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ABSTRACT: Headwater streams are critical repositories of biodiversity and are important sources of water,
nutrients, and energy to downstream rivers. I investigated relationships between stream geomorphology and
habitat, benthic macroinvertebrates, and fish assemblages between headwater and network streams (n = 18) of
mountain drainages in northern Idaho, United States. I found that a stream geomorphic condition assessment
(rapid geomorphic assessment, RGA) designed to evaluate channel adjustment explained more variation in habi-
tat assessment scores in headwater (R2 = 0.79) than in larger streams (R2 = 0.51). Results from redundancy
analysis indicated that geomorphic-biotic relationships were stronger in headwater than in network streams.
For aquatic macroinvertebrates, relationships in headwaters were largely related to sediment size and slope.
Fish-geomorphic associations in both headwater and network streams were quite variable, although the RGA
was correlated with fish diversity in both systems. Large wood was related to macroinvertebrate and fish
descriptors in both headwater and network streams, but in distinct ways. This work supports an ecogeomorphic
approach to the conservation of headwater streams including the use of tailored stream geomorphic assessment
protocols.
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INTRODUCTION

The complexity and diversity of stream ecosystems
has created a significant challenge in understanding
how streams are naturally regulated (Allan, 2004;
Thorp et al., 2006). Attempts to catalog the biological,
hydrological, and physical diversity of fluvial systems
and to explain underlying mechanisms have yielded a
number of seminal concepts in stream ecology, many
largely drawing on the science of fluvial geomorphol-
ogy (see Thorp et al., 2006; Poole, 2010). For example,

the hydraulic and geomorphic stream channel adjust-
ments along a river proposed by Leopold and col-
leagues (Leopold and Maddock, 1953; Leopold et al.,
1964; Langbein and Leopold, 1966) formed the basis
for the physical construct of Vannote et al.’s (1980)
River Continuum Concept as well as a counterpoint
on which to frame their predictions of energy flow
along the drainage network.

However, despite the long-standing recognition of
the relationships between stream channel morphol-
ogy and ecology, the true interplay of fluvial geo-
morphology, hydrology, and stream ecology (e.g.,
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ecogeomorphology, hydromorphology) has only
recently received attention as a unified, interdisci-
plinary field (reviewed in Elosegi et al., 2010; Poole,
2010). In support of this newly emerging discipline,
many investigations have found strong associations
between stream geomorphology and various descrip-
tors of stream invertebrate (Brussock and Brown,
1991; Olsen et al., 2001; Sullivan et al., 2004; Thom-
son et al., 2004; Wilcox et al., 2008) and fish (Peter-
son and Rabeni, 2001; Walters et al., 2003; Sullivan
et al., 2006; D’Ambrosio et al., 2009) assemblages.

Nonetheless, the precise nature of many geomor-
phic-ecological associations remains elusive and lar-
gely undocumented (Urban and Daniels, 2006). In
particular, geomorphic-ecological relationships in
mountain channels have not been fully explored, yet
represent a key knowledge gap in the development of
ecogeomorphology as a discipline. This is the case for
multiple reasons. In steep, mountain channels, funda-
mental geomorphic patterns remain poorly described
relative to those of their downstream counterparts
(Wohl and Merritt, 2008), as are the larger roles of
headwater streams within the larger drainage net-
work (Gomi et al., 2002). Headwater streams can pro-
duce large amounts of sediment that heavily influence
channel morphology and habitat as it moves through
the network (Gregory et al., 1991; Milliman and Syvit-
ski, 1992; Benda and Dunne, 1997), contribute dispro-
portionate amounts of streamflow to the drainage
(Wohl, 2000), and provide critical habitat and refugia
for stream-riparian organisms, including macroinver-
tebrates, fish, and amphibians (Meyer and Wallace,
2001; Gomi et al., 2002). Additionally, fluvial trans-
port of material, energy, and aquatic invertebrates
fuels recipient downstream foodwebs (Cummins et al.,
1983; Webster et al., 1999; Wipfli and Gregovich,
2002; Wipfli and Baxter, 2010).

Because of the critical roles headwaters play, the
inherent connections between headwater streams and
receiving network systems (i.e., those in which mate-
rial routing is primarily controlled by channel net-
work structure) (Fisher, 1997), and their sensitivity
due to their small size, appropriate management and
conservation efforts are crucial. The high spatial vari-
ability in degree of hillslope coupling, substrate, and
sediment supply in high-gradient mountain drainages
as a whole suggests that management of mountain
catchments may be quite variable, as is the case
between headwater streams and larger, downstream
rivers (Gomi et al., 2002). Given this likelihood, it
is imperative to understand fundamental geomor-
phic-ecological relationships in mountain drainages,
particularly relative to stream assessments and moni-
toring protocols. Indeed, protocols that incorporate
channel geomorphology as an indicator of ecological
condition have seen increasing use worldwide

through their potential to predict current and
restored biological communities (Rowntree and Wade-
son, 2000; MDNR, 2001; Brierley et al., 2002; Clarke
et al., 2003; VTDEC, 2007; Sullivan et al., 2004; Sou-
therland et al., 2009; Sullivan and Watzin, 2008).

The objective of the current study was to explore
geomorphic-ecological relationships between headwa-
ter and network mountain streams. To that end, I
investigated potential differences in (1) geomorphic-
habitat and (2) geomorphic-biotic relationships
between headwater streams (defined here as intermit-
tent, first, and second order following Meyer et al.,
2007) and larger order, network streams (third-fourth)
in three mountain drainages of northern Idaho.

Although this research was largely exploratory, I
anticipated the following: (1) geomorphic equilib-
rium ⁄ stability and habitat heterogeneity (sensu Plaf-
kin et al., 1989; Barbour et al., 1999) would be tightly
linked irrespective of stream size; (2) macroinverte-
brate assemblage characteristics would relate more
strongly to stream geomorphic characteristics (e.g.,
sediment, slope, channel size, and structure) in head-
water streams than in larger network systems, pri-
marily due to increased bed and bank stability
(Sullivan et al., 2004; Sullivan and Watzin, 2008);
and (3) fish assemblages (which typically exhibit rela-
tively few species and limited abundance in headwa-
ter systems primarily due to steep channels and
shallow water) would be linked to a more complex
suite of geomorphic properties in network streams
(than in headwaters) including variability in sedi-
ment size and channel geometry. Because of the man-
agement and conservation importance of both
geomorphic and habitat assessments, I placed empha-
sis on these monitoring protocols and the inferences
drawn from them.

STUDY METHODS

A suite of candidate study reaches distributed
among three mountain watersheds of northern Idaho
was selected for this study (2006-2008, Figure 1). For
these candidate study reaches, ArcGIS 9.2 was used
to derive drainage area (based on 1:100,000 National
Hydrography Dataset) (USGS, 1997) and Strahler’s
(1952) stream order (based on 10-m digital elevation
data) (UI, 2009). Subsequently, 18 reaches were
selected for field surveys, representing 10 first- and
second-order streams and 8 third- and fourth-order
streams. All reaches fit the criteria of mountain
stream channels as outlined by Wohl and Merritt
(2008): steep (‡0.002 m ⁄ m), confined (or semi-
confined) channels dominated by gravel, cobble, and
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boulder substrates with limited floodplain develop-
ment. All three watersheds are located in the North-
ern Rockies Ecoregion (USEPA, 2002), and flow
through a mountainous, rugged topography with a
maritime-influenced climate. The study watersheds
are comparable in size (90, 105, and 160 km2) and
share a similar land-use history, with partial logging
activity representing the primary disturbance
(although not directly adjacent to any of the study
sites). Vegetation in the watersheds consists of mixed-
species second-growth conifer stands, including Doug-
las-fir (Pseudotsuga menziesii var. glauca), western
larch (Larix occidentalis), western white pine (Pinus
monticola), Engelmann spruce (Picea engelmanni),
grand fir (Abies grandis), western red cedar (Thuja
plicata), and western hemlock (Tsuga heterophylla).
Understory vegetation is primarily composed of
grasses, shrubs, and forbs.

Geomorphic and Habitat Surveys

I designated each reach as 20· bankfull width
(Harrelson et al., 1994; Kondolf and Micheli, 1995). At
each reach, I established 10 equidistant lateral tran-
sects (i.e., across the stream) and one longitudinal
transect (i.e., bisecting the stream, running down its
length). Geomorphic characterization included longi-
tudinal and cross-sectional surveys conducted along

the established transects, at which I measured the fol-
lowing characteristics: slope, bankfull and wetted
widths, and depth using a stadia rod, laser level, and
measuring tape following Cianfrani et al. (2004). I
used Wolman’s (1954) pebble-count method to assess
bed grain size at each reach, conducted at each of the
10 lateral transects per reach (1,000 total sediment
clasts). Subsequently, I used pebble counts to deter-
mine the predominant size of benthic substrate (D50

and D95). I counted all pieces of large wood >0.10 m
diameter and 1.0 m length (Montgomery et al., 1995).
At each transect, I assessed percent embeddedness
(degree to which fine sediment surrounded cobbles) of
15 cobbles and calculated the mean percentage for an
estimate of reach embeddedness.

I conducted stream geomorphic assessments focus-
ing on both morphological characteristics and condi-
tion. Following Sullivan et al. (2006), I evaluated the
geomorphic condition of each reach using the Vermont
Rapid Geomorphic Assessment (RGA) protocol
(VTDEC, 2007). The RGA protocol combines elements
from Rosgen’s (1994) and Montgomery and Buffing-
ton’s (1997) stream classification systems and
Schumm et al.’s (1984) channel evolution model and is
principally aimed at characterizing current adjust-
ment processes occurring within a stream reach
(e.g., changes in erosional or depositional processes,
channel and floodplain geometry, stage of channel
evolution). Based on stream valley confinement, three

FIGURE 1. Map of Northern Idaho Study Watersheds. BCW, Beaver Creek Watershed; ECW, Elk Creek Watershed;
MCW, Mica Creek Watershed. Study reaches with drainage area <25 km2 represent headwater streams; study

reaches >45 km2 represent larger, network streams.
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distinct RGA forms have been developed: (1) narrowly
confined or semi-confined valleys (confinement ratio
<4); (2) narrow, broad, or very broad valleys (confine-
ment ratio ‡4, typically pool-riffle or ripple-dune
streams); and (3) plane-bed streams in semi-confined
to narrow valleys (confinement ratio ‡3 and £5)
(VTDEC, 2007). Because the protocol was developed
based on widely documented stream geomorphic
relationships and widely used stream classification
systems, using the protocol for Idaho mountain
streams was appropriate and has been used in other
studies in the region (Sullivan and Vierling, 2011).
Based on the geomorphic surveys and a suite of field
indicators (see Sullivan et al., 2006), for each reach, I
assigned a score from 0 (worst condition) to 20 (opti-
mal condition) for each of four geomorphic adjustment
processes: channel degradation (incision), channel
aggradation, over-widened channel, and change in
planform (VTDEC, 2007) (Table 1). Scores of the four
categories were summed to form the composite RGA
score.

I used a hybrid assessment of instream habitat
based on both the Idaho Small Stream Ecological
Assessment Framework (Grafe, 2002) and the Ver-
mont Rapid Habitat Assessment protocols (VTDEC,
2007). This assessment, hereafter referred to as the
Idaho Rapid Habitat Assessment (IRHA), integrated
the nonbiotic Idaho evaluation criteria into the Ver-
mont assessment framework to provide a more quan-
titative protocol aimed at capturing simplification of
habitat diversity across the entire reach, and is mod-

eled after USEPA Rapid Bioassessment Protocols
(Barbour et al., 1999). I scored 10 categories (0, worst
condition to 20, optimal condition) representing flow
conditions, sedimentation, habitat structure and com-
plexity, bank condition, and riparian vegetation and
structure (Table 1). When aggregated, these individ-
ual scores yield an overall habitat evaluation ranging
from 0 to 200. Because of the qualitative nature of
both the RGA and IRHA, a second observer also eval-
uated each site and the average scores for both the
assessment protocols were used in the analysis.

Aquatic Macroinvertebrates and Fish

I collected larval stages of common aquatic inverte-
brates at six locations per reach using a 600-cm2 Sur-
ber sampler with a 500-lm mesh net. Collection
locations were established in riffle and run flow habi-
tats at roughly equidistant locations along the length
of the study reach. In the laboratory, all aquatic
invertebrates were sorted and identified to order or
family using Merritt and Cummins (1996) as a guide.
I focused my efforts on measures of macroinvertebrate
assemblage composition and abundance (Barbour
et al., 1999; Grafe, 2002) as these measures were
associated with geomorphic parameters in earlier
studies (Sullivan et al., 2004; Sullivan and Watzin,
2008). The following metrics were calculated: %EPT,
%Elmidae, %Diptera, %Chironomidae, and density
(no. Æ m)2).

TABLE 1. Idaho Rapid Habitat Assessment (IRHA) and Rapid Geomorphic Assessment (RGA) Categories, Along with
Respective Descriptions and Scoring Protocols.

IRHA Description RGA Description

Epifaunal substrate ⁄
cover

Instream cover, coarse organic debris,
% undercut banks

Vertical adjustments
Aggradation Elevation of channel bed through

sediment accumulation
Embeddedness Degree to which gravel, cobble, boulders,

and snags are surrounded by fine sediment
Flow regime Velocity ⁄ depth combinations (i.e., slow-shallow,

slow-deep, fast-shallow, fast-deep)
Degradation ⁄ incision Lowering of channel bed through scour

Sediment deposition Pool quality, mean size of sediment in pools Lateral adjustments
Channel flow status Degree channel is filled with water Over-widening Erosion of banks creating widened

channel form
Human impacts Stream crossings, desnagging, channel

dredging, rip-rap, etc.
Change in planform Formation of new channel direction

with change in slope
Riffle ⁄ step frequency Pool ⁄ riffle or pool ⁄ step ratio
Bank stability % of stream bank in stable condition
Bank vegetation Amount of vegetation on stream bank and

near shore, canopy cover
Riparian vegetation
zone

Width of natural vegetation from edge of
stream through riparian zone

IRHA based on habitat heterogeneity across the reach. Each category
receives a score from 1 to 10. The sum of these scores yields the
composite habitat assessment score. Higher scores indicate better
habitat conditions.

RGA based on vertical and lateral channel adjustments. Each
adjustment type is scored from 1 to 20, with higher scores
representing less adjustment or greater equilibrium ⁄ stability.
The sum of these scores yields the composite geomorphic
assessment score.
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I surveyed fish using a Smith-Root� LR-24
backpack electrofisher (Vancouver, WA) during the
summer and early fall. I blocked each reach with
fine-mesh nets to prevent fish emigration or immigra-
tion. Given my assemblage-level assessment, I aimed
for a 70% depletion (typically 3-4 passes). Because I
was unlikely to achieve a depletion of 70% for all spe-
cies in the entire assemblage, I chose common repre-
sentative salmonid species to measure the depletion
level in the field. Depletion estimates were generated
using Microfish 3.0 (Van Deventer and Platts, 1989).
I identified each individual to species.

Numerical and Statistical Approach

I used regression analysis to test for potential rela-
tionships between geomorphology and habitat by
stream size (headwater vs. network). To do this, I
first regressed the composite IRHA by RGA, and then
explored the potential influence of RGA on individual
habitat characteristics (derived from the IRHA) that
(1) showed the greatest variability and (2) were most
likely to be linked to stream geomorphology: instream
cover, % embeddedness, flow pattern, sediment depo-
sition, frequency of riffle ⁄ steps, and bank stability.

I measured stream fish assemblage diversity using
species richness (S), Shannon-Weiner’s Informational
Index (H¢) (Shannon and Weaver, 1949), and Simp-
son’s Diversity Index (1 ⁄ D) (Simpson, 1949). H¢
increases, in part, based on the total number of spe-
cies counted, but the relative density of each species
is also considered, thereby incorporating a measure of
evenness. 1 ⁄ D is a measure of dominance and quanti-
fies the degree to which individuals are concentrated
in a few species. Given the differences in sampling
area among our reaches and the relationship between
species richness and habitat area (Angermeier and
Schlosser, 1989), I applied a species-area equation fol-
lowing Preston (1960) to adjust S estimates. I also
calculated scores for a fish index of biotic integrity
(IBI) for forested mountain streams of Idaho (Grafe,

2002). Scoring is based on the composite values of six
metrics [number of cold water native species, % cold
water individuals, % sensitive native individuals,
number of sculpin age classes, number of selected sal-
monid age classes, and relative abundance (number
of cold water individuals ⁄ minute of electrofishing)]
for a maximum score of 60.

In constrained ordination procedures, linear rela-
tionships (between environmental and biological data)
dictate the use of redundancy analysis (RDA)
whereas unimodal responses require canonical corre-
spondence analysis (CCA). I ran detrended correspon-
dence analysis (DCA) with geomorphic and biotic
data to determine which constrained ordination anal-
ysis to use (ter Braak and Verdonschot, 1995).
Results of gradient lengths along the first DCA axis
from both aquatic macroinvertebrate and fish assem-
blage datasets were <2 standard deviations (SDs),
indicating that RDA was the appropriate ordination
technique (ter Braak and Verdonschot, 1995).

Prior to the analysis, data were transformed when
necessary to normalize data and eliminate heterosce-
dasticity (Zar, 1984). Regression analysis was per-
formed using JMP 9.0 Statistical Discovery Software
(SAS Institute, Inc., Cary, NC) and Minitab 16 (Mini-
tab�, State College, PA). Canoco 4.5 (Microcomputer
Power, Ithaca, NY) was used for ordination analysis,
and CanoDraw 4.5 (Microcomputer Power) for the bi-
plots.

RESULTS OF DATA ANALYSIS

Geomorphic features of headwater streams (first
and second order, <25 km2) vs. larger mountain
streams (third and fourth order, >45 km2) are pre-
sented in Table 2. RGA scores ranged from 47 (fair) to
74 (reference); �x = 61.5, SD = 6.5. In large part, IRHA
scores followed a similar pattern, with scores ranging
from 135 (fair) to 189 (reference); �x = 158.4, SD = 16.7.

TABLE 2. Summary Statistics of Geomorphic Variables for 18 Study Reaches in Northern Idaho Watersheds.

Geomorphic Variable Min Median Max Mean SD

Drainage area <25 km2|>45 km2

Bankfull depth (m) 0.28 0.40 0.46 0.75 0.76 1.44 0.50 0.82 0.15 0.34
Bankfull width (m) 1.7 6.8 4.0 11.8 10.9 26.6 4.5 13.5 2.5 6.8
D50 3.0 3.0 28.0 77.5 56.0 97.0 24.8 62.1 19.3 36.2
D95 7.0 39.0 106.5 220.0 170.0 380.0 103.4 213.6 57.9 100.5
Drainage area (km2) 1.3 46.3 8.4 98.2 21.7 161.4 8.9 95.3 6.1 39.3
LWD (no. Æ m)2) 0.011 0.001 0.060 0.008 0.132 0.011 0.064 0.007 0.046 0.004
Slope (m ⁄ m) 0.013 0.002 0.037 0.015 0.076 0.027 0.041 0.016 0.019 0.008
Width to depth ratio 5.8 11.5 8.0 16.7 17.0 21.8 8.7 16.3 3.3 3.5

Note: Data for headwater study reaches are to the left of each pair of columns and data for larger study reaches are to the right.
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RGA scores explained 68% of the variation in IRHA
scores for all reaches (F = 34.3, p < 0.0001). Although
the overall relationship was similar for both headwa-
ter and larger streams, the strength of the relationship
was greater in headwater streams (R2 = 0.79) than in
network streams (R2 = 0.51) (Figure 2A).

Relationships between composite geomorphic
assessments (as measured by the RGA) and compo-
nent metrics of the IRHA illustrated that geomorphic
condition explained greater variation in instream
cover (Figure 2B), % embeddedness (Figure 2C),
sediment deposition (Figure 2E), and bank stability
(Figure 2G) of headwater streams than those of
larger streams. Conversely, there was a significant
relationship between RGA and flow pattern (Fig-
ure 2D) in larger streams but not in headwaters.

Overall, the density of macroinvertebrates was less
in headwater streams (�x = 292.8 Æ m)2) than in their
larger counterparts (�x = 425.9 Æ m)2), although the
variability was much higher in headwater streams
(SD of headwaters = 317.5 Æ m)2, SD of larger stream-
s = 77.7 Æ m)2). The greatest differences in assem-
blage composition between headwater and larger
streams was in %Chironomidae (�x = 48.1% in head-
waters, SD = 10.2%; �x = 16.4% in larger streams, SD
= 0.7%) and %EPT (�x = 47.9% in headwaters, SD =
18.9%; �x = 68.6% in larger streams, SD = 19.4%).
None of the macroinvertebrate assemblage descrip-
tors was strongly related to the composite RGA score.
Stronger relationships between quantitative geomor-
phic variables (e.g., sediment size, large wood den-
sity, slope) and aquatic macroinvertebrate descriptors
were found in headwater streams than in network
streams (Figures 3A and 3B). Among the strongest
relationships observed in headwater streams were
between D50 and (1) %EPT and %Elmidae ()) and (2)
%Diptera and %Chironomidae (+). For larger
streams, large wood was positively associated with
overall macroinvertebrate density (+) but negatively
associated with %Elmidae, %Diptera, and %Chiro-
nomidae.

Fish density was almost identical between headwa-
ter (�x = 0.29 Æ m)2) and network (�x = 0.28 Æ m)2)
streams, although the variability was greater in net-
work streams (SD = 0.18 Æ m)2, headwater; SD =
0.36 Æ m)2, network). IBI scores ranged from 22.0 to
54.8 (�x = 44.8) in headwater streams and from 38.0 to
58.8 (�x = 50.0) in network streams. Fish assemblage
diversity was much higher in network streams (S:
�x = 6.9, SD = 2.4; H¢: �x = 0.94, SD = 0.22; 1 ⁄ D: �x =
2.69, SD = 1.17) than in headwater streams (S:
�x = 2.6, SD = 0.6; H¢: �x = 0.69, SD = 0.19; 1 ⁄ D:
�x = 1.86, SD = 0.82). As with macroinvertebrates,
stronger relationships were found between geomor-
phic features and fish assemblages in headwater
streams than in network streams (Figures 4A and

4B). Width-to-depth ratio was negatively related to
both measures of fish assemblage diversity (H¢, 1 ⁄ D)
and IBI scores in headwater streams, but was not
correlated with any fish descriptor in network
streams. RGA positively aligned with fish assemblage
diversity in both systems, although with H¢ and 1 ⁄ D
in headwater streams and S in network streams.
Large wood was an important variable in both head-
water and network streams, although in unique ways
(Figures 4A and 4B).

DISCUSSION

Geomorphic-Habitat Relationships

It could be argued that, collectively, headwater
streams are among the most varied of flowing-water
systems, given the small size of their catchments cou-
pled with the strong influence of fine-scale differences
in local conditions. Such local conditions are largely
governed by the interaction of geomorphic processes
and habitat complexity. For instance, channel mor-
phology in headwater streams can be heavily influ-
enced by channel obstructions including large wood
(Zimmerman and Church, 2001). In turn, steps and
step-pool structures formed by large wood increase
channel complexity and represent an important mech-
anism in linking physical and biological processes.

In this study, geomorphic adjustment and habitat
complexity were more tightly coupled in headwater
systems than in larger, network streams (Figure 2A).
Headwater streams, found higher in the drainage
network, are typically confined and laterally stable,
which was supported by the positive relationship
observed between bank stability and geomorphic con-
dition score (i.e., the higher the score, the less adjust-
ment occurring) (Figure 2G). Dominant geomorphic
processes in headwater systems include landslides
and debris flows. In this way, physical processes in
headwater streams are tightly linked to terrestrial
processes and are expected to be pulsed and short-
lived. Sediment, entering headwater streams directly
from hillslopes, is typically flushed through steep-
gradient channels (Chessman et al., 2006), leading
to channels without excess sediment loads or high
cobble embeddedness.

Although significant variation in habitat complex-
ity was indeed explained by geomorphic condition
(Figure 2A) in network streams, the relationship was
not as strong as in headwater systems. The persis-
tence of habitat complexity in spite of at least some
degree of geomorphic adjustment in large part may
be due to increased development of lateral stream
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ues indicate negligible channel adjustment. Increasing IRHA scores (10-200) indicate better instream habitat. For each IRHA metric, scores
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components. Though larger, network streams in
mountain catchments are still confined and exhibit
high lateral stability, they are less steep and occa-
sional areas of limited floodplain development are
common. Sediment typically moves through these
reaches in pulses of sheets, and islands, point bars,
riffles, and other geomorphic features form where the
sediment is limited or is deposited (Church, 2002;
Chessman et al., 2006). In short, the addition of a lat-
eral dimension to third- and fourth-order streams
may increase channel complexity and flow variability
so that the impacts of minor amounts of geomorphic
adjustment on habitat heterogeneity are neutralized.
(Note that there were no severe degrees of geomor-
phic adjustment in the study streams.)

Geomorphic-Biotic Relationships

Although headwater streams are small, these sys-
tems provide critical habitat for aquatic macroinver-

tebrates and can support diverse assemblages. For
instance, in intermittent headwater streams of West
Virginia and Kentucky, Stout and Wallace (2003)
found over 73 genera of aquatic invertebrates distrib-
uted across 41 families. However, these same authors
observed that EPT taxa richness increased with dis-
tance from the sources of small headwater streams
(up to 500 m). Brussock and Brown (1991) observed
that macroinvertebrate diversity and biomass were
highest in third- to fourth-order streams, and impli-
cated segment-level pool-riffle morphology as a driv-
ing influence. Similarly, in northern Idaho streams, I
found that %EPT was significantly greater in net-
work streams (also dominated by pool-riffle morphol-
ogy) than in headwater streams, as was the overall
density of aquatic macroinvertebrates. For fish, small
insectivores tend to be greater in headwater streams
(Vannote et al., 1980), as was the case in the present
study, in which headwater streams were numerically
dominated by juvenile trout [brook (Salvelinus fonti-
nalis), cutthroat (Oncorhynchus clarkii), and rainbow
(Oncorhynchus mykiss)] and sculpin [primarily short-
head sculpin (Cottus confusus)]. Because of the
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FIGURE 3. RDA Biplots Highlighting Relationships Between Geo-
morphic Variables and Aquatic Macroinvertebrate Assemblage
Characteristics for (A) Headwater Streams (<25 km2) and (B) Net-
work Streams (>45 km2). Black arrows indicate the direction of
increase for macroinvertebrate assemblage variables and red
arrows indicate how environmental variables were ordinated.
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unique fish assemblages often found in headwater
streams, they can significantly increase regional fish
diversity (Paller, 1994).

In this study, multiple geomorphic characteristics
were correlated with descriptors of macroinvertebrate
and fish assemblages in both headwater and network
streams (Figures 3A, 3B, 4A, and 4B). However, dif-
ferences between headwater and network streams
were observed relative to both the strength of geo-
morphic-biotic relationships as well as to their spe-
cific nature. Overall, the data supported the
expectation that macroinvertebrate assemblages
would be more tightly linked to geomorphic charac-
teristics in headwater streams, but did not support
the expectation that fish-geomorphic relationships
would dominate in network streams.

For both macroinvertebrates and fish, stronger
relationships were found with geomorphic character-
istics in headwater streams than in their downstream
counterparts (Figures 3A, 3B, 4A, and 4B). For aqua-
tic organisms such as benthic macroinvertebrates
that operate at a fine scale, increases in stream size
may lead to a weakening of geomorphic-biotic rela-
tionships. For instance, sediment size was related to
multiple measures of macroinvertebrate community
composition in headwater streams while this same
variable was correlated only with macroinvertebrate
density in network streams. I offer two potential
explanations to explain this geomorphic-biotic decou-
pling in network streams. First, the small size of
headwater streams limits the development of a wide
and spatially distributed array of microhabitats.
Therefore, geomorphic measurements that character-
ize mean conditions of a reach are less prone to
‘‘smooth out’’ fine-scale variability (as they do in lar-
ger streams) and thusly may reflect direct geomor-
phic-macroinvertebrate linkages more accurately.
Compounding this, greater variability in other physi-
cal and chemical variables (e.g., flow velocity, dis-
solved oxygen, riparian vegetation) might be expected
to blur geomorphic-invertebrate relationships in net-
work streams. For example, although a trend was
found between geomorphic stability and %EPT in net-
work streams of Vermont, stronger relationships
were found between %EPT and riparian zone width
and channel flow heterogeneity (Sullivan et al., 2004).
Second, relative to larger network systems, food webs
of headwater systems can be quite simple (Power and
Dietrich, 2002). Therefore, physicochemical factors
might be expected to represent the dominant influ-
ence on macroinvertebrates in headwater streams
(Nicola et al., 2010). However, the relative strength of
biotic:abiotic factors in governing macroinvertebrate
assemblages is likely variable, as many investigators
have found that biotic interactions (including preda-
tor-prey relationships) can significantly impact macr-

oinvertebrate assemblages in low-order streams
(Baxter et al., 2004; Winkelmann et al., 2011).

Geomorphic-fish relationships were also stronger
in headwater streams (Figure 3A). However, the
RGA, a composite measure of geomorphic adjustment,
was positively related to measures of community
diversity in both headwater and network streams.
Using the same RGA to evaluate geomorphic condi-
tion in predominantly network streams in Vermont,
Sullivan et al. (2006) found that the RGA explained
up to 31% of the variation in fish assemblage diver-
sity. However, these authors also found that the RGA
explained 45% of the variation in a regional IBI, a
result not supported in the current study. Overall,
the weaker nature of geomorphic-fish associations in
network streams in the present study may suggest
that in highly dynamic systems such as high-gradient
mountain streams, process-based disturbance events
(e.g., bed movement) (Parker and Huryn, 2011) may
overwhelm ‘‘background’’ geomorphic relationships,
especially in relatively undisturbed catchments such
as those in this study. However, more research will
be required to fully address this question.

Ultimately, understanding differences in geomor-
phic-fish relationships between headwater and net-
work streams will require considering the mobility
and life-histories at the species level. Many fish that
spend the majority of their lives in larger streams
and rivers use headwater streams for spawning and
nursery areas. For instance, during their first sum-
mer, 81% of brook trout spawned in a Canadian lake
migrated to small tributary streams to capitalize on
favorable flows and temperatures (Curry et al., 1997).
Therefore, fish in headwater streams may respond to
a different suite of geomorphic stressors due to vari-
ability in life-history requirements and relative sensi-
tivities to environmental stressors (Curry and
MacNeill, 2004). Additionally, fish assemblage char-
acteristics in headwater streams may relate more to
ecosystem process than to stream size. For example,
in forested headwater streams, allochthonous mate-
rial (forest-to-stream fluxes of nutrients, organic car-
bon, and food resources including riparian vegetation
and terrestrial arthropods) is critical to stream food
webs (Sabo and Power, 2002; Baxter et al., 2005).
Therefore, alterations in the donor system may have
serious consequences for stream consumers. Such
was the case in the Upper Chattahoochee basin,
Georgia, where England and Rosemond (2004) illus-
trated that changes in riparian forest cover resulted
in a reduction of terrestrial subsidies to crayfish and
insectivorous fish.

Large wood was important for both macroinverte-
brate and fish measures in both headwater and net-
work streams. The structural and functional
importance of large wood is widely documented, and

GEOMORPHIC-ECOLOGICAL RELATIONSHIPS HIGHLY VARIABLE BETWEEN HEADWATER AND NETWORK MOUNTAIN STREAMS OF NORTHERN IDAHO, UNITED STATES

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 9 JAWRA



is evidence of a key linkage between headwater and
downstream systems (Wipfli et al., 2007). Results
from the current study implicate large wood as a key
common denominator for both headwater and net-
work systems yet as, in many other cases, relation-
ships with large wood and biota in headwater and
network streams were divergent. Large wood was
positively associated with macroinvertebrate density
in network streams, but was negatively associated
with macroinvertebrate density in headwater streams
(Figures 3A and 3B). Large wood has been shown to
support diversity and abundance of macroinverte-
brates through increases in habitat heterogeneity and
quality (Piegay and Gurnell, 1997; Lester et al.,
2009). However, geomorphic relationships with woody
habitat in headwater streams have been found to be
distinct from those in larger streams (Jackson and
Sturm, 2002), and this phenomenon may extend to
wood-macroinvertebrate relationships as well. For
example, large wood in small streams is often
channel-spanning, thereby forming pools with finer
substrates (Gurnell et al., 2002), which can be detri-
mental to aquatic macroinvertebrates.

CONCLUSIONS

Significant changes to headwater systems can
propagate through the drainage network with serious
impacts on sediment entrainment, geomorphology,
biological communities, and hydrological processes in
network systems. A current example comes from
mountaintop mining fill operations in the central
Appalachians (Palmer et al., 2010; Bernhardt and
Palmer, 2011). Thus, understanding differences in
the behavior of headwater streams and larger, net-
work streams is important for entire catchments.
However, lack of information on small streams forces
management and conservation decisions to be based
on information drawn from larger systems.

Merging fluvial geomorphology, stream ecology,
and hydrology as components of an integrated, inter-
disciplinary river science (Rice et al., 2010) will likely
yield significant benefits to the conservation and
management of both headwater and network streams
in mountain catchments. Geomorphic assessment
protocols may be quite valuable in this effort, as dem-
onstrated in this and other studies (Sullivan et al.,
2006; Sullivan and Watzin, 2008). However, maximiz-
ing their utility will undoubtedly require developing
separate geomorphic assessment protocols for head-
water and network streams, accounting for differ-
ences in size, structure, and functional components
(e.g., influence of riparian zone, bed stability, large

wood mobility). Ultimately, understanding the varied
linkages between geomorphic and biotic components
of mountain systems will involve a more comprehen-
sive look at geomorphic gradients along the drainage
network and consideration of interactions with both
riparian (Keeton et al., 2007) and larger land-surface
features (Isaak and Hubert, 2001).

The current study provides initial evidence that
geomorphic-ecological relationships are markedly dif-
ferent in headwaters than in their downstream coun-
terparts. Additional research will be needed to
further understand these differences. Although not
considered in this study, it will also be critical to con-
sider other aquatic- and riparian-obligate organisms
that depend on headwater streams for food, habitat,
and movement corridors (see Meyer et al., 2007).
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