain 

and Stevenson 1999, Marczak et al. 2007, Leroux and Loreau 2008).  While these 

habitats are inherently variable and disturbed frequently through natural events such as 

floods and droughts, species migrations can be an additional mechanism that alters the 

trophic interactions and physical landscape in these communities (Lake 2000, Vanni et 

al. 2004, Moore et al. 2004, Verspoor et al. 2010, Winemiller et al. 2010). 

Spawning Pacific salmon (Oncorhynchus spp.) can play dual, and opposing roles in 

nutrient pathways in freshwater habitats.  They are both a source of high-quality 

nutrients, accumulating over 99% of their body mass at sea, and a cause of disturbance 

during spawning, which can export nutrients downstream (Wolman 1954, Quinn 2005).  

Spawning females can disturb large areas of the streambed when digging their nests 

(redds) (Moore et al. 2004, Moore and Schindler 2008), but through spawning and 

subsequent death, all adults deposit the majority of their accumulated biomass in the 

form of excretory products, eggs, milt and carcasses.   

Here we examine the net impact of nutrient subsidies and disturbance on stream biofilm 

from Pacific Salmon.  Biofilm is a matrix of algae, fungi, bacteria, microzoans and 

detritus held together by a polysaccharide matrix, living on rocks and logs in streams, 

rivers and lakes (Lock et al. 1984).  Biofilm provides energy and habitat structure to 

higher trophic levels; changes in its abundance can have far-reaching effects on species 

composition and food-web linkages (Biggs 1996, Allan and Castillo 2007a).  Many 

factors influence biofilm biomass, including species composition (Robson et al. 2008), 

light (Lamberti and Steinman 1997, Merritt et al. 2008), nutrients (Rosemond et al. 1993, 

Peterson et al. 2001, Vanni 2002, Vanni et al. 2004, Payne and Moore 2006, Steinman 

et al. 2007, Verspoor et al. 2010), temperature (Schuldt and Hershey 1995, Polis and 

Hurd 1996, Lamberti and Steinman 1997, Bain and Stevenson 1999, Marczak et al. 
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2007, Leroux and Loreau 2008, Verspoor et al. 2010), flow (e.g. flooding, droughts, 

scour) (Biggs 1996, Lake 2000, Vanni et al. 2004, Moore et al. 2004, Verspoor et al. 

2010, Winemiller et al. 2010), substrate complexity (Wolman 1954, Robson 1996, Biggs 

et al. 1999, Quinn 2005, Holtgrieve et al. 2010), grazer size and density (Rosemond et 

al. 1993, Robson 1996, Moore et al. 2004, Moore and Schindler 2008), catchment size 

(Lock et al. 1984, Lamberti and Steinman 1997) and the leaf litter of a common riparian 

nitrogen-fixing tree species, red alder (Alnus rubra) (Biggs 1996, Helfield and Naiman 

2002, Compton et al. 2003, Allan and Castillo 2007a, Rüegg et al. 2011).  These 

influences can be broadly categorized into resources, which regulate growth, and 

predation and physical disturbance, which cause biomass loss (Grime 1977, Biggs 1996, 

Robson et al. 2008).  In this study we focus on how resources and disturbance interact 

to affect epilithic biofilm biomass, while accounting for the presence of grazers. 

Some experimental studies with live salmon, salmon carcasses or analogues of 

carcasses have shown a positive effect on biofilm chlorophyll a (chl a; a measure of algal 

abundance) and ash-free dry mass (AFDM; a measure of total organic matter) in natural 

streambeds and experimental channels (Lamberti and Steinman 1997, Wipfli et al. 1999, 

Chaloner et al. 2004, Johnston et al. 2004, Merritt et al. 2008, Rüegg et al. 2012).  

However, other studies have found no clear relationship or a negative response when 

measuring biofilm in streams during and after spawning (Minakawa and Gara 1999, 

Moore et al. 2004, Mitchell and Lamberti 2005, Verspoor et al. 2010).  The lack of 

consensus in the literature on the net effects of salmon is understandable, considering 

the methodological differences, contrasts between species, differences in catchment 

structure, differences between natural streams and experimental channels, and 

differences in the effects of carcasses, carcass analogues and live salmon (Janetski et 

al. 2009).   Few studies to date have worked in 10 or more streams with live salmon 

during spawning (except Moore and Schindler 2008, Verspoor et al. 2010), nor taken 

into consideration the many habitat variables known to affect biofilm.  

Here, we attempt to resolve conflicting views of impacts of salmon on epilithic stream 

biofilm by providing the first study on naturally occurring biofilm that combines a variety 

of spatial and temporal controls across a large number of coastal streams that varied in 

spawning salmon density.  These sites had low dissolved nutrient concentration in the 

absence of spawning salmon, typical of coastal streams (Gende et al. 2004).  In 2008 we 
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sampled rock biofilm before and during salmon spawning in 16 small to medium-sized 

coastal streams in British Columbia, Canada.  These sites naturally spanned a range in 

pink (O. gorbuscha), chum (O. keta) and coho (O. kisutch) salmon density, and in 

chemical, physical and biological landscape-level characteristics.  Five of these sites 

were chosen because they had waterfalls or logjams, considerably limiting salmon 

migration and provided an additional within-stream comparison where samples were 

taken upstream and downstream of the barriers.  Such barriers provided the opportunity 

for a ‘natural’ experiment in this, and other studies (Hocking and Reimchen 2002, 

Mathewson et al. 2003, Christie and Reimchen 2008, Moulton et al. 2010) because they 

excluded salmon from upstream reaches, creating natural controls.  While these 

comparisons controlled for variation in physical and chemical aspects of the catchments, 

they did not account for any effects that the waterfalls and logjams may have had on 

algal biomass, independent of other factors.  Longitudinal continuity in streams is an 

important factor controlling algal dynamics (Growns and Growns 2001, Robson et al. 

2008) but there are no known studies to separate barrier effects from water regime 

effects on algae.  It is possible that these natural barriers may have had some effect on 

algal dynamics although there was no differences in stream flow rates upstream and 

downstream of the barriers in the present study.  We used stable isotopes to determine 

uptake of salmon-derived nutrients in biofilm, which can be used as a powerful tool to 

identify nutrient sources (Peterson and Fry 1987).  We then examined chlorophyll a and 

ash-free dry mass to test for the effects of salmon density on biofilm biomass.  

The objective of our study was to test hypotheses for the net effects of salmon as both a 

resource subsidy and mechanism of disturbance on stream biofilm biomass, while 

considering key habitat variables known to affect biofilm accrual.  We sampled biofilm 

before and after peak spawning and predicted that uptake of salmon-derived nutrients 

would be reflected by enriched biofilm δ15N and δ13C, especially in the fall.  We also 

predicted that biofilm biomass might take “one step back” in the fall, by showing a 

decrease due to disturbance by spawning salmon, but potentially “two steps forward” in 

spring, whereby streams with large numbers of salmon might have more biofilm biomass 

due to carry-over effects of nutrients from salmon the previous fall or in previous years.  

We also predicted that light, high temperature, large substrate size, high dissolved 

nitrogen and phosphorus, and large catchment size would have positive effects on 
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biofilm biomass while invertebrate grazers and high flow would have the opposite effect.  

The rationale for these predictions for isotopes and biomass can be found in Tables 2.1 

and 2.2, respectively.  These predictions were tested using both among-stream 

comparisons, and comparisons within streams, upstream and downstream of waterfalls 

and logjams. 

Table 2.1. Hypotheses for salmon and habitat variables for δ13C and δ15N 
analyses. 

Isotope Variable Mechanism Metric Level Predicted 
Response 

Reference 

δ15N 
and 
δ13C 

Salmon Salmon are naturally high in δ15N and 
δ13C based on their largely marine 
diet.  Via diffusion, biofilm can 
incorporate both heavy nitrogen and 
carbon in the water column from the 
excretory products of salmon or from 
decomposing tissue, eggs and milt.  
 

2006-2009 
mean salmon 
density (kg/m2) 

Catchment Enriched (Quinn 2005, 
Janetski et al. 
2009) 

δ15N 
and 
δ13C 

Invertebrate 
grazers 

Grazers can decrease biofilm 
biomass, increasing light exposure to 
cells lower in the algal mat, which has 
been shown to decrease heavy 
isotope discrimination during 
photosynthesis.  A reduction in algal 
mat thickness can also increase 
exposure to dissolved inorganic 
carbon, which is lower in δ13C 
concentration. 
 

Grazer density 
(number/m2) 

Catchment Depleted (MacLeod and 
Barton 1998, Hill 
and Middleton 
2006)  

δ15N 
and 
δ13C 

Light Increases metabolic activity and 
photosynthetic rates, which can 
decrease the discrimination against 
heavy isotope uptake during 
photosynthesis. 
 

% Open 
canopy 

Transect Enriched (MacLeod and 
Barton 1998, 
Ishikawa et al. 
2012) 

δ15N 
and 
δ13C 

Flow Higher flow leads to a smaller 
boundary layer which reduces both 
carbon and nitrogen stable isotope 
signatures. 
 

Gradient 
degrees 
 

Catchment Depleted (Trudeau and 
Rasmussen 
2003, Ishikawa et 
al. 2012) 

δ15N 
and 
δ13C 

Temperature Increases metabolic activity and 
photosynthetic rates, which can 
decrease the discrimination against 
heavy isotope uptake during 
photosynthesis. 

Maximum 
weekly 
average 
temperature 
(°C) 
 

Catchment Enriched (Mook et al. 1974, 
MacLeod and 
Barton 1998, Hill 
and Middleton 
2006) 
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Isotope Variable Mechanism Metric Level Predicted 
Response 

Reference 

δ15N Alder Alder fix atmospheric nitrogen and 
consequently have a δ15N closer to 0. 

Alder basal 
area (m2) 

Catchment Depleted (Helfield and 
Naiman 2002, 
Hicks et al. 2005) 

       
δ13C Biofilm 

Biomass 
An increase in biofilm mat thickness 
increases carbon cycling within the 
algal community and reduces access 
to dissolved inorganic carbon, leading 
to δ13C enrichment in the biofilm. 

AFDM (mg/ 
cm2) 
(total organic 
matter) 

Catchment Enriched (Hill and 
Middleton 2006, 
Staal et al. 2007, 
Ishikawa et al. 
2012) 
 
 

δ13C pH Affects carbon availability for 
photosynthesis.   

pH Catchment Enriched (Hill and 
Middleton 2006, 
Staal et al. 2007) 

       
δ13C Catchment 

Size 
A composite measure for stream size 
and affects carbon availability for 
photosynthesis. 

Catchment 
Size PC 1 

Catchment Enriched (Vannote et al. 
1980, Finlay 
2001) 

       
       

Table 2.2. Hypotheses for salmon and habitat variables for chlorophyll a and 
ash-free dry mass analyses. 

Variable Mechanism Metric Level Predicted Response Reference 
Salmon Nutrients can fertilize biofilm 

but benthic disturbance 
during spawning can 
decrease biofilm biomass.  
 

2006-2009 mean 
salmon density 
(kg/m2) 

Catchment Positive spring, 
negative fall 

(Wipfli et al. 1999, 
Chaloner et al. 2004, 
Moore et al. 2004) 
 

Invertebrate 
grazers 

Reduce overall biofilm 
abundance. 

Grazer density 
(number m2) 
 

Catchment Negative (Rosemond et al. 
1993) 

Alder Can increase dissolved and 
particulate nitrogen 
availability, mitigating 
nutrient limitation. 

Alder basal area 
(m2) 

Catchment Positive for low salmon 
density sites, neutral 
for sites beyond a 
nutrient threshold 
 

(Compton et al. 
2003, Rüegg et al. 
2011) 

Light Higher light benefits algal 
growth. 

% Open canopy 
 

Transect Positive (Lamberti and 
Steinman 1997) 
 

Flow Steeper gradient increases 
flow, which can increase 
scour and decrease biofilm. 
 

Gradient degrees 
 

Catchment Negative (Lamberti and 
Steinman 1997) 
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Variable Mechanism Metric Level Predicted Response Reference 
Substrate Larger size can increase 

community stability. 
Mean pebble size 
(cm) 

Transect Positive 
 

(Biggs et al. 1999, 
Janetski et al. 2009, 
Holtgrieve et al. 
2010) 
 

Nitrogen Biofilm can be nitrogen 
limited. 

Dissolved 
inorganic nitrogen 
(µg/L)  

Catchment Positive (Rosemond et al. 
1993, Peterson et al. 
2001) 
 

Phosphorus Biofilm can be phosphorus 
limited. 

Soluble reactive 
phosphorus 
(µg/L) 

Catchment Positive (Rosemond et al. 
1993, Verspoor et al. 
2010) 
 

Temperature Can affect metabolic activity 
and thus biofilm growth. 

Maximum weekly 
average 
temperature (°C) 

Catchment Positive (Schuldt and 
Hershey 1995, 
Lamberti and 
Steinman 1997) 
 

Catchment 
Size 

Correlated with nutrient 
cycling and catchment size, 
which can influence primary 
productivity. 

Catchment PC 1 
 

Catchment Positive (Lamberti and 
Steinman 1997)  
 

2.3. Methods 

2.3.1. Study sites 

We sampled rock biofilm from 16 streams within 45 km of Bella Bella (52° 9’N, 128° 8’ 

W), on British Columbia’s central coast during the spring (June) and fall (September to 

October) of 2009 (Figure 2.1).  This area is in the Coastal Western Hemlock 

Biogeoclimatic zone and is characterized by heavy annual rainfall (> 2200 mm), a mean 

temperature of 7.9 °C, and nutrient-poor soils (Klinka et al. 1991).  Our study streams 

are dominated by chum (O. keta) and pink (O. gorbuscha) salmon but also include 

limited numbers of coho (O. kisutch) and sockeye (O. nerka).  Spawning occurs from late 

August to early November in most streams, in densities ranging from 0 to 6 kg of chum 

and pink salmon per m2 over a median spawning channel length of 0.8 km (range = 0.3 

to 5.8) and median bankfull width of 12.8 m (range = 2.7 to 23.5).  Sampling occurred in 

stream reaches directly above the estuary, which was demarcated by the highest extent 

of saline water intrusion.  Site-specific data are provided in Table 2.3.  
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Figure 2.1. Field sites on the central coast of British Columbia.  The asterisks 

indicate the location of Bella Bella and Vancouver, British Columbia, 
Canada.  Circles indicate streams along the salmon density gradient 
(0-3.2 kg of salmon/m2).  Triangles indicate streams with waterfalls 
or log jams blocking spawning pink and chum migration used for 
the within-stream analysis.  The ‘downstream’ sites were 
subsequently used in a separate among-stream comparison. 
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Table 2.3. Site-specific stream data.  Abbreviations correspond to Figure 3 and 
stream location refers to upstream or downstream of waterfalls or 
logjams, which block adult pink and chum salmon migration.  
Stream magnitude is the sum of stream orders for the tributaries and 
the mainstem for a given site.  Salmon densities were calculated 
over the entire spawning channel. 

Site Abbreviation Stream 
Location 

Stream 
Magnitude 

Catchment 
Area  
(km2) 

Spawning 
Channel 
Length  

(m) 

Mean 
Bankfull 
Width  
(m) 

Study 
Reach 

(m) 

2006-2009  
Mean 

Salmon 
Density 
(kg/m2) 

Ada AD Downstream 24 9.8 435 11.1 228 0.62 
Ada AD Upstream 24 9.7 0 10.7 224 0.00 
Beales Left BL Downstream 9 6.5 300 10.9 147 1.15 
Bullock Main BM Downstream 2 3.3 622 10.9 250 1.32 
Clatse CL Downstream 3 24.3 900 22.8 520 1.13 
Clatse CL Upstream 3 23.9 0 17.8 321 0.00 
Fannie Left FL Downstream 16 16.4 1500 12.8 400 0.46 
Fell Creek FE Upstream 10 7.0 0 10.9 183 0.00 
Hooknose HN Downstream 9 14.8 1800 16.9 373 0.32 
Jane JA Downstream 5 1.3 500 4.6 124 0.01 
Jane JA Upstream 5 1.3 0 2.7 124 0.00 
Kill Creek KI Downstream 2 0.5 453 3.5 60 0.92 
Kunsoot Main KM Downstream 3 4.9 1280 13.1 246 0.66 
Mosquito Bay 
Left 

MR Downstream 4 2.1 250 5.7 130 1.45 

Neekas NK Downstream 23 16.0 2100 17.7 486 3.21 
Neekas NK Upstream 23 10.8 0 12.8 263 0.00 
Quartcha QU Downstream 6 29.4 5500 21.7 229 0.11 
Roscoe Main RM Downstream 10 33.6 5800 23.5 439 0.31 
Sagar SA Downstream 8 36.6 180 15.5 151 0.15 
Sagar SA Upstream 8 36.6 0 13.6 114 0.00 
Troupe North TN Downstream 2 1.6 332 4.4 131 0.01 

2.3.2. Salmon enumeration 

Live and dead salmon were counted from stream and bank walks in the fall by Fisheries 

and Oceans Canada (DFO), the Heiltsuk First Nation and by field crews from Simon 

Fraser University.  Details are given in Hocking and Reynolds (2011).  Briefly, each site 

was counted at least three times, weather permitting.  We calculated the abundance of 

each salmon species using the area under the curve method when three or more 
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estimates were available (Irvine et al. 1993) or by using peak abundance plus carcasses 

where two or fewer counts were recorded in a given year.  Both methods yielded similar 

results (Hocking and Reynolds 2011).  We calculated mean body mass from 10 fish (5 

males and 5 females) of each species measured at each site and used this value to 

calculate region-specific mean biomass estimates. 

2.3.3. Environmental data collection  

We collected data for three biotic and eight abiotic variables in addition to salmon 

density.  Hypotheses for each variable considered in our analyses are detailed in Table 

2.1 and 2.2.  The length of each study reach was determined by multiplying the mean 

bankfull width by 30 (median = 228 m, range = 60 m to 520 m) (Bain and Stevenson 

1999).  Each reach was divided into four equal sections and three transects per section 

were assigned using a random number generator.  Light availability was calculated as 

percent canopy open at each transect from mean spherical densiometer readings taken 

at each bank and in the deepest part of the stream (median = 60%, range = 11 to 71%).  

We did not have long-term flow data for our sites so we used percent gradient as a proxy 

(Verspoor et al. 2010) (median = 1.7°, range = 0.7° to 3.8°).  Mean sediment size at 

each transect was calculated using the Wolman pebble count method where the 

intermediate axis (β) of 10 randomly selected rocks was measured at 10 transects for a 

total of 100 measurements per site (Wolman 1954) (median = 10.8 cm, range = 0.5 cm 

to 400 cm).  Dissolved nutrients were assayed from three water samples per stream that 

were taken three months prior to and again following peak salmon spawning.  Personnel 

at the Fisheries and Oceans Canada Cultus Lake Research Facility quantified soluble 

reactive phosphorus (SRP) (medianspring = 0.4 µg/L, rangespring = 0 µg/L to 2.1 µg/L, 

medianfall = 6.4 µg/L, rangefall = 0.5 µg/L to 244.6 µg/L) and total dissolved inorganic 

nitrogen (DIN) (medianspring = 17.5 µg/L, rangespring = 4.3 µg/L to 113.4 µg/L, medianfall = 

90.5 µg/L, rangefall = 10.5 µg/L to 3,665.8 µg/L), measured separately as ammonium 

(NH3
+) and nitrate (NO3) following the American Public Health Association methods 

(APHA 1989).  Temperature was measured continuously using waterproofed 

temperature loggers (iButtons DS1922L) anchored to boulders in the stream and set to 

record every 2 hours (median = 8.8 °C, range = 7.0 °C to 10.2 °C).  To quantify 

catchment size, we used the first principal components analysis axis of bankfull width 
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(mean width of the stream at its highest point before breaching its banks), bankfull height 

(the mean maximum depth of the stream before breaching its banks), mean depth (mean 

actual stream depth, measured on sampling dates) and watershed area (calculated from 

the Government of British Columbia’s iMapBC website (Government of British Columbia, 

DataBC 2006, Hocking and Reynolds 2011, Field and Reynolds 2011).  The first 

principal component accounted for 81% of the variation in bankfull width and height, 

mean depth and watershed area, which all loaded positively and were correlated with 

each other (correlation coefficient ≥ 0.63) (median = 0.2, range = -2.8 to 3.3).  Alder 

basal area was calculated from the diameter at breast height for each tree greater than 5 

cm in diameter in six 35 m long by 10 m wide belt transects that extended perpendicular 

from each stream into the riparian zone (median = 6,413 m2, range = 0 m2 to 54,326 m2) 

(Hocking and Reynolds 2011). 

To calculate invertebrate consumer density, we first collected benthic invertebrates from 

each stream using a surber sampler (500 µm mesh, metal frame area = 0.09 m2) and 

pooled samples from 3 riffle habitats per transect, at 3 transects per site.  We disturbed 

the substrate to a depth of 7 cm for 2 minutes, excluding the time it took to scrub larger 

rocks.  We stored the samples in 95% ethanol until further processing.  Using a similar 

method to Verspoor et al. (2010), samples were split using a Folsom Plankton Splitter.  

Invertebrates were separated from the stream organic matter and identified to Order 

(Ephemeroptera, Plecoptera, Trichoptera, Diptera, Other) to a total count of 300 or 

greater.  Ephemeropterans, plecopterans and trichopterans were identified to family 

using Merritt et al. (2008).  Chironomidae (Order Diptera) were distinguished from the 

other Dipteran families.  All families were categorized into the dominant functional 

feeding groups as identified by Merritt et al. (2008).  Although a single invertebrate family 

may represent several functional feeding groups, for the purpose of this paper we used 

the dominant feeding group to represent the entire family.  Considering this, grazers 

were summed to estimate invertebrate consumer density per stream (number/m2).  The 

dominant grazers included baetids and heptageniids from the order Ephemeroptera, 

which comprised 45% and 44% of the total grazer abundance, respectively. 
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2.3.4. Biofilm isotopes and biomass 

Epilithic biofilm isotope samples were scrubbed from four cobble-sized rocks (secondary 

axis < 256 mm) using brushes.  The rocks were haphazardly picked across the wetted 

width of the stream channel from six randomly selected transects within each study 

reach (n = 24 samples per stream).  Invertebrates, if present, were removed prior to 

scrubbing.  Dominant taxonomic composition was not assessed for this study.  These 

samples were left unfiltered and stored in the dark at -20 °C until further processing.  

Each sample was defrosted in the dark at 4 °C, dried at 60 °C, then ground into a fine 

powder using a heavy duty Wig-L-Bug©.  Dried samples (2.0-3.0 mg) were analyzed for 

nitrogen and carbon natural abundance by the University of California Davis Stable 

Isotope facility using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ 

Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK).  Stable 

isotopes are expressed as the difference between the sample and a standard, δ.  Air and 

Vienna PeeDee Belemnite are the standards used for nitrogen and carbon, respectively.  

The difference is expressed as parts per thousand according to   

δ15N    𝑜𝑟    δ!"C = Rsample
Rstandard

− 1 ×  1000 (1) 

where R is the ratio of the heavy isotope to the light isotope (13C/12C or 15N/14N).  

Chlorophyll a (chl a) and ash-free dry mass (AFDM) were used as measures of algal and 

total biofilm biomass, respectively.  Rocks were selected using the same method as for 

isotopes and any invertebrates were removed.  We scrubbed two 1 cm2 sections (one for 

chl a and one for AFDM) from each rock with a brush for 1 minute.  Each section was 

rinsed thoroughly through a 500 µm mesh with distilled water and stored in separate 

opaque containers.  Chl a samples were filtered onto a glass fiber filter (Whatman, 47 

mm, 0.7 µm) and AFDM samples were filtered onto pre-weighed, ashed glass fiber 

filters.  Samples were stored in the dark at -20°C until further processing.  Biomass 

samples were processed following (Steinman et al. 2007).   
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2.3.5. Statistical Analyses 

Within streams: upstream versus downstream of salmon barriers.   

Five of the 16 streams had a waterfall or logjam that blocked pink and chum migration, 

providing an upstream versus downstream comparison of spring and fall biofilm isotopes 

and biomass, while controlling for catchment-specific characteristics.  We assessed the 

difference between the downstream mean minus the upstream mean by season for each 

response variable (δ15N, δ13C, chlorophyll a and AFDM) using a two-way ANOVA.  We 

then ran post-hoc Tukey HSD tests to compare pairs.  We visually inspected our models 

to ensure they met the assumptions of linear regressions.  We log transformed δ15N and 

δ13C and square root transformed chlorophyll a and AFDM to satisfy assumptions of 

normality. 

Comparisons among streams. 

We compared the effect of salmon and several habitat variables on biofilm isotopes and 

biomass across 16 streams that spanned a natural gradient in salmon density and 

habitat characteristics.  Because there was no clear consensus in the literature on what 

metric to use for salmon, we first calculated different salmon indices from the salmon 

enumeration data that were deemed biologically relevant to assess both salmon as a 

subsidy and as a source of disturbance.  Single- and multiple-year density means were 

calculated using the following formula, 

D =
!!
!×!
!

  (2) 

where D is the mass of salmon by unit area, B is the total mass of pink and chum in year 

i, L is the spawning channel length, W is the mean bankfull width based on 12 or more 

measurements per site and n is the number of years used to calculate D (Verspoor et al. 

2010).  We also summed the contribution of salmon over a four-year period by 

negatively weighting salmon biomass from previous years as follows,  

D' = Di ×𝑒!!"   (3) 
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where D’ is the four-year sum of salmon biomass per unit area, D as calculated in 

equation 2, for a given year i, λ is the rate of biomass loss and t is time in months from 

fall 2009 (t = 2, 6, 12 and 24) (Verspoor et al. 2010).  Using Akaike Information Criterion 

corrected for small sample sizes (AICc), we first competed each index for each response 

variable in a linear model.  We then assessed the individual contribution each salmon 

index contributed to the variation in each of our response variables using hierarchical 

partitioning (MacNally 2006).  Both methods concluded that the 2006-2009 mean mass 

of salmon per square meter (kg/m2) explained the most variation in our response 

variables and was therefore the best index to use as a proxy for salmon’s impact on 

biofilm.   

Once a measure for salmon was selected, we then checked for multicollinearity among 

all variables included in each analysis using variance inflation factors (VIF) and 

correlation coefficients (Zuur et al. 2010).  A VIF score greater than 3.5 and a correlation 

coefficient greater than 0.6 were used to eliminate habitat variables considered to have a 

high degree of collinearity (Zuur et al. 2009).  There was a higher VIF score and degree 

of collinearity (0.7) between DIN and SRP, and DIN and salmon density in the fall.  We 

therefore excluded DIN from the final analyses because it was highly correlated with the 

other two variables.  All remaining environmental variables did not significantly correlate 

with salmon density.  Finally, we visually inspected our models to ensure they met the 

assumptions of linear regressions.  We also square root transformed AFDM and log 

transformed chlorophyll a and salmon density to satisfy assumptions of normality.   

For the among-stream analyses, we identified three biotic and eight abiotic variables, 

from the literature, that influenced biofilm biomass.  We generated a suite of linear mixed 

effects models, limiting the number of predictor variables to one per 10 data points 

(Harrell 2001) to avoid the chance of spurious results.  This generated 128 models for 

each season for δ15N and δ13C (wi 6.05 x 10-8 to 0.16) and 511 models for each season 

for chl a and AFDM (model weights, wi, 5.63 x 10-6 to 0.07).  Due to low model weights, 

we accounted for model uncertainty by using multi-model averaging (Burnham and 

Anderson 2002).  We standardized the independent data to a mean of 0 and 

standardized deviation of 2 so that comparisons could be made among independent 

variables (Grueber et al. 2011a).  Models with delta AICc < 2 were retained to form 
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candidate model sets and were averaged using the natural method (Burnham and 

Anderson 2002, Grueber et al. 2011a) in the MuMIn package in R (Barton 2012) (see 

Appendix A).  We used three lines of evidence to evaluate the effect of salmon and 

habitat variables on biofilm isotopes and biomass among streams: 1) the magnitude and 

direction of the averaged coefficient, 2) whether the 95% confidence intervals spanned 

zero and 3) the relative variable importance (RVI) of each variable, which is the sum of 

the model weights of all the models in the final confidence set in which the variable 

appears (Burnham and Anderson 2002).  All analyses were performed in R (R 

Development Core Team 2014). 

2.4. Results 

2.4.1. Within streams: upstream versus downstream of salmon 
migration barriers 

Biofilm δ15N was higher downstream of the barriers regardless of season, across all 

sites, as shown by positive mean differences in Fig. 2.2 A & B, and generally increased 

with salmon density.  As predicted, this difference was greatest in the fall (ANOVA, F1,49 

= 40.81, p < 0.001); however, these differences varied by site and season (ANOVA, F4, 49 

= 3.68, p = 0.01).  Biofilm δ13C was consistently greater downstream of salmon migration 

barriers than upstream, (Fig. 2.2 C & D) and the difference between downstream versus 

upstream increased with salmon density.  However, the magnitude of the differences 

between biofilm δ13C downstream of the barriers versus upstream did not differ by 

season (ANOVA, F1, 49 = 0.72, p = 0.40).  The trends for δ15N and δ13C are also apparent 

in Fig. 2.3 where upstream sites (grey) were less enriched in both the spring and fall 

than the downstream counterparts (black).  The upstream sites had isotope signatures 

much closer to the terrestrial vegetation signature (T) than the salmon signature (S).  

There was also a notable shift in the fall towards the salmon signature in all sites 

downstream of salmon migration barriers.  Interestingly, the greatest shifts for δ15N 

occurred in sites with the largest catchments despite having among the lowest mean 

salmon densities (e.g. Roscoe Main (RM), Quartcha (QU), Clatse (CL) and Sagar (SA)). 
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Figure 2.2. Biofilm isotopes - The mean difference (downstream minus 

upstream of natural spawning barriers) with 95% confidence 
intervals for site pairs used in the within-stream analysis.  Positive 
means indicate a higher value downstream of the barrier where 
salmon spawn in the fall. 
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Figure 2.3. Biofilm nitrogen (δ15N) and carbon (δ13C) isotopes for all study sites.  

Site codes correspond to Table 1.  T is the mean terrestrial δ15N and 
δ13C of herbaceous plant species from our sampling sites (Hocking 
and Reynolds, 2011) and S is the mean chum and pink salmon δ15N 
and δ13C signatures from our sites ± SD.  Sites downstream of 
salmon migration barriers are black and sites upstream of the 
barriers are grey.  Note AD, CL, JA, NE and SA were the five paired 
sites included in the within-stream comparison.  FE is a site 
upstream of a salmon migration barrier but it does not have a 
corresponding downstream site and therefore was not included in 
the within-stream comparison. 

Algal biomass (chl a) was typically higher downstream of waterfalls and logjams in the 

spring and lower in the fall during salmon spawning (Fig 2.4 A & B) (ANOVA, F1,44 = 

8.24, p = 0.006) but this difference varied by site and season (ANOVA, F4,44 = 7.65, p < 

0.001).  The two exceptions were Ada (salmon density = 0.62 kg/m2) and Neekas 

(salmon density = 3.21 kg/m2).  Downstream of the waterfalls, chlorophyll a was lower in 

the spring at Ada, and was higher in the fall at Neekas (Fig. 2.4 A & B).   Total biofilm 

biomass (AFDM) followed a similar pattern to algal biomass (Fig. 2.4 C & D).   
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Figure 2.4. Biofilm biomass - The mean difference (downstream minus 

upstream of natural spawning barriers) with 95% confidence 
intervals for site pairs used in the within-stream analysis.  Positive 
means indicate a higher value downstream of the barrier where 
salmon spawn in the fall. 

2.4.2. Comparisons among streams 

As predicted, streams with more salmon had higher biofilm δ15N in both spring and fall 

(Fig. 2.5 & 2.6A), with a positive salmon effect almost twice that of any other variable 

included in the averaged model (spring and fall effect sizes = 2.56 and 2.52; Fig. 2.5).  In 

contrast, spring biofilm δ15N declined in streams with more alder (effect size = -1.57, Fig. 

2.5 & 2.6B).  
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Figure 2.5. Standardized coefficients (mean = 0, SD = 2) and 95% confidence 

intervals for spring and fall from averaged models with a ΔAICc < 2.  
Note the different x-axis scale for each response.  Variables with 
asterisks were included in the original analysis but were not retained 
in the final averaged model set.  Subsequently standardized 
coefficients and confidence intervals were not calculated. 
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Figure 2.6. Bivariate plots of δ15N versus (A) salmon density, and (B) alder, and 

δ13C versus (C) salmon density and (D) catchment size.  Salmon 
density was log10-transformed for both analyses, whereas alder and 
catchment size were not.  Model lines reflect the log10-transformed 
(A and C) and linear (B and D) relationships.  Each data point 
represents a different stream. 
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variables included in the analysis, spring biofilm δ13C declined with grazer density (effect 

size = -2.19), but increased with stream pH (effect size = 1.67).  The confidence intervals 

for the remaining parameter estimates included zero, so they were considered to have 

uncertain effects on biofilm isotopes.  

Chl a was best described by a suite of biotic and abiotic variables that varied by season.  

Salmon was a good predictor of chl a but its effect was strongest in the fall (Fig. 2.5 & 

2.7A).  Though the confidence intervals marginally spanned zero in the spring, chl a 

generally increased with salmon density (effect size = 0.62) (Fig. 2.5) and declined in the 

fall with increasing salmon density (effect size = -1.87).  This effect was dampened by 

Neekas (salmon density = 3.21 kg/m2), which had a high leverage effect (Fig. 2.7A).  In 

warmer streams, spring chl a was higher (effect size = 1.08), but this trend was not as 

strong in the fall (effect size = 0.30) (Fig. 2.5 & 2.7B).  Generally, streams with higher 

grazer densities had lower chl a, however this relationship was also not as strong in the 

fall when salmon were present (spring effect size = -0.94; autumn effect size = -0.56) 

(Fig. 2.5).  Conversely, streams in larger catchments and with higher SRP had more chl 

a, but this was limited to the fall sampling period (Fig. 2.5).  There was higher uncertainty 

of the effects of alder, light, and substrate size on chl a abundance, which corresponded 

to a low relative variable importance and large confidence intervals that spanned zero 

(Fig. 2.5). 
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Figure 2.7. Bivariate plots of chlorophyll a versus (A) salmon density and (B) 

temperature, and AFDM versus (C) salmon density and (D) light.  
Salmon density was log10-transformed for both analyses, whereas 
temperature and percent canopy open were not.  Model lines reflect 
the log10-transformed (A and C) and linear (B and D) relationships.  
Each data point represents a different stream. 
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strongest effect observed in the fall (fall effect size for light  = 0.15 and gradient = 0.10) 

(Fig. 2.5 & 2.7D).  The relatively weak parameter estimates combined with confidence 

intervals that spanned zero (Fig. 2.5) suggest that the remaining predictor variables 

included in the analyses could not explain the variation in AFDM in either season. 
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2.5. Discussion 

This analysis of 16 streams showed that biofilm isotopes and biomass were correlated 

with salmon densities.  Spawning salmon were an important source of short- and long-

term nutrients as well as a mechanism of disturbance.  However, we also found that 

habitat features, both on land and in streams, played an important role in mediating 

these effects.  These results support the idea that nutrient subsidies and disturbance are 

important determinants in stream communities, with effects that depend on catchment-

scale processes and habitat features. 

Effect of salmon density on biofilm isotopes and biomass 

The five streams with barriers to pink and chum salmon migration provided a novel 

opportunity to control for catchment-specific characteristics while testing for the effect of 

spawning salmon on biofilm isotopes and biomass.  As seen in other studies, and 

consistent with our predictions, biofilm from salmon spawning areas had consistently 

higher δ15N and δ13C than sites with no spawning adults, regardless of season (Kline et 

al. 1990, Bilby et al. 1996, Verspoor et al. 2010, Reisinger et al. 2013).  This was 

particularly true in the fall for δ15N.  Also, of interest was the difference between 

downstream and upstream sites, which generally increased with salmon density.  Biofilm 

biomass (chlorophyll a and AFDM) was generally higher downstream of waterfalls and 

logjams prior to the arrival of salmon, but depressed when salmon were present.   

Results from comparisons among streams were similar to the within-stream analyses.  

The isotopic patterns indicated that biofilm δ15N increased with a four-year mean salmon 

density in both seasons and while there was a strong negative effect of salmon on fall 

chlorophyll a, there was a weaker yet positive relationship in the spring.  Lower fall algal 

biomass in streams that had more salmon was likely due to increased scour as seen in 

other studies (Moore et al. 2004, Moore and Schindler 2008).  However the tendency for 

increased algal biomass in the spring, as shown by both analyses, may be explained by 

two competing hypotheses: top-down or bottom-up control. 

If biofilm were controlled from the top down, a salmon subsidy to resident fish could 

trigger a trophic cascade (Polis et al. 1997b, Moulton et al. 2010), whereby increased 
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predation on grazing insects could release biofilm from grazing pressure.   This 

hypothesis could explain the positive correlation between salmon and spring biofilm 

biomass.  Indeed, Swain et al. (in press) showed that prickly and coast range sculpins 

(Cottus asper and C. aleuticus, respectively) in the same study sites fed primarily on 

benthic invertebrates in the spring before switching almost exclusively to salmon eggs in 

the fall.   

Alternatively, if biofilm were controlled from the bottom-up, salmon-derived nutrients 

would need to be retained in these systems from fall to spring and the streams would 

need to be nutrient-limited (Marczak et al. 2007).  Many coastal streams in this region 

are nutrient-limited (Gende et al. 2004), including the sites we studied, as shown by low 

pre-spawn dissolved inorganic nitrogen and soluble reactive phosphorus.  We calculated 

that in these streams, salmon can contribute a substantial amount of nitrogen annually 

compared to the nitrogen content in biofilm.  For example, salmon can import up to 53 

g/m2 of nitrogen in low years and over 266 g/m2 of nitrogen in high years, while nitrogen 

in biofilm ranges from 0.05 to 0.69 g/m2 (median = 0.26 g/m2) in the same sites.  These 

numbers are based on recorded salmon counts for all sites, and the percent nutrients by 

wet salmon weight calculated by Gende et al. (2004).  These nutrients are delivered in a 

mineralized form that is particularly useful to primary producers (Tiegs et al. 2011).  

Though dissolved nutrients were low in the spring, biofilm δ15N and δ13C remained 

elevated in salmon spawning sections and were correlated with a four-year mean 

salmon biomass density.  This nutrient legacy may be due to either nutrient recycling 

within the biofilm mat (Hill and Middleton 2006) or nutrient retention over winter (Kline et 

al. 1990, Bilby et al. 1996, Verspoor et al. 2010).  Large wood, low flow, and deep pools 

within our sites facilitate salmon carcass retention in streams for several weeks to 

months (Minakawa and Gara 2005, Strobel et al. 2009).  Carcass transfer by predators 

(e.g. bears (Ursus spp.) and wolves (Canis lupus)) into the riparian zone can also 

prolong the release and uptake of salmon-derived nutrients in terrestrial and freshwater 

environments (Reimchen 2000, Hocking and Reynolds 2012).  Nutrients from salmon 

carcasses on land can flow back into the stream via flooding and surface runoff (Willson 

et al. 1998), leach into the hyporheic zone (O'Keefe and Edwards 2002) or enrich leaf 

litter, invertebrates and vertebrates (Hocking and Reimchen 2002, Christie et al. 2008), 

which can end up back in streams as decaying matter.  
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The current study cannot tease apart whether it is solely bottom-up or top-down effects 

controlling biofilm in these streams.  However, evidence from Swain et al. (Swain et al. 

2014) and post-hoc analyses suggest that it is probably a combination of the two 

processes.  For example, biofilm carbon:nitrogen (C:N) decreased in both seasons with 

salmon density, suggesting bottom-up control is also in effect (see Figure A.1. in 

Appendix A), but we recognize we cannot rule out the effect of grazers on biofilm C:N in 

the current study (Jaramillo and Detling 1988).  

Effects of habitat on biofilm isotopes and biomass 

Catchment size had the largest and most consistent effect on both biofilm isotopes and 

biomass, specifically δ13C and chlorophyll a.  There were also effects of invertebrate 

grazers, alder trees in the riparian area, stream temperature, gradient and soluble 

reactive phosphorus but their effects were not as consistently strong as catchment size.  

This is consistent with the hypothesis that carbon requirements increase with catchment 

size due to a decrease in CO2(aq) and higher in-situ production in larger streams and 

rivers (Finlay 2001).  We did not acid-fumigate our samples and so it is possible that 

carbonates (e.g. diatoms) may have contributed, in part, to the positive relationship 

between δ13C and catchment size.  However, it seems unlikely that carbonates would be 

the sole reason for the positive relationship between δ13C and salmon particularly when 

other studies have documented similar results between carbon isotopes and salmon 

density.   

Given our findings, we suggest including catchment size in future biofilm analyses 

because it is an important determinant of the total potential productivity of a system, 

including invertebrate grazers and predators (Kiffney and Roni 2007), and consequently 

has potential implications regarding land use.  For example, this study was performed in 

the remote and relatively pristine Great Bear Rainforest, a temperate rainforest with a 

land-use agreement between coastal First Nations and the province of British Columbia 

(Price et al. 2009).  While 2.1 million hectares (33%) of the Great Bear Rainforest are 

protected from commercial activity (e.g. forestry and hydro-electric power projects), 

limited land-use plans exist in this area (Price et al. 2009, Nanwakolas Council et al. 

2012).  Changes to upstream catchments could alter the important interplay between 
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salmon and biofilm and nutrient cycling controlling stream food webs (Tiegs et al. 2008, 

Levi et al. 2011). 

Our combination of within-stream and among-stream comparisons shows a dual role for 

salmon as both a nutrient subsidy and a mechanism of disturbance of biofilm.  What is 

most interesting is that even though disturbance by salmon results in a decrease in 

biofilm during spawning, salmon-derived nutrients from previous years are linked to an 

increase in both isotopes and algal biomass in salmon spawning reaches, prior to the 

arrival of salmon.  Salmon-derived nutrients could be eliciting a trophic cascade or 

simply enhancing basal biomass. 
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Chapter 3. Opposing forces: Evaluating multiple 
ecological roles of Pacific salmon in coastal stream 
ecosystems2  

3.1. Abstract 

Resource flows and disturbance from species migrations can alter the productivity, 

structure and function of an ecosystem.  Annual mass migrations of Pacific salmon 

(Oncorhynchus spp.) to coastal watersheds import vast quantities of potentially limiting 

nutrients that have been shown to increase primary and secondary productivity in 

streams and lakes.  Substrate disturbance during spawning can also export nutrients 

and reduce primary and secondary production.  Here we study the impacts of these dual 

roles of salmon on stream invertebrates.  We collected benthic macroinvertebrates in 16 

streams prior to and following peak salmon spawning on British Columbia’s central 

coast.  Along with other habitat measurements including stream water chemistry, 

temperature, and watershed size, we investigated the effects of salmon on invertebrate 

δ15N, δ13C and biomass density (mg/m2) among 16 streams and within 5 streams, 

upstream and downstream of barriers to spawning salmon.  We found that stream 

invertebrates assimilate salmon-derived nutrients in proportion to availability but 

invertebrate biomass density declines in both seasons with increasing salmon density.  

Benthic disturbance appears to be the cause of this decline in the fall, but the decline in 

the spring may be due to the slow recovery of invertebrates from substrate disturbance 

the previous fall or salmon nutrients may be indirectly driving declines in spring 

invertebrate biomass by subsidizing other trophic levels and eliciting a trophic cascade. 

 
2 A version of this chapter is published as Harding, J. N. and Reynolds, J. D. 2014. Opposing 

forces: Evaluating multiple ecological roles of Pacific salmon in coastal stream ecosystems. 
Ecosphere 5(12): art157. 
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3.2. Introduction 

Coastal streams and rivers are nutrient highways at the interface between vastly distinct 

systems (Likens and Bormann 1974).  These freshwater networks funnel terrestrial and 

riverine material downstream and provide passage for species migrating upstream from 

estuaries and oceans, which can supplement nutrients through their excretion, 

reproduction or tissue (Willson and Halupka 1995, Flecker 1996).  The flow of resources 

stemming from species migrations provide intense, punctuated periods of nutrient influx 

that can have pronounced effects on a recipient ecosystem's productivity, function and 

structure (Yang and Naeem 2008, Richardson and Sato 2014).  However, evaluating the 

effects of resource pulses on food webs remains a challenge because it involves not 

only evaluating shifts between consumers and their prey but also other major processes 

such as disturbance (Ostfeld and Keesing 2000).   

Resource subsidies and disturbance can independently have far reaching effects on 

community structure (Resh et al. 1988, Lake 2000, Ostfeld and Keesing 2000, Yang et 

al. 2008).  Spiller et al. (2010) found that the abundance of terrestrial predators 

increased with marine subsidies on islands, while Boucek and Rehage (2014) found that 

disturbance from two extreme climate events greatly altered fish community composition.  

However, there is a unique and well-known example in nature where a substantial 

resource pulse and disturbance occur simultaneously.  Pacific salmon (Oncorhynchus 

spp.) have long been recognized as vectors of high quality nutrients to freshwater and 

terrestrial environments (Juday et al. 1932, Naiman et al. 2002, Janetski et al. 2009) and 

more recently as a significant source of disturbance to benthic freshwater communities 

(Moore and Schindler 2008, Janetski et al. 2009, Harding et al. 2014).  Mass migrations 

of salmon can import as much as 266 g/m2 of nitrogen to streams on the central coast of 

British Columbia in high abundance years (Harding et al. 2014), while as much as 55% 

of nitrogen imported by salmon can be exported out of streams through their spawning 

behaviour (Moore et al. 2007).  Consequently, spawning salmon provide an excellent 

opportunity to simultaneously test hypotheses about the multiple effects of resource 

pulses and disturbance on consumers in recipient communities. 

As primary and secondary consumers, stream macroinvertebrates play a key role in 

stream food webs, linking riverine and terrestrial production and providing one of the 
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most important food sources for resident fish (Wallace and Webster 1996, Hauer and 

Resh 2007).  They therefore provide a good case study to investigate ecosystem-level 

responses to subsidies and disturbance at a convenient scale.  Invertebrates occupy 

several functional feeding groups across a wide range of freshwater habitats, with 

community dynamics affected by stream temperature and pH (Verspoor et al. 2011), 

chemistry (Allan and Castillo 2007b), flow (Minshall and Minshall 1977), watershed size 

(Vannote et al. 1980), substrate size and stability (Minshall and Minshall 1977, Verspoor 

et al. 2011), biofilm biomass (Cummins and Klug 1979), riparian vegetation (Fisher and 

Likens 1973, Vannote et al. 1980), predators (Gilinsky 1984) and salmon density (Wipfli 

et al. 1999, Chaloner et al. 2004, Moore et al. 2004). 

Current research is divided on the multiple roles of salmon in stream resource and 

disturbance regimes.  Some studies have found that invertebrates from streams with 

higher salmon density have a more enriched nitrogen and carbon isotope signature 

(Bilby et al. 1996, Hicks et al. 2005) and are found in greater numbers (Wipfli et al. 1999, 

Verspoor et al. 2011), while other studies have found fewer invertebrates in the presence 

of spawning salmon (Moore et al. 2004, Moore and Schindler 2008).  These studies 

seem to contradict each other.  However, the effect of spawning salmon is likely 

mediated by chemical and physical characteristics of streams, including baseline nutrient 

conditions, and our interpretation of these effects depends on the spatial and temporal 

range examined (Marczak et al. 2007, Janetski et al. 2009, Tiegs et al. 2011).  The aim 

of this study was to test the net effects of live spawning salmon, in conjunction with key 

habitat variables, on stream invertebrate stable isotope ratios and biomass density.   

To test the concurrent effects of salmon as a source of both nutrients and disturbance, 

we sampled invertebrates, assessed habitat characteristics, and enumerated salmon 

from 16 relatively pristine streams from the Great Bear Rainforest on British Columbia’s 

central coast.  We predicted that invertebrates would incorporate marine-derived 

nutrients imported by salmon, which would be shown by enriched nitrogen and carbon 

isotopes, and that their isotope signature would be highest in the fall when nutrients were 

readily available for direct uptake.  If invertebrates were indeed acquiring these marine-

derived resources, we predicted that more invertebrates would be supported in streams 

with greater salmon density prior to the arrival of salmon.  During spawning, however, we 

predicted that invertebrate biomass density would decline with salmon density due to an 
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increase in substrate disturbance, which would negate any potential subsidy effect in the 

fall.  We also predicted that these results would be mediated by habitat-specific 

characteristics.  For example, in streams with comparable salmon densities, we 

predicted that invertebrate biomass would be higher in warmer streams that had more 

neutral pH.  Our specific predictions for each variable included in our analyses are in 

Tables 3.1 and 3.2. 

Table 3.1. Hypotheses for salmon and habitat variables for invertebrate δ15N 
and δ13C 

Response Variable Mechanism Metric Level Response Reference 
δ15N and 
δ13C  

Salmon Salmon have high 15N and 13C 
due to their largely marine 
diet.  They can subsidize 
macroinvertebrates directly 
through consumption in the fall 
or indirectly by subsidizing 
macroinvertebrate food 
sources through salmon-
derived nutrient retention year 
round.  Through benthic 
disturbance, salmon can also 
dislodge macroinvertebrates 
during spawning.  The effect of 
salmon will be specific to 
functional feeding groups. 

2007 salmon 
density (kg/m2) 

Watershed Enriched (Bilby et al. 
1996, Chaloner 
et al. 2002)  

δ15N and 
δ13C 

Biofilm & 
algal 
biomass 

A food source for 
macroinvertebrates and exhibit 
a more depleted source of 15N 
and 13C compared to salmon. 

Ash-free dry mass 
(mg/cm2) & 
chlorophyll a 
(ug/cm2) 

Transect Depleted (Cummins and 
Klug 1979, 
Sullivan 2013, 
Harding et al. 
2014) 

δ15N and 
δ13C 

Temperature Temperature affects metabolic 
and growth rates, which can 
decrease the discrimination 
against heavy isotope uptake. 

Maximum weekly 
average 
temperature (°C) 

Watershed Enriched (Finlay 2001, 
Allan and 
Castillo 2007b, 
Friberg et al. 
2009) 

δ15N and 
δ13C 

Watershed 
size 

More resources for 
macroinvertebrates are 
available in larger more 
productive watersheds. 

Watershed size 
PC 1 

Watershed Enriched (Harding et al. 
2014) 

δ15N and 
δ13C 

Flow Higher flow leads to a smaller 
boundary layer, which reduces 
carbon and nitrogen stable 
isotopes in food sources. 

Gradient degrees Transect Depleted (Finlay et al. 
1999, Trudeau 
and Rasmussen 
2003) 
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Response Variable Mechanism Metric Level Response Reference 
δ15N  Alder Leaves provide food for 

macroinvertebrates.  Alders 
also fix atmospheric nitrogen 
and consequently have a δ15N 
approaching 0.   

Alder basal area 
(m2) 
 

Watershed Depleted (Cummins et al. 
1989, 
Richardson et 
al. 2004, 
Perakis et al. 
2012) 

δ13C  pH Streams in our study region 
have low pH (5.5-6.8).  Carbon 
limitation increases with pH 
that leads to enrichment of 13C 
in in situ macroinvertebrate 
food sources. 

pH Transect Enriched (Hill and 
Middleton 2006) 

Table 3.2. Hypotheses for salmon and habitat variables for invertebrate 
biomass 

 Variable Mechanism Metric Level Response Reference 
 Salmon Nutrients from salmon can 

subsidize the invertebrate 
community but benthic 
disturbance during spawning 
can decrease total 
macroinvertebrate biomass 

2006-2008 mean 
salmon density for 
biomass                                 
(kg/m2) 
 

Watershed Positive in the 
spring, negative in 
the fall 

(Bilby et al. 
1996, Chaloner 
et al. 2004, 
Moore et al. 
2004, Moore 
and Schindler 
2008) 

 Biofilm and 
algal biomass 

An important food source for 
macroinvertebrates  

Ash-free dry mass 
(mg/cm2) & 
chlorophyll a 
(ug/cm2) 

Transect Positive (Cummins and 
Klug 1979) 

 Temperature Temperature affects metabolic 
rate and consequently growth 
rate. 

Maximum weekly 
average 
temperature (°C) 

Watershed Positive (Friberg et al. 
2009) 

 Substrate Size Larger particles provide more 
stable habitat  

Mean pebble size 
(cm) 

Transect Positive (Allan and 
Castillo 2007b, 
Verspoor et al. 
2011) 

 Watershed 
size 
 

More resources for 
macroinvertebrates in larger 
watersheds 

Watershed size 
PC 1 

Watershed Positive (Lamberti and 
Steinman 1997) 

 Alder An important food source for 
macroinvertebrates. 
 

Alder basal area 
(m2) 

Watershed Positive (Cummins and 
Klug 1979, 
Richardson et al. 
2004) 

 pH Streams in our study region 
have low pH (5.5-6.8). 

pH Watershed Positive (Clenaghan et 
al. 1998) 

 Nitrogen Macroinvertebrate food 
sources have been shown to 
be nitrogen-limited 

Dissolved 
inorganic nitrogen  
(µg/L) 

Transect Positive (Rosemond et 
al. 1993, Wipfli 
et al. 1998) 
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 Variable Mechanism Metric Level Response Reference 
 Phosphorus Macroinvertebrate food 

sources have been shown to 
be phosphorus-limited 

Soluble reactive 
phosphorus 
(µg/L) 

Transect Positive (Rosemond et 
al. 1993, Wipfli 
et al. 1998, 
Verspoor et al. 
2010) 

3.3. Methods 

3.3.1. Study Sites 

We surveyed 16 streams on the central coast of British Columbia, Canada within 45 km 

of the Heiltsuk First Nation community of Bella Bella (52°9’N, 128°8’W) during the spring 

(May/June) and fall (September/October) of 2008 (Fig. 3.1).  This area is in the Wet 

Submaritime Coastal Western Hemlock Biogeoclimatic subzone, characterized by 

coniferous forests, nutrient-poor soils, heavy annual rainfall (3,000 mm in our study 

area), and a mean annual temperature of 5.5 °C (Pojar et al. 1991, Price et al. 2009).  

This is a relatively pristine area of British Columbia (Green 2007).  While selective 

logging took place throughout the twentieth century and resumed recently, there was no 

logging upstream of our study reaches during our study.  Resident fish species include 

Coastrange (Cottus aleuticus) and Prickly (C. asper) sculpins, juvenile coho 

(Oncorhynchus kisutch) and limited numbers of Rainbow trout (O. mykiss) and Dolly 

Varden (Salvelinus malma).  Chum (O. keta) and pink (O. gorbuscha) salmon are the 

dominant species of spawning salmon in these streams but there are also limited 

numbers of coho in all streams, and Chinook (O. tshawytscha) and sockeye (O. nerka) in 

some of the streams.  Spawning occurs from late August to early November in densities 

ranging from 0 to 6 kg of chum and pink salmon per m2 in streams that range from 0.3 

km to 5.8 km in spawning length and from 2.7 m to 23.5 m wide.  Site-specific data are 

provided in Table 3.3.   
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Figure 3.1. Streams sampled in spring and fall 2008.  Triangles denote streams 

with a barrier to pink and chum migration used in the within-stream 
comparison.  Circles denote streams along the salmon density 
gradient used in the among-stream comparison, in conjunction with 
the five downstream sites from the within-stream comparison.  The 
asterisks indicate the Heiltsuk First Nation village of Bella Bella and 
Vancouver, British Columbia. 
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Table 3.3. Site-specific information for upstream and downstream sampling 
locations within each stream.  The 2007 salmon density was used in 
the invertebrate isotope analysis while the 2006-2008 mean salmon 
density was used in invertebrate biomass density analysis. 

Site Stream Location Catchment Area 
(km2) 

Bankfull 
Width  
(m) 

Spawning  
Length  

(m) 

2007  
Salmon 
Density 
(kg/m2) 

2006-2008 
Salmon 
Density 
(kg/m2) 

Ada Downstream 9.8 11.1 435 0 0.52 
Ada Upstream 9.7 10.7 0 0 0 
Beales Left Downstream 6.5 10.9 300 0.16 0.78 
Bullock Main Downstream 3.3 10.9 622 0.67 0.75 
Clatse Downstream 24.3 22.8 900 0.45 0.51 
Clatse Upstream 23.9 17.8 0 0 0 
Fannie Left Downstream 16.4 12.8 1,500 0.20 0.22 
Fell Creek Upstream 7.0 10.9 0 0.00 0 
Hooknose Downstream 14.8 16.9 1,800 0.14 0.26 
Jane Downstream 1.3 4.6 500 0 0.01 
Jane Upstream 1.3 2.7 0 0 0 
Kill Creek Downstream 0.5 3.5 453 1.07 0.51 
Kunsoot Main Downstream 4.9 13.1 1,280 0.46 0.26 
Mosquito Bay Left Downstream 2.1 5.7 250 0.74 1.06 
Neekas Downstream 16.0 17.7 2,100 0.78 1.60 
Neekas Upstream 10.8 12.8 0 0 0 
Quartcha Downstream 29.4 21.7 5,500 0.09 0.10 
Roscoe Main Downstream 33.6 23.5 5,800 0.23 0.31 
Sagar Downstream 36.6 15.5 180 0.54 0.45 
Sagar Upstream 36.6 13.6 0 0 0 
Troupe North Downstream 1.6 4.4 332 0 0 

In addition to spanning a natural gradient in salmon spawning densities, five of these 

streams also have a barrier to pink and chum migration (waterfall or log jam).  We 

sampled the lower reaches of all streams, immediately upstream of the estuary (n = 16) 

and immediately upstream of the barrier when present (n = 5).  

3.3.2. Salmon Population Estimates 

Salmon population estimates were derived from stream and bank walks each fall in 

cooperation with Fisheries and Oceans Canada (DFO), the Heiltsuk First Nation and 

field crews from Simon Fraser University.  Hocking and Reynolds (2011) provide a 
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detailed summary.  Pink and chum salmon accounted for 90-100% of the Pacific salmon 

in each stream.  We therefore calculated salmon density metrics based on pink and 

chum abundance that were deemed biologically relevant to assess both salmon as a 

subsidy and as a source of disturbance.  Single- and multiple-year density mean pink + 

chum mass per unit area for 2006, 2007, 2008 and 2006-2008 were calculated using the 

following formula, 

D=
!!
!×!
!

  (1) 

where D is the mass of salmon by unit area, B is the total mass of pink and chum in year 

i based on mean regional measurements, L is the spawning length (portion of stream 

where salmon spawning occurs), W is the mean bankfull width based on 12 or more 

measurements per site and n is the number of years used to calculate D (Verspoor et al. 

2010, Harding et al. 2014).  We also summed the contribution of salmon over a four-year 

period by negatively weighting salmon biomass from previous years as follows,  

D' = D!×𝑒!!"  (2) 

where D’ is the four-year sum of salmon biomass per unit area, D as calculated in 

equation (1), for a given year i, λ is the rate of biomass loss and t is time in months from 

fall 2008 (t = 2, 6, 12 and 24) (Verspoor et al. 2010, Harding et al. 2014).  We then 

assessed the individual contribution of each salmon index to the variation in each of our 

response variables using hierarchical partitioning and Akaike Information Criterion 

corrected for small sample sizes (AICc) (Akaike 1974, MacNally 2006).  Both methods 

concluded that the 2007 pink + chum biomass density (kg/m2) explained the most 

variation in invertebrate stable isotope ratios and the 2006-2008 mean kg of pink + chum 

per m2 explained the most variation in our invertebrate biomass density data, which we 

therefore used in each respective analysis. 

3.3.3. Environmental Data Collection  

We prioritized three biotic and seven abiotic variables, in addition to salmon density, 

which are known to affect aquatic benthic invertebrate isotopes and biomass.  These 
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included: chlorophyll a and ash-free dry mass from rock biofilm samples, riparian alder 

basal area, stream temperature, pH, dissolved inorganic nitrogen and soluble reactive 

phosphorus, substrate size, gradient and watershed size.  Hypotheses for each variable 

are listed in Tables 3.1 and 3.2.  A brief description of how each variable was sampled 

follows below; more detailed methods are in Harding et al. (2014).  Briefly, 12 transects 

were assigned randomly to study reaches with lengths calculated based on bankfull 

width in each stream (Bain and Stevenson 1999).  Chlorophyll a and ash-free dry mass 

were used as measures of algal and total biofilm biomass, respectively.  Biofilm samples 

were collected from four cobble-sized rocks (secondary axis < 256 mm) across the 

wetted-width of six transects per stream (n = 24 samples per stream per measure of 

biofilm biomass).  Chlorophyll a (median = 0.54 µg/m2, range = 0.06 to 8.56 µg/m2) and 

ash-free dry mass (median = 1.05 mg/m2, range = 0.48 to 4.03 mg/m2) were calculated 

from each sample following Steinman et al. (2007).  Alder basal area was calculated 

from the diameter at breast height of each tree greater than 5 cm in diameter in six 35 m 

long by 10 m wide belt transects that extended perpendicular from each stream into the 

riparian zone (median = 0.64 m2, range = 0 m2 to 5.43 m2) (Hocking and Reynolds 

2011).  We measured stream temperature using waterproofed temperature loggers 

(iButtons DS1922L) anchored in each stream and set to record every 2 hours (median = 

8.8 °C, range = 7.0 °C to 10.2 °C).  The mean summer and fall pH were averaged from a 

minimum of four spot measurements recorded each season using a YSI Model 63 multi-

meter probe (median = 6.08, range = 5.12 to 7.41).  Dissolved nutrients were assayed 

from water samples taken three months prior to and again following peak salmon 

spawning.  Personnel at the Fisheries and Oceans Canada Cultus Lake Research 

Facility quantified soluble reactive phosphorus (SRP) (medianspring = 0.4 µg/L, rangespring 

= below detection to 2.1 µg/L, medianfall = 6.4 µg/L, rangefall = 0.5 µg/L to 244.6 µg/L) and 

total dissolved inorganic nitrogen (DIN) (medianspring = 17.5 µg/L, rangespring = 4.3 µg/L to 

113.4 µg/L, medianfall = 90.5 µg/L, rangefall = 10.5 µg/L to 3,665.8 µg/L), measured 

separately as ammonium (NH3
+) and nitrate (NO3

-) following the American Public Health 

Association methods (APHA 1989).  We followed the protocol establish by Wolman 

(1954) to calculate the mean substrate size at each transect (median = 10.8 cm, range = 

0.5 cm to 400 cm).  In the absence of detailed flow data, we used mean gradient 

degrees measured at 10 transects using a clinometer, as a proxy for variation among 

streams in flow conditions (median = 1.7°, range = 0.8° to 4.7°).  To quantify watershed 
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size, we used the first principal components analysis axis of bankfull width (mean width 

of the stream at its highest point before breaching its banks), bankfull height (the mean 

maximum depth of the stream before breaching its banks), mean depth (mean stream 

depth measured on sampling dates), and watershed area (calculated from the 

Government of British Columbia’s iMapBC website (Government of British Columbia, 

DataBC 2006, Hocking and Reynolds 2011).  The first principal component accounted 

for 80% of the variation in these four variables, which all loaded positively (0.45-0.53) 

and were correlated with each other (correlation coefficients ≥ 0.6). 

3.3.4. Invertebrate Isotopes and Biomass 

Benthic invertebrates were collected twice from each upstream and downstream site (n 

= 21 sites); once in the spring prior to the arrival of salmon (May 29 to July 3, 2008) and 

again after peak salmon spawning in the fall (September 18 to October 28, 2008).  We 

used a Surber sampler (500 µm mesh, metal frame area = 0.09 m2) and combined 

invertebrates from three riffle habitats within each of three randomly chosen transects for 

a total of 126 samples.  We disturbed the substrate to a depth of 7 cm for 2 min, 

excluding the time it took to scrub larger rocks.  Samples were stored in 95% ethanol 

until further processing.  Samples were split using a Folsom Plankton Splitter and 

identified to order to a count of 300 individuals or more.  Total counts were calculated by 

adjusting the number of invertebrates counted by the proportion of the sample picked.  

We resorted twelve samples to ensure picking accuracy was greater than 90% and re-

identified the invertebrates in each of the twelve samples to ensure identification 

accuracy was greater than 95%.  Ephemeropterans, plecopterans, trichopterans and 

dipterans were further identified to family following Merritt et al. (2008).  We broadly 

categorized each family into the dominant functional feeding group as identified by 

Merritt et al. (2008) (Table 3.4).  Although a single invertebrate family often represents 

more than one functional feeding group, for the purpose of this paper we used the 

dominant feeding group to represent the entire family.  For the purpose of our study we 

focused on grazers (scrapers), shredders, collector-gatherers and predators.  The 

dominant families in each functional feeding group (by biomass) were Lepidostomatidae 

(Order Trichoptera, shredder, 59%), Heptageniidae (Order Ephemeroptera, grazer, 

52%), Chironomidae (Order Diptera, collector-gatherer, 52%) and Chloroperlidae (Order 
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Plecoptera, predator, 84%).  When summed together, these four families comprised 67% 

of the total invertebrate biomass.  Total biomass of each functional feeding group was 

calculated by site using the following equation: 

BFFG =
!!×!!
!

!
!!!   (3) 

where BFFG is the biomass of each functional feeding group, N is the adjusted number of 

individuals within a given family i, m is the mean mass of family i, and A is the total 

stream bed area sampled.  

Table 3.4. Taxonomic breakdown of invertebrates included in the biomass 
analysis and isotope (i) analysis, including the functional feeding 
groups assigned based on Merritt et al. (2008).  

Order Family 
 Subfamily or genus 

Functional Feeding Group 

Diptera Ceratopogonidae Predator 

 
Chironomidae† Collector-Gatherer 

 
 Tanypodinae (i) Collector-Gatherer 

 
Psychodidae Collector-Gatherer 

 
Simuliidae Collector-Gatherer 

 
Stratiomyidae Collector-Gatherer 

 
Tipulidae Shredder 

Ephemeroptera Baetidae Grazer 

 
Ephemerellidae Collector-Gatherer 

 
Heptageniidae† Grazer 

 
 Cinygmula (i) Grazer 

 
 Epeorus (i) Grazer 

 
Leptophlebiidae Collector-Gatherer 

Plecoptera Capniidae Shredder 

 
Chloroperlidae† Predator 

 
 Sweltsa (i) Predator 

 
Leuctridae Shredder 

 
Nemouridae Shredder 

 
 Zapada (i) Shredder 

 
Perlodidae Predator 

 
Taeniopterygidae Shredder 

Trichoptera Brachycentridae Collector-Gatherer 

 
Glossosomatidae Grazer 

 
Hydropsychidae Collector-Gatherer 
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Order Family 
 Subfamily or genus 

Functional Feeding Group 

 
Hydroptilidae Grazer 

 
Lepidostomatidae† Shredder 

 
 Lepidostoma (i) Shredder 

 
Limnephilidae Grazer 

 
Philopotamidae Collector-Gatherer 

 
Polycentropodidae Collector-Gatherer 

 
Rhyacophilidae Predator 

 
 Rhyacophila (i) Predator 

  Uenoidae Grazer 
† Most common family, by biomass, in each order. 

A subset of the most common invertebrate families found in all watersheds was further 

identified to genus and used for isotope analysis (Table 3.4).  Isotopes have been used 

in food web studies to infer diet and the assimilation of marine-derived nutrients (Spiller 

et al. 2010, Rinella et al. 2013, Harding and Reynolds 2014a).  There are natural 

differences between the mean δ15N and δ13C of salmon (12‰, -20‰; (Harding et al. 

2014)) and terrestrial (2‰, -32‰, Hocking and Reynolds, 2011) and freshwater sources 

(3‰, - 27‰; (Harding et al. 2014)), which enable us to infer the contribution of salmon-

derived nutrients to freshwater consumers.  Ethanol has been shown to affect the δ15N 

and δ13C in certain tissue samples within days of preservation (Sarakinos et al. 2002, 

Sweeting et al. 2004, Ventura and Jeppesen 2009).  In a study by Ventura and 

Jeppesen (2009) on freshwater invertebrates, there was no significant difference from 

the 1:1 line between control and preserved samples for δ15N and a slightly non-

significant difference from the 1:1 line for δ13C.  A correction factor can be applied and is 

strongly recommended when reconstructing food webs with samples preserved using 

different methods.  We did not apply a correction factor in this case because (1) all of our 

samples were treated with the same technique, (2) isotopes were analyzed at minimum 

six months after preservation when any changes in isotopes would have stabilized and 

(3) if changes occurred to the δ13C signature of preserved samples we would expect the 

effect of salmon to decrease with increasing spawner densities and thus equate to a 

more conservative effect of salmon in our study (Ventura and Jeppesen 2009).  One to 

four individuals (2.0-3.0 mg) were dried at 60 °C, and analyzed for nitrogen and carbon 

content by the University of California Davis Stable Isotope facility using a PDZ Europa 
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ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass 

spectrometer (Sercon Ltd., Cheshire, UK) (n= 140 in spring, 124 in fall).  Stable isotopes 

are expressed as δ, which is the difference between the sample and a standard.  Air and 

Vienna PeeDee Belemnite are the standards used for nitrogen and carbon, respectively.  

The difference is expressed as parts per thousand according to 

δ15N  or δ13C = Rsample
Rstandard

− 1 ×1000  (4) 

where R is the ratio of the heavy isotope to the light isotope (13C/12C or 15N/14N).  

3.3.5. Statistical Analyses 

Within streams: upstream versus downstream of salmon barriers   

Logjams and waterfalls were present in five of the 16 streams, which blocked pink and 

chum salmon migration.  These sites provided us with the opportunity to compare stream 

sections with and without salmon, while controlling for watershed-specific characteristics.  

We assessed the difference between upstream and downstream sections by season 

using a two-way ANOVA with sampling location (upstream vs. downstream) and stream 

as factors, including their interaction.  We then ran post-hoc Tukey HSD tests of 

significance to examine stream-level differences between upstream and downstream 

locations.  We inspected our models visually to ensure they met the assumptions of 

linear regressions and we log transformed invertebrate biomass to satisfy assumptions 

of normality. 

Comparisons among streams   

We compared the effect of salmon and several habitat variables on invertebrate isotopes 

and biomass across the 16 streams that spanned a natural gradient in salmon density 

and habitat characteristics.  We first checked for multicollinearity among all variables 

included in each analysis using variance inflation factors (VIF) and correlation 

coefficients (Zuur et al. 2010).  A VIF score greater than 4 and a correlation coefficient 

greater than 0.7 were used to eliminate habitat variables considered to have a high 

degree of collinearity (Zuur et al. 2009).  There was a high VIF score and degree of 

collinearity (0.8-0.9) between DIN, SRP, and salmon density in both seasons.  We 
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therefore excluded DIN and SRP from the final analyses.  The remaining environmental 

variables did not significantly correlate with salmon density or each other.  Finally, we 

inspected our models visually to ensure they met the assumptions of linear regressions.  

We log transformed invertebrate biomass and salmon density to satisfy assumptions of 

normality.   

We generated a list of linear mixed effects models with stream as a random effect and all 

combinations of two or fewer predictor variables as fixed effects, excluding interactions 

(Harrell 2001).  This generated 22 models for each season for δ15N and δ13C (model 

weights, wi = 8.23 x 10-5 to 0.95) and 37 models for biomass (wi = 7.00 x 10-4 to 0.14).  In 

instances of lower top model weights and where additional predictors offered little 

additional information, we used multi-model inference, which helped to account for 

model uncertainty (Burnham and Anderson 2002, Arnold 2010, Grueber et al. 2011a).  

This method gives less weight to parameter estimates that offer little information about 

the variance in the response variable (Grueber et al. 2011a).  We standardized the 

independent data to a mean of 0 and standard deviation of 2 so that effect sizes of 

independent variables could be compared (Grueber et al. 2011a).  Models with ΔAICc < 

4 were retained to form candidate model sets and were averaged using the natural 

method (Burnham and Anderson 2002, Grueber et al. 2011a) in the MuMIn package in R 

(Barton 2012).  We report the un-averaged standardized coefficients from the top model 

in cases where only one model had a ΔAICc less than 4 (n = 2).  See Tables B.1 to B.3 

in Appendix B for a list of models used to average coefficients for each response 

variable.  To evaluate the effect of salmon and habitat variables on invertebrate isotopes 

and biomass among streams, we considered the magnitude and direction of the 

averaged coefficient, whether the 95% confidence intervals spanned zero, and the 

relative variable importance (RVI) of each variable.  The latter is calculated as the sum of 

the model weights of all the models in the final confidence set in which the variable 

appears (Burnham and Anderson 2002).  All analyses were performed in the open-

source statistical software R (R Development Core Team 2014). 
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3.4. Results 

3.4.1. Within streams: upstream versus downstream of salmon 
barriers   

As predicted, invertebrates from sites downstream of the barriers had higher δ15N than 

those from upstream sites in both seasons and this difference was more pronounced in 

the fall (mean differencespring = 3.1‰, ANOVA, Fspring 1, 98 = 47.75, p < 0.0001; mean 

differencefall = 4.5‰, ANOVA, Ffall 1, 68 = 81.31, p < 0.0001; Fig. 3.2A-H).  These 

relationships also varied by functional feeding group.  Predators downstream of the 

barriers in the fall had the most enriched δ15N (mean ±  2 SD = 10.06‰ ± 2.93; Fig. 

3.2H, whereas the least enriched invertebrates were collector-gatherers upstream of the 

barriers in the spring (1.43‰ ± 1.61; Fig. 3.2C).  Similar relationships existed for δ13C, 

where invertebrates from downstream sites were more enriched than in sites upstream 

of the barriers, and this difference was also greater in the fall (mean differencespring = 

2.11‰, ANOVA, Fspring 1, 98 = 44.73, p < 0.0001; mean differencefall = 3.09‰, ANOVA, Ffall 

1, 68 = 116.65, p < 0.0001; Fig. 3.3A-H).  Invertebrate biomass density (mg/m2) was 

higher upstream of the barriers in eight out of ten stream × season combinations than 

downstream of the barrier.  However, this difference was only statistically significant in 

the fall (ANOVA, Fstream,  8,1943 = 2.47, p = 0.01; Flocation, 1,1943 = 9.29, p = 0.002; Fig. 3.4A, 

B).   
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Figure 3.2. Mean downstream (blue circles) and upstream (orange triangles) 

δ15N of spring (A) shredders, (B) grazers, (C) collector-gatherers and 
(D) predators and fall (E) shredders, (F) grazers, (G) collector-
gatherers and (H) predators with 95% confidence intervals for the 
within-stream comparison.  “No Salmon” indicates the two streams 
that did not have salmon downstream of the barrier in the previous 
fall, while “Salmon” indicates the remaining three sites that did.  The 
solid blue lines are the mean downstream δ15N and dashed orange 
lines are the mean upstream δ15N, for a given functional feeding 
group. 
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Figure 3.3. Mean downstream (blue circles) and upstream (orange triangles) 

δ13C of spring (A) shredders, (B) grazers, (C) collector-gatherers and 
(D) predators and fall (E) shredders, (F) grazers, (G) collector-
gatherers and (H) predators with 95% confidence intervals for the 
within-stream comparison.  “No Salmon” indicates the two sites that 
did not have salmon downstream of the barrier in the previous fall, 
while “Salmon” indicates the remaining three sites that did.  The 
solid blue lines are the mean downstream δ13C and dashed orange 
lines are the mean upstream δ13C for a given functional feeding 
group. 
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Figure 3.4. Total downstream (blue circles) and upstream (orange triangles) 

spring (A) and fall (B) invertebrate biomass for the within-stream 
comparison.  “No Salmon” indicates the site that did not have 
salmon downstream of the barrier in the previous fall, while 
“Salmon” indicates the remaining four sites that did.  The solid blue 
lines are the mean total invertebrate biomass downstream of the 
barriers while the dashed orange lines are the total biomass 
upstream of the barriers. 

3.4.2. Comparisons among streams.   

The δ15N of invertebrates increased with salmon density from the previous spawning 

year; δ15N of shredders and predators became more enriched with salmon density in 

both seasons, while salmon density had the greatest positive effect on grazers and 

collector-gatherers δ15N in the fall (Fig. 3.5A, B and Fig. 3.6A-D).  The δ15N of shredders 

and predators became more enriched with increasing watershed size in the fall but had 

the opposite effect on grazer δ15N in both seasons (Fig. 3.6A, B, D).  Contrary to our 

prediction, δ15N became more depleted in grazers and predators with increasing stream 

temperature in the fall (Fig. 3.6B, D).   
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Figure 3.5. Relationship between invertebrate spring (A) and fall (B) δ15N, spring 

(C) and fall (D) δ13C and salmon density.  Each data point represents 
a mean value for each stream with 95% confidence intervals and 
trend lines reflect the log-salmon density relationship modeled in 
the among-stream comparison. 
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Figure 3.6. Standardized coefficients for spring (grey circles) and fall (black 

triangles) δ15N of (A) shredders, (B) grazers, (C) collector-gatherers 
and (D) predators and each predictor retained in the final confidence 
model set with ΔAICc < 4.  Results are from the among-stream 
analysis.  The values on the right are the relative variable 
importance (RVI; coloured by season), calculated as the sum of the 
model weights of all the models in the final confidence set in which 
the variable appears.  The asterisk indicates where 95% confidence 
intervals do not cross zero.  Because only a single model with 
ΔAICc < 4 was returned for Collector-Gatherers in the spring, the un-
averaged standardized coefficients are displayed (open circles). 

Invertebrate δ13C became more enriched with salmon density and to a greater extent in 

fall when salmon were present (Fig. 3.5C, D).  The greatest enrichment was in spring 

collector-gatherers and fall shredders (Fig. 3.7A, C).  The variation in grazer δ13C was 

not well explained by salmon in either season (Fig. 3.7B).  As predicted, invertebrate 

δ13C was most enriched in sites with larger watersheds but this depended on season and 

functional feeding group.  Spring δ13C of collector-gatherers and grazers and fall δ13C of 
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shredders were the most enriched in larger watersheds compared to other functional 

feeding group × season combinations (Fig. 3.7A, B, C).  

 
Figure 3.7. The standardized coefficients for spring (grey circles) and fall (black 

triangles) δ13C of (A) shredders, (B) grazers, (C) collector-gatherers 
and (D) predators and each predictor retained in the final confidence 
model set with ΔAICc < 4.  Results are from the among-stream 
analysis.  The values below each predictor are the relative variable 
importance (RVI; coloured by season) calculated as the sum of the 
model weights of all the models in the final confidence set in which 
the variable appears.  The asterisk indicates where 95% confidence 
intervals do not cross zero.  Because only a single model with 
ΔAICc < 4 was returned for Collector-Gatherers in the fall, the un-
averaged standardized coefficients are displayed (open triangles). 

As predicted, spring total invertebrate biomass density was higher in warmer streams but 

generally declined with algal concentration, biofilm biomass and salmon density (Fig. 3.8 

& 3.9).  There were less definitive results for total invertebrate biomass in fall but 

generally, invertebrate biomass density increased with the amount of alder in the riparian 
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zone and declined with salmon density and biofilm biomass (Fig. 3.8 & 3.9).  However, 

these variables were included in fewer models and their confidence intervals crossed 

zero to a greater extent than in the spring (Fig. 3.8).   

 
Figure 3.8. The standardized coefficients for spring (grey circles) and fall (black 

triangles) invertebrate biomass and each predictor retained in the 
final confidence model set with ΔAICc < 4.  Results are from the 
among-stream analysis.  The values on the right are the relative 
variable importance (RVI; coloured by season) calculated as the sum 
of the model weights of all the models in the final confidence set in 
which the variable appears.  The asterisk indicates where the 95% 
confidence interval does not cross zero.   
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Figure 3.9. Total spring (grey circles) and fall (black triangles) invertebrate 

biomass per unit area by salmon density.  Each data point 
represents a single stream for a given season. 

3.5. Discussion 

This broad-scale study used a two-fold approach to test hypotheses about the effects of 

disturbance and resource pulses on stream consumers: the within-stream comparison 

isolated the effect of Pacific salmon on macroinvertebrates in a presence-absence 

comparison, and the among-stream approach assessed the consumer-level response to 

salmon while accounting for habitat variation.  It is not surprising that no single variable 

explained all of the variation in our 16-stream study; our results varied by season, 

functional feeding group, and stream.   

As predicted, when we controlled for habitat in the within-stream comparison, we found 

that all four functional feeding groups of invertebrates had enriched δ15N and δ13C 

signatures below spawning barriers compared to upstream, particularly in the fall when 

salmon were spawning.  Also, δ15N varied by functional feeding group, with predators 

having the most enriched signature followed by collector-gatherers, shredders and 

grazers.  When we included habitat variation in the among-stream comparison we found 

that not only did invertebrates have enriched δ15N and to a lesser extent δ13C in streams 

with higher salmon densities, but also in colder streams and in larger watersheds.  
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Invertebrate δ15N increased with salmon density regardless of functional feeding group.  

This suggests that they assimilated salmon-derived nitrogen, whether by direct 

consumption of salmon tissue or indirectly through the consumption of enriched 

resources.  Though for some functional feeding groups δ13C increased with salmon 

density, predominantly in fall, the rate differed between spring and fall, suggesting a 

change in the abundance of each species and possibly a shift in diet between seasons.  

Harding et al. (2014) showed that biofilm in the same streams were enriched in both δ15N 

and δ13C in spring and fall, which was linked to salmon density.  In combination with the 

current study, these results suggest that grazers were acquiring salmon-derived nitrogen 

indirectly year-round by feeding on enriched biofilm, particularly in fall when salmon 

nutrients were readily taken up by biofilm (Bilby et al. 1996, Harding et al. 2014). 

Shredders were probably acquiring salmon-derived nitrogen indirectly through coarse 

particulate matter from enriched terrestrial sources dropping into streams or enriched 

riverine material.  Riparian plants in this region are more enriched in δ15N and have 

higher percent nitrogen in streams with higher salmon densities (Hocking and Reynolds 

2012).  Predators could have also acquired salmon-derived nitrogen indirectly by preying 

on enriched invertebrates.  Conversely, the fall δ15N of collector-gatherers suggests that 

they were directly consuming salmon carcasses and switched to indirect sources of 

salmon-derived material in the spring.   

Our results can be used to evaluate support for the two opposing hypotheses on the 

ecological roles of salmon in stream communities: subsidy vs. disturbance.  We found 

that streams with elevated salmon densities had fewer invertebrates in the spring and fall 

and that invertebrate biomass was higher upstream of salmon spawning barriers 

compared to downstream, regardless of season.  These findings support the disturbance 

effect (Moore et al. 2004), whereby invertebrate biomass downstream of the barriers 

might not have had time to recover from spawning the previous fall.  Moore and 

Schindler (2008) found that invertebrate dry mass did not fully recover shortly after 

spawning but returned to near normal levels the following year prior to spawning.  The 

degree of recovery depended on the density of spawning salmon.  Other studies have 

found that invertebrate richness and density recovered to pre-disturbance levels within 3 

to 30 days depending on the frequency and nature of disturbance in the system (Boulton 

and Lake 1992, Matthaei et al. 1996).  It is suggested that the availability of refugia is 
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critical to invertebrate recovery time (Lake 2003).  Refugia can include within-generation 

strategies such as moving to more suitable habitat (e.g. hyporheic zone) or between-

generation strategies that involve complex life history adaptations (e.g. egg diapause) 

(Lake 2003).  Without monitoring stream invertebrate populations over the late fall, 

winter and early spring, we cannot say for certain whether recovery of invertebrates to 

pre-spawning levels occurred prior to our sampling in May and June.  However, given 

previous work, it is possible that invertebrates in our system could have recovered to 

pre-spawning levels within seven months following spawning using either strategy or 

both.  It would also be interesting for future research to test an alternative explanation for 

the higher density of invertebrates upstream of barriers to salmon: female invertebrates 

from downstream sections fly upstream (Macneale et al. 2004), and could provide an 

additional egg supply if salmon-derived nutrients increase female size and fecundity 

(Tylianakis et al. 2004, Fuller and Peckarsky 2011).  However, in our case we do not 

believe female egg deposition from subsidized reaches were a major source of upstream 

invertebrate biomass because we did not see an increase in upstream invertebrate 

biomass per meter squared with downstream salmon density.  It is also possible that 

salmon-derived nutrients elicit a trophic cascade (Polis et al. 1997b), whereby stream 

invertebrates experience elevated predation pressure in the spring by abundant resident 

fish populations that are subsidized by salmon tissue and eggs the previous fall (Rinella 

et al. 2012, Swain et al. 2014).  This scenario would also explain the negative correlation 

of invertebrate biomass density with algae and biofilm; depressed invertebrate grazer 

populations could release algae in the biofilm from grazing pressure (Harding et al. 

2014).  In combination or isolation, a salmon subsidy, benthic disturbance with slow 

invertebrate recovery or a trophic cascade could explain the decline in spring 

invertebrate biomass density, while substrate disturbance during spawning, as shown by 

others, would explain the decline observed in the fall (Moore et al. 2004, Tiegs et al. 

2009, Holtgrieve and Schindler 2011).   

While salmon density was an important predictor of invertebrate δ15N, δ13C and biomass 

density, we found that differences in habitat among streams were also important in 

predicting isotopes and biomass.  In cooler streams there were fewer invertebrates per 

unit area, with more enriched isotope ratios.  Metabolism and tissue turnover rates are 

slower at lower temperatures, which could have led to less biomass and facilitated the 
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retention of 15N and 13C (Rinella et al. 2013).  Surprisingly, we found a decline in spring 

and fall invertebrate biomass density with biofilm and algal biomass.  These results likely 

reflect the correlation between the potential release from grazing pressure on in situ 

production caused either by a lack of invertebrate recovery due to benthic disturbance or 

increased predation pressure on invertebrates by subsidized fish populations.  

Invertebrates were also more enriched in δ13C in larger watersheds, which is consistent 

with findings from a previous study of biofilm (Harding et al. 2014).  There may be a 

greater reliance on in situ production in larger streams, which have less canopy cover, 

greater irradiance and enriched δ13C (Vannote et al. 1980, Finlay 2001).  Larger habitats 

are also more productive (Lamberti and Steinman 1997), have longer food chains 

(Spencer and Warren 1996, Vander Zanden et al. 1999, Post et al. 2000) and higher 

species richness (Vander Zanden et al. 1999, Dodson et al. 2000).  We might have 

therefore expected to see an increase in invertebrate biomass density with watershed 

size but we did not.  By including habitat variables in our analyses, we were able to 

account for more of the variation in invertebrate isotopes and biomass than if salmon 

were considered alone. 

In summary, we found that regardless of functional feeding group, benthic 

macroinvertebrate δ15N and δ13C increased with salmon density from the previous fall.  

While these larvae were directly and indirectly assimilating salmon-derived nitrogen and 

carbon, this did not translate into higher invertebrate biomass density in either season.  If 

we only consider evidence from this study, it would appear that the disturbance role of 

spawning salmon prevails and exhibits a net negative effect on invertebrate biomass 

year round.  However, this would imply that invertebrate biomass is decreasing 

continuously over time.  If we consider previous studies in the area (Swain et al. 2014, 

Harding et al. 2014), salmon-derived nutrients could be subsidizing basal productivity 

and higher trophic levels, fuelling stream communities from the bottom up, and the top-

down, eliciting a trophic cascade and striking a balance between primary and secondary 

production.  This would imply that salmon are both a source of limiting nutrients and 

disturbance at different times of the year.  
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Chapter 4. Biological diversity of freshwater 
invertebrates in coastal streams3 

4.1. Abstract 

Biological diversity, the number and variability of organisms over space and time, is 

directly related to the environmental conditions organisms experience.  Declining 

biological diversity is widespread in the face of rapid changes in climate and land use 

and these changes can result in changes to the function and stability of an ecosystem.  

Disturbance however, is a natural component of intact stream ecosystems and can alter 

diversity by creating patches of habitats of different ages and sizes.  Pacific salmon 

(Oncorhynchus spp.) are an important source of disturbance to stream ecosystems 

during spawning, when adults are disturbing large areas of the streambed when digging 

and defending their nests (redds).  In this study, we focused on 15 streams in the Great 

Bear Rainforest on British Columbia, Canada’s central coast to test predictions on how 

natural variation in salmon density and other abiotic and biotic factors contribute to the 

family-level composition of freshwater invertebrates.  First, we compared invertebrate 

family diversity within five streams that had barriers that blocked the upstream migration 

of adult pink (O. gorbuscha) and chum (O. keta) salmon.  We then made comparisons 

among 15 streams that spanned a natural gradient in abiotic and biotic conditions 

including salmon density.  We found that invertebrate family composition did not vary 

across the barriers within streams prior to and during salmon spawning.  When we 

compared invertebrate family richness, Shannon’s and the reciprocal Simpson’s diversity 

indices within streams, we found that only richness in the fall was positively correlated 

with drainage size, a measure of catchment area, stream and sediment size as well 

stream flow.  Lastly, we found that invertebrate family composition (beta diversity) 

 
3 A version of this chapter is in preparation for publication with Michelle R. Segal, Morgan S. 

Stubbs and J. D. Reynolds 
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changed significantly with salmon density and stream temperature.  Specifically, as 

salmon density increased among streams, we saw an increase in the number of baetids 

(grazer) and a decrease in chironomids (collector-gatherer), while invertebrates from the 

families Hydropsychidae (collector-gatherer) and Leuctridae (shredder) became more 

and less abundant, respectively, as stream temperature increased.  These findings are 

particularly important because salmon populations and temperature are predicted to 

change over time, which could elicit changes in stream invertebrate family composition.  

Changes to invertebrate abundance and composition could result in important changes 

in the stability and functioning of these stream ecosystems. 

4.2. Introduction 

Diversity – the abundance and variability of organisms in a given place and time 

(Magurran 2005) – can drive both ecosystem functioning (Bengtsson 1998, Naeem 

2002) and stability (Wang and Loreau 2014).  In the face of rapid environmental 

changes, biological diversity is being threatened (Magurran and Dornelas 2010), 

particularly in freshwater systems due to the increasing demands for water (Dudgeon et 

al. 2005).  Ecosystems are in constant flux (Magurran 2008).  It is therefore, important to 

recognize what drives diversity under naturally changing conditions so that we might 

understand how diversity will respond to human-induced environmental changes 

(Bengtsson 1998, Hooper et al. 2005, Dudgeon et al. 2005).  

Diversity can be measured at three different spatial scales.  In their simplest forms, alpha 

diversity measures the number of species in a given sample or site (Whittaker 1960, 

1972), beta diversity measures the variation and turnover in community composition 

among sites or along an environmental gradient (Whittaker 1960, 1972, Anderson et al. 

2011), while gamma diversity measures diversity at the landscape or regional scale 

(Whittaker 1960, 1972).  Understanding how biodiversity at various scales and its current 

decline in many regions affects ecosystem structure and processes have become 

increasingly important in ecology (Yachi and Loreau 1999, Naeem 2002, Hooper et al. 

2005).   Consequently, knowing not only how many species exist along natural 

environmental gradients but also considering their identity and role within a community 
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can be valuable for the conservation and management of entire ecosystems (Maurer and 

McGill 2011).   

Freshwater systems, and in particular streams, are ideal for studying diversity along 

environmental gradients.  Streams are natural conduits, moving riverine and terrestrial 

material downstream across environmental gradients and habitat boundaries.  Vannote 

et al. (1980) described the typical shift in fauna along the length of river systems.  

Benthic macroinvertebrates populations are affected by transport, input and storage of 

organic matter and the physical structure and hydrologic cycle of a system from 

headwaters to the mouth of streams and rivers.  Invertebrates are therefore an important 

link between the physical, chemical and biological mechanisms that structure streams, 

as mid-level consumers that occupy several functional feeding groups (Merritt et al. 

2008) and as one of the most important prey items for freshwater fish (Wallace and 

Webster 1996).  They can also be highly sensitive to disturbance if they are unable to 

seek refugia (Death 1996, Moore et al. 2004). 

Disturbance is an important part of streams and can include changes to nutrient input 

and cycling within a system (Hobbs and Huenneke 1992) as well as hydrological 

changes such as floods and droughts (Resh et al. 1988, Lake 2000).  Disturbance can 

increase diversity by creating patches of habitats of different ages and sizes, which 

become more or less suitable to resident and colonizing species (Connell 1978, Hobbs 

and Huenneke 1992, Townsend et al. 1997).  Diversity and disturbance have been 

closely linked for decades with debate over how direct and indirect sources of 

disturbance affect the number and relative abundance of organisms within an ecosystem 

(Resh et al. 1988, Hobbs and Huenneke 1992, Lake 2000, Winemiller et al. 2010).  

An important source of disturbance in streams around the North Pacific Rim is the fall 

migration of millions of Pacific salmon returning from their marine migration to spawn in 

their natal streams.  Large proportions of the streambed can be disturbed by females 

digging and defending their nests, and by males fighting for position.  This leads to 

reduced fine sediment, biofilm and invertebrate biomass, (Field-Dodgson 1987, Moore et 

al. 2004, Holtgrieve and Schindler 2011).  However, losses of benthic invertebrates due 

to disturbance by salmon can be offset by the deposition of potentially limiting nutrients 

in the form of gametes, waste products, and fish carcasses (Naiman et al. 2002).  
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Studies have shown that an increase in nutrient supply and productivity have a unimodal 

relationship with diversity such that peak diversity occurs at intermediate levels of 

resource supply or productivity (Kassen et al. 2000, Worm et al. 2011).  However, few 

studies have looked at how salmon-derived nutrients influence invertebrate diversity 

prior to and post-peak spawning (except Lessard and Merritt 2006, Moore and Schindler 

2010, Verspoor et al. 2011).  Lessard and Merritt (2006) noted that while some families 

increased in abundance in the presence of spawning salmon, they found an overall 

decline in invertebrate richness.  Moore and Schindler (2010) showed that part of the 

decline in certain invertebrate taxa may be an adaptive life history strategy whereby 

some taxa emerge as adults prior to the salmon spawning season to avoid 

displacement.  Despite these links, other studies did not find a strong link between 

invertebrate diversity and salmon, rather they found the best predictors of invertebrate 

diversity were abiotic environmental correlates such as light, stream gradient and 

substrate size (Kiffney and Roni 2007, Verspoor et al. 2011).   

The purpose of our study was twofold: 1) to determine how salmon affect stream 

invertebrate family diversity prior to and post-peak spawning and 2) to determine how 

invertebrate family diversity shifts across key environmental gradients.  To do this we 

first compared invertebrate community assembly upstream and downstream of natural 

barriers to salmon spawning.  We predicted that the composition of the two invertebrate 

communities would differ because upstream communities would be exposed to less 

annual nutrient subsidies from salmon, and they would not be subjected to benthic 

disturbance from spawning adults.  We then compared various measures of alpha 

diversity against salmon density and other environmental variables known to affect 

invertebrate diversity.  We predicted that alpha diversity would show a unimodal 

relationship with salmon density (Kassen et al. 2000, Worm et al. 2011) and would 

increase with stream temperature (Verspoor et al. 2011), pH (Townsend et al. 1983), 

dissolved nutrients (Gresh et al. 2000, Heino et al. 2003) and drainage size (Heino et al. 

2003).  We also predicted that alpha diversity would vary with red alder (Alnus rubra, an 

important nitrogen fixing tree species in the riparian area) and percent open canopy as 

these factors would enhance food and in-stream nutrients that would benefit certain 

functional feeding groups more than others (Vannote et al. 1980).  We also chose to 

include the geographic location of each stream to account for broad scale shifts in 
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climatic conditions that were not necessarily accounted for in the other environmental 

variables in the analysis.  Finally, we assessed beta diversity as the spatial turnover in 

invertebrate family composition using redundancy analysis (Anderson et al. 2011, 

Legendre and Legendre 2012).  We predicted that beta diversity would vary by season 

and stream due to the seasonality of salmon spawning and the differences in salmon 

density and environmental conditions across each stream.  We studied second to fourth 

order streams and based our predictions on the hypotheses proposed within streams by 

Vannote et al. (1980) to compare among streams that varied in width, canopy cover and 

other environmental conditions.  We predicted there would be proportionally more 

shredders and collector-gatherers in smaller, cooler streams that had greater canopy 

cover and where terrestrial organic input dominated.  As stream size increased, there 

would be less canopy cover, more light and warmer water to fuel in-stream primary 

production.  We therefore predicted that grazers would become more common 

compared with shredders, while the presence of collector-gatherers would be less 

affected by these environmental gradients.  The number of predatory families would not 

be affected by the environmental gradients we measured but instead would reflect 

changes in the abundance of preferred prey types. 

4.3. Methods 

4.3.1. Study sites 

We surveyed 15 coastal streams in the Great Bear Rainforest along British Columbia’s 

central coast (Fig. 4.1).  These second to fourth order streams are in located in the Wet 

Submaritime Coastal Western Hemlock Biogeoclimatic subzone, which is characterized 

by a heavy annual rainfall (3,000 mm), nutrient-poor soils, and a mean annual 

temperature of 5.5 °C (Pojar et al. 1991, Price et al. 2009).  Dominant tree species 

include red alder (Alnus rubra), western hemlock (Tsuga heterophylla), western red 

cedar (Thuja plicata), amabilis fir (Abies amabilis), and Sitka spruce (Picea sitchensis).  

Selective logging occurred in some watersheds early in the twentieth century but these 

remote sites did not have any active logging during our survey period.  These streams 

vary in size, water chemistry, canopy cover, riparian vegetation and mean salmon 

density (Table 4.1). Pink (O. gorbuscha) and chum (O. keta) salmon are the dominant 
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anadromous species in all streams.  There are limited numbers of coho (O. kisutch) also 

present in all streams but very few sockeye (O. nerka) and/or Chinook (O. tshawytscha) 

are present in a subset of streams.  Salmon spawn from late August to early November 

in densities that range from 0 to 6 kg of pink + chum salmon per m2/year.  Five of the 15 

streams had a barrier (log jam or waterfall) 150 m to 1,800 m upstream of the estuary, 

which blocked the migration of pink and chum salmon.  These five streams allowed us to 

do a within-stream comparison of insect diversity with and without salmon. 

 
Figure 4.1. Streams sampled in spring and fall 2008.  Triangles denote streams 

with a barrier to pink and chum migration used in the within-stream 
comparison.  Circles denote streams along the salmon density 
gradient used in the among-stream comparison, in conjunction with 
the five downstream sites from the within-stream comparison.  The 
asterisks indicate the Heiltsuk First Nation village of Bella Bella and 
Vancouver, British Columbia. 
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Table 4.1. Stream-specific data for upstream and downstream sampling 
locations.  The stream site abbreviations match the abbreviations 
used in Figures 4.2 and 4.5.  pH in brackets indicates the mean fall 
values for each stream.  All other values included in the table do not 
vary with season.  Spawning area refers to the total stream area 
available to spawning salmon in the fall and the maximum weekly 
average temperature was calculated from data that spanned the 
2008 sampling seasons. 

Stream Site 
Abbreviation 

Location Mean 
Bankfull 
Width  
(m) 

Spawning 
Area 
(m2) 

Mean  
2006-2008 

Salmon 
Density 
(kg/m2) 

Maximum 
Weekly 
Average 

Temperature 
(°C) 

Mean 
Stream pH 

Mean 
Stream 

Gradient 
(°) 

Ada  AD(D) Downstream 11.1 3,893 0.52 8.39 7.38 (5.29) 1.7 
Ada AD(U) Upstream 10.7 0 0.00 8.39 6.57 (5.55) 2.0 
Beales Left BL Downstream 10.9 3,030 0.78 8.67 7.11 (6.90) 4.7 
Bullock Main BM Downstream 10.9 4,199 0.75 7.04 7.21 (6.12) 2.7 
Clatse  CL(D) Downstream 22.8 20,025 0.51 8.93 5.80 (5.81) 1.5 
Clatse  CL(U) Upstream 17.8 0 0.00 8.93 5.75 (5.71) 1.8 
Fannie Left FL Downstream 12.8 16,500 0.22 9.48 5.91 (5.55) 1.7 
Hooknose HN Downstream 16.9 18,180 0.26 8.65 6.13 (5.82) 1.5 
Jane JA(D) Downstream 4.6 1,750 0.01 9.11 7.28 (6.08) 3.0 
Jane JA(U) Upstream 2.7 0 0.00 9.11 7.43 (5.86) 0.7 
Kill Creek KI Downstream 3.5 1,427 0.51 7.95 6.52 (6.25) 1.5 
Kunsoot Main KM Downstream 13.1 12,544 0.26 9.36 5.62 (5.53) 0.8 
Mosquito Bay 
Left 

MR Downstream 5.7 1,625 1.06 6.59 5.55 (5.67) 1.3 

Neekas NK(D) Downstream 17.7 26,985 1.60 8.07 5.91 (6.52) 1.0 
Neekas NK(U) Upstream 12.8 0 0.00 8.07 6.26 (6.41) 2.2 
Quartcha QU Downstream 21.7 107,800 0.10 6.99 5.70 (5.97) 1.0 
Roscoe Main RM Downstream 23.5 123,347 0.31 6.99 6.38 (6.29) 2.2 
Sagar SA(D) Downstream 15.5 2,142 0.45 10.23 6.10 (5.95) 3.8 
Sagar SA(U) Upstream 13.6 0 0.00 10.23 5.79 (5.83) 2.2 
Troupe North TN Downstream 4.4 1,179 0.00 10.21 7.06 (5.20) 2.5 

4.3.2. Salmon population estimates 

We used stream and bank walks from the Department of Fisheries and Oceans Canada 

(DFO), the Heiltsuk First Nation, and field crews from Simon Fraser University to 

estimate salmon abundance along the full spawning length of each stream.  See 

Hocking and Reynolds (Hocking and Reynolds 2011) for a detailed summary.  Pink and 
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chum salmon account for 90-100% of the returning salmon in the streams we studied.  

From previous work (Harding et al. 2014), we found that the 2006-2008 mean mass of 

pink and chum salmon per m2 was a suitable metric to assess salmon as both a source 

of nutrients and a source of disturbance.  We used the following formula to calculate the 

three-year density mean, 

D=
!!
!×!
!

  (1) 

where D is the mass of salmon per unit area, B is the total mass in kg of pink and chum 

salmon in year i (3 years total), L is the stream length where spawning occurs, and W is 

the mean bankfull width based on 12 or more measurements per site. 

4.3.3. Environmental data 

We surveyed several aspects of the stream and riparian area that may affect the 

diversity and distribution of stream invertebrates (see Introduction): stream pH, 

temperature, dissolved inorganic nitrogen and soluble reactive phosphorus, percent 

open canopy, red alder, geographic location and drainage size.  A detailed description of 

how each variable was collected can be found in J. N. Harding et al. (2014) and Hocking 

and Reynolds (2011).  In brief, 12 randomly selected transects were chosen within a 

study reach.  The length of each reach was equal to 30 × the mean bankfull width (Bain 

and Stevenson 1999) and each study reach began immediately upstream of the estuary 

(downstream locations) or upstream of the barrier to salmon migration (upstream 

locations).  We used a minimum of four spot measurements from a YSI Model 63 multi-

meter probe to calculate the mean spring and fall pH and calculated maximum weekly 

average temperature using data from temperature loggers (iButtons DS1922L) anchored 

to large boulders in the stream that logged stream temperature every two hours.  

Dissolved nutrients were assayed from water samples taken three months prior to and 

again following peak salmon spawning.  Personnel at the Fisheries and Oceans Canada 

Cultus Lake Research Facility quantified soluble reactive phosphorus (SRP) and total 

dissolved inorganic nitrogen (DIN) measured separately as ammonium (NH3
+) and 

nitrate (NO3
-) following the American Public Health Association methods (APHA 1989).  

Percent open canopy was the mean of three spherical densitometer readings taken at 
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each bank and in the deepest part of the stream at 10 transects in the study reach.  Red 

alder was measured as the basal area of trees exceeding 5 cm in diameter at breast 

height in six 35 m long by 10 m wide transects that ran perpendicular to the stream in the 

riparian area (Hocking and Reynolds 2011).  Geographic location was the latitude and 

longitude (in decimal degrees) measured at the mouth of the stream.  Drainage size was 

the first principal component axis of the following variables: catchment area, calculated 

from the Government of British Columbia’s iMapBC website (Government of British 

Columbia, DataBC 2006), bankfull width (mean width of the stream at its highest point 

before breaching its banks), bankfull height (the mean maximum depth of the stream 

before breaching its banks), mean stream depth (mean stream depth measured on 

sampling dates), mean discharge (estimated from flow measurements taken on sampling 

dates using a Flo-Mate 2000 portable flowmeter), mean gradient degrees (mean of 12 

measurements taken at each transect using a clinometer), and the proportion of different 

sediment sizes including fines (< 2 mm), gravel (2 to 15 mm), coarse gravel (16 to 31 

mm), small (32 to 99 mm) and large cobbles (100 to 256 mm), boulders (> 256 mm) and 

bedrock.  Sediment size was measured as the intermediate axis of 100 rocks (10 rocks 

from 10 transects) per stream (Wolman 1954).  The first principal component axis (PC1) 

accounted for 44% of the variation and had correlation coefficients that ranged from -0.7 

to 0.9.  The loading scores were: bankfull width (0.33), bankfull height (0.35), mean 

depth (0.37), mean discharge (0.37), catchment area (0.38), percent large cobbles 

(0.21), boulders (0.33), gravel (-0.28) and coarse gravel (-0.34).  Therefore an increase 

in the drainage size PC1 equated to an increase in stream size, discharge and depth, 

catchment area, and sediment size. 

4.3.4. Insect diversity 

We used a Surber sampler (frame area = 0.09 m2, 500 µm mesh) to collect benthic 

invertebrates from each downstream and upstream section.  We visited each site once in 

the spring (May 29 to July 3, 2008) prior to the arrival of salmon and again in fall 

(September 18 to October 28, 2008) after peak spawning, where we combined three 

riffle samples from three randomly selected transects at each site (n = 20 sites), giving 

us a total of 120 samples.  We scrubbed larger rocks before disturbing the substrate to a 
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depth of 7 cm, for 2 minutes.  Samples were immediately preserved in 95% ethanol 

before returning them to the laboratory for further processing. 

Using a Folsom Plankton Splitter, each sample was sub-sampled and identified to order 

to a count of 300 individuals or more.  Total invertebrate abundance was then adjusted 

by the proportion of the sample picked.  We randomly selected 12 samples, which we 

resorted and re-identified to order to ensure picking and identification accuracy met or 

exceeded 90% and 95% respectively.  Using Merritt et al. (2008), we further identified 

ephemeropterans, plecopterans, trichopterans and dipterans to family and classified 

them by their dominant functional feeding group (Table 4.2). 

Table 4.2. The order and functional feeding groups for each family included in 
the analysis, including the redundancy analysis axis (RDA) scores 
for the first two axes. The family abbreviations match Figure 4.5. 

        Spring Fall 
Order Family Family 

Abbreviation 
Functional Feeding 
Group 

RDA1 RDA2 RDA1 RDA2 

Diptera Ceratopogonidae Cera Predator 0.085 -0.035 -0.060 0.003 

 
Chironomidae Chi Collector-Gatherer 0.423 0.042 -0.328 0.192 

 
Empididae Emp Predator 0.004 -0.063 -0.021 -0.001 

 
Psychodidae Psy Collector-Gatherer -0.007 -0.002 -0.004 0.007 

 
Simuliidae Sim Collector-Gatherer -0.109 0.164 -0.046 -0.163 

 
Stratiomyidae St Collector-Gatherer 

  
-0.007 -0.006 

 
Tipulidae Tip Shredder 0.070 -0.126 0.093 0.032 

Ephemeroptera Ameletidae Am Grazer -0.063 -0.038 
  

 
Baetidae B Grazer -0.372 0.100 0.048 -0.09 

 
Ephemerellidae Eml Collector-Gatherer 0.065 -0.134 0.030 0.120 

 
Ephemeridae Emr Collector-Gatherer 

  
0.012 -0.009 

 
Heptageniidae Hep Grazer -0.128 -0.070 0.247 0.116 

 
Leptophlebiidae Lph Collector-Gatherer -0.089 0.082 0.003 -0.088 

Plecoptera Capniidae Cap Shredder 
  

0.167 -0.018 

 
Chloroperlidae Chl Predator -0.131 0.045 0.109 -0.002 

 
Leuctridae Leu Shredder -0.202 -0.156 0.135 -0.002 

 
Nemouridae N Shredder -0.068 0.018 -0.143 -0.178 

 
Perlodidae Perlo Predator 

  
0 0.009 

 
Taeniopterygidae Tae Shredder 

  
0.005 0.029 

Trichoptera Brachycentridae Br Collector-Gatherer 0.052 0.052 -0.181 -0.198 

 
Glossosomatidae G Grazer 0.050 -0.148 0.270 -0.090 

 
Hydropsychidae Hpsy Collector-Gatherer 0.148 0.176 -0.105 0.127 
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        Spring Fall 
Order Family Family 

Abbreviation 
Functional Feeding 
Group 

RDA1 RDA2 RDA1 RDA2 

 
Hydroptilidae Hpt Grazer 0.014 0.045 -0.037 0.001 

 
Lepidostomatidae Lst Shredder -0.107 -0.002 -0.241 -0.021 

 
Limnephilidae Lim Grazer -0.042 -0.033 0.015 0.116 

 
Philopotamidae Ph Collector-Gatherer 0.037 0.112 

  
 

Polycentropodidae Pol Collector-Gatherer -0.007 -0.021 0.006 -0.020 

 
Rhyacophilidae Rhy Predator 0.044 0.036 0.030 -0.068 

  Uenoidae U Grazer -0.006 -0.015 -0.007 -0.006 

4.3.5. Statistical analyses 

Insect family alpha diversity within streams.   

Five streams had a barrier to pink and chum spawning.  To visualize whether family 

diversity was similar upstream of the barrier compared to downstream in each season, 

we used nonmetric multidimensional scaling (nMDS), an unconstrained ordination 

technique, at the transect level.  We used the Bray-Curtis dissimilarity index, with two 

dimensions, 500 maximum random starts and Kruskal’s monotone regression, which 

minimizes stress (Kruskal 1964, Borcard et al. 2011a).  Stress measures how well the 

ordination matches the data; more specifically it measures the difference between the 

distances calculated between samples in the dissimilarity matrix and the distances 

calculated in the ordination (Kruskal 1964, Clarke 1993).  We performed a non-

parametric multivariate analysis of similarities (ANOSIM), which tests the null hypothesis 

that upstream and downstream communities are similar based on a Bray-Curtis 

dissimilarity matrix (Clarke 1993).   The ANOSIM R test statistic measures the degree of 

dissimilarity between groups where R = 1 equates to complete dissimilarity, R > 0.75 

indicates the groups are well separated, R > 0.5 the groups are separated but 

overlapping, and an R < 0.25 suggests the communities are barely separable (Clarke & 

Goreley 2001 in Ramette 2007).  A disadvantage of ANOSIM is that it does not take 

advantage of the paired stream location design of this study. 

Insect family alpha diversity among streams.   

We assessed spring and fall alpha family diversity in the downstream locations using 

family richness, Shannon’s index, and Simpson’s reciprocal index.  Family richness is 
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the total number of families present at each stream.  While richness is a simple metric, it 

is confounded by sampling area and the amount of time spent sampling (Magurran 2005, 

Magurran and McGill 2011).  To minimize bias, we sampled each stream with the same 

intensity (i.e. we sampled the same area of streambed, for the same amount of time, see 

Insect Diversity for details).  Shannon’s diversity index measures the uncertainty in 

predicting an individual’s identity picked at random from a sample and is calculated as, 

H=- 𝑝! ln 𝑝!  (2) 

where pi is the proportion of individuals found in the ith family (Magurran and McGill 

2011).  Simpson’s index measures the probability that any two individuals selected at 

random are from the same family.  The reciprocal of Simpson’s index is less sensitive to 

changes in abundant families than the addition of rare families and is calculated as 1/ λ 

where, 

𝜆 = 𝑝!!  (3) 

To test the effect of environmental variables on family alpha diversity, we first checked 

for multicollinearity among environmental variables relevant for the diversity indices 

using variance inflation factors (VIF) and correlation coefficients (Zuur et al. 2010).  A 

VIF score greater than 3 and a correlation coefficient greater than 0.6 were used to 

eliminate habitat variables considered to have a high degree of collinearity (Zuur et al. 

2009).  With these criteria, we eliminated dissolved inorganic nitrogen, soluble reactive 

phosphorus and longitude as they were highly correlated with each other and with the 

remaining variables.  We then regressed the family richness, Shannon’s index and the 

reciprocal Simpson’s index of each stream against stream pH, stream temperature, 

percent open canopy, red alder area, drainage size, latitude, and salmon density.  We 

constructed linear models that contained two or fewer environmental variables to avoid 

over parameterization (Harrell 2001).  This generated 29 models for each season with 

model weights less than 0.3.  Given the low model weights, we used multi-model 

inference to account for model uncertainty (Burnham and Anderson 2002).  We 

standardized the independent data to a mean of 0 and standard deviation of 2 so that 

effect sizes of independent variables could be compared (Grueber et al. 2011b).  The 

candidate model set consisted of models with ΔAICc < 4, which were averaged using the 
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natural method (Burnham and Anderson 2002, Grueber et al. 2011b) in the MuMIn 

package in R (Barton 2012).  See Tables C.1-3 in Appendix C for the candidate model 

sets used to generate averaged coefficients for each season and each index. 

Insect family beta diversity among streams.   

There are several definitions for and ways to calculate beta diversity, depending on the 

question and data available (Koleff et al. 2003, Anderson et al. 2011).  Anderson et al. 

(2011) identified two types of beta diversity: turnover and variation.  They defined 

variation as the variation in community structure among sampling units across space or 

time (e.g. Whittaker’s beta diversity (Whittaker 1960)) whereas turnover was defined as 

the measure of community structure along a spatial, temporal or environmental gradient.   

We used a multivariate approach to look at community turnover along environmental 

gradients by first looking for family associations using the Kendall Coefficient of 

Concordance (Legendre 2005).  If family associations existed, we could then assess 

which environmental conditions suited the family group rather than individual families.  

After applying a Hellinger transformation (square root of the proportional abundance of 

each family at a given site), we did not find any evidence of concordance among families 

in either season (spring W = 0.01, F = 0.441 p = 0.96; fall W = 0.02, F = 0.94, p = 0.51).  

With no strong associations among families identified at the downstream locations in 

either season, we then performed a canonical redundancy analysis (RDA).  Redundancy 

analysis is a two-step process: a multivariate multiple linear regression followed by a 

principal component analysis (PCA) of a table of fitted values (Borcard et al. 2011b).  

This approach estimates the amount of variation in a standardized total family 

abundance data matrix Y that is explained by a standardized matrix of explanatory 

variables, X (Legendre and Legendre 2012).  In this case Y was an abundance matrix of 

33 families across 15 streams and X was a matrix of seven environmental variables 

measured at the same 15 streams, which included stream pH and temperature, percent 

open canopy, alder basal area, drainage size, latitude, and salmon density.  Similar to 

canonical correspondence analysis (CCA), the environmental variables are represented 

by arrows; the longer the arrow the more correlated that variable is with the redundancy 

axes and therefore more related to the variation in the community data matrix (Braak 

1987, Legendre and Legendre 2012).  Families and streams are represented by points 
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that can be projected at right angles onto each arrow.  This determines the family or 

stream’s distribution along that environmental gradient (Braak 1987, Legendre and 

Legendre 2012).  The axes from a redundancy analysis model the variation in the family 

abundance data matrix and tests the null hypothesis that there is no linear relationship 

between X and Y (Borcard et al. 2011b).  Therefore an axis with a significant p value in a 

permutation test indicates a significant linear relationship between an environmental 

variable and the family abundance data.   

We performed a permutation test on the explanatory variables (α = 0.05, β = 0.01 and 

999 permutations) in each season to test whether linear relationships between the family 

abundance data and explanatory variables existed.  Regardless of the order of the 

explanatory variables, results from the sequential permutation tests, did not change the 

outcome in either season.  

Analyses were performed using the ARM, MUMIN, NLME, PLYR and VEGAN packages in R 

(R Development Core Team 2014). 

4.4. Results 

4.4.1. Insect family alpha diversity within streams.   

Community composition between upstream and downstream locations did not differ 

significantly in either the spring or fall (ANOSIM:  Spring Global R = 0.12, P < 0.001; Fall 

Global R = 0.04, P = 0.15; Fig. 4.2).  The NMDS analysis of family alpha diversity 

generated a two-dimensional solution with stress equal to 0.24 and 0.19 in the spring 

and fall, respectively.  Given the similarities between the communities upstream and 

downstream of the barriers to salmon migration, we chose not to compare alpha or beta 

diversity within streams. 
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Figure 4.2. Nonmetric multidimensional scaling plot assessing stream 

invertebrate family composition prior to (Spring) and post-peak (Fall) 
salmon spawning upstream (orange) and downstream (blue) of 
barriers to salmon migration.  The polygons are convex hulls 
bounded by the outer most transects (numbers after the site 
abbreviations) sampled upstream or downstream of the barriers and 
stream names match site abbreviations in Table 4.1 

4.4.2. Insect family alpha diversity among streams.   

Fall family richness increased with drainage size (effect size = 2.93; Fig. 4.3B & 4.4). 

This was evident from the magnitude and direction of the averaged coefficient, whether 

the 95% confidence intervals spanned zero, and the relative variable importance (sum of 

weights) of each variable.  However, we did not find any evidence that any of the 

diversity indices were related to salmon density or any other environmental variable 

tested in either season (Fig. 4.3).   
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Figure 4.3. Standardized coefficients for all abiotic and biotic variables 

considered in the multi-model inference analysis retained in the final 
confidence model set with ΔAICc < 4 for invertebrate family richness 
(A & B), Shannon’s (C & D) and Simpson’s reciprocal (E & F) indices 
prior to (Spring) and post-peak (Fall) salmon spawning.  The values 
on the right are the relative variable importance (RVI), calculated as 
the sum of the model weights of all the models in the final 
confidence set in which the variable appears. 
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Figure 4.4. Relationship between fall family richness and the drainage size PC1.  

An increase in drainage size coincides with an increase in 
catchment area, stream size and flow as well as substrate size. 

4.4.3. Insect family beta diversity among streams.   

The total inertia (variance) for the spring and fall datasets were 0.20 and 0.24, 

respectively, and the total proportion of the variation explained by the constrained axes 

(explanatory variables) in each season was 0.61 and 0.58, respectively.  The first 

redundancy axis (RD1) explained 28.5% and 24.2% of the total variation in the spring 

and fall family abundance data while the second axis (RD2) explained 12.2% and 11.3%, 

respectively (Fig. 4.5).   
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Figure 4.5. Redundancy axes 1 and 2 for the community composition of stream 

invertebrate families showing the distribution of streams (A & C) and 
families (B & D) separated by season.  Arrows represent the abiotic 
and biotic variables, where longer arrows are more correlated with 
the invertebrate community data.  Streams and families are 
represented by points that can be projected onto the environmental 
variable arrows at right angles to determine the stream or family’s 
distribution along that environmental gradient.  Stream 
abbreviations are described in Table 4.1 and family abbreviations 
can be found in Table 4.2.  Environmental variables abbreviations 
are as follows; Temp = temperature, pH = pH, Sal = mean salmon 
density, A = alder basal area, DS = drainage size, C = percent canopy 
open and Lat = latitude. 
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Family and site associations varied by season.  In the spring, the first axis represented 

stream size characteristics and salmon density (Fig. 4.5A & B).  Negative RD1 values 

described smaller streams with greater canopy cover, smaller substrate, lower flow and 

higher salmon densities in previous years.  Positive values along RD1 described larger 

streams with larger substrate, higher flow, and a more open canopy over the stream with 

more alder in the riparian area and less dense salmon populations (Table 4.3).  Families 

most abundant in the smaller watersheds characterized by lower flow and higher salmon 

densities included Baetidae, Leuctridae, Chloroperlidae, Heptageniidae and to some 

extent Simuliidae and Lepidostomatidae.  Chironomidae were the most abundant family 

present in large streams, with higher flow, larger substrate, more alder and less dense 

salmon populations.  Hydropsychidae were also more abundant in these conditions 

compared to other families but to a much lesser extent than Chironomidae.  The second 

redundancy axis described the shift in stream pH and temperature with latitude (Fig. 

4.5A & B).  From positive to negative, streams became colder and more acidic with 

increasing latitude and the most abundant families shifted from Hydropsychidae, 

Simuliidae, Philopotamidae and Baetidae to Ephemerellidae, Glossosomatidae and 

Leuctridae.  Of the environmental variables included in the spring analysis, results from 

the permutation test showed that mean pink and chum salmon density (ANOVA, F1,7 = 

2.83, P = 0.02) and stream temperature (ANOVA, F1,7 = 2.36, P = 0.04) had significant (α 

= 0.05) linear relationships with the families present in the streams.     

Table 4.3. Seasonal redundancy axis values for environmental variables in the 
redundancy analysis. 

 Spring Fall 
Environmental 
Variable 

RDA1 RDA2 RDA1 RDA2 

Salmon Density -0.589 -0.063 0.442 0.608 
Drainage Size 0.589 -0.186 -0.060 0.489 
% Open Canopy 0.305 -0.486 0.359 0.524 
pH 0.029 0.287 0.458 0.308 
Alder Area 0.340 -0.158 0.025 0.643 
Temperature 0.444 0.791 -0.861 -0.149 
Latitude 0.063 -0.847 0.785 0.351 

In the fall, the axes and correlations between environmental variables changed slightly 

(Table 4.3; Fig. 4.5C & D).  The first redundancy axis represented a shift in temperature 
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with latitude where, as in the spring, colder streams were found at higher latitudes.  

However, contrary to the spring, pH became more neutral with increasing latitude.  

Chironomidae, Lepidostomatidae, Brachycentridae and Nemouridae were more 

abundant in warmer streams at lower latitudes in the fall while Glossosomatidae, 

Heptageniidae, Capniidae, Leuctridae and Chloroperlidae were more common in 

streams with more neutral pH at higher latitudes.  The second redundancy axis 

represented a shift in stream size and salmon density where streams increased in size, 

had larger substrate, higher flow, less canopy cover and higher salmon densities as RD2 

values increased (Fig. 4.5C & D).  The most common families at the positive extreme 

included Chironomidae, Hydropsychidae, Ephemerellidae, and Heptageniidae while 

Simuliidae, Nemouridae and Brachycentridae became more abundant as canopy cover 

increased, streams decreased in size with lower flow, and had less dense salmon 

populations.  As in the spring, there was a significant linear relationship between salmon 

density (ANOVA, F1,7 = 2.08, P = 0.05) and temperature (ANOVA, F1,7 = 2.57, P < 0.001) 

with fall family abundance. 

4.5. Discussion 

Our study shows that family alpha and beta invertebrate family diversity varied with 

season and among streams but not within streams upstream and downstream of barriers 

to spawning salmon.  While fall family richness increased with drainage size, spring 

family diversity was not well described by the other environmental variables included in 

the analysis, including salmon density. However when we considered family identity and 

abundance, we found that community composition changed predictably along 

environmental gradients and was much more complex. 

4.5.1. Within-stream diversity.   

To our surprise, community composition did not differ between upstream and 

downstream reaches in either season.  We predicted that the two communities would 

differ due to the absence of substrate disturbance and limited amounts of nutrients from 

spawning salmon upstream of the barriers.  However, our findings suggest three 

possibilities: 1) disturbance from salmon in downstream sections might not have been 
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large enough to outweigh other sources of disturbance, 2) there was little change in 

other environmental gradients that matter to benthic invertebrate diversity across the 

barriers to salmon spawning in the short distance between upstream and downstream 

sampling locations, or 3) invertebrates have adapted to this annual pulsed disturbance 

either by emerging from the stream prior to salmon spawning as seen by Moore and 

Schindler (2010), or by using local refugia during periods of substrate disturbance 

(Townsend et al. 1997).  Upstream sampling occurred 6 to 100 m upstream of the barrier 

to salmon spawning, depending on stream depth and flow.  A study of movement of a 

Plecopteran species (Leuctra ferruginea) showed that mature females can move on 

average up to 355 m upstream when looking for suitable sites to lay their eggs 

(Macneale et al. 2004).  The distance between the upstream and downstream sites in 

this study could have therefore been within the upstream flying distance of ovipositing 

females with similar flying capabilities, which could have resulted in a more even 

community between the two stream sections.  We believe a combination of adaptation to 

a predictable disturbance and the upstream movement of ovipositing females could have 

led to similar family composition in upstream and downstream communities.   

4.5.2. Among-stream diversity.   

Contrary to our predictions, we did not find any correlation between mean salmon 

density and family richness, Shannon’s, or the reciprocal Simpson’s indices in either 

season, nor did we find a relationship between stream temperature and pH, canopy 

cover, alder in the riparian area or latitude and spring family richness.  However, family 

richness did increase with increasing drainage size in the fall when rainfall typically 

doubles in the region (Meidinger and Pojar 1991).  In our study, drainage size was a 

composite measure of several stream habitat measurements.  An increase in the 

drainage size PC equated to an increase in stream width, height and discharge, 

catchment area and substrate size, all of which are indications of increased flow and 

frequency of floods (Lake 2000).  Based on the definition of disturbance by Resh et al. 

(1988), the less predictable and more frequent substrate movement caused by fall and 

winter floods in rain-dominated systems could explain the increase in family richness 

with drainage size instead of other more predictable sources of disturbance such as 

salmon spawning.  Frequent and/or unpredictable sources of disturbance have been 
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linked to a unimodal distribution of diversity because disturbance can decrease the 

possibility of competitive dominance of certain families by opening up patches of habitat 

for less competitive colonizing families (Connell 1978, Townsend et al. 1997).  We did 

not find a peak and subsequent decline in diversity with drainage size but it is possible 

that our study did not cover the intermediate to high levels of disturbance required for 

invertebrate family richness to respond in this manner.  However, the arrival of ‘new’ 

families in the fall with increasing drainage size could be related to 1) life history, 

whereby in the spring, these families were either too small to be collected (e.g. egg or 

nymphal stages) or 2) habitat preference where individuals could have been in areas of 

the stream outside of our sampling region (e.g. deeper in the hyporheic zone).  Drainage 

size may also represent an increase in the influx of riverine- and terrestrial-derived 

material, which could benefit shredders and collector-gatherers.  Kassen et al. (2000), 

showed that an uneven increase in resource availability can produce a unimodal 

distribution in species diversity.  However, in a previous study by Harding and Reynolds 

(2014b)  invertebrate δ13C generally increased with watershed size (a metric similar to 

drainage size in this study), but they did not observe an increase in invertebrate, and in 

particular shredder and collector-gatherer, density with watershed size.  Therefore an 

increase in family richness with drainage size in this study might be more related to life 

history, habitat preference or substrate disturbance from increase flow in the fall rather 

than an increase in organic material input.   

Our redundancy analyses test how different families respond to variation in 

environmental conditions, rather than reducing diversity to a single metric per stream.  In 

the spring, shredders (Leuctridae and Lepidostomatidae) and grazers (Baetidae and 

Heptageniidae) were more common in smaller, more forested streams with lower flow, 

smaller substrate and in sites with more dense salmon populations.  The association of 

shredders with small, more forested streams matches the predictions and results from 

Vannote et al. (1980) and Lamberti and Steinman (1997).  However, we were surprised 

to find more grazers in small watersheds.  There may have been more food for grazers 

in the streams we studied than might otherwise be expected.  While light may have 

limited primary production due to greater canopy cover, perhaps less frequent flooding in 

these smaller watersheds provided a more stable substrate for periphyton growth (Biggs 

et al. 1999).  Given that grazers were also more common in streams with more dense 
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salmon populations, springtime primary production could have also been further 

enhanced due to higher dissolved nutrients in streams with higher salmon density the 

previous fall (Harding et al. 2014).  As predicted, collector-gatherers (Chironomidae and 

Hydropsychidae) were more common in larger streams with less canopy cover, higher 

flow, greater substrate size with less dense salmon populations and more alder in the 

riparian area.  In these wider and sometimes higher order streams, it is more common to 

find more fine particulate organic matter from both plants and animals (Vannote et al. 

1980), which collector-gatherers rely on as their primary food source (Merritt et al. 2008).  

We would also expect to find more collector-gatherers in streams with more alder in the 

riparian area.  Alder has been found to be a higher quality food item compared to other 

leaf litter material and is more readily broken down from coarse to fine particulate 

organic matter by detritivores including shredders (Richardson et al. 2004, Merritt et al. 

2008).   

As in the spring, collector-gatherers (Chironomidae, Hydropsychidae and 

Ephemerellidae) were common in larger streams, with higher flow and larger substrate 

size in the fall but collector-gatherers (Simuliidae and Brachycentridae) were also found 

in smaller, lower flow streams.  While this appears to contradict Vannote et al. (1980), 

there is an increase in precipitation in the fall in this area of British Columbia (Meidinger 

and Pojar 1991), which would increase stream flow in all streams.  This increased flow in 

addition to an increase in litter fall and the additional substrate disturbance from salmon 

spawning would increase particulate organic matter in the streams.  Collector-gatherers 

may benefit from the additional seasonal influx of plant and animal material.  Grazers 

(Glossosomatidae and Heptageniidae) and shredders (Capniidae and Leuctridae) were 

more commonly associated with colder streams at higher latitudes.  While these streams 

remained colder at higher latitudes in the fall, they actually became more basic.  The 

increase in pH from spring to fall in higher latitude streams could be because there is a 

natural gradient in discharge size toward the north and it is therefore likely that streams 

became more basic in the fall due to the increase in rainfall.   

Of the seven environmental variables we included in the redundancy analysis, the only 

variable in addition to mean salmon density that was correlated to spring and fall family 

abundance was stream temperature.  In ectotherms, metabolism increases with 

temperature, affecting processes such as primary production and respiration.  Studies 
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have found that not only does invertebrate abundance increase with stream temperature 

(e.g. Verspoor et al. 2011), but others have hypothesized that richness also increases 

with temperature and in particular more variable diel temperatures because more 

invertebrate families would be exposed to their preferred optimal temperature (Vannote 

et al. 1980).  

4.5.3. Conclusion 

This study is one of the few studies to examine the effects of salmon-derived material 

and disturbance on invertebrate family diversity and is the only study to link invertebrate 

beta diversity to mean salmon density.  The seasonal comparison allowed us to evaluate 

the effects of salmon-derived nutrient addition in absence of substrate disturbance in the 

spring, while the within-stream comparison allowed us to control for watershed specific 

variables when contrasting community composition in the presence and absence of 

salmon both prior to and after peak spawning.  We found that family richness increased 

with drainage size, a composite measure for catchment area, stream and sediment size 

and flow.  Land-use changes already occurring in other areas of the Central Coast as a 

result of ecosystem-based management plans (Price et al. 2009) could impact not only 

terrestrial inputs into streams but also alter discharge patterns and ultimately affect the 

stability and function of streams.  Our analysis of beta diversity showed that in addition to 

watershed characteristics, salmon density and temperature were important determinants 

of community composition among streams.   

Studies such as this, identify potential indicator families of salmon density and other 

environmental conditions but also suggest that expected shifts in environmental 

conditions including temperature (Field et al. 2014) and projected changes in wild 

salmon populations (Naiman et al. 2002) will likely result in shifts in taxonomic 

composition and/or community associations, which may lead to changes in ecosystem 

functioning (Loreau et al. 2001).  Freshwater systems are one of the most endangered 

ecosystems in the world due to pollution, overexploitation, resource development and 

climate change (Dudgeon et al. 2005).  Given our reliance on freshwater and its 

threatened status, studies in relatively pristine regions can act as a baseline for studies 

in more impacted areas.  Studying patterns between organism occurrences and their 



 

 82 

physical, chemical and biological environment is a practical approach to assessing 

communities prior to land-use changes and human-induced disturbances.   
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Chapter 5. Mixing it up:  The seasonal contribution 
of Pacific salmon to coastal stream food webs4 

5.1. Abstract 

Streams are dynamic systems that receive large amounts of external production from 

terrestrial and marine ecosystems in addition to in situ production.  Stream consumers 

therefore have access to resources from a variety of origins.  In this study, we 

investigate how the annual pulse of nutrients from spawning Pacific salmon 

(Oncorhynchus spp.), a high-quality marine resource, affects coastal stream food webs 

on the central coast of British Columbia, Canada.  The streams we studied, naturally 

vary in the mean density of spawning pink (O. gorbuscha) + chum (O. keta) salmon from 

0 to 3.21 kg of salmon per m2.  We predicted that in streams with no or low salmon 

densities, aquatic invertebrates, juvenile coho salmon (O. kisutch), and sculpins (Cottus 

asper and C. aleuticus) would consume proportionally more plant and/or invertebrate 

material but in streams with higher salmon densities, these consumers would consume 

proportionally more salmon material, particularly in the fall when salmon were spawning.  

Using MixSIAR, a Bayesian-based mixing model framework, we found that aquatic 

invertebrate grazers and shredders assimilated primarily biofilm in the spring while 

collector-gatherers assimilated more cedar and invertebrate predators assimilated more 

terrestrial invertebrates.  Collector-gatherers were the only invertebrate functional 

feeding group to switch from their primary resource to assimilating proportionally more 

salmon as salmon density increased among no to low salmon density streams in the 

spring.  However, in the fall, all four functional feeding groups of invertebrates consumed 

proportionally more salmon as salmon density increased among streams.  Juvenile coho 

salmon and sculpins assimilated proportionally more salmon in streams with more 

 
4 A version of this chapter is in preparation for publication with the following coauthors: J. M. S. 

Harding, M. D. Hocking, M. C. Nelson, E. J. Pendray, N. R. Swain and J. D. Reynolds 
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salmon regardless of season but in streams with no or low salmon densities, these fish 

consumed primarily terrestrial invertebrates and to a lesser extent marine copepods.  

Finally, the average indirect contribution of salmon to the diet of invertebrates and 

resident fish was predictably higher in the fall compared to the spring.  These results 

show that aquatic invertebrates and resident fish species in these coastal streams rely 

on a variety of resources throughout the year but salmon are an important nutrient 

source for many of these organisms, regardless of season.  Because of this, declines in 

Pacific salmon populations along the west coast of North America could result in 

changes to the structure and ecosystem functioning of these coastal stream food webs. 

5.2. Introduction 

Resource subsidies, the movement of material across habitat boundaries, can affect 

community stability, ecosystem function and food web complexity (Polis et al. 1997b).  

Such movements are thought to generally have positive effects on the productivity of 

recipient habitats, as they can represent large influxes of material over a short time 

period (Yang et al. 2008, Richardson and Sato 2014).  However, the availability of 

resources does not always predict their use by consumers; quality can be more 

important than quantity, as consumers prefer high-quality resources that are in short 

supply (Marczak et al. 2007, Marcarelli et al. 2011).  Landscape features can also dictate 

the impact of a subsidy; hydrologically-linked systems with large perimeter:area ratios 

and concave profiles, such as streams, have the potential to be the most affected by 

resource flows (Polis et al. 1997b, Marczak et al. 2007, Leroux and Loreau 2008).   

Streams are dynamic systems at the interface of both terrestrial and marine habitats that 

are linked by the downstream movement of water, nutrients and organisms, and the 

upstream and landward movement of species (Likens and Bormann 1974, Flecker et al. 

2010, Richardson and Sato 2014).  Because of this, stream consumers have access to 

both in-situ production as well as resource flows from vastly different habitats.  For 

example, studies have shown the importance of reciprocal flows between streams and 

riparian areas, where the overall production of both ecosystems are enhanced through 

cross-boundary flows of invertebrates (Nakano and Murakami 2001, Baxter et al. 2005).  

Several other studies have shown that upstream migrations of anadromous species can 
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not only alter freshwater production through the transport of marine-derived material but 

also through their behaviour (Johnston et al. 2004, Moore et al. 2004, Tiegs et al. 2009, 

Rinella et al. 2013, Harding et al. 2014).  The effect of a resource subsidy on a recipient 

habitat depends on the availability of comparable resources in the recipient habitat and 

whether or not the incoming resource is in a suitable form for organisms to use (Marczak 

et al. 2007).  Annual migrations of Pacific salmon (Oncorhynchus spp.) import large 

quantities of marine-derived resources to freshwater streams every fall (Quinn 2005).  

These anadromous fish release the majority of their accumulated resources during 

spawning in the form of eggs, milt, and excretions (Gende et al. 2004), all of which are in 

biologically available forms for direct uptake by primary producers and consumers (Bilby 

et al. 1996, Allan and Castillo 2007a).  With the influx of terrestrial and marine subsidies, 

in addition to in-situ freshwater production, stream consumers have the ability to 

capitalize on a variety of resources year-round.   

Stable isotopes are a common tool to assess the complicated interactions between 

organisms in an ecosystem (Peterson and Fry 1987, Fry 1991).  They have been used to 

elucidate these complicated interactions by estimating the amount of assimilated 

material obtained from various sources identified within a consumer’s environment 

(Vanni et al. 2004).  Isotopes can measure the diet of consumers over days, weeks and 

months depending on the tissue type analyzed, and provide a longer-term analysis of a 

consumer’s diet compared to analyzing the stomach contents of an individual (Phillips et 

al. 2014).  However, in isolation stable isotopes can only reveal what resources are 

being assimilated; isotope mixing models are needed to estimate the proportional 

contribution of various sources to the diet of consumers and estimate the variability 

among individuals (Fry 2006, Semmens et al. 2009).  From basic mixing models (Fry 

2006) to more complex frameworks using Bayesian statistics (Moore and Semmens 

2008, Stock and Semmens 2013), several studies have looked at the contribution of 

different sources to the diet of consumers in streams (e.g. Rasmussen 2010, González-

Bergonzoni et al. 2014), some of which have explicitly looked at the contribution of 

Pacific salmon to stream food webs (e.g. Verspoor et al. 2010, Swain et al. 2014).  

These studies typically focused on one or a subset of organisms in streams (e.g. biofilm, 

macroinvertebrates or fish). 
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The objective of this study was to determine how the proportional contribution of pink 

(Oncorhynchus gorbuscha) and chum (O. keta) salmon to mid- and upper-level 

consumers in coastal streams changes with season and spawning salmon density.  We 

studied four functional feeding groups of benthic macroinvertebrates including grazers, 

shredders, collector-gatherers and predators, along with two types of resident fish: 

juvenile coho salmon (O. kisutch) and sculpins (Cottus asper and C. aleuticus). We 

predicted that invertebrates and fish would assimilate more salmon-derived material in 

the spring and fall as salmon density increased and that these consumers would rely 

more heavily on salmon-derived material in the fall, when adult salmon were spawning.  

However, in streams with no salmon or low salmon densities, we predicted that grazers 

would assimilate more biofilm and that shredders and collector-gatherers would 

assimilate more alder as it is a more nutritious and palatable plant source than other 

material common in streams (Richardson et al. 2004).  We also predicted that 

invertebrate predators, juvenile coho, and sculpins would rely more heavily on 

invertebrate production based on availability (i.e. aquatic invertebrates in the spring and 

terrestrial invertebrates in the fall), when each resource is typically more abundant 

(Nakano and Murakami 2001).   

5.3. Methods 

5.3.1. Study sites 

Our study was conducted on 36 small to medium sized coastal streams in the Great 

Bear Rainforest along British Columbia’s central coast near the Coastal First Nation 

communities of Klemtu and Bella Bella (Fig. 5.1).  These second to fourth order streams 

are located in the Wet Submaritime Coastal Western Hemlock Biogeoclimatic subzone, 

which is characterized by a heavy annual rainfall (3,000 mm), nutrient-poor soils, and a 

mean annual temperature of 5.5 °C (Pojar et al. 1991, Price et al. 2009).  Dominant tree 

species include red alder (Alnus rubra), western red cedar (Thuja plicata), western 

hemlock (Tsuga heterophylla), amabilis fir (Abies amabilis) and Sitka spruce (Picea 

sitchensis).  Some selective logging took place in the early half of the twentieth century 

but there was no active logging during sampling.  These streams are found in a relatively 

pristine area of the coast and span natural gradients in size, water chemistry, canopy 
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cover, riparian vegetation, and mean salmon density (Table 5.1).  The dominant 

anadromous species in all streams are pink and chum salmon.  There are small 

numbers of coho salmon (O. kisutch) in all streams and few, if any, sockeye (O. nerka) 

and Chinook (O. tshawytscha) in a small subset of streams we studied.  Salmon spawn 

from late August to early November in densities that range from 0 to 6 kg of pink + chum 

salmon/m2/year.  Resident fish include coastrange (Cottus aleuticus) and prickly (C. 

asper) sculpins, juvenile coho, cutthroat (O. clarki) and rainbow (O. mykiss) trout, and 

Dolly Varden (Salvelinus malma).   

 
Figure 5.1. Streams sampled in the spring and fall between 2007 and 2012.  The 

asterisks show the First Nation communities of Klemtu and Bella 
Bella in relation to Vancouver, British Columbia, Canada. 

Table 5.1. Site-specific habitat and salmon density data for the streams 
studied. 

Stream Stream Order Catchment  
Area  
(km2) 

Bankfull  
Width  
(m) 

Salmon 
Spawning Area 

(m2) 

2006-2009 Mean 
Salmon Density 

(kg/m2) 

Ada 4 9.8 11.1 3,893.3 0.83 
Beales Left 3 6.5 10.9 3,030.0 0.99 
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Stream Stream Order Catchment  
Area  
(km2) 

Bankfull  
Width  
(m) 

Salmon 
Spawning Area 

(m2) 

2006-2009 Mean 
Salmon Density 

(kg/m2) 

Big Creek 3 7.0 13.8 11,664.5 1.30 
Bolin Bay 2 17.7 17.9 9,759.2 0.30 
Bullock Main 2 3.3 10.9 4,198.5 1.32 
Bullock Square 2 2.8 8.4 1,258.0 0.60 
Clatse 2 24.3 22.8 20,025.0 1.13 
Codville 1 2.4 3.3 800.0 0.07 
DeCosmos 2 5.5 9.6 8,400.0 0.73 
Duthie 2 11.2 10.9 18,720.0 1.07 
Fancy Head 2 1.6 5.5 585.2 1.33 
Fancy Right 3 9.9 4.8 1,266.5 0.35 
Fannie Left 3 16.4 12.8 16,500.0 0.46 
Farm Bay 2 2.3 6.4 2,625.5 0.00 
Fell Creek 3 7.0 10.9 218.0 1.99 
Goat Bushu 3 2.3 7.5 7,500.0 0.35 
Hooknose 3 14.8 16.9 18,180.0 0.32 
James Bay 3 30.2 17.1 67,533.3 0.26 
Jane 2 1.3 4.6 1,750.0 0.02 
Kill Creek 2 0.5 3.5 1,427.0 0.92 
Kunsoot Main 2 4.9 13.1 12,544.0 0.66 
Lard 4 49.6 25.5 61,717.5 0.20 
Lee 2 11.2 12.4 7,560.0 0.53 
Mosquito Bay Right 3 3.1 4.0 1,625.0 1.45 
Mussell 4 166.5 45.4 156,300.0 0.60 
Neekas 3 16.0 17.7 26,985.0 3.21 
Port John 2 1.9 3.3 681.2 0.00 
Quartcha 3 29.4 21.7 107,800.0 0.11 
Rainbow 2 13.7 15.1 3,982.5 0.16 
Ripley Bay 2 15.7 14.7 0.0 0.00 
Roscoe Main 3 33.6 23.5 123,346.7 0.31 
Sagar 3 36.6 15.5 2,142.0 0.69 
Salmon Bay 3 9.5 12.2 16,720.0 2.45 
Spiller Trib #1 2 2.3 7.7 292.0 0.05 
Troupe North 2 1.6 4.4 1,178.6 0.01 
Troupe South 2 1.8 4.1 1,784.9 0.15 
Windy Bay 3 12.0 13.1 21,743.3 0.04 
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5.3.2. Salmon enumeration 

Salmon population estimates and the length of spawning reaches were derived from 

stream and bank walks in cooperation with the Department of Fisheries and Oceans 

Canada, the Kitasoo/Xai’xais Fisheries program, Heiltsuk Integrated Resource 

Management Department, and Simon Fraser University.  Hocking and Reynolds (2011) 

provide a detailed description of how salmon were enumerated and population estimates 

were derived.  Pink and chum salmon accounted for 90% to 100% of the spawning 

salmon in the streams we studied.  We therefore calculated salmon density based on the 

total pink + chum salmon counts using the following formula, 

𝐷 =
!!
!×!
!

  (1) 

where D is the mean kg of salmon per m2 per stream, B is the total biomass of pink and 

chum salmon in year i, L and W are the spawning length and bankfull width of each 

stream and n is the number of spawning years used to calculate the mean density.  

From previous work, we found that a mean salmon density was a suitable metric to 

assess the mean differences in spawner abundance among streams (Harding et al. 

2014) and in this case a four-year mean captured the variation among years. 

5.3.3. Sample collection and isotope preparation of sources and 
consumers 

Samples were collected in the spring and fall between 2007 and 2012 (Table 5.2 and 

Table D.1. in Appendix D).  We give a brief outline of how each sample was collected.  

For detailed descriptions, sources are listed in Table 5.2.  Red alder and western red 

cedar leaves were collected in the summer from randomly selected riparian trees that 

were 0 to 30 m (median = 2 m) from the stream bank (perpendicular distance) and from 

the uppermost extent of tidal influence to 450 m upstream (median = 120 m).  

Suspended particulate organic matter (SPOM) samples, a combination of fine and 

coarse particulate organic matter, were collected from water samples filtered onto pre-

weighed, ashed glass fiber filters (Whatman, 47 mm, 0.7 µm) for carbon samples and 

un-ashed filters for nitrogen samples.  Biofilm samples were collected from four cobble-

sized rocks (secondary axis < 256 mm) across the wetted-width of six transects in 16 
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streams.  These samples were left unfiltered and frozen at -20 °C until further processing 

(Harding et al. 2014).  We collected benthic invertebrates from three riffles at three 

randomly selected transects per stream using a Surber sampler (500 µm mesh, metal 

frame area = 0.09 m2).  Samples were stored in 95% ethanol immediately after 

collection.  We identified samples to order and further identified the orders 

Ephemeroptera, Plecoptera, Trichoptera and Diptera to family following Merritt et al. 

(2008).  Each family was then broadly categorized into the dominant functional feeding 

groups (Merritt et al. 2008).  The most common families found in all watersheds from 

each functional feeding group were further identified to genus and used for isotope 

analysis (Harding and Reynolds 2014b).  Coho salmon were collected using triple-pass 

depletions using a 2 m pole seine in stop-netted sections of streams (Nelson and 

Reynolds 2014) and minnow trap surveys conducted by Swain et al. (2014) where 12 

traps per stream were baited with cat food and prawn oil and left for 6 to 24 h in a variety 

of low and high flow habitats.  Prickly and coastrange sculpins were caught using 

minnow traps as well as by Smith-Root L24 and 12-B backpack electrofishers, followed 

by one to two people using dip nets to catch the fish (Swain et al. 2014).  Fin clips from 

the pole-seined coho salmon were first preserved in 70% ethanol before being frozen 

with the other coho and sculpin fin clips obtained from minnow traps and electrofishing.  

Adult salmon tissue from pink and chum males and females were collected from the 

dorsal muscle of freshly senesced fish from five representative streams around our study 

region.  These samples were frozen until further processing.  All of the above samples 

were dried at 60 °C and ground into a fine powder either manually or using a heavy duty 

Wig-L-Bug©.  They were then prepared for stable nitrogen and carbon isotope analysis at 

the University of California Davis Stable Isotope facility using a PDZ Europa ANCA-GSL 

elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer 

(Sercon Ltd., Cheshire, UK) following their sample preparation guidelines (UC Davis 

Stable Isotope Facility 2014).  
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Table 5.2. Sampling dates for sources and consumers in each season with the 
specified number of streams sampled for each source and 
consumer (n).  Refer to Table D.1. in Appendix D for the list of 
streams where each source and consumer were sampled from. 

 Spring n Summer n Fall n Source 
Red alder and 
western red cedar 
 

  July 12 to 30, 
2012 

17-18   Unpublished 
data 

Suspended 
particulate organic 
matter (SPOM) 
 

May 29 to July 3, 
2008 

15   September 18 to 
October 28, 2008 
 

14 Unpublished 
data 

Biofilm June 2 to July 9, 
2009 

16   October 8 to 26, 
2009 
 

15 (Harding et 
al. 2014) 

Aquatic insects 
 

May 29 to July 3, 
2008 

12-14   September 18 to 
October 28, 2008 
 

10-14 (Harding and 
Reynolds 
2014b) 

Terrestrial insects     September to 
October 2001 to 
2003 

2 (Hocking et 
al. 2009) 

Marine copepods April 30, 2007 
 

     (Doi et al. 
2010) 

Coho salmon Minnow trap 
June 3 to July 13, 
2007 and June 2 
to 26, 2008 
 
Pole seine 
May 28 to June 
19, 2008 
 

32   Pole Seine 
September 18 to 
October 26, 2008 
 
 

15 (Swain et al. 
2014, Nelson 
and Reynolds 
2014) 

Sculpins  
(Cottus aleuticus 
and C. asper) 

Minnow trap 
June 8 to July 9, 
2007 
June 1 to June 
26, 2008 
 
Electrofishing 
July 12 to July 13, 
2010 

20   Minnow trap 
September 14 to 
October 21, 2009 
 
Electrofishing 
October 13 to 21, 
2010 

14 (Swain et al. 
2014) 

Terrestrial invertebrates have been shown to make up a significant proportion of sculpin 

and juvenile coho diet throughout different times of the year (Nakano and Murakami 

2001, Kawaguchi and Nakano 2001, Baxter et al. 2005).  We did not have samples for 
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terrestrial or marine invertebrates so we relied on data from previously published 

material.  Terrestrial invertebrate δ13C and δ15N was the mean and standard deviation 

from Nicrophorus defodiens, Cyabeus spp. and Collembola, low tropic level terrestrial 

invertebrates, collected from pitfall traps set in the riparian area of two watersheds within 

our sampling region (Hocking et al. 2009).  These samples were preserved in 70% 

ethanol prior to isotope analysis.  Other studies have shown that sculpin and juvenile 

coho will travel downstream into the upper estuary where they have access to marine 

invertebrates (Hunter 1959, McLarney 1968) including Neocalanus spp. as noted by an 

estuarine study on juvenile coho (Macdonald et al. 1987).  We obtained the mean and 

standard deviation of Neocalanus plumchrus, N. flemingeri and N. cristatis sampled from 

the subarctic Pacific Ocean as a proxy for what both species of sculpin and juvenile coho 

would have access to if they relied on marine copepods as part of their diet (Doi et al. 

2010).   

Aquatic and terrestrial invertebrates and some coho fin clips were preserved in ethanol 

prior to isotope analysis.  Ethanol has been shown to affect the δ13C and δ15N of 

preserved samples within days of preservation (Sarakinos et al. 2002, Sweeting et al. 

2004, Ventura and Jeppesen 2009).  It can either bind or mix with the tissue, shifting the 

sample signature towards that of ethanol, or it can hydrolyze proteins and fats, causing 

the tissue to lose 12C, resulting in the sample tissue becoming more enriched in 13C.  A 

correction factor is therefore strongly recommended when comparing isotopes among 

samples that have been preserved using different methods (e.g. ethanol versus 

freezing).  We therefore subtracted 1.18 and 0.39 from the δ13C and δ15N of the aquatic 

and terrestrial invertebrates, respectively (Ventura and Jeppesen 2009) and 1.4 and 0.4 

from the δ13C and δ15N of coho fin clips, respectively (Vizza et al. 2013) to account for 

enrichment in the samples preserved in ethanol. 

5.3.4. Data analysis 

We used MixSIAR (v1.2), a Bayesian stable isotope mixing model, to approximate the 

probability distributions of the proportional contributions of inferred freshwater, terrestrial 

and marine sources through direct consumption to freshwater consumer (Semmens et 

al. 2009, Stock and Semmens 2013).  To determine the proportional contribution of each 
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source, we ran a separate model for each freshwater consumer, including benthic 

invertebrate grazers, shredders, collector-gatherers and predators, as well as juvenile 

coho and sculpins.  We included salmon density, as a continuous effect, and individual 

random effects in all models.   Each source included in each consumer model was the 

mean ± 1SD from all streams, as we did not have enough data points to use stream-

specific source values in the models.  Inferred sources for each consumer can be found 

in Fig. 5.2 & 5.3.  We relied on the isospace figures generated in MixSIAR to ensure the 

sources encompassed the isotopic range of each consumer.  See figures D.2-7. in 

Appendix D for the stable isotope input.  We assumed the trophic discrimination 

(fractionation) factor for δ13C for each source to be 0.4 ± 1.2 ‰ (mean ± SD) and 2.3 ± 

1.6 ‰ for δ15N (McCutchan et al. 2003).  We conducted MCMC sampling in JAGS via R 

(R Development Core Team 2014), using three 75,000-iteration chains with a burn-in 

period of 25,000 and retained every 10th sample, for a total of 15,000 draws to generate 

the posterior distribution.  To ensure the models converged on a posterior distribution, 

we ran the Gelman-Rubin, Heidelberger-Welch and Geweke diagnostic tests (Stock and 

Semmens 2013). 

 
Figure 5.2. Inferred diet sources of invertebrate consumers.  Image authors, 

sources and copyright license information can be found in Table 
D.8. in Appendix D. 



 

 94 

 

 
Figure 5.3. Inferred diet sources of juvenile coho and sculpins.  Image authors, 

sources and copyright license information can be found in Table 
D.8. in Appendix D. 

To estimate the indirect contribution of salmon through inferred sources to consumers, 

we used the following formula,  

𝐼 = 𝑥!𝑦!!
!!!   (2) 

where I is the indirect contribution of salmon to a consumer, x is the direct proportional 

contribution of salmon to source i and y is the direct proportional contribution of source i 

to the consumer.  This method accounts for the next closest source but not all possible 

indirect sources of salmon-derived material.  This formula therefore greatly 

underestimates the total indirect contribution of salmon to a source. 

One benefit of Bayesian mixing models is that there can be greater than n + 1 sources, 

where n is the number of isotopes available for a given consumer.  However, too many 

sources can either lead to a mixing model not converging or too many dispersed 

solutions (Phillips et al. 2005, 2014).  For the juvenile coho and sculpin models, we had 

identified six and seven sources, respectively.  We conducted a one-way analysis of 

variance (ANOVA) to determine if there were differences in the δ13C and δ15N between 
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aquatic invertebrate functional feeding groups in each season and followed up with post-

hoc Tukey’s HSD tests to compare pairwise functional feeding group combinations.  We 

followed the same procedure to determine whether the δ13C and δ15N of the two species 

of sculpin – prickly and coastrange – were statistically similar and whether they should 

be analyzed as a single consumer in the mixing models.   

Though mixing models are a powerful tool to assess the proportional contribution of 

sources to consumers, there are several general assumptions to take into account when 

using them.  General assumptions of mixing models include that: 1) all sources have 

been included in the models, 2) there is a constant discrimination (fractionation) rate 

between trophic levels, 3) there is complete mixing, i.e. what is ingested is assimilated 

into the tissue analyzed, 4) the error terms are normally distributed, and 5) all consumers 

within each group have the same diet (Fry 2006, Phillips et al. 2014).  In this study we 

also assumed that the isotopes of sources and consumers did not significantly vary from 

year to year, consumer diets remained stable from year to year and within season, that 

there was no concentration dependence of food sources, and that there was no 

cannibalism. 

5.4. Results 

5.4.1. Combining sources.  

The mean values of δ13C and δ15N differed among the aquatic invertebrate functional 

feeding groups in both the spring (ANOVA, F3,136 = 27.93, P < 0.001) and fall (ANOVA, 

F3,120 = 10.04, P < 0.001).  However, results from the Tukeys HSD tests revealed that 

differences between groups were largely dependent on predators or shredders and were 

not consistent across both seasons and isotopes.  We therefore opted to combine the 

four functional feeding groups into a single source for both juvenile coho and sculpins to 

both reduce the number of sources in each model and because we could not have 

different combinations of sources for each fish consumer in each season due to one of 

the broader aims of this study, which was to compare the relationships between 

consumers and sources between seasons. 
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There was no difference in δ13C between sculpin species in the spring (ANOVA, F1,158 = 

1.97, P = 0.16) and no difference in δ15N in the fall (ANOVA, F1,115 = 0.97, P = 0.33).  

However, prickly sculpins were significantly more enriched in δ15N and δ13C in the spring 

and fall by 0.94 ‰ and 2.42 ‰, respectively.  With no consistent division between 

seasons and isotopes, we opted to combine these two species into a single consumer.  

5.4.2. Bayesian mixing models.   

In the spring, the MixSIAR models suggested that grazers were largely dependent on 

biofilm (> 94% of their diet) regardless of salmon density in the streams (Fig. 5.4A, 

5.5A).  Biofilm and terrestrial invertebrates made up the greatest proportional 

contribution to the diet of shredders and predators, respectively (Fig. 5.5A), and both 

increased in their proportional contribution to the diet of these invertebrates as salmon 

density increased up to 0.5 kg/m2, after which they plateaued (Fig. 5.4C & G).  Salmon 

contributed on average 7% or less to the overall diet of grazers, shredders and 

predators, in the spring (Fig. 5.5A) and, this relationship did not change with increasing 

salmon density among streams (Fig. 5.4A, C & G).  Consequently, there was on average 

less than 1% of salmon-derived material indirectly transferred to predators through 

grazers and shredders (Fig. 5.5A).  The diet of collector-gatherers showed a decline in 

the proportional contribution of cedar and an increase in salmon as salmon density 

increased among streams (Fig. 5.4E).  Interestingly, SPOM, biofilm, and alder each 

contributed 20% or less to the overall diet of collector-gatherers in the spring (Fig. 5.4E).  

Given the larger mean proportion of salmon to the diet of collector-gatherers, it is not 

surprising that there was on average a larger albeit low (4%) indirect transfer of salmon-

derived material to invertebrate predators through this link (Fig 5.5A). 
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Figure 5.4. Proportional contribution of inferred diet sources (points and lines) 

in the spring and fall to each aquatic invertebrate consumer.  These 
are results from the MixSIAR mixing models specifying pink + chum 
salmon density as a continuous variable.  The points represent the 
median individual consumer diet proportions by source and the 
lines are a LOESS curve that was fit through the data points using a 
span of 1.25. 
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Figure 5.5. Estimated contributions (global mean ± SD) of inferred diet sources 

to aquatic invertebrate consumers in the spring (A) and the fall (B) 
obtained from the mixing model analysis in MixSIAR and represent 
the average contribution across all streams (mean salmon density = 
0.68 kg/m2).  Arrows are scaled to the contribution of each source to 
each consumer.  
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In the fall, there was a marked shift in the proportional contribution of each source to the 

diets of the invertebrate functional feeding groups (Fig. 5.5B).  In all four feeding groups, 

the proportional contribution of salmon increased and displaced the contribution of other 

sources as salmon density in the streams increased (Fig 5.4B, D, F & H).  Surprisingly, 

grazers, which are known to be largely dependent on sources of primary production in 

biofilm, assimilated less biofilm in streams with higher salmon densities and showed an 

increase in the proportion of salmon contributing to their diet (Fig. 5.4B, 5.5B).  The 

same was true for collector-gatherers, whose diet largely depended on salmon (Fig. 

5.5B) even in streams with low salmon densities (Fig. 5.4F).  There was also an increase 

in the average indirect contribution of salmon to invertebrate predators through grazers 

and shredders (2% and 3%, respectively) but because the overall contribution of 

collector-gatherers to predators declined in the fall, the average indirect contribution of 

salmon-derived material through this link (2%), also declined (Fig. 5.5B).  Terrestrial 

invertebrates had the highest proportional contribution to the diet of invertebrate 

predators in the fall, in streams with salmon densities less than 1.32 kg/m2 (Fig. 5.4H).  

Though we were limited to data from two streams with salmon densities of 1.32 kg/m2 or 

greater, there did appear to be a switch in the contribution of salmon and terrestrial 

invertebrates to predators; predators assimilated less terrestrial insects and more 

salmon as salmon density increased among streams (Fig. 5.4H).  The mixing models 

suggested that the proportional contribution of salmon to the diet of shredders increased 

with salmon density as the contribution of SPOM decreased up to 1.32 kg of pink + 

chum salmon per m2.   However, we did not have isotope data for shredders in streams 

with salmon densities greater than this to see if this trend continued, as it did with other 

functional feeding groups (Fig. 5.4D).  Alder contributed on average 18% to the diet of 

shredders regardless of salmon density, while cedar and biofilm contributed less than 

10% to the diet of shredders across the range in salmon densities sampled (Fig. 5.5B).  

Both juvenile coho and sculpins showed a decline in their reliance on terrestrial 

invertebrates and an increase in the contribution of salmon as salmon density increased, 

in both seasons (Fig. 5.6A-D).  However, on average, juvenile coho assimilated 

approximately the same amount of terrestrial invertebrates in both seasons (45%), while 

sculpins assimilated fewer terrestrial invertebrates in the fall (19%) than in the spring 

(27%) (Fig. 5.7A & B).  Contrary to our predictions, aquatic invertebrates did not 
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contribute much to the diets of either fish consumer (Fig. 5.7A & B).  Consequently, the 

average indirect transfer of salmon-derived nutrients to both juvenile coho and sculpins 

was low: 1% or less in the spring and 2% in the fall (Fig. 5.7A & B).  Where aquatic 

invertebrates were highest in their contribution to both juvenile coho and sculpins was in 

the fall, in streams with no or very low salmon densities (Fig. 5.6B & D).  Marine 

invertebrates contributed more to the diets of juvenile coho than sculpins in both 

seasons but this contribution to both consumers was highest in streams with no or very 

low salmon densities and declined as salmon density increased (Fig. 5.6A-D).  

Surprisingly, on average, sculpins did not assimilate many juvenile coho in either season 

(7% or less) and as a consequence, the indirect contribution of salmon through this link 

was low in both seasons (3% or less) (Fig. 5.7C & D).   

 
Figure 5.6. Proportional contribution of inferred diet sources (points and lines) 

in the spring and fall to juvenile coho and sculpins.  These are 
results from the MixSIAR mixing models specifying pink + chum 
salmon density as a continuous variable.  The points represent the 
median individual consumer diet proportions by source and the 
lines are a LOESS curve that was fit through the data points using a 
span of 1.25. 
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Figure 5.7. Estimated contributions (global mean ± SD) of inferred diet sources 

to juvenile coho and sculpins in the spring (A) and the fall (B) 
obtained from the mixing model analysis in MixSIAR and represent 
the average contribution across all streams (mean salmon density = 
0.68 kg/m2).  Arrows are scaled to the contribution of each source to 
each consumer. 
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5.5. Discussion 

Our study of coastal stream food webs reveals that mid- and upper-level consumers 

capitalize on both in situ production and cross-boundary resource flows but that this 

varies seasonally with the arrival of nutrients from salmon.  Salmon spawn from August 

to November in the streams we studied, providing nutrients in the form of direct 

consumption of whole eggs, milt and decomposing flesh from carcasses or a 

combination of these in particulate form in the water column.  These streams are rain-

dominated systems with above 0 ºC temperatures in the winter (Pojar et al. 1991), 

similar to the sites described by Cederholm et al. (1989). Cederholm et al. (1989), 

showed that carcasses can be retained during the winter months, even under high flow 

conditions.  Although, given the above freezing average winter temperature, 

decomposition by bacteria and fungi could continue, which would leave little if any of the 

carcasses behind in the streams the following spring.  Direct sources of salmon-derived 

material in the spring would therefore likely be in the form of emerging alevin, fry and 

decomposing eggs.  

Direct consumption of salmon-derived material would increase in both the spring and fall 

as salmon density increased.  While some of the invertebrate consumers we collected 

will consume salmon-derived tissue directly (Minakawa and Gara 1999, Claeson et al. 

2006, Rinella et al. 2013), we hypothesized that all four functional feedings groups would 

have preferentially consumed particulate matter from partially eaten or decomposing 

alevin, fry, carcasses and eggs in the spring and indirectly through the bottom-up 

transfer of salmon-derived nutrients through aquatic and terrestrial sources as seen by 

the enrichment of both δ15N and δ13C in herbaceous plants, stream biofilm and 

invertebrates with salmon density in the streams we studied (Hocking and Reynolds 

2012, Harding et al. 2014, Harding and Reynolds 2014b).  Contrary to our prediction, the 

proportion of salmon in the diet of invertebrate grazers, shredders and predators did not 

increase with salmon density in the spring even though these functional feedings groups 

consume detritus from various sources (Merritt et al. 2008).  Collector-gatherers were 

the exception.  They assimilated proportionally more salmon as salmon density in 

streams increased.   
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Collector-gatherers consist of suspension and deposit feeders that primarily consume 

particulate organic matter originating from both plant and animal material (Merritt et al. 

2008).  Assuming that salmon-derived material in particulate form increased with salmon 

density, collector-gatherers could consume more salmon as salmon density increased 

compared to the other functional feeding groups.  As part of our analysis, we also 

included suspended particulate organic matter as a source for collector-gatherers but it 

had a much lower δ13C and δ15N compared to salmon, suggesting that the suspended 

particulate matter in these streams was derived from other sources.  Previous work has 

showed that streams with higher salmon densities are smaller, with lower flow and 

substrate size (Chapter 3).  Under these conditions, larger and heavier particles would 

fall out of suspension first and be deposited on the streambed (Allan and Castillo 2007b).  

Given that the suspended particulate organic matter (SPOM) consisted of material other 

than salmon, it is possible that at least some of the salmon-derived detritus was too large 

to remain in suspension in these lower flow streams.  Therefore, collector-gatherers 

could have obtained salmon-derived particulate matter from the substrate rather than 

from suspension. 

Interestingly, cedar was another main diet source for collector-gatherers, despite this 

source not being as palatable as SPOM, biofilm or alder (Richardson et al. 2004, Merritt 

et al. 2008).  We included cedar as a potential diet item for both shredders and collector-

gatherers because they would have access to detritus from these common riparian 

trees, however, we did not think it would be a major contributor to the diet of either 

functional feeding group.  Collector-gatherers in the streams we studied could have in 

fact assimilated larger than predicted amounts of cedar but there are a couple of other 

possibilities that could also explain the higher than expected proportion of cedar in their 

diet.  First, the isotope signature for cedar could have encompassed other more 

palatable terrestrial sources with a similar isotope signature, and second the mixing 

model may not have been able to distinguish between suspended particulate matter, 

biofilm, alder and/or cedar, resulting in falsely attributing a high proportion of the 

collector-gatherers’ diet to cedar over other sources.  Given results from other studies, it 

is unlikely that cedar was a major part of the collector-gatherers’ diet and that it is one or 

combination of the other two reasons that explain high prevalence of cedar in their diet. 
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On average salmon-derived material was the primary diet item for sculpins in both the 

spring and fall, while juvenile coho relied more on terrestrial invertebrate production.  

However, both sculpins and juvenile coho increased their reliance on salmon-derived 

material as salmon density increased among streams.  Sculpins switched from feeding 

on terrestrial invertebrates to feeding primarily on salmon sources when there was 

approximately 0.5 kg of pink + chum salmon per m2 while juvenile coho did not make the 

switch until salmon density was greater than 1 kg/m2. 

To our surprise, marine invertebrates were more commonly assimilated than aquatic 

invertebrates, particularly by juvenile coho in the spring when aquatic invertebrates are 

typically more abundant in streams (Nakano and Murakami 2001).  In a study by Swain 

et al. (2014) approximately 50% of the diet of sculpins was aquatic invertebrates in 

streams with no or low salmon densities, whereas we found less than 20% of juvenile 

coho and sculpin diets were composed of aquatic invertebrates.  The study by Swain et 

al. (2014) could have been more accurate because they categorized their inferred 

sources into low, medium and high salmon density sites.  This is important because the 

isotopic signature of organisms has been shown to be directly related to salmon density 

(e.g. Verspoor et al. 2010, Harding and Reynolds 2014a, 2014b).  Therefore 

invertebrates have higher δ13C and δ15N in streams with higher salmon densities, but 

because we used mean invertebrate values in the mixing models, the models may have 

overestimated the contribution of salmon in high salmon density streams and 

underestimated the contribution of salmon in low salmon density streams. However, 

because there was no significant difference in aquatic invertebrate biomass between 

seasons, in the streams we studied, sculpins and juvenile coho might have been 

capitalizing on resources that were more readily available and that may have been of 

higher quality (lower carbon:nitrogen) in streams where salmon density was low. 

The other reason why the proportional contribution of aquatic invertebrates may differ 

between this study and the one by Swain et al. (2014) is that we included additional 

sources in the mixing models.  The total proportional contribution of all sources included 

in mixing models is 100% so if fewer sources are included, their proportional contribution 

will be greater than if more sources are included (Phillips et al. 2014).  It is therefore 

reasonable that the proportion of aquatic invertebrates in the diets of juvenile coho and 

sculpins may be lower in this case.  Finally, there were some sculpins that were outside 
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the isotopic space covered by the sources we included in the fall mixing model, which 

would indicate that we were missing a potential source enriched in 13C (Phillips et al. 

2014).  To improve the accuracy of the models, we would suggest 1) categorizing 

sources and consumers into bins according to salmon density and 2) including an 

additional marine source such as kelp or eelgrass to fully encompass the isotope space 

occupied by sculpins in the fall. 

The indirect uptake of salmon-derived nutrients by mid- and upper-level consumers was 

lower than expected even though mechanisms exist throughout the stream and 

terrestrial food webs to retain and recycle salmon-derived nutrients throughout the year.  

While salmon carcasses likely decompose relatively quickly in the streams we studied, 

salmon-derived nutrients can be retained from fall to spring through nutrient recycling by 

basal producers (Hill and Middleton 2006, Verspoor et al. 2010, Rinella et al. 2013), slow 

tissue turnover in ectotherms (Rinella et al. 2013), uptake and retention of salmon-

derived nutrients in riparian organisms (Helfield and Naiman 2001, Christie et al. 2008), 

which can be subsequently transferred to the hyporheic zone (O'Keefe and Edwards 

2002) or stream through decomposing organic material, flooding or surface runoff 

(Willson et al. 1998).  We found on average, a small proportion of salmon-derived 

nutrients were indirectly transferred to invertebrate predators, juvenile coho and sculpins 

in both seasons but to a greater extent in the fall, when direct uptake of salmon by lower 

trophic levels also increased.  However, these estimates under estimate the indirect 

contribution of salmon, as we did not consider all indirect sources of salmon.  For 

example, we did not include the proportion of salmon assimilated by basal resources 

such as biofilm, alder and suspended particulate organic matter in the calculation.  

These estimates could be further hampered in high salmon density streams because we 

used mean invertebrate isotope values instead of stream-specific values.  While our 

calculations likely under estimate the indirect contribution of salmon, they provide 

evidence for the retention and transfer of salmon-derived material through the stream 

food web during salmon spawning but more importantly months after salmon have 

senesced. 

This is the first study to recreate the food web of small- to medium-sized coastal streams 

and compare the direct and indirect proportional contribution of sources to consumers 

across a range of streams that vary in salmon density.  We found that aquatic 
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invertebrates, juvenile coho and sculpins rely on freshwater, terrestrial and marine 

sources of production to varying degrees depending on the season and the density of 

salmon present in streams.  Overall, mid- and upper-level consumers in these streams 

assimilated more freshwater, terrestrial and marine sources in the spring and in streams 

with no salmon or low salmon densities regardless of season.  However, the proportional 

contribution of salmon increased with increasing salmon density in streams, particularly 

in the fall when salmon-derived material was available in perhaps more readily available 

forms for all levels of consumers.  Live salmon spawners have been shown to have net 

negative effects on the abundance and biomass of benthic organisms in streams during 

spawning (Moore et al. 2004, Holtgrieve and Schindler 2011, Harding and Reynolds 

2014b) but this study shows that regardless of losses of primary and secondary 

consumers, these organisms can rely heavily on salmon-derived material, particularly in 

streams with 1 kg of salmon per m2 or more.  While we have shown that aquatic 

invertebrates and resident fish species rely on a variety of resources throughout the 

year, salmon sources are important part of their diet throughout the year.  Declines in 

Pacific salmon populations along the west coast of North America will mean that these 

consumers will have to switch to perhaps lower quality food sources but more 

importantly, this could greatly alter the structure and function of these coastal stream 

food webs that have come to rely on salmon as a significant resource, year round. 

 



 

 107 

Chapter 6. General Discussion 

Few studies have examined the combined effects of resource subsidies and disturbance 

on stream communities across a broad spatial scale and how habitat characteristics 

might mediate these effects.  In this thesis, I compare the opposing roles of Pacific 

salmon, which have been shown to both import large quantities of potentially limiting 

resources to nutrient-limited streams (Gresh et al. 2000, Gende et al. 2004, Harding et 

al. 2014) and disturb large areas of the substrate during spawning  (Quinn 2005, Moore 

et al. 2007).  This thesis also considers key environmental variables known to affect the 

biomass, diversity and isotopes of stream producers and consumers.   

6.1. Effects of salmon on stream food webs 

Salmon are both a source of nutrients and a mechanism of disturbance for epilithic 

biofilm and benthic macroinvertebrates in coastal streams (Chapters 2 and 3).  Biofilm 

and invertebrates both incorporate salmon-derived material in proportion to its 

availability.  However, despite the potential for nutrient enrichment through direct and 

indirect means, I only observed an increase in algal biomass in the spring among 

streams that varied in mean spawning density in previous years.  Fall algal biomass 

decreased among streams with increasing salmon density during spawning, while 

benthic invertebrate biomass decreased with increasing salmon density among streams 

in both seasons.  Others have found that salmon can disturb large proportions of the 

streambed during spawning, which has resulted in significant losses of accumulated 

biofilm and invertebrate biomass (Chaloner et al. 2004, Moore et al. 2004, Moore and 

Schindler 2008, Verspoor et al. 2010).  Combining the results from Chapters 2 and 3, it 

is possible that invertebrate biomass recovers more slowly or not at all from the benthic 

disturbance in the fall compared to algal biomass, but this would imply that invertebrate 

biomass is decreasing continuously over time.  However, studies have shown that 

invertebrate biomass will recover to near normal levels following a disturbance 
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depending on the frequency and nature of the disturbance, the availability of refugia and 

due to behavioural and life history adaptations (Boulton and Lake 1992, Matthaei et al. 

1996, Lake 2003, Moore and Schindler 2008).  We did not monitor invertebrate biomass 

between the fall and spring but there are three possible explanations why I observed 

lower invertebrate biomass in the spring in streams with higher salmon densities.  First, 

some invertebrates may have been too small to be collected (e.g. egg or nymphal 

stages) or they may have been found elsewhere in the stream (e.g. deeper in the 

hyporheic zone) (Townsend et al. 1997).  Second, while invertebrates will move to the 

hyporheic zone or into the drift during salmon spawning (Campbell et al. 2012), Chapter 

4 reveals that the decline of invertebrate biomass may be related to invertebrate life 

history adaptations.  Family richness remained consistent among streams with varying 

densities of salmon but when I considered family identity, I found that invertebrate 

community composition shifted significantly across a gradient of salmon density, 

whereby certain families were more common prior to (e.g. Baetidae and Leuctridae) and 

during salmon spawning (e.g. Chironomidae and Heptageniidae) in streams with higher 

salmon densities compared to others.  Moore et al. (2010) found that invertebrates have 

adapted to the annual pulsed disturbance from salmon by emerging from the stream 

prior to salmon spawning.  Therefore the decline in invertebrate biomass with increasing 

salmon density among streams in the spring could reflect the emergence of some 

families prior to salmon spawning.  Finally, if invertebrates were recovering to their pre-

spawning biomass by the spring, then the decline in biomass could be the result of a 

trophic cascade (Polis et al. 1997b), whereby salmon are subsidizing resident 

insectivorous fish species in the fall (Rinella et al. 2012, Swain et al. 2014), which could 

lead to an increase in predation pressure on invertebrates in the spring.  This scenario 

would also support the positive correlation I observed between algal biomass and 

salmon density in the spring: depressed invertebrate grazer populations in the spring 

could release algae from grazing pressure.   

While there is evidence from my first three chapters to suggest that salmon are triggering 

a trophic cascade by subsidizing top stream consumers, Chapter 5 reveals that juvenile 

coho and sculpins primarily assimilated salmon, in the form of alevin, fry, tissue and 

eggs, as salmon density increased among streams.  A small fraction of their diets 

consisted of aquatic invertebrates in streams with no salmon or low salmon densities.  
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This may seem to contradict my findings from the previous chapters.  However, I used a 

mean value for aquatic invertebrates across all functional feeding groups and streams.  

The mixing models could have therefore underestimated the contribution of aquatic 

invertebrates to juvenile coho and sculpin diets in high salmon density streams.  This is a 

reasonable assumption given that I show that both biofilm and invertebrate δ13C and 

δ15N increase with salmon density in Chapters 2 and 3.  To improve the accuracy of the 

models, I would suggest categorizing sources and consumers into bins according to 

salmon density.  This would better reflect the indirect contribution of salmon to upper-

level consumers through invertebrate consumers and other baseline sources. 

6.2. Effects of environmental variables on stream food 
webs 

Over the last decade, studies have called for the explicit consideration of environmental 

variables and for a more holistic approach to assessing the widespread effects of salmon 

on stream ecosystems (Chaloner et al. 2007, Janetski et al. 2009) and to improve 

resource management (Naiman et al. 2002).  I included a combination of nine abiotic 

and three biotic variables known or hypothesized to affect biofilm and invertebrate 

isotopes, biomass and diversity in the analyses of Chapters 2, 3 and 4.  Of all the 

environmental variables included in each chapter, stream temperature and a composite 

measure of drainage size consistently explained the most variation in my response 

variables.   In ectotherms, metabolism increases with temperature, affecting processes 

such as primary production, respiration and discrimination against heavy isotopes (e.g. 

13C and 15N) (Lamberti and Steinman 1997, MacLeod and Barton 1998, Finlay 2001, 

Allan and Castillo 2007b, Friberg et al. 2009).  I found that in cooler streams there were 

fewer invertebrates per unit area (Chapter 3) and the presence or absence of 

invertebrate families varied greatly with broad-scale temperature changes (Chapter 4).  

To capture the variability in catchment area and drainage capability between streams, I 

used a principal components analysis to combine correlated habitat metrics into one 

drainage size metric (also referred to as catchment or watershed size).  In this thesis, 

drainage size was a combination of stream size and depth, catchment area, flow and 

substrate size.  Therefore, a stream with a higher drainage size PC value was wider, 

deeper, had a higher flow, larger substrate and catchment area.  Given these features, 
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not only does drainage size represent the amount of terrestrial material flowing into 

streams and influence nutrient cycling within streams (Lamberti and Steinman 1997) but 

it also greatly affects the stability of the streambed (Lake 2000).  I found that biofilm and 

invertebrate δ13C as well as algal biomass and invertebrate richness, all increased with 

drainage size.  This suggests that these organisms are more reliant on in situ production 

in larger drainages, which have less canopy cover, greater irradiance and tend to be 

more enriched in δ13C (Vannote et al. 1980, Finlay 2001).   

Given my findings, I would strongly suggest that future studies, at minimum, incorporate 

stream temperature and a measure of drainage size when considering the effects of 

salmon on stream communities because they are both important determinants of 

ecosystem productivity.    

6.3. Conclusion 

This thesis reveals that biofilm, aquatic invertebrates, juvenile coho and sculpins rely on 

a variety of freshwater, terrestrial and marine sources of nutrients to varying degrees 

depending on the season and the density of salmon present in streams.  I found that 

when salmon are spawning in the fall, the proportional contribution of salmon increases 

in the diet of all consumers and indirectly to basal resources, such as biofilm.  Live 

salmon spawners have been shown to have net negative effects on the abundance and 

biomass of benthic organisms in streams during spawning (Moore et al. 2004, Holtgrieve 

and Schindler 2011, Harding and Reynolds 2014b), but our study shows that regardless 

of losses of primary and secondary consumers, these organisms can rely heavily on 

salmon-derived material, particularly in streams with 1 kg of salmon per m2 or more.   

In addition, I have found that both stream temperature and drainage size are important 

determinants of primary and secondary production and community composition.  Land-

use changes already occurring in other areas of the Central Coast as a result of 

ecosystem-based management plans (Price et al. 2009) could impact not only terrestrial 

inputs into streams but they can also alter discharge patterns and ultimately affect the 

stability and function of streams.  Studies such as this suggest that expected shifts in 

environmental conditions including temperature (Field et al. 2014) and projected 
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changes in wild salmon populations (Naiman et al. 2002) will likely result in shifts in 

taxonomic composition and/or community associations.  This means that basal 

resources and consumers will have to rely on other nutrient sources that are perhaps of 

lower quality, which will very likely lead to changes in ecosystem functioning (Loreau et 

al. 2001).   

This thesis is the first to combine a series of spatial and temporal controls across a large 

number of sites on the central coast of British Columbia to assess the effects of Pacific 

salmon on stream food webs, while simultaneously testing the effects of several 

environmental variables that could mediate the stream community response.  This is 

also the first study to test the effect of spawning salmon on invertebrate community 

composition (beta diversity) and provides the first line of evidence for a potential trophic 

cascade elicited by the annual spawning of Pacific salmon.  Through this work, I 

highlight the much larger ecological role salmon play in stream ecosystems.  

Recognizing the direct and indirect effects of Pacific salmon on stream communities is 

important for the long-term management of these commercially, recreationally and 

spiritually important species.   

Freshwater systems are one of the most endangered ecosystems in the world due to 

pollution, overexploitation, resource development and climate change (Dudgeon et al. 

2005).  Given our reliance on freshwater and its threatened status, studies in relatively 

pristine regions such as the Great Bear Rainforest can act as a baseline for studies in 

more impacted areas.  
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Appendix A.  
 
Supporting material for Chapter 2 

Table A.1.  Top models with ΔAICc < 2 and the confidence set used for model 
averaging.  N are the number of data points for  each model, k is the 
number of parameters in each model including the intercept and error 
terms, logLik is the log-likelihood, ΔAICc is the difference between the top 
model AICc value and subsequent model AICc values and wi is the model 
weight for each model.  

 
Response Season Model N k logLik ΔAICc wi 

δ15N Spring Salmon Density + Alder 84 5 -125.93 0.00 0.44 
  Salmon Density + Alder + % Canopy Open 84 6 -124.96 0.37 0.37 
  Salmon Density + Alder + Temperature 84 6 -125.61 1.66 0.19 
        
 Fall Salmon Density + % Canopy Open + Temperature 78 6 -143.30 0.00 0.16 
  Salmon Density + Gradient + Alder 78 6 -143.56 0.52 0.13 
  Salmon Density + Gradient 78 5 -144.88 0.81 0.11 
  Salmon Density + % Canopy Open + Temperature 

+ Alder 
78 7 -142.56 0.94 0.10 

  Salmon Density + % Canopy Open + Temperature 
+ Gradient 

78 7 -142.79 1.40 0.08 

  Salmon Density + % Canopy Open + Temperature 
+ Grazer Density 

78 7 -142.82 1.45 0.08 

  Salmon Density 78 4 -146.38 1.52 0.08 
  Salmon Density + Alder 78 5 -145.34 1.73 0.07 
  Salmon Density + % Canopy Open + Gradient + 

Alder 
78 7 -143.04 1.89 0.06 

  Salmon Density + Gradient + Temperature 78 6 -144.25 1.89 0.06 
  Salmon Density + Gradient + Alder + Grazer 

Density 
78 7 -143.08 1.98 0.06 

        
δ13C Spring Salmon Density + Grazer Density + Catchment 

Size + pH + AFDM 
84 8 -146.60 0.00 0.67 

  Salmon Density + Grazer Density + Catchment 
Size + pH 

84 7 -148.52 1.40 0.33 

        
 Fall Salmon Density + Catchment Size + Temperature 78 6 -124.63 0.00 0.30 
  Salmon Density + Catchment Size 78 5 -126.42 1.23 0.16 
  Salmon Density + Catchment Size + Temperature 

+ Grazer Density 
78 7 -124.13 1.41 0.15 

  Salmon Density + Catchment Size + pH 78 6 -125.35 1.44 0.15 
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Response Season Model N k logLik ΔAICc wi 
  Salmon Density + Catchment Size + Temperature 

+ AFDM 
78 7 -124.28 1.70 0.13 

  Salmon Density + Catchment Size + Temperature 
+ pH 

78 7 -124.42 1.99 0.11 

        
Chlorophyll 
a 

Spring Temperature + Grazer Density + Salmon Density 
+ % Gradient 

78 7 -78.68 0.00 0.25 

  Temperature + Grazer Density + Salmon Density 78 6 -80.03 0.28 0.22 
  Temperature + Grazer Density + % Gradient 78 6 -80.08 0.39 0.21 
  Temperature + Grazer Density 78 5 -81.82 1.52 0.12 
  Temperature + Grazer Density + Salmon Density 

+ SRP 
78 7 -79.57 1.79 0.10 

  Temperature + Grazer Density + Salmon Density 
+ % Gradient + Alder 

78 8 -78.40 1.93 0.10 

        
 Fall Salmon + Catchment Size + SRP 78 6 -97.92 0.00 0.29 
  Salmon + Catchment Size + SRP + % Canopy 

Open 
78 7 -96.97 0.50 0.22 

  Salmon + Catchment Size + SRP + Grazer 
Density 

78 7 -97.39 1.34 0.15 

  Salmon + Catchment Size + SRP + Grazer 
Density + Alder 

78 8 -96.30 1.65 0.13 

  Salmon + Catchment Size + SRP + Temperature 78 7 -97.67 1.92 0.11 
  Salmon + Catchment Size + SRP + Substrate 

Size 
78 7 -97.67 1.92 0.11 

        
AFDM Spring % Canopy Open 81 4 -3.40 0.00 0.12 
  Null 81 3 -4.64 0.27 0.11 
  % Canopy Open + Substrate Size 81 5 -2.62 0.70 0.08 
  Temperature 81 4 -3.76 0.71 0.08 
  Substrate Size 81 4 -3.80 0.79 0.08 
  Substrate Size + Temperature 81 5 -2.73 0.92 0.08 
  Temperature + Grazer Density 81 5 -2.90 1.28 0.06 
  Grazer Density 81 4 -4.04 1.28 0.06 
  % Canopy Open + Grazer Density 81 5 -2.92 1.32 0.06 
  % Canopy Open + Temperature 81 5 -2.97 1.42 0.06 
  SRP 81 4 -4.17 1.55 0.06 
  Substrate Size + Temperature + Grazer Density 81 6 -1.93 1.66 0.05 
  % Canopy Open + Substrate Size + Temperature 81 6 -2.04 1.88 0.05 
  Substrate Size + Grazer Density 81 5 -3.26 2.00 0.04 
        
 Fall  % Canopy Open + % Gradient + Salmon Density 

+ SRP 
81 7 37.44 0.00 0.45 
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Response Season Model N k logLik ΔAICc wi 
  % Canopy Open + % Gradient 81 5 34.36 1.43 0.22 
  % Canopy Open + % Gradient + Salmon Density 81 6 35.26 1.97 0.17 
  % Canopy Open + % Gradient + Salmon Density 

+ SRP + Substrate Size 
81 8 37.69 1.98 0.17 
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Figure A.2.  Mean biofilm carbon:nitrogen (C:N) versus salmon density with 95% 

confidence intervals.  Each data point represents a different stream. 
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Appendix B.  
 
Supporting material for Chapter 3 

Table B.1.  Invertebrate δ15N top models with ΔAICc < 4 and the confidence set used 
for model averaging. k is the number of parameters in each model 
including the intercept and error terms, logLik is the log-likelihood, ΔAICc 
is the difference between the top model AICc value and subsequent 
model AICc values and wi is the model weight for each model. 

Season Functional Feeding 
Group 

Model k logLik ΔAICc wi 

Spring Shredders Salmon  4 -39.71 0.00 0.33 
  Salmon + Chlorophyll a 5 -38.49 1.06 0.19 
  Salmon + Alder 5 -39.08 2.23 0.11 
  Salmon + Watershed size 5 -39.51 3.10 0.07 
  Salmon + Ash-free dry mass 5 -39.66 3.39 0.06 
  Salmon + Temperature 5 -39.68 3.43 0.06 
 Grazers Watershed size  4 -56.26 0.00 0.33 
  Watershed size + Salmon 5 -55.52 1.45 0.16 
  Watershed size + Ash-free dry mass 5 -55.77 1.96 0.12 
  Watershed size + Temperature 5 -55.88 2.18 0.11 
  Watershed size + Chlorophyll a 5 -55.98 2.38 0.10 
  Watershed size + Alder 5 -56.14 2.71 0.09 
 Collector-Gatherers Salmon + Alder 5 -93.09 0.00 0.80 
 Predators Salmon  4 -127.96 0.00 0.33 
  Salmon + Temperature 5 -127.29 1.09 0.19 
  Salmon + Chlorophyll a 5 -127.55 1.61 0.15 
  Salmon + Watershed Size 5 -127.61 1.74 0.14 
  Salmon + Ash-free dry mass 5 -127.93 2.38 0.10 
  Salmon + Alder 5 -127.96 2.42 0.10 
Fall Shredders Salmon + Watershed Size 5 -56.91 0.00 0.68 
  Salmon + Alder 5 -58.69 3.55 0.12 
 Grazers Salmon + Temperature 5 -30.12 0.00 0.42 
  Salmon  4 -32.72 1.80 0.17 
  Temperature + Watershed Size 5 -31.39 2.53 0.12 
 Collector-Gatherers Salmon 4 -57.04 0.00 0.31 
  Salmon + Chlorophyll a 5 -56.57 2.17 0.11 
  Salmon + Ash-free dry mass 5 -56.75 2.52 0.09 
  Salmon + Alder 5 -56.96 2.94 0.07 
  Salmon + Temperature 5 -57.00 3.02 0.07 
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Season Functional Feeding 
Group 

Model k logLik ΔAICc wi 

  Salmon + Watershed size 5 -57.00 3.03 0.07 
 Predators Salmon + Temperature 5 -82.67 0.00 0.84 
  Salmon + Watershed Size 5 -84.61 3.88 0.12 
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Table B.2.  Invertebrate δ13C top models with ΔAICc < 4 and the confidence set used 
for model averaging. k is the number of parameters in each model 
including the intercept and error terms, logLik is the log-likelihood, ΔAICc 
is the difference between the top model AICc value and subsequent 
model AICc values and wi is the model weight for each model. 

Season Functional Feeding Group Model k logLik ΔAICc wi 
Spring Shredders Temperature 4 -28.81 0.00 0.32 
  Temperature + Ash-free dry mass  5 -27.31 0.49 0.25 
  Temperature + Salmon 5 -28.40 2.67 0.08 
  Temperature + pH 5 -28.62 3.12 0.07 
  Temperature + Chlorophyll a 5 -28.80 3.48 0.06 
  Temperature + Watershed size 5 -28.81 3.50 0.06 
 Grazers Watershed size + pH 5 -62.74 0.00 0.23 
  Watershed size 4 -64.93 1.43 0.11 
  pH 4 -65.27 2.10 0.08 
  pH + Chlorophyll a 5 -64.25 3.01 0.05 
  Watershed size + Chlorophyll a 5 -64.38 3.28 0.05 
  Chlorophyll a 4 -65.91 3.38 0.04 
  Salmon 4 -65.92 3.41 0.04 
  Watershed size + Ash-free dry mass 5 -64.60 3.72 0.04 
 Collector-Gatherers Watershed size + Salmon 5 -68.89 0.00 0.40 
  Watershed size  4 -71.48 2.47 0.12 
  Watershed size + Temperature 5 -70.18 2.58 0.11 
  pH 4 -72.14 3.81 0.06 
 Predators pH 4 -93.62 0.00 0.15 
  pH + Salmon 5 -92.71 0.62 0.11 
  Salmon + Watershed size 5 -92.84 0.87 0.10 
  Salmon 4 -94.22 1.19 0.08 
  pH + Chlorophyll a 5 -93.48 2.15 0.05 
  pH + Ash-free dry mass 5 -93.48 2.15 0.05 
  pH + Temperature 5 -93.56 2.31 0.05 
  Salmon + Chlorophyll a 5 -93.56 2.32 0.05 
  pH + Watershed size 5 -93.58 2.35 0.05 
  Watershed size 4 -95.00 2.76 0.04 
  Chlorophyll a 4 -95.05 2.86 0.04 
  Salmon + Temperature 5 -94.14 3.48 0.03 
  Ash-free dry mass 4 -95.41 3.58 0.02 
  Salmon + Ash-free dry mass 5 -94.22 3.62 0.02 
  Temperature 4 -95.44 3.64 0.02 
Fall Shredders Salmon + Watershed size 5 -53.70 0.00 0.25 
  Ash-free dry mass + Watershed size  5 -53.96 0.53 0.19 
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Season Functional Feeding Group Model k logLik ΔAICc wi 
  Ash-free dry mass 4 -55.92 1.69 0.11 
  Ash-free dry mass + Salmon 5 -54.74 2.08 0.09 
  Ash-free dry mass + Temperature 5 -54.92 2.45 0.07 
  Salmon 4 -56.66 3.17 0.05 
  Ash-free dry mass + pH 5 -55.64 3.89 0.04 
 Grazers pH  4 -28.72 0.00 0.35 
  pH + Watershed size 5 -27.64 1.24 0.19 
  pH + Temperature 5 -28.10 2.17 0.12 
  pH + Chlorophyll a 5 -28.39 2.75 0.09 
  pH + Ash-free dry mass 5 -28.49 2.95 0.08 
  pH + Salmon 5 -28.58 3.13 0.07 
 Collector-Gatherers Salmon + Watershed size 5 -38.26 0.00 0.96 
 Predators Salmon + Watershed size 5 -61.22 0.00 0.17 
  Temperature 4 -62.60 0.18 0.15 
  Temperature + Chlorophyll a 5 -61.43 0.43 0.14 
  Temperature + Watershed size 5 -61.74 1.06 0.10 
  Temperature + Salmon 5 -61.91 1.39 0.08 
  Temperature + pH 5 -61.92 1.41 0.08 
  Temperature + Ash-free dry mass 5 -62.60 2.76 0.04 
  pH 4 -63.90 2.78 0.04 
  pH + Watershed size 5 -62.68 2.93 0.04 
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Table B.3.  Invertebrate biomass top models with ΔAICc < 4 and the confidence set 
used for model averaging. k is the number of parameters in each model 
including the intercept and error terms, logLik is the log-likelihood, ΔAICc 
is the difference between the top model AICc value and subsequent 
model AICc values and wi is the model weight for each model. 

Season Model k logLik ΔAICc wi 
Spring Temperature + Chlorophyll a 5 -28.99 0.00 0.19 
 Temperature + Ash-free dry mass 5 -29.44 0.91 0.12 
 Salmon + Chlorophyll a 5 -30.19 2.40 0.06 
 Salmon + Ash-free dry mass 5 -30.21 2.45 0.06 
 Chlorophyll a 4 -31.59 2.57 0.05 
 Ash-free dry mass 4 -31.68 2.74 0.05 
 Salmon 4 -31.72 2.82 0.05 
 Temperature 4 -32.17 3.73 0.03 
Fall pH + Alder 5 -48.88 0.00 0.10 
 Ash-free dry mass 4 -50.59 0.81 0.07 
 Alder + Ash-free dry mass 5 -49.31 0.86 0.06 
 Alder  4 -50.95 1.54 0.05 
 pH 4 -50.95 1.55 0.05 
 Alder + Salmon 5 -49.86 1.97 0.04 
 pH + Ash-free dry mass 5 -49.87 1.98 0.04 
 Ash-free dry mass + Substrate size 5 -49.94 2.12 0.03 
 pH + Temperature 5 -49.97 2.17 0.03 
 Chlorophyll a 4 -51.37 2.38 0.03 
 Salmon 4 -51.43 2.50 0.03 
 Ash-free dry mass + Watershed size 5 -50.15 2.54 0.03 
 Substrate size 4 -51.46 2.55 0.03 
 Ash-free dry mass + Salmon 5 -50.23 2.70 0.03 
 Alder + Chlorophyll a 5 -50.31 2.87 0.02 
 Watershed size 4 -51.67 2.97 0.02 
 Temperature 4 -51.73 3.09 0.02 
 Ash-free dry mass + Temperature 5 -50.43 3.10 0.02 
 pH + Watershed size  5 -50.52 3.28 0.02 
 Alder + Substrate size 5 -50.56 3.35 0.02 
 Ash-free dry mass + Chlorophyll a 5 -50.56 3.36 0.02 
 pH + Chlorophyll a 5 -50.62 3.47 0.02 
 pH + Substrate size 5 -50.63 3.49 0.02 
 Chlorophyll a + Watershed size 5 -50.76 3.75 0.02 
 Salmon + Temperature 5 -50.78 3.80 0.01 
 Salmon + Chlorophyll a 5 -50.84 3.93 0.01 
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Appendix C.  
 
Supporting material for Chapter 4 

Table C.1. The top models with ΔAICc < 4 for the spring and fall family invertebrate 
richness and the confidence set used for model averaging. k is the 
number of parameters in each model including the intercept and error 
terms, logLik is the log-likelihood, ΔAICc is the difference between the top 
model AICc value and subsequent model AICc values and wi is the model 
weight for each model.  ER is the top model weight divided by model i 
weight. 

Season Model k logLik ΔAICc wi ER 
Spring Null 2 -27.27 0.00 0.35 1.00 

 
Temperature 3 -26.76 2.16 0.12 2.95 

 
Salmon Density 3 -26.93 2.51 0.10 3.50 

 
pH 3 -27.06 2.77 0.09 3.99 

 
Alder 3 -27.18 2.99 0.08 4.46 

 
Latitude 3 -27.26 3.15 0.07 4.83 

 
% Canopy Open 3 -27.27 3.17 0.07 4.87 

 
Drainage Size 3 -27.27 3.18 0.07 4.89 

 
Salmon Density + Temperature 4 -25.73 3.92 0.05 7.10 

       Fall Drainage Size 3 -30.29 0.00 0.36 1.00 

 
Drainage Size + % Canopy Open 4 -28.94 1.13 0.21 1.76 

 
Drainage Size + Temperature 4 -29.87 2.97 0.08 4.42 

 
Drainage Size + pH 4 -29.89 3.03 0.08 4.54 

 
Drainage Size + Latitude 4 -29.99 3.21 0.07 4.98 

 
Null 2 -33.55 3.33 0.07 5.28 

 
Drainage Size + Salmon Density 4 -30.11 3.46 0.06 5.65 

  Drainage Size + Alder 4 -30.16 3.56 0.06 5.93 
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Table C.2.  The top models with ΔAICc < 4 for the spring and fall family invertebrate 
Shannon’s diversity index and the confidence set used for model 
averaging. k is the number of parameters in each model including the 
intercept and error terms, logLik is the log-likelihood, ΔAICc is the 
difference between the top model AICc value and subsequent model AICc 
values and wi is the model weight for each model.  ER is the top model 
weight divided by model i weight. 

Season Model k logLik ΔAICc wi ER 
Spring Null 2 -2.37 0.00 0.19 1.00 

 
Drainage Size 3 -1.18 0.79 0.13 1.49 

 
% Canopy Open 3 -1.47 1.37 0.10 1.98 

 
Alder 3 -1.51 1.45 0.09 2.07 

 
Latitude + Temperature 4 0.26 1.72 0.08 2.36 

 
Latitude 3 -1.87 2.18 0.06 2.98 

 
Salmon Density 3 -1.96 2.34 0.06 3.23 

 
Temperature 3 -2.16 2.75 0.05 3.96 

 
pH 3 -2.25 2.92 0.04 4.31 

 
% Canopy Open + Salmon Density  4 -0.65 3.54 0.03 5.87 

 
% Canopy Open + Temperature 4 -0.70 3.64 0.03 6.18 

 
Drainage Size + pH 4 -0.70 3.65 0.03 6.22 

 
Drainage Size + Temperature 4 -0.80 3.85 0.03 6.86 

 
Drainage Size + Latitude 4 -0.85 3.94 0.03 7.17 

 
Alder + Salmon Density 4 -0.87 3.99 0.03 7.37 

 
Alder + Temperature 4 -0.87 3.99 0.03 7.37 

     
 

 Fall Null 2 -0.72 0.00 0.29 1.00 

 
Salmon Density 3 0.22 1.31 0.15 1.92 

 
Salmon Density + pH 4 2.03 1.51 0.13 2.12 

 
pH 3 -0.31 2.37 0.09 3.27 

 
Alder 3 -0.36 2.47 0.08 3.43 

 
% Canopy Open 3 -0.46 2.66 0.08 3.79 

 
Temperature 3 -0.58 2.91 0.07 4.29 

 
Latitude 3 -0.68 3.12 0.06 4.75 

  Drainage Size 3 -0.71 3.18 0.06 4.90 
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Table C.3.  The top models with ΔAICc < 4 for the spring and fall family invertebrate 
Simpson’s reciprocal diversity index and the confidence set used for 
model averaging. k is the number of parameters in each model including 
the intercept and error terms, logLik is the log-likelihood, ΔAICc is the 
difference between the top model AICc value and subsequent model AICc 
values and wi is the model weight for each model.  ER is the top model 
weight divided by model i weight. 

Season Model k logLik ΔAICc wi ER 
Spring Null 2 -26.84 0.00 0.22 1.00 

 
Drainage Size 3 -25.85 1.19 0.12 1.81 

 
Alder 3 -25.91 1.33 0.11 1.94 

 
% Canopy Open 3 -25.95 1.40 0.11 2.01 

 
Latitude 3 -26.02 1.55 0.10 2.17 

 
Latitude + Temperature 4 -24.32 1.96 0.08 2.67 

 
Salmon Density 3 -26.61 2.72 0.06 3.89 

 
pH 3 -26.64 2.78 0.05 4.01 

 
Temperature 3 -26.79 3.08 0.05 4.67 

 
Drainage Size + Latitude 4 -25.21 3.74 0.03 6.48 

 
Latitude + Salmon Density 4 -25.24 3.80 0.03 6.70 

 
Drainage Size + pH 4 -25.27 3.85 0.03 6.86 

       Fall Null 2 -25.41 0.00 0.27 1.00 

 
Alder 3 -24.46 1.28 0.14 1.90 

 
Salmon Density 3 -24.81 1.99 0.10 2.70 

 
Alder + pH 4 -23.07 2.33 0.08 3.20 

 
pH 3 -24.99 2.34 0.08 3.23 

 
Drainage Size 3 -25.06 2.48 0.08 3.45 

 
% Canopy Open 3 -25.16 2.68 0.07 3.83 

 
Salmon Density + pH 4 -23.34 2.87 0.06 4.19 

 
Latitude 3 -25.40 3.16 0.06 4.85 

  Temperature 3 -25.40 3.17 0.06 4.87 
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Appendix D.  
 
Supporting material for Chapter 5 

Table D.1.  The sources and consumer samples taken from each stream for a given season (Sp = Spring, Sm = Summer, F = 
Fall) and the total number of streams sampled. 

                Aquatic Insects*             

Source 

Mean 
Salmon 
Density 
(kg/m2) SPOM Alder Cedar Biofilm Grazers Shredders 

Collector- 
Gatherers Predators Coho Sculpins Salmon 

Terrestrial 
Insectsw 

Season   Sp F Sm Sm Sp F Sp F Sp F Sp F Sp F Sp F Sp F F F 
Ada 0.83 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

 
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

 Beales Left 0.99 ✓ ✓ ✓ ✓ ✓ ✓ 
   

✓ 
 

✓ 
 

✓ ✓ ✓ ✓ 
   Big Creek 1.30 

              
✓ 

     Bolin Bay 0.30 
              

✓ 
 

✓ 
   Bullock Main 1.32 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

 
✓ ✓ ✓ ✓ ✓ ✓ ✓ 

 Bullock Square 0.60 
              

✓ 
 

✓ 
   Clatse 1.13 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

 
✓ ✓ ✓ ✓ ✓ ✓ 

 
✓ ✓ ✓ ✓ 

Codville 0.07 
                

✓ 
   Duthie 1.07 

              
✓ 

     Fancy Head 1.33 
              

✓ 
 

✓ ✓ 
  Fancy Right 0.35 

  
✓ ✓ 

          
✓ 

     Fannie Left 0.46 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
  Farm Bay 0.00 

  
✓ ✓ 

          
✓ 

 
✓ 

   Fell Creek 0.00 
  

✓ ✓ ✓ ✓ 
              Goat Bushu 0.35 

  
✓ ✓ 

                Hooknose 0.32 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
 James Bay 0.26 

              
✓ 

     Jane 0.02 ✓ ✓ 
 

✓ ✓ ✓ ✓ 
 

✓ ✓ ✓ 
 

✓ ✓ ✓ ✓ ✓ ✓ 
  Kill Creek 0.92 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

 
✓ 

  Kunsoot Main 0.66 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
 

✓ ✓ 
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                Aquatic Insects*             

Source 

Mean 
Salmon 
Density 
(kg/m2) SPOM Alder Cedar Biofilm Grazers Shredders 

Collector- 
Gatherers Predators Coho Sculpins Salmon 

Terrestrial 
Insectsw 

Season   Sp F Sm Sm Sp F Sp F Sp F Sp F Sp F Sp F Sp F F F 
Lard 0.20 

              
✓ 

     Lee 0.53 
              

✓ 
 

✓ 
   Mosquito Bay 

Right 1.45 ✓ ✓ 
  

✓ 
 

✓ 
 

✓ 
 

✓ 
 

✓ 
 

✓ ✓ 
    Mussell 0.60 

              
✓ 

     Neekas 3.21 ✓ 
 

✓ ✓ ✓ ✓ ✓ ✓ ✓ 
 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Port John 0.00 

              
✓ ✓ 

    Quartcha 0.11 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
 Rainbow 0.16 

  
✓ ✓ 

            
✓ 

   Ripley Bay 0.00 
  

✓ ✓ 
                Roscoe Main 0.31 ✓ ✓ 

  
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

  
✓ 

  Sagar 0.69 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
 

✓ 
  Salmon Bay 2.45 

              
✓ 

     Spiller Trib #1 0.05 
              

✓ 
 

✓ 
   Troupe North 0.01 ✓ ✓ 

  
✓ ✓ 

  
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

  Troupe South 0.15 
              

✓ ✓ ✓ 
 

✓ 
 Windy Bay 0.04                             ✓   ✓       

Total   15 14 17 18 16 15 13 10 12 13 14 12 14 14 31 15 20 14 8 2 
*The combined invertebrate functional feeding groups for the juvenile coho and sculpin 
analysis 

           wA combination of Nicrophorus defodiens, Cyabeaus spp. and Collembola 
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Spring 

 

Fall 

 
Figure D.2.  Spring and fall grazer (consumer) δ15N (d15n) and δ13C (d13c) data with 

source data adjusted by the discrimination (fractionation) factor and SD.  
Error bars are ± 1SD. 
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Spring 

 

Fall 

 
Figure D.3.  Spring and fall shredder (consumer) δ15N (d15n) and δ13C (d13c) data 

with source data adjusted by the discrimination (fractionation) factor and 
SD.  Error bars are ± 1SD. 
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Spring 

 

Fall 

 
Figure D.4.  Spring and fall collector-gatherer (consumer) δ15N (d15n) and δ13C (d13c) 

data with source data adjusted by the discrimination (fractionation) factor 
and SD.  Error bars are ± 1SD. 
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Spring 

 

Fall 

 
Figure D.5.  Spring and fall predator (consumer) δ15N (d15n) and δ13C (d13c) data with 

source data adjusted by the discrimination (fractionation) factor and SD.  
Error bars are ± 1SD. 
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Spring 

 

Fall 

 
Figure D.6.  Spring and fall juvenile coho (consumer) δ15N (d15n) and δ13C (d13c) data 

with source data adjusted by the discrimination (fractionation) factor and 
SD.  Error bars are ± 1SD. 
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Spring 

 

Fall 

 
Figure D.7.  Spring and fall sculpin (consumer) δ15N (d15n) and δ13C (d13c) data with 

source data adjusted by the discrimination (fractionation) factor and SD.  
Error bars are ± 1SD. 
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Table D.8. Authors, sources and license information for open source images used in 
the food web figures (Fig. 5.2, 5.3, 5.5, 5.7). 

Image Author Source License 

Alder  Adapted from: http://luirig.altervista.org/cpm/albums/bot-
units62/alnus-rubra32841.jpg 

https://creativecommons.org
/licenses/by-nc-sa/3.0/ 

Cedar Liné1 Adapted from: 
http://commons.wikimedia.org/wiki/File:Thuja_plicata_leav
es_01_by_Line1.jpg 

https://creativecommons.org
/licenses/by-sa/3.0/ 

Collector-
Gatherer 

Erin Hayes-
Pontius and                    
Arwin Provonsha 

Adapted from: 
http://commons.wikimedia.org/wiki/File:Chironomidae.jpg  
and  
http://taphonomy.wikispaces.com/2c.+Caddisfly 

https://creativecommons.org
/licenses/by-sa/3.0/ 

Grazer Arwin Provonsha     
and             
Mopebiologia 

Adapted from: 
http://taphonomy.wikispaces.com/2c.+Caddisfly                                                 
and 
http://commons.wikimedia.org/wiki/File:Dic_2008_F_Hept
ageniidae.jpg 

https://creativecommons.org
/licenses/by-sa/3.0/ 

Juvenile  
Coho 

C. Bergereau Adapted from: 
http://vi.wikipedia.org/wiki/C%C3%A1_h%E1%BB%93i_di
_c%C6%B0#/media/File:SalmonoidsBergeau.jpg 

https://creativecommons.org
/licenses/by-sa/3.0/ 

Marine 
Invertebrate 

Uwe Kils Adapted from: 
http://commons.wikimedia.org/wiki/File:Copepodkils.jpg 

 

Predator Böhringer 
Friedrich 

Adapted from: 
http://commons.wikimedia.org/wiki/File:SteinfliegenLarve2
.JPG 

http://creativecommons.org/li
censes/by-sa/2.5/deed.en 

Salmon  
(Adult) 

A. Hoen and Co. Adapted from: 
http://commons.wikimedia.org/wiki/File:Humpback_Salmo
n_Adult_Male.jpg 

https://creativecommons.org
/licenses/by-sa/3.0/ 

Salmon 
(Alevin) 

Uwe Kils Adapted from: 
http://en.wikipedia.org/wiki/File:Salmonlarvakils.jpg 

https://creativecommons.org
/licenses/by-sa/3.0/ 

Sculpin New York State 
Department of 
Natural 
Conservation 

Adapted from: 
http://commons.wikimedia.org/wiki/File:Spoonhead_Sculpi
n.gif 

 



 

 146 

Image Author Source License 

Shredder Böhringer 
Friedrich and                 
Rasbak 

Adapted from: 
http://commons.wikimedia.org/wiki/File:SteinfliegenLarve2
.JPG 
and 
https://commons.wikimedia.org/wiki/File:Tipula_leatherjac
ket_Emelt.jpg 

http://creativecommons.org/li
censes/by-sa/2.5/deed.en                                                       
and                  
https://creativecommons.org
/licenses/by-sa/3.0/ 

Terrestrial 
Invertebrate 

Birgit Lang http://phylopic.org/image/136edfe2-2731-4acd-9a05-
907262dd1311/ 

http://creativecommons.org/li
censes/by/3.0/ 

 


