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Abstract. The relative influence of landscape vs local processes on variation in stream C and energy
sources to lotic consumers remains unresolved, but is a key component in understanding pathways
through stream food webs. I investigated potential linkages between the distribution of d13C signatures of
primary producers (periphyton), terrestrial organic matter (detritus), and secondary consumers (aquatic
invertebrates and fish) and: 1) drainage area and 2) stream reach geomorphology in 3 mountain
watersheds of northern Idaho, USA. When considered alone, drainage area explained variation in the d13C
signatures of periphyton (R2

= 0.30) and sculpin (R2
= 0.15) only. Subsequent General Linear Models

(GLMs) showed that stream morphology explained significant variation in d13C of periphyton (79%),
Diptera (93%), sculpin (51%), and trout (63%). Drainage area was not significant in these models, a result
indicating that once d13C signatures are explained as a function of geomorphic type, the contribution of
drainage area becomes less important. On the whole, consumer d13C signatures related more strongly to
periphyton d13C than detrital d13C, though this relationship varied among geomorphic types. Collectively,
results indicate that the morphology of a stream reach (including factors such as substrate size and storage
elements, floodplain development, etc.) may be an important factor in the assimilation and distribution of
C in food webs in forested mountain streams.
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The complexity of stream ecosystems continues to
challenge ecologists to identify environmental gradi-
ents governing lotic communities and to link spatially
explicit patterns and processes (Power et al. 1988,
Lowe et al. 2006). In particular, a cogent understand-
ing of the processes that govern transfers of organic
matter through stream food webs is lacking, but is
critical to our understanding of stream foodweb
productivity and the subsequent dynamics of stream
communities.

Fluvial geomorphology has provided a physical
template and an overarching conceptual framework
for the genesis of many guiding paradigms in stream
ecology. For example, the hydraulic and geomorphic
stream channel adjustments along a river proposed by
Leopold and colleagues (Leopold and Maddock 1953,
Leopold et al. 1964, Leopold and Langbein 1966)
formed the basis for the physical construct of the
River Continuum Concept (RCC) proposed by Van-
note et al. (1980) and complemented their predictions
about energy flow along the drainage network (i.e., a
shift from terrestrial C sources in headwater streams

to increasingly autotrophic C sources in mid-order
streams and a decreasing trend thereafter). However,
many alternative concepts, many of which have
contradicted the RCC (see reviews by Townsend 1996,
Thorp et al. 2006, Poole 2010), also have been proposed.

In particular, significant support has emerged for a
patch-dynamics view that recognizes discontinuous
patterns along the stream network (Pringle et al. 1988,
Townsend 1989, Wu and Loucks 1995). Notably, the
role of fluvial geomorphology is central to many of
these patch perspectives. For instance, in the concept
of Process Domains, Montgomery (1999) hypothe-
sized that spatial variability in geomorphic processes
influences physical habitat, disturbance, and ultimate-
ly, the structure and function of stream ecosystems.
Poole (2002) proposed a marriage of patch dynamics
and hierarchy theory that would integrate multiple
characteristics of stream ecosystems (e.g., directional-
ity, heterogeneity, spatial scale) and recognize the
uniqueness of each stream system. The Riverine
Ecosystem Synthesis (RES; Thorp et al. 2006) portrays
rivers as downstream arrays of hydrogeomorphic
patches that form functional process zones resulting
from differences in physicochemical habitats.1 E-mail address: sullivan.191@osu.edu
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The fundamental links between physical and biotic
patterns in streams (Poole 2002) have served as the
underpinning of many stream classification systems
(see reviews by Mosley 1987, Thorne 1997). For
example, Montgomery and Buffington (1997) devel-
oped an intuitive, channel-reach classification scheme
in mountain drainage basins that classifies stream
morphologies into 7 reach types: colluvial, bedrock,
and 5 alluvial channel forms (cascade, step-pool,
plane-bed, pool–riffle, and dune-ripple). Their system
uses a process-based approach that focuses on
sediment transport through the drainage network, in
which reach-level channel processes are linked to the
spatial arrangement of reach morphologies, hillslope
erosional processes, channel confinement characteris-
tics, riparian vegetation, and large woody debris.

Whereas process-based classification systems, such
as that of Montgomery and Buffington (1997), can be
related to biological patterns (e.g., diversity, distribu-
tion, community composition; Sullivan et al. 2006,
Cianfrani et al. 2009), they also may be coupled with
functional biotic components (e.g., feeding, energy
flow, habitat selection). Measurements of C stable
isotopes (d13C), for instance, have proven fruitful in
understanding C flow and in identifying trophic bases
in stream ecosystems, largely because of the small
fractionation of C associated with trophic transfer of
organic C and the potential for organic matter sources
to have distinct d13C signatures (Finlay 2001, Schind-
ler and Lubetkin 2004, Delong and Thorp 2006). The
structural–mechanistic link between stream morphol-
ogy and variation in d13C signals of stream taxa has
not been fully investigated, but is consistent with
geomorphically based patch-dynamics perspectives
and would provide a valuable comparison with other
work on this topic. For instance, Finlay (2001) showed
that epilithic algae d13C and watershed area were
positively correlated along a gradient in watershed
area. Finlay et al. (1999; variability in d13C between
pools and riffles) and Walters et al. (2007; d13C
enrichment in biofilm and consumers at rocky vs
sandy stream reaches) suggested that mechanisms
underlying spatial variation in d13C probably are
explained by small-scale processes.

Multiple mechanisms underlying both longitudinal
and local-scale patterns in d13C distribution have been
proposed, and most are linked to differences in the
source of dissolved CO2 (weathering, atmosphere,
biotic respiration). For example, in small headwater
streams, algal 13C depletion probably is influenced by
soil CO2 production and transport and by weathering
processes on dissolved inorganic C (DIC) (Finlay
2003). 13C depletion at high flow velocity has been
related to the photosynthetic demand of CO2 by algae

relative to its supply (Trudeau and Rasmussen 2003,
Finlay 2004, Hill and Middleton 2006). Downstream
increases in temperature, algal growth rates, and
chlorophyll biomass also can affect algal d13C (Daw-
son et al. 2001, Finlay 2003, Hill and Middleton 2006).
In more productive downstream reaches, Finlay
(2001) hypothesized that C limitation reduces dis-
crimination against algal 13C. Finlay (2004) illustrated
a negative relationship between algal d13C and
dissolved CO2 (CO2(aq); 1 of the 2 forms of DIC used
by aquatic plants, the other being bicarbonate,
HCO3

2), a pattern explained as a result of the joint
effects of decreasing d13C of DIC and increasing
photosynthetic fractionation in CO2(aq) distribution
along the drainage network.

I undertook my study to establish the relationships
between reach-scale stream geomorphology and
stream food webs in mountain drainages. I quantified
the relationships between stream geomorphology and
d13C signatures of stream periphyton, detritus, aquat-
ic invertebrates, and fishes in 3 high-relief, forested
headwater drainages of northern Idaho, USA. My
primary goal was to assess C sources and flow to the
primary producer and consumer components of
aquatic food webs among geomorphic patches, as
represented by Montgomery and Buffington’s stream
geomorphic types (vs along the continuum represent-
ed by ecosystem size). My secondary goal was to
quantify allochthonous (terrestrial) vs autochthonous
(originating from the stream) use of C by stream
consumers. Given that 13C of algae and consumers
shows a downstream enrichment pattern (Finlay 2001,
2004), I hypothesized that differences in d13C of
periphyton and consumers would be based largely
on ecosystem size (i.e., stream drainage area [DA]),
but that geomorphic type also would explain sub-
stantial variation. Likewise, the increased role of in-
stream primary producers in downstream food webs
(Minshall 1978, Vannote et al. 1980, Finlay 2001, Rosi-
Marshall and Wallace 2002) suggests that the relative
contribution of autochthonous resources to stream
consumers would be greater in stream reaches with
morphologies typified by less confined channels with
more open canopies and some floodplain develop-
ment (e.g., plane-bed, pool–riffle; see Fig. 1 for
detailed predictions).

Methods

Study area

I worked at 15 sites (reaches) distributed across 3
watersheds—Beaver Creek Watershed (BCW, n = 5),
Elk Creek Watershed (ECW, n = 5), Mica Creek
Watershed (MCW, n = 5)—in the Northern Rockies of

2013] GEOMORPHOLOGY AND d13C 607



Idaho, USA (Fig. 2). All 3 watersheds are in the
Northern Rockies Ecoregion (USEPA 2002), character-
ized by mountainous, rugged topography with a
maritime-influenced climate. In each watershed, reach-
es (headwater to confluence) were selected to represent
Montgomery and Buffington’s morphologies most

common to the study watersheds (Fig. 2). All study
reaches were steep (§0.002 m/m), confined channels
dominated by gravel, cobble, and boulder substrates
with limited floodplains and, thus, met the criteria of
mountain stream channels outlined by Wohl and
Merritt (2008). To avoid potentially confounding

FIG. 1. Stylized representations of Montgomery and Buffington’s (1997) geomorphic types and hypothesized predictions
regarding organic C and trophic linkages relative to proportion of autochthonous to allochthonous energy in stream consumers.
Each prediction is followed by potential mechanisms in parentheses. Predictions and potential mechanisms are based on
published literature and field observations. C predictions are primarily for periphyton (based on d13C), but are expected to extend
to stream consumers. LW = large wood, DIC = dissolved inorganic C, CO2(aq) = dissolved CO2.
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effects of reach location along the watershed gradient, I
attempted to find reaches of each geomorphic type at
multiple locations along the drainage network. Once
selected, I tested for spatial autocorrelation among
geomorphic types using Moran’s I (Fortin and Dale
2005) in ArcGISH (version 9.3; Environmental Systems
Research Institute, Redlands, California). Results con-
firmed that the geomorphic types were distributed
along the drainage networks without significant
clustering or dispersion (I = 0.014, p . 0.05). To avoid
temporal variation, I constrained sampling to the late
summer months, when discharge was relatively stable.
Each reach was sampled once across 3 field seasons
(2006–2008), so sampling periods were randomized by
geomorphic structure.

Geomorphic surveys

To link biological and physical characteristics of
catchments in a functionally meaningful way, I
defined reaches as arbitrary units equal to 15 to 203

bankfull width (Harrelson et al. 1994, Kondolf and
Micheli 1995) and subsequently used breaks in
geomorphic types to delineate reach boundaries more
precisely. At each reach, I established 10 equidistant
lateral transects (across the stream) and 1 longitudinal
transect (bisecting the stream, running down its
length). I characterized the channel geomorphology
of each reach with longitudinal and cross-sectional
surveys conducted along each transect, where I
measured slope, bankfull width, and depth with a

FIG. 2. Locations of Beaver Creek Watershed (BCW), Mica Creek Watershed (MCW), and Elk Creek Watershed (ECW) in
northern Idaho, USA. In each watershed, study reaches are shown from upstream (smaller numbers, e.g., MC1) to downstream
(larger numbers, e.g., MC5). PB = plane-bed, PR = pool–riffle, SP = step-pool.
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stadia rod, laser level, and measuring tape following
the methods of Cianfrani et al. (2004). I used
Wolman’s (1954) pebble-count method to assess bed
grain size at each of the 10 lateral transects (1000
sediment clasts/reach). I used pebble-count data to
identify the predominant substrate size (D50 and D95).

I surveyed all pieces of large wood (LW) .0.10 m
diameter and .1.0 m length (Montgomery et al. 1995).
I conducted diagnostic visual surveys of each stream
reach, with a focus on dominant roughness elements
and sediment sources, sediment storage elements,
floodplain development, and confinement character-
istics to classify reaches according to Montgomery
and Buffington’s classification system. I measured %

canopy cover over the stream with a spherical
densitometer and derived drainage area using geo-
processing tools in ArcGIS.

Classification of stream reaches

I used diagnostic features outlined by Montgomery
and Buffington (1997) to classify each reach by its
dominant morphology (Table 1). When classifying
reaches, I noted that northern Idaho streams deviated
in some cases from the pattern established by
Montgomery and Buffington. Some reach morpholo-
gies differed from the expected longitudinal sequence
(e.g., pool–riffle upstream of plane-bed, Fig. 2; see
Wohl and Merritt 2008). Where appropriate, I used
Montgomery and Buffington’s forced step-pool and
forced pool–riffle classifications for channels that
supported flow obstructions (e.g., LW) that forced
either step-pool or pool–riffle morphologies. Given
the unique characteristics of each study system,
diagnostic features of the reach may not be fully
consistent with predicted ranges in some of these
cases (Table 1).

I attempted to include §3 study reaches in all 5
geomorphic types, but was unable to do so in some
cases. All 3 study watersheds were in remote areas,
and this factor limited accessibility of potential study
reaches. Finding free-formed pool–riffle morphology
was difficult (n = 2). I initially conducted all
components of the study at 3 plane-bed reaches.
However, one of the reaches contained a split channel
in the upper quadrant. This characteristic set it apart
from the other plane-bed reaches, so I decided to
exclude it from the analysis.

Sample collection

I collected larval stages of common aquatic inver-
tebrates at 6 longitudinally distributed locations/
reach with a 600-cm2 Surber sampler with a 500-mm-
mesh net. I kept aquatic invertebrates in unfiltered
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stream water for 6 to 8 h to evacuate their guts before
preserving them. I used a nylon brush to collect
detritus samples (at the same locations as inverte-
brates) from deposits of coarse benthic organic material
(CBOM) and periphyton (epilithic algae) from cobbles
along the longitudinal length of each reach. I sampled
fish with a backpack electrofisher (Smith-RootH LR12;
Smith-Root, Inc., Vancouver, Washington) and dip
nets. At each reach, I collected §8 individual adult
trout (.150 mm) and 6 adult sculpin to represent the
dominant species present at the sampling reaches (see
Stable-isotope analysis below).

Stable-isotope analysis

In the laboratory, I sorted all aquatic invertebrates
to order, and I identified the most dominant taxa to
family with the keys in Merritt and Cummins (1996). I
grouped aquatic invertebrates by the dominant orders
(Ephemeroptera, Plecoptera, Trichoptera, and Dip-
tera) for stable-isotope analysis. I freeze-dried aquatic
invertebrates for 48 to 72 h, ground them to a fine
powder with a mortar and pestle, and packed the
powder in tin capsules. I assembled tissue from
multiple individuals (6–15) in a single composite
sample for stable-isotope analysis to minimize within-
site variance (Lancaster and Waldron 2001). Compos-
ite samples for each study reach comprised individ-
uals grouped by taxonomic order.

I filtered and dried periphyton in the laboratory
and combined several samples per reach to create
composite samples for each reach. I removed fine
particulate organic matter (FPOM; particles ,1 mm)
from the detritus, leaving primarily terrestrial leaves.
I dried detritus and periphyton samples in a 60uC
oven for 48 h, ground the samples in a ball mill, and
packed the powder in tin capsules for analysis.

The fish I selected for analysis represented 6 species
common to northern Idaho mountain streams: Brook
Trout (Salvelinus fontinalis), Westslope Cutthroat
Trout (Oncorhynchus clarkii lewisi), Rainbow Trout
(Oncorhynchus mykiss), Westslope Cutthroat/Rainbow
hybrid (O. mykiss 3 O. clarkii lewisi), Slimy Sculpin
(Cottus cognatus), Shorthead Sculpin (Cottus confusus),
and Mottled Sculpin (Cottus bairdi). Given the broad
longitudinal distribution of the various stream mor-
phologies included in my study, I did not anticipate
finding all trout or all sculpin species in every
geomorphic type. Because of this spatial segregation
of the target species, a direct comparison of isotopic
signatures across geomorphic classifications by spe-
cies was not always feasible. However, the high
dietary overlap of sculpin species (Wydoski and
Whitney 2003) suggested that combining sculpin

species for analysis of C isotopes would be an
acceptable approach. Dietary studies related to Brook
Trout, Rainbow Trout, and Cutthroat Trout have
yielded mixed results (Dunham et al. 2002, Hilder-
brand and Kershner 2004, McGrath and Lewis 2007).
However, investigators generally agree that signifi-
cant dietary overlap occurs among these fishes
(aquatic invertebrates, terrestrial invertebrates, and
amorphous organic detritus), and they are often
classified as primarily invertivores (Raleigh et al.
1984, Behnke 2002, Wydoski and Whitney 2003).

At the 5 reaches where .1 trout species were
found, I also ran preliminary a priori analyses (t-test
or analysis of variance [ANOVA]) to test for potential
differences in d13C values among Brook, Rainbow,
and Cutthroat Trout. I found no significant differenc-
es among species (all p . 0.05), and I used this result
as justification for grouping trout species together for
the purposes of stable-isotope analysis. I used adult
fish of similar size in a replicate to avoid potential
confounding effects of age-specific diets on stable-
isotope signatures. I removed plugs of skinless dorsal
muscle from each individual (Pinnegar and Polunin
1999) and then freeze-dried, pulverized (to ensure
sample homogeneity), and packed them in tin
capsules.

I analyzed all replicate samples for C by continu-
ous-flow isotope-ratio mass spectrometry (EA-IRMS)
at the University of Washington Stable Isotope Core
(Pullman, Washington). I expressed the isotopic
composition of samples with d13C notation defined as:

d13
=

Rsample

Rstandard

� �
{1

� �
|100

where R is 13C/12C and parts per thousand (%) are
the atomic ratios of the number of atoms in the sample
or standard. Typical analytical precision was 0.2% for
d13C determination.

Statistical approach

I was unable to achieve a balanced design because
of the remote location and the logistic difficulty in
accessing many of the study reaches. Furthermore,
patterns related to differences in presence/absence or
abundance of the target taxonomic groups resulted in
an unbalanced number of observations per reach.
Therefore, my primary analytical approach focused
on weighted linear regression and General Linear
Models (GLMs; adjusted type III) (Shaw and Mitchell-
Olds 1993). First, I used linear regression to analyze
the relationships between drainage area (log[x]-
transformed) and d13C of target taxonomic groups
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(i.e., aquatic invertebrates [Ephemeroptera, Plecop-
tera, Trichoptera, Diptera], periphyton, detritus, and
fish [sculpin and trout]). Then, I used GLMs to test for
relationships between geomorphic type and d13C
values of my biological endpoints, with drainage area
as a covariate in the analysis. Where significant main
effects were detected, I conducted Tukey–Kramer
Honestly Significant Difference mean comparison
tests.

I used simple linear regression to analyze relation-
ships between periphyton and 2 groups: aquatic
invertebrates and fish. I used Bonferroni adjustment
for a (a/k = 0.05/8 = 0.006, where k is the number of
tests/treatments; Wright 1992) for these analyses. I
used a = 0.05 for all other tests. Except for one
extreme case (Ephemeroptera, forced step-pool), I
avoided removing statistical outliers from the analysis
given the potential ecological importance of variabil-
ity in d13C signatures. I ran all analyses in MinitabH
(version 16; Minitab, State College, Pennsylvania) and
JMP (version 9.0; SAS Institute, Cary, North Carolina).

Results

Detailed data and summary statistics related to
stream physical characteristics are presented in Tables 1
and 2. Drainage area of the reaches ranged from 1.8 km2

to 161.4 km2. Plane-bed reaches drained larger areas
than the other morphologies, were lowest in the

watersheds, and had the least canopy coverage (x̄=

7.5%). Step-pool and forced step-pool reaches had the
greatest slopes, and the steepest channel was at MC1
(step-pool, 0.076 m/m). LW abundance was greatest in
forced step-pool morphologies (x̄ = 0.071 6 0.036 [SD]).
Step-pool and forced step-pool reaches were the most
heavily canopied morphologies (Table 2).

Mean d13C values of periphyton had the greatest
variability among biological samples and ranged from
235.3% (pool–riffle) to 225.0% (forced pool–riffle;
Table 2). Aquatic invertebrates were dominated by
herbivores, and mean d13C values ranged from
229.5% (Plecoptera, pool–riffle) to 222.2% (Diptera,
plane-bed). Among the aquatic invertebrate orders
sampled, Trichoptera exhibited the greatest overall
variability, with a range of 10.9% (231.4% to
220.5%) across all reaches. Trichoptera made up the
greatest percentage of the aquatic invertebrate assem-
blage at pool–riffle reaches (34%) and the lowest at
step-pool reaches (10%). Overall, Trichoptera were
predominantly Glossosomatidae, Hydropsychidae,
and Limnephilidae. Ephemeroptera were predomi-
nantly Baetidae, Ephemerellidae, and Heptageniidae
and had the greatest relative abundance (22%) at
pool–riffle reaches. Plecoptera (largely Chloroperli-
dae) ranged from 4% of the aquatic invertebrate
assemblage at plane-bed reaches to 17% at step-pool
reaches. Diptera was the predominant aquatic inver-
tebrate order at 3 of the 5 geomorphic types and made

TABLE 2. Means (61 SD) of measures of stream geomorphology and C signatures of aquatic insects, stream periphyton,
detritus, and fish by morphology and for all study reaches combined. D50 = median bed sediment diameter for stream reach,
D95 = 95th percentile bed sediment diameter for stream reach, – indicates missing data.

Variables Plane-bed Step-pool
Forced

step-pool Pool–riffle
Forced

pool–riffle All reaches

Geomorphic characteristics

Canopy cover (%) 7.5 6 3.5 73.3 6 29.3 83.0 6 19.9 40.0 6 49.5 26.7 6 2.9 54.0 6 35.9
D50 (mm) 91.9 6 8.5 46.7 6 11.4 15.2 6 13.7 3.5 6 0.7 49.3 6 35.5 36.9 6 32.5
D95 (mm) 305.1 6 106.1 141.0 6 41.9 104.6 6 56.2 23.0 6 22.6 186.7 6 46.2 144.1 6 95.1
Drainage area (km2) 133.6 6 39.2 8.7 6 6.0 8.0 6 3.2 56.1 6 48.6 78.0 6 32.9 45.3 6 50.8
Large wood (no./m) 0.004 6 0.006 0.049 6 0.061 0.071 6 0.036 0.014 6 0.004 0.006 6 0.004 0.04 6 0.04
Mean bankfull depth (m) 1.1 6 0.5 0.4 6 0.1 0.6 6 0.1 0.6 6 0.1 0.6 6 0.2 0.6 6 0.3
Mean bankfull width (m) 20.8 6 8.3 3.6 6 1.0 5.4 6 3.2 7.5 6 3.2 9.8 6 3.2 8.2 6 6.4
Slope (m/m) 0.021 6 0.008 0.047 6 0.025 0.039 6 0.013 0.008 6 0.008 0.013 6 0.002 0.029 6 0.020
Stream order 3.5 6 0.7 1.7 6 0.6 1.4 6 0.5 2.5 6 0.7 3.3 6 0.6 2.3 6 1.0

d13C (%)

Ephemeroptera 223.8 6 0.6 227.6 6 1.5 228.0 6 1.3a 229.1 6 0.1 224.2 6 0.8 226.1 6 2.7
Plecoptera 224.8 6 1.0 228.0 6 2.2 226.4 6 1.0 229.5 6 0.2 224.9 6 1.3 225.6 6 2.0
Trichoptera 223.5 6 1.0 227.4 6 1.4 225.9 6 2.1 227.7 6 5.3 225.4 6 0.2 226.0 6 2.3
Diptera 222.2 6 0.3 227.9 6 0.0 225.2 6 0.6 228.0 6 0.1 222.7 6 0.9 224.7 6 2.2
Periphyton 225.1 6 0.1 233.7 6 1.4 231.1 6 2.1 235.3 6 1.0 225.0 6 1.8 230.2 6 4.3
Detritus 226.6 6 0.2 226.8 6 1.0 227.3 6 0.7 – 226.2 6 1.6 226.8 6 1.0
Sculpin 222.5 6 1.0 226.1 6 1.3 224.6 6 1.3 227.2 6 0.3 223.4 6 0.9 224.8 6 1.9
Trout 222.0 6 0.4 224.6 6 0.6 224.4 6 0.4 225.8 6 0.5 225.0 6 0.1 224.4 6 1.2

a One outlying observation of 220.5% was excluded from summary statistics and analysis
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up 26%, 32%, and 44% of the invertebrate assemblag-
es at forced pool–riffle, plane-bed, and step-pool
morphologies, respectively. Chironomidae was the
dominant Dipteran family at all reaches. Simuliidae
and Tipulidae were present at all reaches, but
typically made up ,5 to 10% of the assemblage.
d13C signatures of sculpin and trout had parallel
ranges (227.9% to 221.3% and 228.9% to 221.7%,
respectively) and means (Table 2).

Overall, d13C values of stream periphyton, aquatic
invertebrates, and fish consumers had a distribution
pattern more tightly linked to stream morphology
than to drainage area (Fig. 3A–D, Table 3). Alone,
drainage area was a significant predictor of d13C
values for only periphyton and sculpin, explaining
30% and 15% of the variation, respectively (Fig. 3A,
D). The regression slopes of drainage area and
Ephemeroptera d13C and drainage area and trout
d13C were suggestive, but nonsignificant (Fig. 3B, D).
However, when included as a covariate with geomor-
phic type in the full GLM models, drainage area was
not significant in any models, a result indicating that
once d13C signatures were explained as a function of
geomorphic type, the contribution of drainage area
became more subtle. In contrast, d13C of stream
periphyton, aquatic Diptera, sculpin, and trout were
strongly associated with geomorphic types (p , 0.006;
R2

= 79%, 93%, 51%, 63%, respectively), with
Ephemeroptera and Plecoptera marginally significant
after Bonferroni correction (Table 3).

For periphyton, Ephemeroptera, Diptera, and trout,
greatest 13C enrichment was observed in plane-bed
morphologies (Table 2), but d13C values of these same
taxonomic groups were consistently lowest in pool–
riffle reaches. Terrestrially derived detrital d13C was
invariant across all geomorphic types (Figs 3A, 4A).
d13C values of sculpin and trout were similar by
morphology, but sculpin d13C was most variable in
step-pool reaches, whereas trout d13C was most
variable in pool–riffle morphology (Fig. 4B). Overall
models for d13C of all consumers except Trichoptera
were driven by multiple pairwise differences in d13C
signatures (Table 3).

FIG. 3. Relationship between drainage area and d13C of
periphyton and detritus (A), Ephemeroptera and Plecoptera
(B), Diptera and Trichoptera (C), and sculpin and trout (D).
The regression slope was nonsignificant for detritus (p =

r

0.523, R2
= 0.07), Ephemeroptera (p = 0.052, R2

= 0.30),
Plecoptera (p = 0.138, R2

= 0.14), Trichoptera (p = 0.203, R2

= 0.10), Diptera (p = 0.128, R2
= 0.18), and trout (p = 0.057,

R2
= 0.08), but significant for periphyton (p = 0.009, R2

=

0.30) and sculpin (p = 0.015, R2
= 0.15). Regression lines

shown in the figure were based on pooled means for each of
the 15 study reaches, but statistical results were based on
weighted regressions.
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TABLE 3. General linear models (GLMs) for d13C of aquatic insects, periphyton, detritus, and fish followed by Tukey–Kramer
Honestly Significant Difference (HSD) comparisons. Groups with the same letter are not significantly different (a = 0.05). p ,

0.006 indicates significance after Bonferroni adjustment. – indicates missing data.

Taxon Response/model F p HSD Mean (%)

Ephemeroptera Geomorphic type 6.25 0.014
Drainage area 0.04 0.839

Plane-bed A 223.8
Forced pool–riffle A B 224.2
Step-pool B C 227.6
Forced step-pool C 228.0
Pool–riffle C 229.1

Plecoptera Geomorphic type 3.80 0.036
Drainage area 0.27 0.613

Plane-bed A 224.8
Forced pool–riffle A 224.9
Step-pool A B 226.4
Forced step-pool A B 228.0
Pool–riffle B 229.5

Trichoptera Geomorphic type 1.33 0.313
Drainage area 2.79 0.121

Plane-bed A 223.5
Forced pool–riffle A 225.4
Step-pool A 225.9
Forced step-pool A 227.4
Pool–riffle A 227.7

Diptera Geomorphic type 20.59 ,0.001
Drainage area 0.16 0.700

Plane-bed A 222.2
Forced pool–riffle A 222.7
Step-pool B 225.2
Forced step-pool C 227.9
Pool–riffle C 228.0

Periphyton Geomorphic type 9.72 ,0.001
Drainage area ,0.01 0.954

Plane-bed A 225.1
Forced pool–riffle A 225.0
Step-pool B 231.1
Forced step-pool B 233.7
Pool–riffle B 235.3

Detritus Geomorphic type 0.59 0.621
Drainage area 0.51 0.477

Plane-bed A 226.2
Forced pool–riffle A 226.6
Step-pool A 226.8
Forced step-pool A 227.3
Pool–riffle –

Sculpin Geomorphic type 4.68 0.004
Drainage area 0.43 0.516

Plane-bed A 222.5
Forced pool–riffle A B 223.4
Step-pool B C 224.6
Forced step-pool C D 226.1
Pool–riffle D 227.2

Trout Geomorphic type 14.68 ,0.001
Drainage area 0.06 0.800

Plane-bed A 222.0
Forced pool–riffle B 224.4
Step-pool B C 224.6
Forced step-pool B C 225.0
Pool–riffle C 225.8
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Regression relationships for aquatic invertebrates
indicated that d13C of Diptera and Ephemeroptera,
Plecoptera, Trichoptera (EPT; combined) closely
tracked periphyton d13C across all study reaches (p ,

0.05, Fig. 5A). Sculpin d13C also closely aligned with
periphyton d13C, a result indicating that fish feeding on
aquatic invertebrates were assimilating primarily
autochthonous C. The weaker relationship between
periphyton d13C and trout d13C (Fig. 5B) suggested that
allochthonous C was contributing significantly to trout
consumers. When I removed plane-bed and pool–riffle
reaches (predicted to have high autochthonous C
contributions to consumers) from the analysis, the
influence of periphyton became weaker for all con-
sumers: Diptera (R2

= 0.44, F = 5.43, p = 0.053), EPT
(R2

= 0.59, F = 11.77, p = 0.009), sculpin (R2
= 0.60, F =

10.52, p = 0.014), trout (R2 , 0.01, F = 0.0001, p =

0.994).

Discussion

Numerous investigators have studied the associa-
tions between stream geomorphology and biotic
community structure (Peterson and Rabeni 2001, Walters
et al. 2003, Sullivan et al. 2004, 2006, D’Ambrosio et al.
2009), and recent work has shown considerable promise
for linking geomorphology with functional stream
responses (McNeely et al. 2006, Thorp et al. 2006, 2008,
Walters et al. 2007, Poole 2010). I used stable C isotopes as
a functional link between multiple stream taxa and
geomorphology. My results suggest that different stream
morphologies may represent distinct patches (Poole 2002,
Thorp et al. 2006) that govern the distribution and
assimilation of organic-matter food sources in local stream
food webs. For stream consumers, the relative contribu-
tions of autochthonous and allochthonous resources may
also be partially mediated by stream geomorphology.

FIG. 4. Box plots of d13C by Montgomery and Buffington’s (1997) geomorphic classification types for stream periphyton and
detritus (i.e., terrestrial leaf litter) (A) and sculpin and trout species (B). Lines in boxes are medians, box ends are quartiles, and
whiskers show minimum and maximum values. * indicates outlying data points, which were not excluded from analyses.
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Variation in d13C and trophic links by drainage area

Variation in the isotope ratio of the inorganic C
source and the degree of fractionation during the
uptake and assimilation of CO2 largely determines
d13C of C3 plants (Farquhar et al. 1982). In freshwater
ecosystems, d13C of DIC can range from 226 to 0%
(Mook and Tan 1991) and contributes to highly
variable algal d13C signatures, as reported by several
investigators (Finlay et al. 2002, McCutchan and
Lewis 2002, McNeely et al. 2006). In my study,
periphyton d13C values also were quite variable
(Table 1), although I found a positive correlation

between periphyton 13C enrichment and drainage
area (Fig. 3A). This result is consistent with previous
research that has linked patterns in algal stable-
isotope ratios to a gradient in watershed area (Finlay
2001, 2004, McNeely et al. 2006).

The C isotopic signature of an organism reflects and
integrates its assimilated diet (Peterson and Fry 1987),
so predictable patterns in consumer d13C also might
be expected along the drainage network (Finlay et al.
2002, Coat et al. 2009). 13C of consumers usually
shows a downstream enrichment pattern (Finlay 2001,
2004) thought to be a function of the increased role of
algae in downstream food webs and an increase in
primary productivity (Vannote et al. 1980, Lamberti
and Steinman 1997, Finlay 2001). Among the aquatic
invertebrate and fish consumers I considered, only
sculpin (Fig. 3D) had a significant pattern of down-
stream 13C enrichment, a pattern also observed by
Gray et al. (2004) in slimy sculpin. Ephemeroptera
(Fig. 3B) and trout (Fig. 3D) showed a nonsignificant
downstream trend in 13C enrichment.

C isotopes reflect the recent feeding history of an
organism, but consumer movement can result in poor
alignment between their d13C signatures and those of
local food sources when site fidelity is low (Rasmus-
sen et al. 2009). For trout in my study, this factor may
be an important caveat, although I attempted to
minimize the potential confounding influence of
movement by sampling only in late summer, during
which time trout are thought to be relatively
sedentary (Jackson and Zydlewski 2009). Sculpin
exhibit high site fidelity and limited upstream
movement (few meters) (Gray et al. 2004), and
Rasmussen et al. (2009) attributed high correlation
with invertebrate d13C signatures to this sedentary
behavior.

Variation in d13C among stream morphologies

My primary hypothesis was only partially support-
ed by the data. My results indicate that localized
characteristics related to stream geomorphology
explained more variation in d13C of stream producers
and consumers than did drainage area (Table 2).
Other investigators also have suggested the impor-
tance of local controls on d13C of aquatic biota. For
example, Walters et al. (2007) observed that endoge-
nous physical factors related to stream geomorphol-
ogy governed isotopic signatures and found consum-
er 13C enrichment in high-gradient, rocky reaches
(particles .64 mm) relative to in low-gradient, sand/
gravel reaches (particles ,64 mm). In my study,
changes in slope and substrate composition created
markedly different habitat and flow conditions. To a

FIG. 5. Relationship between periphyton d13C and
Diptera (p = 0.0004, R2

= 0.70) and Ephemeroptera,
Plecoptera, Trichoptera (EPT; combined) d13C (p = 0.0001,
R2

= 0.72) (A) and d13C of trout (p = 0.024, R2
= 0.36) and

sculpin (p = 0.0002, R2
= 0.74) (B) across all study reaches.
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large extent, periphyton and consumer d13C tracked
these changes.

Variability in groundwater inputs might also be
expected to influence DIC and, in turn, d13C signa-
tures of periphyton and stream consumers. For
example, Finlay (2003) found that CO2(aq) was
predominantly controlled by groundwater CO2(aq) in
small forested streams. In turn, algal d13C has been
strongly tied to CO2(aq) (Finlay 2004). Differences in
geomorphic features among morphologies (e.g., sub-
strate, flow obstacles including boulders and logs,
topographic irregularities such as meanders) result in
different pressure-head profiles and distinct poten-
tials for surface–subsurface water exchange (Buffing-
ton and Tonina 2009). In my study systems, step-pool
reaches contained the most 13C-depleted periphyton,
whereas plane-bed reaches contained the most 13C-
enriched organisms (Tables 2, 3, Fig. 4A, B). The
observed 13C enrichment in plane-bed stream reaches
(characterized as relatively open with hyporheic
exchange limited to localized circulation around
obstructions, such as boulders; Buffington and Tonina
2009) may be explained by a greater influence of 13C-
enriched atmospheric CO2 than 13C-depleted ground-
water CO2 (Rounick and Winterbourn 1986, Doucett
et al. 1996). Conversely, all taxonomic groups were
13C depleted in pool–riffle morphologies, which are
relatively unconfined reaches typified by increased
substrate porosity, more developed floodplains, and
greater hyporheic flow pathways (Montgomery et al.
1996, Montgomery and Buffington 1997).

Water velocity can strongly influence d13C of DIC
(Hecky and Hesslein 1995, Finlay et al. 1999, Singer et
al. 2005). For instance, in laboratory (Trudeau and
Rasmussen 2003) and field (Rasmussen and Trudeau
2007) studies, periphyton 13C was depleted at higher
water velocities. The investigators attributed this
pattern to the lack of a stagnant, nutrient-depleting
boundary layer in faster flows. I did not measure
velocity directly in my study, but step-pool reaches
had a mean slope of 0.047 m/m, markedly higher
than for any other morphology (Table 2), a character-
istic suggesting higher velocity and potentially re-
flecting depleted periphyton 13C.

In the study watersheds, forced morphologies
(forced step-pool, forced pool–riffle) arose primarily
from LW either partially (forced pool–riffle) or fully
(i.e., channel-spanning, forced step-pool) obstructing
the channel. d13C signatures from fish consumers in
forced morphologies were intermediate values and
often significantly different from d13C values in fish
from free-flowing morphologies. Unique flow char-
acteristics related to the transitional nature of forced
morphologies (Cianfrani et al. 2009) may be related to

greater within-site variation in flow and, hence, to
periphyton d13C via effects on DIC d13C. Finlay et al.
(1999) showed that variation in algal C isotopes was
associated with variation in water velocity and
surface characteristics (greater 13C enrichment in
algae in low-velocity pool habitats than in higher-
velocity riffle habitats). In my study, forced pool–riffle
(SD = 1.8%) and forced step-pool (SD = 2.1%)
morphologies exhibited the greatest variability in
periphyton d13C signatures (Table 2, Fig. 4A), per-
haps in part because of the abundance and distribu-
tion of LW, which is a key element related to storage
and flow in forced morphologies.

I found limited evidence that relative roughness
may be linked to differences in d13C distribution in
forced morphologies. For example, 13C enrichment of
periphyton and sculpin (225.0%, 223.4%; respec-
tively) was higher in forced pool–riffle morphologies
of higher average relative roughness (0.335) than in
their free flowing pool–riffle counterparts (235.5%,
227.2%; respectively; relative roughness = 0.034;
Tables 1, 3). The pattern between relative roughness
and d13C was consistent (but weaker) between forced
step-pool and step-pool morphologies.

Variation in trophic links among stream morphologies

Periphyton and detritus often have similar d13C
values, which confound attempts to quantify relative
contributions to stream food webs. In my study, an
average detrital d13C value of 226.8% was indicative
of allochthonous/terrestrial origin (France 1995),
although there was not significant separation between
periphyton and detrital d13C at all geomorphic types
(Table 2, Fig. 4A).

Plane-bed reaches were lowest in the watershed
and had the largest drainage areas (Table 2, Fig. 2).
Given that autotrophs are thought to be more critical
to downstream food webs (Finlay 2001, Rosi-Marshall
and Wallace 2002), I anticipated that stream consum-
ers in these reaches would have the greatest reliance
on autochthonous food sources. I also anticipated that
consumers in pool–riffle reaches would show a
greater reliance on autochthonous C. Exclusion of
these 2 geomorphic types from the regression analy-
ses of d13C of periphyton and stream consumers
(Fig. 5A, B) significantly weakened the relationships
(e.g., R2 of Diptera decreased by 0.26). For trout,
removal of these 2 geomorphic types led to a
nonsignificant relationship (F = 0.0001, p = 0.994),
indicating an increasing reliance on allochthonous
C at other geomorphic types. In addition to greater
availability of detrital matter, the importance of
terrestrially derived arthropod fluxes to surface-
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feeding fishes in canopied streams (e.g., trout species)
is well documented (Garman 1991, Kawaguchi et al.
2003, Romaniszyn et al. 2007, Sweka and Hartman
2008). For example, in my study, step-pool reaches
were typically heavily canopied and found in the
upper M of the watershed, whereas pool–riffle
reaches were characterized by more open canopies
and were more variable relative to watershed position
(Fig. 2).

Finlay et al. (1999) and Finlay (2003) succeeded in
discriminating invertebrate and fish d13C signatures
between pools and riffles in streams. In my study, the
scale of interest was the channel reach, which
spanned up to 600 m and in which fish consumers
fed across multiple flow habitats. In this case, fish
might be expected to smooth out (sensu Rasmussen
and Trudeau 2007) the within-site variability in C
signals of food resources. However, seasonal shifts in
diet probably are significant (Woodward and Hildrew
2002, McCarthy et al. 2009). The role of detritus
appeared to be minimal in certain geomorphic types,
but the fine particulate portion of the organic material
was not sampled (FPOM) and probably would have
been important for aquatic invertebrates.

Synthesis and conclusions

Walters et al. (2007) presented a useful synthesis of
the ecological significance of d13C shifts as they relate
to the interplay of C trophic enrichment, spatial
effects, and the assimilation of resources by consum-
ers. In my study, the maximum difference in d13C
(Dd13C) among morphologies for all taxonomic
groups was observed between pool–riffle and plane-
bed morphologies. Expected trophic fractionation
factors would suggest a 0.3% increase for aquatic
invertebrates and a 1.3% increase for fish (McCutchan
et al. 2003). Sculpin and trout muscle tissues from
plane-bed reaches were enriched by 4.7% and 3.8%,
respectively, relative to in pool–riffle reaches and
tracked increased periphyton enrichment at plane-
bed reaches. Differences in C isotopes observed in
sculpin and trout are particularly noteworthy given
that the variability among habitat patches at the base
of the food web might be expected to be overwhelmed
by the time they are transferred to larger-bodied
consumers. Aquatic invertebrates were similarly
enriched, ranging from Dd13C of 4.2% between
plane-bed and pool–riffle reaches for Trichoptera, to
Dd13C of 5.8% for Diptera. Differences at finer levels
of taxonomic resolution for aquatic invertebrates
might be expected to enhance these results. For
example, dominant Trichoptera families in my study
were variable in their functional feeding roles

(scrapers, collector-gatherers, shredders), and unique
patterns in d13C signatures might have been observed
at the family level.

Improved understanding of and ability to relate
stream morphology and processes to biological
function in mountain drainages represents an impor-
tant contribution to our conceptual understanding of
stream ecosystems and the intricate, spatially explicit
relationships between aquatic biota and their envi-
ronment (see Isaak et al. 2007, Murray and Innes
2009). In my study, periphyton and consumer (other
than Trichoptera) d13C appeared to be tied more
strongly to stream-reach geomorphology than to a
gradient of ecosystem size. My results strongly
support geomorphic patch dynamics perspectives
(Pringle et al. 1988, Montgomery 1999, Poole 2002,
Thorp et al. 2006) and offer evidence related to how
stream geomorphology may be linked to ecosystem
processes.

My results also reinforce the utility of Montgomery
and Buffington’s classification scheme. Substrate,
flow, and the spatial arrangement of geomorphic
patterns are integral to many stream classification
systems (see Cianfrani et al. 2009). Thus, other
classification systems may be helpful in elucidating
variation in stream C and energy sources to lotic
consumers. An intrinsic synthesis takes place when a
reach is categorized by its dominant morphology.
This synthesis incorporates myriad variables that are
not easily measured and that lose functional signifi-
cance when separated from the whole. Fish and other
aquatic organisms probably experience their environ-
ment by integrating component patches, so classifica-
tion systems may capture and synthesize critical
information related to spatial effects on C distribution.

The spatial variability of mountain drainages
heightens the importance of understanding ecological
patterns and processes at a local, reach scale. My
results add important resolution and additional
nuance to patch dynamics concepts, but wider
application of these results will require testing across
a broad range of settings. Empirically linking these
findings to pattern and process across spatial scales
will represent a critical step in an integrated physico-
biological framework for mountain drainages and will
aid in forecasting the effects of anthropogenic
alterations on stream food webs.
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