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Wet meadow ecosystems are a useful natural laboratory in which to explore feedbacks
between biogenic and geologic controls on valley bottom landforms. Characterized by
flat valley floors flanked by higher-gradient hillslopes, these meadows are singular both
in that they represent depositional features in what is primarily an erosional environment,
and maintain high water tables in an otherwise dry environment. As such, they can
maintain high species richness relative to their surrounding landscapes, and are often
important agriculturally. In the last two hundred years, many such wet meadows have
rapidly incised, leading to broad successional shifts towards sparser, drought-adapted
species commonly found on the uplands. This has prompted a great deal of interest and
funding towards their restoration, and speculation as to the potential of their restoration to
augment late season baseflow. There are limited data documenting these restoration
projects, leaving open the question both of whether such projects are capable of
augmenting late season baseflow and, more fundamentally, whether these ecosystems can
be restored. At the heart of the latter question is an ongoing debate in the geomorphic
community as to whether incision is the result of anthropogenic (extrinsic) actions, or if
the processes controlling incision are coded into the landforms where it occurs (intrinsic).
In the case of the former, restoration could, presumably, undo human actions to restore
the processes by which the surface formed. In the case of the latter, incision may be an
inevitable byproduct of geomorphic history and processes. The objective of this work is
to better understand the mechanisms by which wet meadow ecosystems form and

degrade, and provide geologic and hydrologic context to the feasibility of current
activities aimed at their restoration. Using a combination of near-surface geophysics,
stratigraphic analyses, geomorphic mapping, vegetation surveys, hydrologic modelling,
and systematic literature review, this interdisciplinary work represents a discourse
analysis with low-order valleys in semi-arid landscapes. A rigorous geophysical
characterization of three variably incised wet meadows in the Silvies Valley suggests
side-valley fans creates slope breaks that both induce aggradation of sediment comprising
valley fill and generate knickpoints that propagate through valley fill, causing incision.
Unusual wavy structures with a high aspect ratio (1:1) are observed in geophysical data
underlying meadow profiles, potentially indicating biogeochemical coupling between
surficial features and deeper bedrock weathering processes. Physically-based hydrologic
modelling delves deeper into the geomorphic controls on bank discharge, and
demonstrates geometrically that many wet meadow restoration projects aiming to
decrease depths of incision will likely decrease streamflow. Finally, a new framework –
inverted expectation mapping – is presented and employed to synthesize disparate types,
sources, and records of data in an attempt to better understand the capacity of a new
restoration strategy, beaver-related restoration, to achieve a variety of objectives for
which it is employed. This analysis indicates that beaver should not be expected to
reliably behave in ways that meet human expectations of restoration, and that while
beaver-related restoration program should not be expected to increase streamflow, such
projects often reliably increase groundwater levels in the near-channel area provided
structures remain structurally sound. This last result reveals a common misunderstanding;
the term “streamflow” is commonly used to describe visual increases in available water,
when the physical quantity that has increased is more commonly groundwater or surface
water storage. More broadly, this work aims to explore the ways in which the material
and shape of the earth’s surface influences the ability for specific life forms to exist on it,
and the thresholds of surficial adjustment that exert biologically significant change. A
better understanding of these so-called “critical processes” are not only intrinsically
satisfying but, as will be argued, must be central to any human endeavor to purposefully
alter those same materials and shapes in service of desired outcomes.
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1.0 Introduction and Dissertation Outline
The topic of this dissertation is, broadly, an exploration of the ways in which the
material and shape of the earth’s surface influences the ability for specific life forms to
exist on it, and the thresholds of surficial adjustment that exert biologically significant
change. Variably incised wet meadows are a useful natural laboratory in which to
examine some of these thresholds and processes as they represent uniquely wet areas in
otherwise dry landscapes; uniquely depositional features in otherwise transportdominated energetic regimes; and are often themselves at the precipice of transition from
one metastable state to another. As a result, they have persisted as a fixture of human
interest, both for their ecological significance and their agricultural potential. This has
motivated a great deal of funding towards their restoration.
1.1 Wet meadows
The term “meadow” can be confusing as it is broadly used to describe a range of
ecological or geomorphic features. It is therefore useful to distinguish the species
comprising wet meadows as separate from the flat surfaces on which they are commonly
found in upland environments. Wet meadows of the type found in the semi-arid Western
United States are commonly considered groundwater slope wetlands (Brinson, 1993).
These wetlands occur where groundwater discharges either because the topography
intersects the potentiometric surface of a regional groundwater system, or because a
water-bearing strata dips towards the valley bottom, discharging springs at or near the
surface. They can be found on a range of gradients, but are distinct from depressional
wetlands in that flow is unidirectional (Smith & Steel, 1995) (Smith et al., 1995). These
wetlands are marked by shallow seasonal inundation following snowmelt, but no
persistent open water. Fens, which are wetlands in which peat is accumulating, fall within
this classification (Aldous et al., 2015). Many wet meadows also contain discontinuous
depressional wetlands located within slopes, where surface water may persist longer into
the season and outflow is exclusively through groundwater pathways (sensu Gwin et al.,
1999). The species comprising wet meadows are typically herbaceous, and include
sedges, rushes, and grasses (Galatowitsch et al., 2000). Wet meadows are highly valued
in semi-arid and arid landscapes owing to their species richness and endemism (Amon et
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al., 2002; Aldous et al., 2015). They are also considered important for agricultural
producers, who rely on the wet meadow grasses to support cattle in the late summer, after
other grasses have cured.
1.2 Upland Valley Floors
The flat surfaces extending between two adjacent hillslopes located in the headwater
reaches of mountain catchments are considered upland valley floors. Geomorphically,
upland valley floors include the channel, neighboring alluvial surfaces (floodplains and
terraces), and the sub-surface fill of the valley bottom extending vertically to
unweathered bedrock. In general these features are wider and the alluvial deposits are
much finer-grained than the coarser valley floor deposits described in steep mountain
basins (Grant & Swanson, 1995) The fills of upland valley floors are typically alluvial
and/or lacustrine but may contain some colluvium or debris fan material, particularly near
their margins with adjacent hillslopes or at tributary junctions.
The stratigraphy and sub-surface architecture of upland valley floors has not been
extensively characterized, but is typically composed of fine-grained, organic-rich, sand
and silt layers with occasional gravel lenses (Miller, Germanoski, Waltman, Tausch, &
Chambers, 2001; Wood, 1975). The spatial distribution, organization, and extent of these
deposits reflects their mode of origin, which can include deposition of channel bedload
(sand and gravel) or suspended load (silt to fine sand), to sheet flow deposits of sand, silt
and mud from hillslopes, to backwater deposition of fine silts and muds in beaver ponds
or behind temporary dams. Valley fills in any given valley floor can therefore range from
homogeneous to highly heterogeneous, depending on the relative importance of these
different depositional mechanisms.
Although there has been no systematic geographic analysis of the location, extent, or
geometries of upland valley floors, some general characterizations are applicable. As
with their coarser analogs (Grant & Swanson, 1995) upland valley floors are not
continuous along upland channels but typically border only a fraction of the channel
length. Intervening channel reaches without adjacent valley floors are often constrained
by valley walls or bedrock and are typically steeper. The gross morphology of upland
valley floors is relatively consistent. Gradients of valley floors typically average around
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0.001-0.03, with channel gradients less than or equal to this range, except where dammed
or blocked (Miller et al., 2001).
1.3 Channel Incision
Many streams in the semi-arid western US are deeply cut down or incised into their
upland valley floors (Bryan, 1925; Bull, 1997; Schumm & Hadley, 1957) (Bryan 1925,
Antevs 1952, Schumm and Hadley 1957, Bull 1997). These channels are often called
gullies or arroyos, though Bull (1997) has made the distinction between two, with gullies
being smaller, ephemeral features in the landscape while arroyos are larger and persist for
over 100 years. As channel beds lower relative to their surrounding valley floors, water
tables drop and high flows overtop channel banks less frequently, eventually resulting in
former floodplains being abandoned as terraces (Leopold et al. 1964, Elmore and Beschta
1989, Bull 1997, Loheide and Gorelick 2006). Depths of incision typically ranges from 220 m, and incised channels are often less sinuous and lack well-defined floodplains at the
bottom of their newly formed deep arroyos or gullies (Bull 1997). Floodplains that once
supported dense, mesic vegetation become terraces dominated by xeric or upland species
(Loheide and Gorelick 2005, Loheide 2008, Hammersmark et al. 2009, Booth and
Loheide 2010, Hammersmark et al. 2010, Loheide and Booth 2011). There are persistent
hypotheses that the loss of floodplain storage associated with channel incision has caused
channels that once flowed perennially to become intermittent or dry (Elmore and Beschta
1987, Swanson et al. 1987, Ponce and Lindquist 1990) but without a data-based
mechanism directly linking incision to changes in streamflow, independent shifts in
climate and land-use, this hypothesis remains only anecdotally supported.
The evolution of incision, once initiated, is well-described. These channels set in
motion a period of channel instability that often follows the conceptual model put forth
by Simon (1986), where initial degradation proceeds until a critical bank height is met
(Harvey and Watson 1986). That critical bank height is a function of the geotechnical
properties of the bank materials (Thorne and Tovey, 1981, Little and Thorne, 1982),
and subsequent channel widening, if it occurs, is driven by gravitational failures of the
channel bank (Bradford and Piest, 1980, Schumm et al 1984, and Little and Thorne,
1982). Channel widening proceeds until there is sufficient failed bank material to protect
the toe of the slope and allow for bank slope reduction and stabilization (Lohnes and
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Handy, 1968, Little and Thorne, 1982). Though the channel may re-stabilize, it may not
necessary aggrade to previous elevations, leaving a terraced historic floodplain.
Channel incision is most often reported in semi-arid landscapes (Bull 1997). These
regions are highly susceptible to erosion due to their limited vegetation cover and intense
precipitation events (Schumm and Hadley, 1957). Discontinuous ephemeral or
intermittent streams, in particular, appear to have an uncommonly high tendency to incise
(Bull 1997). This calls into question the inherent stability of the systems – are these
streams more prone to incisional processes by virtue of intrinsic characteristics and
processes, or have they been preferentially altered by land practices that can cause
incision?
This question of intrinsic versus extrinsic mechanisms for incision has been at the
heart of an academic debate on the initiation conditions of incising channels for over a
century. Interest in the topic emerged in the early explorations of the American West –
explorers making repeat trips to a region would report the rapid and often catastrophic
erosion of rivers on the order of 10-30 m in as little as five years (Dodge 1902, Bryan
1925). These reports suggest that these features had developed recently and rapidly,
starting in the mid- to late 19th century, on average (Bryan 1925).
The rapidity with which incision began following the introduction of cattle and
intensive grazing by European immigrants led many to believe that the two were causally
related. The mechanism by which it is thought this would trigger incision is that intensive
grazing of large ungulates in riparian areas can lead to a loss in aboveground biomass,
subsequent reductions in root mass, and a compaction of soils into trails. The effect is
twofold; the loss of root mass reduces soil cohesion, while the reduction in aboveground
biomass is linked to a loss of infiltration capacity and increased overland flow into the
cattle trails.
There are some problematic assumptions associated with this hypothesis. Areas with
no history of cattle grazing exhibit channel incision on the same order of magnitude as
grazed catchments (Dellenbaugh, 1912). The mechanisms by which cattle grazing is
purported to initiate incision diverge from field evidence. Incised streams are
characterized by an initially deep, narrow cut that gradually widens. The increases seen
in both overland flow and bank erosion would not create the necessary conditions of a
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sediment starved system to induce incision. These erosive conditions are commonly
found on the banks of the stream, not the bed. This suggests that while introduction of
livestock can accelerate flow concentration, soil compaction and vegetation removal,
there must already exist an over-steepening or base level change within the valley reach
that causes those processes to lead to incision, specifically.
The next group of hypotheses are related to change in the overall gradient of the
stream – either due to intrinsic or extrinsic forces. This group of hypotheses is based on
the physical concept that were a stream to steepen – either due to an uplift near its source
or a base level drop at its mouth – the resulting increase in stream power would re-grade
the stream to this new slope, creating an incised channel along certain reaches. This is a
well-established geomorphic phenomenon that is recorded in coastal deposits adjusting to
shifting sea levels.
Whether this was the mechanism directly responsible for incision of intermittent and
ephemeral streams in the Western US, however, has been more debated. It was assumed
in the early portion of the century that tectonic uplift was responsible for any incision
seen in a channel (Davis 1913). This was dismissed by Bryan (1925) as implausible, as
channel incision within a given region proceeds with equal magnitude in streams with a
myriad of aspects and average elevations. While tectonic uplift could cause incision
across a given region, it could not explain the broad-scale incision seen throughout the
West.
Patton and Schumm (1975) proposed that gully initiation was driven by a critical
threshold of valley slope relative to the drainage area (used as a substitute for discharge).
The curve they present suggests that in drainage basins greater than 1036 ha, gully
initiation can be predicted by valley bottom slope. A large body of work soon followed
examining the thresholds of valley slope and drainage area at which channel heads
initiate out of hollows, where colluvial deposition often dominates (Dietrich and
Montgomery 1989). Such hypotheses indicate that incision is a function of pre-existing
geomorphic conditions, though the catalyst by which the channel head initiates may vary.
A recent interest in so-called “beaver-related restoration” (Pilliod et al., 2018) reflects
the reemergence of support for the hypothesis that it was the removal of beaver by
trappers in the 1820s, and the subsequent breaching of their dams, that led to the gullied
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landscape of the West (Chadde and Kay, 1991; Wohl, 2006; Wolf et al., 2007; Persico
and Meyer, 2009; Pollock et al., 2015). This hypothesis has, in fact, existed since the
1880s, when Theodore Roosevelt cited the removal of beaver, in conjunction with
grazing and climatological cues, as leading to a gullied landscape.
"Now, in November 1887, it was frighteningly obvious that both the flora and the
fauna of the Badlands were facing destruction. There were so few beavers left,
after a decade of remorseless trapping, that no new dams had been built, and the
old ones were letting go; wherever this happened, ponds full of fish and wildfowl
degenerated into dry, crack-bottomed creeks. Last summer's overstocking,
together with desperate foraging during the blizzards, had eroded the rich carpet
of grass that once held the soil in place. Sour deposits of cow-dung had poisoned
the roots of wild-plum bushes, so that they no longer bore fruit; clear springs had
been trampled into filthy sloughs; large tracts of land threatened to become
desert. What had once been a teeming natural paradise, loud with snorts and
splashing and drumming hooves, was now a waste of naked hills and silent
ravines. “ – Letter from Theodore Roosevelt (Morris, p 386-388)
This hypothesis of beaver-induced incision grew out of the hypothesis of the
beaver-meadow complex, as presented by Ives (1942) as a correction to the
previously held idea that the wet meadows prevalent throughout much of the area
were the result of glaciation. This hypothesis suggests that well-built beaver dams
aggrade sheet-flood sediments and peat in such a way as to induce aggradation on
valley floors throughout montane regions, and elsewhere. Recent observations
demonstrate that beaver dam abandonment can cause channels to incise through
aggraded pond sediments (Wohl, 2006) in a similar manner as decommissioned
small mill dams (Walter and Merritts, 2008).
More recent geologic investigations suggest beaver-induced deposition, and
thus, incision, may be regionally specific. Polvi and Wohl (2012) find that 3350% of post-glacial alluvium in a Rocky Mountain stream bottom is the result of
sedimentation behind beaver ponds, with individual packages of sediment ranging
from 0.1- 1 m in thickness. Persico and Meyer (2009) find that, in Yellowstone,
beaver pond sedimentation is typically thin (<2m), discontinuous, and limited by
high stream power on most reestablished channels. They interpret the strong
correlation between incision and presence of beaver aggraded-sediments, and
multiple episodes of incision observed in the geologic record, as evidence that

7

beaver dam-building is cyclical, and that incision commonly follows dam
abandonment.
1.4 Restoration of incised wet meadows
There are long-held arguments that restoring incised channels by aggrading their beds
can convert intermittent streams to perennial, increase summer streamflow, and
reestablish riparian and wetland vegetation (Elmore and Beschta 1987, Ponce and
Lindquist 1990, Lindquist and Wilcox 2000, Zierholz et al. 2001, Pollock et al. 2003).
To date only one study has provided direct evidence and statistical support for a change
in stream flow, however the degree to which an unaccounted-for tributary affected the
observed changes in streamflow in this study have not been fully assessed (Tague et al.
2008). Nevertheless, the ecological benefits supporting such restoration actions are welldocumented: wet montane meadows are key locations of biodiversity, particularly for
avian (DeSante and George 1994, Dobkin et al. 1998) and aquatic species (Moyle 1996);
loss of riparian vegetation reduces shading and allochthanous inputs to the stream
(Gregory et al. 1991); and incised channels have limited slow water refugia necessary for
aquatic species (Shields et al. 1994, Shields et al. 1998).
Restoration strategies aimed at addressing these issues range from “hard” approaches
that include channel reconstruction, plug-and-pond, and rock weir construction to the
“soft” approaches of using natural materials, artificial beaver dams, and beaver dam
analogs to raise water table levels in adjacent floodplains (sensu Kauffman et al., 1997).
Though the applications can vary, one commonly used iteration involves building a new,
smaller channel near the top of the valley floor or rerouting the stream to a former
channel in a similar location. The incised channel is then filled with local alluvial
material sourced from the excavation of a series of ponds that are then left in the
floodplain for habitat purposes (Lindquist and Wilcox 2000). An emerging strategy relies
on the use of beaver, their dams or structures designed to mimic their dams, as a means
by which to accomplish wide-ranging ecological objectives (Pilliod et al., 2018). Despite
their popularity; these strategies have limited data documenting their effectiveness, and
what data exists are often conflicting with regards to changes in outgoing streamflow.
1.5 Dissertation Outline
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The objective of this work is to better understand the mechanisms by which wet
meadow ecosystems form and degrade, and provide geologic and hydrologic context to
the feasibility of current activities aimed at their restoration. This research therefore
straddles both the conceptual and the applied, and broadly aims to lend rigorous
mechanistic thinking and geologic context to human activities on the landscape.
The three pieces of this project share a common setting and explore a range of
interrelated disciplines.
Chapter 2 sets the scene, describing in detail the geology, geomorphology and
hydrology of a series of wet meadows in Silvies Valley, OR, through a series of nearsurface geophysical surveys, stratigraphic analyses, and field mapping. This chapter
explores feedbacks between surficial processes and bedrock, and identifies thresholds of
process associated with deposition and erosion in these environments, as well as those
processes specifically controlling the occurrence of wet meadow communities.
Chapter 3 presents a physically based model for evaluating the relationship between
depth of incision and groundwater discharge. This work applies the linearized long-time
solution to the Boussinesq equation and superimposes generalized groundwater and
evapotranspirative rates to predict the trajectory and magnitude of change. This work thus
identifies the mechanisms by which groundwater responds to geomorphic adjustments
and processes responsible for water retention in floodplains, which have broad utility in
guiding current wet meadow restoration programs.
Chapter 4 is an interdisciplinary paper that evaluates the capacity of beaver-related
restoration to address a variety of social, ecological, and hydro-geomorphic problems
using a newly developed framework – inverted expectation mapping. This chapter
presents a new framework by which to integrate disparate and/or incomplete data
sources, types, and collection in service of understanding the potential for BRR to
achieve myriad expectations. Specifically, this work incorporates human perception of
change and values into our evaluation and identifies areas in which human perception of
surficial response is different than what actually occurs.
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2.1 Introduction
Wet meadows located on low-gradient, low-order valley floors represent a ubiquitous
feature of montane landscapes in the U.S. West and semi-arid regions elsewhere in the
world. Wet meadows and the upland valley floors on which they are found represent
functionally unique locations in their broader ecological, hydrologic, and geomorphic
settings. Commonly found in semi-arid areas, wet meadows maintain persistently high
water tables, even late into summer. As a result, these discrete wetlands often contain
locally endemic, wetland-obligate plant species, and have greater species richness than
elsewhere in the sagebrush-steppe landscapes where they are often nested (Amon et al.,
2002; Dwire et al., 2006). Characterized by flat valley floors flanked by higher-gradient
hillslopes, these meadows are unique both in that they represent depositional features in
what is primarily an erosional environment, and maintain high water tables in an
otherwise dry environment. Where one might expect to find coarse, colluvium filled
hollows or bedrock channels, instead, there are gently sloping, densely vegetated valley
floors. As such, they serve as long-term chronometers of both geological and ecological
processes in a portion of the landscape where such records are rare, and support a number
of ecologically important functions.
Though categorically depositional, wet meadows and the upland valley floors on
which they are found have been shown to rapidly incise, creating valley floors
characterized by deep arroyos, declining water tables, and sparse sage-steppe species
(Bryan, 1925; Antevs, 1952; Bull, 1997). Fundamentally, erosion occurs when the
transport capacity exceeds the sediment supply of a given area (Lane, 1955). Incision,
specifically, occurs when erosion is concentrated at the bed of a channel, causing it to
lower relative to surrounding fill; this is commonly a result of a migrating knickpoint that
initiates due to a locally over-steepened zone of the longitudinal profile (e.g. base level
fall, valley constriction, resistant bedrock). Numerous hypotheses have been proposed
explaining incision into valley fill in semi-arid environments: intensive ungulate usage
(Dodge, 1902; Gifford and Hawkins, 1978; Zierholz, 2001), removal of beaver (Russell,
1905; Buckley, 1993; Peacock, 1994; Pollock et al., 2015), climatic shifts (Visher, 1913;
Bryan, 1922; Schumm and Hadley, 1957; Hereford, 1984; Hall, 1990), and intrinsic
slope/discharge area thresholds of channel head cutting (Patton and Schumm, 1975;
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Wood, 1975; Schumm, 1973; Montgomery and Dietrich, 1989). While it is likely that the
specific mechanisms responsible for incision vary geographically, disentangling these
causes has remained an active area as research as restoration programs seek to reverse
incision by addressing the specific causes of incision (e.g. cattle management, beaver
reintroduction, sediment additions, knickpoint armoring, etc.)
A smaller, but equally rigorous body of research has turned its attentions to the
mechanisms responsible for the construction of upland valley floors and the meadows
that form on them. A clearer understanding of the mechanisms responsible for the
construction of a valley and meadow in a given location may lend insight into the set of
mechanisms by which incision might have occurred and, thus, which management
strategies aimed at meadow restoration might be most effective. Aggradation
fundamentally requires that the volume of size of incoming sediment exceeds the
transport capacity of the channels draining a valley floor (Lane, 1955). The fine-grained
nature of most valley fills on which meadows are found (Grant and Swanson 1995;
Aldous et al., 2015) suggests these features form either as a result of large sediment
inputs or hydrogeomorphic conditions giving rise to low-energy environments (e.g. low
slope, impounding features, limited surface water).
A few models of meadow formation exist. Koehler and Anderson (1994) interpret
high sediment accumulation rates in the Sierra Nevada, which start at 8800 YPB, as being
the result of a warming, drying trend that caused local stands of giant sequoia to fall and
accumulate sediment behind them. These sediments later filled with water as a result of
neoglacial cooling at 3000 YPB, which raised water tables sufficiently to exclude
conifers and support wet meadow plant communities. Careful stratigraphic descriptions
and geochronology of meadows elsewhere the Sierra are consistent with this theory
(Wood, 1975). In the Great Basin, Miller et al (2000) interpret the presence of meadows
as resulting from a climatic shift towards warmer, drier conditions between 2500-1300
YPB that caused large volumes of fine hillslope sediment to erode simultaneously into
axial valleys as both large side-valley fans and background, axial valley fill. By this
model, side-valley fans, once mantled with fine sediments, effectively act as natural dams
(e.g. Costa and Schuster 1985), storing water and sediment up-valley. These features
begin to incise once sediments are winnowed from hillslopes and sediment influxes
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decrease. Another model of meadow formation is that of the beaver-meadow (Ives, 1942;
Chadde and Kay, 1991; Wohl, 2006; Wolf et al., 2007; Persico and Meyer, 2009; Polvi
and Wohl, 2012). This model suggests that subsequent generations of beaver dams fill
with sediment, creating multi-story fine-grained deposits. The diverse hypotheses
proposed for meadow formation may each be valid for a subset of geographic areas, and
it is reasonable to assume that meadows formed by different processes bear different
geomorphic signatures and subsurface architectures.
Historically, insight into subsurface architecture has been gleaned through careful
coring and stratigraphic analysis, with the opportunity for a more continuous descriptions
along continuous cut banks (Wood, 1975; Welcher, 1993). Recent advances in nearsurface applications of geophysical techniques provide a new tool by which to create
non-invasive 2 and 3-dimensional views of area underlying valleys (Robinson et al.,
2008; Holbrook et al., 2014; Rempe and Dietrich, 2014; St. Clair et al., 2015; Flinchum
et al., 2018) Specifically, seismic refraction has been shown to be useful in imaging the
architecture of fill, regolith, and bedrock underlying landscapes, while resistivity is useful
for imaging subsurface features related to the presence, movement, and persistence of
water (Robinson et al., 2008). Combining the two has been suggested as a powerful tool
for imaging near-surface geology (Meju & Gallardo, 2003). Seismic refraction and
ground-penetrating radar have previously been applied in montane meadows, revealing
different sets of geologic controls on meadow occurrence and characterizing patterns of
valley fill underlying meadows (Germanoski et al., 2011).
The goal of this paper is to tease apart the nested hierarchies of processes controlling
the distribution of moisture in upland valley floors that give rise to perennially moist,
green wet meadows. Specifically, we seek to (1) characterize valley fill comprising these
valley floors (2) determine bedrock architecture underlying meadows and (3) propose a
process-based conceptual model of controls on valley fill aggradation and incision for
this location.
2.2 Location
This exploratory examination of feedbacks, controls, and critical processes in wet
meadows focuses on low order (Strahler 2nd and 3rd order) valley floors in the Silvies

18

River Basin, Oregon. The Silvies River watershed (3297 km2) drains the northern-most
extent of the endorheic Great Basin to Malheur Lake, Harney County, Oregon. Average
annual precipitation ranges from 14-20 cm/year, with the majority falling as snow during
between October and March.
The Silvies River Basin lies at the southern edge of the Blue Mountains province and
the northern edge of the High Lava Plains. Its geology therefore reflects the processes of
Cenozoic terrane accretion, Miocene volcanism, and the onset of extensional tectonics in
the Pliocene, resulting in complex structural relations among rocks of diverse type and
age (Crowley, 1960; Dickinson and Vigrass, 1965). The sedimentary rocks are
extensively deformed, with multiple apparent episodes of folding and faulting. The
structures are poorly described in the Silvies Quadrangle owing to the poor exposure of
the sedimentary rocks in this area, but are extensively documented in the Izee-Suplee area
to the north (Dickinson and Vigrass, 1965. Plate 2). Normal faults in the regions to the
east and west of the valley are aligned NNW-SSE, reflecting orientations typical to the
Brothers Fault Zone (SW of the area). Faults trending NE-SW or E-W are more common
within the Cenozoic sedimentary units, reflecting the orientation with which terranes
accreted onto the plate boundary.
The Silvies Valley is an elongated valley trending N-S with a broad, low-gradient
floodplain and single-threaded meandering channel with a fine-grained bed and main
channel that is somewhat incised. Though there are no mapped faults, the basin appears
to be structurally controlled, with an orientation similar to the extensive N-S trending
fault-block basins immediately to its east. There are extensive, elongate fan deposits
along the western Silvies valley margin and rounded, diffusive foothills along the eastern
margin. Small tributaries extend E-W into the main valley, most of which have modest
drainage areas, poorly developed channels and intermittent, ephemeral flow.
2.2.1 Study Sites
Our investigation is focused on three upland valley floors containing wet meadows
along the West Fork (VF-1 and VF-2) and Main Stem (VF-3) of the Cottonwood Creek
drainage (14 km2) (Fig 2.1). The West Fork tributary and most of the Main Stem of
Cottonwood Creek are underlain by the mildly metamorphosed shales and sandstones of
the Izee Groupi (Crowley, 1960). In outcrop, shales of the Izee Group are highly fractured
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and crumble readily to angular, slatey fragments. Many local road surfaces are paved
with aggregate from this unit and it appears to abrade quickly into a fine silt and/or clay.
The East Fork of Cottonwood Creek drains an area predominated by the extensive flow
basalts associated with the Strawberry Volcanics.
Two more resistant rock types punctuate the sedimentary rocks comprising the
catchment. A mafic dike outcrops in two locations on the road-cut running parallel to the
creek, located next to the side valley fans separating VF-1 and VF-2 (Crowley, 1960)ii.
The Main Stem of Cottonwood Creek crosses through resistant welded tuffs near the
down valley boundary of VF-3. No faults have been formally mapped in the Cottonwood
Creek area, though the sharp 90 degree orientation of the West Fork’s channel planform
and the alignment of displaced ridgetops to the NE of this channel may indicate either
conjugate faulting associated with Pliocene extension, or earlier faulting during accretion.
2.2.1.1 Valley floor 1
The uppermost valley floor (VF-1), is located on the West Fork of Cottonwood
Creek, a second order drainage. This elongate valley floor is 380 m long and 40-80 m
wide with a single shallow (0.3 m) channel emerging in its lower 90 m. A linear
topographic high spans the valley floor just downstream of the channel head; this has
been interpreted as a relict beaver dam on the basis of chewed wood observed on the
surface and within the feature. The upper half of this valley is typically saturated through
April (WT at or ~2 cm above surface) and slowly drains till October, when the water
table is between 10-15 cm below the surface. The lower half of VF-1 maintains saturated
conditions perennially, with up to 10 cm of standing water at its surface during July.
Though VF-1 has two surface water inlets, there is not geomorphic evidence of frequent
flow in either (e.g. well-defined banks, bed organization, etc.). There is a single surface
outlet of the valley that flows perennially. VF-1 is truncated by three small knickpoints
(collectively representing 2.5 m drop), after which a shallow (0.5 m) single-threaded
channel flows through a narrow valley constricted by three side-valley fans before
entering VF-2.
The species comprising the meadow on VF-1 are predominately Carex sp. and Juncus
balticus, with common FACW graminoids (e.g. Deschampsia caespitosa). A 250 m2
patch of dense Carex aquatilis is located in the upper quarter of VF-1 and maintains
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perennial standing water. This patch is identifiable on aerial images by its persistently
darker green color. The meadow on VF-1 may thus be considered a moist/mesic meadow
with patches of wet meadow (sensu Dwire et al., 2006; Trowbridge et al., 2011).
2.2.1.2 Valley floor 2
Valley floor 2 (VF-2) is located below VF-1 and terminates just above the confluence
of the West Fork and East Fork of Cottonwood Creek. It is 230 m long and 20-40 m wide
with two shallow (0.2-0.3 m) channels draining its upper half and a variably incised
channel (1-2 m) draining its lower half. There is a sharp, 1.5 m knickpoint mid-way
through the valley located at an abandoned beaver dam. The banks of the channel through
the incised reach are vertical to undercut. The incision lessens towards the down valley
boundary, where a shallow channel reemerges, constricted between two low surfaces, a
small-side valley fan, and the nose of the ridge dividing the East and West Fork. This
lower valley on the West Fork maintains higher water table conditions in its upper two
thirds, where the channel has not yet incised; the lower third, where incision is nascent,
maintains a water table within 5-10 cm of the surface with limited standing surface water.
There is a perennial surface inlet to this valley, and one perennial surface outlet. Two
knickpoints (0.5 m; 2.5m) mark the confluence of the West Fork of Cottonwood Creek
with the East Fork.
The species comprising the meadow on VF-2 are predominately Carex sp. and Juncus
balticus, with common FACW graminoids (e.g. Deschampsia caespitosa). A single Ribes
sp. grows on a topographic high that has been interpreted as an abandoned beaver lodge.
Small patches (<2 m2) of Carex aquatilis occur throughout the valley, but are considered
sufficiently small as to not represent an independent plant community. The low surfaces
adjacent to the shallow channel near the down valley boundary have an overstory of
Artemesia tridentata and an understory characterized by native and non-native
graminoids (e.g. Festuca idahoensis, Pascopyrum smithii) and forbs. Individual
Artemesia tridentata can be found on small topographic highs among the herbaceous
species comprising the rest of the valley floor in this area. We interpret VF-2 as
exclusively moist/mesic meadow (Dwire et al., 2006; Trowbridge et al., 2011) with
incurring dry-shrub communities near its down valley boundary.
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2.2.1.3 Valley floor 3
The lowest valley floor (VF-3) is located along the Main Stem of Cottonwood Creek.
This valley floor is 30 – 100 m wide. Its channel is incised between 3-6 m. The deepest
incision occurs in locations where the channel erodes the toe of a hillslope. The channel
meanders through in a narrow (2-5 m), meandering inset floodplain between paired fill
terraces. The banks bounding the inset floodplain are unvegetated, angled at 20-25
degrees, and are eroding laterally. The longitudinal profiles of the terraces are planar to
slightly convex, while the longitudinal profile of the channel itself is concave, but poorly
graded with multiple small (<0.5 m) knickpoints along its course. The channel
periodically shifts from open channel flow to sheet flow through dense herbaceous
vegetation. Its substrate is predominately silt with some fine sands and gravels, though
where the channel has incised into the hillslope the bed material is anomalously coarse,
with sub-angular cobbles to boulders. The Main Stem flows perennially but
intermittently; the incised east fork tributary flows only ephemerally following snow melt
or precipitation. This incised reach has a water tables that will rise to approximately 1-1.5
m below the surface in the winter, and drop to >3 m during summer months. There are a
few locations where water appears at the surface in late winter/early spring, typically
immediately downstream of small hillslope hollows or drainages.
Each geomorphic surface in VF-3 hosts a distinct plant community. The fill-terraces
are dry-shrub communities, with predominantly Artemesia tridentata with an understory
characterized by native and non-native graminoids (e.g. Festuca idahoensis, Pascopyrum
smithii) and forbs. There are discrete locations of moist meadow species (e.g. Carex sp.,
Deschampsia caespitosa) associated with small spring seeps at the base of side-valley
hollows. The north-facing hillslopes hold small patches of Pinus ponderosa, and
individual trees can be found on the valley fill next to these hillslopes. Incised channel
banks are typically unvegetated, though some hold small Pinus ponderosa and invasive
Cirsium arvense. The inset floodplains contain species similar to the moist meadows, but
with a discontinuous overstory of riparian hardwoods (Alnus sp., Ribes sp., and Salix sp).
As incision lessens near the base of VF-3, seasonal backwater due to an irrigation
impoundment creates moist meadow conditions with seasonal emergent wetlands.
2.3 Methods
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2.3.1 Geomorphology
A longitudinal elevation profile of the West Fork, East Fork, and Main Stem
Cottonwood Creek was surveyed in July of 2014 using a real time kinematic GPS (<3 cm
horizontal and vertical error typical). Survey points were taken every 1 m, with additional
density above and below knickpoints to resolve their height. In areas with standing water
or loose sediment, elevation was taken at point of resistance. Channel incision was
mapped via the NorTOM procedure (Castillo et al., 2014), an algorithm that extracts
gullied features from LiDAR. These algorithmically mapped extents were ground-truthed
with survey data; algorithm thresholds were manually iterated to approximate incision
extents observed in the field. This procedure also produced maps of normalized elevation
and slope that were used for geomorphic interpretation (Fig 2.2).
2.3.2 Fill characterization
We characterized fill in the three study sites using a combination of direct-push coring,
hand-augered samples, and mapping exposed sediments in cutbanks. In un-incised valley
floors (VF-1 and VF-2), three continuous direct-push cores were collected using a
GeoProbe DT22. Cores were collected to depths of 7-10 m in increments of 1.5 m. The
uppermost core was opened on site to determine extent of compression due to soggy,
unconsolidated top sediments – if compression was greater than half the length of the
liner, a new location was selected for coring. In locations too wet to access with the drill
rig, hand-augered samples were collected with an open-cylinder mud auger, described
and bagged every 0.5 m. Direct-push cores were photographed and analyzed using an
Itrax XRF core scanner at the Oregon State University Marine and Geology Repository
Corelab. In the incised valley floors (VF-3), one direct-push core was collected using
similar methods as in the un-incised valley floors, and fill was characterized at six
additional locations along exposed cutbanks. The location of descriptions was mapped
using survey-grade GPS, and hand-corrected on LiDAR maps in locations where cut
banks obscured satellite coverage. Sediments were classified on the basis of size (gravel,
sand, silt, mud, and organic), and any tephras, bedding structures, or pedogenesis are
noted.
2.3.3 Geophysical surveying
2.3.3.1 Electromagnetic induction (EMI)
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Electromagnetic induction (EMI) calculates an apparent value of soil electrical
conductivity by inducing an electromagnetic field within the shallow subsurface of the
medium over which the survey is conducted. Such values often correlate closely with soil
texture, salinity, or moisture content (Allred et al., 2005). EMI of the valley floors and
hillslopes along the West Fork and Main Stem of Cottonwood Creek was surveyed using
a Geophex GEM-2, a multi-frequency (300 Hz- 96kHz), fixed coil separation sensor.
Surveys were completed between July 13 and July 16, 2015. Initial surveys were
conducted on valley floors and hillslopes, but after preliminary data showed that
hillslopes had soil conductivities of nearly zero, efforts were focused on valley floors,
instead. GPS tracks of coverage density are in Fig 2.12. EMI data were mapped using
TotalEC (mS/m) outputs using a minimum curvature method in Surfer.
2.3.3.2 Electrical Resistivity
Electrical resistivity, specifically direct current (DC) resistivity, provides information
about the resistivity (inverse of electrical conductivity) of the materials comprising the
subsurface. Resistivity is therefore be a function of moisture content (dominant factor),
porosity, ion concentration, temperature, and specific minerals’ resistivity. Resistivity
was collected over seven transects (Fig 2.1) using Advanced Geosciences, Inc (AGI)
SuperSting R8/IP/SP Resistivity meter, with 56 electrodes. Surveys were completed
between July 13 and July 16, 2015. Elevation profiles associated with resistivity data
were extracted from 2009 LiDAR of the area. All resistivity surveys used a dipole strong
gradient array and the roll-along feature to save time. Electrode spacings and number of
deployments for each transect are included in Appendix 1. Resistivity data were
processed in Matlab using R2 v 2.7a, a forward/inverse solution in a triangular mesh
(Binley, 2013).
2.3.3.3 Seismic Refraction
Seismic refraction measures seismic p-wave velocity in the materials comprising the
subsurface. It is therefore generally a function of porosity or fracture density, and is
commonly used to identify bedrock depth and structure, fault zones, and the depth of
weathering zones into bedrock. Seismic refraction data were collected on seven transects
(Fig 2.1) a Geometrics Geode seismograph and 24-channel, 40-Hz vertical component
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geophones. Surveys were completed between July 13 and July 16, 2015. Geophones were
spaced at 1m and shots were spaced at 5m for all transects. Elevation profiles associated
with seismic data were extracted from 2009 LiDAR of the area. The length and number
of deployments for each transect are included in Appendix 1. First returns (p-waves) were
picked in GeoGiga; initial models for tomography were set to a 40-m depth with 4000
m/s velocity at the base and 300 m/s velocity at the top.
2.4 Results
2.4.1 Geomorphology
Processed LiDAR imagery of the three valley bottoms in question confirms patterns
of incision observed in the field. VF-1 is unincised and contains two very small channels
(<1 m width, <0.3 m depth) emerging in the lower third of the valley fill. These channels
are narrow and emerge down valley of a large tributary drainage that enters the valley.
The channels converge to a single channel downstream of an abandoned beaver dam,
increase in width and depth (1-2 m width; 0.2-0.5 m depth). The planar to slightly convex
deposits characterizing the valley floor VF-1 give way to a narrow valley constricted by
three side-valley fan deposits. Three knickpoints separate the thick deposits of valley fill
comprising VF-1 from the narrow valley below. The lowest knickpoint is also the largest
(2 m), while the upstream knickpoints are 0.5 m and 0.2 m, respectively.
Side-valley fans are distinguishable by the coarse, unsorted surficial deposits that fine
towards its margins and their characteristic fan shape that extends into axial valleys
downslope of hillslope draws. The side-valley fan immediately downstream of VF-1
appears to have constricted the entire valley floor, and a small seep of water emerges
from its downstream face. The deposits of the two down-valley side-valley fans thin
towards their margins, and do not completely constrict the valley bottom. The water
flows between these fans as a single, slightly entrenched channel.
The upper half of VF-2 is unincised and contains five very small, discontinuous
channels (<0.5 m width; <0.2 m depth). All but one of these channels are
indistinguishable from standing water observed in the field and emerge only in processed
LiDAR imagery. These channels converge into one main, partially incised channel at the
crest of an abandoned beaver dam. The 1.5 m knickpoint is located at a 20 cm diameter
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log that spans the width of the knickpoint and is buried in bank deposits. This moderately
incised channel extends for 50 m down-valley. Incision lessens towards the bottom of the
valley fill, which is also marked by a narrowing of the total valley width. Two
topographic highs constrict the single channel into a small inset floodplain. The high to
the north of the channel displays sediment and morphology consistent with a side valley
fan. The topographic high to the south has coarse, poorly sorted surficial sediments, but
does not display typical side-valley fan morphology, and it is therefore not classified as
such.
The confluence of the West Fork of Cottonwood Creek is marked by two knickpoints;
the lower knickpoint is 2.5 m high and maintains a narrow channel gully for 5 meters
before widening to join the East Fork of Cottonwood. The upper knickpoint is 0.3 m
high, located 8 m upstream of the lower knickpoint. The locations of these knickpoints
coincide with the position of a gravel road and two small culverts.
The majority of VF-3 is incised 2-5m by a single threaded channel. Greatest depths of
incision are located where the channel undercuts hillslopes. LiDAR imagery reveals a
number of small, discontinuous linear depressions (<1 m deep) on the fill terraces that are
not immediately visible in the field. Depth of incision decreases with downstream
distance; the lowest 150 m of VF-3 is incised less than 2 m. A road crosses the downvalley terminus of VF-3, impounding water and sediment on its upstream face. Five
small knickpoints (0.2 – 0.5 m) were measured along the inset floodplain of the channel
draining VF-3. Three are located at channel-spanning logs or thickly bound woody root
mats; one is located at an armored cattle crossing; another is located at a small reach of
coarse substrate due to undercut hillslope deposits.
2.4.2 Fill characterization
2.4.2.1 Un-incised valleys
Valley fill in VF-1 and VF-2 was characterized to a depth of 10 m with direct push
cores and 5 m with hand-augers. Direct push cores were taken nearer the lowest end of
the valley, and hand-augering was used mid-valley. Sediment at the base of the cores (65m, Fig 2.11) is characterized by gravelly sands. Gravels are subangular and fine (4-8
mm), comprising <20% of the section. The lower contact of the gravelly sands wasn’t
captured, but its upper contact is characterized by deepening hue and chroma, increased
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organics and slight fining. A sharp planar contact marks the transition to matrix supported
angular gravels (2-20 mm) above. This bed is 0.3 m thick and reverse graded with a
matrix of sand and silt. A second bed (0.3 m) of gravelly sands is found on top of the
matrix supported gravels. The texture and color of this bed are consistent across its depth.
The next 2.5 m of fill (5-2.5m) are characterized by interbedded sands and fine. Beds
of sandy silts to sands are moderately sorted, and are all between 20-50 cm thick. The
two uppermost beds of these sandy silts display horizontal bedding. Beds of silt to mud
comprise the majority of the interbedded deposits and range in thickness from 2 – 20 cm.
There is no apparent pattern to thickness of fines with depth between 5m and 2.5m depth.
From 2.5 – 0.5 m, the fill is predominantly composed of organic-rich fines that display
some horizontal bedding. Small pieces of wood are found periodically in this bed. There
is no clear sorting evident within beds. The upper 0.5 m of the core is sandy silt with no
clear structures or bedding. The top of this bed is marked by deepened color (low-value,
high-chroma) and an increasing density of roots. Three thin (<3 cm) well sorted, highvalue, low-chroma siliceous deposits lie between 5.5-4m; another is found near 1 m
depth.
Hand-augured taken from the upper portions of the meadow display similar gross
patterns, but appear less heterogenous. This may be due to the sampling method, which
does not allow for as detailed observations of bedding or sedimentary structure. Here, fill
from 5-2.5 m depth is predominantly sandy silt. A thick layer of tephra (30 cm) lies
between 2.5-2 m depth, and is overlain by a thick continuous deposit of organic rich,
peaty fines. No coarser surficial deposit (e.g. sandy silt) is observed in this location.
2.4.2.2 Incised valleys
Valley fill in VF_3 was characterized to a depth of 7 approximately 2.6 m with five
cleared cutbank outcrops. Few cutbanks displayed laterally continuous sedimentary
structures, and cutbank characterization was therefore done along single, vertical
measured sections. Valley fill described along cutbanks is characterized by interbedded
silts and gravelly sands. Beds of each are typically 10-30 cm thick. Gravels are subangular and fine (2-7 mm), with rare pebbles (20 mm). Beds of sandy gravel are typically
normally graded with planar lower contacts. Interbedded fines characterized by friable
low-chroma fines with blocky textures and rare to common rootlets (<5%). The surface

27

of the incised valley is characterized by a normally graded silty sand to gravelly sand bed.
Gravels are typically sub-angular to angular and fine. Roots increase in density and size
towards surface.
2.4.3 Geophysics
2.4.3.1 Seismic refraction and electrical resistivity tomography
Three longitudinal profiles and five cross-sections were taken in VF-1 and VF-2 (Fig
2.1). Seismic velocities, broadly, are a function of porosity, fracture density and stress
state (E.g. shear failure potential), and can therefore place a minimum estimation of the
water storage capacity of the subsurface (Holbrook et al., 2014). Refraction is also
commonly used in near-surface studies for identifying boundaries between bedrock (low
porosity) and saprolite or soil (high porosity). Electrical resistivity is a physical property
that represents the inverse of a material’s capacity to conduct electricity; it is therefore a
complicated function of moisture content, porosity, salinity, temperature, and the
resistivity of minerals. Materials like fresh water, wet soil and clays typically have low to
moderate resistivities (1 to 100 ohm-m); variably saturated alluvium dry soil might have
moderate resistivities (1 to 1000 ohm-m); while gravel and bedrock have high resistivity
(100 – 10,000 ohm-m). Both seismic refraction and electrical resistivity tomography (Fig
2.3-2.9) measure physical properties at depth along a linear track; EM surveys (Fig 2.12,
2.13) capture soil conductance over a two-dimensional surface. EM survey depict data in
form of conductance, which is the inverse of resistivity.
Shot lines 1, 7, and 3 capture a relatively continuous longitudinal profile of seismic
velocities following the stream channel from upstream to downstream (Fig 2.3-2.5). In
the uppermost portion (e.g. 0-10/15 m below the surface) of the transect there is a low
velocity layer with a relatively uniform thickness. This uppermost layer increases in
thickness slightly down-valley, and exhibits modest variations in its velocity between 300
and 1500 m/s. It’s upper and lower boundaries are planar. The velocity range of this
uppermost layer is consistent with velocities of water (1500 m/s), air (330 m/s), and
either a mixture of sands (600-1850 m/s) and clays (1100-2500 m/s), or intermediate
grains (silts) (all velocity designations per Bourbié, Coussy, and Zinszner 1987). We
therefore refer to this <1500 m/s layer as valley fill. An increase in the thickness of the
lowest-velocity component transect (Line 7, 192-228m; Line 3, 0-30m) visually
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corresponds to location of a side-valley fan extending out into the channel, suggesting
these lowest velocity layers may also correspond to dry, poorly sorted fan deposits.
Below this valley fill is a moderate velocity layer of varying thickness, underlain by a
much higher velocity layer. The intermediate layer has velocities between 1500 and 3000
m/s and has a planar upper boundary; its lower boundary varies in depth considerably,
exhibiting a wavy pattern with a 1:1 to 2:1 aspect ratio (e.g. 50-100 m length and 50m
depth). The lowermost layer has velocities between 3000 and 5000 m/s, and a wavy
upper boundary; no lower boundary was captured. There is one conspicuous lens of this
high velocity material that is quite close to the surface (e.g. Fig 2.5, 32.0 m – 48.0 m) and
completely underlain by the moderate velocity layer. In other locations, this high-velocity
layer extends toward the surface, but maintains a thin connecting neck to remainder of
this layer. The velocities in the moderate velocity layer are consistent with variously
saturated shales, clays and sand (1100-2500 m/s) to porous and saturated sandstones
(2000-3500 m/s). We interpret this moderate porosity layer as either regolith, or saturated
shale. The velocities of the lowest layer are consistent with shales (3900-5500 m/s),
perhaps slightly fractured at the surface and saturated with water; or with lenses of
sandstone (2000-4500 m/s). We interpret this lowest layer as bedrock, which is likely
variably saturated shale associated with the Izee Group mapped nearby.
Resistivity profiles along shot lines 1, 7, and 3 display a similarly wavy pattern as
was observed in the seismic data (Figures 2.3-2.5). The less resistive materials appear to
correspond with the distribution of lower velocity materials, and more resistive materials
correspond with higher velocity materials. This correspondence lends confidence to the
validity of the observed physical patterns and the interpretation of high resistivity/high
velocity material as bedrock. The resistivity profiles extend deeper into the subsurface, a
larger cross-sectional view of potential bedrock structures.
There are a few locations in which there is limited correspondence between resistivity
and seismic data. At the lower end of Line 7 (200 m – 277.5 m), low resistivity materials
extend from the surface to the base of the transect, 120 m of depth. Many of the crosssections (e.g. Lines 4-6) also display different patterns in the seismic and resistivity data.
For instance, a very low resistivity lens is shown between 0 and 40 m surface distance in
Lines 4, 5, and 6. This same structure doesn’t readily appear in the seismic data.
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2.4.3.2 Electromagnetic Induction
The hillslopes surrounding valley floors were sampled extensively adjacent to VF-1
and found to be have soil conductance near 0; this pattern was assumed to persist along
the visually similar near-lying hillslope. VF-1 has a highly conductive surface with an
especially conductive lens is located midway through the valley (darkest blue) (Fig 2.13).
This is consistent with the locations found to have the deepest standing water while doing
transect geophysical surveys. VF-2 displays a surface of moderate to high conductance,
but appears visually less conductive than VF-1. The surface of VF-2 is more
heterogenous and a small rise adjacent to the south-facing hillslope can be seen as having
much lower conductance. The confluence of the East and West fork Cottonwood has
variable resistivity; fill terraces have low to moderate conductance and the inset
floodplains have variably and low resistivity associated with inset floodplains; Two very
conductive spots are consistent with the location with large ponds behind flow-measuring
weirs in channel. VF-3 has highly variable to low conductance; the fill terraces appear
visually similar to the hillslopes, with some discontinuous moderate conductance
surfaces. Conductance values for inset floodplains are moderate and discontinuous.
2.5 Discussion
2.5.1 Channel morphology controls distribution of valley water and plant
communities
One of the clearest interactions observed in this work is between depth of incision,
depth to water table, and vegetation type. EM surveys show a correspondence between
depth and extent of incision and the moisture content in the upper portion of the valley
fill (Fig 2.13). The shift in moisture occurs across the entire valley width, and as water
table levels drop, the spatial patterns of moisture become more complicated. This may
reflect small lenses in the soil that function as aquitards to maintain higher moisture;
small spring seeps, or variable depth to bedrock. These findings are consistent with
observations (e.g. Allan Diaz, 1991) and modelling (e.g. Nash et al., 2018) elsewhere, but
provide the first image of a continuous surface of moisture distribution as a result of
progressive incision.
Though similar moisture levels are shown in portions of the incipiently incising
valley floor and in the fully incised valley floor, the vegetation in the incipiently incised
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valley is herbaceous and dense, while the fill terraces in the incised valley are
predominantly sagebrush and bunch grasses. This suggests there is some threshold of
lateral continuity in near-surface moisture necessary to sustaining wet meadow ecosystem
types.
Plant community type does not appear to adjust immediately with depth of incision
and water table. Despite 1 – 1.5 m of incision in the incipiently incised valley, the
vegetation is compositionally similar to the un-incised wet meadow upstream. This may
reflect a vertical threshold of incision depth that limits a moist meadow community’s
conversion to sage-steppe until the water table has, for instance, dropped below rooting
depths. Alternatively, the vegetation in this wet meadow may be sustaining itself via
vegetative growth, rather than flowering and reproduction, which may require wetter
conditions.
It is also possible that there is a spatial threshold of incision that must be exceeded for
wet meadow plant communities to convert to upland species. VF-2 has only incised along
half of its length; water tables are maintained at shallow depths in the upper half of the
meadow and it may be that longitudinal flow of groundwater maintains water in rooting
zone, mitigating potential stresses due to dropping water tables. Incision must therefore
both be deep enough, and along a sufficiently long reach, for longitudinal flow pathways
to drop below the rooting zone. In VF-2, this may either occur if the lower portion incises
to greater depths, or if the existing amount of incision progresses up to the top of the
meadow and connects to the surface water inlet.
As a result of these vertical and spatial thresholds, there is a lag between the onset of
incision and the conversion of wet meadows to sage steppe. This lag may represent the
time necessary to reach vertical and spatial thresholds of incision necessary for
conversion, as well as an additional lag driven by the plants ability to survive in water
stressed conditions. Alternatively, this may indicate that the conditions necessary for the
germination of these wet meadow species is different than the conditions necessary for
the persistence of mature plants, and that were mature plants to be removed, sage-steppe
may take their place.
While this relationship between channel depth, water table, and species assemblage is
well-established (Allan Diaz, 1991), this new evidence provides a sense of directionality
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to the process by which this occurs. In this location, channel incision drives changes to
the position of the water table; wet meadow species are able to persist until either a
certain threshold of water table depth is surpassed or vegetation is removed and new,
drier plants establish in their place. This is inconsistent with hypotheses suggesting that
the removal of local vegetation causes incision, but may support hypotheses suggesting
that, once removed, wetland vegetation cannot reestablish in incised valley bottoms.
2.5.2 Valley fill indicates long periods of low-energy depositional processes
The reverse graded matrix-supported clasts observed at the base of cores taken from
VF-1 are interpreted as debris flow or fan deposits. The low density and resolution of
points measured within this valley limit further specification. The interbedded fines and
sandy silts are interpreted as a low-gradient surface with periodic channelization. The
fines are interpreted as representing periods of fine-grained wetland and/or overbank
deposition on floodplains (e.g. among thick, herbaceous vegetation), or as ponded
deposition (e.g. behind an impoundment, in a floodplain depression). The high organic
content of these fines suggests that peat-forming processes may be a secondary means by
which sediment aggrades in this valley. The sandy silts and sands are interpreted as lowenergy channel deposits. Horizontal bedding in the upper sandy silts is taken as evidence
of gradient sorting. Fluvial deposits are commonly coarser-grained, but the size of
sediment observed in the cores is consistent with substrate size observed in modern
channels throughout the Cottonwood drainage, lending confidence to their interpretation
as channels.
The deposits described along the Main Stem of Cottonwood Creek display similarly
interbedded floodplain/wetland and fluvial deposits, suggesting a similar depositional
environment. Rather than repeated sandy silts or sands, however, there are more common
deposits of matrix-supported fine-gravels in this reach. This likely reflects a higher
energy fluvial environment, as would be expected downstream of a confluence with a
second drainage. The friable, gleied deposits are interpreted as relict wetland soils, with
the assumption that the removal of saturated conditions led to the mineralization of
organic material (e.g. Liutkus and Ashley, 2003). The presence of discontinuous surface
depressions on the fill terraces also suggests that, prior to incision, there were either
multiple or actively anastomosing channels draining the valley floor.
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There is no age control on the two distinct tephras (5-4.5 m; ~1m depth), observed
both in direct-push cores and augered samples. The lower tephra is assumed to be
associated with the caldera-forming eruption of Mount Mazama (7700 yo), given its low
chroma, fine texture, and thick, continuous spatial extent within the region; the upper
tephra was observed to be visually similar and spatially consistent with isopach contours
mapped for the Big Obsidian Flow tephra-fall deposit from Newberry Volcano in Central
Oregon (1300 yo) (Sherrod, personal communication; MacLeod et al., 1995). If true,
these suggest that these valley bottoms have experienced net deposition for more than
7700 years. This is coarsely consistent with the period of deposition over which meadows
in the Sierra Nevada were observed to begin aggrading (Wood, 1975; Koehler and
Anderson, 1994).
No additional debris fan/flow deposits are observed after the lowest deposits,
suggesting that if this process were common in these valley floors prior to the onset of
fine-grained aggradation (and below the depth of core data), they either reduced in
frequency afterwards, or they are not captured by the resolution of data in this project.
Surficial side-valley deposits are as densely vegetated as hillslopes, and do not bear any
geomorphic marks of recent movement, suggesting they are not recently deposited.
These data can therefore be interpreted to a hypothesis for valley aggradation in this
area consistent with those observed by Miller et al. (2001) in Nevada. Namely, that sidevalley fans deposited into axial valleys (e.g. VF-1, VF-2, VF-3) created low-energy
environments into which temporarily high sediment yields deposited. It therefore seems
that these valley floors aggraded by multiple processes, most typically associated with
low-energy floodplain or wetland aggradation, coupled with peat-forming processes. The
sandy silt and sand deposits seen in the upper meadows may represent instances of
channelization or channel migration, representing maximum channel dimensions during
these times. Multiple small channels then likely drained portions of this surface, as is
seen presently in the upper half of VF-2.
In outcrop there is no evidence of repeat filling episodes as is apparent in incised
channels on the Crooked River network, further to the west (Welcher, 1993), though this
may also be a function of limited outcrop extent. This suggests that the incision currently
observed in the Cottonwood Creek drainage is the first instance of incision, further
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supporting the hypothesis that reduced volumes of hillslope sediment changed the
energetic balance in valley floors, leading to erosion.
2.5.3 Knickpoint migration drives channel incision
The lower ends of VF-1 and VF-2 are both associated with multiple steep knickpoints
and local topographic highs. We interpret the presence of multiple knickpoints,
particularly in VF-2, where the vegetation remains undisturbed and similar to the unincised VF1, as evidence that knickpoint propagation is driving channel incision in this
environment. Knickpoint propagation occurs due to a localized increase and slope that
increases stream power sufficiently to erode headward as the channel re-grades. In this
valley, knickpoints are spatially associated with side-valley fans extending into the axial
valleys, or abandoned beaver dams. This suggests that the mechanism for incision, in this
location is the migration of knickpoints that begin at locally over-steepened downstream
faces of side-valley fans back into sediment deposited behind those same side-valley
fans.
Beaver dams are commonly considered important drivers of large-scale valley fill
processes (Ives, 1942; Westbrook et al., 2011; Polvi and Wohl, 2012). Data from this
drainage document the presence of filled beaver dams in all three meadows. These dams
are not, however, located at basal positions in the broad valleys, and do not appear to
have any spatial relationship to depositional forms in the valley bottoms themselves, nor
is there any evidence of aberrant velocity or resistivity patterns associated with their
presence in the meadows. This suggests that beaver may have built dams in response to
existing swampy conditions in these drainages, and while their dams collected additional
sediment and water locally, the dams were not fundamentally responsible for the
presence of the wet meadows, themselves. This result bears more similarity to the limited
depths and spatial extent of beaver-related sedimentation reported by Persico and Meyer
(2009) and Levine and Meyer (2014).
However, while beaver dams may play a role in the aggradation of valleys at this
location, they may act to attenuate the knickpoint migration that unzips them. In both
persistent meadows, knickpoints were co-located with beaver dams. This suggests beaver
dams, if they fill and do not breach, may slow the up-valley migration of knickpoints in
low-energy systems like these. This is not likely to extend to river systems with more
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discharge, as beaver dams in those locations are likely to breach easily with peak flows.
However, beaver dams appear to play a geomorphically meaningful role in attenuating
knickpoint migration in low-order valleys with low peak flows
2.5.4 Geophysical data reveals unusual bedrock contacts
The seismic refraction and electrical resistivity data spatially extend the depth of fill
measured by the deepest of the direct-push cores, and suggest that the majority of these
valley floors have fill between 10-15 m deep, with increasing depths down-valley. The
valley fill has a sharp, planar contact with the moderate velocity/resistivity layer below it,
suggesting that it deposited on a relatively flat surface.
The boundary separating regolith from bedrock exhibits an irregular, wavy pattern,
with notable floating lenses of bedrock. The aspect ratio of these features ranges from 2:1
to 1:1, and isn’t readily described by any current models of bedrock architecture
underlying meadows. This could be a relict of placing a straight transect through a
meandering valley bottom, but the high aspect ratio suggests that the relief of such a
valley bottom would be orders of magnitude larger than any other features observed int
his valley bottom. Faults may be responsible for the dislocated lenses of high velocity
material near the valley surface, as they are commonly associated with the folding in this
unit, but these data are insufficient to definitively assert their presence. Moreover, the
density of faults necessary to generate these patterns is not reflected in surface.
One potential hypothesis describing this pattern in the subsurface that they represent
increasing depths of bedrock weathering that result from biogeochemical processes due
to large volumes of slow-moving water being held in the meadows. Though speculative,
this hypothesis is consistent with elements of current models of bedrock weathering that
suggest it is the persistence of water in the subsurface that drives fracture development
(e.g. Rempe and Dietrich, 2014). Further characterization would be necessary to ascertain
the validity of this interpretation.
2.6 Conclusions
This exploratory examination of feedbacks, controls, and critical processes in wet
meadows identified a series of controls most likely responsible for meadow aggradation
in the Silvies Valley, OR. Near-surface geophysics, combined with mapping and
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stratigraphy, proved to be a useful tool to understand hydrology of landscape in which
traditional measurements are difficult.
Stratigraphic descriptions of valley fill suggest that these valleys aggraded rapidly in
a low-energy, fluvial environment in which wetland or floodplain deposition and peatforming processes were important controls. The coincidence of side-valley fans and
meadows suggests that the deposition of side-valley fans controlled aggradation of water
and sediment in these otherwise high-energy, erosive valley bottoms. It appears that
knickpoints generated at the down-valley faces of side-valley fans are responsible for the
majority of the incision that has occurred within these valley floors. Beaver dams do not
appear responsible for the onset of aggradation, but may represent locally significant
deposition, and can potentially attenuate knickpoint migration. The valley floors do not
appear to be structurally controlled, though the geophysical data reveal unusual wavy
contacts between regolith and bedrock underlying the meadows that are not readily
explained by existing geologic structures or topographic patterns.
More broadly, this investigation demonstrates the utility of using near-surface
geophysical techniques in conjunction with traditional stratigraphic and geomorphic
mapping to reconstruct subsurface architecture and gain insight into potentially
underexplored feedbacks between biogenic features and bedrock.
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The majority of the Cottonwood area has been mapped as the Izee Group (Crowley 1960), as
defined by Lupher (1941), though was later remapped as being associated with either the
underlying Mowich Group or Snowshoe Formation (Dickinson and Vigrass, 1965; Beaulieu,
1972). Visible outcrops within the catchment are mostly gray-green silty shales and mudstones,
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suggesting this may be better described as the Warm Springs Member of the Snowshoe
Formation.
ii
Crowley (1960) maps this unit as undifferentiated John Day/Clarno volcaniclastics, but the
outcrops along the road appear to be a porphyritic andesitic basalt, with 20-25% plagioclase
phenocrysts (5-8 mm), suggesting this is more likely an intrusive dike associated with the
similarly aged Strawberry Volcanics rather than a surficial deposit, similar to those described by
Lupher (1941).
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2.11 Figures
Figure 2.1 Map of normalized elevation in Cottonwood Creek drainage (per methods presented in
Castillo et al., 2014). Black box highlights junction of east and west fork of Cottonwood. Blue
shapes extracted in higher resolution image represent location of incised channels
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Figure 2.2 Location of surveyed transects, with associated numbers, for Seismic refraction and
electrical resistivity on July 13-15th. Line 8 not included in text. Imagery taken from Google Earth.

VF-1

VF-2
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Figure 2.3 Seismic refraction and electrical resistivity survey data from longitudinal transect through upper, unincised valley floor on west
fork of Cottonwood Creek (Line 1). Note differences in y-axis, black line represents base of seismic imaging
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Figure 2.4 Seismic refraction and electrical resistivity survey data from longitudinal transect over two side-valley fans separating unincised and
incipiently incising valley floor (Line 7). Note differences in y-axis, black line represents base of seismic imaging.
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Figure 2.5 Seismic refraction and electrical resistivity survey data from longitudinal transect through incipiently incising valley floor on
Cottonwood Creek (Line 3). Note differences in y-axis, black line represents base of seismic imaging.
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Figure 2.6 Seismic refraction and electrical resistivity survey data from transect normal to flow direction in upper, unincised valley floor on
Cottonwood Creek (Line 2). Note differences in y-axis, black line represents base of seismic imaging.
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Figure 2.7 Uppermost seismic refraction and electrical resistivity survey data from transect normal to flow direction through incipiently
incising valley floor on Cottonwood Creek (Line 4). Note differences in y-axis, black line represents base of seismic imaging.
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Figure 2.8 Middle set seismic refraction and electrical resistivity survey data from transect normal to flow direction through incipiently
incising valley floor on Cottonwood Creek (Line 5). Note differences in y-axis, black line represents base of seismic imaging.
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Figure 2.9 Lowermost seismic refraction and electrical resistivity survey data from transect normal to flow direction through incipiently
incising valley floor on Cottonwood Creek (Line 6). Note differences in y-axis, black line represents base of seismic imaging.
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Figure 2.10 Fence diagram of seismic refraction data long upper two valley bottoms on the west fork of Cottonwood Creek.
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Figure 2.11 Characteristic valley fill facies in Cottonwood Creek (prepared by JD Lancaster)
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Figure 2.12 EMI tracking map for entire survey at Cottonwood Creek. Hillslopes were left
unsampled after initial surveying determined their soil conductivity was nearly zero. Dark red is 31
mS/m and the dark blue is 6 ms/m
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Figure 2.13 EM data plotted with inverted color ramp; photo points associated with levels of incision in each valley floor. Scale in EM
survey is relict of GEM instrumentation.
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Figure 2.14 Photo and delineation of side-valley fan constricting single channel between unincised valley floor (to the right) and incipiently
incising valley floor (to the left). Photo taken by JD Lancaster.
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3.1 Abstract
Restoration of degraded wet meadows found on upland valley floors has been
proposed to achieve a range of ecological benefits, including augmenting late-season
streamflow. There are, however, few field and modelling studies on hydrologic changes
following restoration that can be used to validate this expectation, while published
changes in groundwater levels and streamflow following restoration are inconclusive.
Here, we assess the streamflow benefit that can be obtained by wet meadow restoration.
The physically-based quantitative analysis employs a one-dimensional linearized
Boussinesq equation with a superimposed solution for changes in storage due to
groundwater upwelling and evapotranspiration, calculated explicitly using the White
Method. The model and assumptions gave rise to predictions in good agreement with
field data from the Middle Fork John Day watershed in Oregon, USA. While raising
channel beds can increase total water storage via increases in water table elevation in
upland valley bottoms, the contributions of both lateral and longitudinal drainage from
restored floodplains to late summer streamflow were found to be undetectably small,
while losses in streamflow due to greater transpiration, lower hydraulic gradients, and
less drainable pore volume were likely to be substantial. Although late-summer
streamflow increases should not be expected as a direct result of wet meadow restoration,
these approaches offer benefits for improving the quality and health of riparian and
meadow vegetation that would warrant considering such measures, likely to be at the cost
of increased water demand and reduced streamflow.
3.2 Introduction and Background
The restoration of wet meadows has persisted as a priority for land managers in semiarid and montane environments for over a quarter century (Ratliff, 1985; Benoit and
Wilcox, 1997; Lindquist and Wilcox, 2000; Bernhardt et al., 2005; Tague et al., 2008;
Hammersmark et al., 2008). The impetus for restoration has gained new urgency as
declining snowpack in montane environments (Nolin and Daly, 2006; Payne et al., 2004;
Safeeq et al., 2013; Safeeq et al., 2015), which has been linked to changes in the timing
and overall reductions in streamflow (Cayan et al., 2001; Knowles and Cayan, 2002;
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Safeeq et al., 2013; Seager and Vecchi, 2010; Stewart et al., 2004; Tague and Grant, 2009)
has prompted broader consideration of other potential sources of water storage whose
release might augment summer streamflow (Barnett et al., 2005; Barnett et al., 2008;
Palmer et al., 2009; Poff, 2002). Restoring incised and often ephemeral stream channels
back to wet meadows in montane environments has been proposed as one such source of
late season water (Lindquist and Wilcox, 2000; Loheide and Gorelick, 2006; Tague et al,
2008; NFWF, 2010; Podolak et al., 2015; USDA, 2013).
The term wet meadow often comprises a range of wetland and semi-wetland types,
but typically refers to herbaceous, groundwater dependent ecosystems that span broad,
low-gradient alluvial valley bottoms comprising fine-grained sediments that maintain a
shallow water table, commonly in montane environments (Wood, 1975; Ratliff, 1985;
Fryjoff-Hung and Viers, 2013; Loheide et al., 2008). Unlike their surrounding forests and
shrubbed uplands, wet meadows exist as unique, water-rich environments that provide
habitat for meadow-endemic species and forage for native ungulates (Allan-Diaz, 1991;
Ratliff, 1985). Though the specific hydro-geomorphic conditions giving rise to wet
meadows vary, they are most typically either fed directly by groundwater flowing in from
the shallow subsurface off surrounding hillslopes (stratigraphic slope wetlands) or by
local surface expressions of hillslope groundwater (topographic slope wetlands) (Brinson,
1993; Loheide et al., 2008).
As groundwater-dependent ecosystems, the plant communities populating wet
meadows are uniquely sensitive to changing water table dynamics caused by both
anthropogenic and natural geomorphic change (Ratliff, 1985; Allan-Diaz, 1991;
Germanoski and Miller, 2004; Loheide et al., 2008; Lowry and Loheide, 2010). The
rapid lowering of channel beds relative to adjacent floodplains or meadows has been well
documented in meadows throughout the Sierra Nevada, and is common throughout the
Intermountain West (Ratliff, 1985; Bull, 1997). This channel incision (or, gully erosion)
has led to an increase in the water table depths beneath valley bottoms, and in some
locations, caused a dramatic shift in vegetation from hydric and mesic species towards
xeric species better able to access deeper water (Ratliff, 1985; Allan-Diaz, 1991; Loheide
and Gorelick, 2005, 2006, 2007; Cooper et al., 2006; Hammersmark et al., 2008; Loheide
et al., 2009).
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The desiccation of these unique, water-rich environments has motivated interest in
their restoration, specifically with the objective of broadly improving hydrologic
conditions (Rosgen, 1997; Benoit and Wilcox, 1997; Hammersmark et al., 2008). The
specific techniques used to accomplish wet meadow restoration vary, but can be broadly
classified between two end members: (1) the entire incised channel is filled with
sediment and other material and a new, smaller and typically more sinuous channel is
constructed on the adjacent valley floor (e.g., plug and pond restoration) (Rosgen, 1997;
Benoit and Wilcox, 1997; Loheide and Gorelick, 2005; Hammersmark et al., 2008;
Henery et al., 2011; Lindquist and Wilcox, 2000; Ramstead et al., 2012; Readle, 2014);
and (2) the incised channel is partially or completely dammed with multiple low-head
structures made of various materials (e.g. willow, logs, rock) as a means of holding back
water within the existing incised channel (Abbe and Brooks, 2013; Beechie et al., 2010;
Harvey and Watson, 1986; Pollock et al., 2014; Roni et al., 2008; Shields et al., 1995).
The latter end member includes structures that mimic or derive inspiration from beaver
dams, which while growing in popularity, will not be discussed specifically in this paper.
The unifying premise of these strategies is that raising the channel bed, and thus the
water surface elevation, will (1) increase groundwater storage and reduce the depth to the
water table which will (2) support the recovery of wet meadow plant assemblages and (3)
attenuate floodpeaks so that they slowly drain through the summer and augment
baseflow. (Ponce and Lindquist, 1990; Liang et al., 2007; Loheide and Gorelick, 2007;
Hammersmark et al., 2008; NFWF, 2010; Podolak et al., 2015; Tague et al., 2008).
Previous research has established that, in most circumstances, these restoration strategies
are effective at accomplishing the first two goals. Both field data and hydrologic models
indicate that the depth to the water table is typically reduced following restoration. The
magnitude of the change is a function of the restored channel geomorphology (Tague et
al., 2008, Loheide and Gorelick, 2007), soil media properties (Loheide et al., 2009;
Essaid and Hill, 2014), local groundwater dynamics (Essaid and Hill, 2014), and
spatiotemporal patterns in snowmelt (Lowry and Loheide, 2010; Lowry et al., 2009). The
effect will also vary seasonally, with a larger post-restoration changes during active
snowmelt, and a smaller change in the late summer/early fall (Tague et al., 2008). In one
field study, no change in the depth to water table was documented (Klein et al., 2007).
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The reduced water table depths, and associated increases in floodplain inundation,
have been linked to well-documented shifts in vegetation from scattered, xeric or mesic
species to dense hydric or mesic species (Allan-Diaz, 1991; Klein et al., 2007; Tague et
al., 2008; Loheide and Gorelick, 2007; Hammersmark et al., 2008; Hammersmark et al.,
2009). This is due, in part, to the increased availability of groundwater for root water
uptake and transpiration (Lowry and Loheide 2010). The hydrologic fingerprint of this
vegetative change is the nearly doubling in the restored meadow’s total
evapotranspirative (ET) use (Loheide and Gorelick, 2005), increased maximum daily ET
rate, and a later season peak daily ET (Hammersmark et al., 2008).
It is less clear whether the demonstrated increases in groundwater storage, translate to
increased streamflow, particularly in the late summer months when (baseflow is the only
streamflow in channels). Tague et al. (2008) have some of the only field data
documenting the change, and while they report an post-restoration increase in streamflow
during recession, their statistical analysis show a statistically insignificant decrease in
streamflow during late summer. Watershed simulations aiming to further control for
serial correlation and variability inherent to field data have reported both declines
(Hammersmark et al., 2008, 2010; Essaid and Hill, 2014) and increases in streamflow
(Ohara et al., 2013).
We must be able reasonably define expected outcomes of wet meadow restoration if
it is to remain a viable method of eco-hydrologic restoration. The objective of this paper
is to develop a generally-applicable strategy to evaluate whether and how much
streamflow is generated by the restoration of incised channels to wet meadows. To
understand the upper bounds on potential streamflow contributions due to restoration, we
develop a parsimonious model of water storage in stream banks that captures the effects
of restoration on late summer stream flow and can represent the significant geographic
peculiarities of specific sites using readily available data.
3.3 Methods
To evaluate wet meadow restoration’s influence on late-summer streamflow, we
employ a water budget framework to identify fluxes directly responsible for changes to
water output following restoration. We go on to develop a physically based model of
those fluxes, and incorporate hillslope groundwater inputs and evapotranspirative use
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with a reformulation of the White method (Lautz, 2007; Loheide and Gorelick, 2005;
White, 1932). We then briefly discuss the selection of parameters to maximize potential
outputs within the constraints of realistic meadow conditions.
3.3.1 Identifying significant fluxes using a water budget approach
To determine the potential contribution of meadow restoration to streamflow, we first
consider the water budget for an un-restored upland valley floor (superscript U specifies
an un-restored valley floor; subscripts specify direction of flow in or out of the valley
floor system):
𝑈
𝑈
𝑈
𝑈
(1) 𝑄𝑆,𝑜𝑢𝑡
= (𝑄𝑆,𝑖𝑛
+ 𝐺𝑊𝑖𝑛
+ 𝑃 ∗ 𝐴) − (𝐺𝑊𝑜𝑢𝑡
+ 𝐸𝑇 𝑈 ∗ 𝐴) − ∆𝑆 𝑈

where QS represents surface water (channelized and un-channelized) [L3/t], GW [L3/t]
represents groundwater fluxes through confined and unconfined aquifers, P [L/t] is
precipitation, A [L2] is valley floor area, ET (>0) [L/t] is evapotranspiration from the
valley floor vegetation and open water, and ΔS [L3/t] reflects changes in valley water
storage. When ΔS is positive, the valley is filling with water; when ΔS is negative,
previously stored volumes of water are being depleted. Streamflow is highest when
inputs exceed outputs and the storage has been filled to capacity (ΔS=0) (e.g. early spring
melt in a snow dominated climate). As precipitation dwindles and evapotranspirative use
rises, outputs may exceed inputs, causing storage to drain (-ΔS). The reducing stores of
water may be used to support increased evapotranspirative demand or may drain into an
open channel as streamflow.
In the context of meadow restoration, it is useful to split groundwater into three
component fluxes: water flowing through saturated and unsaturated sediments in the
valley fill (VF); water flowing in from both the saturated and unsaturated zones off
hillslopes (HS); and inflow from deep, confined aquifers (Figure 1). For the purposes of
this analysis we assume that changes to deep GW inflow as a result of restoration are
negligible. Henceforth, the term groundwater will only refer to inflow from hillslopes
and water moving through the saturated and unsaturated valley fill.
Surface and groundwater are tightly linked in upland valley systems, and both are of
interest for downstream users. It is therefore useful to combine surface water with water
flowing through saturated and unsaturated valley fill into a single output term: valley
discharge (QV,out)
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𝑈
𝑈
𝑈
𝑈
(2) 𝑄𝑉,𝑜𝑢𝑡
= 𝑄𝑆,𝑜𝑢𝑡
+ 𝑉𝐹𝑜𝑢𝑡
= (𝑄𝑆,𝑖𝑛
+ 𝐻𝑆 + 𝑃 ∗ 𝐴) − (𝐸𝑇 𝑈 ∗ 𝐴) − ∆𝑆 𝑈

While the combined term effectively represents all water outputs available for
downstream water users, it is important to note that groundwater leaving the restored
valley may not be accessible downstream without mechanized extraction.
The water budget for a restored meadow follows similarly, with superscript R
specifying a restored valley floor:
𝑅
𝑅
𝑅
𝑅
(3) 𝑄𝑉,𝑜𝑢𝑡
= 𝑄𝑆,𝑜𝑢𝑡
+ 𝑉𝐹𝑜𝑢𝑡
= (𝑄𝑆,𝑖𝑛
+ 𝐻𝑆 + 𝑃 ∗ 𝐴) − (𝐸𝑇 𝑅 ∗ 𝐴) − ∆𝑆 𝑅

The difference in outflowing valley water between the restored and un-restored
upland valley floor can therefore be represented as the difference between these two
budgets.
𝑈
𝑅
(4) ∆𝑄𝑉𝐹,𝑜𝑢𝑡 = 𝑄𝑉𝐹,𝑜𝑢𝑡
− 𝑄𝑉𝐹,𝑜𝑢𝑡
𝑈
𝑅
= (𝑄𝑖𝑛𝑝𝑢𝑡𝑠
− 𝐸𝑇 𝑅 ∗ 𝐴 − ∆𝑆 𝑅 ) − (𝑄𝑖𝑛𝑝𝑢𝑡𝑠
− 𝐸𝑇 𝑈 ∗ 𝐴 − ∆𝑆 𝑈 )
𝑈
𝑅
= (𝑄𝑖𝑛𝑝𝑢𝑡𝑠
− 𝑄𝑖𝑛𝑝𝑢𝑡𝑠
) + 𝐴(𝐸𝑇 𝑈 − 𝐸𝑇 𝑅 ) + (∆𝑆 𝑈 − ∆𝑆 𝑅 )

We assume that meadow restoration will not impact the magnitude of water inputs,
reducing this relationship to:
(5) ∆𝑄𝑉𝐹,𝑜𝑢𝑡 = 𝐴(𝐸𝑇 𝑈 − 𝐸𝑇 𝑅 ) + (∆𝑆 𝑈 − ∆𝑆 𝑅 )
It is apparent that any net positive changes in summer-time outgoing valley water due
to restoration would be due to reductions in evapotranspirative use or increases in
delivery from valley floor storage to the stream. As meadow restoration often aims to
increase vegetative vigor, ET should increase following restoration (Loheide and
Gorelick, 2005; Hamersmark et al., 2008; Essaid and Hill., 2014), which would tend to
decrease streamflow. We therefore focus the remaining modelling efforts on summertime valley floor drainage, to which any increased streamflow might be attributed.
3.3.2 A quantitative model for valley floor contributions to streamflow
To determine the streamflow that can be attributed to changes in valley storage as a
result of meadow restoration, we developed a model to calculate: (1) the maximum
storage physically available in a given valley, (2) the fraction of that storage available for
gravity-driven drainage to a channel, and (3) the temporal pattern of drainage, based on
the Boussinesq equation, to calculate volume and timing of discharge to the channel.
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These drainage results are put into a hydrological context through comparison to
estimates of subsurface (HS) contributions and evapotranspirative (ET) losses.
The total volume of water that can be stored in a valley is a function of its dimensions
and the porosity of its fill material; the volume actually stored (𝑉𝑚𝑎𝑥 ) is a determinied by
the shallowest depth of the water table reaches annually (WTDmin). This can be
represented as:
(6) 𝑉𝑚𝑎𝑥 = 2𝐵𝐿𝑛(𝐷𝑧 − 𝑊𝑇𝐷𝑚𝑖𝑛 )
where B is floodplain width on one side of the stream [L], Dz is depth to bedrock [L],
WTD is the depth to the water table [L], L is meadow length [L], and n is porosity [L3
/L3]; the dimensions are multiplied by two to account for volume changes on both sides
of the stream (Figure 2). As the water table drops to its maximum depth, only a fraction
of the total stored water will drain – the rest will be held in pores by capillarity and other
physical forces. We must then define the drainable porosity, φ, as the volume of water
that will drain from an area per unit drop in WTE (Bear, 1972; Brutsaert, 2005).
Integrating this over the valley area gives our drainable storage (volumetric yield) (VW):
𝜑

(7) 𝑉𝑊 = 𝑉𝑚𝑎𝑥 𝑛 = 2𝐵𝐿𝜑(𝐷𝑧 − 𝑊𝑇𝐷𝑚𝑖𝑛 )
This formulation assumes that the water table is constant across the entire floodplain,
though it is common for the depth to water table to increase nearer the channel,
particularly in meadows where incision has proceeded nearly to bedrock (Loheide and
Gorelick, 2007). The assumption that the water table is constant as a starting condition
serves both to simplify the initial conditions, and maximize expected changes in
groundwater storage, both of which are goals of this modelling exercise. As water can
only drain into an open stream via gravity, we note that only water held above the
channel surface elevation can drain laterally into the channel, or: that the water in a valley
that drains into the local channel is coming from the two blocks of fill immediately
adjacent to the channel (Figure 2). The remaining water is available for longitudinal
drainage, which is groundwater that flows down-valley through valley fill. This water
will eventually discharge as either on the valley surface or within the channel when the
land surface intersects the potentiomatic surface, though it also commonly directly feeds
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ET, and may never discharge (Lowry and Loheide, 2010; Essaid and Hill, 2014). The
amount of drainable storage available for lateral drainage (𝑉𝑙𝑎𝑡 ) is:
(8) 𝑉𝑙𝑎𝑡 = 2𝐵𝐿𝜑(𝐷𝑖 − 𝑊𝑇𝐷𝑚𝑖𝑛 )
Di represents the depth of incision [L].
The total volume that will drain until some time of interest (tc) can be well
approximated using the conservation of mass and Darcy’s law under the Dupuit hydraulic
flow assumptions (only horizontal flow and no recharge) embodied in the Boussinesq
equation for the transient drainage of an initially saturated unconfined aquifer to a fully
penetrating channel. In this well-established approach (e.g. Brutsaert and Nieber, 1977;
Rupp et al., 2004) the changing position of the water table a distance x from the stream in
the adjacent floodplain is represented by:
(9)

𝜕ℎ
𝜕𝑡

𝐾 𝜕

𝜕ℎ

= 𝜑 𝜕𝑥 (ℎ 𝜕𝑥 )

where h is the elevation of the water table [L], t is the time since the start of recession
[t, days here], and K is hydraulic conductivity [L/t]. Homogenous valley fill extends from
an impermeable bedrock layer at z=0 to the valley floor surface at z=Dz (Figure 2). This
can be analytically solved either for an early-time solution, where drainage occurs only
from fill adjacent to the channel and has not yet reached the valley floor edge (x = t1 in
Figure 2), or for late-time, when the water table is lowering along its entire width (x= t2
in Figure 2) (Rupp and Selker, 2005). Since we are interested in late summer streamflow
following spring snowmelt (tc ~ 100 days after the start of drainage), the late-time
solution represents the relevant state of the boundary condition. To facilitate the
development of an analytical solution while maintaining accuracy through the bulk of the
drainage process, we employ the standard linearization of the equation by approximating
the thickness through which the water flows as the average water table depth (h =(DiWTD)/2 in EQN 10; Brutsaert, 2005). Linearization assumes that the aquifer thickness is
much greater than the change in water table elevation, which does not always hold in
meadow aquifers. Rearranging terms with the linearized water table depth produces:
(10)

𝜕ℎ
𝜕𝑡

=

𝐾𝐷𝑖 𝜕2 ℎ
2𝜑 𝜕𝑥 2

subject to the boundary and initial conditions:
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ℎ(𝑥 = 0, 𝑡) = 𝐷𝑧 − 𝐷𝑖
𝜕ℎ
(𝑥 = 𝐵, 𝑡) = 0
𝜕𝑡
ℎ(𝑥 = 𝐵, 𝑡 = 0) = 𝐷𝑧
Integrating EQN 10 to obtain a solution that satisfies these boundary and initial
conditions gives:
(11)

𝜋

ℎ(𝑥, 𝑡) = 𝐷𝑖 𝑠𝑖𝑛 (2𝐵 𝑥) 𝑒

−

𝐾𝐷𝑖 𝜋2
8𝜑𝐵2

𝑡

which indicates that the water table maintains a constant sinusoidal shape that
decreases in amplitude exponentially with time since start of drainage. If the draining
floodplains are not initially saturated, Di must be adjusted to reflect the expected
maximum elevation of the water table above the channel bed (e.g. in an incised channel 3
m deep with a water table 1 m beneath the valley surface, Di = 2 m).
We can employ the solution given in EQN 11 across the valley width for each time
step, and integrate the differences between WTE position at t1 and tc to give an improved
∗
approximation of the laterally drainable subsurface storage (𝑉𝑙𝑎𝑡
) between the start of

drainage, t1, and the time of interest, tc:
(12)

𝐵

∗
𝑉𝑙𝑎𝑡
= 2𝜑𝐿 ∫0 [ℎ(𝑥, 𝑡1 ) − ℎ(𝑥, 𝑡𝑐 )]𝑑𝑥

This formulation assumes the only system output is valley fill drainage to a channel
and no inputs. Valley floors are, however, typically losing water to evapotranspiration or
receiving groundwater from the surrounding landscape (upstream valleys and hillslopes,
ref Figure 1). Including the effects of a net loss or gain due to groundwater upwelling and
evapotranspirative consumption are essential in estimations of water table position and
the water budget. The linearization of Boussinesq (h = D/2 in EQN 10) is central to this,
as it allows us to superimpose an additional solution for a system experiencing changes in
storage. Looking to the non-streamflow related inputs and outputs, we compute the
change in storage as:
(13)

𝑑ℎ

𝜑 𝑑𝑡 = 𝐻𝑆 − 𝐸𝑇

where HS represents the lateral groundwater inflow (m/day) from surrounding
hillslopes and ET represents the rate of evapotranspiration (m/day). These seasonally
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averaged values can be calculated by closely analyzing the diurnal fluctuations in WTD.
Specifically, as suggested by White (1932), we attribute reductions in water table depth at
night as evidence of groundwater influx to a valley bottom, and increases during the day
as indicating plant and evaporative consumption in excess of groundwater contribution
on the meadow surface. Per the formulation of White’s method presented by Lautz
(2007):
(14)

𝐸𝑇𝐺 = 𝜑(24𝑟𝑔𝑤 + ∆𝑠)

(15)

𝐻𝑆 = 24𝜑𝑟𝑔𝑤

where rgw is the rate of water-table rise between 0:00 and 4:00 (m/hr) and s is the net
rise or fall of water-table during a 24-h period (m) (Lautz, 2007). This approach
approximates hillslope groundwater inflow as constant, that lowering WTD is due to ET,
and ET and soil-water hysteresis is small in the pre-dawn period (Loheide and Gorelick,
2005; White, 1932). The assumption of HS as constant may not necessarily hold, as the
vegetated hillslopes will experience their own diel ET cycles that would propogate into
the meadow. More specific discussion of the conditions under which diel fluctuations
occur can be found in Loheide and Gorelick (2008).
Substituting the values from EQN. 14 and 15 into EQN. 13 provides the contribution
to the water table height due to groundwater and ET processes on a daily timescale, and
explicitly solves for the rate of change in the overall water table. Integrating this with
respect to time solves for the total change in water table height:
(16)

ℎ(𝑡) =

𝐻𝑆−𝐸𝑇𝐺
𝜑

𝑡 = ∆𝑠𝑡

This solution can be superimposed onto EQN 11 to model the time evolution of the
water-table height to obtain an overall model for the meadow water table dynamics:
(17)

𝜋

ℎ(𝑥, 𝑡) = 𝐷𝑖 𝑠𝑖𝑛 (2𝐵 𝑥) 𝑒

−

𝐾𝐷𝜋2
8𝜑𝐵2

𝑡

+

𝐻𝑆−𝐸𝑇𝐺
𝜑

𝑡

The addition of the second term refines our estimate of the changing position of the
water table and thus the total volume of water drained between t1 and tc. To explicitly
calculate drainage rate on a given date, we multiply by the drainable volume of water per
change in water table height, integrate EQN 17 spatially over the meadow area, and take
the time-derivative to obtain the predicted rate of change of stored water. Per Brutsaert
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and Nieber (1977), the long-time solution to the linearized Boussinesq equation can be
reduced into an exponential decay equation:
(18)

∗
𝑄(𝑡) = 𝑉𝑙𝑎𝑡
𝛼𝑒 −𝛼𝑡

∗
where 𝑉𝑙𝑎𝑡
is total lateral drainage, calculated in EQN 12 for t1, and α is a decay

constant that describes the physical properties of the system. Discharge values produced
by this equation are maximized by setting α equal to one over the square root of tc, which
assumes that the chosen valley has optimal physical conditions for producting streamflow
at tc.
Having established the lateral drainage volumes and rates, we next address the
question of longitudinal drainage through the valley floor. Realistically, drainage will
occur in three dimensions, the dominant vector of which will be along the maximum
hydraulic gradient. This is a function of down-valley and cross-valley gradient, soil
media, and the seasonally variable position of the water table relative to the water surface
elevation in the channel (Barry et al., 1993; Loheide and Gorelick, 2007; Richards, 1931).
To estimate the relative magnitudes and contributions of these terms, we evaluate the
upper bounds on expected flow rates, laterally and longitudinally, to estimate relative
contributions in either direction. We assume all water is draining at a representative
maximum hydraulic gradient towards a final position at the base of the channel, at the
downstream end of the valley, (x, y, z) = (0, 0, Dz-Di) (Figure 2). For lateral drainage, we
assume an initial position at (B/2, 0, Dz); for longitudinal drainage, we assume initial
position at (B/2, L, Dz) (Figure 2). These initial positions represent the maximum width
averaged flow possible, which maximize estimations within the bounds of realistic
conditions. We assume flow across the maximum available cross-sectional area which,
for lateral flow, includes the entirety of both bank faces along the entire reach; for
longitudinal flow, this is the cross-section of the upland valley extending to bedrock.
Reformulating Darcy’s law to include the geometric values for these two scenarios, we
predict maximum flow rates as:
𝐷2

(19)

𝑄𝑙𝑎𝑡 = 4𝐾𝐿

(20)

𝑄𝑙𝑜𝑛𝑔 = 2𝐾𝐵𝐷

𝐵
𝐿𝑆+𝐷
2

√𝐵 +𝐿2
4
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Where S represents longitudinal valley slope. Assuming equal saturated hydraulic
conductivity and valley dimensions, we solve for the dominant direction of flow in any
given scenario. Comparing the solution to EQN 19 with the t1 solution for EQN 18
provides a scale by which to evaluate the solution to EQN 20 in the context of expected
discharge. This gives a first-order estimate of how changing the channel depth through
restoration will affect dominant flow paths and places upper bounds on expected
streamflow contributions. Secondarily, these formulations – being entirely geometric –
allow us to compare geomorphic conditions and thresholds in upland valleys that
influence the dominant flow path.
3.3.3 Selecting model parameters to maximize expected change in streamflow
following restoration
Selecting model parameters requires balancing the goal of maximizing conditions for
the production of late season water and accurately representing the typical conditions
encountered in upland valley floors. We recognize that there is considerable variation in
upland valley systems, and have adopted parameters that provide an upper limit on the
potential changes in storage and contributions to flow based on our geologic
understanding of hydraulic parameters in these systems; our calculations are therefore
biased in favor of the largest potential hydrologic impact of restoration.
Input values for valley dimensions and gradient were selected based on a number of
field sites in Eastern Oregon, including those used to test the model, below (Table 1,
Figure 2). Soil media was selected from the range of typical soils found in upland valley
fill, both from field investigations and literature reported values (Birkeland and Janda,
1971; Koehler and Anderson, 1994; Walter and Merritts, 2008; Wood, 1975). Silt-loam
was specifically selected for balancing the trade-offs between high porosity and high
hydraulic conductivity. The values for those properties listed in Table 1 were selected
from the upper end of associated ranges.
To assess the sensitivity of flow to depth of incision and the magnitude of change in
flow relative to initial conditions, we model three scenarios: a channel that is 3 meters
deep (C-3), a channel 1 meter deep (C-1) and an channel 0.33 m deep (C-0.33). These
are common depths of incision in upland valley floors, though certainly small compared
to some extreme examples (>20 m)(Antevs, 1952; Bull, 1997; Harvey and Watson, 1986;
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Peacock, 1994; Simon et al., 2000). We exclude those large depths as they would be
unlikely candidates for the styles of restoration being examined here.
The minimum meadow water table depth (WTDmin) will vary considerably based on
the climate, including spatiotemporal patterns of snowmelt (Lowry et al., 2010), soil
media properties (Loheide et al., 2009; Essaid and Hill, 2014), and stream stage (Lowry
et al., 2010) in the meadow. For the purposes of this modelling exercise, we are interested
in capturing the largest expected change in water table depth within reason so as to
maximize changes to groundwater storage. Loheide and Gorelick (2007) model
hydrographs show a difference in WTDmin between restored and deeply (4m) incised to
be 0.75 m. Tague et al. (2008) reported a maximum change following restoration of 0.3 0.4 m. Hammersmark et al. (2008) report a maximum change of 1.2 m following
restoration. Klein et al. (2007) reported no statistically significant changes following
restoration. Based on these observed changes in incised channels of similar magnitude,
we set WTDmin as 1 m in IC3, 0.3 m in IC1, and 0 (e.g. saturated valley fill) in UC. These
relative changes represent the upper bounds of expected change to WTDmin as presented
in the literature, and more importantly, represent a general trend of decreasing WTDmin
with decreasing incision that is relatively consistent across study sites.
Data from piezometers installed along existing, incised (1m) meadows on the Middle
Fork John Day show that the water table begins to draw down (t1) on June 10th. As we
are interested in the change to late-summer streamflow, we selected an index date of
September 1st on which to calculate changes in streamflow following restoration (tc = 82
days following start of drainage). Modelled results from Loheide and Gorelick (2007)
indicate that a reduction in depth of incision should result in an extended duration of
WTEmax, as streamflow levels are kept higher in a smaller channel. Per the diminishing
exponential relationship between valley floor discharge and elapsed time (EQN 18), a tc
nearer to t1 should result in a larger daily streamflow contribution on the index date. We
therefore extend tc to reflect an earlier start of drainage in the deeply incised scenario (tc =
92 days), and reduce tc for the restored scenario (tc = 77 days). The reduced tc values in
the incised and restored scenario increase the potential contributions of bank storage to
streamflow on the selected index date.
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3.3.4 Testing model assumptions against field data from meadows on the Middle
Fork John Day River, Oregon.
We test the validity of assumptions made in our model by comparing calculated water
table elevations against measured data from two floodplain meadows along the Middle
Fork John Day River (MFJD), Oregon (Figure 4). We use the dimensions of the
floodplain at each site to calculate change in WTD due to drainage and the diurnal signal
in two well transects to estimate net effect of groundwater upwelling and
evapotranspiration to produce modelled water table surfaces (EQN 17). This gives an
estimate of the total volume drained over the summer and temporally explicit drainage
rates, hence meadow contribution to streamflow.
The MFJD flows for 120 km, draining 2100 km2 of the Blue Mountains in
Northeastern Oregon, USA. The watershed receives 380 – 640 mm of precipitation
annually, the majority of which occurs between October and June as snow. The channel
is, on average, 1 m deep and 4 m wide; average streamflow is 7 m3/s, with peak
streamflow of 22.7 m3/s occurring in mid-spring. Mean daily streamflow at t1 (June 10) is
12.1 m3/s and decreases to 0.9 m3/s by September 1st. The soils in the floodplains are
mostly clay loam (Noël, unpublished data) with a drainable porosity of roughly 0.02
(Loheide and Gorelick, 2005). County-wide soil surveys estimate local hydraulic
conductivity values ranging from 0.02 to 20 m/day (Dyksterhuis, 1981). Numeric
calibrations done to fit data from this field site suggest that 5 m/day is an appropriate
magnitude for soils in the area of the well transects (Noël, unpublished data), in keeping
with the expected permeability of the stream deposition processes which deposited these
sediments. The Forrest transect is composed of four wells spaced evenly between 50 and
240 m laterally from the channel. The Oxbow transect is composed of three wells evenly
spaced between 50 and 200 m laterally from the channel. Water table elevation was
collected continuously at both sites from 2009 – 2010.
The annual hydrograph of each floodplain meadow shows that the water table was
maintained within 0.3 to 0.8 m of the surface throughout the year (Figure 5a). Minimum
WTD (0.3 m below the surface) occurred in early June, so we set 10 June 2010 as the
start of drainage (t0) which is consistent with values reported elsewhere (Hammersmark
et al., 2008; Klein et al., 2007; Loheide and Gorelick, 2007; Tague et al., 2008). Despite
several large summer storms (e.g., 26-07-2010 and 11-08-2010), there was no detectable
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response in WTD during summer drawdown (Figure 5b). The model predicted drainage
volumes and rates from both sites, without accounting for changes due to groundwater
upwelling or evapotranspiration (Table 2).
Fluctuations in water table elevation reveals a regular pattern of diurnal variation
indicative of the combined effects of drainage, groundwater upwelling, and
evapotranspiration (ET) (Figure 4b). Minimum daily WTD occurs around 0700 and
lowers to its maximum daily depth around 1700. The daily decrease can be attributed to
evapotranspirative losses exceeding groundwater upwelling.
Using EQN 14 and EQN 15, we are able to estimate daily averages of HS
contributions to the WTD and losses due to ETG. We calculate values for July, when peak
ET is expected to occur in meadow systems (Hammersmark et al., 2008) (Table 3).
Predicted values for both ETg and HS are consistent between sites. The values for ETg are
lower than literature reported values for ET in native meadows, which range from 5 to 7
mm/day (Hammersmark et al., 2008; Loheide and Gorelick, 2005). This is likely due, in
part, to the predicted ET-dilution as a result of diel fluctuations in the HS input that are
not explicitly accounted for by this formulation. Since potential ET (PET) at this site in
July is over 9 mm/d (BATO Station data available at
https://www.usbr.gov/pn/agrimet/monthlyet.html), the low rate of consumption by plants
may also reflect the limitations of the combined stored water and groundwater available.
Had more water been available, for instance, if a restoration project had elevated the
water table, these rates would be expected to increase towards the upper limit of PET
(Lowry and Loheide, 2010).
The volume of water lost daily through evapotranspiration is consistently larger than
the net volumetric contribution from groundwater inflow (31 cm per unit valley width)
(Table 3). We tested the validity of using an averaged rate of evapotranspiration by
comparing the total observed change in WTD in July 2010 with predicted change using
the average value. Between July 1 and 31, the WTD in Forrest-19 dropped 72 cm.
Predicted change in WTD using the averaged ET rate was 77 cm, an error of 5 cm (7%).
The uncertainty associated with other parameters used in EQN 11 (e.g. hydraulic
conductivity and drainable porosity) can often range over two orders of magnitude for a
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given site, and thus the much smaller error associated with using averaged ET is
considered acceptable for this application.
To assess temporal variation in prediction error, we modelled the water table
elevations for both sites on the first day of each month from May through August using
parameters given in Table 2. The average error between modeled and observed water
table surfaces on all dates was 5.0 cm for Forrest and 4.9 cm for Oxbow (Table 4) – a
5.2% and 5.4% error from mean depth to water table over the period of interest,
respectively. The average monthly error was smallest in May (3.3 cm) increasing to
maximum error in August (7.4 cm), with errors of 5.5 and 6.1% from mean depth to
water table at each site, respectively. The observed results at Oxbow closely fit the
magnitude of change predicted by the model (Figure 7). The congruence between
observed and predicted curves is less as the Forrest site, but the model still predicts the
overall trend rather well for all months except August. Model fit was improved by
extending the floodplain width 50 meters beyond the well furthest from the channel
(B=250 m) (Figure 7). Neither site accurately captures the shape of the observed water
table, which is considerably higher at the meadow margins and lower at the channel edge
than predicted. This is due to the no-flux boundary condition imposed on this model,
which while necessary for the simplification, misrepresents the specific location of the
groundwater influx. In general, observed elevations are lower than calculated values,
which is consistent with our goal of maximizing expected changes to groundwater
storage.
The volume of flow draining from the meadow to the river can be computed using
this model. For the index date of September 1, the drainage from meadow to the stream
at Forrest was 6.0x10-5 m3/s per km of stream, and at Oxbow was 3.3 x10-5 m3/s per km
(an increase in stream flow of between 33 and 60 ml/s per kilometer of meadow adjacent
to the stream). Given this river had a mean daily flow on September 1 of about 0.9 m3/s,
this represents less than 0.01% flow contribution per km, which is about 500 times lower
than typical measurement errors for standard stream gauging techniques (e.g. Sauer and
Meyer, 1992) suggesting that any flow contributions from the meadow would be
undetectable. To put the contributions of lateral inflow to streamflow in context, even if
we were to assume this inflow occurred over the entire length of the MFJD River (80% of
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which does not have adjacent meadows, so this is at least five times what a realistic value
would be), the total contribution would be only 7.2x10-3 m3/s or about 0.8% of the mean
daily September 1 flow. The maximum longitudinal flow (EQN 20) predicted for this site
was an order of magnitude smaller than the maximum lateral flow (EQN 19), indicating
that longitudinal flow should account for an even smaller percentage of mean daily
September 1 flow. This result is consistent with the fact that the total change in volume of
water stored in the meadow is insignificant compared with seasonal stream flow, as we
will show in the next section of this paper.
3.4 Results and Discussion
To explore the upper physical bounds on potential streamflow contributions due to
restoration, we modelled three incision-depth scenarios (C-3, C-1, and C-0.33) using a set
of parameters selected to maximize potential streamflow contributions (Table 1). The
results from our model and field tests suggest that wet meadow restoration is not likely to
result in significant increases in late summer streamflow and may actually decrease flows
given the likelihood of increased ET as the water tables in the meadow is raised into the
root zone.
3.4.1 Total storage increases with restoration, but laterally drainable storage
decreases.
Restored meadows (C-0.33) store more total water than incised meadows (C-3 and C1) due to higher water table elevations, but incised meadows have a larger volume of
laterally drainable storage by virtue of their larger drainage faces and hydraulic gradients.
Total storage increases from 1.6 x106 m3 in the deeply incised valley (C-3) to 1.8 x106 in
the restored valley (C-0.33) – an 11% increase. The laterally drainable storage in a
restored valley (C-0.33) decreases by an order of magnitude over the drainage period of
interest – from 14,150 m3 to 330 m3, or roughly 98% – when compared with a deeply
incised channel (Figure 3). This is due largely to the reduced hydraulic gradient
associated with restored water tables, a result of raising the elevation of the drainage
point for lateral flow in the valley
The volumes of total storage (Vmax) and drainable storage (VW) scale with depth of
incision; deeper channels typically have lower maximum water table elevations
(WTEmax), and therefore store less water. The increase in storage is therefore a function
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of the imposed values of WTEmax, which were selected from literature values to produce a
best-case scenario for changes to storage and drainage. For instance, WTEmax selected for
the restored scenario (C-0.33) was set at 0 m, despite field data typically indicating that
maximum water table elevations fall 0.7-1.3 meters below the surface (Klein et al., 2007;
Loheide and Gorelick, 2007; Hammersmark, 2008; Tague et al., 2008). This
overestimation increases confidence in the trends demonstrated by the analysis, and while
the absolute volumes are a function of imposed valley dimensions and soil media
properties, the direction of change should hold for any scenario.
3.4.2 Evapotranspirative use increases in restored meadows
Though not directly modelled by this exercise, empirical data and modelled results
demonstrate that increasing the elevation of water table into the root zone increases
evapotranspirative use both by reducing water stress in existing vegetation and shifting
communities towards denser, more mesic species (Loheide and Gorelick, 2005;
Hammersmark et al., 2008; Hammersmark et al., 2009; Loheide, 2008; Loheide and
Gorelick, 2007). Published data indicate that this shift from xeric to mesic or hydric
vegetation typically increases evapotranspirative demand by between 1.5 and 3 mm/day
(Loheide and Gorelick, 2005; Hammersmark et al., 2008; Loheide and Gorelick, 2007).
Over the surface area of the modelled meadow (Table 2), the minimum predicted ET shift
would increase water usage by 600 m3/day throughout the summer, or by 48,000 m3 over
the drainage period of interest. Whether due to reduced water-stress, or new species with
higher evapotranspirative usage, restored meadows should be expected to have higher ET
than un-restored meadows, making the solution to (𝐸𝑇 𝑈 − 𝐸𝑇 𝑅 ) negative.
3.4.3 Streamflow decreases in restored meadows
Increased ET and reduced drainable storage in restored meadows is predicted to lead
to an overall decrease in valley discharge (∆𝑄𝑉𝐹,𝑜𝑢𝑡 ). The volume of water drained in the
deeply incised scenario (C-3) is larger than the volume drained in a restored scenario (C0.33), making the solution to (ΔSU- ΔSR ) negative (EQN 5). This result, coupled an
increase in evapotranspirative demand following restoration, gives strong evidence that
valley discharge should decline following restoration. Though restoration increases the
total amount of water stored in meadows, the new storage does not discharge to
streamflow. The majority of this new storage is, instead, used to support a higher
evapotranspirative demand from previously water-stressed plant communities or denser,
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mesic plant communities. That said, even if ET were neglected, the available volume of
water would be generally insufficient to augment streamflow to the level of detection.
Modelled results demonstrate both the reduction in streamflow and that valley
discharge only contributes very small volumes of water to streamflow in any scenario. By
using a mass-balance approach, we were able to compute the potential daily drainage
from the meadow into the stream over a time period of interest. The rate at which stored
water drains laterally to the channel decreases both in early and late time in the restored
scenario (Table 5). On the selected index date, September 1st, the model predicts that a
kilometer of deeply incised channel (C-3) will drain 1.2 x10-6 m3/s to streamflow; a
kilometer of restored valley (C-0.33) storage will drain 7 x10-8 m3/s. Both values
represent less than 0.01% of an average daily flow rate of 0.1 m3/s. Moreover, the
restored valley will contribute two orders of magnitude less streamflow than the incised
valley.
On the first day of drainage (t0 = June 11), one kilometer of deeply incised valley (C3) is predicted to contribute 1330 m3/km to streamflow; one kilometer of restored valley
(C-0.33) contributes a total of 33 m3. This amounts to average flow rates of 1.5 x10-2 and
3.8 x10-4 m3/s, respectively, per kilometer of stream. The restored scenario, again,
contributes less to the channel due to the reduced bank height and lower hydraulic
gradient in the valley fill. This reduction in flow is consistent with modelled results
demonstrating that peak flood flows downstream of a restored channel are reduced
(Hammersmark et al., 2009, Essaid and Hill, 2014), and suggests the mechanism
reducing peak flow into the channel is the same mechanism that lowers overall lateral
drainage to the channel: reduced channel depth (hence drainable bank height) and
decreased hydraulic gradient.
The dominant flow pathway shifts from lateral to longitudinal in restored meadows
(C-0.33), but total volumes of drainage in both directions are still lower than those in the
incised meaodws (C-3 and C-1). Previous modelled results suggest that restoration
projects that reduce incision favor longitudinal discharge over lateral (Hammersmark et
al., 2008; Loheide and Gorelick, 2007), which can be a favorable restoration outcome. To
account for potential streamflow augmentation downstream of the restoration site, we
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evaluated the upper bound on expected longitudinal contributions to streamflow using a
geometric estimation of the maximum longitudinal hydraulic gradient.
In all the modelled scenarios, as well as the field data, the maximum lateral flow rate
calculated by this method (EQN 20) is an order of magnitude greater than the peak lateral
flow rate calculated by the more explicit linearized Boussinesq equation (EQN 19). This
is to be expected, as the large, near-channel lateral gradients accounted for by the
Boussinesq equation rapidly give way to lower overall hydraulic gradients.
In the incised scenario, maximum longitudinal flow rate is predicted to be an order of
magnitude less than maximum lateral flow rates. Scaling by the lateral discharge
calculated at tc, we expect longitudinal discharge at tc to be a fraction of a mL per second.
In the restored scenario, maximum lateral flow rate decreases by an order of magnitude,
which is consistent with the change in discharge at tc. Longitudinal flow rates do not
appreciably decrease, indicating that a larger percentage of water stored in the restored
scenario will drain longitudinally, but the total contribution to flow is still negligible.
The scenarios modelled here optimized parameters towards streamflow generation;
that the modelled volumes were so small in late summer for all scenarios indicates that
drainage from unconfined alluvial aquifers does not constitute a major source of late
season streamflow. That the amount of streamflow sourced from these aquifers drops by
orders of magnitude with reducing depths of incisions gives confidence that the pattern of
reducing streamflow due to meadow restoration is correct.
3.4.4 Alternative scenarios
The scenarios modelled in this analysis are of a straight channel through homogenous
fill that does not cut down to bedrock. One benefit of a physically-based, linearized
model is the ease with which additional terms can be incorporated. In so doing, we can
demonstrate that increasing sinuosity, adding a hydraulically conductive gravel lens, and
cutting a channel down to bedrock do not appreciably increase the contributions of
streamflow, and even if they do, the relative contribution still decreases with reduced
incision (or, restoration).
Lengthening the restored channel, either by increasing its sinuosity or adding a
second braided channel, serves to increase the area from which the valley fill can drain,
and should theoretically increase drainage into the channel. If we increase the sinuosity of
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the restored channel from straight (sinuosity = 1.0) to meandering (s = 1.5) and add a
second meandering channel with the same dimensions, we effectively triple the drainage
face. This increases the volume of water drained over the day on September 1st to 990 m3
from 330 m3. Though this is an overall increase in the contribution from the restored
channel, the total volume is still two orders of magnitude less than the volume of water
drained from the deeply incised channel (IC-3) – 14,200 m3.
This conclusion stands even if the analysis is expanded to consider a valley fill with a
large, hydraulically conductive gravel lens (cross-sectional area, A = 1 m2) continuous
along the entire reach that acts as a preferential pathway (K = 90 m/day). Under these
conditions, the valley could produce an additional 0.92 m3/day (1.1 x10-5 m3/s of
discharge); for a total discharge of 1.23 x10-5 m3/s. This discharge would similarly
diminish over the course of the summer, and would likely be utilized by reestablishing
species, particularly woody riparian speices (e.g. Salix sp., Populus sp.)
3.4.5 Physically-based model results fit well with magnitude of change recorded
in field data
The good fit between modelled results and field data from the Middle Fork John Day
River, OR gives confidence that the formulation of the model captures the main fluxes of
waters, and dominant processes governing the drainage of water out of an upland valley
floor into a stream.
The model accurately represented the changes in water table elevations in two
meadows over our period of interest (May – August). The goodness of fit decreases over
the course of the summer, with modelled results under-predicting drainage from earlyseason floodplains, and over-predicting drainage from late-season floodplains. We
remedied especially poor initial model fit by adjusting floodplain width in the model,
which indicates that the geometric parameters exert considerable control over dynamics
of the actual water table.
The model’s overprediction of late-season drainage serves the overall goal of
conservatively modelling the maximum expected contributions of valley drainage to
streamflow. This trend in error would correspond to the observed streamflows being
higher than modelled results suggest in early season, and lower than modelled results in
late-season. This overprediction of late season streamflow serves the general purpose of
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the analysis by erring towards maximum possible streamflow in late-season, and gives an
additional level of confidence in the observed trends.
Moreover, the good fit of modeled results with field data bolsters confidence in the
general form and structure of the model and also highlights key parameters that need to
be carefully measured in the field. Calculated and modelled water table surfaces at two
sites in the MFJD matched closely, particularly in early season, confirming the validity of
combining the linearized long-time solution to the Boussinesq equation with estimates of
evapotranspiration and groundwater upwelling using the White method. utility of a
physically-based modelling effort in representing how changing geomorphic features
affects hydrology.
3.4.6 Potential strategies to maximize late summer streamflow
Although our results demonstrate that even under the best of circumstances, increases
in streamflow following restoration are unlikely, the model highlights how restoration
practices might be implemented if the goal of meadow restoration is actually to increase
late-summer streamflow. A restoration program aimed at increasing late summer
streamflow must consider both hydraulic and geomorphic issues. Hydraulically, the
restoration strategy should maximize laterally drainable storage and minimize critical
time (EQN 18). Laterally drainable storage is optimized in long, fully saturated valleys
with large depths of incision (effectively, large drainage face surface area) (EQN 12, 19).
Critical time is minimized by extending the duration of maximum water table elevation,
which can be accomplished by the presence of surface floodplain storage. Practically, this
would be accomplished by saturating long reaches of upland valley, adding surface
storage, maintaining a large surface area through which to drain the storage, and
introducing a time-variable boundary condition at the channel edge, or x = 0 (Figure 2).
A time variable boundary condition is created by a lowering water surface elevation in
the open channel that can access more laterally drainable storage as the summer
progresses.
Geomorphic considerations include the dimensions and fill material of the valley in
question. Restoration programs aiming to augment streamflow within the restored reach,
per these modelled results, should target long, gently sloping and narrow valleys;
restorations aiming to increase downstream flow contribution should target short, steep,
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wide valleys. In both cases, valley fill with a high drainable porosity and hydraulic
conductivity will increase floodplain contributions to channel discharge. If changes to
streamflow are the only objective, maximum impact will be felt in places where
vegetation is limited, or the vegetation communities will not likely change as a result of
the restoration.
3.5 Conclusions
Despite the implicit attraction of using wet meadow restoration as a means of
augmenting late-season streamflow, a physically-based conceptual groundwater model
employing reasonable assumptions of channel and valley hydraulic parameters severely
constrains the amount of late-summer streamflow benefit that can be obtained by channel
reconstruction style restoration practices. While raising channel beds through restoration
can increase total water storage in upland valley bottoms, and extend duration of peak
flows by a few days, the contributions of both lateral and longitudinal drainage from
floodplains to late summer streamflow are expected to decrease following wet meadow
restoration. Consistency in the magnitude of change between modeled results, field data
and previous research gives confidence that the basic model structure and assumptions
are valid in their effort to represent maximum expected change.
Although regional late-summer streamflow increases should not be expected
following wet meadow restoration using meadow restoration techniques, the
demonstrated improvements in the quality and health of wetland vegetation could warrant
considering such measures, even at the cost of increased evapotranspirative use.
Increased ET usage represents a change in either ecosystem type, or a reduction in waterlimitation – either of which might represent a valuable restoration objective. It is critical,
however, to separate these achievable goals of improving ecosystem health and
sustaining wetland ecosystems from the untenable goal of increasing late-season
streamflow. Goal setting is a critical component of restoration projects, and the accurate
representation of expected changes as a result of restoration is necessary for sustaining
public trust and achieving desired outcomes. Without an understanding of the possible
range of eco-hydrologic responses to restoration, it is difficult to set reasonable metrics of
success. The model presented here, and its initial results, can be used to set more realistic
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objectives for restoration programs, and help guide future research on how site-specific
factors will affect the desired outcomes.
Future research can work to both refine its calibration in a range of other,
geologically distinct environments and expand the application of this modelling approach
to other restoration styles. For instance, beaver-inspired forms of restoration (e.g. beaver
dam analogs, artificial beaver dams, etc.) often have similar goals as wet meadow
restoration writ large, and the evaluation of such structures using this modelling
framework would more easily allow for a direct comparison of expected results.
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3.7 Tables
Table 3.1 Dimensions of idealized upland valley floor

Parameter
Floodplain width
Channel width
Depth to bedrock
Reach length
Volume of meadow fill
Longitudinal gradient
Depth of incision

Soil media

Value
B
Bc
Dz
L
S
Di

200 m
6m
10 m
1000 m
4,000,000 m3
0.01 m/m
Restored: 0.33 m
Incised: 1 m
Deeply incised: 3
m
Silt-loam
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Porosity

n

0.45

Drainable porosity
Hydraulic conductivity

ϕ
K

0.1
0.5 m/day
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Table 3.2 Model inputs and results for Forrest and Oxbow sites at Middle Fork John Day, OR.

Note that the index date for these model runs was set to august 1, hence the smaller tc
values.

Channel depth
Time of interest
Max WTE, below valley floor
Valley width

Di
tc
WTEmax
B

m
days
m
m

Forrest
1.6
51
0.3
240

Oxbow
1.12
51
0.3
200

Drainable porosity
Hydraulic conductivity
Laterally drainable storage per
km
Volume drained per km, t0 to tc

ϕ
K
Vlat

m3/ m3
m/day
m3

0.04
5.87
62,400

0.04
5.45
32,800

Vlat*

m3

4180

2460

Max Lateral discharge
Max Longitudinal discharge

Qlat
Qlong

m3/s
m3/s

2.9x10-3
9.5x10-4

1.6x10-3
7.0 x10-4

Discharge per km, t = tc
Discharge per km, at t = t1
Total discharge per km, t = tc
Total discharge per km, t = t1

Q-tc
Q-t1
Qtot-tc
Qtot- t1

m3/s
m3/s
m3
m3

6.0 x10-5
6.6 x10-2
5.2
5700

3.3 x10-5
3.6 x10-2
2.8
3100
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Table 3.3 Calculated ERg and GW rates for all wells at both sites for July 2010.

ETG (mm/day)
24*rGW
(mm/day)
GW (mm/day)

Forrest
17
2.4

Forrest
18
2.7

Forrest
19
2.2

Forrest
20
1.8

Oxbow
32
2.1

Oxbow
33
2.6

Oxbow
34
2.7

106
2.1

115
2.3

85
1.7

77
1.5

94
1.9

117
2.3

123
2.5
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Table 3.4 Average error between calculated and observed water table surfaces at Forrest and
Oxbow sites from May to August, 2010.

Forrest
(mm)
Oxbow
(mm)
Monthly
Average
(cm)
%
difference

05/01/10

06/01/10

07/01/10

08/01/10

Site Average
(cm)

24

77

39

70

50.25

42

9.0

67

78

49

33

43

48.5

74

49.6

5.5%
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Table 3.5. Model results for incised and restored scenarios, with percent change

Deeply
Incised
(IC-3)

Incised
(IC-1)

Channel depth

Di

m

3

1

%
Change
(IC-3 to
IC-1)
-66.7

Restored
(UC)

0.33

%
Change
(IC-3 to
UC)
-89.0

Time of interest

tc

days

92

82

-10.0

77

-15.0

Max WTE, below
valley floor
Available Storage

WTEmax

m

1

0.3

-70.0

0

-100

V

m3

1,800,000 1,800,000

0.0

1,800,000

0.0

Maximum Storage

Vmax

m3

1,620,000 1,746,000

+7.8

1,800,000

+11.1

Drainable Storage

VW

m3

360,000

388,000

+7.8

400,000

+11.1

Laterally drainable
storage per km
Volume drained
per km, t0 to tc
Max lateral flow
rate
Max longitudinal
flow rate
Discharge at t = tc

VWlat

m3

80,000

28,000

-65.0

13,200

-83.5

VWlat*

m3

14,146

1558

-90.0

326

-97.7

Qlat

m3/s

1.0x10-3

1.2x10-4

-88.0

1.3x10-6

-98.7

Qlong

m3/s

3.0x10-4

2.5x10-4

-16.7

2.4x10-4

-20.0

Q(tc)

m3/s

1.2x10-6

2.3x10-7

-80.8

6.6x10-8

-94.5

Discharge at t = t1

Q(t1)

m3/s

1.5x10-2

1.7x10-3

-88.7

3.8x10-4

-97.5

Total discharge, t
= tc
Total discharge, t
= t1
Daily ET (from:
Loheide and
Gorelick, 2005)
Total ET usage, t
= tc

Qtot(tc)

m3

1.0x10-1

2.0x10-2

-80.0

5.7x10-3

-94.3

Qtot(t1)

m3

1329

154

-88.4

33

-97.5

ET

mm/d

3.0

5.0

+66.7

ETtc

m3

1.0x105

1.6x105

+49.1

5.5
+83.3
1.7x105

+54.0
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3.8 Figures
Figure 3.1 Schematic representing water fluxes into and out of an upland valley floor (meadow).
Abbreviations as described in text. Impermeable bedrock based is assumed to extend up into
hillslopes along the dotted line. We assume that the changes to Deep GW Inflow and Overland
Flow as the result of restoration are negligible. After Essaid and Hill, 2014.
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Figure 3.2 Dimensional sketch of upland valley floor, channel and time-variable water table
position for any un-impeded channel cut into valley fill. After Rupp and Selker (2005)
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Figure 3.3 Drainage curves produced from EQN 12 for (a) 3-m incised scenario, (b) 1-m incised
scenario and (c) unincised (0.33 m) scenario. Top of the curve shows position of water table at t1,
bottom of curve shows position of water table at tc. Note differences in scale of Y-axis and
considerable vertical exaggeration.
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Figure 3.4. The study site for meadow drainage on the Middle Fork of the John Day River (a) with
an example of a 4-well transect in the Forrest property (b) which is immediately downstream of
Bates Oregon, and 15 km upstream of the similar 3-well transect in the Oxbow. The site is located
in Northeastern Oregon, USA
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Figure 3.5 (a) Depth to water table at Oxbow-34 during 2009 water year. Precipitation shown on
top of graph is from AGRIMET station in Prairie City, 25 km to the south. (b) Daily signal in water
table elevation during the decrease of the water-table at Oxbow well 34 during portion of summer
of 2010 (shaded in (a))
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Figure 3.6 Observed (solid line) and modelled (dashed line) water table surfaces at Forrest and
Oxbow sites, May 1 to August 1, 2010. Modifying valley width to be slightly larger at the Oxbow
site improves the fit of early season calculated WTE surfaces.
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4.0 Managing beaver, water, and expectations in dryland stream restoration

Caroline S. Nash, Susan Charnley, Jason Dunham, Gordon E. Grant, David S. Pilliod,
Mark B. Hausner, Hannah Gosnell, Jimmy D. Taylor
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4.1 Introduction
North American beaver (Castor canadensis) are renowned as ecosystem engineers
(Jones et al. 1994, 1997; Wright et al. 2002, 2004), with the capacity to transform
hydrologic, geomorphologic, and ecological interactions and capacity of stream
ecosystems (Naiman 1988; Collen and Gibson 2001; Ecke et al., 2017). The potential
capacity of beavers to provide desired ecosystem services, such as increased water
availability and better aquatic and riparian habitat for fish and wildlife, has motivated a
great deal of interest in beaver-related restoration, along with expectations about what
this approach to restoration may accomplish (Pollock et al. 2007; Pollock et al. 2014).
Headlines touting beavers’ capacity to “combat drought” (Gray, 2015; Tegethoff, 2017;
Griffiths, 2015; Geis, 2015), “help us adapt to climate change” (Boos, 2015; Malakoff,
2008; Ferry, 2012), “build riparian resilience” (Seventh Generation, 2017), and “save
[us]…from floods” (Barkham, 2017) have increasingly appeared in mainstream news
outlets, demonstrating the appeal and lofty, wide-ranging expectations linked to beaverrelated restoration (Goldfarb, 2018).
In general, beaver-related restoration (BRR) includes three distinct strategies that aim
to numerically increase beavers, beaver dams, or structures that intend to mimic the
function of beaver dams. The most commonly reported BRR strategy in the western U.S.
is beaver relocation (Pilliod et al. 2018), where nuisance beavers are trapped and
relocated to areas where dams are desired. The second most commonly reported BRR
strategy is to install instream structures with the hope that they will either function like
beaver dams or promote dam-building and maintenance by beavers. These artificial
structures are constructed in a variety of ways and with various materials, resulting in
diverse and often inconsistent nomenclature (Pilliod et al. 2018, Figure 1). A third, often
unreported BRR strategy entailing riparian revegetation, which includes excluding other
browsers (domestic or wild) to encourage the reestablishment of riparian shrubs and trees
that are used by beavers for food and dam-building, and/or actively planting species
thought to promote beaver colonization and dam-building.
Although beaver-related restoration has much promise, evidence for its effectiveness
is limited (e.g., Pilliod et al. 2018). Most BRR strategies do not yet fall under the purview
of traditional regulatory processes; thus, there are not yet standardized procedures for
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project implementation or evaluation, making it difficult to compare results from those
projects that have collected data. Additionally, the majority of data documenting the
effects of BRR come from a few discrete locations, and it remains uncertain whether
reported effects represent a central tendency that might be expected from all BRR, or if
the results represent an end-member that emerges due to site-specific conditions and that
may have negligible or contrary effects elsewhere.
That BRR is increasingly being used and invoked to address environmental problems,
in spite of these considerable uncertainties, reveals an implicit set of expectations that
practitioners, stakeholders, and scientists have about how these strategies should work to
achieve project objectives. Our goal in this paper is to define what these expectations are
and present a new organizing framework by which to assess the alignment of
expectations with existing data and reported outcomes. Specifically, we:
(1) identify the common problems and objectives beaver-related restoration projects seek
to address,
(2) deconstruct the sequence of events necessary to achieve each listed objective, and
(3) assess the capacity of hydrologic processes and beavers themselves to achieve these
objectives by critically analyzing listed expectations using first principles analyses,
existing literature, and reported outcomes.
This assessment is timely as agencies, organizations, and landowners are investing
increasing amounts of money in different forms of beaver-related restoration to address
wide-ranging problems. We must be able to correctly align environmental problems with
appropriate restoration strategies, identify the necessary spatial and temporal scale of
implementation, and recognize any potential trade-offs that might result from the chosen
strategy. Failing to so may result in wasteful spending on ineffective restoration, further
environmental degradation, and a loss of trust between landowners, practitioners, and
scientists.
4.2 Inverted Expectation Mapping
In order to organize and compile diverse bodies of incomplete, discontinuous, or
unstandardized data, we developed a new framework--inverted expectation mapping-with which we can better describe and evaluate the effectiveness of beaver-related
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restoration despite the limited or disparate types and sources of data available
documenting restoration outcomes thus far.
In this framework, the decision to select a specific strategy in service of a larger
problem is considered to be evidence that there was an expectation that the chosen
strategy would achieve certain objectives. By reconstructing the sequence of conditional
steps or processes connecting the strategy selected to the original objectives, we can map
out implicit expectations about how the strategy should work and we can evaluate each
expectation against larger bodies of data that exist for more specific mechanisms.
First, we identify common problems for which BRR is invoked, and the measurable
objectives by which progress towards addressing those problems could be measured. We
call these problem-objective pairs. Next, we map out expectations about how each BRR
strategy will work to meet listed problem-objective pairs into a sequence of conditional
steps. Each step represents an event that must occur, with some reliability before the next
step can occur. In this way, we identify and organize the processes on which it is
expected that successful restoration will rely. Finally, we evaluate each individual step
using literature sources, outcomes reported by interviewees, and relatively simple first
principles modelling. We assess the spatial and temporal scales at which each event must
occur in order to produce measurable change and compile this information into a revised
sequence of conditional steps that better reflects available knowledge. We believe this
method will prove particularly useful in fields like ecological restoration, where practice
often outpaces science, data are limited or unstandardized, and it is often necessary to
work backwards from chosen strategy to objective in order to understand and evaluate the
thinking behind the practice.
4.3 Common problem-objective pairings in beaver-related restoration
Interviews conducted with participants in five beaver-related restoration programs
and a thorough survey of scientific literature and restoration reporting reveal five
problems for which BRR is commonly used (For methods and data on interviews, see
Charnley et al., in Prep). These problems are 1) reduced beaver populations; 2) reduced
or more uncertain water availability; 3) erosion or channel incision; 4) degraded
riparian/aquatic ecosystems; and 5) rising costs of restoration. Though these problems are
entwined, they merit separation on the basis of the motivating goal of the practitioner.

101

While for some, restoring the number of beaver is the end unto itself (Problem 1), for
others, beaver represent a means by which to address other problems (Problems 2-5).
This is an important distinction in the realm of beaver-related restoration, as many of the
latter strategies may bear more similarities to traditional “active” stream restoration
strategies (sensu Kauffman et al., 1997), which may have little to do with beaver
themselves.
Specific objectives within each project were identified as being associated with each
problem; the extent to which each objective is achieved is the metric by which success
towards addressing each environmental problem would be measured (e.g. Gregory et al.,
2012). We refer to each of these as a problem-objective pair and assign letters to those
pairs covered in this paper (Table 1). We have omitted in-depth discussion of the
ecological response to beaver dams and BRR, particularly with regards to salmonids and
non-beaver wildlife, as they are thoroughly covered elsewhere (e.g. Gurnell, 1998; Collen
and Gibson, 2000; Ecke et al., 2017). Problem 5: Rising costs of restoration, is also
omitted from this initial discussion. This problem is unique in that BRR strategies only
represent a good value if they can effectively address the first four problems. We thus
treat the issue of cost separately in the discussion after assessing whether BRR can, in
fact, achieve objectives associated with the first four problems.
The sequence of conditional steps that must occur for each BRR strategy to address
these problem-objective pairs is depicted in Figure 2. For example, for beaver relocation
to lead to an increase in beaver populations, the only expectation that must be met is that
beaver survive. For beaver relocation to lead to increased streamflow, however, beaver
must survive, then remain in the locations where restoration is desired, then build dams;
those dams must impound water, groundwater must rise adjacent to the channel where the
dam was built, and either the surface water or groundwater must discharge as streamflow
in the late summer. It is important to emphasize that these steps reflect expectations about
the process by which restoration achieves objectives; they do not necessarily represent
biophysical data documenting this process. We will evaluate each of these individual
expectations against literature and first principles modelling in the following sections,
organized by expectations outlined in Figures 4.2 and 4.3.
4.3.1 Most beaver will remain, survive, reproduce, repopulate

102

In general, survival of relocated beavers is low, typically less than 50% (McKinstry
and Anderson 2002, Petro et al. 2015) with 35-57% of predator-related mortality
occurring within the first week after release (McKinstry and Anderson 1997, Petro et al.
2015). Beavers also commonly move from their release site. A study in eastern Oregon
observed that 78% of relocated individuals moved away from release sites (Scheffer
1941). Of 114 relocated nuisance beavers in Wyoming, 58 (51%) moved >10 km from
their release sites (McKinstry and Anderson 2002). Known maximum distances moved
from release sites were 29.2 km in western Oregon (Petro et al. 2015), 48 km in Colorado
(Denney 1952), 76.2 km in Wisconsin (Knudsen and Hale 1965), and 238 km in North
Dakota (Hibbard 1958). McKinstry and Anderson (2002) evaluated beaver relocation as a
tactic by which to improve riparian habitat in Wyoming and considered releases
successful in 13 of 14 sites when relocated beavers reproduced. However, their efforts
required multiple releases per site and an average of 17 beavers released at each site
before young were born (McKinstry and Anderson 2002).
That beaver will survive, remain in place, reproduce and repopulate a given area is
therefore inconsistent, with most studies reporting predation or dispersal. Projects that are
aiming to increase beaver populations may require multiple releases before any
measurable increase in beaver numbers in a specific location are reported. Uncertainties
associated with this expectation are therefore related to the stochasticity implicit in
managing wildlife – survival and dispersal are hard to predict at a specific location and
will fluctuate over time. Risks associated with this uncertainty include potentially higher
project costs if multiple releases are needed; conflict with adjacent landowners if beaver
disperse to areas in which beaver activity is not desired; and loss of trust if releases do
not result in observable changes in beaver population.
4.3.2 Improved hydrologic or riparian conditions will attract resident beaver
populations
There are limited number of studies specifically documenting rates of beaver
occupancy following restoration involving riparian management or artificial structures.
Most data currently come from Bridge Creek, Oregon, where it is reported that there was
an 8-fold increase in the number of natural beaver-dams following treatment with 121
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artificial structures and a large flood event that created new channels (Bouwes et al.,
2016). It is not clear, however, whether beaver dam building increased due to the
structures, specifically, or to the creation of a secondary channel as a result of extensive
flooding, which may have provided additional locations for dam-building. Previous
research at the same location had documented that beaver typically built a total of 30-103
dams each year independent of artificial structures and depending on peak flows
(Demmer and Beschta, 2008). A separate study using radio-marked beavers, also at
Bridge Creek, found evidence that beavers there were at or near carrying capacity prior to
the restoration and the number of beaver dams within their territories ranged from 0-20 (𝑥̅
= 5.8; Maenhout 2013). This suggests that there was an active dam-building beaver
population present prior to restoration and makes it difficult to determine if artificial
structures increased dam-building activity, or if the reported increase in numbers of dams
was statistically insignificant relative to the previous 20 years of data. Three additional
case studies reported an increase in beaver activity following restoration with BDAs, but
there are no data describing the condition of preexisting beaver populations in these
locations. This suggests that beaver can and will use artificial structures for dam-building,
but that these beaver were likely already building dams in the area.
At other locations, beaver dam-building rarely occurs at artificial structures
intended to increase channel complexity and improve biophysical conditions. In an
artificial structures project in Eastern Oregon, beavers occupied 4 of 363 large, earthen
weirs (artificial beaver dams, ABDs) as foundations for dam building in a survey
conducted six to twelve years after installation (Appendix 4). MacCracken and Lebovitz
(2005) evaluated 55 large wood structures in southwest Washington, 12 of which were
placed as part of a restoration project. Such projects are not commonly included in BRR
but represent a similar functional goal of improving complexity and changing hydraulics.
Beavers used 6 of the 55 structures as foundations for dam building, including 3 of 12
structures in the restoration project.
It therefore appears that the expectation of beaver occupying restoration sites
following treatment with artificial structures or improvements in riparian conditions may
only be reliable if there is already a large and actively dam-building population present in
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the catchment. Though beaver may relocate into areas with improved biophysical
conditions, they do not appear to build dams extensively in the few locations where this
has been studied. This may be because the hydrologic conditions that result from artificial
structures and riparian management are sufficient to render dam-building unnecessary.
4.3.3 Most beaver will build dams
The expectation that beaver will build dams is central to beaver-related restoration
efforts; dam-building is what makes beaver ecosystem engineers capable of channel
restoration (Jones et al. 1994, 1997; Wright et al. 2002, 2004). However, it is useful to
consider why beavers build dams when evaluating the expectation that their presence will
result in dam-building. Beavers are central-place foragers (Orians and Pearson 1979,
Fryxell and Doucet 1991, McClintic et al. 2014) that require protection from predators at
their lodge or bank den. Beaver build dams to create open water protection from
predators, access to bank dens or lodges for rest and kit-rearing, and food caching in
extreme winter conditions (Baker and Hill 2003). When these conditions already exist in
the absence of dams, such as in lakes and larger rivers or tributaries (e.g. Maenhout,
2013) beavers may forgo dam-building.
Beaver may also forgo dam-building in locations where it might otherwise seem
advantageous, suggesting that dam-building is not necessary for their survival even in
locations we consider suboptimal habitat. In western Oregon, Petro et al. (2015) relocated
and monitored 38 beavers as part of a study to increase over-winter habitat for coastal
coho salmon, (Oncorhynchus kisutch) and found that few of the surviving beavers
constructed dams and no dams persisted through the winter. This indicates that while
dam-building can promote survival, it is not necessary for survival.
More broadly, the proximate and ultimate cues that cause beavers to build dams and
establish territories are still poorly understood. Beaver are choosy, generalist herbivores,
(Jenkins 1975, 1981) who exploit a wide range of foods and environmental conditions.
Food choices will also typically differ from the stems used to construct dams. Some have
hypothesized that woody foods limit beaver occupancy, although this has not yet been
properly evaluated in arid systems at a large scale (Gibson and Olden 2014, Macfarlane
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et al., 2017). Macfarlane et al., (2017) indicate that vegetation is the top predictor of
beaver occupancy; Barnes and Mallik (1997) noted it was unlikely beavers used presence
of food as a cue for dam establishment; Suzuki and McComb (1998) excluded vegetation
variables from models to predict beaver dam sites. This variability in the modelling
results indicates that cues to dam-building may be location or colony specific, and that it
is therefore not possible to generalize to all locations.
Others have suggested that geomorphic considerations such as stream gradient,
channel width, valley width, and hydrograph behavior drive dam presence (e.g. Barnes
and Mallik, 1997; Suzuki and McComb, 1998). This reflects a body of data indicating
that beaver dams are typically observed in a narrow range of geomorphic conditions, as
they are often limited by high stream power at one end (Demmer and Beschta, 2008;
Smith 1998; Levine and Meyer, 2014; Roni et al., 2015), and minimum discharge at the
other (Wolff et al., 1989), though the specific conditions vary with catchment. These
observations from present-day studies correspond to observations in the geologic record,
where the presence of beaver-related sedimentation is inversely correlated with
stratigraphic evidence of drought conditions (Persico and Meyer, 2009). In other words,
as conditions desiccate, beaver will typically respond by relocating to areas with more
water that might offer protection, food, and/or rearing sites.
Thus, beaver only build dams if it is necessary for their survival, but we do not yet
have a clear understanding of what the conditions or cues are that initiate dam building.
This suggests that rates of dam-building will be unpredictable, even if restoration sites are
chosen based on existing criteria for dam-site selection. Moreover, beaver should not be
expected to continue or begin building dams as drought emerges, persists, or worsens, as
they typically respond to climatological cues rather than driving those cues.
4.3.4 Dams will impound water and sediment
In four of the five problems BRR commonly seeks to address, it is expected that
beaver dams will increase surface water storage and extent, reduce sediment erosion, and
increase water table levels in adjacent floodplains. Beaver dams, similar to human dams,
create a blockage that limits the through-flow of water sufficiently to store water within
the existing river channel (Magilligan and Nilson, 2005) and in so doing, reduce the
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water surface slope. This can create a slow-moving to stagnant upstream impoundment
that is hydraulically distinct from faster-moving, lotic reaches further upstream or
downstream of the dam (Butler and Malanson, 2005).
Beaver dams can typically impound water provided they are channel-spanning and
have relatively low permeability. Dams are commonly built of branches (either large or
small-diameter), mud, and may or may not include stones or rocks. Older dams may also
include debris and additional mud that has accumulated behind the dam (Woo and
Waddington, 1990). The more impermeable a dam is —for instance, by how much silt
and clay accumulated on the upstream face of the dam—the more effective it will be at
holding water in its impoundment.
The exact amount of water a dam impounds is a function of its dimensions relative to
its surroundings, specifically: the height of the dam relative to its confining stream-banks,
floodplains or valley walls will influence pond width and the frequency and extent of
floodplain inundation, and the height of the dam relative to stream gradient will influence
the distance an impoundment will extend behind a dam (Levine and Meyer, 2014). A
dam’s position relative to other dams, and the density of the array, will also influence its
longevity and ability to retain water and sediment. A study of porous check dams found
that after 27 years, downstream dams were most effective at retaining fine-grained
sediments than their upstream counterparts (Hassanli et al 2009), which is the reverse of
typical sediment dynamics in large engineered dams. Additionally, dams built first
typically last longer than those built later (Levine and Meyer, 2014).
The amount of water actually stored behind a dam will vary with season and dam
condition. In snow-dominated or mixed snow/rain climates common to drylands in the
Western U.S., impoundments will fill during winter and spring, when system inputs
exceed outputs, allowing for an accumulation of stored water. The level of water present
in a channel is in this way a reflection of the catchment’s water content – only rarely do
channels serve as the source of water to surrounding groundwater (Fryjoff-Hung and
Viers, 2013). The volume of water stored behind beaver dams relative to total catchment
storage will vary drastically with location. While Burns and McDonnell (1998) found that
in a catchment with thick deposits of glacial till, storage attributable to beaver dams was
insignificant, Duncan (1984) found they provided up to 30% of the storage in a Central
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Oregon catchment in late summer. This suggests that the significance of storage provided
by beaver dams relative to total storage will be a function of catchment lithology and
hydrogeology.
Reduced water surface slopes behind dams reduce stream velocity, causing sediment
carried by water to deposit behind dams or, if flooding occurs, on floodplains.
(Westbrook et al., 2011; Levine and Meyer, 2014). Though beaver dams can induce
sediment deposition, the rates at which sediment deposits are highly variable, and if the
dams breach, may rapidly be removed. In a study of natural beaver dams on Bridge
Creek, vertical aggradation rates were estimated to be as high as 0.47 m in the first year
following construction and level off to 0.075 m/yr by year six, driven in part by
sedimentation on terraces (Pollock et al., 2007). The sediment that accumulates within
the channels behind beaver dams is often quickly eroded following dam breaches, but
sediment deposited on floodplains may persist (Westbrook et al., 2011; Levine and
Meyer, 2014). Demmer and Beschta (2008) observed that roughly 10% of beaver dams
built over a 20-year period in Bridge Creek, OR persisted long enough to fill entirely with
sediment.
Evidence in the geologic record suggests the impact of beaver dam sedimentation is
variable over long periods of time – in some locations where beaver were known to
occur, there was limited valley bottom sediment aggradation that could be attributed to
beaver dams (Persico and Meyer, 2013). In other locations, beaver dams aggraded up to
2.5 m locally in areas with low gradients and downstream geomorphic constrictions that
favor dam-building (Persico and Meyer, 2009). Though it has been less studied in the
context of beaver dams, the rate of aggradation behind any dam will also intrinsically
depend on its catchment’s sediment yield, which is a function of lithology (O’Connor et
al., 2014), geomorphology (Verstraeten and Poesen, 2001), climate (Langbien and
Schumm, 1958), and land-use (Chambers and Miller, 2011).
Thus, beaver dams will impound water and sediment, but only if the dam is relatively
impermeable and intact, and in-channel deposits typically only last so long as the dam
itself does. There is intrinsic variability in the magnitude and spatial extent of these
changes, many of which are localized and will depend on channel and valley bottom
geomorphology. There is an obvious tradeoff between water and sediment impoundment
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– dams that fill with sediment will store proportionally less water. Similarly, areas with
longer-lived dams (e.g. lower stream power systems such as wetlands e.g. Johnston and
Naiman, 1987) commonly experience greater quantities of sediment aggradation. Higher
gradient areas, where beaver dams may be desired for their potential water storage offset,
may only support very short-lived dams due to greater stream power hence higher
likelihood of failure. Another tradeoff is that while sediment is required for sediment
aggradation, very high sediment yields may facilitate dam-breaching as dams rapidly fill,
over top, and head cut back into recently deposited sediments. The expectation that
beaver and beaver dams will lead to long-term water and sediment storage should be
limited to small volumes of potentially locally significant change that are susceptible to
breaches on <10 year recurrence.
4.3.5 GW will rise adjacent to impounded water
The mechanism by which in-stream structures cause groundwater to rise in adjacent
floodplains is, fundamentally, a change in the hydraulic gradient over which water is
draining. In the case of a previously losing reach, where the water table lies beneath the
stream channel, the increased depth of water stored in the impoundment exerts greater
potential and can drain more in-stream water to near-field soils. In the case of a
previously gaining reach, where the water table lies above the stream bed in the
floodplains, the increased depth of water in the impoundment lowers the total hydraulic
gradient draining the floodplains, effectively backing interflow and groundwater back
into the floodplain (Essaid and Hill, 2014; Nash et al., 2018). The spatial scale of these
effects will depend largely on the location of the beaver dam within the valley bottom,
the physical properties of the porous media comprising the valley and the geomorphic
confinement within the valley.
That water tables rise adjacent to channels is a relatively common observation (Lowry
and Beschta, 1994; Pollock et al., 2007; Westbrook et al., 2006; Majerova et al., 2015).
Majerova et al. (2015) reported a reach-scale shift from slightly losing to gaining reaches,
indicating that the water table had moved from below the streambed to above; the effect
and a smaller spatial scale was considerably more variable, though. Westbrook et al.,
2006 report increases in groundwater levels during both low and high-flow periods as a
result of beaver dams on a channel in a wide floodplain in the Rocky Mountains. Changes
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to groundwater levels were observed up to 200 m laterally from the location of the beaver
dam and 600 m down-valley, and were strongly influenced by snowpack from the
previous winter.
Limited to no change in the water table has also been reported, though there are both
fewer studies documenting it, and it is less discussed in existing review literature
(Gurnell, 1998; Collen and Gibsen, 2001). Woo and Waddington (1990) reported no
change, likely due to the already flat topography of the wetlands in which the beaver
dams were surveyed. Burns and McDonnell (1998) reported similarly insignificant
changes to groundwater, though in this case it was due to the vast and highly conductive
nature of the glacial till soil mantle.
Therefore, well-maintained beaver dams that impound increased depths of water will
typically cause water tables to rise in adjacent floodplains, depending on the antecedent
moisture content and flow patterns in the valley bottom. The spatial scale of the effect
will largely depend on geomorphic controls, but has been observed at between 50-600 m
from the channel. The effect will persist so long as the dam itself does, and appears to
persist in both low and high flow conditions provided good snow conditions the previous
winter.
4.3.6 Stored GW and Surface water will slowly release from storage and
augment late summer flows
One of the most salient goals of BRR is the idea that beaver dams, or artificial
structures, will increase the quantity of streamflow in late summer, when it is otherwise
scarce. This underlies much of the interest in BRR as a tool for improving certainty of
surface water availability during drought conditions. As discussed above, certain beaver
dams and artificial structure are effective at increasing surface and groundwater storage,
provided the dams are impermeable, channel-spanning, and persist over long time
periods. Increased water storage, however, does not necessarily equal increased
streamflow.
It is useful to consider a water budget when evaluating how surface water dynamics
might change following dam-building. The amount of water exiting a given stream reach
(e.g. streamflow, and groundwater flux down-valley) is a function of how much water
enters that reach (e.g. precipitation, incoming streamflow and groundwater), and whether
that incoming water is being stored within the reach, or if storage is being drained. This
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highlights an important difference between reservoirs and fluxes. Reservoirs are static
and represent volumes of water. Fluxes are dynamic and represent the transition of water
into or out of given locations or states. For instance, standing water behind a dam is a
reservoir; streamflow into and out of that impoundment is a flux.
BRR seeks to address the problem of reduced water availability by changing storage
dynamics, namely, by increasing the amount of surface and groundwater storage
available. However, once stored, those volumes of water do not necessarily discharge as
streamflow. If a dam is well-maintained and impermeable, water will be unable to flow
through or around the dam during periods of declining streamflow in appreciable
quantities (Meetenmeyer and Butler, 1999). This would lead to an overall decrease in
streamflow downstream of dams (per Woo and Waddington, 1990). Moreover, increased
surface areas of beaver ponds increases the total amount of water lost to evaporate and
groundwater is subject to large increases in ET due to increased plant water usage using
much of the stored water throughout the season, making it unavailable for discharge to
the stream (Woo and Waddington, 1990; Essaid and Hill, 2014; Nash et al. 2018).
For stored water to discharge as streamflow requires a mechanism by which that
stored water can drain. In the case of surface water, there must either be a side channel or
notch in the dam that allows the water to drain (Woo and Waddington, 1990). If the water
level drops below the elevation of that notch or channel, downstream flow will stop.
Water can also drain through a permeable dam, but as discussed above, for a dam to store
large quantities of water, it must be relatively impermeable (Meentemeyer and Butler,
1999). In the case of groundwater, there must be a hydraulic gradient along which stored
water can discharge in order for groundwater storage to convert to a streamflow flux
(Essaid and Hill, 2014; Nash et al., 2018). All else being equal, the greater the hydraulic
gradient; the greater the discharge. Dammed systems, however, typically reduce the
hydraulic gradient in adjacent riparian areas, as this is the mechanism by which water
tables increase (See Expectation E). This would work to reduce the amount of
groundwater being discharged as streamflow. As pond elevations draw down, this
hydraulic gradient would increase accordingly, but the rates of discharge are still
typically very small under ideal geomorphic and soil conditions – e.g. 1 mL/day
discharged streamflow per kilometer of streambank (Nash et al., 2018). Groundwater
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may instead flow longitudinally downstream, but the volumes associated with his are an
order of magnitude smaller than lateral discharge given the reduced hydraulic gradient
over which stored water flows (Nash et al., 2018).
In-stream structures have been shown to enhance hyporheic exchange (Kasahara and
Wondzell, 2004; Hester and Doyle, 2008), and there is evidence to suggest beaver dams
may cause small volumes of porewater to well up immediately downstream of dams
(White, 1990; Meetenmeyer and Butler, 1999; Janzen and Westbrook, 2011). The
magnitude of this discharge, however, is often only appreciable when the dam is filled to
capacity; the effect diminishes or ceases when the water elevation in the impoundment
drops (e.g. 5 cm drawdown in Devito and Dillon, 1993). Given that peak evaporation
rates off surface water can be upwards of 9 mm/day (Harwell, 2012; BATO Station data
available at https://www.usbr.gov/pn/agrimet/monthlyet.html) a dam could lose its ability
to drive throughflow in as few as six days. Furthermore, hyporheic exchange requires
hydrologically neutral or gaining conditions, limiting the valley bottoms in which this
pathway is activated (Harvey and Wagner, 2000; Hester and Doyle, 2008; Janzen and
Westbrook, 2011).
Therefore, systems dammed with artificial structures or natural beaver dams, should
experience a large increase in open water evaporation and riparian plant-use. Given that
in order for structures or dams to effectively store water, they must prevent water from
moving downstream, there is not a mechanism by which stored water can discharge into
the stream. Moreover, the act of damming a stream system reduces the hydraulic
gradients in adjacent floodplain aquifers, further reducing the volume of water that might
discharge from storage. Small volumes of biologically significant water may discharge
immediately below dams as hyporheic exchange, but these have not been shown to scale
into large volumes. Thus, existing literature and geohydrologic modeling (Nash et al,
2018) contraindicates common expectations of beaver-related restoration with regards to
streamflow generation.
4.4 Discussion
The sequence of conditional steps necessary to achieve project objectives have been
remapped to better reflect and synthesize the findings of this analysis (Figure 3).
4.4.1 Objective-Strategy alignment
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We consider it a good principle to consider those objectives-strategy pairings that
require that the fewest conditional expectations be met to be the most closely aligned.
Per that thinking, it appears that each BRR strategy aligns most closely with certain
objectives. For instance, relocating beaver to address reduced beaver populations requires
only that beaver survive and repopulate. Revegetating riparian areas to address degraded
riparian environments similarly requires only that chosen management activities will
improve riparian conditions. Building artificial structures to increase surface water
storage requires only that the structures store water for a length of time desired by the
practitioner.
With regards to specific objective-alternative pairings, the preponderance of evidence
suggests beaver relocation strategies should not be expected to lead to hydro-geomorphic
changes, as beaver occupancy post-relocation is often low, dam-building rates are
variable, and beaver dams commonly breach within 1-5 years. Beaver dam-building has
been demonstrated to result in some of the hydro-geomorphic changes, but the variability
of the response and the limited control humans have over whether beaver survive, choose
to build dams, and maintain dams, makes this a less reliable strategy that should be
treated as a long-term experiment moreso than a proven hydro-geomorphic restoration
tactic. Moreover, increased surface area resulting from increasing numbers beaver dams
should result in increases to evaporation and transpiration, which could result in a net
decrease in outgoing streamflow. As discussed above, beaver-relocation aligns most
closely with those projects aiming to address reduced beaver populations, as this
restoration tactic directly increases the number of beaver along a stream reach. The
effectiveness of this strategy to address reduced beaver populations may further be
limited by existing beaver trapping regulations or coordination;
Riparian management has a variable level of alignment with listed objectives. There
is limited evidence supporting riparian management as an effective means by which to
attract beaver to an area, alone. Thus, there is also similarly little evidence to suggest that
riparian management alone will achieve hydro-geomorphic objectives that rely on dams
as their main mechanism. Depending on the specific riparian management strategy
chosen, there is a considerable body of evidence suggesting that riparian-focused
management strategies can result in significant changes to the density, extent, and
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composition of riparian plant communities, and thus these restoration strategies are best
aligned with objectives related to riparian flora and fauna.
Artificial structures have a similarly variable level of alignment with listed problems
and is the category for which known uncertainties result in the greatest potential risks.
Hydro-geomorphic objectives, specifically, those related to storing surface water,
sediment, and groundwater, have been shown to be readily achievable using artificial
structures, but the response will be site-specific, and depend on the density of installation,
geomorphic setting, and annual maintenance. ABDs, by virtue of their larger size and
longer persistence, will be more likely to create hydro-geomorphic changes related to
gross volumes of sediment aggradation and water storage. ABDs will require ongoing
maintenance for these changes to persist. BDAs, by virtue of their position within
channel banks and shorter persistence, will be more likely to create hydro-geomorphic
changes related to in-channel hydraulic and geomorphic complexity. Both structures
will only attenuate flood flows if their impoundments and surrounding floodplains are not
yet saturated prior to flooding, and both structures bring with them uncertainty and risk
related to their longevity, including their propensity for outburst flooding during peak
flows, post-breach incision, and potential undocumented long-term geomorphic
consequences of reducing downstream sediment yield. Of the few studies rigorously
documenting artificial structures, most report that these styles of structures result in
changes to the density, extent, and composition of riparian communities. A similarly
limited number of studies documenting beaver occupation of artificial structures suggest
a variable to low occupation rate, which is underscored by documented uncertainty
associated with more beaver HIS models, more broadly.
These latter two strategies – riparian vegetation and artificial structures - can achieve
objectives via one of two pathways. The first pathway requires that beaver be attracted to
improved conditions at the site, and then that they build dams and maintain structures that
will expand improved conditions. This is one of the mechanisms by which it is often
thought BRR will be cost-effective, though it is not well documented in the literature.
The second pathway, which requires that fewer conditional steps be met, is that the
riparian management strategies or artificial structures directly achieve hydro-geomorphic
objectives independently of beaver. When restoration strategies achieve objectives via

114

this second pathway they bear more similarities to traditional, engineered stream
restoration, raising questions as to whether they can be considered beaver-related
restoration. This is particularly important in legislative or regulatory environments where
the use of the word “beaver” in the naming of the restoration strategy may bely the actual
processes by which the strategy achieves restoration objectives.
4.4.2 Outcome-Literature alignment
For six of the seven objectives there is clear alignment between reported outcomes
(Charnley et al., In Prep), peer-reviewed data, and first principles modelling, lending
confidence to the findings. Outcomes reported in five or more of the nine case studies
(i.e. commonly observed outcomes) are also those objectives for which there is most
support in the literature. It is possible that these represent objectives that might be
achieved at a wide range of sites and under a variety of environmental conditions, as they
are based on fundamental physical principles. Outcomes reported in between three to five
of the case studies are those objectives for which there is either limited or variable
support in the literature. It is possible that these represent objectives that can only be
achieved under a specific set of circumstances or in specific locations. Outcomes reported
in less than 1/3 of the studies were associated with those same objectives for which there
was relatively little information in the literature. This paucity of data may either reflect
that the given objective rarely results from restoration, that it is difficult to measure, or
that it is rarely considered by those conducting research. This includes many of the
socioeconomic themes, particularly those related to the total cost of these projects. These
data often only emerge from case studies and interviews. A synthetic analysis of average
costs of implementation in states with different regulatory environments would provide
much-needed data to evaluate the assertion that BRR is a cheap alternative to traditional
stream restoration.
Perhaps the most interesting result is that the most commonly reported outcome,
increased baseflow or late season streamflow (reported in all case studies), is the only
objective contraindicated by the literature. Though there are allusions to the potential for
increased streamflow in a number of studies (Gurnell 1998; Yeager and Hill, 1954;
Rutherford, 1955; Parker 1986), there are only three studies in which streamflow data is
actually collected. Woo and Waddington (1990) find that streamflow can increase for a 7-
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10 day period in the reach immediately downstream of a dam that has a large breach
solely at its base. This is the least common dam condition, and the authors go on to
specifically state that streamflow should decrease as a result of increased
evapotranspiration in the catchment. Nyssen et al. (2010) collect data on two stream
reaches with and without beaver, and report greater downstream streamflow in the beaver
reach, but with no pre-installation data, it is difficult to tease out causation or attribute
change to the beaver dams. Puttock et al. (2017) demonstrate that flow downstream of
beaver dams is lower than flow upstream for both peak and base flow.
This points to a central tension and difficulty in this inquiry: collecting continuous
streamflow data, particularly in arid to semi-arid environments, is difficult, and designing
watershed-scale before-after/control-impact style studies is often impractical.
Instrumentation is commonly designed for larger rivers, and there are therefore few
reliable methods by which to continuously collect data on sand to silt-bedded rivers with
intermittent or ephemeral flow. In lieu of available data, it appears common for both
practitioners and scientists to use visual perceptions of available water to make assertions
about changes to the water budget.
A clue into this disagreement might emerge from the language used in case study
interviews (Charnley et al., in prep). “Longer seasonal duration of stream flows; slowing
down and holding back water causing increased stream flows and water ponding in
reaches that previously ran dry, both above and below dams; increased water
availability”, specifically the use of the phrase “increased water availability”. It is
possible that the surveyed responses and scientific studies are using the same language to
report two different things. It appears the surveys are reporting an increase in total
amount of water visible in the landscape; for instance, the surface water extent in the
impoundments behind dams – a stored volume - which persists late into the summer.
Physical scientists, however, appear to be describing a decline in outgoing streamflow – a
flux. This semantic difference is important; stored volumes are physically and
ecologically distinct from fluxes. Physically, stored volumes represent a singular source
of storage that, once used, is gone. A flux, in contrast, describes and continuous external
source of water, bringing with it nutrients and seed sources. To claim an increase of
streamflow, when there has instead been an increase in surface water extent, is the
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difference between having more water available to partition and taking a larger share of
the same volume of water.
Within the scope of a project, this misattribution might undermine project goals. At
the scale of state and federal regulation, however, there are serious policy implication, as
state legislatures in both Oregon and Washington are considering such restoration
strategies as effective in-place mitigation for declining streamflow. Using strategies that
have been demonstrated to increase surface water storage but not streamflow may result
in unexpected downstream reductions in streamflow that have the potential to exacerbate
declining streamflows, rather than address them.
4.4.3 Tradeoffs and considering the scale of effects
There are clear tradeoffs that emerge among the objectives from this analysis.
Structures designed to hold back water when channels are flooding, by design, also hold
back water later in the summer when streamflow diminishes. Structures that breach
frequently can produce desirable sediment dynamic effects, but those same structures
cannot maintain large volumes of stored water, which in turn diminishes their
effectiveness in changing adjacent groundwater dynamics. In other words, long-lived
structures cannot provide the same benefits as short-lived structures while maintaining
the benefits of long-lived structures. Increasing surface water area and reducing water
stress/expanding the spatial extent of riparian vegetation comes at the hydrologic cost of
evapotranspiration. This increased water usage must be balanced by reductions
elsewhere, including, potentially, streamflow. Objectives dealing with sediment dynamics
are often at odds with each other: to stop incision requires capturing a large volume of
sediment at one location, which may limit aggradation further downstream. To increase
hydraulic and geomorphic complexity often requires frequent blow-outs that reorganize
sediment, which may not simultaneously cause rapid aggradation.
Tradeoffs implicit in the use of artificial structures relate to the designed longevity.
Shorter-lived, more dynamic structures should result in a different set of
hydrogeomorphic outcomes than longer-lived, more permanent structures given that
water remains impounded only so long as a dam remains in place. Objectives related to
sediment heterogeneity and organization may be favored by shorter-term, more dynamic
structures, but this has also not been extensively documented. There are also a number of

117

unknowns related to the long-term implications of both structures, particularly those that
are longer lived, on sediment aggradation, surface and groundwater storage. Larger
structures, designed to impound more sediment and maintain greater head heights, may
be at increased risk of catastrophic breaches that create the very incised channels with
steep, erosive banks these structures aim to prevent (Walter and Merritts, 2008; Merrits et
al., 2011, Levine and Meyer, 2014). Though not discussed in this paper, the implications
of numerous moderately sized, long-lived lentic impoundments on stream temperature,
water quality, and biological processes are also only starting to be explored (Bouwes et
al., 2017).
4.4.4 Is beaver-related restoration cheap?
One of the central motivations for using beaver-related restoration that it is a cheaper
alternative to traditional restoration, and can therefore be used over a larger geographic
area (Bouwes et al., 2016; Silverman et al., 2018). There has, however, been limited
documentation of the actual costs associated with the variety of strategies used within
beaver related restoration, particularly beaver relocation. The values discussed in the
following section are based on available data, and are not representative of actual cost,
which is likely to vary by project and with location. Dollar values have been adjusted
from the year of their publication to 2018 (Table 4.2). The goal of this discussion is to
provide some estimates by which to compare relative expense for these projects, identify
gaps in our knowledge, and ascertain beaver-related restoration strategies represent a
good value (e.g. cost/km versus reliability of achieving objectives).
We could find no estimates of the cost of beaver relocation for the purposes of
restoration. Costs will likely vary considerably depending on trapping efficiency, distance
from trap sites to release sites, and the necessary supplies and equipment. Pay structures
for trapping beaver, which do not include live transport and relocation, can range from
the uncommon flat rate to more common set-up and work-based fees. Estimates range
from $500-1000 flat rate for a nuisance beaver in a residential area, while others charge a
one-time set-up fee ($150 – $375) and per animal ($89-100), hourly ($25-50) or mileage
($0.16/km) fees depending on the removal job. These costs would likely be much higher
if trappers were also required to transport live beavers, and could not turn profit off pelts.
Moreover, costs will vary considerably depending on whether “hard” or “soft” release
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methods are used when transitioning the beaver to new locations. Soft releases require a
holding facility and daily animal care that would add cost to the project. Monitoring
beaver presence and movement as part of assessing restoration effectiveness would also
require additional equipment (e.g. radio telemetry) and personnel. This cursory survey of
current rates is therefore insufficient for estimating the true cost of relocation. A thorough
documentation of beaver relocation project costs, which includes monitoring of beaver
presence following relocation, is necessary to establish baseline cost estimate for this
restoration strategy.
Riparian management costs will vary depending on the type and extent of fencing and
type of management required. Estimates for management of riparian forests (e.g.
thinning, overstory removal, shrub removal) range from $1100 - $7900/ha1 (Gergel,
Stange, Coops, Johansen, & Kirby, 2007), while estimates of costs for new plantings
range from $17,000 – $66,300/river km, not including labor (Bair, 2000). Costs of
fencing can range from $6400 - $13,200/river km, including labor and assuming both
banks are fenced (Mayer & Olsen, 2012). This puts the total cost of riparian restoration
and management anywhere from $7500 to $79,500 per km, not accounting for plant
morality, individual tree fencing, or maintenance.
Estimates for the costs of artificial structures range from $11,500/river km for BDAs
(Bouwes et al., 2016) to $12,500/river km for ABDs (Doyle, 2018). These cost estimates
are for material and equipment cost and in the case of ABDs, do not include fill material,
which was sourced on-site. Natural channel design is estimated to cost approximately
$200,700/river km (Nagle, 2007). Other forms of traditional engineered
hydrogeomorphic stream restoration range from $58,600 and $325,000/river km,
including materials, engineering, planning and permitting (Bair, 2000). The cost of
maintenance is not accounted for in these project cost estimates. The maintenance
requirements of artificial structures vary with goal. If the goal is for dams to breach
frequently, little maintenance is required. However, most projects specify a desired
longevity for the structures, and if there are high flows or animal/equipment damage,
annual maintenance may be necessary, incurring additional costs (Davee et al., 2017).

Converted from CAD to USD using average 2007 exchange rate of 0.935147
CAD/USD
1
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That beaver will maintain artificial structures has not been well demonstrated and should
therefore not be relied upon as the only designed means of long-term maintenance. Such
maintenance costs may fall within the typical annual operating budget for private
landowners or public land managers, but should be considered and budgeted for when
planning a new project and comparing total cost.
By these estimates, riparian management and artificial structures typically cost less
than the highest estimates for traditional engineered stream restoration per kilometer,
though there is some price overlap. For instance, neither estimate of artificial structures
includes estimates for fencing, though in practice these projects are commonly
accompanied by fencing to limit livestock access. If included, this could bring the per km
cost of artificial structures nearer to $20,000/stream km. Estimates for artificial structures
also do not include costs for permitting. Most artificial in-stream structures, whether on
private or public lands, will require fill-removal permitting, and potentially other statespecific permits. NEPA permitting is required for projects carried out on federally
managed lands or by federal agencies. The cost to hire specialists to manage the
compilation and processing of these permits is often either the largest or second largest
project cost for federal projects (Bair, 2000). The cost of permitting to private landowners
hasn’t yet been systematically assessed, but could represent a considerable cost relative to
materials and equipment. Thus, some of the appearance of cost-effectiveness may be
related to the newness of the strategies, which do not yet require permits.
The potential economic benefits of hydrogeomorphic restoration is also not included
in these project costs. Restoration on a private ranch in Eastern Oregon resulted in an
increase in plant available groundwater that improved AUM (animal-unit month) values
for 600 acres of grazing land (from $3000/year to $45,000/year) and also allowed the
rancher to take a cutting of hay ($70,000, at $120 per ton). The market-cost of these
improvements paid off the material costs of 8.8 km of restoration in three years and
provided the rancher with a surplus of hay in an otherwise dry year (Doyle, 2018). An
economic model of meadow restoration using a similar strategy as ABDs estimated
potential benefits to forage and beef production that ranged from $1500 - $11,000 per
hectare (Aylward & Merrill, 2012). The implementation conditions under which such
economic gains are realized are only beginning to be understood, but it appears that the
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scale at which the projects are implemented, valley hydrology and geomorphology, and
the regulatory environment of the restoration site play a considerable role in producing
significant economic gains.
The importance of project scale cannot be understated when considering cost
effectiveness. No matter the strategy of restoration selected, most of the largest
restoration expenditures (permitting, planning, and equipment mobilization) are fixed;
while implementation costs (materials, personnel, equipment hours) are smaller and will
scale with project size and duration (Bair, 2000). As a result, larger projects often have a
smaller per km cost and thus use budgeted resources more efficiently. Beaver-related
restoration expands on this efficiency, as it has not historically required extensive
permitting and its material and equipment costs are low (Bouwes et al., 2016). Given the
same project budget, a project using only artificial structures could cover 5-28 times as
many stream kilometers as a traditional stream engineered project. This efficiency
decreases if you add in fencing (3-17x as many kilometers restored), replanting (0.67 - 8x
kilometers restored), or try and account for the annual maintenance costs associated with
preventing damaging breaches. These projects can therefore be much cheaper than
traditional stream restoration, but can approach similar costs per stream km depending on
the set of restoration actions. It also appears that much of the cost-effectiveness of
artificial structures, in particular, is due to the limited permitting associated with the
projects.
Finally, these projects only represent a good value if the objectives for which they are
employed can be achieved. Therefore, a project aiming to increase groundwater levels in
areas adjacent to a channel treated with artificial structures may find them to be a costeffective alternative to traditional engineered restoration. Beaver relocation may be the
cheapest strategy, but for most hydrogeomorphic objectives, it is also the least reliable,
suggesting that it may not actually represent the most cost-effective choice for those
project goals. Moreover, this cost relationship may change as the regulatory
environments in individual states changes with regards to how artificial structures, in
particular, are permitted.
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4.5 Conclusions
Project goals for beaver-related restoration and associated expectations about what
these projects will achieve derive from the expectation that beaver will build a sufficient
number of dams that are effective and that will last sufficiently long to produce desired
socioeconomic, ecological and hydrogeomorphic changes at a measurable scale and with
negligible negative tradeoffs. Deconstructing the assumptions implicit in these
expectations reveals that certain expectations will be more reliably achieved than others;
some are not possible or are mutually exclusive with others, and some might be possible,
but will not reliably occur. As with any restoration project, socioeconomic, hydrologic,
geomorphic, and ecological tradeoffs are inevitable and, if not acknowledged and
identified at the outset, might result in negative and unexpected consequences.
Existing data about beaver behavior reveal that they will not reliably act in ways that
serve the goals of beaver related restoration. The number of releases required before
beavers begin reproducing can be high, and there is no guarantee those beaver will persist
at the restoration site. Relocated beavers are typically fairly mobile, suffer heavy
predation, and will only build dams in the absence of specific hydrologic conditions.
From the limited available evidence, it seems that only already actively dam-building
beaver populations build dams in restored locations, and it is not clear if that number
represents a statistically significant increase in activity over pre-restoration activity.
Furthermore, there is concern that releasing beavers into locations already at carrying
capacity may create conflict with existing beaver populations. There is limited data
suggesting that traditional “active” stream restoration techniques, like riparian
management and artificial structures, are effective tools for recruiting beaver to maintain
them, and so while they are, by design, effective at achieving a specific set of objectives,
they may not fall under a stricter classification of beaver-related restoration.
This analysis of the validity of underlying expectations associated with beaver-related
restoration highlights significant uncertainty and suggests the need to temper expectations
of how beaver will behave, whether or not dams will be built, and streams will respond.
Such tempering will reduce the risk of unmet expectations resulting in placement of
blame on the beaver or the project implementers rather than the flawed expectations on
which the project was based, as has been documented. Expectations of beaver-related
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restoration must be better aligned with what can reliably be accomplished using each
strategy. Beaver-related restoration is a nature-based solution to watershed degradation,
and as such, it relies on natural processes for restoration to occur. But like nature, it is
hard to predict exactly what will happen, and what the outcomes will be, calling for
adaptive management and regulatory flexibility as we continue to experiment with this
approach, and learn if and how to use it to optimize our chances of achieving watershed
restoration goals.
It's reasonable to hold up commonly invoked ideas to a certain level of scrutiny, and
we look forward to emerging research that adds information to portions of our analysis
for which there was limited data. We expect to see the results of this analysis change and
adjust as new information becomes available and believe that the inverted expectation
mapping technique presented here provides a useful and flexible framework with which
we can append emerging data to existing knowledge. Moreover, we believe this
framework will prove useful in any field in which practice outpaces formal science, as it
provides a method by which to compile limited, discontinuous and/or unstandardized data
into a comprehensive analysis.
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4.7 Tables
Table 4.1. Typical problem-objective pairings associated with beaver-related restoration
projects

Problem
1. Reduced beaver populations
2. Variable or reduced water availability

3. Erosion/Incision

4. Degraded riparian or aquatic
ecosystems

5. Expensive restoration

Objective
1.1. Increase number of beaver at a given
location
2.1. Increase surface water storage
2.2 Increase groundwater storage
2.3. Increase streamflow
3.1. Aggrade sediment in the channel, or
3.2. Increase the dynamism of in-channel
sediment
4.1. Increase the
extent/density/biodiversity of riparian
ecosystems
4.2 Increase #s of species (e.g. avian,
salmonid, insect) of interest
5.1. Reduce total expenditure to achieve
same benefits as traditional engineered
approaches to stream restoration
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Table 4.2. Consumer price index adjustments for costs of restoration, to 2018 dollars.

Year of published costs
2000
2007
2012
2016

Percent increase in prices
(2018)
46.43%
21.61%
9.82%
5.06%

Source
Bureau of Labor Statistics,
Consumer Price Index
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4.8 Figures
Figure 4.1 Variations on typical artificial structures used in beaver-related restoration. Beaver dam
analogues (a) are typically composed of wood and willow woven between fenceposts with earthen
materials backfilled on its upstream side. Artificial beaver dams (b) are typically composed of
earthen materials and rock and extent onto floodplains.

a) Beaver dam analogue (BDA) on Bridge Creek, John Day, OR. Photo courtesy
Utah State.

b) Artificial beaver dam (ABD) on Camp Creek, Silvies, OR
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Figure 4.2. Flow charts documenting the sequence of conditional steps that must occur for each of the three common beaver-related
restoration strategies to achieve the six most commonly listed objectives for which beaver-related restoration is used. The blue boxes
represent individual expectations; arrows represent the sequence in which the steps must occur. Dashed lines indicate either that one of two
mechanisms can lead to the next step, while a dot-dash line indicates that the preceding step can amplify the following step, but it is
insufficient to lead to changes on its own.
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Figure 4.2b Flow chart documenting the sequence of conditional steps that must occur for each of the beaver relocation to meet expectations.
Number of conditional expectations to achieve each objective listed in parentheses (#).
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Figure 4.2c Flow chart documenting the sequence of conditional steps that must occur for riparian management to meet expectations.
Number of conditional expectations to achieve each objective listed in parentheses (#). Two pathways are identified by which certain
objectives (F) can be met.
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Figure 4.2d Flow chart documenting the sequence of conditional steps that must occur for riparian management to meet expectations.
Number of conditional expectations to achieve each objective listed in parentheses (#). Two pathways are identified by which certain
objectives can be met.
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Artificial structures, Pathway 2 (without beaver)
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Figure 4.3 Sequence of conditional steps re-coded to reflect likelihoods of occurrence. Solid lines reflect large bodies of literature or
frequently reported outcomes, indicating a strong causal connection. Dashed lines represent variability both in reporting and the typical
outcome. Dotted lines indicate limited to no data documenting the phenomenon. Red lines represent expectations outcomes contraindicated
by the literature.
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5.0 Conclusions and implications for management
Wet meadows located in low order valley bottoms represent places in the landscape
held in a balance between physical and biogenic controls. As such, these are useful places
to gain an understanding of the ways in which the materials and shape of the Earth’s
surface influences its capacity to support specific life, and the biologically significant
thresholds associated with those processes, when designing and evaluating restoration
programs. We must consider these nested suites of critical processes and feedbacks when
thinking about human actions on the landscapes so as to understand how our actions fit
into the hierarchy and direction of controls. Restoration is, fundamentally, a human
attempt to use our knowledge of how material and shape influence process to change
materials and shapes in a way that creates the processes we value.
A theme to the methods used throughout this work is the novel application of the
fundamental. Much of what is described in the three chapters, and Appendix 3, is what
might be called a “rigorous statement of the obvious”, and yet, by carefully
deconstructing what we know to be true, and reinterpreting it in service of understanding
new applications or landscapes, we can learn old lessons anew: Lane’s equation
superimposed onto Davis’ theory of landscape evolution in Chapter 2; a simplification of
Boussinesq and Darcy’s to model restoration in Chapter 3; a meta-analysis of human
expectations in Chapter 4.
A central finding in this work is the importance of understanding the direction of
controls. The presence of wet meadows reflects moisture conditions in the landscape. For
wet meadows to exist, groundwater must be moving slowly, else velocities would exceed
thresholds for peat accumulation and water table depths would drop below the rooting
zone. As such, it is unreasonable to expect that restored processes for wet meadow
establishment should also increase outgoing discharge. Similarly, in many low order
valley bottoms with fine-grained valley fill, water tables do not respond to the surface
elevation of water in a channel; surface water elevations in a channel are a reflection on
moisture conditions and groundwater discharge from the catchment. As such, the
mechanism by which water tables rise following the aggradation of a channel bed is not
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water sourced from the channel, but rather a reduction in the hydraulic gradient draining
towards that channel. Carefully deconstructing these controls and understanding their
relationships improves our ability to identify processes directly responsible for changes in
the landscape following natural or human adjustments to its form and material.
This careful understanding applies also more broadly to how scientific concepts are
communicated. Vague or incorrect language, once used, can influence the expectations of
both practitioners and scientists about the direction and interaction of various controls.
The importance of defining terms, even if as basic as “streamflow”, is critical, and as
revealed in the discussion of Chapter 4, necessary both among scientists and nonscientists.
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Appendix 1. Geophysical Survey Specifications and Deployment Notes
Transect locations (Figure 2-1) were selected with the intention of imaging the subsurface of a sequence of valley floors and
alluvial features (e.g. side valley fans) though potentially responsible for their presence.
Seismic Refraction
Shot
Length Geophone
Line
spacing
(m)
spacing (m)
(m)

Electrical Resistivity
Num
Length
Deployments
(m)

Electrode
Spacing
(m)

Num
Deployments

1

287

1

5

2 (2nd partial)

272

2

4

2

250

1

5

2 (2nd partial)

222

2

3

3

191

1

5

1

207.5

2.5

2

4

95

1

5

1

110

2

1

5

95

1

5

1

110

2

1

6

95

1

5

1

110

2

1

7

287

1

5

2

277.5

2.5

2

Array
Dipole
Strong
Gradient
Dipole
Strong
Gradient
Dipole
Strong
Gradient
Dipole
Strong
Gradient
Dipole
Strong
Gradient
Dipole
Strong
Gradient
Dipole
Strong
Gradient

Rollalong?
Yes

Yes

Yes

Yes

Yes

Yes

Yes
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Deployment Notes
Line 1: The second deployment was only a partial roll because it only used 94 channels
opposed to the 192 channels used on the first deployment. Geophones 86 and 87 on the
second roll (278 and 280 m) were disabled because there was no place to put geophones
due to ankle deep water.
Line 2: The second deployment was only a partial roll and only used 60 of the 192
geophones.
Line 7: The first deployment had 192 geophones and the second deployment used only
95 geophones. Line 7 deployment shots were missed labeled from 1-33 instead of 52-84.
First deployment filled SuperSting Data; second half of data not recorded resulting in a
large data gap between 1st and 2nd deployments that was not noticed till after tape had
been rolled up. To obtain missing data, tape was redeployed in as close to the same
position as originally, but electrodes were not in the same location due to swampy nature
of meadow and bushes over which tape wasn’t pulled tightly. There may be artifacts due
to the mislocation of the electrodes, though preliminary results using the second
deployment do not seem to have any clear artificats.
EMI:
EMI data was collected with emphasis on the meadows and low-lying areas. People
walking GEM2 were told to walk in a zig-zag pattern across the meadows and move
approximately 5 meters up the slopes through the sage brush. The extra distances allow
us to image the sharp electrical conductivity contrast between the riparian and hill slope
regions.
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Appendix 2: Vegetation survey data
1.0 Methods
The specific relationships between soil and hydrologic variables and resulting plant
communities has been well established in meadow environments (Allan-Diaz, 1991;
Dwire et al., 2006; Trowbridge et al., 2011). Thus, the goal of vegetation characterization
in this study was to provide a general sense of patterns in plant communities associated
with varying degrees of channel incision into valley floors.
Moist meadow plant communities, here, are characterized by a preponderance of
Carex sp., Juncus balticus, and associated facultative wetland grasses (e.g. Deschampsia
caespitosa) (Dwire et al., 2006). Intermittent riverine wetland plant communities, here,
are characterized by similar species assemblages as moist meadows, but are distinguished
by the presence of a discontinuous woody overstory (e.g. Salix sp., Ribes sp.). Dry shrub
plant communities are characterized by a dense overstory of sagebrush (Artemesia
tridentata), common Chrysothamnus sp., and an understory characterized by native and
non-native graminoids (e.g. Festuca idahoensis, Pascopyrum smithii) and forbs
(Trowbridge et al., 2011).
Vegetation data was collected in June of 2014 following the Vegetation CrossSection Composition protocol outlined by Winward (2000). Per this methodology,
several step-transects are established perpendicular to an axial valley in such a way as to
capture representative vegetation classes within the valley floor. Five transects were
taken along the main stem of Cottonwood Creek, which has an inset floodplain set
between two steep, unvegetated banks and fill terraces. Two additional transects were
taken on the east fork of Cottonwood Creek, which has incised to bedrock in some
locations, and has less vegetation in its inset floodplain. Surveys were not completed in
the wet meadows of the west fork of Cottonwood Creek (VF-1 and VF-2), as for the
purposes of this study it was sufficient to indicate community type, which was uniformly
moist meadow species.
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2.0 Data
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Appendix 3: Modelling the effects of leaky, low-head dams on water budget
partitioning in semi-arid areas
This appendix contains supplemental modelling done to provide first order estimates to
the analysis in Chapter 4. A new method for modelling leaky in-stream obstructions
emerged from this analysis, and while the model hasn’t yet been fully initialized, it
represents a potentially useful means by which to understand tradeoffs in restored
systems, and better describe the hydrologic processes occurring in streams where beaver
build dam. The results and analyses evaluating these thresholds, model sensitivities, and
tradeoffs are ongoing.
1.0 Introduction
There has been recent interest in the use of low-head dams, alternatively termed
“artificial structures” within the general category of beaver-related restoration, for
restoring incised stream and increasing late season streamflow (Pilliod et al., 2018).
These structures seek to redistribute flood peaks by storing excess flow both in
floodplains and in the channel behind the dams, releasing it slowly throughout the
summer. There are limited data documenting such changes in surface hydrology
following installation of these structures, partially due to the limited number of sites
where this restoration has been successfully implemented, as well as the extensive dataset
required to determine statistical change in streamflow (Chapter 4). Moreover, these
restoration strategies are commonly installed in low order streams in semi-arid to arid
regions where traditional stream gaging techniques are often inadequate to capture
sufficiently fine resolutions of change to streamflow. These sites are commonly
characterized by very small volumes of water that flow intermittently or ephemerally
through sand or silt bedded channels with shallow depths and whose cross-sectional
dimensions change frequently, making it difficult to continuously measure discharge.
To this end, we have built a physically-based model which aims to better describe the
expected changes to the timing and magnitude of streamflow, particularly in late summer,
following the installation of variably permeable artificial structures. The specific
questions we aim to answer through this analysis are:
1. How does the permeability of leaky, low-head dams influence the timing and magnitude
of discharge?
2. How will building a series of leaky low head dams affect the timing and magnitude of
streamflow during summer months?

154

3. If leaky, low-head dams can increase late season streamflow, at what scale must they be
built to generate a sufficient change in discharge for multiple interests (e.g. hydroelectric,
irrigation, habitat, etc.)
This analysis is timely as increasing numbers of these projects are being planned with
the explicit intent to increase streamflow throughout the summer, often as a means of
offsetting otherwise decreasing streamflow that have resulted from reduced snowpack.
Legislative initiatives in the States of Washington and Oregon are currently evaluating
the utility of these restoration schemes as a permitted means by which to mitigate
streamflow losses elsewhere in the watershed, while restoration programs in Peru are
aiming to use such structures as a source of late-season streamflow for municipal users.
This exercise should therefore provide an upper boundary on the maximum expected
change in late summer streamflow following the installation of artificial structures,
should any be expected, which will help guide restoration goal-setting decision making
and improve policy making decisions.
2.0 Artificial structures
Artificial structures vary in their construction between two common end members:
Beaver Dam Analogues, which are built within an inset floodplain; and Artificial Beaver
Dams, which are built to fill the entire channel and extend out onto the adjacent
floodplains. BDAs are commonly built by installing fenceposts in a channel bed, weaving
willow between the posts, and backfilling the upstream side with gravel (Figure 1a).
ABDs are, effectively, broad-crested weirs built of earthen materials and graded to sit
slightly above the floodplain (Figure 1b).
The mechanism by which hydrologic change occurs following installation of either
structure is similar: an impermeable to somewhat permeable structure impedes the flow
of water within a channel, causing water and sediment to impound behind the structure.
As the surface water elevation rises behind the structure, the hydraulic gradient over
which groundwater drains from adjacent floodplains is reduced, causing water tables to
similarly rise (Chapter 3). It then expected that stored surface and groundwater will
slowly drain through these intentionally “leaky dams” to re-enter the channel as
streamflow (Chapter 4).
There remains some debate as to how “leaky”, or permeable, these structures actually
are or optimally should be so as to achieve their goals. It has not been studied, in part,
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because the structures are intrinsically heterogenous; their construction is not
standardized, and unconsolidated materials are intentionally used. Some structures
maintain large head differentials between up and downstream reaches, indicating that
they are relatively impermeable, while others do not appear to store very much water
upstream, suggesting they may be quite permeable. In either case, the permeability of the
structure fundamentally controls the resulting changes to the timing and magnitude of
flows. If a structure is impermeable, it can store as much water is permitted by its
dimensions relative to the surrounding channel but cannot release water downstream
except via overtopping or hyporheic pathways. If a structure is relatively permeable, it
will maintain lower total head differentials and it can release a larger flux of water
downstream following filling, with less overall loss to evaporation from the pond.
The potentially large variability of the structures’ permeability presents some
difficulties in attempting to model them. The nature of flow through the structure might
range from inviscid to creeping, representing fundamentally different relationships
between the rate of discharge and driving pressure head. Though a number of approaches
have been developed to model such complexities in fluid movement through porous
media in materials engineering (e.g. lattice-Boltzmann), these approaches have not been
incorporated into commonly used hydrodynamic models. Moreover, such models
commonly require extensive high-resolution before/after input and validation data, which
is often unavailable for sites where this style of restoration is being carried out
We have developed a parsimonious means by which to model the hydrologic effects
of variably permeable in-stream structures that maintains conservative assumptions
regarding the maximum potential contributions of these structures to streamflow. The
modelling framework presented, being physically-based, is intended to illuminate the
relevant mechanisms responsible for in-channel water storage, bank discharge, and
discharge downstream of restoration areas. As such, the goal is not to be explicitly
predictive, but rather to demonstrate trend and magnitude change in a best-case scenario
implementation.
3.0 Experimental Setting and central assumptions
3.1 Drainage from water impounded behind dams
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For surface water impounded behind a dam to discharge downstream, the
fundamental requirement is a pathway by or through which it can discharge and a
gradient driving the flow. Surface water stored behind the dam is theoretically
discharging downstream through either the porous media of the dam, or the porous media
of the streambed.
We assume that the majority of drainage out of a permeable dam occurs through the
dam itself, and that the timing and magnitude of drainage is therefore a function of the
hydraulic conductivity of the structure and the head differential across the up and
downstream faces of the dam. As hydraulic conductivity varies considerably among
structures and is likely to be heterogenous within a single structure, we are interested in
modelling a range of hydraulic conductivities so as to better describe the relationship
between discharge timing and magnitude. We model both creeping and inviscid flow to
demonstrate the range of fluid behaviors that might be associated with leaky dams.
Creeping flow is more likely to occur in structures with low permeability, e.g. ABDs or
well packed beaver dams that maintain high head differentials. Inviscid flow is more
likely in structures composed of willow and branches that maintain larger pores through
which water flows and smaller head differentials.
Rather than try to explicitly describe the heterogenous hydraulic conductivity of a
single structure, we can instead model throughflow as though it is through a single,
circular pipe of a given radius r at the base of the dam (Fig 2). This is a useful assumption
for the purpose of evaluating maximum potential discharge, as it overestimates the head
differential driving drainage for all but the latest time drainage. This serves the purpose
of conservatively modelling a maximum potential benefit. We will initially assume noflux lateral boundary conditions and that the channel in which the structure is located is
rectangular with vertical banks and a gradient S (Fig 2).
We can therefore model the change in the surface water elevation behind the dam as:
(1) 𝐼𝑛𝑣𝑖𝑠𝑖𝑑 𝐹𝑙𝑜𝑤:

𝑑ℎ
2𝜋𝑟 2
= −
𝐶 𝐶 √2𝑔ℎ(𝑡)
𝑑𝑡
𝑊𝐿 𝑣 𝑐

(2) 𝐶𝑟𝑒𝑒𝑝𝑖𝑛𝑔 𝐹𝑙𝑜𝑤:

𝑑ℎ
4𝜋𝑟 2 𝐶𝑣 𝐶𝑐 𝑔ℎ(𝑡)
= −
𝑑𝑡
𝑊𝐿

Where W is the cross-channel width of the dam, L is equal to length of inundated surface
of water behind the dam, r is the pipe’s radius, Cv is velocity coefficient (0.97 for water),
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Cc is a contraction coefficient (0.97 for well-rounded aperture), and h(t) is some function
representing the changing height of the water behind the dam.
We assume the bottom of the tank is sloped towards the outlet pipe at the base of the dam
with a gradient equivalent to the average gradient of the stream bed on which the
structure is built (S), and that width is constant with depth (Fig 2). The length of
inundation (L) is therefore a function of the changing height of water divided by the
stream gradient, and can be represented in the previous equation as:
𝑑ℎ
2𝜋𝑟 2 𝑆
(3) 𝐼𝑛𝑣𝑖𝑠𝑖𝑑 𝐹𝑙𝑜𝑤:
= −
𝐶𝑣 𝐶𝑐 √2𝑔
𝑑𝑡
𝑊√ℎ(𝑡)
(4) 𝐶𝑟𝑒𝑒𝑝𝑖𝑛𝑔 𝐹𝑙𝑜𝑤:

𝑑ℎ
4𝜋𝑟 2 𝑆𝐶𝑣 𝐶𝑐 𝑔
=−
𝑑𝑡
𝑊

We can solve for a general solution for h(t) by separating and integrating this differential
equation to get:
2𝜋𝑟 2 𝑆𝐶𝑣 𝐶𝑐 √2𝑔
(3) 𝐼𝑛𝑣𝑖𝑠𝑖𝑑 𝐹𝑙𝑜𝑤: ℎ(𝑡) = (𝐶∗ −
𝑡)
𝑊
(4) 𝐶𝑟𝑒𝑒𝑝𝑖𝑛𝑔 𝐹𝑙𝑜𝑤: ℎ(𝑡) = 𝐶∗ −

2⁄
3

4𝜋𝑟 2 𝑆𝐶𝑣 𝐶𝑐 𝑔
𝑡
𝑊

Solving for some initial value where h(0) = h0, the maximum height to which water can
fill within a structure, the explicit solution is:
(5) 𝐼𝑛𝑣𝑖𝑠𝑖𝑑 𝐹𝑙𝑜𝑤: ℎ(𝑡) = (ℎ0

3⁄
2

2𝜋𝑟 2 𝑆𝐶𝑣 𝐶𝑐 √2𝑔
−
𝑡)
𝑊

2⁄
3

4𝜋𝑟 2 𝑆𝐶𝑣 𝐶𝑐 𝑔
(6) 𝐶𝑟𝑒𝑒𝑝𝑖𝑛𝑔 𝐹𝑙𝑜𝑤: ℎ(𝑡) = ℎ0 −
𝑡
𝑊
The discharge associated with declining head behind the dam can therefore be
represented as:
(7) 𝑄𝑜𝑢𝑡 (𝑡) = −

𝑊ℎ(𝑡) 𝑑ℎ
𝑆 𝑑𝑡

And solved explicitly as:
(8) 𝐼𝑛𝑣𝑖𝑠𝑖𝑑 𝐹𝑙𝑜𝑤: 𝑄𝑜𝑢𝑡 (𝑡) = (

2𝜋𝑟 2

√ℎ(𝑡)

𝐶𝑣 𝐶𝑐 √2𝑔) (ℎ0

3⁄
2

−

2𝜋𝑟 2 𝑆𝐶𝑣 𝐶𝑐 √2𝑔
𝑊

𝑡)

2⁄
3
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𝑆(4𝜋𝑟 2 𝐶𝑣 𝐶𝑐 𝑔)2
(9) 𝐶𝑟𝑒𝑒𝑝𝑖𝑛𝑔 𝐹𝑙𝑜𝑤: 𝑄𝑜𝑢𝑡 (𝑡) = (4𝜋𝑟 𝐶𝑣 𝐶𝑐 𝑔ℎ0 −
𝑡)
𝑊
2

3.2 Incoming fluxes
Though it is necessary to assume no flux boundaries to solve the equations above,
realistically incoming streamflow and bank drainage into the impoundment would slow
the rate of decline of water height behind the dam. Incoming streamflow can generally
be represented by an exponential decay function imposed as a boundary condition at the
upstream edge of the tank of the form:
(8) 𝑄𝑖𝑛 = 𝛾𝑒 −𝑘𝑡
Where gamma represents streamflow at the start of drawdown (E.g. June 1) and
kappa is a scaling coefficient that determines the slope of the recession curve. We
incorporate this into the model using numerical methods.
The rate at which water can be discharged from adjacent streambank is controlled by
three main factors: the hydraulic conductivity of the bank media, the pressure gradient
over which the water is moving (e.g. the pressure head), and the surface area through
which it can drain. It has been demonstrated that discharge out of banks should increase
with increasing depth of incision (Nash et al., 2018), so it too follows that increased
discharge should be expected as surface water levels draw down from bank-level to the
channel in an incised channel. This presents an interesting question as to the effect of a
time-variable boundary condition at x=0 within applications of the Boussinesq equation.
This is outside the scope of this particular analysis, but warrants future investigation. In
place of a more specific solution. However, these volumes are sufficiently small to be
considered negligible at the kilometer-reach scale and will not be included in this
analysis.
3.3 Evaporation off pond surface
Any amount of surface water exposed to the atmosphere is subject to evaporation, as
is any surrounding vegetation, which is using water via evapotranspiration. These values
are typically not negligible, particularly given that the period of most interest for these
restoration scenarios is summertime, when ET values typically reach their peak. When
modelling changes to valley bottom water storage using a channel reconstruction
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restoration technique, a shift in vegetative evapotranspirative use of only 1 mm/day for
the 100 days of summer (maximum usage), would offset any increases in usable water
storage. To put this in context, semi-arid upland species are estimated to use between 3-5
mm/day of water; wet meadow vegetation has been estimated to use anywhere between
5-7 mm/day – a difference of as little as 0 to as much as 4 mm/day.
The volume of water evaporated daily only off the surface of the pond will vary with
temperature, wind speed, direction, relative humidity and adjacent shading, but can be
physically described as a linear function of the surface area of the impoundment
multiplied by a generic sinusoid function that aligns peak evaporation with the DOY on
which it commonly occurs in that location. For the purposes of this generic modelling
exercise, we set peak E to 9 mm/day (e.g. Prairie City, OR Agrimet Data), and assume
that peak E occurs mid-July (e.g. Northern Hemisphere) We can then generate a time
series of typical daily rates of surface water evaporation by modelling evaporation as a
sin wave and normalizing those values so that peak E is equal to 9 mm/day
(9) 𝐸(𝑡) =

𝐸𝑚𝑎𝑥
3𝜋
𝑡
(1 + sin ( + 2𝜋
))
2
2
365

Where t = 0 for January 1.
3.4 Scaling up to a series of dams.
We will focus our examination first on a single structure and the upstream reach that
it inundates using explicit solutions to drainage. These styles of structures are, however,
commonly intended to be used in a series ranging anywhere from 10 to 100 structures.
The physical rules that apply to a single structure will be scaled up to a sequence of
structures along a stretch of river over the course of the summer using finite differencing.
We use a water budget approach, with fluxes discretized to the time-step (0.1 day) using
forward averaging.

4.0 Results
We assume that the structures are full on June 1st, and that streamflow will diminish
exponentially until late summer/early fall which for our purposes, we will set as being
October 1. The drainage period is thus 100 days and represents a period during which we
assume there will be no significant additional precipitation inputs. We assume peak ET
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will occur 50 days after the start of drainage (July 20) We assume that bank discharge
and effects of shading along the streambanks are negligible.
4.1 Effects of variable permeability on timing and magnitude of streamflow sourced from
in-channel storage.
To illuminate the tradeoffs between timing and magnitude of augmented streamflow
downstream of a leaky dam, we first modeled a single structure that has been filled to
capacity at t0 and drains solely through a pipe at its base. We assume no incoming
streamflow and no evaporation. We model a range of radii that will drain the
impoundment behind the structure in more than a day, but provide measurable discharge
on tc = 100. These analyses are performed for both creeping and inviscid flow relations.
In evaluating the dynamics and tradeoffs between hydraulic conductivity, drainage
timing and magnitude, it is clear that a larger pipe radius (representing higher hydraulic
conductivity) releases greater quantities of water than a smaller pipe radius, which is to
be expected. As both pipes drain the same discrete volume of water, the larger pipe also,
therefore, completely drains the pond in fewer days (Figure 4). The relationship between
the magnitude of pipe discharge and the number of days over which that additional
discharge occurs therefore roughly follows an exponential decay pattern.
It is also worth drawing attention to the magnitude of discharges associated with this
drainage – the maximum additional discharge available due to draining the impoundment
is <0.004 cms. This represents the uppermost amount of discharge that should be
expected from a dam with this permeability, no matter is position in a series of dams. In
other words, if the lowermost structure in a series of structures is built with a
permeability that is equivalent to that of a pipe with a radius of 0.01 m, unless its
impoundment is full and any additional influx is spilling over the dam crest, the
maximum amount of streamflow that can move out of the dam is ~0.004 cms.
4.2 Effects of multiple sequential structures on streamflow timing and magnitude
To evaluate the dynamics among a series of structures, we adjust the model to the
include 20 dams and an incoming Q0 = 0.1 cms (Table 1). We assume all dams are full at
t0, which should be a reasonable assumption if the peak discharge has passed and the
dams have remained in place. Flow out of the dams and evaporation are smaller than the
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volume of inflow in the first portion of the drainage period, resulting in overtopping flow
for all the dams.
4.3 Spatial and temporal scales of implementation
Assuming that all the dams have the same permeability, the differences in lower-most
outflow between one, ten, twenty, fifty, and a hundred dams can be evaluated. The
discharges for all sequences converge to a similar range of values in late season, which
falls within the range of expected outflows for all heads for the lowest dam. Thus, the
outflow of a restored system does not necessarily scale linearly with the volume of
surface water stored behind the dams, and instead appears to be controlled by the
permeability of the lowermost dam. The number of dams does, however, appear to
control the effectiveness with which the head is maintained near the dam crest in the
lowest dam, which can provide marginal increases in discharge.
5.0 Discussion
The objective of this exercise was to evaluate how one or many variably permeable
low-head dams influence the timing and magnitude of outflow using a physically based
model. Low-head dams with permeabilities ranging from very low (creeping flow) to
high (inviscid) flow were modelled to evaluate their effects on timing and magnitude of
discharge, and whether they can sustain late season baseflow.
As should be expected, the greater the permeability of a single dam, the faster it
drains a finite stored volume of water; this is true for both creeping and inviscid flows.
Assuming that the stored volume of water is equal, to maintain streamflow late into the
summer requires that the permeability is low so as to conserve the storage height, which
drives discharge. Even at these low permeabilities, the outflow from leaky dams is orders
of magnitude greater than bank discharge (Chapter 3), suggesting that in system treated
with these structures, any change to streamflow is likely the result of surface storage
drainage.
Scaling up to a more realistic series of low-head dams, the most immediately
applicable finding is that the lowest dam’s permeability will control the outflow of the
sequence of dams, regardless of the number of dams installed. As outflow is controlled
by impounded head, the mechanism by which a larger series of dams would work to
maintain outflow is not the total volume of water it stores, but rather how strategically the
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dam outflows work together to maintain the lowest dam near its maximum depth late into
the summer. If the goal is maximizing outflow from this system, you would design the
dams to have greater permeability with distance downstream and restore multiple
tributaries feeding a targeted main-stem, or design one very large dam with a larger
outflow, which is effectively how human engineered dams work.
There are, additionally, series of thresholds related to the quantity if incoming
discharge, the surface area to volume ratios in the dam’s impoundments, and the peak
rate of ET that can be optimized towards head maintenance in the dams. Impoundments
with smaller ratios of surface area/storage volume will lose less water to evaporation than
those with larger surface areas; deep, narrow ponds in steep reaches should therefore lose
less water to evaporation than shallow, wide ponds in low-gradient reaches.
Discharge into a reach is not affected by the construction of dams; but the greater the
number of dams that is constructed, the greater the surface area, and therefore the greater
the evaporative losses. Thus, while a larger series of dams can maintain head in the
lowest dam more effectively, the cost will be greater overall losses to evaporation.
The most threshold most relevant to strategic, basic-scale planning, however, is that
of scale. To generate a 5% increase in a late season baseflow of 0.1 cms, would require
generating an additional 0.005 cms of water. To achieve this on one stream would require
that the lowest dam be capable of releasing 0.005 cms. Calibrating the model to a pipe
diameter capable of releasing this outflow,
This exercise models a best-case scenario, as it is assumed the dams remain in place
even if surface storage flows over their crests. Realistically, dams that overtop frequently
are more likely to fail. Similarly, more permeable structures with inviscid flows will also
be more likely to fail given the greater stream power exerted by moving water on the
materials comprising the dam. The hydrologic changes persist only so long as the dams
remain in place. If dams are damaged during their filling, as may be necessary to
maintain head, they will require ongoing maintenance to ensure crest heights are
maintained so that dams do not draw down. Additionally, if the dams fill with sediment,
the main reservoir from which outflow is sourced is eliminated and discharge should
decrease.
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Moreover, modelling all discharge as existing from the base of a dam is a
conservative assumption, as it maintains the maximum potential head throughout the
entire drainage process. It is more reasonable to assume that dams, composed entirely of
porous media, will discharge water at all elevations. As dams fill with fine-grained
sediment, the upstream face of the lowest part of the dam may become sufficiently fine as
to limit any discharge. This warrants further modelling and field investigations.
This modelling exercise also only considered evaporation off a pond surface, and
didn’t consider plant usage in riparian areas or on adjacent floodplains or terraces. Rising
water tables associated with increased surface water elevations have been demonstrated
to increase ET usage on floodplains (Loheide and Gorelick, 2005), and this quantity of
water can be significant. This is likely the reason why the few studies in which such
restoration schemes are presented demonstrate declines (Plumas NF, 2010).
There are a number of limitations to this approach; namely that the dynamics of fluid
flow through porous media are far more complex than pipeflow, particularly if the porous
media is heterogenous. The modelling of evaporation, while representative, was coarse
and prescriptive, and didn’t capture potential feedbacks between changing conditions due
to dams other than surface water with evaporation. Channel geometry is complex and
both influences and is influenced by the location of in-stream structures. Changes to bed
slope and width due to the presence of structures would fundamentally change the
relationship between head and discharge. Moreover, sedimentation within the dams
would necessarily change both the volumes of water stored therein as well as the
dynamics of discharge.
Nevertheless, this is a simple application intended to demonstrate the mechanisms by
which leaky dams could work to increase streamflow, and identify some upper limits on
expected benefits from various configurations.
6.0 Conclusions
It is often thought that these structures will augment baseflow by saturating the
floodplains and slowly allowing them to drain, but this analysis, together with the
findings of Nash et al, 2018, suggests that the majority of the change to the water budget
is through changes to surface water. The largest change is a considerable increase in
surface water storage that persists through the summer specifically because it does not
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discharge. Increasing the number of structures does not linearly increase streamflow
benefit – the lowest dam controls the total outflow below the project area. The way that
upstream dams influence outflow is by maintaining head in the lowest dam as late into
the summer as is possible.
There remain some questions as to how irrigation flows, and the timing of system
withdrawals, might interact with this system to create change the timing of downstream
flows. Future model runs will aim to include such parameters to get a better sense of how
the timing and magnitude of human extraction will interact with the modeled behavior.
Moreover, this exercise raises interesting questions about how a time-variable boundary
condition within the channel will alter bank-discharge dynamics.
Fundamentally, inputs determine the quantity of water in a system; this set of
activities changes how those inputs are partitioned and when they occur, which includes
increasing evaporation. This necessarily decreases the total amount of water exiting the
system as streamflow. This, however, may be an acceptable cost depending on the goals
of restoration.
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8.0 Figures

Figure A3.1. Examples of variations on structures. a) Beaver dam analog (BDA) on Bridge
Creek, OR. Photo courtesy Utah State. B) Artificial beaver dam (ABD) on Paine Creek, OR; arrow
denotes direction of flow.
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Figure A3.2. Modelling schematic for single dam outflow
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Figure A3.3. Workflow and working code for modelling multiple leaky dams
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Figure A3.4. Discharge (cms) out of pipes of various radii and the resulting time till a
single pond is fully drained; assumes inviscid flow.
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Appendix 4: Survey methods for artificial beaver dams
1.0 Field Measurements:
This inventory survey took place between October 27th and November 22nd, 2014.
Prior to each 3 hours of survey, the surveyors would measure their step three times
against a 30 foot survey tape, take the average value of their step length, and use that for
surveying ABD length and width. This was repeated after breaks, and at each new creek
site to ensure consistency.
Upon arriving at the ABD, the surveyor would take a GPS point and a photograph the
ABD. The construction material was determined by visual assessment. The length and
width were measured by step survey, and the height was measured using a weighted tape.
In many cases, the height of the ABD was obscured by inundated water or fine silt
deposits. In these cases, the height was measured to the lowest discernible point and
conservatively estimated above that. The height at the middle and edge of many ABDs
varied considerably. In these cases, the height of both the edge and the middle was
measured, and the average height was used in calculations. Only the middle height – or
the height of material within the physical channel – is reported in the following
documents. All measurements were made in feet.
High-water marks were similarly difficult to measure – in many cases, the original
channel was obscured by inundated water, sedimentation, or vegetation. For nearly all
ABDs the original high-water mark height and width was estimated based on plant type
and geomorphic evidence, including but not limited to: scour marks, rafted debris, and
established woody vegetation on banks. Use of the Munsell Soil Chart was considered
but ruled out due to the confounding factors related to the presence of pooled water
following ABD installation.
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2.0 Calculation Methods
The volumes of material used in the ABD, and occupying the estimated high-water mark,
were done using the following equations.
2.1 Total ABD Volume
Figure A4.1. ABD in cross-section, looking downstream
ABD Length

ABD Middle Height

ABD Edge
Height

Figure A4.2. ABD in cross-section, looking perpendicular to stream
ABD Width

Average Height

Average Width

45o

Note: Diagrams not to scale.

1:1 height to width increase on
each side of base

Total volume in ABD:
(𝐻𝑒𝑑𝑔𝑒 + 𝐻𝑚𝑖𝑑𝑑𝑙𝑒 )
[
∗ 𝐿 ∗ 𝑊𝑡𝑜𝑝 ]
2
𝑉𝐴𝐵𝐷,𝑡𝑜𝑡𝑎𝑙 =
27
Explanation: Piled dirt and gravel typically have a larger base than top. The increase in
width at the bottom is a function of the height of the ABD, typically in a 1:1 ratio. For
example, a pile 1 foot tall with a top width of 2 feet would have a base 1 foot wider than
the top on both sides, making the bottom width 4 feet across. To best characterize the
average width of the ABD (shown by the thick dotted line above), we assumed that the
amount of width increase on each side of the ABD would be equal to half of the average
height. Since both sides should increase about the same, the average width should be
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equal to the top width, plus two times half of the average height, or more simply: the
average width plus the average height.
The average of the height of the edge of the ABD and the middle (channel) of the ABD
was used to best estimate the representative height within the entire ABD.

2.2 High Water Mark
Figure A4.3. Cross section of ABD in High Water Area
High Water Mark Width

High Water Mark Height

Figure A4.4. Aerial view of ABD in High Water Area

ABD Width (base)

High Water Mark Width

Total volume within HWM:
[𝐻𝐻𝑊𝑀 𝑊𝐻𝑊𝑀 (𝑊𝑡𝑜𝑝 + 𝐻𝑒𝑑𝑔𝑒 + 𝐻𝑚𝑖𝑑𝑑𝑙𝑒 )]
𝑉𝐻𝑊𝑀 =
27
Explanation: The width and height of the high-water mark were estimated as shown in
Diagram 3. The length of area filled by material in the ABD was calculated by using the
width of the base of the ABD, as shown in Diagram 3. As was explained above, the
width at the bottom of the ABD is equal to the width at the top of the ABD, plus twice
the average height. When multiplied together and divided by 27, this gives the total
volume in cubic yards of material within the high-water mark.

