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Earth Surface Processes and Landforms

ABSTRACT: We demonstrate how land use can drive mountain streams in the Southern Rockies across a threshold to induce an
alternative state of significantly reduced physical complexity of form and reduced ecological function. We evaluate field data from
28 stream reaches in relatively laterally unconfined valleys and unmanaged forest that is either old-growth forest or naturally dis-
turbed younger forest, and 19 stream reaches in managed forest with past land use. We evaluate potential differences in stream form,
as reflected in channel planform, cross-sectional geometry, and in-stream wood loads, and stream function, as reflected in pool vol-
ume and storage of organic carbon. Field data indicate a threshold of differences in stream form and function between unmanaged
and managed stream reaches, regardless of forest stand age, supporting our hypothesis that the legacy effects of past land use result in
an alternative state of streams. Because physical complexity that increases stream retentiveness and habitat can maintain aquatic-
riparian ecosystem functions, the alternative physical state of streams in managed watersheds creates a physical template for an
alternative ecological state with reduced pool volume, organic carbon storage, and ecosystem productivity. We recommend
maintaining riparian forests that can supply large wood to streams as a stream restoration technique in historically forested stream

segments. Copyright © 2017 John Wiley & Sons, Ltd.

KEYWORDS: stream complexity; in-stream wood; alternative state; mountain streams; carbon storage

Introduction

The concept of alternative states in ecology

Ecologists use alternative stable states to describe a scenario in
which an ecosystem can exist in multiple, distinct, and self-
reinforcing states in equilibrium under equivalent environmen-
tal conditions (Holling, 1973; May, 1977). The common
interpretation is that a disturbance or a threshold in ecosystem
response to ongoing changing conditions is capable of driving
an ecosystem into an alternative state. The ecosystem then
takes a different pathway of recovery, or displays hysteresis,
in response to disturbances, which ultimately leads to reorgani-
zation of ecosystem structure that becomes self-sustaining via
positive feedbacks over time. Alternative states can exist with-
out thresholds, however, and do not necessarily display hyster-
esis or require positive feedbacks (Petraitis, 2013).

The concept of alternative stable states is controversial be-
cause of the difficulty in demonstrating long-term stability and
the lack of field-based empirical evidence to support theoreti-
cal arguments of existing alternative stable states (Schroder
et al., 2005). An ideal test of alternative states requires demon-
strating, by experiment, that different states can exist in the
same environment (Petraitis, 2013). Experimental manipulation

of the relevant variables may not be feasible or ethical in natu-
ral ecosystems, however, leading to observational studies in
which space substitutes for time if some sites experienced dis-
turbances analogous to experimental manipulation in the past.
An example relevant to our study would be removal of all
in-stream wood. We could not undertake such experimental
manipulation in the wilderness sites in which our field
measurements were conducted, but in-stream wood removal
was historically undertaken in otherwise analogous sites that
we examine as representing potential alternative states for the
stream reaches in which wood remains. This type of observa-
tional study inevitably involves limitations in replicating all
potentially relevant variables across sites.

The challenge of demonstrating long-term stability has given
rise to the related concept of alternative states, which can be
stable or transient over varying timescales (Suding et al.,
2004). Because the concept of alternative stable states does
not have a specific temporal definition, we refer from here for-
ward to alternative states and explicitly discuss potential time
spans for the stability of different states.

The existence of alternative states has typically been evalu-
ated based on biotic community structure (Scheffer et al.,
2001; Beisner et al., 2003; Scheffer and Carpenter, 2003),
but changes to the physical structure of ecosystems can be
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directly responsible for changes to biota, particularly in eco-
systems with strong feedbacks between biota and physical at-
tributes (Suding et al., 2004). One of the more commonly
cited examples of alternative states for stream and riparian
ecosystems are beaver meadows and elk grasslands. Where
beaver colonies build multiple dams through time, a valley-
bottom mosaic of dams, ponds in various stages of infilling,
and anabranching channels develops. This wet, spatially het-
erogeneous, nutrient-rich beaver meadow can persist for
thousands of years as long as the beaver continue to build
dams (lves, 1942; Kramer et al. 2012; Polvi and Wohl,
2012, 2013). Heavy riparian grazing by native ungulates such
as elk can so reduce the food supply for beaver that the bea-
ver abandon the valley bottom. As the beaver dams fall into
disrepair, peak stream flows are more likely to be contained
in a single channel, which widens and incises, causing the ri-
parian water table to drop. The drier, less heterogeneous val-
ley bottom is known as an elk grassland and is also able to
persist for at least many decades and probably longer in the
absence of beaver (Ripple and Beschta, 2004; Wolf et al.,
2007).

Other examples of alternative states described for river eco-
systems include riverine wetlands with wide, shallow channels
and extensive emergent vegetation versus minimally vegetated,
gravel-bed channels in desert rivers of the south-western
United States, with shifts between states triggered by changes
in the magnitude and frequency of floods (Heffernan, 2008)
and changes in riparian groundwater levels (Webb and Leake,
2006). Historical removal of riparian vegetation and in-stream
wood along the Cann River in south-eastern Australia resulted
in substantial increases in channel cross-sectional area and lat-
eral mobility, and changed the affected lengths of channel from
a sediment storage zone to a sediment source to downstream
regions (Brooks et al., 2003). The Cann and other south-eastern
Australian rivers now exhibit hysteresis, such that recovery
times associated with restoration are orders of magnitude
longer than the time taken to degrade the system (Brooks
et al., 2006).

Human-induced disturbances that create alternative states in
river ecosystems have also been described for the Florida Ever-
glades, where draining floodplains and impounding streams
changed a ridge-slough landscape of elevated ridges covered
in sawgrass and interspersed with deeper sloughs vegetated
by floating, submerged, and emergent macrophytes, to a more
uniform topography and vegetative community (Watts et al.,
2010). Flow regulation that reduced peak flows and increased
base flows caused Great Plains rivers with wide, shallow,
braided channels and minimal floodplain vegetation to be-
come narrow, sinuous channels with densely forested flood-
plains (Nadler and Schumm, 1981). Construction and
abandonment of mill dams along streams in the US
Mid-Atlantic Piedmont changed wet, marshy valleys with
poorly defined swales into wider, deeper channels incised
below a floodplain composed of legacy sediment and discon-
nected from the historical water table (Walter and Merritts,
2008). Timber harvest and removal of in-stream wood in rivers
of the US Pacific Northwest transformed rivers that historically
had anabranching planforms with vegetated islands and a
floodplain mosaic of forest stand ages and topography into
single-thread or braided planforms with reduced channel and
floodplain diversity (Collins et al., 2012). Timber harvest and
log floating in rivers of northern Sweden involved substantial
channel modification to sever lateral connectivity with the
floodplain and secondary channels and to remove in-stream
obstructions to floating logs, such as large boulders (Nilsson
etal., 2005). Affected rivers are now the target of restoration be-
cause they have not returned to natural levels of connectivity
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and spatial heterogeneity of bed substrate. In each of these ex-
amples, internal feedbacks maintained the alternative state af-
ter land-use changes ceased.

Geomorphic analogs to alternative states

Much of geomorphic thinking about landscapes and landforms
is underpinned by the concept of equilibrium, which posits a
consistent relationship between inputs of matter and energy
and outputs of form (Strahler, 1952; Langbein and Leopold,
1964). Equilibrium includes recognition of disequilibrium
(landforms that tend toward equilibrium but have not had suffi-
cient time since the last disturbance to attain equilibrium) and
non-equilibrium (landforms that undergo frequent and substan-
tial changes in form despite relatively long periods of environ-
mental stability) (Renwick, 1992). Emphasis on equilibrium
has led to numerous investigations of how landforms change
through time (e.g. Graf, 1977; Phillips, 1992).

The concepts of thresholds, river metamorphosis, and com-
plex response underpin geomorphic understanding of how
river systems can abruptly change physical form and function.
Crossing of a geomorphic threshold, for example, can result
in a rapid change from transport-limited to supply-limited con-
ditions of sediment transport, causing incision or change in
channel planform (Schumm, 1973). This can occur in response
to a change in external drivers such as water or sediment input.
A geomorphic threshold can also be crossed in the absence of
changes in external variables, when gradual changes within the
river system eventually trigger instability in river function and
an intrinsic threshold is crossed.

River metamorphosis describes a fundamental change in
river morphology when natural or human-induced changes
in water and sediment inputs force the river across a thresh-
old (Schumm, 1969). Continuing human alterations of river
corridors also force and maintain river metamorphosis, as ex-
emplified by channelization of large, lowland rivers such as
the Danube (Pisat, 2002) or the Rhine (Herget et al., 2005),
which altered these rivers from anastomosing channels in a
forested floodplain to a highly stabilized single channel plan-
form. Mountain rivers in Europe have also been highly
engineered to increase conveyance and reduce flood hazards,
resulting in substantial changes in stream form and function
that are maintained by ongoing engineering (e.g. Comiti,
2012). Large dams transformed sections of the upper Missis-
sippi River from braided planform to an alternative state of
single-channel planform with restricted maintenance of river
landforms, suggesting an alternative ecological state with lim-
ited habitat and resources for threatened native species
(Skalak et al., 2016). Where land-use intensity and type fluc-
tuates through time, rivers experience multi-decadal changes
in channel geometry that lag changes in land use (e.g.
Liébault and Piégay, 2002).

Complex response describes how channel change can (i) be
asynchronous throughout a river basin, with tributaries incising
while the mainstem channel is aggrading, for example, and (ii)
repeatedly alternate between aggradation and erosion in
response to a single initial perturbation within the system (e.g.
change in base level; Patton and Schumm, 1975). These types
of non-linear dynamics continue to be widely described in geo-
morphic literature, although the specific terms used to describe
them have varied through time (Phillips, 2003).

Although not explicitly described in this manner, thresholds,
river metamorphosis, and complex response are geomorphic
analogs to alternative states in ecology. Geomorphic thresholds
are analogous to thresholds that ecosystems cross into other
states. Complex response is analogous to the hysteresis seen
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in ecological response to perturbations. River metamorphosis
describes an alternative physical state of a river system. The
presence of riparian vegetation and large wood is a key factor
in many examples of thresholds, river metamorphosis, and
complex response for forested river systems, highlighting the in-
terconnections among vegetation and stream channel form and
function (Gurnell et al., 2012).

Objectives and hypotheses

Our primary objective in this paper is to evaluate the evidence
for alternative states for mountain streams in forested portions
of the southern Rocky Mountains. We approach this objective
as geomorphologists and thus evaluate physical characteristics
of stream form and function, although we discuss the ecologi-
cal implications of physical form and function. We hypothesize
that alternative states exist and that these states reflect historical
land uses. If the data support these hypotheses, we expect to
see (i) a clear threshold of variable values between unmanaged
forest streams and forest streams with a history of management
and (ii) a range of values within unmanaged forest streams that
do not differ consistently by forest stand age. A secondary ob-
jective is to evaluate the influence of potential control vari-
ables, including land use, in causing streams to develop
alternative states.

We evaluate alternative states primarily with respect to chan-
nel planform geometry, but we also examine how alternative
planform geometries correspond to differences in other aspects
of stream form and to stream function. Stream form is repre-
sented by variables describing planform and characteristics of
in-stream wood. Stream function is represented by two physical
variables: (i) backwater pool volume at logjams, which pro-
vides critical habitat for salmonids (Fausch and Northcote,
1992; Richmond and Fausch, 1995) and other aquatic organ-
isms and (ii) storage of organic carbon within channels in the
form of large wood and coarse particulate organic matter
(CPOM > 1 mm diameter), which provides a critical food
source in shaded forest streams (Ward, 1992). Although we un-
derstand that many other aspects of stream form, such as the
characteristics of riffles, influence stream function, we chose
the subset of backwater pool volume and CPOM storage from
among the full suite of potential parameters representing stream
function. Research conducted in parallel by colleagues work-
ing at the same field sites demonstrates differences in ecologi-
cal function in the form of stream metabolism and aquatic
and riparian biomass, with unmanaged sites having greater
habitat and greater biomass in all organisms assessed (Herdrich
et al., In press; Venarsky et al., Submitted for publication).
We describe these results in the Discussion section of this
paper.

We use field sites from the Southern Rockies to address these
objectives, but the fundamental nature of the processes that we
examine suggests that our results are likely to be broadly appli-
cable to forested mountain streams.

Study Area

Field sites are located in the Front Range of northern Colorado
and the Medicine Bow Mountains of southern Wyoming. The
dominant bedrock lithologies underlying the study area are
Precambrian crystalline rocks including granite, biotite schist,
granodiorite, and quartzite (Braddock and Cole, 1990). Tec-
tonic activity has been uncommon in the area since the end
of the Tertiary (Anderson et al., 2006). Headwaters were glaci-
ated during the Pleistocene. The latest Pleistocene glaciations
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extended down to ~2430 m elevation, leaving prominent ter-
minal moraines that continue to strongly influence valley and
channel geometry (Wohl et al., 2004; Anderson et al., 2006;
Polvi et al., 2011; Livers and Wohl, 2015).

Similar to stream networks in other mountainous regions, the
streams of the study area exhibit substantial longitudinal vari-
ability in valley and channel geometry as a result of Pleistocene
valley glaciation (Anderson et al., 2006) and spatial differences
in the density of bedrock jointing (Ehlen and Wohl, 2002).
Streams repeatedly alternate downstream over distances of
10" to 10° m between relatively wide valley bottoms with
low-gradient streams and relatively narrow valley segments
with steeper streams. We categorize these valley segments as
laterally unconfined, partly confined, and confined.

Unconfined valley segments are those in which floodplain
width is > eight times the active channel width. These seg-
ments have broader and more longitudinally continuous flood-
plains with lesser stream-hillslope coupling. Reach-scale
channel gradient is typically 0.01-0.03 m/m; bedforms are
pool-riffle, plane-bed, and widely spaced steps and pools;
and substrate is sand- to cobble-sized. Streams in unconfined
valleys with a history of only natural disturbance can have
three different planforms as a result of the abundance of large
wood (LW > 10 cm diameter and 1 m length) and channel-
spanning logjams, or the presence of beaver dams. Valley seg-
ments with riparian conifer forest can contain either streams
with abundant LW and logjams that exhibit a multithread
(anabranching) planform (Wohl, 2011), or groundwater-fed
wet meadows on the valley bottoms that commonly have more
open riparian woodlands and single-thread streams with lesser
volumes of LW and fewer jams (Sutfin, 2016). Valley segments
with beaver dams have riparian forest dominated by willows
(Salix spp.) and other deciduous trees. Channel planform is
multithread but the surface area of standing water is greater
than in unconfined valley segments with conifer forest.

Confined valley segments in which floodplain width is < two
times the active channel width and channel gradient exceeds
0.03 m/m have minimal floodplains with drier soils, single-
thread planform, lesser volumes of LW and fewer jams, and
high stream-hillslope coupling (Livers Gonzalez, 2016). Partly
confined valley segments (floodplain width is 2-8 times the ac-
tive channel width) are transitional in most geomorphic charac-
teristics, but typically have single-thread channels.

Study sites in northern Colorado are within the Big Thompson,
Cache la Poudre, and North St Vrain drainages (Figure 1). These
drainages originate east of the continental divide in Rocky
Mountain National Park at ~4050 m elevation and flow east-
ward to join the South Platte River beyond the mountain front
at ~1500 m elevation. Study sites in southern Wyoming are in
the headwaters of the North Platte River drainage, which origi-
nates in the Medicine Bow Mountains at ~3500 m elevation.

Conifer forests dominate vegetation communities in the
southern Rocky Mountains (Peet, 1988). Characteristic species
of the subalpine forest present at elevations of 2740 to 3400 m
in the Colorado Front Range include Engelmann spruce (Picea
engelmannii), lodgepole pine (Pinus contorta), and subalpine fir
(Abies lasiocarpa). Characteristic species in the subalpine forest
present at 3000 to 3300 m in the Medicine Bow Mountains are
subalpine fir and Engelmann spruce (Dillon et al., 2005; Knight
et al., 2014). In both regions, natural disturbances include
stand-killing fires that recur at intervals of 100 to 400 years,
blowdowns, and insect infestations (Veblen et al., 2000; Dillon
et al., 2005; Veblen and Donnegan, 2005). Characteristic spe-
cies of the montane forest present at elevations of 1830 to
2740 m in the Colorado Front Range include ponderosa pine
(Pinus ponderosa) and Douglas-fir (Pseudotsuga menziesii).
Natural disturbances include ground fires at 2-40 year intervals
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Figure 1. Location map of the study area showing the location of subalpine and montane stream channels in southern Wyoming and northern Col-
orado and the distribution of stream categories within the Medicine Bow National Forest and the Colorado Front Range. Stream categories are: old-
growth, unmanaged (OU) streams, younger growth, unmanaged (YU) streams, and younger growth, managed (YM) streams. [Colour figure can be

viewed at wileyonlinelibrary.com]

and stand-killing fires at 40-100 year intervals, insect infesta-
tions, and hillslope mass movements associated with convec-
tive rainfall (Anderson et al., 2015). In the Medicine Bow
Mountains, the montane forest is present at 2400 to 3000 m el-
evations and is dominated by lodgepole pine (Dillon et al.,
2005). Less evidence is available to constrain the recurrence
of stand-killing fires in the montane forest of the Medicine
Bows, but recurrence intervals may be similar to those in the
subalpine zone (Dillon et al., 2005). Natural disturbances in
both subalpine and montane forests can be very localized,
leaving standing and fallen dead wood in channels and flood-
plains. Decay rates are slow, with downed trees requiring sev-
eral hundred years to completely decompose (Kueppers et al.,
2004). This can result in high wood loads (m* wood per m?
of channel or floodplain surface area) at sites where past land
use has not removed trees or fallen wood.

The lower limit of Pleistocene glaciations also corresponds to
a boundary between hydroclimatic regimes. Stream flow at
higher elevations is dominated by annual snowmelt floods that
have peak unit discharges of ~1.1 m*/s/km? (Jarrett, 1990),
whereas stream flow below ~2300 m elevation has an annual
snowmelt flood but also less frequent floods caused by convec-
tive rainfall that can produce peak unit discharges up to 40 m?/
s/km? (Jarrett, 1990).

Copyright © 2017 John Wiley & Sons, Ltd.

Land-use impacts on streams

Human alteration of the study drainages began with commer-
cial beaver trapping during the first decades of the nineteenth
century (Wohl, 2001). Discovery of placer metals in 1859 led
to regional deforestation as timber was cut for diverse commer-
cial uses and fire frequency increased dramatically. Among the
practices involved in timber harvest was tie drives, in which cut
logs intended for use as railroad ties were floated down streams
to collection points. Use of streams for tie drives involved con-
struction of splash dams that were dynamited to send a wave of
water and timber down the channel; removal of in-stream ob-
stacles such as naturally occurring LW, boulders, and bedrock
constrictions; and blocking of overbank areas or secondary
channels (Young et al., 1994; Wohl, 2001). More than a century
after tie drives ceased, streams used for this purpose remain
more physically homogeneous and have lower abundance
and diversity of in-stream and riparian habitat (Young et al.,
1994; Miller, 2010; Ruffing et al., 2015). Our observations sug-
gest that, even in unconfined valley segments, streams with a
history of land use have only single-thread channel planform,
rather than multithread.

Simultaneous beaver trapping, timber harvest, placer mining,
riparian grazing, flow regulation, and construction of
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transportation corridors along valley bottoms (Hilmes and
Wohl, 1995; Ryan, 1997; Caskey et al., 2015) altered channel
and floodplain morphology and flow regimes in most stream
segments within the study area. However, stands of old-growth
(> 200 years) forest or forest with a history of only natural dis-
turbances exist, primarily within Rocky Mountain National
Park. Most of these sites are within relatively small, steep drain-
ages in subalpine forest that were (and remain) difficult to ac-
cess. Valley segments with a history of land use occur
primarily at larger drainage areas and lower elevations that dif-
fer in forest composition and natural disturbance regime.

Conceptual model and study design

As stated earlier, our objectives are to evaluate the evidence for
alternative states and the influence of potential control vari-
ables in creating these states. We used our knowledge of moun-
tain streams in the Southern Rockies to develop a conceptual
model of alternative states of stream form and function within
conifer-dominated, unconfined to partly confined valley bot-
toms (we are not including beaver meadows) in this region
(Figure 2). Confined valley segments have only single-thread
channels, regardless of land-use history, so we focus on
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Figure 2.

unconfined and partly confined valley segments and the poten-
tial effects of natural disturbance history and land use.

We have observed that multithread channel planform is pre-
dominantly present in naturally disturbed forests. We propose
that this association is the product of greater in-stream wood
loads and larger pieces of fallen wood within stream channels
in naturally disturbed forests. Prior to European settlement of
the Southern Rockies, forested watersheds included a mosaic
of forest stand ages, with old-growth patches and stands of
younger forest as a result of natural disturbances such as wildfire
or blowdowns (Sibold et al., 2006). Rates of wood recruitment
to channels and floodplains varied through time in response to
natural disturbances, but very slow rates of wood decay and
limited distances of downstream transport in channels less than
~30 m in width likely created a scenario in which some in-
stream LW was always present. The presence of in-stream LW,
especially large pieces or logjams, limits the mobility of smaller
pieces (Beckman and Wohl, 2014b), creating a wood-rich state.
Dispersed LW pieces and logjams create obstructions to flow
that enhance bank erosion and overbank flow, leading to forma-
tion of secondary channels (Brummer et al., 2006; Wohl, 2011;
Collins et al., 2012). Secondary channels also have bank ero-
sion that recruits additional wood, creating a wood-rich chan-
nel with a multithread planform that we propose can persist
for hundreds to thousands of years (Figure 2).
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Conceptual model of the feedbacks leading to alternative states of stream form and function in forested mountain streams of the Southern

Rockies. Two scenarios result in single-thread channels: (i) unconfined valley segments with unmanaged forest and abundant groundwater inputs that
create a high riparian water table and sparse riparian forest, and (ii) unconfined valley segments with managed forest. Each of these scenarios provides
limited sources of large wood (LW) to streams, which facilitates persistence of a single channel with higher transport capacity for any wood that is
recruited to the stream, resulting in smaller in-stream wood load and less wood-induced spatial heterogeneity and retention in the channel. One sce-
nario results in multithread channels: an unconfined valley segment with unmanaged forest that provides abundant LW to streams, resulting in higher
wood loads. More wood in the channel facilitates formation of secondary channels, bank erosion, and channel avulsion, which in turn recruit more
wood that limits transport capacity of wood and other materials, leading to a persistent, spatially heterogeneous and highly retentive stream reach.
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Dispersed LW pieces and logjams substantially increase flow
resistance within a stream, increasing hyporheic exchange
(Hester and Doyle, 2008; Sawyer et al., 2011) and transient sur-
face storage of water and solutes (Gooseff et al., 2007), and fa-
cilitating storage of finer sediment (Wohl and Scott, 2017) and
CPOM (Beckman and Wohl, 2014a). Dispersed LW pieces
and logjams also enhance formation of backwater pools (Rich-
mond and Fausch, 1995) and increased backwater pool vol-
ume corresponds to greater fish biomass (Fausch and
Northcote, 1992). Consequently, these more physically com-
plex channels are more retentive of material moving down-
stream and are more biologically productive.

Land uses that reduce LW recruitment, remove in-stream LW,
alter flow regime and LW transport, and/or homogenize and
simplify channel boundaries can reduce in-stream LW reten-
tion, even after the active removal of LW ceases. Abundance
and piece size of managed forests also remain smaller than
old-growth forests for c. 200 years or more (Bragg, 2000;
Meleason et al., 2003), reducing the in-stream trapping poten-
tial of LW recruited to the channel after the cessation of land
use. Consequently, we propose that streams with a history of
management remain in a wood-poor state for a period of
~200 years after the cessation of land use. This creates a
wood-poor alternative stream state with a single-thread chan-
nel. Wohl and Beckman (2014) proposed this scenario of alter-
native states for mountain streams in the Colorado Front Range,
but did not test the scenario with quantitative field data as we
do in this paper.

We propose that a natural disturbance regime that facilitates
abundant in-stream LW and channel-spanning logjams main-
tains a multithread channel planform, whereas land use that
removes in-stream LW results in single-thread channels. Be-
cause multithread channels are only present in unconfined
and partly confined valley segments, we focused on these por-
tions of the stream network. The data analyzed here were part
of a larger, collaborative study that included examination of
stream metabolism and animal biomass and diversity in rela-
tion to forest age, disturbance history, and channel morphol-
ogy. We reported the first phase of data analysis for this
project in Livers and Wohl (2016), which examined the sources
of spatial heterogeneity in channel morphology (e.g. bed and
bank heterogeneity, spatial variations in wood load) and
whether spatial heterogeneity within channels correlated with
valley geometry, forest age, and disturbance history in uncon-
fined, partly confined, and confined valley segments within
subalpine forest. Here, we use some of the same data, but re-
strict the analyses to unconfined and partly confined valley seg-
ments; expand the geographic range of study sites with data
from lower elevation stream reaches with montane forest (Jack-
son, 2014; Jackson and Wohl, 2015); and include both addi-
tional stream reaches with land-use history and floodplain
wood data from a subset of reaches (Sutfin, 2016) (Supporting
Information Table S1).

Methods
Site selection and stratification

Study sites were selected to represent old-growth and naturally
disturbed forest streams (unmanaged sites) and streams with
historical land uses (managed sites). We focused on unconfined
and partly confined valley segments and chose sites that were
comparable with respect to elevation, drainage area, climate,
forest type, natural disturbance regime, and channel gradient,
with an equal distribution of managed and unmanaged sites.
Surveyed reaches were on second- to fourth-order streams in

Copyright © 2017 John Wiley & Sons, Ltd.

subalpine forests of Rocky Mountain National Park and the
Medicine Bow National Forest, Wyoming and montane forests
of Arapaho-Roosevelt National Forest, Colorado. Land-use his-
tory at the managed study sites primarily involved timber har-
vest and log floating between c. AD 1860 and 1935, although
a few of the sites have continuing land use in the form of adja-
cent roads and/or flow diversions. Spatial patterns of land use
created limitations for study design, sampling, and statistical
analyses because unmanaged sites predominantly have smaller
drainage areas and are concentrated at higher elevations.

Study reaches were divided into three stream categories
based on disturbance history: old-growth unmanaged (OU) for-
ests, younger-growth unmanaged (YU) forests, and younger-
growth managed (YM) forests. Riparian stand age in OU forests
is > 200 years and there is no history of timber harvest, flow
regulation, or placer mining. YU forests have a riparian stand
age < 200 years because of natural, stand-killing disturbances
such as wildfire, blowdown, or insect infestation. YM forest
streams have a riparian stand age of 50 to 200 years and histor-
ical timber harvest and/or log floating and, at a few study
reaches, contemporary flow regulation or adjacent road
corridors.

The dataset includes 24 laterally unconfined or partly con-
fined reaches in subalpine forest (7 OU, 6 YU, 11 YM) and
23 reaches in montane forest (5 OU, 10 YU, 8 YM). A subset
of these sites included floodplain wood volume data from Jack-
son (2014) and Sutfin (2016). The entire dataset and sources of
data are summarized in Supporting Information Table ST.

Field methods

Surveyed stream reaches were 120-1050 m in valley length, de-
pending on channel width and longitudinal extent of consistent
channel geometry. Within each reach, we measured basic geo-
morphic characteristics of the channel and valley-bottom in-
cluding floodplain and bankfull channel width and length,
bankfull channel depth, and channel gradient using a TruPulse
laser rangefinder (accuracy +0.1 m) and stadia rod. We mea-
sured forest cover in terms of basal area (in m?/ha) of trees within
the floodplain forest using a Panama angle gage. Each of these
variables were measured at 3-5 locations, approximately
equally spaced along the stream reach; spacing between sam-
pling locations was therefore dependent on total reach length.
For all in-stream LW pieces with minimum dimensions of T m
in length and 0.1 m in diameter, we measured length, diameter,
and orientation category (bridge, ramp, pinned, buried, unat-
tached). Three or more LW pieces in contact with each other
were designated a logjam, for which volume of backwater pool
and stored particulate organic matter (POM), where present,
were measured as described later. Reaches were designated
multithread if any portion of the reach had more than one sub-
parallel channel. Because of channel sinuosity and multithread
planform, raw data were standardized by valley length.

Endpoints of each study reach were located using a hand-
held global positioning system (GPS; Garmin eTrex; typically
3-5 m horizontal accuracy). Drainage area was calculated for
the downstream endpoint using the US Geological Survey pro-
gram StreamStats for sites in Colorado and a 10-m digital eleva-
tion model (DEM) with ArcGIS for sites in Wyoming. Valley
length was calculated using the endpoints of each study reach.
The GPS was also used to map one bank of all channels within
each study reach and these data were used to calculate total
channel length.

Pool volume was calculated as the product of average
bankfull length, width, and depth of each backwater pool up-
stream from a logjam. CPOM within each pool was the product
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of length, width, and thickness of CPOM on the streambed
within the pool at the time of the field survey.

We evaluated quantity of organic carbon storage by assuming
an average wood density of 450 kg/m?® for all wood pieces
(USDA Forest Products Laboratory, 2010) and 50% of wood
mass as carbon (Lamlom and Savidge, 2003). For subalpine
stream study reaches, we collected ~5 POM samples each from
logjams and backwater pools in one reach from each of the three
stream categories (OU, YU, YM). We measured loss-on-ignition,
assuming 50% of burned mass was organic carbon; used POM
bulk density of 1330 kg/m® from Beckman and Wohl (2014a);
converted total sediment volumes to mass; and then used aver-
age percent carbon in each location (logjams and pools) for each
stream category to calculate total mass of carbon stored in
channels. Components of carbon storage were standardized by
valley length and by area of channel or floodplain.

Statistical analyses

Table | displays variables used in analyses to evaluate differ-
ences in stream form and function among OU, YU, and YM
stream categories. We differentiated potential control and re-
sponse variables. If alternative states exist, we expect to see a
clear threshold of variable values between OU and YU versus
YM reaches and a range of values within OU and YU variables
that do not differ consistently by forest stand age.

We first tested for significant differences in response variables
between OU and YU reaches to evaluate whether riparian for-
est stand age correlates with differences in stream form and
function. Lumping all unmanaged sites together, we then tested
for significant differences in response variables between un-
managed and managed sites. All statistical analyses were per-
formed using the statistical software RStudio version 3.2.2 and
significance was determined at an a value of 0.05. Of all vari-
ables evaluated, only area ratio was normally distributed for
all subalpine sites, and forest cover, channel gradient, and aver-
age jam height/downstream jam spacing were normally distrib-
uted for subalpine managed sites. The remainder of variables
were not normally distributed. For normally distributed vari-
ables, we ran student’s t-tests to evaluate whether the means

between groups were significantly different. For variables that
were not normally distributed, we ran non-parametric
Wilcoxon Rank Sum statistical tests. Tests for form and function
variables were performed for subalpine reaches only (n = 24),
because subalpine data are nearly complete for all response
variables. Tests between carbon stock estimates included both
subalpine and montane sites, where data were available; this
included all reaches (n = 47) for basal area and in-stream
wood, nearly all reaches for pool sediment and floodplain
wood (n = 45 and n = 39, respectively), and nearly all subal-
pine reaches (n = 22) for logjam sediment. All data can be
found in Supporting Information Table ST.

To evaluate whether stream form and function variables col-
lectively exhibit a threshold of differences in relation to land
use, we ran principal components analysis (PCA) using all re-
sponse variables. PCA requires complete data for every re-
sponse variable analyzed. PCA was performed for subalpine
sites only because we wanted to include the maximum number
of response variables in the analyses. Because of missing pool
sediment data for two subalpine reaches, a total of 22 reaches
were analyzed in the PCA (7 OU, 6 YU, 9 YM). PCA allowed
us to visualize where study reaches plot when all variables
are combined because the analysis creates components that
combine variables to reduce dimensions of data. Each new
component represents a single variable that integrates all other
variables, with the first component explaining the most vari-
ability in the data and each additional component explaining
progressively less. Each PCA produces a number of principal
components (PCs) equal to the number of variables analyzed.
The first two PCs explain the majority of variation in response
variable values. Consequently, we plotted study reaches as
PC1 versus PC2 to visualize how similar or different the reaches
are in terms of stream form and function by evaluating their rel-
ative positions in PC space. We retained variance explained for
each PC and produced a biplot which displays the location and
magnitude of each variable, as well as the location of each
sampled reach in PCA space. PCT and PC2 scores were used
to evaluate a threshold in form and function in relation to land
use by determining (i) whether significant differences in PC
scores exist between unmanaged and managed sites, using
the same statistical methods used to evaluate differences in

Table I. Variables used to evaluate differences in stream form and function among categories of old-growth, unmanaged (OU) streams, younger
growth, unmanaged (YU) streams, and younger growth, managed (YM) streams

Variable

Variable categories

Confinement (valley-bottom width/channel width (m/m))*
Forest cover (basal area, m?/ha)®

Drainage area (km?)

Channel gradient (m/m)?

Valley-bottom width (m)?

Width/depth (m/m)?

Number of logjams/100 m valley length

In-stream wood volume (m>)/100 m valley length
Number of wood pieces/T100 m valley length
Proportion of bridge and ramp pieces

Number of bridge and ramp pieces/100 m valley length
Floodplain wood volume (m”)/100 m valley length®

Pool volume (m?)/100 m valley length

Logjam organic matter volume (m?)/100 m valley length
Pool organic matter volume (m®)/100 m valley length
Average jam height (m)/downstream jam spacing (m)

Area ratio (total channel area (m?)/total valley area (m?)
Length ratio (total channel length (m)/total valley length (m))

Control variables

Wood

Response variables

Logjams

Planform

“Based on 3-5 measurements per study reach.
bBased on a subset of 39 reaches.

Copyright © 2017 John Wiley & Sons, Ltd.
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response variables and (ii) which of the six potential control
variables best predict the location, or PC values, using linear
models, with stream category expected to predict these values
if land use influences threshold changes. Reach scores were
first run through a varimax rotation in order to produce new, in-
dependent scores for each PC. The new sets of PC scores were
then used as the response variable in multiple linear regres-
sions. Using stepwise selection, linear regressions were run
for both PC sets using all six possible control variables to select
significant control variables. The model with the lowest Akaike
Information Criterion was chosen for each regression (Akaike,
1973). These models were then run and the model’s p-value
and p-values for each of the control variables were evaluated
to identify controls on response variables.

Results
Differences among stream categories

The only significant differences in response variables between
older and younger unmanaged forest sites are with backwater
pool volume and area ratio, while significant differences
between unmanaged and managed categories occur for all
response variables except area ratio (Table Il). Differences in
area ratio occur because of the prevalence of multithread chan-
nel planform in OU sites and fewer multithread channels in YU
sites, which in turn affects total pool volumes between the
categories. The variables that most affect stream function in
terms of pool volume and carbon storage, such as wood and
logjam characteristics, have significantly lower values in
managed sites.

Because backwater pool volume is so strongly influenced by
wood load and the specific characteristics (e.g. size, down-
stream spacing) of channel-spanning logjams, mean pool

volume is significantly higher in OU than in YU and in unman-
aged versus managed reaches (Table Il). Mean pool
volume/100 m of valley for subalpine OU, YU, and YM reaches
is ~36 m?, ~11 m?, and 0.25 m?, respectively, thus mean pool
storage is ~45-147 times greater in unmanaged versus man-
aged subalpine streams. Significantly higher pool volume in
old-growth subalpine reaches is the likely a consequence of
multithread planform in unconfined valley segments: this plan-
form is more prevalent in OU than YU subalpine sites.
Multithread planform is even less prevalent in managed subal-
pine sites, but significantly reduced pool volume in these
streams is also a consequence of reduced wood load, as men-
tioned earlier.

There are large differences in total organic carbon storage
across the three categories in both montane and subalpine
zones (Figure 3, Table Ill). Unmanaged sites have ~8-10 times
and ~5-12 times greater estimated mean carbon storage per
hectare than managed sites in subalpine and montane zones,
respectively. When carbon is evaluated by length of valley
rather than area of valley, subalpine unmanaged reaches store
~12-24 times more carbon than managed reaches and ~3-8
times more carbon than unmanaged montane reaches. This
too is likely a consequence of multithread planform in uncon-
fined valley segments. Unconfined reaches with old-growth
montane forest do not appear to exist in the study area, either
because unconfined reaches experienced past land use or be-
cause they were formerly or are currently occupied by beaver.
We did not convert basal area to carbon storage, so this number
is not included in Figure 3, but basal area and published esti-
mates of carbon in living trees are listed in Table Ill. Basal area
is significantly lower in managed streams than unmanaged
streams in both subalpine and montane reaches. Carbon con-
tent within in-stream CPOM showed no significant differences
among stream categories, but significant differences in total
carbon storage in CPOM do occur among categories because

Table Il.  The p-values for tests of significant differences of form and function variables, with bolded p-values indicating statistically significant
differences
Subalpine
Old versus young unmanaged Unmanaged versus managed
Type of
Variable p-Value Higher group® p-Value Higher group? variable'
Confinement (m/m) 0.731 1.000 C
Forest cover (basal area, m*/ha)® 0.001 o} <0.001 U C
Drainage area (km?) 0.295 <0.001 M C
Channel gradient (m/m)? 0.245 0.004 U C
Valley-bottom width (m) 0.943 0.310 C
Width/depth (m/m) 0.836 0.794 C
Logjams/100 m valley (#) 0.234 <0.001 U Fo
Wood volume/100 m valley ) 0.138 <0.001 ] Fo/Fu
Pieces/100 m valley (#) 0.366 <0.001 U Fo
Proportion bridge and ramp pieces 0.174 <0.001 M Fo
Bridges and ramps/100 m valley (#) 0.234 <0.001 ] Fo
Average logjam height/logjam frequency (m/#)* 0.227 <0.001 M Fo
Floodplain wood volume/100 m valley (m*)® 0.555 <0.001 U Fo/Fu
Area ratio (m*/m*)™ 0.008 e} 0.138 Fo
Length ratio (m/m) 0.053 0.043 U Fo
Pool volume/100 m valley (m?) 0.035 O <0.001 U Fu
Logjam organic matter volume/100 m valley (m>) 0.295 0.001 U Fu
Pool organic matter volume/100 m valley m>) 0.431 0.001 U Fu
PC1 0.101 <0.001 ]

“Variable is normally distributed for subalpine unmanaged sites.
bVariable is normally distributed for all subalpine sites.

€O, old-growth forest; Y, younger-growth forest.

dy, unmanaged watershed; M, managed watershed.

“Only available for subset of reaches.

fC, control; Fo, form; Fu, function; Fo/Fu, form, becomes function when converted to carbon storage.

Copyright © 2017 John Wiley & Sons, Ltd.
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of the much greater total volume of CPOM within some stream
categories (Table Il1). Floodplain wood data were not available
for every reach and logjam CPOM data were not available for
montane sites. Because of limited sample size, statistical analy-
ses were not performed, but Figure 3 provides a summary of
mean values of each carbon category to estimate total carbon
storage across stream categories.

Results of principal components analyses

The PCA plot (Figure 4), which only evaluated subalpine
reaches, shows that unconfined reaches and reaches with
multithread planform have the highest values for response vari-
ables, with the two unmanaged categories overlapping in PCA
space. Managed reaches cluster in PCA space and, with the ex-
ception of one partly confined YU reach, do not overlap with ei-
ther category of unmanaged reaches, despite the presence of
multithread planform and variations in confinement of man-
aged reaches. The clustering of managed reaches in the PCA
plot indicates that these stream reaches are more similar to each
other, with respect to the variables considered, than they are to

Copyright © 2017 John Wiley & Sons, Ltd.

unmanaged reaches. PC1 explains ~74% of the variance in the
data, and the pattern of the location of managed versus unman-
aged reaches on this plot is oriented along this axis, with the ex-
ception of one partly confined YU reach. Stream category and
valley confinement are the only control variables that signifi-
cantly influence stream form and function variables (Table V)
on PC1, and land use (YM) has the strongest control on PCA lo-
cation of reaches. Variables associated with this axis include
wood, planform, and pool volume, indicating that differences
in values for these variables distinguish the threshold between
managed and unmanaged stream channels. The spread of
reaches on PC2 is controlled by valley width and width/depth
(Table 1V), but PC2 explains only ~10% of the variance of the
data and does not distinguish stream categories as does PCT.

Discussion
Alternative states of stream form

Livers and Wohl (2016) found significant differences in physical
complexity (spatial heterogeneity) in the form of length of

Earth Surf. Process. Landforms, Vol. 43, 669-684 (2018)
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3.32-27.50 0.00-19.71 0.00-6.30

3.20+3.17
0.00-8.22

Range
Mean+SD

Logjam sediment organic carbon (Mg/ha)

0.02+0.06 0.001 23.63+43.62 7.29+6.31 4.28+4.56 0.365

0.00-0.19

1.32+1.03
0.00-2.47

0.00-11.00

0.00-20.96

50.9+46.8
5.2-136.3

62

0.00-101.29
112.2+76.3
16.0-229.9

62

Range
Mean+SD

Pool sediment organic carbon (Mg/ha)

<0.001

9.7+6.8
1.2-21.8

68.7+£52.2 9.9+15.8 <0.001

92.9+32.7

0.1-42.2

10.9-132.5

111

38.7-139.7
70-127

Range

Total organic carbon (Mg/ha)®

Living tree organic carbon (Mg/ha)®

“p-Value of ttest (Wilcoxon Rank Sum test) between unmanaged and managed reaches.

bIn units of area/area, not converted to carbon content.

“Total organic carbon value calculated for each reach, including any and all recorded carbon stocks for each reach, with many reaches have missing data; does not include basal area (standing wood carbon).

dEstimated standing wood carbon estimates for forests in Colorado and Wyoming (Bradford et al., 2008).

channel, wood load, logjam volume, and pool volume per unit
length of valley, and longitudinal variability in bed elevation
and bankfull channel width in relation to stream category. Fun-
damentally, the forms of physical complexity that they evalu-
ated are largely driven by in-stream wood, with greater wood
loads resulting in greater physical complexity. They found that
subalpine YU sites remained as physically complex as subal-
pine OU streams, but YM sites exhibited less heterogeneity de-
spite a gradient of significant differences in forest cover among
all three stream categories. This suggested that the removal of
wood in managed watersheds had lasting impacts on stream
form. However, that analysis included confined sites, which
dampened the differences between stream categories.

The analyses summarized here, which focus on unconfined
and partly confined valley segments in subalpine and montane
forests, indicate that streams in unmanaged watersheds have
significantly greater physical heterogeneity than streams in
managed watersheds and exhibit a threshold of differences
when evaluated through PCA. This suggests that land use can
lead to alternative states of stream form and function in the
Southern Rockies.

Multithread planform with subparallel channels separated by
vegetated islands occurs in relatively unconfined valleys of the
Southern Rockies as a result of abundant logjams that obstruct
flow and enhance channel avulsion and overbank flows.
Multithread planform equates to smaller individual channels
that can more effectively trap and retain wood pieces. Water-
sheds that underwent logging and tie drives that removed in-
stream wood have simplified streams with straighter, wider
channels and fewer obstructions such as channel-spanning log-
jams. Field observations of multithread channels in managed
forests are rare, further suggesting the simplification of stream
form and function in managed watersheds. The alternative
states of wood-rich and wood-poor streams have distinctly dif-
ferent feedbacks that maintain quasi-equilibrium (Figure 2). Be-
cause wood is a driver for channel physical complexity and
habitat for stream biota (Livers and Wohl, 2016), historical land
uses in the Southern Rockies have driven affected streams into
an alternative state with reduced wood, physical complexity,
and lower levels of ecological function relative to unmanaged
streams.

With time, historically managed watersheds could regain the
physical complexity associated with wood retention. However,
this is unlikely at sites that currently support different riparian
vegetation communities than those present prior to logging, or
at sites where the river corridor is constrained by a road that
precludes lateral channel migration and commonly is accom-
panied by in-stream wood removal or bank stabilization. Rela-
tively slow rates of recruitment of in-stream wood and low
retention capacity in channels with historical or contemporary
land use also limit retention of LW that is recruited. The com-
bined effects of persistent changes in riparian vegetation, lim-
ited retention of LW, and continuing management of streams
appear to constrain the ability of formerly or currently managed
streams to return to a physically complex, retentive state.

Allowing riparian forests to regrow and undergo natural se-
nescence and disturbances could enhance recovery of man-
aged streams to more natural, physically complex states
(Figure 2). Natural disturbances such as insect infestation and
fire can leave dead trees that remain standing for decades,
slowly introducing LW into channels and creating delayed re-
sponses of form and function in streams (Jackson and Wohl,
2015). In contrast, blowdowns and hillslope mass movements
cause fast, direct inputs of LW into streams, with more immedi-
ate effects on stream form and function. However, streams with
historical land use in the Southern Rockies are significantly
wider than the individual channels of their natural, multithread

Earth Surf. Process. Landforms, Vol. 43, 669-684 (2018)



ALTERNATIVE STATES OF FORESTED SOUTHERN ROCKY MOUNTAIN STREAMS 679

PC2 (10.37%)
0
|

e
PC1 (73.75%)
j: Logjams/100 m valley
Legend wv: Wood vol/100 m valley
ou wp: Pieces/100 m valley
® YU pbr: Prop. bridges & ramps
& YM nbr: Bridges & ramps/100 m valley
o PC ar: Area ratio
AU Ir: Length ratio
+ Multithread pv: Pool vol/100 m valley

jom: Logjam OM vol/100 m valley
pom: Pool OM vol/100 m valley
jhf: Avg logjam height/logjam freq

Figure 4. Principal component analysis (PCA) of subalpine data, with biplot of all wood and complexity (form and function) variables (see Table II)
and reaches plotted in PCA space. The lengths of lines correspond to magnitude of influence of variable. Fill colors of shapes designate stream cat-
egory: old-growth, unmanaged (OU) streams (n = 7), younger growth, unmanaged (YU) streams (n = 6), and younger growth, managed (YM) streams
(n = 9); shapes designate valley bottom confinement: unconfined (U) or partly confined (PC); plus sign in the symbol designates presence of
multithread planform. Response variable abbreviations defined in legend. [Colour figure can be viewed at wileyonlinelibrary.com]

counterparts (Livers and Wohl, 2016) and lack bridge and ramp
pieces that facilitate formation of channel-spanning logjams
(Beckman and Wohl, 2014b) following slow or fast wood re-
cruitment. LW pieces entering managed channels have to be
sufficiently long to span the bankfull channel width and initiate
logjams that result in the channel avulsions and overbank flow
if multithread planform is to develop. Also, reduced inputs of
LW in wider and simplified channels that lack obstructions to
trap individual wood pieces could result in greater downstream
transport of recruited LW. Bragg (2000) estimated that at least
200-250 vyears are required for LW loads in streams to reach
steady-state after anthropogenic disturbances in the Middle
Rockies of northern Wyoming, but this assumes that forests
are left without additional human disturbances.

The effects of natural disturbances on managed streams are
little studied. Because of our consequent lack of understanding
of ongoing channel adjustment, combined with the difficulty of
demonstrating ecosystem stability, we infer that streams in the
Southern Rockies that have undergone land use exist in an al-
ternative transient state (Didham et al., 2005; Schroder et al.,
2005; Fukami and Nakajima, 2011). Our study represents a
snapshot in time, whereas full recovery from land use may take
hundreds of years. Forest succession takes longer than the time
since logging and tie drives in the Southern Rockies, and suc-
cession and recovery within riparian and stream ecosystems
could take even longer because most stream ecosystems are
characterized by strong disturbance regimes — that is,

Copyright © 2017 John Wiley & Sons, Ltd.

fluctuations in physical environment strongly influence biotic
communities (Didham et al., 2005; Fukami and Nakajima,
2011).

Alternative states of stream function

All carbon storage estimates in this study represent a minimum
mean value, because many wood pieces can be buried in
channels and floodplains, and smaller quantities of in-stream
CPOM can be stored in local flow separation zones such as
those caused by bank irregularities, which we did not measure.
The valleys of unmanaged streams store large amounts of or-
ganic carbon in standing forests, dead wood on the floodplain,
floodplain sediments (Sutfin, 2016), in-stream wood, and
CPOM in logjams, pools, and bank irregularities. Because our
dataset lacked unconfined, unmanaged montane sites, signifi-
cant differences in carbon stored within floodplain wood and
pool CPOM were difficult to document, but mean and maxi-
mum values of these variables illustrate the large differences
between stream categories (Table Ill). Backwater pools at log-
jams provide stream ecologic functions related to aquatic hab-
itat (Fausch and Northcote, 1992; Richmond and Fausch,
1995), transient storage and hyporheic exchange important
for biogeochemical cycles (Gooseff et al., 2007), and food stor-
age (Ward, 1992). Significantly reduced pool volume in subal-
pine managed reaches implies significantly reduced stream

Earth Surf. Process. Landforms, Vol. 43, 669-684 (2018)
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function with respect to these ecological characteristics. The
significant reduction in carbon storage and pool volume ob-
served in managed watersheds (Tables Il and IIl, Figure 3)
(Beckman and Wohl, 2014a) suggests an alternative state of
stream function induced by historic land use in the Southern
Rockies.

Figure 5 illustrates the hypothesized transient state of
in-stream and floodplain wood loads, which are the main
components of carbon storage measured in this study, through
recovery time of different types and degrees of natural distur-
bances and land use. Natural disturbances to riparian forests
and valley bottoms in the Southern Rockies can increase wood
recruitment and storage of organic carbon for some period of
time before stability, or average state, can be reached, but land
use can lead to transient or stable (permanent) low carbon stor-
age, depending on the degree and duration of land use
(Figure 5A). Streams in unconfined valley bottoms are more
susceptible to this hypothesized sequence of changes
(Figure 5B) than more confined stream segments, which have
less floodplain area in which to store wood and are less altered
by natural disturbances or land use that influences wood re-
cruitment because LW is regularly moved during peak flows
confined to a limited channel cross-sectional area.

Carbon storage in the form of CPOM and LW is transient over
periods of days to months and years to centuries, respectively,
because CPOM and LW decay or are transported downstream.
The effects of land use, however, can lead to a reduction in
overall organic carbon retention in managed watersheds that
persists for at least a century, reducing available organic carbon
for riparian and aquatic biota and potentially altering long-term
carbon sinks in floodplain sediments. The cumulative effects of
such changes in first- to third-order streams that constitute the
great majority of channel length within a watershed (Freeman
et al., 2007; Downing et al., 2012) could be significant for re-
gional to global carbon dynamics (Sutfin et al., 2016).

Ecological function of the stream reaches we describe here
was evaluated by colleagues investigating stream metabolism
and aquatic and riparian biomass. High wood loads equate to
high transient storage and this typically corresponds to shorter
uptake lengths of nitrate (NO3) (Day et al., 2015, Submitted
for publication). Wood-rich channels have a greater proportion
of total stream area occupied by pool habitat, which is the most
biologically productive habitat on a per unit area scale
(Venarsky et al., Submitted for publication). Organic matter
and macro-invertebrate production per unit length of valley
are two to 21 times higher in wood-rich sites than in wood-poor
sites (Venarsky et al., Submitted for publication). Trout biomass
correlates significantly with the number of pools and standing
stock biomass of aquatic insects (Herdrich et al., In press). In
wood-rich sites, greater pool volume and insect biomass results
in trout biomass per unit area of channel that is four times
higher than in wood-poor sites. The ratio rises to nine times
higher trout biomass in wood-rich sites when considered per
unit area of valley bottom, because the wood-rich sites have
multiple subparallel channels that greatly increase channel
area per unit length of valley (Herdrich et al., In press). In sum-
mary, diverse measures of ecological function indicate signifi-
cant differences between unmanaged forest streams with high
wood loads and managed forest streams with lower wood
loads.

Management implications

Increasing appreciation for the ecosystem services that small
streams provide has promoted restoration projects on water-
sheds altered by land use (Wohl et al., 2015). Typically the
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Figure 5. Conceptual diagram of the influence of disturbances on in-stream and floodplain wood load over time, or the transient state caused by
disturbances. Vertical length of each loop reflects the magnitude of disruption and the horizontal length reflects the time needed to return to an ‘av-
erage’ state, or recovery time. Natural disturbances cause increases in wood recruitment and wood load, but in-stream wood load, which in turn af-
fects the stream ecosystem, eventually returns to some average background level indicated by the horizontal dashed line. Human disturbances (land
use) typically decrease wood recruitment and wood load, and the dashed lines within the recovery loops indicate that in-stream wood load, and
hence the stream ecosystem, may not be able to return to a ‘natural average’ value if the land use continues. (A) Generalized influence of disturbance
on wood load. Different disturbances have differently sized recovery loops because of the spatial extent of area affected: blowdowns in the study area
typically affect small patches of trees < 2.5 ha in extent (Wohl, 2013). Debris flow or landslide slope failures are likely to affect slightly larger stands of
trees < 20 ha (Patton, 2016), and stand-killing fires commonly have the greatest spatial extent, commonly 10°~10 ha. (B) Differences in magnitude of
system change in response to disturbance, and recovery time, between laterally unconfined and confined stream reaches. Unconfined stream reaches

are more affected by disturbances to riparian forests than are confined stream reaches.

focus of restoration aimed at sustaining native biota (Kauffman
et al., 1997) is on in-stream characteristics rather than riparian
forests, which are more likely to be managed in order to filter
excess sediment and nutrients moving from uplands toward
channels (Lowrance et al., 1985; Wallace et al., 1995; Gowan
and Fausch, 1996; Bernhardt and Palmer, 2011). Watershed
conservation practices implemented by the USDA Forest Ser-
vice for national forests of the Southern Rockies, for example,
do not prohibit riparian logging (USDA Forest Service, 1999;
Fausch and Young, 2004). Our results suggest that even when
restoration focuses on stream form and aquatic biota, including
both in-stream and riparian components is necessary.

Tie drives, for example, were particularly effective at chang-
ing channel geometry, in-stream wood loads, and substrate
grain-size distributions that facilitate and maintain multithread

Copyright © 2017 John Wiley & Sons, Ltd.

planform and complex stream form and function via trapping
of LW pieces. Describing streams in northern Sweden from
which large boulders were removed to facilitate log floating,
Polvi et al. (2014) suggest that the addition of boulders and a
variety of clast sizes could be a viable restoration technique
in managed streams with reduced wood loads because in-
creased substrate heterogeneity could help to promote in-
stream storage of wood. In the Southern Rockies, retention of
fallen trees killed during ongoing insect infestations or blow-
downs could be part of restoration in streams historically al-
tered by log floating.

For riparian restoration, specifying forest management prac-
tices that maintain riparian forest corridors and leave standing
and downed wood within the riparian zone would facilitate
wood recruitment to streams and allow managed watersheds
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to move toward their more physically heterogeneous and reten-
tive state, as also suggested for streams elsewhere (e.g. Jackson
et al., 2015).

Restoration of physical channel complexity does not guaran-
tee restoration of the biologic community structure found in un-
managed streams of the Southern Rockies because of reduced
longitudinal connectivity within stream networks, altered flow
regimes, and competition from introduced species (Fausch
and Young, 2004; Baxter et al., 2005). Complete restoration of
these mountain stream ecosystems likely will also require rein-
troduction of endangered native fish species and removal of
non-native species.

Climate change creates a further complication for stream res-
toration. Warming climate is likely to affect wood recruitment
and storage in headwater stream networks in the Southern
Rockies. Fires are predicted to be more frequent and intense
(Dennison et al., 2014), exacerbated by increased tree mortality
from insect infestations and drought stress (Van Mantgem et al.,
2009). Warming in high-elevation areas could alter snowmelt
hydrology (Bates et al., 2008) and thus wood transport and stor-
age within channels. Although the specific effects of climate
change on stream form and function remain unclear, changes
in natural disturbance magnitude and frequency are likely to
influence wood dynamics and therefore stream form and func-
tion in these watersheds.

Conclusions

Geomorphic thresholds, river metamorphosis, and complex re-
sponse are the geomorphic analogs to alternative states in ecol-
ogy. Southern Rocky Mountain streams exist in an alternative
state of form and function after logging and other historic land
uses. These land uses left managed watersheds in an alternative
transient state that is physically simplified and less retentive of
water, wood, and CPOM. River metamorphosis caused by land
use led to substantial changes in stream function that likely led to
alternative ecological states, as demonstrated by concurrent re-
search evaluating stream metabolism (Day, 2015), and diversity
and biomass of aquatic macro-invertebrates, salmonids, and ri-
parian spiders in the subalpine field sites described in this paper
(Herdrich, 2016; Venarsky et al., Submitted for publication.

Stream segments in old-growth forests with unconfined val-
ley bottoms of the Southern Rockies can store over 30 Mg of
carbon/100 m valley length (100 Mg C/ha), the majority of
which is found in dead wood, with smaller portions in in-
stream CPOM. Storage is significantly lower in managed water-
sheds (< 3 Mg C/100 m valley or < 15 Mg C/ha), suggesting
that land use in riparian areas here and in other regions can im-
pact organic carbon retention, ecosystem processing and
foodwebs, regional carbon cycles, and characterization of river
corridors as net carbon sources or sinks. Legacy riparian land
uses have had widespread and persistent impacts on stream
form and function in the study region. Maintaining existing ri-
parian forests and facilitating forest regrowth can be used to im-
prove the human-induced alternative state of streams in the
Southern Rockies.
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