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ABSTRACT

Species’ impacts on primary production can have

strong ecological consequences. In freshwater eco-

systems, Pacific salmon (Oncorhynchus spp.) may

influence stream periphyton through substrate

disturbance during spawning and nutrient subsi-

dies from senescent adults. The shape of relation-

ships between the abundance of spawning salmon

and stream periphyton, as well as interactions with

environmental variables, are incompletely under-

stood and may differ across the geographic range of

salmon. We examined these relationships across 24

sockeye salmon (Oncorhynchus nerka) spawning

streams in north-central British Columbia, Canada.

The influence of salmon abundance and environ-

mental variables (temperature, light, dissolved

nutrients, water velocity, watershed size, and

invertebrate grazer abundance) on post-spawning

periphyton abundance and nitrogen stable isotope

signatures, which can indicate the uptake of sal-

mon nitrogen, was evaluated using linear regres-

sion models and Akaike Information Criterion.

Periphyton nitrogen stable isotope signatures were

best described by a positive log-linear relationship

with an upstream salmon abundance metric that

includes salmon from earlier years. This suggests

the presence of a nutrient legacy. In contrast,

periphyton abundance was negatively related to

the spawning-year salmon density, which likely

results from substrate disturbance during spawn-

ing, and positively related to dissolved soluble

reactive phosphorus prior to spawning, which may

indicate phosphorus limitation in the streams.

These results suggest that enrichment from salmon

nutrients does not always translate into elevated

periphyton abundance. This underscores the need

to directly assess the outcome of salmon impacts on

streams rather than extrapolating from stable iso-

tope evidence for the incorporation of salmon

nutrients into food webs.

Key words: aquatic conservation; food web; eco-

system-based management; ecosystem engineer;

resource subsidy; marine-derived nutrients; nutri-

ent pulse.

INTRODUCTION

Individual species affect primary productivity

through many mechanisms. Herbivory can increase

primary productivity by maintaining plants in a

state of rapid growth (for example, McNaughton

1985) and alter plant community composition (for

example, Howe and others 2006). Species that de-

liver nutrient subsidies can stimulate primary pro-

duction when nutrients are limiting (Polis and

others 1997). The physical modification of habitat

can also have positive or negative consequences for
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primary production (Wright and Jones 2004). Such

changes to basal food sources can have ecological

consequences at higher trophic levels. In streams,

internal primary production provides an important

resource for aquatic primary consumers (Minshall

1978; Lamberti 1996) and changes in primary

productivity can affect populations of both inver-

tebrate primary consumers and their predators,

including fish (Lamberti 1996). Primary production

is predominantly by benthic algae found within a

complex assemblage of algae, bacteria, fungi, and

microzoans, called periphyton or biofilm (Steinman

and others 2006).

Across the north Pacific, spawning anadro-

mous salmon (Oncorhynchus spp.) may influence

periphyton growth and abundance, with conse-

quences for freshwater ecosystem structure and

function. With more than 95% of the salmon’s body

mass accumulated in the ocean, their semelparous

life history (dying after spawning) can deliver a large

annual pulse of nitrogen and phosphorus to fresh-

water ecosystems, which could enhance periphyton

growth when nutrients are limiting (Gende and

others 2002; Naiman and others 2002; Schindler and

others 2003). Stable isotope techniques have been

used to detect the contribution of salmon-derived

nitrogen to stream periphyton, an approach that is

possible because the ratio of the heavy nitrogen

isotope (15N) to the light nitrogen isotope (14N) is

higher in salmon, which contain marine-derived

nitrogen, than in natural freshwater or terrestrial

nitrogen sources (for example, Kline and others

1990; Bilby and others 1996; Chaloner and others

2002; Claeson and others 2006). Furthermore, sal-

mon-derived nitrogen and phosphorus may be

retained in watersheds after the spawning period,

which could affect primary production in sub-

sequent years (Naiman and others 2002; Peterson

and Matthews 2009). Salmon may also affect

periphyton through physical disturbance of the

substrate during redd-digging and spawning, which

can export nutrients, transport substrate, and scour

existing periphyton (for example, Moore and others

2004; Moore and others 2007; Hassan and others

2008). Thus, salmon may increase or decrease the

abundance of stream periphyton, depending on the

relative effects of nutrient enrichment and physical

disturbance.

Given the different ways salmon can affect

periphyton, it is perhaps unsurprising that there is

conflicting evidence on relationships between sal-

mon and periphyton. Comparisons between sites

with and without salmon have shown both de-

creases in periphyton abundance, likely from redd-

digging (Minakawa and Gara 1999; Peterson and

Foote 2000), and increases, likely through the

nutrient subsidy (Schuldt and Hershey 1995; Wipfli

and others 1998; Peterson and Foote 2000; Chaloner

and others 2004). A comparison of three streams

over 3 years found that salmon abundance was

positively related to periphyton abundance (John-

ston and others 2004). In contrast, a comparison of

10 streams over multiple years found consistent

decreases in periphyton abundance across a gradient

in salmon abundance (Moore and Schindler 2008).

Experiments in which salmon were excluded

showed increased periphyton abundance when

redd-digging was prevented (Moore and others

2004; Tiegs and others 2009), whereas experimental

carcass additions elevated both dissolved nutrient

levels and periphyton abundance (for example,

Schuldt and Hershey 1995; Wipfli and others 1999;

Kohler and others 2008).

Periphyton abundance is affected by a suite of

variables other than salmon, such as stream dis-

charge, light, temperature, and water chemistry

(Biggs 1996; Borchardt 1996; DeNicola 1996; Hill

1996). Periphyton abundance can also be positively

related to watershed size, a landscape-level metric

that can capture variation in limiting variables such

as temperature and light (Lamberti and Steinman

1997). As well, invertebrates can regulate periphyton

abundance through grazing (Steinman 1996).

Relationships between salmon and periphyton may

be mediated by these variables (Mitchell and

Lamberti 2005; Chaloner and others 2007). For

example, periphyton may only respond to direct

salmon nutrient subsidies when not limited by light

(Rand and others 1992; Ambrose and others 2004).

Further, human land-use activities can change

environmental variables (for example, substrate

size) that affect the link between salmon and

periphyton (Tiegs and others 2008). There is a

need to consider the effect of these environmental

variables on relationships between salmon and

periphyton (Janetski and others 2009).

Relationships between Pacific salmon and

periphyton may also change with salmon abun-

dance, which is relevant as Pacific salmon have

substantially declined in abundance across parts of

their range (Nehlsen and others 1991; Baker and

others 1996; Slaney and others 1996; Gresh and

others 2000). These declines are likely to have

changed the magnitude of the ecosystem influence

of spawning salmon. As management strategies

begin to incorporate the ecological roles of salmon

when setting escapement goals (that is, the number

of fish that managers wish to let ‘‘escape’’ the

fishery and return to the streams), predicting how

changes in salmon abundance affect ecosystem
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processes such as primary production will become

increasingly relevant (for example, DFO 2005;

Moore and Schindler 2008; Moore and others

2008). Consequently, there is a need to better

understand the shape of relationships between

salmon abundance and stream periphyton across

the geographic range of Pacific salmon.

The overall objective of our study was to under-

stand the role of spawning sockeye salmon (On-

corhynchus nerka) in the ecology of stream

periphyton. Specifically, our study has the following

facets aimed at filling key knowledge gaps: (1) we

studied a large number of streams (24) to quantify

the shape of relationships between salmon abun-

dance and periphyton abundance (measured using

chlorophyll a [chl a] content and ash-free dry mass

[AFDM]) after spawning, (2) we compared these

results to relationships between salmon abundance

and periphyton nitrogen stable isotope signatures,

which show the uptake of salmon nitrogen by

periphyton and explicitly test for the contribution of

salmon nutrients from previous years, and (3) we

incorporated the potential role of environmental

variables known to influence either periphyton

abundance or nitrogen stable isotope signatures.

METHODS

Study Sites

We surveyed 24 sockeye salmon spawning streams

in the Stuart River drainage at the most northern

extent of the Fraser River, British Columbia, Canada

(Figure 1) from 54�55¢N to 55�40¢N and 125�20¢W
to 126�15¢W. Sockeye salmon are the only anadro-

mous fish in the streams. These populations are part

of the ‘‘Early Stuart’’ complex, entering freshwater

from early to mid July and migrating over 1100 km

to spawn from early to mid August in the lower

reaches of tributaries to Middle River and Takla

Lake. These populations show 4-year cyclical

abundance like many Fraser River sockeye (Levy

and Wood 1992), with highest abundances in 2005,

2001, 1997, and so on. Resident fish include bull

trout (Salvelinus confluentus), rainbow trout (On-

corhynchus mykiss), kokanee (resident O. nerka),

prickly sculpin (Cottus asper), mountain whitefish

(Prosopium williamsoni), northern pikeminnow

(Ptychocheilus oregonensis), and burbot (Lota lota).

The streams are second to fourth order and range

in main channel length from 5.9 to 27.4 km and

bankfull width from 3.7 to 30.5 m (Appendix 1 in

Supplemental Materials). Values for the mean and

range in gradient, water depth, water temperature,

canopy cover, substrate size, and pre-spawning

dissolved nutrient levels at our study sites are

provided in Appendix 2 in Supplemental Materials.

The watersheds are forested and common riparian

species include hybrid white spruce (Picea glauca 9

P. engelmannii), black cottonwood (Populus bal-

samifera), Sitka alder (Alnus viridis), and devil’s club

(Oplopanax horridus). Water flows are highest in the

spring as a result of snowmelt and lowest from late

Figure 1. Location of the

24 study streams in the

Stuart River drainage of

the Fraser River, British

Columbia, Canada.
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July to mid September, when salmon spawn, and

also from November to February, when most pre-

cipitation is accumulated as snow. Total annual

precipitation in the region is around 500 mm of

which on average 200 mm is snowfall. For a de-

tailed description of the region and four of the

streams see Macdonald and others (1992).

Salmon Abundance

All salmon abundance metrics were calculated from

data provided by Fisheries and Oceans Canada

(DFO). In each stream, DFO personnel conducted

foot surveys every 4 days during the spawning per-

iod to count the number of live and dead sockeye

across all spawning grounds. Finer scale counts were

recorded for 500 m stream sections that corre-

sponded to where we collected periphyton and

habitat data. DFO personnel estimated the total

number of adult salmon in each stream by multi-

plying the ‘‘peak’’ surveyed abundance of adult

salmon by an expansion factor. The ‘‘peak’’ surveyed

abundance was determined as the highest value

obtained by adding the live count of adult salmon

from a single survey to the total number of dead

salmon summed across all prior surveys. The

expansion factor was determined from data collected

at counting fences on 2–3 streams as the number by

which the peak surveyed abundance for the stream

must be multiplied to equal the total number of

salmon that passed through the counting fence.

We characterized the influence of adult

salmon on periphyton abundance during the 2007

spawning period by two metrics. First, the total

number of adult sockeye salmon upstream of our

study sites (‘‘2007 upstream salmon abundance’’)

was used as a proxy for total salmon nutrient input

to the watershed. Although not all nutrients will be

washed downstream this metric represents the

theoretical maximum exposure. This metric was

calculated by correcting the total number of adult

salmon in a stream at ‘‘peak’’ abundance by the

proportion of fish upstream of where we collected

periphyton. Second, the local adult salmon density

(fish m-2) where periphyton was collected (‘‘2007

salmon density’’) was used as a proxy for both

substrate disturbance and local nutrient input. This

metric assumes no nutrient contribution from up-

stream. The 2007 salmon density (D) was calcu-

lated as follows:

D ¼ F

wl
; ð1Þ

where F is the total number of salmon in the sec-

tion where we collected periphyton and habitat

data, w is the section-specific wetted width (m) and

l is the length of the section (m). The two metrics

were highly correlated (r = 0.99) and results did

not differ between them. We report 2007 salmon

density in models of periphyton abundance as it

best characterizes both nutrient input and sub-

strate disturbance. In 2007, spawning populations

were small but represented a gradient of salmon

abundance (2007 salmon density range = 0.0–0.1

fish m-2, Appendix 1).

We characterized the potential influence of sal-

mon abundance on periphyton nitrogen stable

isotope signatures using both single-year (2007),

which are described previously, and multi-year

(2004–2007) metrics. Of the single-year metrics,

we report 2007 salmon abundance in our models of

periphyton nitrogen stable isotope signature as it

best characterizes the theoretical maximum salmon

nutrient exposure. The multi-year metrics repre-

sented the additional contribution of any salmon

nutrients retained in the watershed from previous

years. Mean upstream salmon abundance from

2004 to 2007 ranged from 2 to 2,368 fish (Appen-

dix 1). Both upstream salmon abundance and

local salmon density were summed over 4 years

(2004–2007) with the contribution of earlier years

weighted by a negative exponential function that

described a rate of salmon nutrient loss from the

watershed. These multi-year metrics (X) were

calculated as follows:

X ¼
X

Xi � eð�k�tÞ; ð2Þ

where Xi is upstream salmon abundance or salmon

density in year i, k describes the rate of nutrient loss

from the system, and t is the number of years prior

to 2007. Metrics were calculated for values of k that

correspond to a salmon nutrient half-life in the

watershed of 6 months, 1, 2, and 4 years. The

multi-year metrics of upstream salmon abundance

were highly correlated (r > 0.98 in all cases), as

were the multi-year metrics of salmon density

(r > 0.97 in all cases), and results did not differ

between them. As such, we tested for the presence

of a nutrient legacy but could not test its timeframe.

We report 2004–2007 upstream abundance and

2004–2007 salmon density weighted by a 6 month

salmon nutrient half-life in models of periphyton

nitrogen stable isotope signatures. All three

reported salmon abundance metrics were positively

correlated (2007 upstream salmon abundance

versus 2004–2007 upstream salmon abundance,

r = 0.89; 2007 upstream salmon abundance versus

2004–2007 salmon density, r = 0.74; 2004–2007

upstream salmon abundance versus 2004–2007

Quantitative Links Between Pacific Salmon and Stream Periphyton 1023



salmon density, r = 0.79). We did not test a multi-

year metric in models of periphyton abundance for

two reasons. First, the influence of a nutrient legacy

on periphyton abundance should be through pre-

spawning dissolved nutrient concentrations, which

we considered as covariates. Second, as single- and

multi-year metrics are highly co-linear they should

not be included in the same model.

Periphyton Collection and Processing

Unglazed ceramic tiles were anchored in each

stream at the bottom of the spawning reach, given

physical access restrictions, to permit maximum

exposure to upstream salmon-derived nutrients.

Tiles were introduced in July of 2007, 2–4 weeks

prior to sockeye spawning. Periphyton were sam-

pled from the tiles 4–6 weeks after spawning in

late September. There were originally eight or

twelve tiles in each stream but losses resulted in a

lesser number for some streams (range = 1–12,

Appendix 1).

We measured two proxies for periphyton abun-

dance: chl a (lg cm-2) and AFDM (mg cm-2).

Samples for chl a and AFDM analyses were scraped

from an area of tile (3.14 cm2 or 1.57 cm2), filtered

onto glass fiber filters (Whatman, 25 mm, 0.7 lm

pore size), and stored in the dark at -20�C. Chl

a was extracted in methanol at 2–4�C for 24 h,

measured fluorometrically (Turner TD-700 Fluo-

rometer), corrected for pheophytin using acidifi-

cation (Holm-Hansen and Riemann 1978), and

then divided by the area sampled (cm2). Linear

regression showed chl a to be strongly related to

total chlorophyll (total chlorophyll = 1.10 chl

a + 0.04, r2 = 0.99), which was calculated as the

sum of pheophytin and chl a. This demonstrates

that degradation products comprised a consistently

small fraction of total chlorophyll. AFDM was

measured according to Steinman and others

(2006). Mean chl a and AFDM were calculated

across all tiles in a stream.

Samples for stable isotope analysis were scraped

from the remainder of the tile area and stored

similarly, until being dried in the lab at 55�C for

more than 24 h and manually ground into a fine

powder. Samples (0.9–2.5 mg dry weight) were

assayed for nitrogen stable isotopes using a PDZ

Europa ANCA-GSL elemental analyzer interfaced

to a PDZ Europa 20-20 isotope ratio mass spec-

trometer (Sercon Ltd., Cheshire, UK) at the Uni-

versity of California Davis Stable Isotope Facility

(http://stableisotopefacility.ucdavis.edu/). Stable

isotope signatures are expressed in delta notation

(d) as ratios relative to the standard of atmospheric

N2 (nitrogen). This is expressed in ‘‘parts per

thousand’’ (&) according to

d15NðÞ ¼
Rsample

Rstandard
� 1

� �
� 1000; ð3Þ

where R is the ratio of heavy isotope (15N) to light

isotope (14N) in the sample and standard. Finally,

d15N was averaged across all tiles in a stream.

Environmental Variables

A literature search showed that periphyton abun-

dance can be influenced by water temperature,

dissolved nitrogen and phosphorus concentrations,

light availability, watershed size, and grazer abun-

dance (Table 1b). Water temperature, light avail-

ability, and water velocity have been shown to

influence periphyton nitrogen stable isotope sig-

natures (Table 1a). We also considered the number

of days the tiles were in the stream (soak time) as

an explanatory variable of periphyton abundance

(range = 53–76 days).

We characterized water temperature as the mean

maximum daily temperature across the spawning

period (August 5th–21st). Stream temperature was

measured using waterproofed ibutton (DS1922L)

temperature loggers programmed to record tem-

peratures every 2 h and attached to iron rods

imbedded in the stream. As equipment failure led

to missing temperature data for two streams, we

first performed our analyses with this reduced

dataset of 22 streams. As temperature proved not to

be a significant explanatory variable of d15N, chl a,

or AFDM, we excluded it and repeated the analyses

across all 24 streams, which led to the same con-

clusions as with temperature included.

Dissolved phosphorus, characterized as soluble

reactive phosphorus (SRP), and dissolved inorganic

nitrogen, calculated as the sum of total ammonia

(NH4–N) and nitrite nitrogen (NO3–N), were sam-

pled two or three times at one location in each

stream over 2 months prior to spawning. Samples

were analyzed at DFO’s Cultus Lake Laboratory

according to American Public Health Association

methods (APHA 1989). Briefly, SRP was deter-

mined by the automated ascorbic acid method,

NO3–N by the automated cadmium reduction

method, and NH4–N by the automated phenate

method.

As a proxy for water velocity, stream gradient

was measured across the length of stream in which

the tiles were situated using a 59 Abney hand le-

vel. Percent open canopy was measured at each tile

location using a spherical densitometer and the

mean value from tile placement and collection used

1024 J. J. Verspoor and others
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as a proxy for light availability. We used the first axis

of a principal components analysis of stream mag-

nitude, length, and bankfull width as a metric for

watershed size. This axis explained 79% of the var-

iation in the three variables and all variables loaded

positively with eigenvalues greater than 0.5. Stream

magnitude, which is the number of first order trib-

utaries in the watershed, and stream length were

obtained from the BC Ministry of Environment’s

Habitat Wizard (http://www.env.gov.bc.ca/habwiz/).

Bankfull width, the maximum stream width possible

without flooding, was averaged across 16 measure-

ments taken to the nearest 10 cm.

Grazer abundance was calculated from benthic

invertebrate samples collected during the month

immediately prior to salmon spawning (July 1st–

August 2nd, 2007). Four samples were taken per

stream from different riffles. Within each riffle,

three separate invertebrate collections were pooled.

Collections were made using a Surber sampler

(frame area = 0.09 m2, 500 lm mesh) by agitating

the substrate within the frame to a depth of 10 cm

for 2 min, washed into plastic bottles, preserved in

95% ethanol, and transported back to the labora-

tory. Samples were split using a Folsom Plankton

Splitter and subsamples picked under magnifica-

tion until a total count of over 300 individuals was

reached. Ten percent of samples were indepen-

dently re-picked to verify sorting efficiency as

greater than 90%. Insects of the orders Epheme-

roptera, Plecoptera, Trichoptera, and Diptera

(EPTD) were identified to family level, with all

other invertebrates identified to order, using Mer-

ritt and others (2008). Ten percent of samples were

independently identified to verify accuracy as

greater than 95%. Functional feeding group des-

ignations were made using Merritt and others

(2008) and the abundance of all individuals

classified as grazers was summed to estimate grazer

abundance (number m-2).

Data Analysis

First, we conducted an exploratory analysis to

identify the environmental variables that best de-

scribed periphyton nitrogen stable isotope signa-

tures and abundance across the 24 streams. We

then evaluated the relative importance of salmon

abundance, the environmental variables selected

from the exploratory step (explained below), and

tile soak time in describing periphyton nitrogen

stable isotope signatures, chl a content, and AFDM.

We did this by competing multiple linear regression

models using Akaike Information Criterion cor-

rected for small sample sizes (AICc).

We identified the explanatory environmental

variables that best described periphyton nitrogen

stable isotope signatures and abundance according

to methods suggested by Zuur and others (2010).

First, we examined multicollinearity among all

explanatory environmental variables using vari-

ance inflation factors (VIF) (Table 1). A VIF quan-

tifies the severity of multicollinearity in an ordinary

least squares regression analysis by measuring how

much the variance of an estimated regression

coefficient is increased because of collinearity

among explanatory variables. No variable exceeded

a value of two, suggesting multicollinearity among

variables was not of concern. We then conducted a

backward stepwise linear regression using all vari-

ables and sequentially dropped non-significant

explanatory variables (P > 0.05). A less stringent

criterion of P greater than 0.1 and a manual alter-

ation of the order in which variables were removed

had little impact on the final results. As no a priori

hypotheses for interactions were generated, none

were included in the model. Stream gradient came

through the regression procedure as an explanatory

variable of d15N, SRP as an explanatory variable of

AFDM and both SRP and canopy cover as explan-

atory variables of chl a. As the relationship between

canopy cover and chl a was the inverse to that

predicted, thus likely spurious, we dropped canopy

cover from further consideration.

We then combined the selected environmental

variables (gradient or SRP) with the relevant sal-

mon abundance metrics (2007 upstream salmon

abundance, 2007 salmon density, 2004–2007 up-

stream salmon abundance, or 2004–2007 salmon

density), and tile soak time. No variable had a VIF

above two and scatterplots did not reveal any

obvious non-linearity between any explanatory

and response variables. We created linear regres-

sion models of each response variable (d15N, chl a,

and AFDM) for all single explanatory variables and

combinations of explanatory variables, with the

restriction that two salmon abundance metrics

could not be in the same model. No interaction

terms were included as none were hypothesized

a priori. We square-root transformed 2007 salmon

density and 2004–2007 salmon density and log10

transformed 2007 upstream salmon abundance,

2004–2007 upstream salmon abundance, gradient,

SRP, AFDM, and chl a to improve fits with the

model assumptions.

We used AICc to evaluate the support for each

model in describing d15N, AFDM, and chl a. AICc

evaluates the relative descriptive power of various

a priori models with different combinations of

variables based on the principal of parsimony,
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balancing optimal fit with the number of parame-

ters used (Anderson 2008). Delta AICc values,

model weights (wi), and evidence ratios (ER) were

calculated to aid interpretation of the model rank-

ing (Anderson 2008). The DAICc value is the

change in AICc between model i and the top

ranked model, wi is the probability that model i is

the best of the set considered, and ER is the ratio of

wtop model/wi and can be interpreted as the likeli-

hood that the top ranked model is better than

model i (Anderson 2008). All statistical analyses

were conducted in R (R Development Core Team

2009).

We used a 2-source isotope-mixing model (for

example, Naiman and others 2002; Schindler and

others 2005) to estimate the proportion of nitrogen

in the periphyton that was derived from salmon.

This model assumed that periphyton accumulated

nitrogen from salmon and a combined pool of other

sources in proportion to availability. It also as-

sumed that other sources of nitrogen had a con-

stant combined nitrogen stable isotope signature

across streams and that fractionation during nitro-

gen uptake was independent of salmon nutrient

contributions. The proportion of nitrogen in

periphyton derived from salmon (X) was calculated

as follows:

X ¼
d15Nperiphyton � d15Nb

� �

d15Nsockeye � d15Nb

� � ; ð4Þ

where d15Nperiphyton was the mean nitrogen stable

isotope signature of periphyton, d15Nsockeye was the

nitrogen stable isotope signature of sockeye sal-

mon, and d15Nb was the nitrogen stable isotope

signature of the combined pool of other nitrogen

sources. We used a value of 11.29& for d15Nsockeye

(Johnson and Schindler 2009). We used the mean

value of periphyton d15N across nine ‘‘control’’

sites; three streams that had a 2004–2007 upstream

salmon abundance of fewer than 10 fish (Appendix

1) and six streams where we sampled periphyton

above the extent of salmon spawning (J. J. Vers-

poor, unpublished data) to approximate d15Nb.

RESULTS

Periphyton Nitrogen Stable Isotope
Signature

In the top model, 2004–2007 upstream salmon

abundance had a positive log-linear relationship to

the nitrogen stable isotope signature (d15N) of

stream periphyton (R2 = 0.28, Figure 2). This

model had four times more support than the

second ranked model, which contained both

2004–2007 upstream salmon abundance and gra-

dient (Table 2a). The similarity in R2 between the

top two models shows that gradient explained little

additional variation in d15N. All other models had a

DAICc greater than 3.

One study site (Leo Creek) stood out as an outlier

in the regression diagnostics of the top two models

(standardized residual >3). This stream had an

upstream lake area that was almost three times

greater than any other stream, heavy beaver (Castor

canadensis) activity just upstream of our study reach

(not seen in other streams), and the highest pre-

spawning dissolved nutrient concentrations of all

streams. We re-ran the model selection analyses

excluding Leo Creek (Table 2b). The 2004–2007

upstream salmon abundance remained as the top

model and model fit improved (R2 = 0.47, Fig-

ure 2).

The 2-source mixing model suggested that the

contribution of salmon nitrogen to periphyton

across the 24 streams ranged from 0 to 22%. For

reasons discussed earlier, we did not estimate a

contribution of salmon nitrogen to periphyton in

Leo Creek. The mean d15N used for all non-salmon

sources was 0.66& but ranged from -0.19& to

2.32& across periphyton collected from ‘‘control’’

sites.

Figure 2. Plot of log10-transformed 2004–2007 upstream

salmon abundance (total number of fish) versus

periphyton nitrogen stable isotope signature (d15N), with

the outlying Leo Creek labeled. The fitted linear relation-

ship excludes Leo Creek (d15N = 0.599log10 2004–2007

upstream salmon abundance + 0.379, R2 = 0.47).
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Periphyton Abundance

In the top model, salmon density in 2007 had a

negative relationship to the AFDM of stream

periphyton, whereas pre-spawning SRP had a po-

sitive relationship to AFDM (log10AFDM =

0.94log10SRP - 1.05�2007 salmon density - 0.67,

R2 = 0.49). This model had twice as much support

as the second ranked model, which contained 2007

salmon density, SRP, and tile soak time (Table 3).

The higher R2 of the second model shows that

soak time explained some additional variation in

AFDM but that it was less than the penalty imposed

for the additional parameter. Support for the other

five models was poor (DAICc > 3). We present

observed versus fitted plots for the top model and

untransformed bivariate plots of the individual

explanatory variables versus AFDM for comparison

(Figure 3).

In the top model, salmon density in 2007 had a

negative relationship to the chl a content of stream

periphyton, whereas pre-spawning SRP had a

positive relationship to chl a (log10chl a =

1.49log10SRP - 1.09�2007 salmon density - 0.58,

R2 = 0.33). This model had twice as much support

as the second ranked model, which contained SRP

as a single explanatory variable (Table 4). Support

Table 2. Results of Model Selection using AICc for Seven Linear Regression Models that Describe
Periphyton Nitrogen Stable Isotope Signatures (d15N)

k R2 P DAICc wi ER

a) Model (including Leo Creek)

1. 2004–2007 upstream salmon abundance 3 0.28 0.008 0.00 0.63 1.00

2. 2004–2007 upstream salmon abundance + gradient 4 0.28 0.03 2.84 0.15 4.15

3. 2004–2007 salmon density 3 0.13 0.09 4.63 0.06 10.14

4. 2007 upstream salmon abundance 3 0.12 0.09 4.70 0.06 10.49

5. Gradient 3 0.11 0.11 5.03 0.05 12.38

6. 2004–2007 salmon density + gradient 4 0.17 0.13 6.18 0.03 22.01

7. 2007 upstream salmon abundance + gradient 4 0.16 0.16 6.60 0.02 27.08

b) Model (excluding Leo Creek)

1. 2004–2007 upstream salmon abundance 3 0.47 0.0003 0.00 0.73 1.00

2. 2004–2007 upstream salmon abundance + gradient 4 0.47 0.002 2.96 0.17 4.39

3. 2007 upstream salmon abundance 3 0.33 0.005 5.49 0.05 15.58

4. 2004–2007 salmon density 3 0.29 0.008 6.55 0.03 26.46

5. 2007 upstream salmon abundance + gradient 4 0.34 0.02 7.96 0.01 53.42

6. 2004–2007 salmon density + gradient 4 0.33 0.02 8.25 0.01 61.85

7. Gradient 3 0.15 0.07 10.92 0.00 235.67

Results are presented (a) including Leo Creek (n = 24) and (b) excluding Leo Creek (n = 23). Stream gradient, 2007 upstream salmon abundance, and 2004–2007 upstream
salmon abundance were log10-transformed and 2004–2007 salmon density was square-root transformed. k = number of model parameters, R2 = model regression coefficient,
P = model significance, DAICc = change in AICc score from top model, wi = AICc model weight, ER = top model weight divided by model i weight.

Table 3. Results of Model Selection using AICc for Seven Linear Regression Models that Describe
Periphyton AFDM

Model k R2 P DAICc wi ER

1. 2007 salmon density + SRP 4 0.49 <0.001 0.00 0.66 1.00

2. 2007 salmon density + SRP + soak time 5 0.52 0.002 1.55 0.30 2.17

3. 2007 salmon density 3 0.24 0.02 6.66 0.02 27.88

4. 2007 salmon density + soak time 4 0.24 0.05 9.25 0.01 102.10

5. SRP 3 0.15 0.06 9.28 0.01 103.54

6. SRP + soak time 4 0.18 0.12 11.20 0.00 269.94

7. Soak time 3 0.00 0.84 13.04 0.00 679.35

SRP = soluble reactive phosphorus, soak time = number of days the tiles were in the stream. SRP and AFDM were log10-transformed and 2007 salmon density was square-root
transformed. Table headings are as described in Table 2.
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for the other five models was poor (DAICc > 3).

We present observed versus fitted plots for the top

model and untransformed bivariate plots of the

individual explanatory variables versus chl a for

comparison (Figure 3).

DISCUSSION

Nitrogen Stable Isotope Signature

We found a positive log-linear relationship between

2004–2007 upstream salmon abundance and the

Figure 3. Bivariate plots

of observed versus fitted

values for the top model

of A log10 ash-free dry

mass (AFDM, mg cm-2)

and B log10 chlorophyll

a (chl a, lg cm-2), which

both contain �2007

salmon density (fish m-2)

and log10 soluble reactive

phosphorus (SRP, lg l-1)

as explanatory variables,

fitted with regression

(dashed) and 1:1 (solid)

lines. Bivariate plots of

C AFDM versus SRP,

D chl a versus SRP,

E AFDM versus 2007

salmon density, and F chl

a versus 2007 salmon

density. Although SRP,

AFDM, and chl a were

log10-transformed and

2007 salmon density was

square-root transformed

in the analyses, the

bivariate plots are

presented untransformed.

Table 4. Results of Model Selection using AICc for Seven Linear Regression Models that Describe
Periphyton chl a

Model k R2 P DAICc wi ER

1. 2007 salmon density + SRP 4 0.33 0.02 0.00 0.52 1.00

2. SRP 3 0.18 0.04 1.78 0.21 2.43

3. 2007 salmon density + SRP + soak time 5 0.33 0.04 3.23 0.10 5.02

4. SRP + soak time 4 0.18 0.12 4.68 0.05 10.41

5. 2007 salmon density 3 0.08 0.19 4.70 0.05 10.51

6. Soak time 3 0.05 0.30 5.41 0.03 14.98

7. 2007 salmon density + soak time 4 0.14 0.20 5.85 0.03 18.61

SRP = soluble reactive phosphorus, soak time = number of days the tiles were in the stream. SRP and chl a were log10-transformed and 2007 salmon density was square-root
transformed. Table headings are as described in Table 2.
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nitrogen stable isotope signature (d15N) of stream

periphyton across 24 streams in north-central British

Columbia. This study is among the first to describe

periphyton d15N across a gradient in salmon abun-

dance (also see Holtgrieve and others 2010). Rela-

tionships between d15N and salmon abundance have

previously been shown for juvenile coho salmon,

terrestrial invertebrates, and riparian soil and vege-

tation (Bilby and others 2001; Reimchen and others

2003; Bartz and Naiman 2005; Hocking and Reim-

chen 2009).

Although we fit a log-linear model, the rela-

tionship between salmon abundance and

periphyton d15N should actually be a positive

function that saturates as the contribution of sal-

mon nitrogen to periphyton d15N nears 100%.

However, the periphyton d15N values in this study

were low relative to the d15N of sockeye salmon,

suggesting they were far from saturated with sal-

mon nitrogen. That periphyton derived most of

their nitrogen from sources other than salmon is

supported by the results of the 2-source mixing

model, which estimated the highest proportion of

salmon nitrogen across the 24 streams to be just

22%. This number is sensitive to the d15N chosen

for all non-salmon sources of nitrogen, which var-

ied widely among the ‘‘control’’ sites used to esti-

mate it. Therefore, although the contribution of

salmon nitrogen to periphyton d15N is low, the

values attributed by the mixing-model are highly

uncertain. It is likely that salmon nitrogen would

have made a greater contribution to periphyton

d15N in years when sockeye populations in the re-

gion were at higher abundances. In the early 1990s,

the number of adult salmon summed across the 24

streams was typically greater than 70,000 fish,

whereas it was just 20,000 fish from 2004 to 2007.

We expected three environmental variables

(temperature, light, and water velocity) to affect

periphyton d15N (Table 1a). Of the three variables,

periphyton d15N was best described by gradient,

which was used as a proxy for water velocity.

Water velocity can control the rate at which the

dissolved nitrogen available to periphyton is

replenished, which influences the rate of uptake of

the different isotopes (Trudeau and Rasmussen

2003). However, gradient poorly explained varia-

tion in periphyton d15N compared to salmon

abundance, particularly after removing the outlier,

Leo Creek. This suggests that salmon abundance

had a stronger influence on periphyton d15N than

any environmental variable we measured. This is

the first study to explicitly consider the relative

influence of salmon nutrients and environmental

variables on periphyton d15N. Although stream

gradient may have indicated relative differences

among streams, it is a poor metric for water velocity

at the individual tile sites. It is also positively cor-

related with substrate size and larger substrate

could potentially reduce water velocity at the

streambed through greater rugosity. Direct mea-

surement of water velocity at the individual tile site

may have described periphyton d15N better.

We tested one single-year and two multi-year

salmon abundance metrics. The single-year metric

represented the maximum possible exposure to

salmon nutrients delivered during the 2007

spawning period, whereas the multi-year metrics

captured the possible contribution of salmon

nutrients from previous years. The two multi-year

metrics differed in their consideration of salmon

that spawned upstream of where we collected the

periphyton. Our results suggest that salmon nitro-

gen accumulated among years in the watershed,

including upstream, contributed to periphyton

d15N. Studies could confirm this nutrient legacy

through stable isotopes of dissolved inorganic

nitrogen prior to spawning. It was possible to test

for this nutrient legacy for two reasons. First, 2007

salmon numbers were the lowest in decades. Only

4,500 sockeye returned across all 24 streams com-

pared to the 4-year average of 20,000. Second, the

dominant year of the 4-year population cycle

exhibited in these sockeye populations was in 2005

when 51,000 salmon returned across all streams

and delivered a much larger nutrient subsidy.

Although we initially calculated multi-year metrics

according to different rates of salmon nutrient loss

from the watershed, high correlation among them

prevented a test for the timeframe of the nutrient

legacy.

Periphyton Abundance

Periphyton abundance was best described by a

combination of salmon density and environmental

variables. Both AFDM and chl a were negatively

related to 2007 salmon density and positively re-

lated to pre-spawning SRP concentrations, al-

though the model fit was better for AFDM. Only a

small amount of variation in either AFDM or chl

a was explained by tile soak time.

We measured six environmental variables (water

temperature, light availability, dissolved phospho-

rus and nitrogen, grazer abundance, and watershed

size) that were predicted to affect periphyton

abundance (Table 1b). Of these, pre-spawning SRP

best described periphyton abundance, suggesting

that phosphorus may limit periphyton growth in

the streams. Dissolved nutrient concentrations
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prior to spawning could be influenced by salmon-

derived nutrients retained in the watershed from

previous years. For example, phosphorus contained

in the salmon skeleton, which degrades slowly,

may be released into the streams over several years.

This could explain the weak positive correlation we

found between 2006 upstream salmon abundance

and pre-spawning SRP after removing the outlying

Leo Creek (r = 0.42, P = 0.044).

As pre-spawning SRP positively described

periphyton abundance after spawning, it might be

expected that the additional phosphorus deliv-

ered during spawning would further increase

periphyton abundance. In contrast, we found a

negative relationship among streams between

2007 salmon density and periphyton abundance.

This result suggests that during the spawning

period, salmon exerted a greater influence on

periphyton abundance through substrate distur-

bance than by the nutrient subsidy they provided.

Further, as periphyton samples were collected up

to 6 weeks post-spawning after some recovery in

abundance had probably occurred, our results

likely underestimate the initial ecological effect of

substrate disturbance by spawning salmon.

Periphyton recovery might have been impeded by

decreasing water temperatures and lower light

levels, as a result of decreasing day length. The

general finding that salmon exert a greater influ-

ence on periphyton abundance through substrate

disturbance than the nutrient subsidy they provide

is consistent with research on sockeye streams in

Alaska that found decreases in periphyton abun-

dance during spawning in streams with a salmon

abundance above 0.06 salmon m-2 (Moore and

Schindler 2008).

However, a positive relationship, above a

threshold value of 300 kg of carcass (dry weight)

per unit discharge, has previously been described

between salmon biomass per unit discharge and chl

a across multiple sites and years within three of our

study streams (Johnston and others 2004). In their

study from 1996 to 1998, salmon density was up to

an order of magnitude greater than in this study

and chl a was substantially higher at their high

salmon abundance sites. As both the salmon

nutrient contribution and degree of substrate dis-

turbance should be greater at higher salmon

abundance, the contrast in results is puzzling. The

relative importance of the two mechanisms could

differ as a result of temporal variation in environ-

mental variables such as temperature or discharge

(for example, Chaloner and others 2007). Another

possibility is that results differ according to spatial

scale (3 streams versus 24 streams) or whether

periphyton is collected from experimental sub-

strates (our study) or natural ones (Johnston and

others 2004).

Periphyton abundance at a single point in time

does not measure primary productivity directly.

Periphyton growth rates could in fact be high when

abundances are low if periphyton removal is ele-

vated. Indeed, spawning salmon could simulta-

neously have increased periphyton growth rates

through the nutrient subsidy and reduced

periphyton abundance through spawning activi-

ties. Larger populations of invertebrate grazers

could also reduce periphyton abundance and be

supported by elevated periphyton growth rates.

However, invertebrate grazer abundance has gen-

erally been shown to decrease during salmon

spawning through both displacement from sub-

strate disturbance and the evolution of life history

strategies whereby emergence from the streams is

timed to avoid being in the stream during salmon

spawning (Lessard and Merritt 2006; Moore and

Schindler 2008; Honea and Gara 2009; Lessard and

others 2009; Moore and Schindler 2010). As we

found that pre-spawning grazer abundance did not

explain significant variation in periphyton abun-

dance, this suggests that salmon spawning was the

primary driver of reduced abundance.

In conclusion, although salmon abundance was

positively related to periphyton nitrogen stable

isotope signatures it was negatively related to

periphyton abundance. Thus, uptake of salmon-

derived nitrogen does not always translate into

increased periphyton abundance. This suggests

that the physical disturbance of spawning salmon

outweighs the immediate influence of the nutri-

ents they deliver. This finding suggests that at-

tempts to incorporate the wider ecological role of

salmon into conservation management (for

example, DFO 2005) should be viewed with cau-

tion when using stable isotopes as a proxy for di-

rect evidence of the impacts of salmon on

freshwater ecosystems. However, our use of stable

isotopes to provide evidence for a nutrient legacy

from previous years suggests that salmon nutrients

could have ecological impacts in freshwater eco-

systems beyond the year in which they were

delivered. We found that dissolved phosphorus

levels prior to spawning, which are correlated with

past salmon abundances, also described periphyton

abundance. This both confirms the need to con-

sider the effect of environmental variables on

relationships between salmon and their ecosys-

tems and presents evidence that stream produc-

tivity may be increased as a result of long-term

salmon nutrient loading.
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