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Abstract

Great River Wood Dynamics in Northern Canada

Downed wood is a resource easily utilized by plants and anifedrom the forests to the
sea and is essential for many ecosystems. The diverse besdliat wood brings to streams
and riparian corridors are well documented by river sciergis and wood re-introduction is
commonly used as a river restoration tool. However, much oféhexisting work investigates
the short-term impact of wood rather than its variability through time and legacy on the
landscape. In this dissertation, | use the Slave River (watadischarge=2-7 x18 m3s 1,
channel widths=300-2000 m, drainage area=6x1®&m?), and its receiving sedimentary basin,
the Great Slave Lake (surface area=27km?, depths 20-600 m, volume 1000-2000 Rjn
in northern Canada to better understand wood transport dynaics of a major river basin
across varied timescales from minutes to centuries and threuence of driftwood on shoreline
landscape evolution. The four primary contributions of thé work are: a comprehensive
literature review and synthesis of wood transport in riversvorldwide (Chapter 1), new
methods for monitoring and quantifying wood ux with timelapse cameras (Chapter 2),
description of processes among driftwood, sediment, andye¢ation that result in shoreline
features that | have coined \driftcretions” (Chapter 3), ard expansion of wood transport
research into multiple timescales with a focus on how ow hisry impacts magnitude of
wood ux (Chapter 4).

In Chapter 1, I: qualitatively summarize existing transpot research around ow, wood
and reach characteristics, quantitatively consolidate ahanalyze wood mobility eld data in
relation to increasing channel size, identify disconnectsetween driving processes and how

mobility is measured, and constrain and conceptualize thsbolds between wood dynamic



regimes. In Chapter 2, | introduce a cheap, useful and fast wao monitor and estimate
wood ux with timelapse photography through the use of the miic P, the probability of
seeing wood within a timeframe, and | provide statistical nthods to estimate appropriate
sampling intervals to minimize bias and variance. In Chapte3, | describe processes and
rates by which pulsed driftwood export are delivered and aczted to shorelines and | discuss
how these processes in uence rates of carbon sequestratisadiment storage and habitat
formation. In Chapter 4, | use a variety of methods centeredraund repeat photography and
anecdotes to assess temporal variability of pulsed driftwd ux through the Slave River in
the past century.

Findings in this dissertation provide useful information fo understanding pulsed wood
ux, shoreline dynamics and landforms in marine and terrestal water bodies before wide-
spread historical deforestation, damming of rivers, and wa removal along major waterways.
| not only synthesize and link existing work on wood mobilizson, transport and deposition
to an intriguing case study, but challenge existing wood trasport premises, provide new
conceptual models describing processes of wood transpdntaugh drainage networks, and
present new approaches and methods for quantifying and apaihg the variability in wood
ux and in uence of wood deposits on landforms. My descriptins of wood transport and
shoreline processes prior to development of river corridowill be an invaluable resource to
groups who seek to identify environmental impacts of dams drio scientists who are inves-
tigating the impact that past and future development of rive corridors has had or will have

on ecosystems.
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There is probably no lake in North America which receives anyihg like
the amount of driftwood which is poured into the Great Slave &ke, chiey
through the Slave River - E.M. Kindle (1919, pg. 358).



DISSERTATION OUTLINE

This dissertation is centered around the theme of large woaynamics in rivers, with eld
case studies on the Slave Rivel 10°m3=s, 1(°ft 3=s) and the Great Slave Lake in the
Northwest Territories and northern Alberta. Following this Introduction (which includes
background material on the in uence of wood on landscape nuirology, wood dynamics,
and the study site), this dissertation is comprised of fourh@apters of re-printed stand-alone
papers. The rst chapter is a long review paper on wood trangpt. Chapters 2-4 are three
case study papers on the Slave River and Great Slave Lake thaghlight wood dynamic
processes at varying timescales. Figure 0.1 locates the gapyic focus for each case study

paper.
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Figure 0.1. Geographic location of Chapters 2, 3 and 4

Below, | brie y summarize each chapter and provide the appmoiate citation for each
of the four articles. Because each paper presented here welee already published or in

the review process prior to completion of this dissertatigrafter this introductory chapter



| use the pronoun \we" rather than |, as published. Rather tha a bibliography after each

chapter, | have included one bibliography at the end of the dgsertation.

Chapter 1. Kramer, N and Wohl, E. (accepted),Rules of the Road: A quantita-
tive and qualitative review of driftwood transport through drainage networks ,
Gemorphology
In this review paper, we conduct an exhaustive literature sech to qualitatively and quan-

titatively review eld-based studies of wood transport.

Chapter 2. Kramer, N and Wohl E. (2014), Estimating uvial wood discharge
using timelapse photography with varying sampling intervals , Earth Surfaces Pro-
cesses and Landforms39(6), 844-852, doi: 10.1002/esp.3540
In this methods paper, we develop new techniques for collex} and computing wood ux

from timelapse cameras.

Chapter 3. Kramer, N. and Wohl, E. (2015),Driftcretions: The legacy impacts of
driftwood on shoreline morphology , Geophysical Research Letterst2(14), 5855-5864,
doi:10.1002/2015GL064441.

In this research paper, we report the volume and distributio of driftwood along shorelines,
the morphological impacts of sustained driftwood deliverghroughout the Holocene, and

rates of driftwood accretion for the Great Slave Lake.

Chapter 4. Kramer, N and Wohl, E., Hess-Homeier, B. and Leisz, S. (in rewig,
The pulse of driftwood for multiple timescales in a great northern rive r, Water
Resources Research
In this research paper, we use timelapse cameras, remoteiaemmagery, and historical
accounts to characterize driftwood transport and threshds on the Slave River over time

intervals from days to decades.



BACKGROUND

The following text includes introductory information with literature references on the
impact of river driftwood on landscapes and ecology, in-#&am wood dynamics and the

study location (the Great Slave Lake and Slave River).

0.1. Driftwood in the Landscape

Driftwood greatly facilitates biogeomorphic plant succeson in a dynamic, high-disturbance
setting: the interface between land and water. Biogeomorfhsuccession expands upon the
traditional concept of vegetation succession by incorpdrag physical disturbance and land-
form development Corenblit et al., 2007). Figure 0.1 diagrams how driftwood is utilized
in ecosystems and Figure 0.1 conceptualizes the feedback®agndriftwood, sedimentation,
and plant succession. In landscapes with high amounts of fiwood, these interactions lead
to major alteration of physical and ecological states sinaif to the actions of an engineer
species.

For example, high wood loads are shown to play a major role inamtaining: step-
pool and multi-thread channels in low gradient mountain allvial valleys (Polvi and Wohl,
2013); vegetated island-braided riversGurnell and Petts 2002); large expanses of alluvial
old-growth forests on oodplains Collins et al,, 2012); semi-stable multi-thread, wide dis-
tributary channels in deltas (Phillips, 2012); stable sand dunes and steeper gravel berms
on beaches Kennedy and Woods 2012); habitat patchiness and bio-available nutrients in
estuaries; mid-ocean food web%$spnor et al, 1988); and biologic hotspots on the nutrient-
and energy-poor deep ocean oorKnudsen, 1970). Without driftwood, these landscapes
revert to a simpler design that supports less life. Mountaithannels revert to plane bed
with single channels; larger rivers no longer have vegetdtéslands; alluvial oodplains are
narrower without old-growth forest patches; and beach duseare more mobile and drier. In
sum, landscapes that contain driftwood have more habitat pehiness and thus are much

more biologically productive than they would be without dritwood.



Driftwood plays a major role distributing water-borne nutients and organic particulates,
including carbon, into broader areas than would otherwisedxeadily available. For example,
wood jams in rivers substantially increase sedimentationf @rganics within the channel
and on the oodplain (Wohl, 2013a;Beckman and Woh| 2014). There are large amounts
of carbon per unit area stored in sediments from pools behindhannel-spanning jams in
headwater channels, and in oodplains and riparian wetlarsl (Walter and Merritts, 2008;
Cierjacks et al, 2010;Wohl, 2011a). In addition to physically enhancing the depositio of
water-borne nutrients and particulates, driftwood is an irportant food and carbon source
in itself (Figure 0.1). For example, fecal pellets from woobering crustaceans provide an
important food source for near shore environment€5pnor et al, 1988), and the episodic

delivery of vast quantities of wood from uplands and river e¢adors during tropical storms
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Figure 0.2. Examples of how driftwood is utilized by plants and animals



Figure 0.3. Conceptualization of the feedbacks among driftwood, sedem-
tation, plant succession, and disturbance

provides a highly concentrated ux of carbon and nutrients lhat represents a signi cant
transfer of terrestrial biomass to oceans/(est et al, 2011).

Despite high-pro le papers emphasizing the role of riversnithe global carbon cycle
(Eglinton, 2008;Battin et al., 2008, 2009Aufdenkampe et al.2011), research examining the
processes that create and maintain instream and oodplainomplexity or facilitate organic
carbon storage is just beginning. To date, much of the work Bgocused on monitoring and
guantifying dissolved and particulate organic carbon (e.gHolmes et al, 2012) or describing
the impact that driftwood jams have on sedimentation, hydrtogy, and/or biogeochemical
processing of nutrients Klontgomery and Pegay, 2003; Wohl et al., 2012). Research that
investigates the long-term storage and decay of drift pileend their legacy impact on land-
form, food webs, and carbon cycling is rare. Historical acams of enormous volumes of
wood on rivers in the temperate zoneTfiska, 1984;Maser et al, 1988;Wohl, 2014a) de-
scribe a scenario that has largely vanished. Deforestatiomw regulation, channelization,
levees, snagging (wood removal from rivers), and other agties have removed so much

wood that most rivers (Montgomery and Pegay, 2003;Collins et al, 2012;Wohl, 2014a),
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Figure 0.4. Conceptual model showing how carbon and nitrogen from drift
wood enter global cycles

and by consequence shoreline§léser et al, 1988), are severely wood-impoverished relative
to their condition prior to intensive human settlement. Thus, stable landforms that we see
today along river corridors and lakes may re ect past process when driftwood was more
abundant. In the absence of modern wood, studying these pesses, let alone connecting
vestige landscapes to driftwood processes, is di cult.

In a state of the science reportReinhardt et al. (2010) suggest that the co-evolution of
landforms and biological communities should be a central¢éime to motivate future research,
and note that identifying rates of biological and geomorpHogical processes and how they
interact to generate landforms is of primary importance. Rmently, in the emerging eld
of biogeomorphology, much focus has been on how, given erotighe, small-scale biotic

processes can in uence the evolution of the landscape andggstems Dietrich and Perron,



2006). Over long time scales, actions by engineer speciesate unique and patchy ecosys-
tems with high biodiversity by modulating resources to othespecies Corenblit et al,, 2011).
A good example of these processes is the formation of extgasivet meadows in mountain
alluvial valleys, which have been dubbed the beaver meadoangplex due to the importance
of beaver dams in maintaining the wetland ecosystenives, 1942;Westbrook et al, 2011).
Gibling and Davies(2012) suggests that the meandering river form is a physicat@ession
of the existence of life because it co-evolved with vasculand plants. Without riparian veg-
etation and driftwood stabilizing river banks, they postuate that the meandering planform

would not exist.

0.2. Wood Dynamics

Wood dynamics refers to the processes governing recruitrhestorage and transport of
large wood through catchments. The main drivers behind research into aod dynamics
in rivers are to understand the role that wood plays in the edogy and health of riparian
corridors; to understand the in uence wood has on shaping ¢hmorphology and sediment
regime of channels; to better constrain the global biogeommmical cycles by describing how
large wood in uences nutrient uxes from the land to the oceas; and to predict and plan
for hazards associated with wood clogging of engineeredustiures during high ows.

The existing framework for conceptualizing large wood dymaics is usually presented as
a wood budget in which the change in storage (S) along any given reach ( x) for a given
time frame ( t) is equal to wood inputs minus wood outputs. Below is a wood bgdt
equation by Benda and Sias(2003) .

Q Qo

S:[Li L0+—X _X D] t

IMy Note on Terminology: Unless otherwise noted, large wood is de ned to begreater than 10 cm in
diameter and 1 meter in length. | also use the term \driftwood" in place of \large wood" because | discuss
oating wood in a lake and along a very wide river that is about 15 to 30 timeswider than the longest pieces
of wood. In these situations, wood is drifting through the water and washes up on shorelines, thus the term
driftwood is appropriate. \Large wood", \wood" and \driftwood" are more un iversally applicable than the
commonly used term, \instream wood", to both rivers and lakes. Thus, | limit my use of \instream wood"
to only those scenarios where | am referring speci cally to reach-sde locations on a river rather than the
drainage basin as a whole.



Time Scale Example Research Questions Methods to measure and quantify
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Figure 0.5. Conceptualization of transport questions and appropriateneth-
ods to answer them at varying timescales.

In the above equation, wood inputs are from lateral recruitent and exhumation (;)
and uvial transport from upstream (Q;). Wood outputs are from lateral deposition and
burial (L,), uvial export downstream (Q,), and decay QO). This equation has been used to
back-calculate wood ux based on reach-scale eld measurents of storage and recruitment
Martin and Benda (2001, e.g). However, recent research monitoring wood ux thivideo
cameras MacVicar and Pegay, 2012) has shown that wood ux estimates derived from
wood budget equations may be underestimating wood ux by asunh as four times.

| hypothesize that part of the problem may be from extrapolabn of reach-scale metrics
on short timescale €2 yrs) to basin-scale processes that occur over decades. FegQ.5
is a conceptualization of types of research questions andpappriate methods at varying
timescales. Rather than focusing on wood recruitment andastige, this dissertation assesses
the variability in wood export (Q,) from the Slave River drainage basin to the Great Slave
Lake on varying timescales from days to centuries using a ety of methods including
timelapse photography, repeat photography, dating wood gesits and historical anecdotes.
By focusing on the outlet of a large basin rather headwater tdaments, | can assess the

cumulative patterns of wood ux from the entire basin throudn time.



0.3. The Slave River and Great Slave Lake

The Slave River and Great Slave Lake (GSL) are uniquely sitted in the middle of
the Mackenzie Basin, e ectively dividing the basin in half Figure 1.3). Water draining the
southern Canadian Rockies and the boreal forests to the sbuthakes its way north into the
GSL. GSL water eventually becomes the source water for the kl@nzie River, which ows
north into the Arctic Ocean.

A recent international report (Vaux, 2013) emphasized that the Mackenzie Basin is still
one of the most intact large-scale ecosystems in North Amerjdaut it is at risk from a warm-
ing climate and development from exploitation of hydrocarbn, minerals, and hydroelectric
power. The Basin is recognized as a resource that a ects thelare of people globally, but
it is not well monitored and less well studied than other majoriver basins. The Mackenzie
River of Canada exports large amounts of driftwood to the Aria¢ Ocean that can be found
and identi ed as far away as ScandinaviaKggertsson 1994). The Mackenzie River stands
out from other circumpolar Arctic rivers as having notably lev dissolved organic matter
yields to the Arctic Ocean because the GSL e ciently processeand retains constituents
transported to the lake from the upper watershedHolmes et al, 2012;Gibson et al, 2006).

The Slave River has a mean annual ow of 3432%m ! and provides 74% of the in ow to
the Great Slave Lake. The remaining in ow is from catchmentsurrounding the lake (21%)
and from precipitation (5%) (Gibson et al, 2006). Sediment and wood delivered to the lake
mostly originate from catchments on the southern shore. Revs along the north shore carry
negligible amounts of wood and sediment to the lake becau$ey drain the Canadian Shield
or low relief wetlands. Yearly in ux of wood is associated wh rapid rise and fall of river
ows from mechanical break up of river ice and freshet high ws that oat stranded wood
on river banks Kramer and Wohl, 2014;Brown, 1957). Episodically, vast carpets of wood
are delivered when summer freshet ows are much higher thamgvious years Kramer et al.,
in submission).

The GSL has a surface area of 2868 knt and a catchment area of 94®00 kn? (Gibson
et al., 2006). It is one of the deepest lakes in the world, reachingraaximum depth of 620 m
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Figure 0.6. The Slave River Basin (outlined in yellow) as situated in the
Mackenzie River Basin of North America. Ecozone inset gure \gaadapted
from the Mackenzie River Basin Impact Study Cohen 1997) and re-printed
with permission.

in the east arm where subglacial meltwater from the Contindal Laurentide ice sheet pooled
along faults (Christo ersen et al., 2008). While the east arm was formed underneath the
ice, the main body of the lake formed marginal to the retreatig ice sheet Yanderburgh and
Smith, 1988;Lemmen, 1990) and is much shallower (10 90 m) (Leon et al., 2007). The
lake is underlain by till of mostly limestone boulders and dibles from Paleozoic sedimentary
rocks of the Interior Plains Platform (Lemmen, 1990). Granitic boulders and cobbles increase
towards the contact with the Canadian Shield along the easte margin of the lake Lemmen,
1990) (Figure 1.3). Originally, the main body of GSL was a pamf Glacial Lake McConnell,
which also included modern-day Lake Athabasca to the soutmd Great Bear Lake to the
north (Figure 1.3). Due to isostatic rebound and drainage, @tial Lake McConnell separated
into three lakes, and the Slave River was formed connectingake Athabasca to the Great
Slave Lake around 8308P (Smith, 1994). Buried driftwood in Slave River deltaic sediments

has been used to estimate progradation of the Slave River Beinto the GSL from 8070

10
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Figure 0.7. The Great Slave Lake, its location, and some background imfoation.

to 1180 BP (Vanderburgh and Smith 1988), highlighting that wood delivery to the lake has

been occurring since de-glaciation. Based on the elevatiohdated driftwood from 6960 to

the present, an estimate for the modern rate of isostatic relind is Q2cm=year(Vanderburgh

and Smith, 1988).

The GSL is considered hydrologically active, with an averagresidence time for a water

molecule of 16 yearsGibson et al, 2006). Based on data from 2002-2009, GSL is, on average,

completely frozen for 186 days per year and has some ice pné$ar 193 days per year Kang

et al., 2012). Ice break up occurs May-June and freeze-up in Novemiilscember Kang

et al., 2012). During ice break up in years of high river dischargewind can push blocks
of drift ice up onto exposed shorelines, e ectively bulldazg large boulders, cobbles, and

wood into raised beach ridgesRhilip, 1990;Lemay and Begin, 2012). During the ice-free

11



late summer (July and August), seiches (rapid uctuations inadke levels) develop from high,
steady winds stacking surface waters at the downwind shor8eiches on the Great Slave Lake
< 0:15 m in height are common due to long fetch distances and occum average 10 14
times per year Gardner et al, 2006). The largest seiches (06 0:40 m), which account
for less than 10% of all recorded events from 1938 to 2000t @fiftwood high enough onto
the shoreline to be una ected by smaller eventsGardner et al, 2006). Seiche-forcing winds
on the north shore come from the SE and on the south shore froimet NW (Gardner et al,
2006).

Mean sur cial lake currents ow in a counterclockwise diretion (Leon et al., 2007).
When driftwood enters the lake, it circulates in this directon on calm days and is pushed
up against shore on windy days (personal observation). Lakmirrents are weak near the
mouth of the Mackenzie River and thus wood entering the lakeshds to not be exported
downstream, but rather stored permanently along shorelisgin river deltas, and in nearshore
lake sediments. This is corroborated by local residents obf Providence, who have noted
the lack of wood oating down the Mackenzie at that location.The GSL supports a high level
of biodiversity of both plants and animals Condon, 2013). There are two ecological regions
mapped on the lake, Taiga Plains and the Taiga Shield, whichorespond to underlying
geology of sedimentary (Interior Plains Platform) versusrgstalline rock (Canadian Shield)
(Ecosystem Classi cation Group 2007, 2009). Driftwood is primarily stored on shores in the
Taiga Plains ecoregion due to its much lower relief along gsietines and erodible boundaries.
Shoreline vegetation is composed of mostly sedg€yperaceag, willow (Salix)-alder (Alnus)
shrublands, balsam poplar Populus balsamifery, spruce (Picea), quaking aspen Populus
tremuloides), and tamarack (Larix laricina). These species interact with the driftwood to
trap ne grained sediment as well as stabilize sand bars, baees, and ice-pushed gravel and
cobble berms English et al, 1997).

Decaying driftwood is especially important as nurse logsrféhe germination of spruce
(Berger, 2002; Timoney and Robinson 1996). The GSL contains sustainable populations

of high quality commercial sheries of white sh, trout, pickerel, northern pike, and inconnu
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(Rundle et al, 2005). The GSL serves as a major staging and rearing area foigratory
birds because it is located on the Atlantic, Mississippi, ahCentral yways (Milburn et al.,
1999). Stranded and decaying wood pieces along shorelines @mmonly used as perches
by both shore and migratory birds. Bird species diversity isleclining and is at high risk
from climate and up-basin developmentGondon, 2013). Moose, muskrat, mink, and beaver
are mammals that thrive in the nearshore wetlands and are ingptant culturally for local
indigenous communities ilburn et al., 1999).

Many studies have looked at how the construction of the W.A.C. &nett Dam > 1500
km upstream (see Figure 1.3) on the Peace River in the late 1%6l0as impacted the ecology
and geomorphology of the Slave River Delta (SRD). The Benrtebam and nearby Peace
Canyon dam together have a hydro capacity of 3400 MW and Wiltisn reservoir behind the

Bennett Dam is the ninth-largest man-made lake in the world\(aux, 2013).

English et al. (1997) showed that the biological productivity and diversy of the
SRD is closely linked to ooding and sediment delivery fromhte Slave River, which
sustains extensive shoreline habitat. They also showed thgstream damming has
shifted the delta to a drier environment and growth of the owtr delta has slowed
or stopped.

Milburn et al. (1999) investigated aquatic animals that could be used asamystem
indicators to monitor and predict response to various devagbment scenarios that
impact hydrologic regimes. They identi ed muskrat and minkas the best indicators
due to their dependence on changes in hydrology, small gemgnic range limited to
the SRD, and importance for local food and trade.

Prowse et al.(2006) found that because of the small water surface slopetioé SRD,
small lake level changes from upstream hydroelectric despinent have the potential
to alter large areas of the main active delta. A reduction ofake levels by 0.05-0.2
m during spring and summer ooding or during seiche activityvould likely lead to

decreased ooding and drying of wetlands in the delta.
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Beltaos et al.(2006) found that the ice jam ood have occurred less frequiy on
the Peace River (the primary tributary to the Slave River) afer construction of the
W.A.C Bennett Dam due to supressed water levels in the Spring.

Gibson et al.(2006) related dam regulation to water levels in the GSL. Retation
has increased discharge from the Slave River in the winteréneduced ows during
the spring and summer, impacting lake levels in a similar maer. The highest lake
level years correspond to wetter than average years that albad large releases from
the W.A.C Bennett Dam.

Brock et al. (2010) analyzed ood frequency variability in the SRD for tle past
80 years using paleolimnological analysis of perched basprone to ooding during
high water years. They found decadal scale intervals of higimd low ood frequency,
with the driest years pre-dating construction of Bennett Den. They emphasize that
changes in climate and precipitation in headwater catchm&nhhave greater impact

on ooding than regulation from the existing dam.

Many communities along lake shores still follow a traditioal lifestyle and have a cul-
ture that is closely tied to the health of the ecosystemWolfe et al, 2007). However, the
ecosystem is under threat from climate and development-gien change. During the excep-
tionally dry summer of 2014, an unprecedented 3.5 million beres of land burned in the
Northwest Territories, much of it near the Great Slave Lake (KJohnson, pers. comm .,
September 2014). The hydropower potential for the MackereBasin is thought to equal the
rest of Canada combined\{aux, 2013). Although no more dams are currently approved for
construction, dam projects are currently proposed on the Ree River (site C), Slave River,
and on the Athabasca. Much of the hydropower will be used bylashale and other min-
ing operations. There is potential for structural failure 6 tailing ponds from hydrocarbon
development to contaminate water and sediment delivered the Slave River Delta.

In the past decade, community groups have expressed concewer how climate change,

res, land use change, and upstream damming will impact theater quality and health of the
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ecosystem. In response, the Slave River and Delta PartneisiSRDP) was formed to coor-
dinate research, monitoring, and planning e orts among comumities, government agencies,
aboriginal governments, non-governmental organizationand academic institutions. This
study provides baseline data on the importance and quantitgf driftwood delivery to the

shoreline ecosystem for groups such as the SRDP to use as thlan for the future.
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CHAPTER 1

Rules of the Road: A quantitative and qualitative
review of driftwood transport through drainage
networks

Summary

To e ectively manage wood in rivers, we need a better undemstding of how and when
wood moves through river networks. Building from an extenge literature search, we qual-
itatively and quantitatively review eld-based studies ofwood transport. We distinguish
small, medium, large, and great rivers based on wood piecenginsions relative to channel
and ow dimensions and dominant controls on wood transportWe suggest that designat-
ing wood transport regimes, such as piece-dominated, jamsdinated, high- ow-dominated,
and burial-dominated, is a useful way to characterize spairtemporal network heterogeneity
and to conceptualize the primary controls on wood mobilityn diverse river segments. We
draw analogies between wood and bedload transport, inclagj distinguishing Eulerian and
Lagrangian approaches, exploring transport capacity, anduantifying thresholds of wood
mobility, which can be expressed as a ratio of ow stage to gja at incipient wood mo-
tion, or as a fraction of bankfull ow. We identify mobility envelopes for re-mobilization of
wood with relation to increasing peak discharges, streanzsi and dimensionless log lengths.
Wood transport in natural channels exhibits high spatial ad temporal variability, with dis-
continuities along the channel network at bankfull ow and vihen log lengths equal channel
widths. Although median mobilization rates increase with ioreasing channel size, maximum
mobilization rates are greatest in medium-sized channelslost wood is transported during
relatively infrequent high ows, but ows under bankfull can transport up to 30% of stored
wood and the highest ows may not transport any wood. We use abnceptual model of dy-
namic equilibrium of wood in storage, a conceptual model gbisalling wood transport paths

through drainage networks, and a metaphor of tra c on a road © explore how discontinuous
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wood movement through a river network re ects the charactestics of river ow, the wood
pieces, and the channel boundaries. We note a disconnectioetween how mobilization is
measured and the processes that drive mobilization. The prary limitations to describing
wood transport are inappropriate time scales of observatioand lack of su cient data on
mobility from diverse rivers and regions. Improving modelsf wood ux on local and regional
scales requires better characterization of average stepdéhs within the lifetime travel path
of a piece of wood. We suggest that future studies focus on) ¢ontinuous or high-frequency
monitoring of wood mobility; (i) monitoring changes in woa storage at known retention
sites at varying time scales; (iii) using wood characterigts to ngerprint wood sources; (iv)
quantifying volumes of wood buried within channels and ooplains; (v) using remote sens-
ing to assess changes in wood storage over large spatiales;alvi) obtaining existing or new
data from unconventional sources, such as citizen sciencitiatives, (vii) creating online
interactive data platforms for facilitation of data synthesis, and (viii) further consolidation

and review of residence time and basin wood ux.

1.1. Motivation

There is a strong need to understand large wood transport dgmics in the context of
ooding hazards (e.g.,Mazzorana et al, 2012;Ruiz-Villanueva et al, 2013, 2014t.uca et al.,
2015) and global nutrient uxes Bilby, 1981;Elosegi et al, 2007;Hilton et al., 2008; West
et al.,, 2011;Wohl et al,, 2012). By wood dynamics, we mean the processes associatald w
the recruitment, storage, and transfer of dead wood througlirainage basins. Speci cally,
we focus on the transport of large wood ( 1 m in length and 10 cm in diameter).

Conceptual and quantitative models of river adjustment typgally rely on two primary
driving variables, water and sediment Knighton, 1998). However, instream wood can be
as important for channel change as sediment (e.dlassong and Montgomery2000;Brooks
and Brierley, 2002; Montgomery and Abbe 2006; Le Lay et al, 2013). Early scientic
and historical writings on wood were mainly inspired by aweabservations of immense

volumes of wood and associated channel chandéndle, 1919, 1921Bevan, 1948;Triska,
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1984). Reviews of historical accounts document the enorngguantities and landscape-scale
impacts of wood from headwater channels to large rivers prito extensive wood removal
(Triska, 1984; Sedell et al. 1988;Wohl, 2014a) and most forested or historically forested
catchments have vegetation or wood-driven morphologieli¢kin, 1984;Collins et al., 2012;
Gibling and Davies 2012;Polvi and Wohl, 2013;Gurnell et al., 2015).

Despite this evidence for the importance of wood as a drivirgeomorphic variable, de-
scriptions of geomorphic e ects of wood on channel processgere largely absent in the mid
1900s Hickin, 1984), when researchers were building foundational coptigal models Grant
et al.,, 2013;Wohl, 2014b) - such as graded riverdMackin, 1948) and Lanes balanceLane,
1955)), and quantitative understanding of river systems -ugh as hydraulic geometry rela-
tions (Leopold and Maddock Jr 1953). The large-scale removal of wood from rivers during
the 20th century (Montgomery and Pegay, 2003;Wohl, 2014a) likely led to a neglect of the
geomorphic e ects of wood on river process and form duringithformative period of uvial
geomorphology.

As long as rivers are wood-depleted, models of river form adjing primarily to sediment
and water are adequate for managing rivers. However, in orderimprove valued ecosystem
services such as de-nitri cation, sustainable sheriespiproved water quality, and enhanced
physical and mental health of human communities (e.gWohl et al,, 2015), managers now
focus on re-introducing wood as engineered structuresbbe and Brooks 2011;Gallisdorfer
et al.,, 2014), leaving mobile un-engineered wood in place on theodplain (Pegay et al.,
2005;Wohl et al., 2015), and managing riparian forests to increase the amdwof wood that
can be recruited Kail et al., 2007;Wohl et al., 2015).

In Europe, a orestation of river corridors (Lebault and Pegay, 2002) has led to increased
wood in transport, resulting in wood impoundments againstrdge piers during oods (e.g.,
Luca et al., 2015), increasing ood levels, and forcing large-scaleatinel changes beyond
what can be predicted through existing modelsRegay et al., 2005). Inability to plan for the

impacts and hazards of large wood on channels is a managemeamicern and stems largely
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from the fact that current models of river form and process &gl by managers do not include
wood dynamics.

In the past few years, substantial progress in numerical sutation of wood transport
has come from ume studies Bertoldi et al., 2014;Davidson et al, 2015) and incorporation
of wood modules into computer simulations, such as thieeach Scale Channel Simulator
for habitat modelling (Eaton et al, 2012;Davidson and Eaton 2015) andWoody Iber for
hydrodynamic modelling of wood transport Ruiz-Villanueva et al, 2014, 2015a). Simula-
tions from these models have led to better understanding ofowd-related ooding hazards,
channel change, and aquatic habitat. However, models arengili ed versions of the complex
interactions found in the eld and they require informationfrom eld studies to constrain
variables and assess reliability of scenario responsBsiig-Villanueva et al, 2015b). Recent
rapid growth in numerical and modelling publications on wod transport is not matched by

equivalent growth in eld studies (Figure 1.1).
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Figure 1.1. Comparison of eld and modelling publications that report d+
rect measurement of wood transport by year. Bar heights equttal number
of articles found.
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In this paper, we rst qualitatively and then quantitatively summarize, analyze, and
synthesize literature on wood transport within the framewk of a functional classi cation
of small, medium, large, and great rivers (Table 1.1, Figure.2). We focus on presenting a
thorough review of case studies that have directly measuredod transport. We examine
existing transport premises, present new conceptual framerks of wood transport through
drainage networks, and make suggestions for avenues of fier research.

Although other reviews have included wood transport as a suaitegory (Keller and Swan-
son, 1979;Harmon et al,, 1986;Sedell et al. 1988;Gurnell, 2003;Le Lay et al, 2013;Wohl,
2016), this is the rst review of which we are aware that foces solely on transport. We
intend the review to be a thorough summary to acquaint new wabresearchers with the
existing literature; a compilation of eld-based constraits to compare to future numeri-
cal models; and as a collection of thought-provoking ideasténded to push researchers to

develop new, testable hypotheses, thus rapidly advancingad transport research.

Table 1.1: Functional classication of river size based on
wood dynamics. Categorization based on characteristic di-
mensions of wood pieces relative to channel size and patterns
of recruitment, storage, and transport of wood.

Small rivers
Size 1stto 2nd order; key piece wood length> channel width; diameter of logs
> ow depth
Recruitment Characteristics of riparian woodland of overriding importance; hillslope
instability, blowdown, snow avalanches, individual riparian tree mortality
Storage Individual wood pieces form stable features that control sediment épo-
sition, channel morphology, and gradient; pieces typically span and are
suspended above the active channel; jams may be present, but mosowd
stored as individual pieces; distribution of wood close to random and ge
erned by sites of input; wood causes local widening where channkebund-
aries are erodible; wood condition depends on input mechanisms andrest
disturbance history; low mobility can result in high levels of wood decay
Transport Wood not reorganized or transported except during unusual oods or de-
bris ows with recurrence intervals > decadal; large pieces mostly im-
mobile; long residence times regulated by decay and physical breakdn
rather than uvial transport

Medium rivers
Size 2nd to 4th order; log diameter  ow depth; length of key logs > or
channel width
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Table 1.1(continued)
Recruitment Hillslope, riparian, and bank source areas; tributary inputs; transport from
upstream
Storage Wood commonly stored in non-random, spatially discontinuous jams that
partly or completely span the channel; jams comprised of mixed sizes of
wood pieces, with larger key pieces trapping smaller, more mobileigces;
jams form at roughness elements such as boulders and planform irregular-
ities; jams force bank erosion and avulsion, can create multithread plan
form; high inter-reach variation in wood loads; wood regulates sedimen
transport
Transport Hydrologic regime is dominant control; drives periodic transport of stored
and newly recruited pieces during high ows; key pieces and jamsamain
in place during smaller oods, accumulating smaller pieces; largermore
infrequent oods break up and rearrange jams

Large rivers
Size >5th order; log diameter << depth of ooded channel; all wood lengths
< channel width; transition between medium and large rivers at channel
widths 20-50 m wide because longest wood piece lengths are in this range
Recruitment Transport of wood from upstream, lateral channel erosion; exhumation of
previously buried wood on oodplains
Storage River morphology dictates wood storage sites; wood generally has less-de
cay because of greater mobility; wood in uences bar and channel sediem-
tation and regulates formation of secondary channels, channel planform,
and widening of valley oor; reaches with greater sinuosity, more bars,
and lower gradients typically have higher wood loads; wood accumulate
within active channel at sites such as apex of bars, outer upstream-faeg
margins of channel bends, backwaters, bank benches, and as individual
pieces along channel margins during ood recession; large proportion of
wood may be buried in oodplains and channel bars; wood accumulates
on upstream side of living vegetation and in uences morphologic evolution
of stable vegetated islands and formation of multithread planform; wood
does not form channel-spanning jams, but can form channel-spanning, dy
namic wood rafts that persist for decades and cause channel avulsions
Transport Wood exported downstream, laterally onto oodplains, or buried; wood ex-
ported regularly during high ow; amount of wood transfer highly variabl e
and largely dependent on pattern of antecedent peak ows; high variabiliy
in water levels during ooding creates many opportunities for woodseques-
tration in long-term storage on the oodplain, causing large variability in
wood residence time

Great rivers @

Size  10° km? or larger; mean annual discharge> 10° m®/s; perennial ow;
commonly have vast, seasonally inundated oodplains, great hydraulic &
versity, large ne sediment loads, and deep channels

Recruitment Mostly via inputs from upstream; local inputs include lateral exchange
with oodplain, exhumation of buried wood, inputs from bank failure s,
and mass recruitment such as during hurricanesFhillips and Park, 2009)
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Table 1.1(continued)

Storage Pieces stranded along banks during receding ows; larger wood loadsod/n-
stream from tributary junctions that deliver wood; oodplain accum ula-
tions at long lateral distances from channel; accumulations commonly de-
cay in place or are partly buried; rafts that completely plug the chanrel
are rare except where a multithread planform occurs

Transport During most ows, rapid transfer of wood to deposition zones such as
deltas, estuaries, or the ocean; lesser uctuations in discharge thaoccur
in large rivers, creating fewer opportunities for trapping of wood wthin
channel or overbank deposition as a result of uctuating stage; wood tras-
fer largely controlled by the spatial distribution and timing of wood r e-
cruitment from large tributaries; oodplain wood likely transport ed and
redeposited within the oodplain rather than transported to main ch annel;
wood buried within channel bed may be transported downstream annally
as part of the bed load

a: Very little study has been done on wood in great rivers. This summaryis based on our current
understanding of wood dynamics in great rivers from personal eld exgrience. The ideas presented
should be tested and re ned with further study.

1.2. Qualitative Summary

Wood in storage is commonly referred to as instream wood. Howee, once wood becomes
mobile, researchers tend to prefer the terms oating wood adrift wood (MacVicar et al.,
2009;MacVicar and Pegay, 2012;Kramer and Wohl, 2014;Ruiz-Villanueva et al, 2014).
Considering wood as oating or drift wood makes sense in themtext of drainage networks,
especially in scenarios when the same piece of wood is refeee in the context of river
networks and non-channelized settings such as lakes, esies, or oceanskramer and Wohl,
2015). Within rivers, it is useful to investigate the process that enable instream wood to
oat and how far the wood is likely to travel downstream.

Wood ux is governed by the unique interactions among hydrdics, wood pieces, and
channel morphology, across space and tim&yrnell et al., 2015; Ruiz-Villanueva et al,
2015a). Thus, we summarize the existing knowledge of woodisport from eld and nu-
merical studies in three categories: ow characteristicsSgction 1.2.1, Table 1.2), wood
characteristics (Section 1.2.2, Table 1.3) and reach chataristics (Section 1.2.3, Table 1.4).
Tables 1.2-1.4 are used to summarize the literature. In thelfowing text, we propose a series

of ideas, hypotheses, and suggested future research diats based on the ndings from the
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A. Small river

C. Large river

Figure 1.2. Stream size with relation to wood storage patterns in a uvia
system. Schematic afteiNaiman et al. (2002)Keller and Swanson(1979),
Le Lay et al. (2013) andSchumm(1977). A. Random distribution of pieces on
Ouzel Creek, Colorado through a burned area (6 m channel width, average
piece length is 2.7 m with maximum pieces width of channel) B. Log jamming
on North St. Vrain Creek, Colorado ( 25 m channel width and average piece
length is 3.3 m, maximum piece size channel width). C. Wood accumulations
and vegetated island formation in Hyland River, British Colubia (channel
width is 100 m wide). D. Burial of wood accumulations on side bars ofé¢h
Yukon River, Alaska. (500 m channel width at 66.18510 N, -148.11925 E)
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papers presented in Tables 1.2-1.4. We summarize some of thain hypotheses presented

in the following text in Table 1.5.

1.2.1. flow characteristics. The primary ow characteristics that in uence wood
mobilization and transport include general shape of the hydgraph magnitude, duration,
and rate of rise and fall and the sequence of ows through tim@able 1.2). Flow magnitude
in uences the areas inundated and the hydraulic roughnessa retention capacity of the
ooded area. Although wood discharge generally increaseghwvater discharge on the rising
limb, the relationship is nonlinear and highly variable MacVicar and Pegay, 2012;Kramer
and Wohl, 2014;Ruiz-Villanueva et al, 2014;Ravazzolo et al.2015a). This is logical, given
the potential for multiple and complex interactions among @ce size and shape, hydraulic

forces, and channel characteristics such as boundary irvdgrities that can trap wood.

Table 1.2: Synthesis of main ndings and references for in uence
of ow characteristics on wood transport

Flow Characteristics
Magnitude

Flow magnitude strongly in uences whether wood is in transport beause it dictates
the ooded cross-sectional area, velocity, and depth of ow

The largest wood uxes on rivers of all sizes occur during infrequet high ows
Background wood mobility rates under 30% exist for wood movement initation in
ordinary oods for many rivers

Wood transport responds non-linearly to increases in ow magnitudesand is highly
variable

Hysteresis in wood transport: ows of equal magnitude transport much kss wood on
the rising limb than the falling limb

Wood mobilization threshold exists at magnitudes less than bankfull;before this trans-
port is negligible, after this transport is possible and increases linarly with discharge
until an upper wood transport threshold associated with overbank ows is reached, at
which point wood transport suddenly decreases or levels o

Most wood is deposited near peak ow magnitude

Floods strand wood at discrete elevations and locations depending ostage height;
elevations of stored wood can be used indirectly to assess wood uwr particular ows
Newly recruited wood can re-organize into jam stable states after only oa bankfull
ow; jams are re-mobilized and re-organized during exceptional ows

Wood transport velocity is more signi cantly related to log volume th an magnitude of
oods

Table continued on next page
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Table 1.2(continued)

Duration
The amount of time between initiation of wood transport and peak ow is a better
predictor of wood displacement downstream than magnitude of ow alone
Wood recruited during oods moves farther distances downstram than previously re-
cruited wood

Rising and falling limbs
Mobilization of wood occurs on the rising limb and is comparably negligitte on the
falling limb
New wood on the falling limb originates from morphological changes of the charei
Wood in transport on the falling limb is rapidly retained and entrapped
Flashier, more steeply rising hydrographs mobilize more wood
Transport and storage patterns respond nonlinearly to wood input rates (ate of rising
limb), with a threshold input rate governing transition between congested and uncon-
gested transport and corresponding depositional pattern as jams or singleigces (high
or low wood loads)
Shorter pieces (i.e., broken pieces and branches) are transportedriier on the rising
limb and follow a consistent relation with discharge; larger pieces areanobilized after
small pieces and do not correlate well with discharge
Short pieces are transported on the rising and falling limbs, whereathe largest pieces
are mainly transported on the rising limb

Flow History

The amount of wood available for transport for any ood is a function of past ow
history and non- uvial recruitment since the last wood transportin g ow

Flood peaks of similar magnitude will have varying wood loads based on #ir position
in a sequence of oods

In small streams, the frequency of extreme events governs woodansfer downstream,
with cycling of wood storage related to recurrence intervals of delis ows

In medium rivers, low recurrence, yearly ows re-organize indivdual pieces of wood into
jam stable states, whereas exceptional oods re-organize jams

Newly recruited wood is less stable than previously transported wod

In large rivers, reach-scale wood storage can be highly variable year to §g and depends
on ows during prior years

Field References: Keller and Swanson(1979); Lienkaemper and Swanson(1987); Berg et al.
(1998); Keim et al. (2000); Haga et al. (2002); Angradi et al. (2004); MacVicar et al. (2009);
Angradi et al. (2010); MacVicar and Pegay (2012); Bertoldi et al. (2013); Turowski et al. (2013);
Kramer and Wohl (2014); Schenk et al.(2014); lroune et al. (2015); Jochner et al. (2015); Ravaz-
zolo et al. (2015b,a)

Modelling References:  Braudrick et al. (1997); Bertoldi et al. (2014); Ruiz-Villanueva et al.
(2014); Davidson et al. (2015); Ruiz-Villanueva et al. (2015a, 2016a)

The rate of discharge increase may be important for estimaty wood transport rates and
rapid changes in the hydrograph may account for much of the wability in wood discharge
on the rising limb (Braudrick et al., 1997; Angradi et al., 2004; MacVicar et al., 2009).
Some of the observed variability in wood transport may re gcwood input rates associated

with processes such as bank erosion, oating of previousliable pieces, and piece-to-piece
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interactions among wood in transport Braudrick et al., 1997;Keim et al., 2000; Bertoldi
et al.,, 2014;Wohl, 2016). Thus, we propose that transport distance will be merlimited
for ashier oods because more wood will be mobilized in shigr amounts of time, leading
to congested transport and increased wood deposition, esjadly as jams Braudrick et al.,
1997;Bertoldi et al., 2014). Higher densities of jams deposited near peak ows thémit
transport distance of uncongested single pieces on the ifadl limb (Davidson et al, 2015).
We hypothesize that the duration of ows near or just under bakfull exerts the greatest
in uence on wood transport distance in meandering rivers. ransport capacity is likely
maximized near bankfull when smaller-scale channel rougtss features occupy a smaller
proportion of the total ow and overbank roughness and woodrapping are not yet factors.
Longer duration oods just under bankfull may also result ingreater bank erosion due to
maximization of stream power directed at banks during thesews. Catastrophic bank
failures during oods mostly occur on the falling limb Rinaldi et al., 2008) or between long
duration moderate oods (Luppi et al., 2009) from erosion of the bank on the outside of a
bend (Pizzuto, 2009). Wood that enters the river from these bank collapsdalls directly
into the thalweg and moves longer distances downstream thameviously uvially deposited
instream wood MacVicar and Pegay, 2012). Consequently, transport distances may also
be longer for ows with longer duration of stage just under bakfull on the falling limb.
Although larger wood transport rates have been observed whavater levels increase
rapidly (MacVicar et al., 2009; Ruiz-Villanueva et al, 2016a), not enough studies have
focused on wood transport rates in relation to hydrograph emacteristics, speci cally rates of
hydrograph rise and fall, to provide robust constraints, othresholds for, initial, downstream,
or lateral mobility. Thus, uncertainty remains regarding vhat types of ood hydrographs
facilitate the greatest downstream versus lateral movemtnof wood and whether there
are threshold rates of change in water discharge that dicathow and where wood will be
deposited for di erent channel types. Also, more work shoulde done to characterize the
variability in speed of wood transport related to piece typend ow magnitude for diverse

rivers. Although MacVicar and Pegay (2012) found that uncongested transport of logs
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moved at approximately the surface velocity of the water in &ingle-thread, meandering
channel,Ravazzolo et al(2015a) found that wood moved at approximately half the celiy
of peak ow for a gravel-bed river.

Although higher oods mobilize wood that remains stable durig lower oods (MacVicar
and Pegay, 2012), the relationship between ood magnitude and largeawd ux is highly
variable (Kramer and Wohl, 2014;Iroune et al., 2015) and depends on ow history ilaga
et al., 2002). The lack of consistent relations between ow magnitle and large wood ux
because of the in uence of prior ows is analogous to the laak consistent correlations be-
tween ow magnitude and channel morphologic changéiarvey, 1984;Desloges and Church
1992;Cenderelli and Woh| 2003). Because wood deposition mostly occurs near peak @vat
discharge MacVicar and Pegay, 2012;Ravazzolo et al.2015a), we suggest that prior pat-
terns of ood peak magnitudes may have high predictive poweegarding how much wood
is available for downstream transport in future oods. We hpothesize that the frequency
of wood redistribution within the channel banks is largely sale-dependent, such that wood
is redistributed more frequently with increasing river sig. We predict that further research
will reveal a discontinuity in transport ux through draina ge networks simply because the
frequency of re-distribution and delivery is dissimilar bveen river types and sizes.

Turowski et al. (2013) has shown that for the steep, step-pool headwater Enbach
river in Switzerland, coarse particulate organic matter (EOM) transport rates (including
ner material such as twigs, leaves, and large wood) consesitly scales with discharge.
Furthermore, they suggest that consistent power relationsxist for transported piece size
distributions of all organic matter and that if transport rates of ner fractions of CPOM can
be monitored, transport rates of large wood could be estimad and vice versa. This idea
holds some promise, aslacVicar and Pegay (2012) found that smaller pieces of large wood
followed consistent relations with discharge on the risingmb of a ood, whereas larger
pieces did not. Turowski et al. (2013) may have found more consistent relations between
wood transport and discharge magnitudes compared to otharfe wood studies MacVicar

and Pegay, 2012;Kramer and Wohl, 2014) because they included the more abundant ner
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fraction of CPOM and/or because a stronger relation betweedischarge and wood export
exists in steep headwater channels with limited oodplainsWe suggest further testing the
broad applicability of estimating wood discharge based onanitoring subsets of smaller size
fractions that have consistent relationships with ood magitudes, and then back-estimating

guantity of larger wood based on known transported size drdbutions for a particular river.

1.2.2. wood characteristics. Five characteristics of wood pieces exert an important
in uence on wood mobilization and transport: anchoring, legth, diameter, orientation, and
tree type (species, which governs decay rates, abrasionemnsity, density, and branching
complexity) (Table 1.3). There is widespread agreement thaurial is the most important
anchoring mechanism Berg et al, 1998; Wohl and Goode 2008; Merten et al,, 2011) and
that rootwads are substantially less mobile than pieces wibut rootwads (e.g.,Braudrick and
Grant, 2000;Bocchiola et al, 2006a;Daniels, 2006; Cadol and Woh| 2010;Welber et al,
2013;Davidson et al, 2015;Iroune et al., 2015), but anchoring thresholds are not yet well
understood. Information is very limited, for example, on tB amount of burial needed to ef-
fectively keep pieces stationary for oods of variable magmnde and the stability of di erent
types of rootwads. SurprisinglyDavidson et al.(2015) recently found that small pieces with
simpli ed square rootwads in umes were actually more stalel than longer pieces with root-
wads. We suggest further exploring the relative stabilizope ect and likelihood of subsequent
jam formation for di erent types of rootwads from di erent species with varying levels of
complexity and varying bole lengths because rootwads arencmonly used in stream restora-
tion projects. Managers could use information on the minimm degree of root complexity
and length required to meet stability criteria because of gference for smaller, less complex
pieces that can more easily pass built structures if mobiéz. Detailed eld measurements
of rootwads coupled with 3D printing technology could be useto more accurately simulate

wood characteristics in future ume experiments to test antworing processes.
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Table 1.3: Synthesis of main ndings and references for in uence
of wood characteristics on wood transport.

Wood Characteristics

Anchoring

Rootwads

Length

Diameter

How well a piece of wood is anchored is the most important variable goveing initial
wood mobilization; anchoring types include burial, bracing against otter pieces or in-
stream obstructions, ramping or bridging onto banks, roots of living vegetation growing
from logs, rootwads

The single most important anchoring mechanism for initial mobilization of non-rooted
pieces is burial

Bracing by other pieces of wood is more common and more e ective at limihg mobi-
lization than bracing against other in-stream elements, such as bouldar

Wood loads and jams are related to spacing of mobile ramped pieces

Presence of a rootwad limits travel distance and initial mobilization

Shorter pieces with rootwads may travel the shortest distances

Rootwads in uence log steering in transport and pivoting during entrainment and en-
trapment

A length mobility threshold exists near or above bankfull width; wood less than bankfull
width is more easily mobilized and travels farther

Piece length is a better predictor for whether a piece will move otiof a reach than
volume or diameter for non-braided rivers

Shorter pieces (i.e., broken pieces and branches) are transportecrier on the rising

limb because they are preferentially transported longer distances othe falling limb of

previous oods and deposited at lower elevations

Shorter pieces of wood may not always move before longer pieces of wodwke to shield-
ing and bracing against larger pieces

In medium rivers, shorter pieces generally travel longer distancgthan longer pieces but
there are instances when the longest pieces travel the longest datces

In large rivers, there is no consistent relation between transport déstance and length of
wood

In braided rivers, medium sized logs travel the farthest distance

A threshold for transport exists when ow depths = a critical oating depth related to
the diameter and density; this is 0.5 log diameter

Diameter is important for controlling the timing and elevation of wood d eposition,
especially in streams where inundated depth contracts rapidly wih small changes in
discharge, such as in broad braided rivers or oodplains

There is weak predictive power between log diameter and distanceravelled in single
thread channels and high predictive power in braided channels

Most instream logs oat more than half way under water and are denser than in the
forest environment

Table continued on next page
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Table 1.3(continued)

Orientation

Single pieces with rootwads are commonly deposited oriented parallebt ow with the
rootwad on the upstream side, which can then entrap more wood

Flume studies indicate perpendicular pieces are mobilized soon¢han parallel pieces,
while eld studies indicate the opposite; natural complexities in piece shapes and an-
choring are likely the source of the discrepancy.

Wood travels parallel to ow: unless interacting with other pieces (then perpendicular),
ruddering from branches or rootwads, or travelling through velocity heterogeneities
Despite smaller forces acting on the parallel pieces, they are more midd during oods
than perpendicular or oblique pieces, which are commonly anchored or bced against
other wood or banks

Loose unanchored pieces originally stored oriented at an angle to ow tradefarther
distances, most likely because once mobile they ferry across the eent away from
snags on the bank and enter the swifter velocities of the thalweg soone

Species (also Decay, Density and Branching Complexity)

Tree species is a master variable that governs many other mobility prdictors (i.e.,
length, breakage, density, branching complexity, shape, rate of dega

Field studies nd species to be the best predictor of variance in tansport distances
Travel distance decreases with increasing density

Density and shape strongly in uence travel speed and entrapment dting ood recession
Newly recruited green wood moves di erently than uvial wood due to di erences in
abrasion, water absorption, and buoyancy

Field References: Harmon et al. (1986); Lienkaemper and Swansor(1987); Gippel et al. (1996);
Pegay and Gurnell (1997); Berg et al. (1998); Jacobson et al.(1999); Keim et al. (2000); Haga
et al. (2002); Lassettre and Kondolf (2003); Daniels (2006); Millington and Sear (2007); Warren
and Kraft (2008); Wohl and Goode(2008); MacVicar et al. (2009); Cadol and Wohl (2010); Irourre
et al. (2010); Merten et al. (2011); MacVicar and Pegay (2012); Bertoldi et al. (2013); King et al.
(2013); Merten et al. (2013); Beckman and Wohl (2014); Dixon and Sear (2014); Schenk et al.
(2014); Shields et al.(2006); Iroune et al. (2015); Ravazzolo et al.(2015b,a)

Modelling References:  Bocchiola et al. (2006b,a); Braudrick and Grant (2000, 2001);Welber
et al. (2013); Bertoldi et al. (2014); Davidson et al. (2015); Ruiz-Villanueva et al. (2015c, 2016b)

Variability in results relating wood size to mobility likely result from: (1) Equal mobility

conditions when small pieces are shielded from movement hyder instream structures (such
as boulders and larger logs or logjams). This scenario is ganto the concept of armouring
in gravel- and cobble-bed streamdarker and Toro-Escobar 2002). (2) Local anchoring or
bracing of pieces in natural channels exerting greater coats on wood mobilization than size
(MacVicar and Pegay, 2012). (3) Smaller pieces preferentially transported daar on the

rising limb of oods because they are transported longer dimng the falling limb of prior oods

and stranded at lower bank heights NlacVicar and Pegay, 2012). (4) Flashy hydrographs

mobilizing wood in short time intervals, potentially reduing any signi cant di erences in
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initial mobilization between large and small piecesRavazzolo et al.2015a). (5) Variability
in piece shapes and densitiedMerten et al., 2013). (6) Local and reach scale variability
in channel retentiveness and characteristicd\(y zga and Zawiejsk&2005; Wohl and Cadol
2011).

Flume studies indicate that pieces perpendicular to ow areeks stable than those ori-
ented parallel to ow (Bocchiola et al, 2006b), but this relationship is unclear in the eld
(Irourre et al., 2015). In natural channels, individual loose pieces of wd@re commonly
deposited along channel margins parallel to ow, whereas wd oriented perpendicular is
usually anchored or braced. This complicates eld mobilitystudies on log orientation. If
ow is sucient to oat most loose, un-jammed wood on the chamel margins, a greater
amount of wood oriented parallel may be oated simply becaesthere are greater amounts
of loose, easily transported pieces with this orientation.

The in uence of oating wood piece orientation on travel disance is not well characterized
in the eld. Video monitoring of a large river found that uncorgested wood transport is
oblique to ow, commonly zig-zagging across the channé¥iacVicar et al., 2009). This is in
disagreement with ume studies that show uncongested trapsrt parallel to ow ( Braudrick
and Grant, 2001;Welber et al, 2013). Flume studies typically use smooth dowels, whereas
wood pieces in natural channels have irregularities in shapvhich could work as passive
rudders, making parallel travel less likely in natural sethgs.

We could not nd any studies that investigated travel orienfation in small to medium
channels. We hypothesize that, for these channels, orietitm and position of wood in the
river are not dominant explanatory variables for travel disance because they are likely to be
overshadowed by the in uence of ood magnitude and reach-ale roughness elements which
can de ect pieces. However, if orientation does play a role these streams, we hypothesize
that wood which spends a longer portion of time oriented pallal to ow will travel longer
because the wood is less likely to become lodged or bracedarte. This may be one reason

why shorter wood travels longer distances; shorter wood pgs are generally more similar
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to cylindrical rods and their small size allows them to spenohore time travelling parallel to
ow and less time being de ected by instream roughness elents.

Species and level of decay dictate how prone driftwood piscare to breaking en route
and can impact travel distances by changing the size and slepf pieces l(assettre and
Kondolf, 2003; Wohl and Goode 2008;MacVicar and Pegay, 2012; Merten et al, 2013).
Preliminary ndings from the few studies to explicitly look at in uences of density, tree
species, and shape on travel distance suggest that tree tyigeone of the best predictors of
downstream transport distance flerten et al., 2013;Schenk et al. 2014;Ravazzolo et al.
2015a;Ruiz-Villanueva et al, 2016b). We hypothesize that tree type is the most important
global predictor variable for how wood moves downriver anchtough drainage networks,
explaining variance associated with transport distance esidence times, travel paths, and
depositional patterns.

Recent advances have been made in understanding how wood ditgnrelates to water
content and buoyancy (e.g.Ruiz-Villanueva et al, 2015c) and how variation in buoyancy
among and within di erent species relates to travel distane (Ruiz-Villanueva et al, 2016b).
However, more work is needed on how water content of logs chaa@s they travel through
drainage networks and how this relates to depositional patns such as the probability
of becoming buried, which can lead to longer residence time¥Ve hypothesize that, for
a particular tree species, increasing density (due to in@sing water content) correlates
positively with residence time and negatively with travel étance. In relation to wood
type, we also hypothesize that wood pieces recruited fromet species that maintain a more
complex, branched shape during river transport have lower ability than pieces that tend
to approximate cylinders.

Case studies conducted on small to large rivers have foundthonger pieces are either less
likely to be moved during oods or are mobilized at higher disharges Jacobson et al. 1999;
King et al., 2013). A threshold for piece mobility exists based on the tia of piece length to
bankfull width, with logs less than bankfull width substantally more mobile than logs greater

than bankfull width ( Lassettre and Kondolf 2003;Shields et al. 2006; Warren and Kratft,
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2008; Wohl and Goode 2008;Merten et al., 2011;MacVicar and Pegay, 2012;Dixon and
Sear, 2014). Longer pieces are more likely to be braced or buriegaanst channel margins,
form key pieces in jams, and be anchored by rootwads, all of isth give the longer pieces
greater stability (Merten et al, 2011). However, there is much variability. For example,
wood shorter than bankfull width does not always move whentger pieces become mobile
(Warren and Kraft, 2008), and tracking studies of loose wood in large rivers Jeanoted
no relationship between size of wood and whether a piece is melduring a ood (Schenk
et al., 2014) or the timing of mobilization Ravazzolo et al.2015a). This lack of relationship
between wood size and mobilization in large rivers is matathéy observations in the ume
that length does not in uence threshold movement for logs siter than bankfull width
(Braudrick and Grant, 2000).

Transport distance can be easily assumed to increase withcdeasing piece size because,
in general, case studies on medium rivers show that wood mecshorter than bankfull width
travel greater distances than longer pieces (e.dignkaemper and Swansgrnl987;Berg et al,
1998;Daniels, 2006;Millington and Sear, 2007;Warren and Kraft, 2008;Iroune et al., 2010;
Dixon and Sear, 2014). However, transport distances are highly variable drihe longest logs
are capable of travelling the farthest distance despite thesize (Dixon and Sear, 2014). Also,
this relationship between piece length and travel distanaoes not consistently hold true for
large rivers. Even though bigger pieces are less likely to Ipeoved by oods (Jacobson
et al,, 1999), once mobilized, there is commonly no consistentagbn between transport
distance and piece sizeJacobson et al. 1999; MacVicar and Pegay, 2012; Schenk et al.
2014;Ravazzolo et al. 2015a). Confusing matters, a ume study simulating a largeiver
showed that mobilization and travel distance actually inaease with length Davidson et al,
2015). Another ume study showed that travel distance peaks i medium sized logs which
are long enough to steer o obstacles and have enough momantio scrape past shallow
depositional zones, but are short enough not to be de ected banks (Welber et al, 2013).

Existing observations leave several questions unanswerdd larger logs are mobilized

later and are trapped sooner than shorter logdMacVicar and Pegay, 2012), why can they
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have equal or longer transport distances? Is this solely lzrse they travel at faster velocities
or could this be a result of sampling bias because it is easiertag, track, and identify larger
pieces? Is there a threshold of piece size for which equal detveam mobility arises? Does
this threshold vary by stream and wood type? How does piece tgh impact the e ectiveness
of hydraulic steering to avoid obstacles and remain in switturrent?

Diameter is more easily measured in the eld than wood dengitand thus is commonly
used in eld studies of mobilization as a surrogate for otabn depth (i.e., buoyant) depth,
which ume studies indicate is an important variable in predcting wood mobilization and
entrapment (Braudrick and Grant, 2000). For single pieces, diameter controls the timing and
elevation of deposition on the falling limb of oods, espeaily for braided reaches or ood-
plains where the inundated depth alters rapidly with small lsanges in river stage Bertoldi
et al,, 2013). As depths decrease, larger diameter pieces are stbard stopped earlier on
the receding limb @ertoldi et al., 2013).

Although diameter can be the most important variable for molity in braided channels
(Welber et al, 2013), in headwater, single-thread mountain and meandeg channels, wood
diameter is a good predictor of mobilization only in the absee of other, more primary
predictor variables such as anchoring and lengttHaga et al, 2002). Field observations
of natural wood in medium mountain and meandering channelsate found no signi cant
relationship (Iroune et al., 2010) or weak predictive powerixon and Sear, 2014) between
log diameter and distance travelled. Thus, although diamet appears to be important as
a secondary threshold condition for initial mobilization,its in uence on travel distance in
these channels may be limited to conditions in which greatg@roportions of ow depth are
similar to log diameter, such as during low ows, and througtshallow braided or uncon ned
reaches.

The importance of diameter during low or average ows is sumpted by work in head-
water rivers of Chile, which shows that pieces that move durg average oods are not only
shorter than average bankfull width, but also have diametsrless than half bankfull depth

Iroune et al. (2015). During braided ume studies, Welber et al, 2013) also found that
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wood mobility decreased at threshold ows equal to half of # diameter. Thus, we hy-
pothesize that diameter is a stronger predictor variable fovnood mobility in reaches with
high depth variability during wood-transporting ows and that diameter becomes increas-
ingly signi cant with greater proportion of ow depths near half the diameter. Although
half-diameter appears to be equivalent to the otation degt of wood, recent experiments
of relationships between water saturation, density, and lmyancy for instream wood suggest
that most logs actually oat more than halfway underwater Ruiz-Villanueva et al, 2016b).
Thus, the half-diameter threshold for wood mobility identied in the eld and ume ( Welber
et al., 2013;lroune et al., 2015) may be more closely related to conditions when ow dis

are slightly less than otation depths.

1.2.3. reach characteristics. Although there are general patterns that relate hy-
drology (see Section 1.2.1) and wood characteristics (seectton 1.2.2) to wood mobility,
these relations are highly variable \(Velber et al, 2013;Irourre et al., 2015) and signi cant
di erences in mobility and deposition exist among contrashg channel types, sizes, and forest
disturbance regimes Young, 1994;Wy zga and Zawiejska&2005). Much of this variability is
likely related to local channel and oodplain characterigts that promote reach-scale reten-
tion (Braudrick and Grant, 2001;Wy zga and Zawiejska&2005; Pettit et al., 2006) because,
during oods, wood is preferentially deposited and storedhi hydraulically rougher (Ruiz-
Villanueva et al, 2015b), uncon ned Qixon and Sear, 2014;Luca et al., 2015) reaches.

The degree of channel roughness is commonly described usiatationships between
wood characteristics and channel morphologyB(audrick and Grant, 2001), abundance of
dead wood and jams Beckman and Woh| 2014), and presence of live-wood within the
ow ( Jacobson et al. 1999). Forest history governs the recruitment of new wooing
et al.,, 2013) and catastrophic events can drastically change wolwé&ds, channel morphology,
and distribution of live wood (Johnson et al, 2000; Pettit et al., 2006; Oswald and Woh|
2008). Thus, we have grouped reach-scale characteristibattgovern wood transport into ve
categories: channel morphology, wood abundance and janigg Wood, and forest disturbance

history (Table 1.4).
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Table 1.4: Synthesis of main ndings and references for in uence
of reach characteristics on wood transport.

Reach Characteristics

Channel Morphology

Wood will be routed more quickly and stored for less time in reacheshat are con ned
versus uncon ned, multi thread versus single thread, higher slopg versus lower slopes,
ow regulated versus unregulated, smaller variability in channel depths of the ooded
cross-section

Best predictors for wood mobility and transport distance change based orchannel
type; in reaches with high connectivity to oodplains, wood charaderistics are better
predictors, whereas in channelized reaches, hydrologic variables abetter predictors
Wood transport distances and mobilization are substantially reduced on oodplains
versus the main channel

For steep, coarse substrate, con ned channels, roughness during lowws limits trans-
port mobility and distance travelled; as ows overtop roughness elenents, transport
capacity increases, and wood ux is limited by supply

For alluvial channels with oodplains where low ow roughness is low, the duration and
depth of ow over sand bars and supply of wood limit transport at ows un der bankfull,
whereas vegetated bars and oodplains limit transport as ows begin to wertop the
regularly ooded channel

Degree of sinuosity may not limit transport distance

Wood Abundance and Jams

Large wood and wood jams are commonly the dominant entrapment site for uvally
deposited wood

Wood pieces incorporated into jams are harder to mobilize than indivilual pieces
Storage frequency of jams decreases overall reach-scale mobility of vebo

Single pieces of wood can travel past jams during moderate and high ow

Channel spanning wood jams may have a limited impact on the travel éstance of wood
because most wood is transported during very high ows when jams are oated, water
ows around them or over them, or the jams are transported

Log jams are frequently mobile and often exchange pieces or are transporteshd re-form
in the same location with new pieces but similar structure

Most jams are mobilized by channel change during high ows or failure of kg pieces
due to breakage or decay

Jam frequency and location are related to long ramped pieces

Increased wood abundance in storage relates to increased wood redment during
oods

Live-Wood

Living vegetation within the ow (live-wood) is extremely e ect ive at trapping and
anchoring wood, especially key pieces that later form jams

Floods create heterogeneity in riparian vegetation patterns based on lmations of de-
posited wood piles that re-sprout or provide nursery sites for newive-wood

Table continued on next page
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Table 1.4(continued)
Forest disturbance history

Forest disturbance history is closely related to dead and live wood alndance, which in
turn in uences mobility

Extreme oods in channels with high wood loads recruit more wood tran oods in
channels with low pre- ood wood loads

Wood mobilization is lower in old-growth reaches due to associated itrease in channel
complexity and supply of large key pieces that form jams

Wood is more mobile, with higher export rates and greater travel distarces, in recently
burned versus unburned catchments

Large, infrequent, catastrophic disturbances re-set the template dr wood distribution
patterns and channel change in subsequent years

Peak wood loads occur decades after catastrophic forest mortality evest

Field References: Murphy and Koski (1989); Benke and Wallace(1990); Young (1994); Pegay
and Gurnell (1997); Berg et al. (1998); Jacobson et al.(1999); Johnson et al. (2000); Gurnell
(2003); Wy zga and Zawiejskg2005); Shields et al.(2006); Pettit et al. (2006); Millington and
Sear (2007); Oswald and Wohl (2008); Curran (2010); Sear et al. (2010); Irourre et al. (2010);
Wohl and Goode (2008); Wohl and Cadol (2011); Collins et al. (2012); MacVicar and Pegay
(2012); King et al. (2013); Le Lay et al. (2013); Beckman and Wohl (2014); Dixon and Sear
(2014); Boivin et al. (2015); Jackson and Wohl(2015); Luca et al. (2015); Wohl (2016)

Model References: Braudrick et al. (1997); Braudrick and Grant (2001); Bertoldi et al. (2014,
2015); Davidson et al. (2015); Ruiz-Villanueva et al. (2015b, 2016a)

Wood pieces that are not travelling in the thalweg, are longaenpared to bankfull width,
or that have a diameter larger than ow depth, are more likelyto interact with in-channel
obstructions, channel margins, and the oodplain, limitig mobility and transport distances
(Braudrick et al., 1997). The proportion of wood carried in the thalweg versusear-bank
regions for di erent levels of ow and diverse river types isinknown. Preliminary studies
suggest that, in large and great rivers, wood is predomindptcarried in the thalweg for
ows less than bankfull (MacVicar et al., 2009; MacVicar and Pegay, 2012;Kramer and
Wohl, 2014). However, as water levels reach overbank ows, woodgsickly routed to and
trapped on the oodplain (MacVicar and Pegay, 2012). For ows which exceed bar heights
on gravel bed braided rivers, GPS tracking of log paths durintransport showed that most
logs are transported above bars rather than travelling in th thalweg and, as ows begin to
recede, wood is quickly depositedRavazzolo et al.2015a).

Reach characteristics contributing to wood retention chage as ood magnitude increases
(MacVicar and Pegay, 2012;Ruiz-Villanueva et al, 2015b) because deposition is dominantly

controlled by the availability and type of trapping sites atpeak ow (Millington and Sear,
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2007;MacVicar and Pegay, 2012). For steep, con ned, small to medium sized, mountain
channels, retentiveness is highest at lower ows and decses as ood magnitude increases
(Wohl and Goode 2008; Wohl and Cadol 2011). However, oods with peak ows greater
than bankfull will be more e ective at trapping wood than oods below bankfull because
wood is more likely to interact with roughness elements sudhs riparian vegetation and
shallow depths in overbank areaswWohl et al., 2011;MacVicar and Pegay, 2012). For any
stream reach, we hypothesize that reach retention capacitg smallest within the range of
discharges above wood mobilization thresholds and underrddull, and retention capacity
is greatest for very low and overbank ows.

Retention rates of reaches have been estimated using expdre decay models of trans-
port distances for experimentally introduced leaved @rranaga et al, 2003) and small dowels

1:06 m in length and :035 m in diameter (e.g.Millington and Sear, 2007). Whether
these models can be scaled up to model large wood retentiors hget to be tested, but
emergent properties such as congested transpoBr@udrick et al., 1997) are unlikely to be
adequately represented in experimental additions of smatiaterials.

Wood transport dynamics on oodplains are less understoodhan transport in channels,
particularly with respect to the timing and transfer of woodbetween channels and ood-
plains. Limited studies suggest that, despite having higinénitial mobility, oodplain wood
does not move very far and oodplains are a net sink for wood &t becomes an important
part of the oodplain ecosystem Benke and Wallace 1990).

Large wood, channel-spanning jams, and wood rafts can be ywercacious at trapping
wood and when present are commonly the dominant entrapmentesfor uvially transported
wood (Pettit et al., 2006;Millington and Sear, 2007;Warren and Kraft, 2008;Beckman and
Wohl, 2014;Dixon and Sear, 2014;Wohl, 2014a;Boivin et al., 2015;Iroune et al., 2015;
Jackson and Woh| 2015). Higher amounts of wood in storage, especially as jarhave been
related to higher amounts of wood recruited during oodsJohnson et al, 2000), lower wood
export rates Bertoldi et al., 2014;Davidson et al, 2015), and longer residence timed\(ohl

and Goode 2008). However, several studies highlight that jams are frgently mobilized,
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often re-forming in the same locations with new piece®g¢gay and Gurnell, 1997;Gurnell
et al., 2002; Wohl and Goode 2008; Curran, 2010; Sear et al, 2010; Collins et al,, 2012,
Dixon and Sear, 2014). Pieces that are trapped within and behind jams can beleased
and replaced by other pieces during high ows, so that the okall architecture of the jam
appears similar even though the internal pieces are di ererfLienkaemper and Swansgn
1987;Dixon and Sear, 2014). Direct observations indicate that entire logjamsan be oated
up and then set back down during high ows (S. Gregory, pers.omm., July 2015) or can
break apart as individual basal wood pieces break or are adidged {Vohl and Goode 2008).
Although factors such as proportion of channel cross-sectal area obstructed by the jam,
potential for overbank ow and dissipation of hydraulic foce (Wohl, 2011b), porosity of the
jam, and cause of jam formation likely in uence the relativestability of individual jams,
little is known of the relative importance of diverse proce®s by which jams become mobile.
Because the storage frequency of large pieces of in-charwebd has a negative relation-
ship to piece mobilization Merten et al., 2011;Wohl and Beckman 2014;Davidson et al,
2015), channels with more stored wood and greater numbersjams have so far been as-
sumed to have lower overall wood mobility and to transport wad shorter distances\(Varren
and Kraft, 2008). However, destruction and re-formation of jams in theame location may
create the impression that a reach is transport limited becse there is a high density of
wood in storage, when in fact the site favors repeated formah of jams. Thus, eld obser-
vations made during low ow of changes in wood storage may notwally re ect how much
wood moved during a ood because overall storage values witha reach can remain the
same despite high wood ux [ienkaemper and Swansqgrl987;Keim et al., 2000;Wohl and
Goode 2008;Dixon and Sear, 2014). And, although jams and large key pieces of wood form
obstacles, they do not impede the ability of some pieces towoover, around, or through the
jams during high ows (Lassettre and Kondolf 2003; Millington and Sear, 2007; Warren
and Kraft, 2008;Dixon and Sear, 2014;Schenk et al. 2014). Several questions remain, such

as: what storage density of wood is needed to greatly impactevall wood mobility within
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a reach; what is the impact of removing wood from streams onéhdownstream transport of
other pieces of wood; and can turnover of wood can be estinditgased on storage density?

The proportion of the channel cross-sectional area obstted by a jam, as well as the
porosity of the jam, likely in uences the ability of individual wood pieces to move downstream
past the jam. Jams can also cause avulsion during high owKéller and Swanson 1979;
O'Connor et al.,, 2003; Collins et al, 2012; Phillips, 2012), creating a transport bypass
chute for wood. We suggest that presence of jams does not resegily cap wood transport
distances at one to two jam spacing intervals, as previouspresumed Warren and Kraft,
2008) and modelledartin and Benda, 2001;Lassettre and Kondolf 2003). We hypothesize
that logjam spacing may only limit transport distances dumg low ows with limited wood
mobility. This is supported by observations byLassettre and Kondolf (2003), who found
that jams only impede wood travel distance for oods with regrrence intervals< 6-15
years. Relationships between transport distance and jamagng remain unclear for varying
ow magnitudes and should be an avenue of future research. @plicating analysis of jam
mobility and jam in uence on piece transport in the existingliterature is that the word jam
is used to refer to both 2-3 pieces of wood in contact (e.§¢Vohl and Cadol 2011;Bertoldi
et al., 2013), as well as large, channel-spanning structures (e Beckman and Woh] 2014),
and commonly the criteria for designating a jam are not clebyr stated.

Of particular importance to trapping e cacy during major o ods is the presence of rooted
living vegetation (live-wood after Opperman et al.(2008)) within the ow and on banks
(Jacobson et al. 1999;Pettit et al., 2006;MacVicar and Pegay, 2012;Bertoldi et al., 2015;
Ravazzolo et al.2015a). Living vegetation is particularly e ective at trgpping mobile wood
in overbank areas \\Vohl et al,, 2011) and on mid-channel barsJacobson et al. 1999). We
hypothesize that during infrequent high ows when most woods transported, the frequency
and length of inundation during which living vegetation obsucts ow is a better predictor
of wood transport distance than the downstream spacing ofd@ams. Furthermore, the
abundance and distribution of speci c live wood species thare singularly e ective trappers

(Jacobson et al. 1999) may account for most of the variance. If this is the casthen a
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large river with ow paths that route wood over vegetated bas and oodplains and through
overbank channels may be more transport limited than mediurthannels with a high density
of logjams, even though channel widths on the large river aggeater than log lengths.

We also hypothesize that entrapment of wood by living vegetian may be the reason
why wood ux peaks before water ux (MacVicar and Pegay, 2012;Ruiz-Villanueva et al,
2016a), because live wood can snare dead wood on the risintblof the hydrograph before
deposition during ood recession due to decreasing ow ddpm. If this is true, then the lag
between the wood ux peak and the discharge peak could be usasl a measure of overall
entrapment e ciency of that channel for a particular ood.E pisodic re-organization of wood
and mass deposition of wood from exceptional ooding can havasting e ects on channel
morphology and overbanks and greatly impact the availabili, mobility, and transport paths

of wood (Oswald and Woh| 2008).

Fluvially deposited wood piles create heterogeneity in rip@&n vegetation patterns by
providing nursery sites for new live-wood and by creating Ind points, protecting new growth
from rapid erosion of banks and bars at lower owsHickin, 1984; Collins et al, 2012;
Gurnell et al,, 2015). Even where input and transfer of uvial wood are rarand wood piles
rapidly decay or burn, their in uence on vegetation germingon can be substantial Pettit
et al., 2006). Thus, ooding disturbance history can have a feedbl loop governing forest
structure, heterogeneity, and age, which in turn in uence wod loading, channel complexity,
and wood transport. Flume studies show a threshold responsepatterns of wood storage
(Bertoldi et al., 2014) and wood transport to input rates of woodBraudrick et al., 1997).
These results suggest the possibility of using estimates wbod input rates from episodic
events, such as oods or hillslope failures, to predict dient alternate stable states of reach-
scale wood transport (congested versus uncongested) anddatorage patterns (single piece
versus jam dominated).

Although there is general agreement that channels draininddagrowth forests have lower
wood mobility than younger forests due to higher wood load€&(rnell, 2003;Iroune et al.,

2010;Collins et al., 2012;Beckman and Woh] 2014;Jackson and Woh| 2015), some eld
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Table 1.5. Hypotheses regarding controls on wood mobilization and tran
port drawn from the literature review

Hypotheses and associated assumptions

Flow characteristics

The duration of ows near bankfull exerts the greatest in uence on woad transport
transport capacity is likely maximized near bankfull
transport distances may be longer for ows with longer duration of dischage near
bankfull

The frequency of wood redistribution within the active channel is scale-dependent, such that wood
is redistributed more frequently with increasing river size

Wood characteristics

Diameter is a strong predictor variable for wood mobility in reaches wth high depth variability
during wood-transporting ows. Diameter becomes increasingly gjni cant with greater propor-
tion of ow depths near half the diameter of wood pieces.

In small to medium rivers, orientation and position of wood do not strongly in uence travel
distance.
orientation and position are likely to be overshadowed by the in uene of ood magni-
tude and reach-scale roughness elements that can de ect pieces

Wood that spends a greater portion of time oriented parallel to ow in small to medium rivers
will spend more time in transport.

wood moving parallel to ow is less likely to become lodged or bracee@n route Tree type
is the most important global predictor variable for how wood moves throughdrainage
networks.

tree type signi cantly in uences piece size, shape, and wood desity

For a particular tree species, increasing density correlates positely with residence time and
inversely with travel distance.

Wood pieces recruited from tree species that maintain a more compie branched shape during
river transport have lower mobility than pieces that weather to cylindrical shape.

Reach characteristics

Reach retention capacity is smallest within the range of discharges ab@&va wood mobilization
threshold and below bankfull stage. Retention capacity is greatest for gry low ows and overbank
ows.

Log jam spacing only limits wood piece transport distance during low ows with limited wood
mobility.

During infrequent high ows when most wood is transported, the frequency and length of inun-
dation during which living vegetation obstructs ow is a better pre dictor of wood mobility than
the downstream spacing of log jams.

Entrapment of wood by living vegetation may explain why wood ux peaks before water ux.

live wood can snhare dead wood on the rising limb of the hydrograph befordeposition
at ood recession due to decreasing ow depths
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studies of transport distances in relation to forest histgryield mixed results, with Berg et al.
(1998) documenting greater transport distances in an old-gvth watershed compared to a
logged watershed androung (1994) andKing et al. (2013) documenting greater export in
burned watersheds compared to unburned watersheds. Di erees between disturbance types
and subsequent impact on transport dynamics in channels dly in uence these contrasting
ndings.

Legacy impacts from past land use also in uence contempoyawood transport. Studies
from forest ecology indicate that rates of wood recruitmentary on time frames from decades
to centuries Murphy and Koski, 1989;Wohl, 2016). Two centuries or more are commonly
required to reach old-growth forest conditions and peak wddoads occur decades after cat-
astrophic forest mortality events such as pine beetle outbaks Bragg, 2000). Consequently,
observed wood transport could re ect past rather than curnet conditions of the watershed
(Wohl and Cadol 2011), but the e ect on interpretation of wood transport plocesses remains

unclear.

1.3. Quantitative Summary

Field researchers have made advances in understanding woednsfer and transport
through natural drainage networks during the last 40 yeardhut this has been on a case-
by-case basis and generalizations have not yet been drawanfr the data. In this section,
we focus on analyzing and synthesizing eld measurementswbod transport in order to
highlight general patterns of wood mobility across diverssizes and types of rivers. This
section also provides a summary of eld-derived empiricafjaations.

We conducted a literature search for eld studies that measad the mobility of wood
via change in storage in a reach (Eulerian) and studies that easured the travel distance
of wood pieces (Lagrangian). Henceforth, we use the term \iral mobility” to refer to
observations of change in storage, \downstream mobility"a refer to data that record travel
distance, and \mobility" to refer generally to both categores. In the literature, the term

mobility is used interchangeably when referring to initialmobility of wood in storage and
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downstream transport mobility of oating wood. This ambiguty can create confusion. We
distinguish between initial and downstream transport molity because factors that in uence
initial mobilization may not be as important for transport of the same piece downstream.
We only included studies with direct mobility measurementsn the eld. We did not
include studies that back-calculated mobility from wood bdgets or recruitment measure-
ments, or results from numerical models. We located 40 stedi with such measurements
in a broad range of peer-reviewed publications (17 journylsas well as one technical report
and two theses. About 57% of studies came from physical scierublications, while about
43% came from ecology- and forestry-related publication¥he largest proportion of studies
from a single journal was 20% irGeomorphology followed by 10% in bothEarth Surface
Processes and Landforms&nd River Resources ResearchTable 1.6 summarizes the studies
by continent and by number of data values contributed from ez study. Figure 1.3 displays
the distribution of the case studies globally with circle ge scaled to increasing numbers of
data values. We did not conduct a full quantitative analysison total wood ux because
this information was very limited; most ux values were backcalculated rather than directly
measured; and reconciling values from di erent studies pved too di cult because of dif-

ferent reporting metrics. We suggest another review focusen compilation of wood budget

uxes.
Table 1.6: Summary of eld studies by location used in the quan-
titative analysis of wood mobility. # T4 are the number of down-
stream travel distances and #M; are the number of initial mobiility
measurements used from each study at each location.
Location River #Tyg #M; Study
North America
California Central Sierra Streams 2 23 Berg et al. (1998)
California Soquel Creek { 2 Lassettre and Kondolf (2003)
California Sacramento River 6 6 MacVicar et al. (2009)
Colorado 5 Rocky Mountain Streams- { 48 Wohl and Goode (2008)
Colorado
Georgia Oggeechie River { 7 Benke and Wallace (1990)
lllinois Poplar Creek 1 1 Daniels (2006)
lllinois Upper Mississippi Missouri Ohio { 6 Angradi et al. (2010)
Rivers

Table continued on next page
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Table 1.4(continued)

Minnesota Streams draining into Lake Supe- { 1 Merten et al. (2010)
rior
Minnesota Streams draining into Lake Supe- 1 { Merten et al. (2013)
rior
Mississippi Little Topshaw Creek { 4 Shields Jr. et al. (2008)
New York Rocky Branch 1 3 Warren and Kraft (2008)
North Carolia Lower Roanoke 2 1 Schenk et al. (2014)
North Dakota Upper Missouri { 1 Angradi et al. (2004)
Oregon Bark Buttermilk and Hudson { 8 Keim et al. (2000)
Creeks
Texas San Antonio River { 1 Curran (2010)
Washington Salmon Creek { 4 Bilby (1984)
Washington Various { 1 Grette (1985)
Washington Queets River 1 { Latterell and Naiman (2007)
Washington Streams in Lookout Basin 1 5 Lienkaemper and Swanson (1987)
Wyoming Crows and Jones Creek 2 4 Young (1994)
Central and South America
Costa Rica 6 Costa Rican Streams { 12 Cadol and Wohl (2010)
Chile Vuelta de la Zorra 1 1 Iroiume et al. (2010)
Chile Vuelta de la Zorra { 1 Ulloa et al. (2011)
Chile Buena Esperanza and Tres Ar- 3 4 Mao et al. (2013)
royos
Chile 4 Chilean Mountain Streams { 18 Iroume et al. (2015)
Chile Blanco River { 4 Ulloa et al. (2015)
Europe
Basque 12 Iberian Streams { 19 Diez et al. (2001)
Basque Agueara Basin { 4 Elosegi et al. (1999)

England Highland Water 1 4 Dixon and Sear (2014)

England Main Highland Water { 1 Piegay and Gurnell (1997)

England upper and main Highland Water { 2 Gurnell (2003)

England Upper Highland Water { 9 Millington and Sear (2007)
France Ain River { 11 MacVicar et al. (2009)
France Ain River { 4 MacVicar and Piegay (2012)

Italy Tagliamento River { 3 Bertoldi et al. (2013)
Italy Tagliamento River 1 { Ravazzolo et al (2015a)
ltaly Tagliamento River { 8 van der Nat et al. (2003)
Italy Piave River 1 1 Pecorari (2008)
Switzerland Erlenbach River 1 { Jochner et al. (2015)
Africa, Asia and Australia

Namibia Kuisab River 1 2 Jacobson et al. (1999)

Japan Oyabu Creek 4 4 Haga et al. (2002)
Australia Daly and Katherine Rivers { 1 Pettit et al. (2013)

Wood mobility is typically monitored via tagging pieces or emote sensing of large accu-
mulations along a reach ( x) and then noting how much and how far this wood moved within
a given time frame ( t), typically one year. Consolidating data from many dispar sources
on wood mobility proved di cult. Most studies do not report t he same values because study

guestions di er. For example, some studies investigatedrjamobility, whereas others looked
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at mobility of loose pieces. Some studies analyzed only woththt was exported, whereas
others considered only newly recruited wood.

From each initial mobility study, we recorded what was measad (typically # pieces or
volume of wood), as well as the following categories (if reped): the starting amount in
storage (\start”), the amount that left the reach (\left"), the amount that entered the reach
(\came"), the amount that stayed (\stayed"), and the nal va lue in storage (\end"). For
comparison with the widely used wood budget equatioBénda and Sias2003), \came" isQ);
and/or L; , \left"is Q, and/or L,. \Start", \end" and \re-positioned" are all di erent forms
of S.. When possible, the stayed variable was subdivided into an aunt that stayed but
moved within the reach (\re-positioned"), and the amount trat was immobile (\immobile").
When studies did not di erentiate between pieces that were rpositioned locally versus pieces
that were exported downstream, we assumed that the piecesreveexported downstream.
When a study di erentiated between re-positioned pieces aneixported pieces, the authors
distinguished two populations of mobile wood, one that modeminimal distances and was
locally retained and one that was exported longer distance®wnstream. In most cases, we

were able to back-calculate categories not supplied. Sonne¢s we calculated values based

Figure 1.3. Location of eld data used in the quantitative analysis. Lager
circles denote larger numbers of data values used from thagion. Table 1.6
lists the studies and rivers used in the analysis.
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on a starting value and a reported % mobilized. If we were unkbto back-calculate based
on given information, the category was left empty.

In addition to these values, we recorded potential explanaty variables: stream width
(w), recurrence interval of largest event in t (RI), fraction bankfull of largest event in

t (Fy), maximum log length in storage [max), study time frame ( t), and reach length
( x). We chose not to focus on diameter because the range of owsdachannel types would
hide any relationships related to diameter. Also, diameter & not as consistently reported
as length. When available, we used reported bankfull widthgitherwise, we used reported
width, reported mean or median width, or used the center of ai\ggn range. We were not
overly concerned about the mix of types of width values becs& the error introduced from
this is much smaller than the range of stream widths (1.5 m- 92n). When possible, we used
the fraction bankfull reported for each study. If this valuewas not reported, we calculated
the value based on reported discharge values for oods andrtdull or we estimated the value
based on text descriptions, assigning a value of 0.5 for lowws, 1 for near bankfull ows,
1.5 for over bank ows, and 2 for very high ows. In some casew®o little information was
given to determine fraction bankfull and this category wasft blank. We did not attempt to
estimate recurrence intervals and only used values for theategory when reported. The nal
dataset included 36 studies with 229 data entries (Supplemtal data le initialmobility.csv).
Channel widths (W) ranged from 1.5-927 m (median (M)=7.2, n=223)RI from 0.29-50 yr
(M=1.5, n=44), F,from 0.4-5.4 (M=1, n=169), L nax from 1-60 m (M=20, n=229), t from
0.01-13 yr (M=1, n=211) and x from 0.04-240 km (M=100 m, n=193).

We computed dimensionless wood lengths &s.x/ W (henceforthL*). L* values ranged
from 0.02-11 (M=3, n=223). Based on data availability, we snply used the maximum length
of wood found in storage for the river to calculatd*. When maximum log lengths were
not reported, we used maximum log lengths from other wood sties on the same river or
from similar regions. We chose not to use average length of ady because the size of the
largest pieces re ects key pieces for jams and accumulatothat moderate wood mobility.

Another option would have been to use riparian tree heightsub these are commonly larger
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than wood found in the stream because most trunks break dugrnthe recruitment process.
Maximum wood length might not be the best metric to calculatelL* because maximum
length can be highly variable, depending on how many pieceaneasured. No studies have
thoroughly investigated howL * should be calculated, so uncertainty remains regarding wih
log lengths should be used for comparison with stream widtlo tmaximize predictive power
on wood mobility. Should maximum log length in storage be udeor some other size fraction
such aslL gy or Lgs (analogous toDgy or Dgs in sediment research)? We recommend that
future studies more fully characterize the distribution ofog lengths in storage. Additional
reporting of other size fractions such akgy and L gs might provide better metrics than L 5«
to use in calculations oL *. Also, channel width is generally assumed to be width at barll,
but there is no reason to limitL* to just one width and this metric could be calculated at
various stages of ooding.

In order to compare studies, we calculated the % net changestorage ((end-start)/start),
re-deposition rate (% end value that came), re-mobilizatiorate (% start value that left),
stability rate (% of start that stayed or was re-positioned) re-position rate (% start value that
was re-positioned), and % total mobile pieces (100*(came <ft + re-positioned)/(start +
came)) in t. We suggest that % total mobile pieces as de ned here is thedt®@verall metric
for mobility because this includes imported, exported, antbcally transported wood as a
fraction of all the wood that moved through storage during t. In many studies, it is unclear
whether mobilized pieces were locally mobile or left the refa because no di erentiation is
made between re-positioned pieces and downstream mobilegas. The most commonly
reported mobility variable was the re-mobilization rate beause most studies were focused
on exploring factors that in uenced the relative stability of wood already in storage, not
uvial re-deposition of previously transported or newly reruited wood.

We analyze transport distance by stream size using all reged values for distance trav-
elled: minima, maxima, means, and medians (Supplementaltdale distance.csy. We used

all reported values in order to assess range of variabilityitivin travel and because travel
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distance from eld data is limited. Although we would have lilked to compare transport dis-
tance to transported wood lengths and diameters, many stugB did not report transported
log dimensions separately from stored wood dimensions. Huve were unable to extract

this information for enough studies to achieve meaningfuesults.

1.3.1. Results. To obtain an overall sense for initial mobility during varyng ows, we
plotted % mobility values against fraction bankfull and aganst recurrence interval (RI) of
the highest ow within the study period (Figure 1.4). Most of the data are from ows under
twice bankfull. Of the studies that reported RI, most were 1 yrand< 10 yr. There is a
strong stepped threshold for maximum mobility at bankfull dscharge or the yearly recurrence
interval. Below bankfull or for minor oods with less than yarly RI, the maximum possible
mobility of stored wood is 30%. For bankfull or higher discharges, maximum possible
mobility jumps to 80%. These thresholds bound a mobility envelope for storedboad.
The outliers not contained within this envelope include mabty measurements after large
morphological changesvan der Nat et al, 2003) or measurements of mobilization of newly
recruited wood on an actively eroding meander bendlacVicar et al., 2009) and in a braided
river (Bertoldi et al., 2013).

The 30% percent low ow maximum mobility threshold (Figure 14) is slightly lower than
typical values for % of wood stored as individual pieces and@wood in the regularly ooded
channel (Table 1.7). This is expected because some of theiwdual pieces are probably
above bankfull and some of the pieces below bankfull are pediy within stabilizing jams
or anchored. Comparing loose, unattached single pieces atying stage heights to low ow
mobility rates would be useful. If a consistent relationspi holds, it may be possible to
determine yearly, low ow, background wood ux based on wooelevations, akin to base
ow on hydrographs.

To relate mobility to change in storage ( S), we plotted the % total mobility in relation
to net change in storage (Figure 1.5). Our compiled data showdt a net change in storage
of zero is associated with the widest range in mobility fromezo to 80-90 %. There

appears to be a de nable lower threshold for % total mobilittbased on % net change in
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Figure 1.4. Mobility of wood in relation to ow. Left: Mobility related t o

fraction of bankfull from the highest discharge in the studyperiod. Right:
Mobility related to highest recurrence interval ood within study timeframes.
Dashed lines annotate possible mobility thresholds outiimy a mobility enve-
lope. Marked outliers discussed in the text. Data are provetl in the supple-
mental le initialmobility.csv.

Table 1.7.

Case study values for percent pieces in storage that could be
potentially mobile in lower ows. %lInd. is the percent of wod surveyed as
individual pieces and %ubf is the percent of wood in the requly ooded
channel between low ow and bankfull.

River (Reference) % Ind. %ubf
East Fork (Berg et al., 1998) 23 {
Empire (Berg et al., 1998) <1 {
Lavezolla (Berg et al., 1998) 27 {
Badenaugh Berg et al., 1998) 2 {
Sagehen Berg et al., 1998) 25 {
Pauley (Berg et al., 1998) 9 {
Veulta de la Zorra (Ulloa et al., 2011) 50 47
Pichun ( Ulloa et al., 2011) 20
Tres Arroyos (Mao et al., 2013) 88 {
Sacramento MacVicar et al., 2009) 66 40
Kuisab River (Jacobson et al, 1999) 54 {
Lower Roanoke Schenk et al, 2014) 50 44
Kochino-tani Creek (Haga et al, 2002) 66 {
Crows Creek (Young, 1994) 25 55
Jones Creek {foung, 1994) 37 41
Upper Missouri (Angradi et al., 2004) 39 {
Upper Missouri (Angradi et al., 2010) 86 30
mean 43 40
st.dev 27 21
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storage (Figure 1.5). This lower bound resembles a funnel themeets at a point and is
nearly symmetrical for negative and positive net change fdower rates of mobility. This
means that, on average, rivers are in equilibrium with woocdhputs equal to outputs. This
observation is also supported by Figure 1.4, which shows thtitere is little di erence in the
ranges of % mobility of wood that \came" or \went". However, mdility between 30-80%
is more commonly related to larger net gains in storage tharehloss (Figure 1.5). This

probably re ects the in uence that high ows have on recruitment of new wood.
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Figure 1.5. Total mobility of wood in relation to percent net change in
storage. Dashed line de nes a mobility envelope, marked digtrs are discussed
in text. Low and high ow thresholds are from Figure 1.4. Totalmobility was
calculated as the amount of wood that was mobile (re-deposd, re-mobilized
and re-positioned) divided by the total amount of wood in staage within the
timeframe (original amount plus the amount that was newly dgosited). Data
are provided in the supplemental leinitialmobility.csv.

To understand mobility across stream sizes, we plotted pexat initial mobility and trans-
port distance against channel width and_* (L ax=W) (Figure 1.6). The explanatory vari-
ablesw and L* were plotted on a log scale as well as untransformed to bettdisplay the
results from the 900-m range in channel widths. Maximum potéial wood mobility (drawn

as the upper dashed threshold in Figure 1.6) increases as ahals become wider up to 3
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m, at which point maximum mobility stabilizes at 80-90% up to 20 m channel width,
then decreases until channels are100 m wide, beyond which mobility likely stabilizes again,
although we lack the data to de nitively show this.

If L*is used rather than absolute stream widths, this relatiortsp of increasing maximum
mobility from small to medium channels [*<5), constant maximum mobility for medium
channels (5 L* 1), and then decreasing mobility for large channel& ¢< 1) becomes more
clear, with fewer outliers (Figure 1.6). Outliers not contaied within the mobility envelope
(Figure 1.6) are from a study of with re-mobilization of recety recruited wood from a
volcanic eruption Ulloa et al., 2015), mobilization of wood from one actively eroding meder
bend (MacVicar and Pegay, 2012), and re-mobilization of wood due to large morpholazil
changes in braided rivers\an der Nat et al, 2003;Bertoldi et al., 2013).

The braided river data may be plotting outside mobility envéopes due to inappropri-
ate values for stream width used in the calculation of*. The estimated channel width
carrying water was not reported for di erent ows, so we had ¢ use the channel width of
the entire valley bottom. Channel widths change substantiy with small changes in stage
along braided rivers. As a result, many of these outlier valsemay actually plot closer to
a medium sized river for low ows, large river for high ows, ad possibly a great river for
extremely high ows. Also, diameter is an important mobility variable in braided systems
where depth and width change rapidly with small uctuationsin ow ( Welber et al, 2013).
Thus, similar graphics as in Figures 1.4 and 1.6 that replade* with a dimensionless log
diameter, D* (Diam/ ow depth), may highlight mobility patt erns in braided rivers and on
oodplains that we were unable to capture in analysis.

Transport distances plotted against channel width and_* fall into two main groups,
which are depicted as two separate shaded boxes on Figure @ responding to medium
and large rivers. There is a discontinuity between these twgroups at channel widths between
20-50 m andL* between 0.5 and 1 (maximum log lengths half the channel width and
the channel width). The mean recovery rate from studies foracked wood was 50-70

% and ranged as low as 0 % for studies that reported transporistince at reach length.
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data. Bottom: Presentation of downstream mobility data. Skd lines mark
the median transport value within each shaded grouping. Mked outliers
outside of mobility envelopes are discussed in the text. Dmiare provided in
the supplemental lesinitialmobility.csv and distance.csv

53



100
|

Max=95%
o i
e o Max=80% i Med=80%
o) ©
-+~
L
=
c ({e]
R
©
N S H Max=33% I—
=
o - :
£ Med=14% Min=25%
o Med=9%
o
i =
L*>5 1<L*<b L*<1 Large
Small Medium Large Braided
n=23 n=136 n=45 n=5

Figure 1.7. Re-mobilization rates by stream class. Extent of bars is the

range of the data.The shaded grey portion extends from the mimum to the
median values.

Even though not all wood was recovered, and thus maxima aretrtoue maxima, transport
distances appear to be about two orders of magnitude higherfarge rivers than for medium
rivers. The median travel distance (calculated from all reprted values: max, means and
mins) for each group is drawn as a solid black line on Figure 1(Bottom row) and is close
to 100 m for small-medium rivers and one to two orders of maguade higher for large rivers.
The one outlier is from experimental release and tracking aimaller pieces of wood in a
cleaned mountain channel with no obstructionsHaga et al, 2002). Due to the small size of
wood pieces, this study plots as a medium river when plotted/ichannel width, but a large
river when considering the size of wood in the experiment irlation to channel width.

One analysis that we would like to conduct is to compare ow @RI or fraction bankfull)
to the ratio: Lax Of transported wood/ o« Of wood in storage. Unfortunately, few studies
reported both the length characteristics of transported wad and the length characteristics
of wood in storage in a manner that facilitated comparison. © studies did not include
values of ows that transported wood compared to either barflll or to the gage record. We
recommend that future studies of wood mobility report sizeharacteristics of transported
wood, size characteristics of the non-transported wood, énecurrence interval or proportion

of bankfull for ows.
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The transition between medium and large rivers is usually ated atL*= 1. Our plots
of % mobility against L* (Figure 1.6) reveal that most observations of mobilizatiorhave
been conducted in medium sized rivers with maximum log lerfgtbetween two and ve
times channel width. Our plots of % mobility and transport dstance suggest that the
transition between medium and large rivers occurs betwedrf=1 and L*=0.5. Although
maximum initial mobility may be maximized for medium channés (Figure 1.6), median
mobility measurements increase with increasing channeksi(Figure 1.7), increasing from
9% in small channels (n=23) to 14% in medium channels (n=13632% in large channels
(n=45), and 80% in braided large rivers (although this sampl size is small, n=5).

Several eld studies have empirically modelled probabiltof movement and downstream
transport and we summarize their approaches and equations Appendix 1.A. The proba-
bility of movement is typically modelled from change in staage using logistic functions with
wood characteristics as explanatory variabledMerten et al,, 2010;Lassettre and Kondolf
2003;Wohl and Goode 2008). Variables typically include length or length relate to bankfull
width, categorical variables for anchoring or rootwads, ahdiameter related to ow depth.
Numerical simulations of wood ux based on physical modelingf a 10 yr ood on the Czarny
Dunajec in Poland present transport ratios (the amount of wod exported divided by the
amount imported) as linear functions of wood volume, e ectie depth, and dimensionless
wood length L*), as well as exponential functions of wood density separdy for single-
and multi-thread reaches Ruiz-Villanueva et al, 2015a). Non-linear functions of transport
ratios related to varying discharge are also presented in wh Ruiz-Villanueva et al.(2015a)
shows that the transport ratio response is di erent betweemore (Rl <10-15 years) and less
frequent events. Irounre et al. (2015) found linear relationships between percent mobyit
of stored pieces and ow characteristics such as the unit glam power at maximum stage
height and the ratio of maximum stage over bankfull stage.

Transport distance has been modelled using exponential fttions to reach retention rates
(Millington and Sear, 2007) and water depth at peak ow Haga et al, 2002). Transport

distance has also been modelled as a function of jam spacihggsettre and Kondolf 2003;
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Martin and Benda, 2001), although this may have limited application to low av conditions
when jams are completely obstructing the channel and are naotobile.

Although there is some overlap in variables modeled in empmal eld-derived equations
for wood mobility (see Supporting Section 1.A), most of the stlies listed modeled di erent
response variables (wood velocity, percent mobile, prokaty of key piece mobility, travel
distance) because each study was focused on di erent goal§o facilitate comparison of
mobility between case studies and between rivers of di emnsize, we suggest that eld
scientists focus e ort on empirical formulation of % mobily and travel distance. As we
have shown in Section 1.3, % mobility can be calculated in manvays (e.g., % start that
left, % end that came). We suggest developing equations of lization that predict the
% of starting value that leave the reach or are re-positionedithin the reach because this
will facilitate estimation of wood ux from measured storag values. However, we highly
recommend always reporting the raw volume or count values olhanges in storage so that

other researchers can re-calculate mobility in other forms

1.4. Discussion

1.4.1. Foundational Tenets. The origin of instream wood research as a discipline
can be traced back to the Paci ¢ Northwest (Oregon, Washingtg and British Columbia)
during the mid 1970s to early 1990s, where government foreit and sh ecologists became
interested in the role of wood for improving sh habitat. Ealy research into wood trans-
port was primarily motivated by the desire to understand thestability of wood in streams
because investigators thought that the longevity of instt@m wood in uences the quality of
sh habitat by creating stable pools that trap bio-available ne material and sediment Bilby
and Ward, 1989), creating more complex channel morphologies thrdugank erosion Keller
and Swanson 1979;Hogan, 1984;Nakamura and Swanson1993), and providing nutrients
through decomposition Anderson and Sede|l1979;Harmon et al,, 1986). We identi ed four

primary wood transport ideas presented by early papers (e,Anderson and Sede|l1979;
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Keller and Swanson 1979;Harmon et al,, 1986;Maser et al, 1988) that have informed the

design and interpretation of subsequent research.

(1) Channels can be classi ed functionally into small, medim, and large based on wood
dynamics Keller and Swanson1979;Church, 1992;Nakamura and Swansonl1993)

(2) The pattern of wood stored in river networks re ects inptiand transport processes
(e.g.,Keller et al., 1995;Harmon et al,, 1986).

(3) Transport of wood increases as the width of channels irgases relative to the length
of wood piecesl(ienkaemper and Swansanl987).

(4) Wood transfer is both regular and episodiclienkaemper and Swansanl987).

These tenets were developed mostly from observations in theadwaters and alluvial
plains of the Paci c Northwest, which is dominated by Douglasr stands in a temperate
rain forest with rain and snow melt hydrologic regimes. Althogh the original investigators
recognized that their observations and inferences might nde universal, many of their
ideas have since been extrapolated to diverse regions. Hewe, discuss these foundational
assumptions in the context of the qualitative and quantitatve case study synthesis presented
in Sections 1.2 and 1.3.

1.4.1.1. Functional classi cation from wood dynamics. Keller and Swansof1979),Church
(1992), andNakamura and Swansor{1993) introduced the idea that channels can be classi-
ed functionally into small, medium, and large based on woodynamics. Channels are not
subdivided into these categories based solely on their sizait based on the patterns and
functions of wood within them (Table 1.1, Figure 1.2).Church (1992) makes the point that
a small river could behave like a large river if all the wood lireg transported is less than
the width of the channel. However, this is not visually intuitve and referring to headwater
reaches as large when they do not carry larger pieces of wosdconfusing. Because the
names of these functional categorizations are small, merdiularge, and great, there will
always be a propensity to classify them into these categasistrictly by channel size rather

than by incorporating wood dynamic process domains as omgilly intended.
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Categorizing channels into functional wood dynamic classations based on size generally
works because, as channel size increases, the behaviour @bdvalso changes. In channel
networks, the behaviour of wood roughly corresponds to a pedominated regime with rare
episodic movement in steep headwaters, followed by a jamrdimated regime in medium
sized, second to fourth order channels. As log lengths becost®rter than channel width,
channel-spanning jams are rare or non-existent and insteagbod accumulates on channel
margins, bars, side channels, and oodplains. In the ow-duinated regime of large rivers,
wood is more regularly transported downstream or exportectthe oodplain and is less
dependent on large, episodic events to move wood from stafdens. Many large rivers ow
into great rivers, delivering their wood into hydraulic, d@osition and/or burial-dominated
regimes where wood is either transported long distances dwstream, is carried onto the
oodplain, or is buried.

Although connecting certain process regimes to sizes of chats enables testing of gen-
eral network trends, the functional wood dynamic classi dgon fails to capture spatial and
temporal network heterogeneity. For example, a small creekay have some reaches that are
recruitment-dominated and others that are jam-dominatedIn addition to referring to rivers
by size class to convey scale, we suggest that researchegrbelassifying rivers by process
domains related to de nable regimes of wood dynamics. Unixgal, succinct process domain
categories are useful to facilitate comparison among stedi to explore the temporal-spatial
distribution and heterogeneity within channel networks, ad to identify sets of predictive
equations that perform better under di erent regimes.

One option is to designate process domain names that refer tte dominant storage,
transport, and recruitment regimes.Davidson et al.(2015) describe two storage regimes, a
randomly distributed, newly recruited state and a self-orgnized jam, stable state.Braudrick
et al. (1997) describe three transport regimes: congested, sermanrgested, and uncongested
ow. We suggest that primary reach-scale wood process domaiare recruitment-dominated
regimes, jam-dominated regimes, ow-dominated regimesi@burial/exhumation-dominated

regimes. Additional process domains are also possible. Faample, ash- ood-dominated
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regime might be the best category for desert ephemeral chat® Jochner et al. (2015)
present a compelling, four end-member conceptual model ade@d regimes as event-driven ex-
port (continuous recruitment, episodic export), event-dwen delivery (episodic recruitment,
continuous export), fully episodic (episodic recruitmentand export), or fully continuous
(continuous recruitment and export).

Reach-scale process domains likely transition through tenfrom one regime to another
due to uctuations in ow and changes in morphology, disturtance, or system-wide trajec-
tories caused by regional drivers such as climate change dtemtions of land use. Once a
consistent set of process domains is de ned, this can be usegla tool to explore and map
temporal and spatial transitions between process domains.

1.4.1.2. Storage patterns and transport processesield case studies support the idea
that, in rivers where most dimensionless lengths (log lerfgthannel width or L*) are <
1, interactions between wood and reach-scale morphologiacacteristics are the dominant
controls on storage patterns, whereas hydraulics exert ar@hger in uence in larger rivers
(Ruiz-Villanueva et al, 2015b). However, even if patterns and general trends aretihguish-
able, there is commonly substantial variability caused byariations in hydro-bio-geomorphic
characteristics on the reach scale that increase or decreahannel retentiveness and trap-
ping sites both longitudinally along a river and with changig ow stage (Bertoldi et al.,
2013).

Stored wood characteristics have been used to develop woadigets to infer wood ux
and transport distance (e.g.Martin and Benda, 2001) because the pattern of wood stored
in river networks is assumed to re ect input and transport pocesses. To a large extent this
is true. When wood is clumped in jams, ows are su cient to re-nobilize wood Qavidson
et al., 2015). Channels with randomly distributed wood are commn small and wood
either decays in place or is only moved during extreme evertiseller and Swanson 1979).
As we have shown and others have noted (e.gan der Nat et al, 2003), ows under bankfull
generally transport less than 30% of the stored wood, rougtdorresponding to available loose

wood positioned under bankfull stage (Figure 1.4, Table 1.7However, the linkages between
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wood transport and wood storage are poorly de ned and compl@nd thus the interpretation

of wood transport only through patterns in storage is limitd. Video monitoring of wood
in active transport on the Ain River, a large meandering riveiin France, has shown that
estimates of wood export derived solely from storage and retment characteristics may be
underestimating actual wood ux by two to ten times (MacVicar and Pegay, 2012).

The main shortcoming is that storage characteristics onlyrpvide a snapshot of condi-
tions based on the time interval monitored, limiting inferaces regarding short- or long-term
temporal uctuations in transport from seasonal re-survey of storage. Another problem is
the existence of large reach-to-reach variability in wood obilization. For example, lroune
et al. (2010) found that, for low order, mountain headwater chann® in Chile, wood move-
ment (% pieces mobilized) only occurred in a few reaches. Alsieere is a large discontinuity
in wood storage and transport processes between ows thatass oodplains and those that
do not (MacVicar and Pegay, 2012;Dixon and Sear, 2014). Thus, when estimating wood
ux from eld measurements, results can be highly dependenvn design and spatial and
temporal extent of sampling.

The largest advances in linking transport processes to woakport and storage char-
acteristics have been made in umes with simpli ed wood and obile banks. These ume
experiments have expanded the understanding of linkagestlween input rates and storage
regimes Braudrick et al., 1997;Bocchiola et al, 2008;Bertoldi et al., 2014), entrapment pro-
cesses due to the interaction of channel form with wood andwocharacteristics Braudrick
and Grant, 2001;Bocchiola et al, 2006b;Welber et al, 2013), and how live wood moderates
and controls storage and exportBertoldi et al., 2015). Although these physical models are
useful, they are simpli cations of the complex interactios found in the eld. The combi-
nation of infrequent, complex eld observations coupled wh frequent yet simpli ed scaled
measurements in umes and models yields the biggest advaagcas inRuiz-Villanueva et al.
(20164a).

1.4.1.3. Wood size, channel size, and transport of woodhe length of wood is arguably

the most important control on how wood behaves in rivers. Lager wood is harder to mobilize
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than smaller pieces of wood, especially longer pieces, firsdiream sizes. This is in part
due to piece size, but also because larger pieces of wood amrenlikely to be anchored
in some way. Once in motion, eld data suggest that larger pees are transported shorter
distances than smaller pieces of wood in channels whére< 1 (Berg et al, 1998;Millington
and Sear, 2007; Warren and Kraft, 2008;Irourre et al., 2010; Dixon and Sear, 2014). In
larger rivers, log length does not appear to signi cantly it transport distance compared
to smaller pieces Jacobson et al. 1999;Schenk et al. 2014;Ravazzolo et al.2015a). This
may result from preferential travel of longer pieces in thehannel thalweg (MacVicar and
Pegay, 2012).

There is general ignorance of the relative importance of tacs in uencing downstream
transport due to the scarcity of studies that actually tracktransport of wood during oods.
We found 17 studies that tracked wood via tagging, RFID, or tétered GPS boxes. Of these,
only two actually tracked all wood regardless of how far eachgee travelled Dixon and Sear,
2014;Ravazzolo et al.2015a). Two other studies had 100% recovery for a year besauhey
were able to recover the one piece that moved during loweraih-average ows Pecorari,
2008;Schenk et al.2014). Most studies only tracked wood within designated sty reaches.
Thus, for most tracking studies, no absolute maximum distartes were measured. Because
maximum transport distances were commonly bounded by studyeach lengths, reported
mean transport distances do not re ect the entire transpoed population.

Despite the importance of rootwads for limiting both mobiliy and transport distances
(Wohl and Goode 2008;Davidson et al, 2015), almost no information exists relating rootwad
size, type, and shape characteristics to mobility beyond tinog presence or absence. One
exception is a recent ume study which suggests that shortdsole lengths on pieces with
rootwads actually increases stability over longer lengthavidson et al, 2015), but this is
yet to be corroborated in the eld.

In our quantitative analysis, we used._* (length of wood/channel width) to place channels
into woody dynamic size categories of small, medium, largand great (Figure 1.6). L*

proved to be a useful dimensionless metric that allowed forgacomparison of wood mobility
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metrics across stream type and size. However, as discusse&eaation 1.3, more work needs
to be done to determine which length of wood should be used imetL * equation to maximize
predictability of wood mobility. Should this belL ,ox or a smaller size fraction likd.gg Or Lgs?
Also, MacVicar and Pegay (2012) suggested using = log (L) to de ne wood size classes,
as done byCadol and Wohl(2010); Irourre et al. (2010) and as used to de ne sediment size
categories. Although this idea has not thus far garnered mudupport from eld scientists,
the base 2 log transform of wood lengths has proven useful whmodelling and explaining
wood mobility.

Investigators commonly assume that the transport of wood aneases as the widths of
channels increase relative to the length of wood and theredolarger rivers have greater
transport capacity than smaller rivers. Although potentialtransport distance appears to be
two orders of magnitude greater for channels wider than marum log lengths (Figure 1.6),
potential mobilization of wood in storage between channelzes is nuanced. Median values
of mobilization increase with increasing channel size, vahi suggests that larger channels do
transport higher proportions of stored wood more regularlyhan smaller channels (Figure
1.7). However, event-based turnover of stored wood is maxied in medium channels (Figure
1.6). Lower maximum mobilization rates on large rivers congped to medium rivers seem
reasonable because the stored wood in larger rivers is madkelly to be partially buried or
scattered on oodplains at farther distances from the maint@annel. Medium-sized channels
are typically more con ned than large or great rivers, with maller oodplains and coarser
substrate. Consequently, most of the stored wood in mediunivers is closer to the thalweg,
where ow velocities are the greatest and there is less oppamity for anchoring via burial
or by instream live-wood. We suggest that the live-wood gromg on islands, bars, and
frequently inundated oodplains likely counterbalanceshe increased conveyance of wood in
larger rivers.

1.4.1.4. Regular and episodic transfer of woodWood transfer is both regular and episodic.

Jochner et al.(2015) describe a four end-member conceptual model linkingmbinations of
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Figure 1.8. Conceptual model of dynamic equilibrium of wood in storage&s
through time. Stepped pro le re ects alternating smaller sale regular transfer
(RT) and large scale episodic transfer (ET) of wood.

continuous recruitment and export with episodic recruitmet and export. Even in the Pa-
ci ¢ Northwest, which is known for more stable logjams, therare high rates of movement,
especially for the smaller fractions of large wood, such th&aood ux is a constant process
(Keim et al., 2000). Juxtaposed on this constant ux is large scale, epdic ux of the
biggest jams and largest pieces during oods with long recuwnce intervals.

We have conceptualized regular versus episodic ux of wood storage in Figure 1.8.
The stepped pro le of wood storage in the diagram relates targll episodic delivery and
export of wood and the large steps represent rarer episodiood uxes. Small channels
have large episodic wood ux but minimal to no yearly regular ux, whereas larger river
have more frequent regular ux but smaller scale episodic xidue to the increased sites of
deposition on oodplains during large ows. Plots such as Figre 1.8 for di erent timescales
could illuminate links between wood storage and ux throughime and help to characterize
variability in wood storage as a function of time. Developig such plots would involve
continued monitoring of known sites of wood retention via caeras (minutes to days), eld
re-visits (months to years), and satellite or remote imaggranalysis (years to decades).
Especially useful would be measuring the ow stage or disalyge so that sudden changes in
wood storage could be more easily linked to hydrology.

Most studies are yearly re-surveys that include multiple lgh ows rather than investigat-
ing the impact from one ood, which is problematic for relathg wood to ow because wood
movement is an episodic, ood-driven process. Thus, thers a disconnection between how
mobilization is measured and the process that drives molazéition. Some studies have used

cameras or GPS trackers to monitor change in storage at nermescales Bertoldi et al.,
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2014;Ravazzolo et al.2015a) and others have made e orts to return to eld sites dtng
(Schenk et al. 2014) or immediately after oods Dixon and Sear, 2014). We recommend
that more investigators attempt to di erentiate wood mobility for each wood-transporting
ow, rather than simply nding the yearly averaged change instorage.

Our quantitative analysis shows that when ows are su cienty high, large amounts of
wood are episodically recruited to or exported from reachesith potential for about 80-90%
turnover for re-mobilization of uvial wood (Figure 1.4). The highest turnover rates are for
new recruits and in areas with large morphological changeseg Section 1.3). However, for
a typical year, there also appears to be a background ux of wal for low ows that is
at maximum 30% of the total amount of wood in storage (Figure 1.4). Additioal data
collection focused on the goal of separately measuring staakcale yearly ux versus ux
from more rare, episodic large ows with potential for high ux would be useful, as would
constraining thresholds (both for volume of export and regtence interval) between the two
types of wood transfer. There may be consistent low- ow ux ates related to elevations
of loose wood below bankfull that can be used universally tdw@in rough estimates of
background wood exported from basins. On top of this backgrod rate, episodic ux could
be estimated or modelled based on characteristics of ow, »d, and the channel reach.

All mobility rates under maximum thresholds are possible foall ows. The largest ows
do not always transport the most wood from a reach and can eveave zero mobility (Figure
1.4) because mobility depends not only on absolute ow magduade but also on deposition
patterns set by the sequence of prior high ows (e.ghHaga et al, 2002) and reach-scale
biogeomorphic characteristics. Low reach-scale re-mabdtion rates can occur alongside
high reach-scale re-deposition rates, or vice versa, rés\g in increasing or decreasing trends
in total reach wood storage. Whether a reach has net increagior net decreasing trends
in stored wood impacts wood export yields for future oods. e asymmetry towards net
accumulation of wood in storage for high mobility events (Figre 1.5) could re ect larger

scale patterns of global wood accumulation in rivers as a tdsof a orestation, e ects of
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disturbances such as re on wood loads, or decreasing freqag of high peak ows due to
increases in ow regulation.

Despite having high interannual variability, most systemsppear to be in dynamic equi-
librium with regard to wood storage and export (conceptuatied in Figure 1.8). Commonly,
wood mobilization studies note that wood which is mobilize@ut of a reach or buried is
replaced with new wood so that the total storage volumes renmanearly the same with little
net change from year to year (e.gBenke and Wallace 1990;Marcus et al, 2002;Wohl and
Goode 2008). In a wood budget for the Roanoke Rivefchenk et al(2014) found that wood
ux was in equilibrium, with inputs equaling outputs at close to 5% of the standing stock of
wood. They also found that 16% percent of wood in storage waschanged between tempo-
rary storage sites. On the Rio Tagliamentoyan der Nat et al.(2003) noticed an apparent
near-equilibrium between island formation and island er@ on a scale of a few years. In
this setting, most wood is recruited during these erosive ents, yet wood transport occurs
regularly during much lower ows. Thus, remote sensing stues that only record changes in
total volumes within a reach may report low mobility becaus¢here was little net change in

volume, when in fact there was high mobility in piece exchaegCurran, 2010).

1.4.2. Wood transport capacity. The phrase \transport capacity" is used liberally
in wood research to refer to reaches that do not store large ammts of wood. The most
general de nition of capacity is the original given byGilbert and Murphy (1914): \the maxi-
mum load a stream can carry (35)". With regard to wood, transpi capacity is determined
by the e ectiveness of a reach at retaining wood for a partidar ow ( Marcus et al, 2002).
At low ows, many reaches are transport limited and cannot pss wood, especially wood of
large sizes. At high ows when wood transport occurs, in alnsd all cases, rivers can pass
most of the wood supplied, so that all but small natural rives are commonly supply limited
at peak wood ux. As ood waters recede, transport capacity dereases.

The rate and timing of decreased transport capacity on the fiang limb depend not only
on the steepness of the falling limb, but also on reach and wbaharacteristics. Blanket

statements that refer to reaches as having low transport capity are not particularly helpful

65



because transport capacity is not a xed quantity Lisle and Smith, 2003), but is dependent
on wood supply, water levels, and channel retentiveness. bturesearch on sediment dynam-
ics has focused on better understanding the transition beégn a particle moving as bedload
or suspended load, or immobile to mobile during discharge gelk in umes and natural set-
tings. Similarly, developing relationships between watdevels and channel retentiveness for
wood pieces of varying sizes as rivers transition from suggimited to transport limited on
the falling limbs of oods would be useful. Basically, whenrad where does wood transition
from immobile to mobile and back to immobile?

Borrowing from bedload research, we have constructed twormeptual models showing
transport regimes of wood related to water stage. In Figure4.(top), we diagram theoretical
thresholds for wood movement regimes for a single log as adtion of transport stage (ratio
of water stage over stage at incipient motionH;=H;)) on the rising limb of a hydrograph.
In Figure 1.9 (bottom), we depict hypothetical mobility regmes related to discharge as a
fraction of bankfull (Q;=Q¢).

Transport regimes in Figure 1.9 (top) include 1) moving in cdact with the channel,
2) de ecting against channel boundaries, and 3) unimpededbating. Mobility regimes in
Figure 1.9 (bottom) include immobile, partially mobile, andfully mobile wood loads. Again
borrowing from sediment research, we de ne immobile, padily mobile, and fully mobile as
< 10%, 10 90% and> 90% mobilization of wood in storage, respectively. Thesetegories
can also be conceptualized based on downstream movement ast\moved", \locally re-
positioned”, and \exported downstream”. These conceptuahodels could easily be tested,
developed, and re ned. They can also be used for visual digplof di erences in threshold
position as piece sizes change, or for di erent hydrologiec ochannel conditions.

The downstream transport distance of a sediment particle isommonly described as
path length, which is the total lifetime stream-wise displeement of particles, composed of
multiple step lengths separated by rest perioddHaschenburger 2013). Analogous to this is
the spiralling metaphor for wood movement introduced byl@tterell and Naiman, 2007) and

revitalized in the recent review byWohl (2016, this issue). The spiral metaphor describes
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Figure 1.9. Conceptual transport regimes and thresholds as functiond o
ow. Models inspired by data supported conceptualization®f bedload par-
ticles by Haschenburger(2013). Top: Movement regimes of single logs as a
function of transport stage (stage height at time (H;)/ stage height at ini-
tial mobilization (H;)). At the threshold for movement (1), there is a sharp
decrease in the time that wood spends in contact with the bechd the time
that it spends oating starts to increase. As stage increasgsvood spends
more time oating and less time de ecting o of channel featues. In this
gure, logs do not oat for 100% of the time because sometimdsgs become
beached for shorter amounts of time before continuing downsam. Bottom:
Mobility regimes as a function of discharge at timeé (Q;) relative to bankfull
(Quf). Position of thresholds depicted could change depending patterns of
antecedent oods, recruitment events, ow stage and changg channel char-
acteristics. Mapping how thresholds change for changingratitions may be a
fruitful endeavor.

the lifetime transport of wood as a series of spirals along afh: The spirals represent rest
periods and the width of the spirals depict residence time. He distance between spirals is
the step length between resting locations. We have conceptized the spiral metaphor in

the context of a uvial system in Figure 1.10. The lifetime fora piece of wood from its
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Figure 1.10. Conceptual model of the spiralling movement of large wood
through a uvial system. Size of loops represent residencenes at a single
locaiton before re-entering transport. Connected loops the side of the main
vector represent downstream transport on a oodplain. Diagm after Latterell
and Naiman (2007) andSchumm (1977).

starting location in the channel to its nal resting place isthen the sum of all the residence
times and the travel time (most likely very small compared taest periods). The distance
travelled is the sum of all the step lengths. Throughout theifetime of the wood piece, from
source to sea, the piece undergoes vertical, lateral, anodwdstream exchanges. Along any
spiral, a piece of wood may decay in place, ending its path. @nutifying and contrasting
the density functions of step lengths and rest periods for drent rivers and through basin
networks could be a useful manner in which to identify longitdinal and regional patterns in

wood mobility.

1.4.3. A discontinuous network - the traffic metaphor. Wood dynamics are

di erent for di erently sized streams and delivery of wood fom one part of a stream network
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to another is a discontinuous or episodic process, as depittin Figures 1.8 and 1.10. Thus,
we propose that an apt metaphor for wood transport is vehiclega c. Just as hydrology,
wood characteristics, and bio-geomorphic reach charaasgics control the movement of wood
through stream networks Gurnell et al., 2015), motivation to travel, type of vehicle, and
road conditions govern how people travel through road netwis.

If hydrologic conditions do not meet base thresholds, thereill be little to no wood ux,
which is analogous to the underlying motivations that gover when and how far people will
travel (i.e., wood transport mobilization and travel distance) and when and where they are
stationary (i.e., wood residence time). Sometimes, spelogvents cause extra, congested traf-
c. This is similar to high wood congestion due to large disttbances. More commonly, daily
routines and work commutes govern tra ¢ conditions. This issimilar to regular background
wood ux from normal yearly oods. Travelling at night is less common and only under
special circumstances will drivers be on the road during thitime. This is similar to lack of
wood ux during low ows unless wood is newly delivered from éocalized bank failure.

Wood characteristics can be thought of as the type of vehicle which one is travelling.
The vehicle governs which paths or road can be taken and theesal of travel. Someone on a
motorized scooter will take di erent paths than other vehites, just as a small piece without
a rootwad may take a di erent path than larger pieces with rotwads. However, in some
conditions, such as a tra c jam, everyone travels the same ged, which equates to fully
congested wood transport.

Tra ¢ conditions and movement are not only governed by the mavation (hydrology)
and the vehicle (wood characteristics), but the state of theoads, which controls how fast
or how slow a destination is reached. Road conditions are sian to how bio-geomorphic
characteristics of reaches, such as presence of live-woddgree of con nement, channel
planform complexity, density of logjams, access to oodpias, and other factors that can
limit or increase the distance and rate of movement of wood wastream.

We have conceptualized this metaphor in Figure 1.11 as a ow aft of stoplights.

Whether a piece of wood will be moved at any given moment can beegicted by whether
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the piece meets minimum mobility thresholds that allow it togo forward (green), possibly
move or progress slowly (yellow), or stop (red). We rst asss hydrologic conditions for
transport to determine whether wood meets minimum threshdé for mobility prior to as-
sessing wood or reach characteristics. If a piece of wood Ipadential to be transported
based on hydrology, then the unique interactions betweersitharacteristics and the channel
are assessed. Thus, for any moment of time, a snapshot can lsedito assess where indi-
vidual wood pieces are located and whether they are likely thove based on the hydrologic,
wood, and channel \tra ¢ conditions" (see Figure 1.11). Assesments made over the course
of a ood can be used to provide estimates of the overall e ciecy of wood movement for
speci c oods. We recognize that this model is a simpli caton of the complex interactions
involved. However, we consider the model a useful framewoidr fmodeling and exploring

temporal variations in wood ux.

:—iyqrrologlc 'rl;hresholds . Wood, Flow and Channel Boundary Interactions Sp
or franspo Siop g0 Governing Transport Variability go
antecedept peak + peak wood length flow depths degree of Iivinq e
* < oy ¥egeiaan congestion
flow width flotation depth  obstruction in flow
hydrograph position
Rising e @ @ @ @
Limb
; <1 Few limited none low
>~3/4 bf the more conditions in green and the greater amount of time in green = more transport
<bf
Trangport Distances and VW6od Flux
Deposition Transport
Dominated Dominated

Figure 1.11. Conceptual model of wood movement through drainage net-
works as a tra c stop light metaphor. Fully described in Seciton1.4.3

1.4.4. Management implications. Research into the ecology of wood in streams orig-

inates in the Paci c Northwest, where logs are large and quitetable. Thus, investigators
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have assumed that stable wood is bene cial for the ecology afstream and considerable
sums of money are spent to rehabilitate wood in streams by add anchored, engineered
wood structures, even though soft engineering practicesairestore natural processes of
wood recruitment and transport may be more ecologically eative (Kail et al., 2007). The
reality is that even the largest pieces of wood and jams in natl channels move. When
engineered structures are anchored in mobile systems, @cts are sometimes declared un-
successful over timeframes of 5+ years because most of the@dastructures are destroyed by
large oods or bank erosion (e.g.Shields et al, 2006). Also, engineered logjams in Highland
Water (small to medium sized meandering alluvial channel iEngland) were e ective at
trapping small wood, but did not limit the downstream transport distances of small wood,
as expected illington and Sear, 2007).

Mobile rivers with high turnover of logjams and instream wod do not negate the ecolog-
ical signi cance of wood Chore and Biron, 2015). In a compelling paper on wood mobility
and ecological function,Daniels (2006) found that although wood in a low gradient mean-
dering river was too mobile to have more than a short-term imgct on the morphology or
hydraulics of the channel, wood did have a direct impact on thstorage of organic material

in the bed that outlasted the residence of the wood and prowd valuable ecosystem ser

vices to benthic communities. They argued that wood removdtom low-gradient systems
substantially reduces the storage of benthic organic matte
We speculate that high mobility of wood allows patchy depason of nutrient-rich organic

material to cover a greater spatial extent of the stream bedf wood is always anchored in
place, then organic material is limited to only those areasear anchored wood. Although
rehabilitation with anchored wood may be appropriate for raches in which wood is natu-
rally less mobile, anchored wood is inherently awed for reades and rivers in which natu-
ral processes facilitate the regular and episodic transfef wood over time periods shorter
than those of desired bene cial ecological outcomes. Woodtarally moves downstream
or laterally onto oodplains, so the best and most cost e edve management practice is to

ensure that the stream has a supply of new wood, preferablycinding some large pieces,
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via upstream recruitment from riparian forests, and then &bw the river to redistribute and
repeatedly mobilize the wood Kail et al., 2007).

There is great concern that if management strategies are guted to increase unanchored
wood loads, the mobile wood will endanger instream structes and increase ood damage
from clogging. This concern has merit because higher wooddis can facilitate more recruit-
ment during oods (Johnson et al, 2000). However, eld evidence indicates that increased
amount of wood in storage along a reach does not translate tcreased wood against bridges,
as presumed, but instead may decrease the hazard of wood glag (Lassettre and Kondolf
2003;Mao et al., 2013).

In a study in central California, Lassettre and Kondolf(2003) noticed a di erence between
source and transport reaches: simply removing large wooin transport reaches was costly
and had little or negative impact on reducing catastrophicdg jamming on infrastructure
downstream. Most wood comes from pieces recruited from ugstolandslides and bank
failures during a ood, not from previously transported uvial wood (Lassettre and Kondolf
2003; Luca et al., 2015). Higher wood loads have the potential to increase theimber
of instream jams @ertoldi et al., 2014) and create greater channel complexity, which in
turn increases the likelihood that mobile wood will becomen&apped. Thus, the common
management practice of removing instream wood may actualfacilitate the downstream
mobility of newly recruited pieces by decreasing the likélood that the pieces will be trapped
before accumulating against structureslL@ssettre and Kondolf 2003; Mao et al, 2013).
Rather than removing wood, Lassettre and Kondolf (2003) recommended that the most
economical option would be to replace culverts and bridgestivstructures designed to pass

wood typical for a stream.

1.5. Conclusions

We propose that the stop and go, the jamming and unjamming, dhe discontinuity of
wood ux is the most important aspect of the wood regime for vier morphology, dynam-

ics, and biota, rather than wood stability. Therefore, woodransport dynamics need to
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be incorporated into conceptual and quantitative models afiver systems, riparian ecosys-
tems, and nutrient routing. This requires substantial e ot to obtain an equivalent working

knowledge of wood transport as currently exists for sedimetnansport (e.g., Haschenburger

2013;Kuhnle, 2013). This paper contributes to this e ort by summarizingexisting transport

premises and ideas from prior studies, synthesizing quaative results on wood transport

from eld studies, and presenting knowledge gaps, concepilumodels, and hypotheses that
can be used to design future eld, ume, and modelling studie

The main limitations to describing wood transport are inadguate observation timescales
and lack of su cient mobility data from diverse rivers and regions that also capture variabil-
ity between reaches. These are similar hurdles to quantihg bedload. Bedload transport
equations do not perform well for coarse-grained substratgth poor sorting because they fail
to integrate spatial and temporal complexities that in uerce grain entrainment Haschen-
burger, 2013).

In order to improve models of wood ux on local and regional stes, we need better
characterization of average step lengths within the lifethe travel path of a piece of wood
(see Figure 1.10) and we need a better understanding of how ngas in storage through time
are related to variability in wood ux and hydrology. E orts to better de ne entrainment
and entrapment conditions and thresholds will be extremeluseful, especially focused on
individual ows or patterns over decades. A wider range of w observations for diverse
rivers will help to link reach-scale processes with netwodcale processes.

Below, we summarize some speci ¢ suggested approaches fajuiring data to achieve

broader spatial and temporal coverage of wood dynamics.

(1) Monitor wood in action. This can be done at a station by monitoring passage
via automatic video monitoring (e.g.,MacVicar and Pegay, 2012), coarse interval
timelapse cameras (e.gKramer and Wohl, 2014), or radio tags (e.g.Schenk et al.
2014). The downstream movement of logs can by tracked with &Re.g.,Ravazzolo
et al., 2015a) or by actively following radio tags during ooding ia boat or aircraft

(e.g., Schenk et al. 2014).
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(2) Monitor change in storage at known retention sites at varying time scales
(e.g.,Wohl and Goode 2008;Moulin et al., 2011;Bertoldi et al., 2013;Schenk et al.
2014;Boivin et al., 2015).

(3) Use wood characteristics to ngerprint wood source. This can help identify
wood-contributing subbasins and travel distancesMoulin and Pegay (2004) were
very successful in making inferences about wood ux at basstales based on the

characteristics of wood trapped in a reservoir.

(4) Quantify the amount of buried wood . There has been some success identify-
ing buried wood using acoustic bathymetry \(vhite and Hodges 2003) and ground
penetrating radar (Kramer et al., 2012), but values of wood buried in stream beds
are largely unquanti ed. Buried wood is an important compoant of wood ux
because, in rivers with sediment loads capable of easily ping wood, at least the
same amount or more that is exported may be buried. For exanglthree-quarters
of the wood exported from the Lower Roanoke River to the oceamNorth Carolina

was buried or decomposed en routgchenk et al(2014).

(5) Use remote sensing techniques to assess change on larger spatial and longer
temporal scales (e.g.Bertoldi et al., 2013;Atha, 2014;Ulloa et al., 2015; Kramer

and Wohl, in review)

(6) Conduct stratigraphic and/or other analysis of wood deposited in basins
and oodplains to obtain long term (decade to millennial scale) records ofaed
ux from watersheds (Seo et al, 2008; Guyette et al, 2008; Seo and Nakamura

2009; Fremier et al., 2010;Boivin et al., 2015;Kramer and Wohl, 2015)

(7) Use already existing data from unconventional sources. There are hidden

data within government agencies, individual scientists, roprivate companies that
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(8)

have never been published or otherwise made easily availalut that can be ac-
quired if requested. Heidorn, 2008) calls these "dark data". For exampleMoulin
and Pegay (2004); Seo et al.(2008); Fremier et al. (2010) successfully used reser-
voir debris extraction records to indirectly estimate basi wood ux. In addition
to nding and using dark data, a vast amount of unconventionly collected data
is freely available on the internet. Wood researchers havetyto take advantage of
this. There are numerous photos and videos of rivers world¥e that include wood
and that could be utilized to expand the geographic extent odtudies. There are
many videos of wood transport, especially wood transportdm ice-jam ooding,
ash ooding in deserts, and catastrophic ooding. These wWeos could be analyzed
to estimate wood ux during rare events. Some internet coniibutors have YouTube
(www.YouTube.com) channels devoted to chasing ash oodsAlso, with the in-
creased use of small waterproof action cameras, outdoorrestion enthusiasts are
posting to the internet continuous footage of their excurshs down sections of rivers
in remote regions. Reports of changes in wood are commonlydaregularly posted
to online whitewater kayaking forum boards on sections ofuers that are commonly
navigated. Finding ways to automatically and easily curaterad utilize these data

is a worthy research endeavour.

Participate and use Web 2.0 and create and utilize citizen science initia-

tives. Web 2.0 refers to the part of the internet that is interactive such as social
media and citizen science platforms (e.g., www.citsci.orgyww.crowcrafting.org).
Citizen science refers to the use of non-scientists to helpllect, process, or analyze
data. Although citizen science initiatives have been utiled in ecology, medicine,
and astronomy (e.g., bird surveys, gene mapping, star clasation), they have been
underutilized by large instream wood researchers (we camea@ss none). In a short
review of the use of citizen scienceS{lvertown, 2009) made the point that " Almost
any project that seeks to collect large volumes of eld dataver a wide geographical

area can only succeed with the help of citizen scientists @' Citizen science could
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9)

be used, not only to collect data from diverse regions, butsd to validate and train
automatic image processing routines.

Web 2.0 not only opens up real-time interaction between saigsts and non-
scientists, but can facilitate data collection and curatin from diverse individual
scientists globally to reduce the amount of "dark data" and dcilitate synthesis
between studies. This has already been done in medical eltsadvance treatment
for particular diseases by synthesizing and collecting mrimation on case studies
from doctors practicing independently (e.g.Butzkueven et al. 2006). A large but
highly rewarding project would be to develop an online intective river wood data
platform where eld scientists and managers could add and nwibute their data
while interacting with each other. This would facilitate béter curation of metadata,
common reporting of metrics, access to dark data, and inteational collaborations

across disciplines.

Compile quantitative reviews that integrate case study information for basin-
and reach-scale wood ux, wood recruitment rates, residemdimes, and storage

patterns.

A general approach that will lead to e cient quanti cation of wood transport is to

design studies to constrain thresholds between transporegimes for di erent channel sizes,
channel morphologies, hydrology, and wood characteristicUntil recently, most eld studies
that included wood transport data treated wood transport asa secondary study goal after
description of wood storage, wood recruitment, or ecologicimpact. As more researchers
make wood movement their primary focus, these thresholdsliMbe rapidly identi ed. We
have presented several conceptual frameworks that may peowuseful to guide such work

(Figures 1.9-1.11).

In an era in which new remote technologies and new sources attad are increasingly

accessible and applicable to research on wood in river cdots, we anticipate that studies
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of wood transport in rivers are poised to yield signi cant isights on wood dynamics and

river ecosystem management.
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SUPPORTING INFORMATION FOR CHAPTER 1

Introduction . This supplemental information contains a summary of eld quations on
wood mobility and explanation of variables in accompanyindigital datasets stored in the

Colorado State University digital repository athttp://hdl.handle.net/10217/100436

1.A. Field Equations of Wood Mobility
Transport distance based on exponential scaling by reach rete ntion
rates ( Millington and Sear, 2007).

Pd = Poe kd

where, Py= # pieces that moved distanced in meters, Py = initial # of pieces introduced, k
= per meter retention rate. 1=k represents the mean travel distance in m. Equation used in
experimental addition of small dowels ( 1:06 m in length and :035 m in diameter) were

released in Highland Water, a small, meandering, natural chael in England

Transport distance as an exponential function of water dept h at peak

flow ( Haga et al, 2002).
y; = 0:52e'%7; R2 = 0:58(n = 60)

y, = 0:45et30%: R2 = 0:65(n = 37)
ys = 0:26e"9™;R? = 0:71(n = 9)
y4 = 3:84e®3%;R2 = 0:61(n = 15)

wherey; is travel distance for a series of ow events ang is an estimate of water depth
at peak ow. Equations derived from experimental release dbgs (Length=1.7 m 0.4
Diam=14 cm  4) stripped of irregularities in a 5500-m-long section of thgravel-cobble
bedded Oyabu Creek in Japan with no boulders or instream wood block travel; bankfull

width= 9 m; gradient= 4.0; size of released logs not represe@tive of maximum riparian
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heights (20-30 m); riparian tree species beeclragus crenatg,oak (Quercus mongolicy,

Japanese cherry birchBetura grossg, r ( Abies rma), and hemlock (Tsuga sieboldi)

Transport distance as a function of jam spacing ( Martin and Benda, 2001).

:Lj

|
-

where, is the transport distance over a lifetime of a piece of woot; is the distance between
transport obstructing jams, T,=T; is the longevity of wood over longevity of jams and is
the transport-obstructing e ectiveness of jams. Theoretial quantitative equation based on
inter-jam spacing and degree of channel obstruction for 2&aches ranging from :3 to 23
m in width within the Game Creek watershed in southeast Alaskeassumed that transport
distance is limited to interjam spacing, did not directly masure distance; tree species are
western hemlock Tsuga heterophyllg, Sitka spruce Picea sitchensi3, Sitka alder (Alnus

sinuate), and salmonberry Rubus spectabilis

Stochastic models of travel distance and mobility of individ ual pieces

(Lassettre and Kondolf 2003).
Ta = LiMF [In(RI)]

Pm = my+ myMF + ms[In(RI)]
1

MF = -
+m3D+C1+Cy+C3+Cys+Cs

m1+m2""bkf

l+e
where,MF is a mobility factor with values between 0 and 1P, is probability of movement

and Ty is travel distance. RI is recurrence intervalm;, m, and ms are constants,L is the
length of a piece of woodD is average diameter of a piece of woo#,; is the channel
width at bankfull, and C; are categorical variables of decay class by species, speatability
by type, rootwad presence, and cut. Empircal equations ddeped for individual pieces of
wood in central California in meandering sections of Amaya €ek (v = 6m) and East

Branch Soquel Creek Wwws = 12m) characterized by channel-spanning log jams; stream
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wood included big leaf maple A. macrophyllum), red alder (A. rubra), tanoak (Lithocar-
pus densi ora), coast redwood §. semperviren3, and Douglas- r (Psuedotsuga menziesi
maximum log length was 60 m; assumed wood moved only the avgggam spacing ;) for
yearly occurring oods; travel distance was adjusted upwas for more mobile pieces and to
account for the fact that wood could pass jams by a multiple d¥IF and the natural log of

the return period (RI)

Empirical logistic model of key piece mobility based on wood ch aracter-

istics ( Wohl and Goode 2008).
Pn=1=1+¢€ %)

X=1:4+0:32 ,, +0:0D,,, 0:02C; 0:13C; +0:20C5; R?=0:47

Where P,, is probability of key piece mobility, L is the piece length divided by average
reference channel width and is the dimensionless annual peak ow depth divided by
piece diameter. Categorical variable€,, C, and C3; are whether a key piece is a bridge,
unattached or ramped, respectively. Developed using ve diin elevation streams of the
Rocky Mountains in Colorado after 10 years of repeat surveyshannel widths ranged from
4.3 to 6.5 m, maximum wood length was 18 m and in-stream wood svanostly conifers:
Engelmann spruce Picea engelmanni), subalpine r (Abies lasiocarpg, and lodgepole pine

Pinus contorta.

Empirical linear relationships for percent mobility based on flow char-

acteristics ( lroune et al., 2015).
Mo, = 4:2+0:0068 [Hynax];R =0:62(n = 17)

Mo, = 14,514 + 20(Hmax =Hgk ); R = 0:60; (n = 17)

Where My, is percent mobility, ! [Hyax] is unit stream power for maximum stage height
in N=m?3, and Hma=Hg is ratio of maximum stage height over stage height at bankful

Fitted for forested mountainous headwater rivers in Chile;l@annel widths range from 5 to
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13 m, maximum length of instream wood was 25 m, and wood typedsminated by native
coihue (Nathofagus dombeyiand nervosg and tepa (Laureliopsis philippiang, as well as
plantations of eucalyptus Eucalyptus globulusand pine (Pinus sp); results showed wide

scatter, with increasing variance among higher values ofahexplanatory variable.

Empirical exponential relationship between wood volume and wood ve-

locity ( Ravazzolo et al.2015a).
Vi = 0:72V0%2:R? = 0:87(n = 5)

wherev,, is wood velocity inm=s and V,, in m® is wood volume. Equation were developed
using data from ve logs with GPS tags and tracked during a od in the large, 800 m wide,
bar-braided Rio Tagliamento in northeastern Italy; in-steam wood is at maximum 25 m in

length and primarily alder (Alnus incana), poplar (Popoulas nigrg, and willow (Salix Alba).

Logistic model of mobilization based on wood characteristics (Merten
et al., 2010).
Pmob = €1+ €)

Xx=0:39 264 ;+086, 152; 077, 0805 009¢ 159,
n = 865; P < 0:001 NagelkerkesR = 0:39

where P,obis the probability of mobilization, ;=burial, ,=e ective depth, 3=length
ratio, s=bracing, s=rootwad presence, g=downstream force ratio, ,=draft ratio. De-
veloped using data from instream large wood within the chamhfrom nine forested streams
draining into the north shore of Lake Superior, Minnesota;ipce lengths 3 3 m and di-
ameters 018 :13 m; no tree species speci ed; ow depths ranged from .5348.m, velocity
from .86-1.92, stream power from 15-252 N/m*s, slopes fron01.02, bankfull widths from

3.4-24 and peak ow from 2.1-54.7 Afs; data collected during year of extreme drought.
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Transport ratio as a function of wood characteristics and di scharge
for single thread ( T,s) versus multi-thread ( T ) reach ( Ruiz-Villanueva et al,
2015a).

as a function of wood Volume Vy);
Tis =0:31V,, “?°;R?=0:56

T =0:03v, ¥®;R?=0:33

as a function of wood diameter,,) and mean water depth Wyepth);

Ts = 0:18(Dy=Wyeptn) + 0:32 R? = 0:93

T = 0:49(Dy=Wiepnn) + 0:58 R2 = 0:94

as a function of wood length I(,,) and channel width Ww);
Ts = 219(L.=w)+0:92R?>=0:91
Tim =2:40(Ly=W) +0:12 R?=0:82 forL,=w < 0:12
Tm = 291(L,=W)+0:77.R?>=0:73 forL,,=w > 0:12
as a function of wood density (u);
Trs =3:27& %% ,;R*=0:98n=4
T =1:036 1% ;R*=0:84n=5
as a function of discharge@);

Tis 0:12 + 0:004Q; R? = 0:91; for Q < 10QRI =10

Tis 0:25 + 0:001Q; R? = 0:44; for Q > 10QRI > 10

OR

Tis = 196+ :35Q%";R?=0:91
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Twm = 0:17 +0:005Q;R? = 0:97 for Q < 11QRI < 15
Tm =0:3+0:001Q;R?=0:55, for Q > 11QRI > 15

OR
Tw = 212+1:32Q%3;R?=0:95

The transport ratio, T, is the amount exported divided by the total amount importedto
the reach. These series of equations developed from numargimulation usingWoody Iber
computer model and simulating wood and channel charactelitss from eld data collected
from the Czarny Dunajec River in the Polish Carpathians; simated both multi and single
thread reaches; tree species included large aldefdnus incana), large willows (Salix fragilis
and S. albg and young willows S. purpureaand S. eleagnoy wood lengths ranged from
1-18m, mean=12.5, widths from .05-.8 m, mean=0.23 and detysirom 0.4-0.95 g cm?,
mean=0.56; results from equations from simulation of 10 yrood (Q=105 nm¥/s) and using

mean values except for the variable for which the relationghwas modelled.

1.B. Datasets

These datasets can be accessed via the Colorado State Digdata repository under
Research Project \Big River Driftwood in Northern Canada" fttp://hdl.handle.net/
10217/100439
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Data Set S1 changeinstorage.csv These data provides a compilation of wood mobility from change in

storage measurements from previous studies around the world. Preserd in Section 1.3.

Study

River

Lmax

w

Timelnterval
ReachL
FbankfulpeakQ

RI

Units
Start
Came
Went
Stayed
External

Internal

End Value

%EndthatCame
%StartthatLeft
%StartthatRepositioned
%TotalMobility

Full citation provided in bibliography of dissertation

River name

Maximum Length of wood found in stream in meters

Width of stream. If range given, median was used.

Length of time between monitoring storage

Length of reach under investigation in meters

fraction bankful of peak discharge between site visitsEither reported,
estimated based on text descriptions or calculated based on reported
discharges.

Recurrence Interval of highest discharge between site visitsReported
or estimated based on text descriptons

Speci es what was measured

value for amount at beginning of time interval

imported wood into reach during time interval

exported wood from reach during time interval

wood that Remained within reach -includes internally moble pieces.
wood that moved through reach in time interval- imported and ex-
ported with little to no residence time in storage

Wood that was repositioned within the reach

The nal value of wood in the reach at end of time interval

Reported or Calculated as came/end*100

Reported or Calculated as left/start*100

Reported or Calculated as internal/start*100
Calculated as (came+left)/(came+left+stayed)
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Data Set S2 transportdistance.csv These data provides a compilation of travel distance of wood from

previous studies around the world. Presented in Section 1.3.

Study
river
location
Start
End
Interval

OneFlood

FloodLevel

transported
recovered

recoveryrate
streamwidth

Tmin
Tmed
Tmean
Tsd
Tmax

TrueMax

Citation for study. Full Reference in dissertation

Name of river

Location of river

Start year or date when wood was monitored

End year or date whne wood was monitored
Time interval as year(s) or fraction year that the distance measurement
covers

Factor \Y/N" indicating that the measured travel distance is d ue to
one high ow (Y) or undi erentiated mulitple (N)

Factor w/3 levels \low" \\moderate" or \high" indicates quali tatively
whether transporting ows were likely below bankful (low), about
bankful (moderate) or above bankful (high) based on descriptions in
reporting article.

reports the number of pieces in study that monitored and transported.
reports the number of pieces that were recovered andstances esti-
mated

fraction of wood moved that was also recovered

reported stream width in m. When ranges were given thiswas esti-
mated to be the median.
Minimum travel distance (m) reported

Median travel distance (m) reported

Mean travel distance (m) reported

reported standard deviation (m) on mean travel distance

reported maximum travel distance or maximum monitoring reach siz
when pieces were transported longer distances than contained within
the study area.

Factor w/2 levles \Y/N" which speci es if the maximum reportedi s a
true max or if it simply the bounds of the study reach.
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CHAPTER 2

Estimating fluvial wood discharge using timelapse
photography with varying sampling intervals
Summary

Monitoring large wood (LW: width > 10 cm, length> 1 m) in transport within rivers is a
necessary next step in the development and re nement of wobddgets and is essential to a
better understanding of basin-wide controls and patternsfaW ux and loads. Monitoring
LW transport with coarse interval (1 min) timelapse photography enables the deployment
of monitoring cameras at large spatial and long temporal sles. Although less precise than
continuous sampling with video, it allows investigators tcanswer broad questions about
basin connectivity, compare drainages and years, and idégttransport relationships and
thresholds. This paper describes methods to: (i) constructivial wood ux curves, (ii)
analyze the e ects of sample interval lengths on transportséimates, and (iii) estimate to-
tal wood loads within a speci ed time period using coarse iatval timelapse photography.
Applying these methods to the Slave River, a large volume (3@ms), low gradient (10?2
m/km) river in the subarctic (60 N), yielded the following results. A threshold relationship
for wood mobility was located around 4500 cms. More wood isatisported on the rising
limb of the hydrograph because wood ux rapidly declines onhe falling limb. Five- and
10-minute sampling intervals provided unbiased equal vamce estimates of 1-minute sam-
pling, whereas 15-minute intervals were biased towards uastimation by 5 6%, possibly
due to periodicity in wood ux. Total LW loads estimated from the 1-minute dataset and
adjusted for a 15% mis-detection rate from July 13th through Ag 13th are: 1600 200 #
pieces, 600 200 n? and on the order of 13  1C° kg carbon. The total wood load for the
entire summer season is probably at least double this estiteédbecause only the second half

of the summer ows were monitored and a large early summer ge&eshet was missed.
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2.1. Introduction

In-stream large wood plays an important and necessary role the geo-eco-socio func-
tioning of river corridors, coastlines and depositional [sns. The presence of wood within
channels is increasingly recognized as a contributing factto large scale change in uvial
forms and processesQorenblit et al, 2011; Collins et al, 2012; Polvi and Wohl, 2013).
In-channel wood facilitates complex channel ow, enhancégporeic ow and creates more
pool and backwater areas; thus its presence enhances thegeimchemical cycling of carbon
by increasing residence times of particulate organic mattend dissolved organic carbon
(Battin et al., 2008; Wohl et al., 2012; Skalak and Pizzutp 2010). Export of wood to the
oceans and storage of wood along riparian corridors, lakeosés, in basins are important for
food webs and biodiversity Gonor et al,, 1988;Everett and Ruiz, 1993;Naiman et al., 2002;
Gurnell et al., 2005). Arti cial introduction of wood for stream rehabilitation projects is a
common management strategyBeechie et al, 2010). Large wood accumulations deposited
during oods are considered when designing in-stream strwces such as dams, weirs and
bridges Ruiz-Villanueva et al, 2014). Coastlines are stabilized from erosion by the prese
of wood (Heath eld and Walker, 2011). And lastly, human communities often depend on
driftwood as a fuel to heat their homes. Jones et al, 2013).

Although many studies quantify, either in the eld or via remde sensing, the potential
stock of wood available for transport along streams and rix® (Abbe and Montgomery2003;
Moulin et al., 2011;West et al, 2011), little e ort has been employed in monitoring and
guantifying wood in transport as it happens. The buoyancy alood makes the use of imagery
ideal for monitoring wood transport. Just as sediment gageseaintegral for developing basin-
wide sediment budgets, wood gages, in the form of camerasjlddbe used alongside stream
gages to generate wood transport data to inform basin-wideowd budgets. At the most basic
level, a wood budget is a change in wood storage along a reagna to the inputs (from
the hillside, bank and upstream) minus the outputs (export dwnstream or to long term
permanent storage on the oodplain). Previous attempts at gnerating wood budgets have

focused on estimating recruitment volumes and changes irosige and then back-calculating
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wood export Benda and Sias2003). However, this approach may be underestimating actua
wood export by as much as a factor of tenMacVicar and Pegay, 2012). Recently,Schenk
et al. (2014) tracked individual logs in transport using radio tedmetry and combined those
results with data from aerial photographs and on-site woodusveys to develop the rst
basin-wide wood budget on the low gradient Roanoke River in kb Carolina.

A rst attempt at creating a wood transport curve used video nonitoring of oods on
the Ain River in France in 2011 MacVicar and Pegay, 2012). The study focused on high
temporal resolution (continuous recording at 5 fps) videoata over hydrograph peaks and
then analyzed subsamples via an automated MatLab program. hfee major conclusions
were: wood transport begins at a threshold value of two thislbankfull discharge, wood
discharge increases linearly with water discharge up to thmnkfull discharge, after which it
becomes much more variable as the ood plain is inundated, drwood transport rates are
four times higher on the rising limb than the falling limb (MacVicar and Pegay, 2012).

Whilst video monitoring provides high temporal resolution dta useful for computing
rates of transport and ne scale relationships between woahd water discharges, timelapse
photography allows a researcher to sample at broad spatiaiédlong temporal scales. Inves-
tigations at broad scales that answer questions about bastonnectivity are integral as river
scientists attempt to quantify system resilience and makeecommendations for managers
in an increasingly uncertain future. Sampling at long interals (minutes) is also extremely
advantageous for studies with small budgets which seek tostall networks of cameras to
be left up for months. This is especially true for remote arsawhere access, travel costs, or
project costs limit the practicality of video monitoring.

This study is part of a larger study investigating wood tranport in large rivers and
export of LW to the Arctic from the Mackenzie Basin, Canada. Pd of the larger study
involves basin-wide questions of wood connectivity, di @nces in transport thresholds be-
tween tributaries and relationships between wood export @nice jam processes. Prior to
installing a network of eight remote cameras to be left up fanonths in a basin which drains

20% of Canada, this study was conducted to develop procedsite: estimate LW uxes and
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total loads during high ows with non-continuous coarse dat and; identify unbiased, equal
variance coarse sampling intervals with the overall goal teelect the coarsest sampling in-
terval possible in order to minimize post-processing timen-site power usage, and memory

storage.

2.2. The Slave River Study Site

The Slave River begins at the con uence of the Peace River Wwithe Athabasca Delta
and ows north for 430 km, providing 74% of the in ow to the Gret Slave Lake Gibson
et al., 2006), one of the world's deepest lakes and the origin of tiMackenzie River. The
Slave River drains approximately 6 10 km?, with much of its water originating from the
melting of mountain glaciers and snowpack in the Canadian Rkies in Southern Alberta.
The Slave River freezes every winter and there are generdilyo hydrograph peaks: the rst
corresponds to ice break-up and the second is a freshet pealated to runo from snowmelt.
However, not all years have a large ice break-up ooding evehecause it is dependent on
river ows and the formation and location of ice jams Beltaos et al, 2006). In some years,
large releases from the W.A.C Bennet Dam (built 1963-1968, dtl by 1971) on the Peace
River and/or large summer rain events can cause late summescendary peaks.

The Slave River ows through boreal forest and recruitablerees along the river corridor
are predominantly fairly small (< 30 cm diameter) aspens and white spruce. However, it is
common to nd driftwood tree boles of poplars and conifers 3080 cm in diameter (without
bark) and 10 20m in length (many snapped) in the vicinity of the eld site (4npublished
data). This suggests long (10 10°* km) travel distances of in-stream wood recruited from
the Northern Alberta plains and mountainous forests of the Solern Canadian Rockies
where trees are larger. Although not addressed in this studge processes likely play a large
role controlling annual ux of wood from the Slave and other Nidhern rivers. Trees which
fall into the river via bank failure or are stranded by high ows are routinely transported by

ice jams and associated oods.
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A camera was installed next to the "Slave River at Fitzgeraldjage 7NB001 operated by
Water Survey Canada (1921-present). Based on a cross-sectsurveyed on May 12, 2011 by
Water Survey Canada, the cross-sectional area is around 80®° with bottom depths from
8 12 m and a surface width of 400 m. The upstream gradient is 20m/km and the gross
drainage area is ®6 10° km?. Summer ows generally range from 2000 6000 cms and
the highest recorded ow was 11200 cms on May 5th in 1974 dugiran ice break-up event.
The 1.5 year ood is 5700 cms based on 45 years of data from 1966 to 2Olce break-up
occurs in May, freshet peaks occur in June and July, base owseareached by September
and freeze-up occurs in November.

The 10 cm in diameter and 1 m in length cuto for LW commonly usd in instream
wood studies Naiman et al, 2002), and the 20 cm in diameter and 3 m cuto used by
Schenk et al.(2014) are both reasonable approximate size thresholds fine Slave River
based on analysis of size distributions of logs measured ionthstream jams (Fig. 2.1). For
this site, the upper threshold was adjusted to:@3 m in diameter based on a natural break
in the data (Fig. 2.1). Following convention, all pieces gréer 10 cm in diameter and 1 m
in length are considered as LW with pieces smaller than thislenti ed as small wood. An
extension to this categorization is that LW pieces less thad23 cm and 3 m are considered
medium LW and pieces greater than:@3 cm, 3 m are considered large LW. The point jam
ratio of small:medium:large was 25:4:1. Using a simple fortaufor a cylinder (tree boles are
usually stripped of branches are fairly straight) and ignang rootwads, the average LW piece
volume was @5 m?, s? = 0:31 forn = 127. Most of the variance in LW volumes comes from
the variance of large LW which had a mean volume of.a1 m?, s> = 0:52 forn = 35. In
comparison, the mean volume for medium LW was@ m?, s? = 0:01 forn = 92. These are
minimum estimates because they do not include rootwad voles. Approximately one third
of the LW logs measured from point jams had rootwads. More woneeds to be conducted

to develop root wad volume relationships with easily meased metrics.
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Figure 2.1. LW size thresholds from point jams. Wood pieces were mea-
sured along transects using the line intersect method in jasrwithin 20 km
downstream of the camera location in 2012. Transects werddaalong the
entire length of the jam perpendicular to piece orientationAny piece crossing
the line was measured for its length and two end diameters. &h-axis in
this plot is the average of the two end diameters. For two trasects, lines were
drawn with spray paint and any piece with paint on it, no matteg how small,
was counted. These two surveys are represented as lled t&x; black denotes
sticks or logs while grey denotes bark(B). The grey plus sigmepresent logs
from transects from which only logs> 10 cm in diameter@l) and > 1 m in
length(l) were measured. The dashed lines are drawn at two thresholdisid-
ing the log pieces into three categories: small(d =10cm, | =1 m
medium(M) <d =23 cm,| =3 m large(L). Using these thresholds, the
point jam piece size ratio was 6(B):25(S):4(M):1(L).

2.3. Data Collection

In the summer of 2012, an Olympus X560WP camera connected to amervalometer
captured photos at one minute intervals for 32 days from July3th through August 13th.
Not all days were monitored within the study period. The camexr was not functioning July
18th, July 23th through the 27th and from August 1st through Augst 8th. The camera

was placed on the outside of a bend constricted by a bedrockimoand looked out across

the river (59 51%48"N; 111 3528", 120 azimuth).

For the majority of the channel and the majority of the ows, it took close to, or longer
than, one minute for a log to traverse the eld of view. Theradre, the 1-minute dataset

is assumed to represent the true count of logs during the saleg periods. The thalweg
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transported most wood (90% based on an hour of on-site obsaion) closer than 100 m
to the bank with downstream transport distances of 20 100 m in the eld of view. The
channel length captured by the camera for the far shore is amod 400 m. The average
velocity calculated by dividing discharge by cross-sectial area ranged from 40 60 m/min
throughout the study period. Surface velocities measured MWater Survey Canada on May
12, 2011 during a discharge of 4700 cms ranged from 1250 m/min. The peak ow during
the study period was 5000 cms, the average ow was 4000 cmsd dhe minimum ow was
3400 cms.

A total of 12;761 photos were manually analyzed for presence/absence amunber of
easily identi able pieces of LW such as tree boles, rootwadsnd larger branches. If present,
the number of pieces in each photo were tallied. If a log wasailating in the eddy near the
shore or if it was at the top of one frame and the bottom of the i, it was not counted more
than once. In total, 652 logs were counted and 7% of them hadotwads. This task was
not automated because the human eye performs better than amated object identi cation
schemes and the goal of the study is to analyze the e ects ofngaling at coarser intervals,
not the detection of error rates for automated techniques.

In order to obtain an idea of error associated with mis-couatl logs in images, an hour
was spent on-site viewing and recording logs in transport ip013. When wood oated by
the camera, the time, distance from shore (close 60 m or far> 60 m), and approximate
size (small, medium or large) were noted. Small pieces incedisticks and branches esti-
mated to be under the 10 cm in diameter and 1 m in length cuto foLW. Medium and
large pieces were tree boles or large branches. Large piegese estimated to be greater
than 23 cm in diameter and 3 m in length based on piece size distutions measured from
downstream jams (Fig. 2.1). During the hour, a total of 102 pmes were counted and the
ratio of small:medium:large pieces was 20:3:1. This ratis similar to the ratio of 25:4:1 ob-
tained from jams, thus the average piece size on point jamslilely a good approximation of
average piece size for logs in transport. Counted logs weheh compared to wood identi ed

on photos taken during the same time period at intervals of 3®econds. Small pieces were
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generally not seen in the images. Twenty LW pieces (medium targe) were counted with
an success rate of 85% (£20). Thirteen of the 20 logs were correctly counted while 4 &f7
logs were made-up. All of the logs that were missed were mediwmed logs marked as far
from shore. There was 100% recognition of large logs and madilogs close to shore. From
on-site eld observations of oating wood, most logs were niavaterlogged and oated high

on the surface, thus error rates due to sunken logs are assuane be negligible.

2.4. Wood Flux as a Probability

2.4.1. Statistical Methods. Calculating wood ux as probability of occurrence (pro-
portions of photos) is very advantageous because it does m#pend on wood size or count,
e ectively eliminating large uncertainties with calculaing these metrics. It also allows for
easy comparison across drainages with di erent wood sizesdafacilitates quick post pro-
cessing of photos. In order to calculate a wood ux as a probiily, only presence/absence
needs to be noted. An additional level would be to include seat quick categorizations (e.g.
absent, single, sparse, clumped, congested or carpet) aime tprobabilities of each. During
this study, there was only sparse wood transport so categesi were not utilized.

Unlike monitoring water discharge, it is impossible to everlain complete absolute
values of wood ux because there will always be data gaps atghit when it is too dark
to capture good imagery. Additionally, there are often data gps when equipment is not
working or not installed. Strati cation of proportion estimates (by time, by discharge, or
by any other scheme) allows comparison between strata cateigs with unequal number of
photos and extrapolation of data into unsampled time periogl Precision will always be
increased when strati cation is used if variance within stta is minimized while variance
between strata is maximized $chea er et al, 2012).

For the Slave River case study, both strati cation by day andstrati cation by discharge
were utilized. Daily proportions are the probabilities, fo any given moment, in any given
day, of seeing wood in transport. Discharge proportions atke probabilities of seeing wood

in transport for speci ed ranges of ows. Strati cation by day was used to obtain insights
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into how LW ux relates to water discharge. Strati cation by discharge was used to estimate
total LW loads despite data gaps of more than one day.
Proportions, p, and variances,¥ (p), were estimated based on systematic sampling of a

nite population ( Schea er et al. (2012), pg. 228).
Xy
® p=" % 0= Mrpc

Where P ", Vi is the total number of photos with logs presentn is the total number of
photos sampled (sample size§}i8 1 p, fpc is the nite population correction factor (NN—”)
and N is the nite population, the total minimum number of frames needed to uniquely
capture the entire wood load within a period of interest. If he entire period of interest
was sampled at intervals equal to the amount of time for a logpttravel across the frame,
then you would be calculating the proportion exactly ¥ (p) = 0). For n << N the fpc
approaches 1 andl (p) approaches the equation for an in nite population. For thé study,
1-minute intervals were used to estimat®\ since this was the approximate amount of time
that it took a log to traverse the eld of view during samplingperiods (see Data Collection).

If strati cation was desired, p and ¥V (p) were estimated using double sampling for strat-

i cation.

@ pa= WP V()= 5  Wwpa+ (1 W4
i=1 i=1 i=1

Where L is the number of strata andw} = N;=N, the weight for each stratum. Weights

were calculated post sampling as the proportion of the pomtlon (total # of intervals) in

each stratum. g was calculated usiag Egn 1 for each stratum and 95% con deng#ervals

were constructed using a bound of 2¥ (ps). YV (p) is the sum of two terms. The rst term

is the variance of the sampling, while the second term peradis for choosing strata after
the fact (the number of samples within each stratum was not kawn prior to sampling). In
most cases, the second term rapidly approaches zeroragicreases and can be considered

negligible (this study included).
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2.4.2. Slave River Results. Within this 32 day study (July 13th-Aug 13th), LW ux
(p) ranged from zero to just under 20% and peak values correspiea well with a freshet
peak in mid July (Fig. 2.1, top). The estimated probability fran sampled images over the
entire study period was near 4% (Table 2.1). Precision on thiestimate was increased by
6% and 9% if strati cation by day and by discharge were utilied (Table 2.1). Strata by
discharge included two groupsQ < 4500 cms and) > 4500 cms based a transport threshold

identi ed by comparing daily water discharges to daily wooduxes (Fig. 2.1, bottom).
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Figure 2.1. Wood ux and transport thresholds, Summer 2012. Top: Com-
parison of wood ux as daily probabilities (as bars) to waterdischarge Q)
over the study period. The horizontal line segment at top ofrgph shows the
time period (July 13-Aug 13) over which the total wood loads werestimated.
Sampled periods are depicted as thicker bars. Unfortunatetiue to a camera
malfunction, data were not gathered over the apex of the hunagl peak in
late August. For this year, ice-o occurred May 8th without ice jam ood-
ing. However there were two prominent freshet peaks. Camenastallation
occurred after the rst peak, but captured the second. Botto: daily proba-
bilities of seeing wood in transport versus discharge. A tnaport threshold of
Q = 4500 cms is identi ed and shown in both graphs.
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Table 2.1. Comparison of strati cation versus nonstrati cation on prand its
precision for the complete 1-minute dataset from July 13th lough August
13th. The nite population total was estimated to be the numker of possible
frames taken at 1-minute intervals within these 32 days\ = 46;080). Q was
strati ed based on a 4500 cms threshold for transport (Fig. 2). Refer to Eqn.
1 for the calculations ofp} ¥ (p), and Bound. % Precision were calculated

as change in 20 (p) from no strati cation.

P ¥ (p) Bound % Precision
no strati cation 4:14E 2 2:23E ® 3.00E 3 |[{
stratied by Q 4:14E 2 2:11E © 2:91E 3 +6:25
stratied by Day 4:14E 2 2:.06E ® 2:87E ° +9:10

2.5. Analysis of Sampling Intervals

2.5.1. Statistical Methods. In order to examine the e ects of sampling interval on
LW ux and load estimates, The data were split into sub datases at xed 5-, 10- and 15-
minute intervals. Because the intervals are xed, there wer ve 5-minute datasets, ten 10-
minute datasets and fteen 15-minute datasets. Hencefortlgach dataset within a sampling
period will be referred to as a trial. Variances were calcukd with the population total N
equal to the 1-minute dataset rather than total number of 1-nmute photos possible over the
entire study period (see Egn. 1 and Table 2.1). This was done tise the collected 1-minute
data as the known true population,p, when comparing the e ects of sampling at coarser
intervals. Errors of estimation were calculated daily andor the whole time period ap” p,
where@is the estimate ofp obtained from the 5-, 10- and 15-minute trials. When the error
of estimation is negative p’underestimates and visa versa.

To compare variances and bias between sampling intervals,is necessary to make the
sample size of each trial over all sampling intervals equabkwootstrapping. A simple random
sample of sizen = 100 for each 5-, 10- and 15-minute trial was repeatedly sahep 1Q 000
times. The meanpand Y (p) were calculated for each trial, and the average of all theials

within each time interval f was compared to the population valug from the 1-minute data.

2.5.2. Slave River Results. Non-strati ed proportions of photos with wood present

were calculated for each trial using Egn. 1. While the 5- and dfinute intervals provided
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unbiased estimates of the 1-minute proportion ( +10%%), the 15-minute dataset was biased

towards underestimating the actual value by about 5% (Fig. 2.and Table 2.1).
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Figure 2.1. Error of estimations for all trials. Open circles represengrrors
from the 1-minute data calculated for each trial, closed ates are the average
error of all trials for each interval and the dashed. Circleplotted on the
dashed line show very little to no di erence relative to the dminute dataset.

Table 2.1. Mean errors over all trials for each interval.p’is the estimated
proportion of photos with wood over the entire sampling peoid for each in-
terval and p was estimated from the 1-minute data to be :44E 2.

5 min 10 min 15 min
P p 234E 7 358 7 220 3
%difference 5:67E 4 866E 4 5:30

All daily estimates of proportions for 5-, 10- and 15-minutertals in relation to the 1-
minute data are shown in Figure 2.2 for the freshet peak mid JulyProportions have much
more variability on the rising limb than the falling limb for all trials. Most trials capture the
peak in the 1-minute data, but the 15-minute trials appear taconsistently underestimate
peak values and do a poor job characterizing the steep fallirimb. The daily errors of
estimations con rm this pattern. While the 5- and 10-minute atasets appear to be evenly
split between under and overestimating the true proportionthe 15-minute data consistently
underestimate. In addition, the errors are 2-3 orders of magude larger for the 15-minute

data compared to the 5- or 10-minute data, most notably neargak wood transport.
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Figure 2.2. Timeseries of each trial over the freshet peak with daily esrs.
Solid bars showp from the 1-minute data while grey lines are the €stimates
from each trial. Solid error bars were calculated by averayg the errors from
each trial and then by subtracting from the 1-minute dataset

Although the 15-minute trials are biased towards underestiation, bootstrap sampling
clearly demonstrates that the variance is stable across aample intervals (Fig. 2.3). Al-
though not shown, the data were unbiased up to 14 minutes. Thsudden bias at 15 minutes
suggests that there may be some periodicity in the data. Thislea is somewhat supported
by a slight jump in the number of instances corresponding wita 15-18 minute lag between

wood presence in images (Fig. 2.4).

2.6. Calculating Total Wood Loads

2.6.1. Statistical Methods. The following equations calculate, in steps, the esti-
mates for total wood loads (count and volume) within a perio@f interest. By calculating in
steps, imprecision for each component can be clearly comgaito other components. Sam-
pling strategies can be employed to focus e orts on reducingriability in the most e cient
manner by addressing components with the most imprecision.

For each stratum of interest, estimate:

(1) total number of frames that logs are present
3 fi = Np V() = N2U(p)
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Figure 2.3. Comparison of proportions and variance across sample intals

using bootstrap sampling to achieve equah. Each trial was sampled for
n = 100, 10,000 times and averaged. All trials were then averaged to obtai
an estimate for each sample interval. Dashed lines represealues from the

1-minute dataset.
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Figure 2.4. Frequencies of lag times between LW presence in images. Time
between presence decays fairly rapidly and evenly from 1 mte to about 14
minutes. This is expected since most wood is transported Wwih 4 days of
the 32 day study period (Fig. 2.1). After the curve decays to neaero at

14 minutes, there appears to be secondary jump in the numbef iastances
corresponding with a 15-18 minute lag between wood transpoA second, yet
more gradual, peak occurs between 20 and 25 minutes.

WhereN is the number of frames within a set time interval it takes a Ig to traverse
the eld of view and p and ¥ (p) are computed using Eqn. 1. N is essentially

the minimum number of frames (moments in time) needed to capte the entire
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LW population within a stratum in a study period. For the Slaw River, N was
estimated to be the number of one minute intervals within edcstratum for the 32
day study period (see the Data Collection section for justcation). However, N
could be adjusted to account for changing velocities. Thisag be useful for rivers
with rapidly varying ows or narrower rivers with shorter tr ansport distances.

(2) total count of logs
(4) T.= Tic V(T = T () + V(1)

Where c is the average number of logs in a photo when logs are presents the
sample standard deviation, and? (c) = s2=nfpc. For this study, the entire sample
was used, butc could also be computed using a subsample, which could grgatl
increase processing e ciency. Within any population smallesubsamples will be
less precise than larger ones. If a population has high var@e, more samples will
need to be included to achieve the same precision as a popigatwith low variance.

(3) total volume of logs
(5) T, = v V(T = T20(v) + v ()

Wherev is the average volume per log andl (v) = s2=n. The average volume per log
could be calculated from a sample of the captured images, iesited, or measured
from jams downstream. Ifv is measured directly from the sampled images, a nite

population correction factor should by applied to the variace, as in Eqgn. 1.

To compute total LW loads over an entire period of interest sm over all strata and
compute a bound. For the equation below]; denotes any of the above totals from a single
stratum.

bS X q__
(6) T = T\u O(T\i) = O(-ﬁ) Bndgseci =2 \l)(fv)

i=1 i=1
A carbon load can be calculated by multiplying the total voline estimate by an average

density and then multiplying by the of fraction carbon.
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2.6.2. Slave River Results. Three main assumptions were made during the calcu-
lation of wood loads for the Slave River: (i) the sampled perds are good representations
of the unsampled ows, (ii) a log traverses the eld of view atabout 1-minute intervals for
the duration of the study, and (iii) logs measured in jams areepresentative of the size dis-
tributions of large logs captured on the images. The rst assnption is reasonable because
most of the unsampled ows occurred beneath the 4500 cms tisport threshold and wood
transport under this threshold had low variance (Fig. 2.1, bitom). Based on on-site ob-
servation, the unsampled peak in late August transported waloat similar rates as sampled
periods under 4500. Wood available for transport is likelyt@red along banks higher than
the bankheight for ows < 4500 cms.

The second assumption that a log traverses the eld of view about 1-minute intervals
for the duration of the study is reasonable based on image dysis and an analysis of velocity
ranges (see Data Collection). Although more rigorous estiman of the total number of
frames needed to uniquely characterize the wood load is pibss by accounting for changes
in velocity, using an approximation based on one minute inteals was deemed acceptable
for the goals of this study: outline methods for using timefase photography to investigate
the e ects of sampling at coarser resolutions and to obtainrst order estimates of wood ux
and loads. Uncertainty due to this factor was not included inhe estimate of total wood
loads. An improvement to the techniques presented here woullee to rigorously estimate
the minimum number of theoretical frames needed to capturdé entire population of drift
logs by incorporating changes of velocity. Due to variabiji in velocities in wood transport
paths, uncertainty in river cross-sections, and variabtl in channel length in the eld of
view this is actually quite challenging to do. Future work comparing timelapse at short time
intervals to continuous video monitoring may help to constin these estimates.

The third assumption that logs measured in jams are repredative of logs captured
in images is also reasonable. The size ratio of small:medilarge logs from jams (25:4:1),
is similar to the ratio derived from on-site monitoring of wod in transport (20:3:1) (see

Data Collection). Jams were measured the rst season after argje wood ood in 2011

101



deposited them and were positioned above the high water lé¥er 2012. Thus, little to no
winnowing of smaller pieces had occurred prior to measurembe Jams were also not re-
organized by ice because no ice jamming events were recordgthe upstream gage in 2012.
Measuring logs directly from images has large uncertaintiggiven distortion from oblique
viewing, submergence of parts of logs, and uncertainties widths. The characterization
of distribution volumes of large logs in temporary storage ay provide a valuable proxy to
measuring logs directly from images.

Wood loads from July 13th through August 13th were calculateddsed on proportion
estimates strati ed by discharge (Table 2.1). 28% of the stly period was sampled. During
peak transport (Q > 4500 cms), 53% was sampled. Although stratifying by day in@sed
precision more than stratifying by discharge, it was not useto estimate total LW loads
because not all days were monitored (Fig. 2.1). Ice break-umdithe rst major freshet
peak were not monitored, thus the wood loads presented aretrtbe total estimate for the
year, just for the second half of the summer. Because the majp of wood transport likely
occurred during the rst freshet peak mid June (Fig. 2.1), the ttal yearly wood load for
2012 is probably more than double the values summarized belo

The total LW loads, estimated from the 1-minute data, are 140 119 # pieces {fc),
492 120 n# (T,) and on the order of 11° kg carbon. The mis-detection analysis presented
in the Data Collection section suggests a detection rate 05%, meaning that these estimates
are underestimating actual load by about 15%. The wood loadadjusted to take this mis-
detection into account and rounded so that more precision #m present is not implied, are:
1600 200 # pieces {f), 600 20am3 (T,) and on the order of 13E °kg carbon. The bounds
for T. and T, were both rounded up instead of down in order to include any ddional
unaccounted for uncertainties. For this study, amount carbn was estimated assuming an
average density of 450 kg/rh (the main tree species are: poplar, aspen, white spruce, dhir
and larch) and a 050 fraction of carbon. The carbon estimate does not include kmound

because uncertainties associated with the density or framh of carbon were not included.
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Table 2.1. LW load estimates for the study period (July 13th through Aug
13). Estimates were calculated from the 1-mjnute data usinggns. 1-6. Esti-
mates include a 95% con dence interval of 2 V ariance

n N n=N p
Q 4500 8643 38322 B3 QO08E ! 0:02
Q > 4500 4118 7758 B3 L11IE ' 0:09
Q= Al 12761 46080 Q@8 Q41E ! 003
1 c f. T\

Q 4500 306 66 101 003 310 68 109 39
Q> 4500 864 73 127 004 1096 97 384 114
Q=All 1170 98 124 0:.04 1406 119 492 120
n is the total number of frames sampled.
N is the total number frames needed to uniquely characterizée wood load.
n=N is the proportion of the population sampled.
P is the estimated poportion of time LW was present (Eqn.1 or 2)
T; is the total estimated population of frames with LW present Eqns.3 & 6).
c is the average number of LW pieces per frame.
T, is the total estimated count of LW (Eqns.4 & 6).
T, is the total estimated volume of LW in n? (Eqns.5 & 6). An estimated average piece
volume ofv = 0:35 m?; V(v) = 2:4E 3 was used (See Data Collection and Fig. 2.1).

The total count of logs, T¢, from the 1-minute data is more precise than the total volume
T, (Table 2.2). After comparing variance contributions in Eqns3-6 it was determined that
the imprecision in the T\, estimate is largely due to imprecision in average volume pkigy
(v). Most of the variance inT, originates from variance inv (86%) rather than the variance
in T.. The variance inT, mostly originates from variance inp’{92%) rather than variance in

the average number of pieces per frame)(

Table 2.2.  Comparison of LW load estimates between sampling interval&s-
timates for each sample interval were computed by averagitige results for for
the trials within that sampling interval (see Fig. 2.1). Loadestimates were ob-
tained stratifying by Q, as shown in Table 2.1. %rror = ( bound=estimatg

100.
1 min 5 min 10 min 15 min
Total Count
T, (m3) 1406 119 1406 287 1406 409 1314 482
%Error 9 20 29 37
Total Volume
1, (m®) 492 120 492 151 492 183 460 200
%Error 24 31 37 44
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July 13 to Aug 13
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Wood Load (# of LW pieces)

Figure 2.1. Horizontal lines are the 95% con dence intervals in total woeh
load for each trial. The solid vertical line and two dashed ries mark the
estimate from the 1-minute data and its 95% con dence inteal. Filled points
mark the average estimate over all trials for each samplingterval summarized
in Table 2.2.

Precision and accuracy of LW load estimates are compared ass sampling intervals in
Table 2.2 and Figure 2.1. While the 5- and 10-minute data are urd@sed compared to the 1-
minute data, the 15-minute data underestimates by about:6%. When bounds are compared
to the 1-minute data, the 5-, 10- and 15-minute data are:2, 34 and 4 times less precise for
the total count and are 13, 1.5 and 17 less precise for the total volume, respectively. By
comparing % error between count and volume, the 1- 5-, 10- ad8-minute count estimates
are 27, 1'5, 1:3, and 12 times as precise as volume, respectively. Figure 2.1 shoWws 85%
con dence intervals about the total count estimate for eachtrial. All trials for the 5- and
10-minute data plot within the con dence interval of the 1-mnute data while 13% of the
15-minute trials plot outside the 1-minute con dence banddashed lines).

Based on these results, a network of 8 cameras were installe@013 on major tributaries
of the Mackenzie River, Canada and set to take pictures evefy0 minutes. The Olympus
X560WP camera connected to an intervalometer was not used. Atiigh the pictures were

excellent, it was found that this set-up used too much poweptbe practical without regular
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access. Instead, A Brinno TLC200 timelapse camera ($150)thviwaterproof housing was
connected to a 6V Energizer battery. Although this set-up cdpred lower resolution pho-
tographs, wood could still be reliably seen on images. Phgtaphs captured at 10 minute
intervals from March 17th to July 9th in 2013 used A5V and only 1G of memory. Images
with this camera are stored as a movie le with a user-de nedrdmerate. During periods of

wood transport, individual frames can be exported from the ovie for detailed analysis.

2.7. Discussion

The methods presented are a good way to gather broad spatiadcalong temporal wood
transport data. Although imprecise, these methods can be weuseful to examine trends
along a drainage network and trends through time, to help catrain wood and carbon
budgets, and to show general relationships between waterxuand wood ux. Sampling
at coarse intervals extends the amount of time cameras can bt without maintenance
by saving memory space and battery usage. When project budgedre too tight to install
fully equipped monitoring stations with solar panels and aomatic downloads, the use of
coarse resolution timelapse photography sampling provel@ cost-e ective way to monitor
and estimate wood loads. Coarse interval sample also grgateduces the amount of post-
processing time by reducing the number of photos to analyze.

For the Slave River, timelapse sampling at less than fteen mute intervals provides
imprecise, unbiased, equal variance estimates of 1-minut&ta (Tables 2.1 & 2.2). Periodicity
in wood ux will bias results for regular interval sampling f sampling interval is close to the
wavelength of the periodic ux. There may a slight periodidy in ux for the this site
around 15-18 minutes (Fig. 2.4) which may be the cause of thedarestimation bias in the
15-minute dataset. Future work should focus on analyzing wd ux periodicity and relating
it to drivers such as water and/or recruitment uxes.

Appropriate sampling intervals to achieve unbiased estimas may be related to hydro-

graph and wood recruitment regimes. For rivers similar to th Slave River, characterized
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by less variable hydrographs (rise and fall of a peak ow takemany days) and wood re-
cruitment driven by hydrology rather than upslope processg sampling at 5 or 10 minute
intervals should be adequate to achieve unbiased estimat@svood load. For drainages with
short event durations, it is likely that 5-10 minute samplirg intervals may no longer provide
unbiased estimates due to undersampling compared to ratelsohange.

Although caution should be used when applying results from th study to drainages
with ashier hydrographs and/or more episodic wood recruihent dominated by landslides,
the statistical and estimation methods discussed here cam lnsed to determine appropriate
sampling intervals. Additional analyses from many basins ed to be conducted to deter-
mine if there exist universal thresholds or predictable rationships for sampling intervals
which yield unbiased, equal variance estimates of ner saripg intervals and to illuminate
processes and patterns of wood ux across regions. Analysissmod ux, sampling interval,
and rates of change in water discharge between locationserts, and years would be an
interesting future endeavor.

A valuable outcome of monitoring wood uxes using timelapseameras is the rapid
identi cation of transport thresholds. MacVicar and Pegay (2012) identi ed a threshold for
transport near 2=3 bankfull. The 15 year ood event (a proxy for bankfull) for the Slave
River is 5700 cms and two thirds of that is 3800 cms. A 3800 cmegVLiransport threshold
seems to be a tad high for the Slave River (Fig. 2.1, bottom), bus close since there was
less than 1% probability of transport for ows less than 450@ms (Table 2.1). The 4500
cms threshold identi ed in this study is interesting for itssimilarity to a 4000 cms threshold
for ice jam ooding on the Slave River's primary tributary, the Peace River Beltaos et al,
2006).

Estimates of total LW loads are useful for re ning and compung LW or carbon budgets.
After a 15% upwards adjustment for mis-detection errors, thtotal loads for the Slave River
between July 13th through August 13th were estimated to be 1600200 # pieces, 600 200
m? and on the order of 13 1 kg carbon. These estimates of total load depend on how well

unsampled ows are represented by sampled ows, estimatiasf the total number of frames
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(population total) required to uniquely capture wood load,and the estimation for average
volume per log. To help re ne the methods presented in this jper, future work should focus
on analyzing the impacts of data gaps, comparing video moaiing to timelapse photography
in order constrain estimates of population totals, and congring log size measurements from
imagery to jams downstream. These wood load estimates arenimum estimates for the
time period because they do not include sunken logs or rootv@olumes. Rootwad volumes
were not calculated due to di culties in estimating volumesand because only a small (7%)
of LW monitored had rootwads. Future work that focused on dealoping relationships to
easily estimate drift rootwad volumes would be valuable foestimating total LW volumes
and carbon mass from drift logs.

Precision decreased as sampling interval length increasdde to smaller sample sizes
(Table 2.2). For example, the percent error for total wood amt increased from 9% for
1-minute data to 37% for 15-minute data. Thus, determiningmainterval at which to sample
becomes a balance between precision desired and equipmaatess and post-processing time
constraints. Precision can be increased by computing estes using strati cation schemes
such as stratifying by day or discharge (Table 2.1). Total amt estimates are more precise
than total volume estimates (Table 2.2) due to large uncertaties in the average volume per
log. The most gain in precision will be achieved by future wkrthat focuses on reducing
the variance in average volume per log. This can be done by expenting with sampling
strategies and increasing the sample size.

It is important to reiterate that the total loads presented here are not estimates of the
total seasonal load for the Slave River in 2012 because onhetsecond half of the summer
was monitored. Actual wood loads are likely more than twice #se values since the larger
rst freshet peak of the season was not monitored. In 2012 treewas no ice-jam ood event.
In years with ice-jam ooding, wood transport is likely muchhigher due to the bulldozing
e ect of ice and sudden failure of ice jams that release wavekwater downstream. Multi-
year analysis needs to be conducted to determine if theseued are typical for any given

year.

107



2.8. Conclusion

This study is part of a larger study investigating wood tranport dynamic in large rivers
and export of large wood to the Arctic from the Mackenzie BasjnCanada. Prior to the
installation of the network of cameras, this study was iniated to determine the longest
sampling interval that achieved unbiased equal variance gelts and to develop methods to
compute wood uxes and loads from the data. Speci cally, tls study developed methods
to: (i) construct uvial wood ux curves, (ii) analyze the e ects of sample interval lengths
on transport estimates (both ux and load), and (iii) estimae total wood loads within a
speci ed time period from coarse interval ( 1 minute) timelapse photography.

There are many strengths to using timelapse photography to enitor wood uxes and
loads. Itis a low cost, low maintenance, power e cient methd. It can be used to extrapolate
into data gaps, such as night time. It produces conservatiyest order estimates of minimum
wood loads. And, it allows easy comparisons of wood ux to hydgraphs on long spatial
and broad temporal scales. However, it is good to keep in mint$ ilimitations. Estimates
are imprecise. In order to obtain wood loads, it relies on madg several assumptions about
representative sampling, log travel times, and average l&ize. And, it is limited to large
pieces and has a limited range (approximatlx 60 m for logs> 10 cm in width and 1 m
in length; and < 300 m for logs greater thar> 20 cm in width and 3 m in length). As
mentioned in the Discussion, future work should focus on imgving precision, analyzing the
e ects of data gaps, estimating rootwad volumes, estimatgsunken log transport, comparing
timelapse to video monitoring, and identifying intervals hat produce unbiased estimates for

a variety of drainage sizes, hydrograph regimes, and redraent processes.
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SUPPORTING INFORMATION FOR CHAPTER 2

2.A. Dataset

This dataset can also be accessed via the Colorado State Edapdata repository under
Research Project \Big River Driftwood in Northern Canada" fttp://hdl.handle.net/
10217/100439

Data Set S1 FF2012 wood.csv This dataset is a compilation of presence and number of wood pieces @ach
minute timeframe moving past the Fort Fitzgerald Gauge on the Slave Rver, Alberta from July 13th 2012

to August 10th 2012. Gauge and camera located at 59.872222 N, 111.583333 W. Data were used to analyze
appropriate sampling intervals to monitor wood ux in Chapter 2 "Estim ating uvial wood discharge using
time-lapse photography with varying sampling intervals" (Kramer and W ohl, 2014- DOI: 10.1002/esp.3540).

time (year-month-day H:M:S). year is 2012
rootwads integer specifying # of rootwads in photo frame
logs integer specifying # of logs in photo frame
Qwood integer specifying estimated interpolated discharge at timeof photo.

110



CHAPTER 3

Driftcretions: The legacy impacts of driftwood on
shoreline morphology

Summary

This research demonstrates how biotic communities interawith physical processes to
govern landscape development, with multiple feedbacks ang biota and landforms. We
guantify and describe interactions between driftwood, sédentation and vegetation for
Canada's Great Slave Lake, which is used as proxy for shonelidynamics and landforms be-
fore deforestation and wood removal along major waterway$Ve introduce the term driftcre-
tion to describe large, persistent concentrations of dritood that interact with vegetation
and sedimentation to in uence shoreline evolution. We repbthe volume and distribution
of driftwood along shorelines, the morphological impactsf sustained driftwood delivery
throughout the Holocene and rates of driftwood accretion. Weonclude that driftcretions
facilitate the formation of complex and diverse morphologs that increase biological produc-
tivity and organic carbon capture, and bu er against erosin. Driftcretions and associated
landforms should be common on shorelines which receive aglrwood supply and have

processes which store wood permanently.

3.1. Introduction

Interactions between wood, sediment and vegetation in rik&lead to major alterations of
physical and ecological statesJorenblit et al,, 2011;Dietrich and Perron, 2006). One of the
most striking examples of this is the co-evolution of vasa plants with river meandering
in the Carboniferous Gibling and Davies 2012). Other examples include wood jams forcing
multi-thread channels in low gradient mountain valleys Polvi and Wohl, 2013), beaver
dams controlling sedimentation and sustaining meadow watids (Westbrook et al, 2011),
in-stream wood on gravel bars initiating stable vegetatedslands in anabranching rivers

(Gurnell and Petts 2002), large in-stream wood facilitating the expansion dlluvial old
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growth forests on oodplains Collins et al., 2012), log rafts forcing avulsions and forming
semi-stable, multi-thread distributary channels in delta (Phillips, 2012), sunken logs on the
deep ocean sustaining biological hotpot&udsen, 1970), and shoreline driftwood supplying
a steady food source and creating habitat patchiness in ctalsand mid-ocean ecosystems
(Maser et al, 1988).

Driftwood plays a major role in distributing water-borne nurients and organic particu-
lates, including carbon, into broader areas than would otheise be reached\Wipi et al. ,
2007). However, research that investigates the long term sage and decay of drift piles and
their legacy impact on landforms, trophic cascades and camb cycling is limited. Global
shorelines, especially in the temperate zone, are sevemgtyod-impoverished relative to their
condition prior to intensive human settlement (Wohl, 2014a). Thus, landforms along recently
wood-impoverished river corridors and lakes may re ect paprocesses when driftwood was
more abundant. Studying these processes and connectingtiggs landscapes to driftwood
are di cult in the absence of contemporary wood recruitmentto shorelines.

A few large river catchments remain largely forested and uegulated. The Mackenzie
River of Canada still exports large amounts of driftwood tohie Arctic Ocean Eggertsson
1994). We use Great Slave Lake as a natural, wood-rich labtoey to study the legacy of
driftwood over time scales of 10 10° years, including: the morphological impacts of high
wood loads along shorelines, rates of landscape change, &atds of uvial driftwood export.
This site provides a proxy for shoreline dynamics and landims for marine and terrestrial
depositional basins before widespread historical defoson and wood removal along major

waterways.

3.2. Methods

We used a combination of eld and remote sensing techniques investigate driftwood
processes in Great Slave Lake. We circumnavigated the lakeamgin in a small aircraft,
taking oblique air photos to record the distribution and type of driftcretions. Ground-based

eld visits facilitated process observations, topograpki surveys, driftwood measurements,
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and tree coring. Knowledge of current onshore driftcretioprocesses from these methods
was used, along with satellite imagery of lake margins in Ggle Earth and results from sci-
enti c literature, to infer the large spatial and long tempaal impact and shoreline processes
associated with high wood loads on shorelines. Expanded mmatls and links to data are

provided in the supporting information document.

3.3. Driftcretions

We use the term driftcretion to refer to large concentratios of driftwood that promote
sedimentation and interact with vegetation to in uence sheeline morphology and evolution.
Driftcretions are persistent rather than transitory land€ape elements, and over time interact
with vegetation and sediment to in uence landscape form anfilinction. Large log accumula-
tions can become driftcretions if they become stabilized drvegetated until they are buried
or decay in situ. We argue that driftcretions and their geonmphological impacts have three
main broad-reaching implications. Driftcretions 1) incrase the biological productivity of
shorelines by facilitating habitat patchiness and by proding a base food source to food
webs, 2) provide shoreline protection from erosion by waveand 3) facilitate the long term
capture and storage of carbon, both as buried wood and by ineseng the amount of sta-
ble o shore standing water bodies which can capture carbonoim the atmosphere Tranvik
et al., 2009).

We classify driftcretions into three types: berms, mats and piecewise matrix. Berms
are raised ridges of driftwood that form parallel to the shaline when waves or ice push drift-
wood into linear piles. Mats are large, relatively at, imbicated accumulations of driftwood
composed of a mix of large and small pieces. A piece-wise mais driftwood interspersed
or layered in sediment. More detailed descriptions of bermmats and matrices are in the
Supporting Information. Figure 3.1 shows photographs of tise three forms of driftcretions
as well as shoreline morphologies facilitated by driftcriein. Figure 3.2 illustrates typical de-

position of driftcretions along idealized transects for ptected and exposed shorelines. These
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idealized transects are useful for understanding how duftetions in uence the appearance

and evolution of the lakeshore.

sedimentation

driftwood ‘y ‘\\‘

shoreline «——; pioneer
driftwood vegetation

/ OS_‘ fon l

Shoreline orphologies

vegetation
succession

input

Piecewise Matrices Island and Sp|ts Scalloped Shores

Figure 3.1. Conceptualization of processes which retain and facilitatdrift-
wood to form driftcretions with examples of types and resuhg shoreline mor-
phologies. The three main impacts of driftcretions on shaseare increased
biological productivity and diversity due to increased haivat patchiness and
food availability for trophic cascades; carbon capture inrshore water bodies
and wetlands; and protection of shorelines from wave, ice énood distur-
bances.
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Figure 3.2. Two idealized cross-sections which demonstrate the typlaaor-
phology of exposed and protected shorelines and relation doiftwood based
on eld observations and topographic surveys. Topographyrawn with 15x
vertical exaggeration. Vegetation is not to scale. Crosg&ions are approxi-
mately 200 m in length. Note the tree succession on topographierms on the
protected shoreline. Berms only form on high exposure shereo the presence
of this sequence re ects past conditions when the shore wa®ma heavily ex-
posed. This occurred before vegetation established on thatsand piece-wise
matrices in front of the berms. This pattern demonstrates he the growth of
islands and spits protect shorelines and facilitates rapisedimentation.

In the Great Slave Lake, driftcretions impact progradatiorrates of shorelines and facil-
itate the in lling of the lake. This occurs through the succssive and continued accretion
of drift piles and their subsequent decay and vegetation. Ehmechanisms for accretion are

caused by lake level changes on timescales spanning dayshimusands of years. Driftwood
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is episodically delivered to the lake with ice break-up andwver high ows and distributed
by surface currents. Driftwood becomes a driftcretion aftat is hydrologically disconnected
and vegetated. Hydrologic disconnection occurs mechanigalvhen lake level uctuations
from ice, storm waves or large seiches (lake tsunamis, s&axdner et al, 2006)), push or
strand large piles of driftwood farther inland than can be morked by lake processes be-
fore vegetation establishment. Hydrologic disconnectioran also occur when driftwood and
shoreline grasses facilitate increased local sedimentatj eventually decreasing local lake
depth enough that pioneer species like willow, alder and plap can grow. These pioneer
species then act as nets which capture and retain large drgiles oated or pushed into them
by waves and ice, further facilitating land progradation. h addition to episodic delivery and
storage, yearly ux of driftwood is buried in bottom sedimets. If there is a regional drop
in lake level, large expanses of driftwood-laden sedimeriscome exposed and vegetated.
Regional lake level may drop due to hydrologic alterationgdm human development of the
river corridor, climate change or isostatic rebound.

Figure 3.3 conceptualizes relationships between time scgl@mount of land accretion,
driftcretion types and shoreline morphologies for variousmechanisms that change shore-
line positions. Additional descriptions, photos and analgs that were used to develop and
constrain and this conceptual model are provided in the Suppting Information. The next
sections further discuss shoreline morphologies, distutiton and amount of stored driftwood,

rates of driftwood accretion and implications.

3.4. Shoreline Morphologies

Berms, mats, and piece-wise matrices work in concert and incgession to build large
scale landscape elements, such as truncated channels, lmhdegetation, islands and spits,
scalloped shores and captured bays (Figure 3.1, also Suppagtinformation). Morphological
features similar to those on modern shorelines, especiallggetative bands and enclosed
bays, are visible on satellite imagery up to about 70 km inlah Lake levels have changed

over the last 8000 years due to draining of Glacial Lake McChoall, isostatic rebound, and
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Figure 3.3. Conceptualization of driftcretion formation driven by changes
in lake level at local and regional scales and on short and Bpriimescales.
Note the feedback between driftcretion and shoreline morplogy. For exam-
ple, if driftcretions facilitate bay capture, this will impact local lake levels by
hydrologically disconnecting part of the lake, which in tun facilitates more
driftcretions as large events oat wood into these bays andupied matrices
are uncovered.

in lling of the Slave River Delta in a now buried southern armof the lake (Smith, 1994;
Vanderburgh and Smith 1988). Given driftwood supplies to the lake basin throughu this
time period (Vanderburgh and Smith 1988), it is not surprising that the morphological

impacts of driftcretions are still evident so far inland.

3.4.1. Truncated Channels. Distributary channels can be cut-o at their mouths
by mats of driftwood originating, not from the channel, but fom drift along shorelines. If
the in ux of shoreline wood and associated sedimentation greater than the ability of the
distributary channel to keep its path to the lake clear, the wod e ectively truncates the

channel, forming a bridge across the mouth. This facilitatesedimentation and vegetation
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establishment. If more wood comes down the channel. it is janed behind the bridge.
Eventually, new shoreline builds outward in front of the chanel and the channel starts to

3.4.2. Banded Vegetation. Vegetation banding along shorelines re ects the episodic
delivery of large amounts of driftwood. During a year of exptional driftwood delivery
(about every 20-50 y), large deposits of driftwood becomerpganently stored and converted
into driftcretions linear to the shore. Vegetation prefemtially establishes on decaying logs.
Thus, sequential bands of vegetation parallel to the shoreohonly re ect past shoreline

locations, but the recurrence interval of large driftwoodnputs.

3.4.3. Islands and Spits.  Shallow shoals that become vegetated commonly create lin-
ear islands, spits and peninsulas that protect the main sherfrom large waves and other
disturbances. Behind the protection of these woody shoatedimentation, capture of smaller
oating wood and pulp, and accumulation of piece-wise mates occur at increased rates.
On shores with extensive land spurs and islands, the amount shoreline (distance of land
in contact with the main body of the lake) is increased by an a&rage 27 times. In one

location, the amount of shoreline increased by a factor of 8.

3.4.4. Scalloped Shores.  Scalloping develops on shorelines with high wood loads that
are positioned perpendicular to wind direction. The averagsinuosity of scalloped shores is
1.5 m/m. These shorelines have increased potential for biologl productivity due to the

increased length of land-water interface.

3.4.5. Captured Bays. = When scalloped shorelines and spits expand, they can enclose
shoreline embayments. In regions with many bay enclosuresinottled o shore landscape of
standing water bodies and clearings is created that reserabla karst landscape with a high

density of sinkholes.
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3.5. Amount and Distribution

Based on an analysis of strati ed random sampling of obliquaerial photos from imagery
covering the circumference of the lake (link to dataset), #h average visible surface area
of wood in mats or berms per meter of linear shoreline distamds 020 13 n?/m for
eleven shoreline regions (Figure 3.1). Wood-rich shorelinaverage 10 13 n?/m of wood,
but as much as 50 rffm of wood can be present locally (see Supporting Informatiofor
methods and calculations). Mats are present along all shdire regions, but berms are only
present along steeper shorelines that are approximately rpendicular to the predominant
wind direction. Visible individual wood pieces were includkin the total area estimation,
but form less than 2% of the total area calculated. Piece-vésmatrices are not visible on
photographs and were not included in the analysis.

The largest amount of wood accumulates on the southern shodeie to proximity of
major wood-supplying tributaries (Slave and Hay Rivers) angberpendicular orientation to
wind. Negligible amounts of wood are supplied by northern aneiastern tributaries because
these areas either drain channels that ow through Canadia8Shield bedrock or small basins
of very low relief with disconnected, lake-rich channel nebrks that retain wood. Surface
currents distribute wood entering from the major wood-sudpging southern tributaries to the
northern shore. Northern shorelines with the most wood aretkéer perpendicular to wind
direction and/or parallel with stronger currents. The eastrn shorelines do not accumulate
wood due to high relief, rocky shorelines (Supporting Inforation). Surface currents bypass
the lake outlet to the Mackenzie River, where almost no wood found. Great Slave Lake is
a wood sink and does not source appreciable amounts of woodthe Mackenzie River, as
corroborated by timelapse photography of the Mackenzie Rav at Fort Providence and local
knowledge.

We estimate the total surface area of visible wood stored alg the lake margins to be
4:6x1¢ 0:7x1® m? (see Supporting Information for calculations). Estimatig volumes for
drift piles can be imprecise due to large uncertainties andsiances in the fraction of wood in

jams and heights of jams. Thus, we report wood volumes and nsasf carbon as a reasonable
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Figure 3.1. Driftcretion distribution around the Lake. The colored bas
shows high to low driftcretion volumes stored along lake mgins based on
estimated driftcretion area divided by shoreline length adisplayed in the bar
graph in the upper right. Numbers in bar graph relate to number drawn on
the map. Seiche rose diagram<G@ardner et al, 2006), lake surface currents
(Leon et al., 2007) and Slave River delta progradation positions/anderburgh
and Smith, 1988) were adapted from previous literature.

range rather than a bounded estimate. If we use conservativanges of values for average
height (0:5 1.5 m), fraction of wood (020 0:80), fraction of carbon (05) (Lamlom and
Savidge 2003), and density of wood (450 kg C n%, then the average volume per shoreline
distance is on the order of 10* to 10° m3/m and the average mass carbon per shoreline
distance is on the order of 10to 10> Mg C/m. These estimates are minima since the buried
wood in piece-wise matrices was not included. These volumedamass estimates re ect 50

years of accumulation, after which driftcretions become getated and unrecognizable by air.
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3.6. Rates

There is currently much interest in quantifying 1) rates ofdandscape change due to biotic-
physical interactions Qietrich and Perron, 2006;Reinhardt et al,, 2010), 2) instream wood
budgets Benda and Sias 2003;Boivin et al., 2015;Schenk et al.2014), and 3) the amount
of carbon, as wood, recruited and exported from river netwks to the oceans \(Vest et al,
2011;Eglinton, 2008). In most eld areas, calculation of only one or two ofhtese metrics is
possible due to the episodic and transitory nature of wood mement in channels and/or due
to the depletion of wood from human activities. Great Slave dke is unique in preserving a
long record of transport volumes for discrete events.

Wood input into the lake today is similar to that in the historic past due to minimal
development of the 8x1C¢° km? wood-contributing drainage basin. Flow regulation impacts
only around 10% of this area and most of the riparian corridoremains intact. Driftwood
decays slowly because it is frozen for more than half the yedhus it is still recognizable
as wood 100 years after deposition. Vegetative bands recamdod depositional events up
to the typical age of old-growth white spruce, around 300 yes (Timoney and Robinson
1996). Rates of export can be calculated by coring living tes growing from wood piles in
various stages of decay and distances inland (see Suppagtinformation for details).

Table 3.1 summarizes and compares rates of land accretiomdavood storage, recruit-
ment and transport metrics from this and other studies. Woodecruitment values over the
basin are 1-2 orders of magnitude less than reported values headwater channels, basins in
Japan and steep tropical catchments. This seems appropriateecause this study averages
recruitment over an entire drainage in which large areas By are not directly supplying
wood to the channel. The average transport rates for this sitare very similar to or slightly
higher than rates reported in Japan and Qwebec. Wood delived to oceans from tropical
storms may deliver more wood than an average wood transpontent on the Slave River.

We used the distribution of germination ages derived from ade-ring analysis of cores
to compare driftcretion deposition rates to rates of drivig processes such as ice-push, river

discharge and seiches (Figure 3.1). More of the trees gerntethafter 1950, especially on
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Table 3.1. Summary of landscape metrics, storage, recruitment and ma-

port of driftwood.

Landscape Metrics

Accretion per event
Accretion per year
Event recurrence

Storage Metrics
time period (t)
events (n)

Shore distance K)
Area (A)

Volume (V)
Carbon (C)

Recruitment Metrics

Drainage area DA)?
Stream length (L)2
C=DA=n

V=L=t

C=DA=t

Transport Metrics
C=n

This Study

berms&mats: 4 10 m/event, matrices: 14 23 m/event
berms&mats: 01 0:4 m/y, matrices: 0:6 1:4 mly

20 40y

This Study

50y

2 3events

6x10° m

4:6x10°  0:7x1CP m?
10°-10° m®

108-10° Kg C

This Study

6:8x10° km?

1:7x10° km (> 39 order)
10'-10° Kg C/km 2

10 #-10 3 m3/kmly

10'-10% Kg C/kmly

This Study

10°-10° Kg Clevent

10°-10° m3ly

10°-10" Kg Cly

Other Studies

2:4x10* Kg C/km 2 as wood, vegetation
and soil from the Rio Chagres Panama
during a tropical storm (Wohl and Og-
den, 2013)

0 :2-5:1x10 * m3/km/yr ( King et al.,
2013) Upland headwater streams in
British Columbia.

82 5168 Kg C/km?/y from reservoir
storage of wood from drainages of vary-
ing sizes in Japan Geo et al, 2012).

Other Studies

3:8-84 x 1¢° Kg C as wood soil and veg-
etation delivered to oceans from coarse
wood during a tropical storm that trig-
gered landslides in Taiwan {Vest et al,,
2011).

1:93x1C¢ m3/y based on 25000 n? of
wood trapped as rafts in the Saint-Jean
River, Gaspe ( Quebec, Canada) over
50 yrs from 1963-2013 Boivin et al.,
2015)

105-10° Kg C/yr measured from wood
removed from reservoirs in Japan §eo
et al., 2008)

a:wood-contributing drainage area and stream length. Sections of basin orhe Canadian Shield that do

not contribute driftwood were not included.

mats and matrices. This bias towards more recent events isda@ise older mats and exposed

matrices are located farther inland than the length of sampig transects and, unlike berms,

decayed mats and vegetated matrices with wood no longer ‘alg or buried lack topographic

expression to distinguish discrete events.
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Figure 3.1. Counts of white spruce germination year for living trees gvang

on driftcretions. All cores are shown in the top graph. The bédm graph is
a detail of the past 100 years and highlights relationshipsebween germina-
tion year, peak yearly river ow (Water Survey Canada, SlaveRiver at Fort

Fitzgerald gauge 7NB001), ooding of delta lakesBrock et al, 2010), large
seiche events Gardner et al, 2006) and construction of the WAC Bennett
Dam. Germination year was smoothed using a ve year window iarder to

portray uncertainty.

Driftcretions accumulate episodically, generally coinding with or lagging years of high
river ows (Figure 3.1). This pattern is expected because hig ows deliver a supply of wood
that can later be pushed into berms. Large ice-push eventsone along exposed shores during
years of high Spring river ows simultaneous with lake ice-d Begin, 2000; Philip, 1990).
Large seiche events typically occur in the late summeGardner et al, 2006). Mat deposition

is more closely tied to the timing of high wood delivery thansi formation of berms because
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berm formation may not coincide directly with high ow but rather large ice or seiche events.
This lag between high ow and berm germination is apparent fothe 1974 and 1990 peak
ows (3.1). Spruce germination around 1950 probably corraies with unrecorded high ows
in the late 1940s or with a period of multiple large seiches dog 1930-1950. Development
of an ice-push event chronology using ice-scar chronolagy@n lakeshore trees and shrubs,
as done for large northern lakes in Quebed&gin, 2000;Lemay and Begin, 2012), would
greatly augment understanding of relationships between wo, ice-push and berm formation.

After construction of the W.A.C. Bennett Dam in 1967, Great Slae Lake levels decreased
during the summer months Gibson et al, 2006). The high density of germination on piece-
wise matrices during construction of the dam re ects vegetan establishment on newly
exposed sunken wood (Figure 3.1).

Large scale wood export is episodic and associated with pedker ows that follow
periods of low ows during which driftwood accumulates alogriver corridors. On the Slave
River, a very high peak ow in 1990 followed 16 years of lowepws (Figure 3.1). Germination
on driftcretions peaked a few years after 1990, especially mats. The lack of germination
on driftcretions following the subsequent 1996 event may et the fact that the 1990 ow
had already cleared much of the standing stock of wood on rivieanks and much less wood
was delivered in 1996. In midsummer 2011, very large amourtswood were delivered to
the lake with ows just above 7000 cubic meters per second. bBuog our 2013 and 2014
sampling, new spruce had not yet germinated on the newly degpted driftcretions from
2011. This suggests at least a three-year lag between dniéton deposition and vegetation

establishment.

3.7. Implications

A complex mosaic of habitats and sinuous shorelines existorag Great Slave Lake be-
cause of the length of time over which abundant driftwood haseen supplied to the lake.
Enclosed bays, land spurs and wind-protected shores supplarge expanses of marsh that

trap additional driftwood and sediment and provide valual® habitat for sh, migratory
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birds and mammals. O shore standing water bodies resultinffom bay capture and chan-
nel truncation are important sites of carbon capture Tranvik et al., 2009;Mongeon 2008).
Driftcretions protect shorelines from wave and ice process and facilitate backshore sedi-
mentation which promotes shoreline progradation into theake.

Driftcretions and their resulting landforms should be comwn on shorelines which receive
a large wood supply and store wood permanently. Descriptisrstrikingly similar to drifcre-
tions were reported on the coastal shores of Graham Islandritish Columbia where they
were noted as an important component of the beach-dune systeahat facilitated vegeta-
tion, impacted shoreline morphology and limited erosionWalker and Barrie, 2006). Using
Google Earth, we found evidence of driftcretion in: 1) protted embayments along marine
coastlines (e.g., Montague Island south of Anchorage, Alagka?2) portions of freshwater
lakes at high latitudes (e.g., Great Bear Lake; ozero Keta drozero Khantayskoye in Siberia
east of the Yenisei River, Lake Ladoga and Lake Onega in the k&dian portion of Russia), 3)
portions of reservoirs (e.g. Vilyuyskoye Vodokhranilishke in the Sakha region of Russia),
and 4) marine deltas (e.g. Yukon River delta). Steep shore# topography, removal of wood
by humans, no substantial point source of wood, and locatierabove treeline limit driftcre-
tion elsewhere. Abundant preserved wood accumulations ini®¢ene sediments along the
Arctic coast were deposited when global climate was 23 warmer and boreal forests grew
within 10 latitude of the North Pole (Davies et al, 2014). These deposits suggest that as
modern tree-lines migrate northward, driftcretions may inrease along Arctic shores barring
intensive deforestation of river corridors in Siberia and orthern Canada or loss of boreal
forest during res.

The Arctic coast is now recognized as being at risk of erosiomelto increased wave
action, melting permafrost, and rising sea leveld=¢rbes 2011). If river basins draining to
the Arctic are extensively developed for hydropower and/orld growth forests along riparian
corridors disappear to land use change, driftwood supply Mirastically decrease. Our study
suggests that if driftwood supply to shorelines decrease&ictic coasts may lose bu ering

capacity o ered by driftwood and related landforms, exacérating coastal erosion.
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Most instream wood research has focused on zones of wood potidn (mostly headwater
channels) or wood transfer rather than zones of wood depasit. This study demonstrates
that driftwood in depositional zones can profoundly impacthe landscape as well as record
long histories of wood export. We encourage others to invegite these landscapes. Of
particular interest is understanding how driftwood-basedandscapes are utilized by biota
and how depletion of wood from river corridors by humans redes ecosystem functions in

formerly wood-rich depositional basins.
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SUPPORTING INFORMATION FOR CHAPTER 3

Introduction . This supporting information contains four parts. S1 is a deription of
data collection. S2 (pg 128) provides detailed descriptisrof driftcretions along with eight
gures of eld and oblique aerial photo compilations. S3 (pdl39) describes the methods
and calculations used to map wood distribution and estimatevood storage. S4 (pg 155)
describes methods associated with tree coring and estinmgiyear of germination from the
cores. Each section of text has gures and datasets assoewtwith them. Explanation of

accompanying digital datasets are provided at the end.

3.A. S1. Data Collection

3.A.1. oblique aerial photos. On August 29, 2014, oblique aerial photographs were
taken of shorelines from a small Husky 2-seater oat plane. dire 3.A.1 shows the ight
path. Three cameras were used: a Nikon D7000 DSLR camera wiikther a Nikor 35mm
f1.8 xed lens or a Nikor 80-200 f2.8 zoom lens; a wide angle @aur 2+ action camera
attached to the wing of the aircraft; and a wide angle GoPro HD&ction camera hung inside
the plane looking out the window. All photos from the ight and a datasheet with their
coordinates can be downloaded from the Colorado State Unigéy Digital Data Repository

(http://hdl.handle.net/10217/172976 ).

3.A.2. field sites. In 2013 and 2014, eighteen sites were visited on the southshore of
the lake. At these sites, driftwood size was measured, obggions were made along transects
from the shore inland, and spruce trees growing out of driftetions (or along linear features
associated with past driftcretions) were sampled by colleéeg a section (entire slice of the
trunk of the tree) for small trees or cores for large trees. Diwood size was measured for
each piece larger than 1 m in length and 10cm in diameter forexy piece that crossed a line
laid on the ground with a measuring tape. Figure 3.A.2 shows tHecations of each transect
and Table 3.C.1 summarizes the coordinates, the number of @pieces measured, and the

number of cores from each site used for analysis.
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lon -113:

Figure 3.A.1. The ightpath is shown as the blue line. North is to the top
of the page.

Figure 3.A.2. The location of eld transects. Information about each trasct
Is located in Table 3.C.1.

3.B. S2. Driftcretion

In this section, we rst describe driftcretions and how theyare formed and then present
a photo tour of driftcretions and landforms from around thedke that highlight relationships

between sediment, wood and vegetation. Figures 3.B.1 to 3/Bshow compilations of both
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eld and oblique aerial photos highlighting relationshipsbetween sediment, wood and vege-
tation from various locations around the lake. The large stalandscape features that these

interactions produce are quite impressive.

3.B.1. types.

3.B.1.1. berms. Berms are raised ridges of driftwood that form parallel to ta shoreline
when seiches or ice push wind-imbricated driftwood along@telines into linear piles. Berms
form on high energy windy shores with gravel or cobble beachand higher topographic relief
(2+ m). Berms can be fairly small & 0:5 m in height) to quite large ¢ 2 m in height). A
berm can be either predominantly gravel and cobbles with a iflwood drape, or driftwood
intermixed with gravel, cobbles and boulders. A berm with a mftwood drape forms when
ice or waves create a linear beach ridge and wood is rafted ashéped by waves on the top
and shoreward side. Similar wood-draped gravel berms océnrNew ZealandKennedy and
Woods (2012). Wave-formed berms are typically 0 1 m of relief with driftwood oriented
parallel to shore. In contrast, a berm with intermixed grave cobbles and boulders forms
when ice bulldozes shoreline wood, along with shoreline strates into a poorly sorted ridge
with driftwood randomly oriented with respect to the shore.These berms can reach heights
that exceed 2 m.

Cobble beach ridges are present up to the maximum extent oféhake during the last de-
glaciation Lemmen (1990) about 70 km inland. These cobble ridges likely alsodhdriftwood
either on top or within them when they formed because driftwad 1,000 8;000 vy in age is
abundant in buried Slave River deltaic sediment¥anderburgh and Smith(1988), implying
that driftwood has remained an important ux into the lakeshore system throughout the
Holocene.

Berms are stacked in parallel lines such that the newest beris closest to the shore .
The wood on each successive berm inland is progressively endecayed. Spruce, alder, and
poplar germinate on berms with decaying wood, but no trees igaeinate on berms that lack

wood. Even-aged lines of spruce correspond to topographipeession of old berms so that
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an inland progression across these berms crosses sucadgsilder lines of spruce trees up
to a mature forest & 300 y) or re-impacted terrain (50 100 m inland).

Within the mature forest, the forest oor is covered by thick pringy moss, but topo-
graphic undulations corresponding to linear berms remairpparent. Lichen-covered boulder
erratics, similar to those o shore on wave cut platforms angithin modern ice-pushed berms,
dot the forest oor. Underneath the moss, mineral soil is absg with only cobbles similar
to those found on the modern beach.

3.B.1.2. mats. Mats are large, relatively at accumulations of driftwood @omposed of
a mix of large and small pieces, usually imbricated againsaeh other parallel to the lake
shore. Mats can be quite large (20+ m wide and 2+ m thick) or faly small (< 5 m wide
and < 0:5 m thick). Pieces of bark, smaller twigs and branches drap@& ¢op or are layered
between larger logs. Mats are generally found on shorelinegh low relief, sand to silt
substrate, and low exposure to wind or ice push. On windy, egped shores, mats are found
in protected bays or trapped on low-lying proto islands. Théargest mats are located near
river deltas or in large bays. Smaller mats are found in smagtlocket bays along irregularly
shaped shorelines or trapped in reeds.

Most mats are deposited when large seiches strand driftwooadats higher onto shores
and farther into reeds and bays than can be removed with norgariations in lake level.
Mats also form during periods of large riverine wood inputs lven oating rafts become
lodged along shorelines near deltas and then stranded ashhigws recede. Mats on sandy
shorelines are common and can continually accumulate as wavtransport driftwood onto
beaches, where the wood becomes trapped in sediment on top af next to, previously
deposited wood.

Driftwood mats e ectively raise the vertical elevation of he land. In places, large mats
that appear to be underlain by solid, dry ground are in fact wod suspended above shallow
water. Bands or clumps of shrubs and trees are commonly asated with decaying mats.
In some areas, shoreline growth is more rapid than mat decaydlarge expanses of decaying

mats are visible tens of meters inland.
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3.B.1.3. piece-wise matrix. A piece-wise matrix forms when driftwood is interspersed or
layered in sediment, providing structural support in an otlerwise unstructured medium.
Large and small driftwood can become part of a piece-wise mat On both protected and
exposed shores, rootwads anchor large driftwood boles irgballow shoals and sand bars,
pioneering new areas for increased sedimentation and edisttiment of plants. Protected
shores are ideal sites for trapping driftwood. In areas witabundant reeds and sedges, drift-
wood sinks to the bottom, thus forming an underwater carpet affood that facilitates more
reed growth, sedimentation and capture of more wood, evemtily leading to establishment
of shrubs and trees€nglish et al.(1997).

When shallows with underwater wood carpets become discontegtfrom lake hydrology,
exposure of previously sunken logs supply nutrients and dgermination sites in saturated
environments

On sandy shores, piece-wise matrices accumulate when woedlelivered and subse-
quently buried by sediment transport from longshore drift ad wind. Driftwood near the
surface stabilizes sand, provides germination sites foresls and protects emerging vegetation
from burial. Buried driftwood promotes vegetative growth dng after vegetation establish-
ment by supplying nutrients to roots and retaining moisture similar to the role of driftwood
in creating moist, organic-rich microhabitats in large epémeral riversJacobson et al(1999).
Discrete, long lines of trees parallel to the shoreline rd8ng from this process correspond

to prior shoreline positions.

3.B.2. formation.  Formation of driftcretions is intertwined with sedimentaton and
vegetation establishment. Sedimentation creates depthé&alow enough for colonization
by marsh grasses such as horsetails and sedges. Grasses fihahtate further sediment
deposition and capture oating smaller pieces of wood, whicsink and join a sediment-wood
matrix. Over time the lake bottom builds up, until pioneer species such as willows and
alders establish. Large mats of driftwood become captureg khe emergent vegetation and
provide a substrate for the establishment of poplar and spce. Drift logs are then caught

up on vegetated shores. On high exposure shores (shores wiiljh exposure to wind), ice
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Figure 3.B.1. Index gure showing the locations of the next six gures (boxes)
as well as some photos from locations with little to no driftwood (a-e). The boxes
labelled 1 through 6 correspond with Figures 3.B.2 through 3.B.7 and are lcations
with lots of driftwood. Due to abrupt shoreline relief, little to no wood is stored along
shores of Canadian Shield bedrock (a,d,e). Although hard to see, along beatk
shores near the Slave River Delta, small pockets of wood can be storéd bedrock
crevices (a). There is an abrupt transition to little to no wood near the start of
the Mackenzie river (b). Little to no wood is delivered from streams draining the
Canadian Shield as evidenced by no wood high in the North Arm of the lake (c
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Figure 3.B.2. The Slave River delta stores large amounts of driftwood on its
shorelines. In front of the active main distributary channel, large logsbecome lodged,
pioneering new sandbars that will later turn into vegetated land (a). Logsare also
crucial for extending and stabilizing o -shore spits and bars (b, ¢, § that play a
role in enclosing bays. Wood accumulates along linear shorelines, uncating old
distributary channels that no longer have the power to ush the wood from their
outlets (d). These channels eventually become vegetated. Linear les of trees are
associated with old decaying drift piles (e).
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Inset 2
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Figure 3.B.3. During calm spells of no wind, driftwood that is not yet pushed
high onto the land from ice or wind oats back into the lake and drifts along shore-
lines on surface currents (a). Along windy cobble beach shorelines,riftwood is

pushed away from the waters edge and piled in ridges by ice (b) and inhick wood
pulp accumulates in protected pockets and lIs the interstices ketween cobbles (c).
Along sandy, protected shores, dritwood is not clearly visible by air(e) but upon

visiting these sites on the ground (d) it is apparent that there are lage amounts
of buried driftwood (d lower inset) and pockets of driftwood pulp (d upper with

inset). Lines of shrubs and trees correspond to driftpiles (e) andriland meadows
are underlain by carpets of wood (d lower with inset).
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Figure 3.B.4. Shores approximately obliquely perpendicular to the predominant
wind direction develop elongate islands and spits that enclose bays (aBefore total

enclosure, bays collect wood and Il with sediment. Linear lines oftrees corre-
sponding to drift piles in these bays record the progression of inling (b). Spits are
expanded when large logs with rootwads become lodged in shallow areas, pemst-
ing new proto islands that eventually become connected to larger spé and islands.
These proto islands capture large wood mats on their windward side thaincrease
the elevation of the islands just enough to facilitate the establishmat of willow,

alder and poplars (c). Along the windward side of large islands and the mairdnd,
ice pushes driftwood mixed with cobbles and boulders into large pés parallel to the
shore (d) that then decay, providing nursery sites for spruce gemination (e). On

the leeward side of islands reeds and sedges trap driftwood both at theurface and
under the water. Willows and alders take root near trapped piles (e).
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Inset 4

+(70.0,-114.5) Rapid shoreline
expansion

d

Forested berm
sequences

Arcuate shores with
captured bays

a

Figure 3.B.5. Wood-rich shorelines are often scalloped with small enclosed em-
bayments (a and inset). Over time as the land progrades into the lake,a zone
of enclosed bays creates a mottled o shore landscape of standing waterliies and
clearings resembling a karst landscape (a and overview image). Alongnkar shore-
lines, driftwood is easily discernable as a constant grey strip, geally between 15
and 30 meters wide (b). On windy shores, heavy wave action can create grel
cobble berms that are draped with drifwood on their backslopes (c inst). Shoreline
expansion rates are much slower for shorelines exposed to high windsan along pro-
tected shores. Spruce trees grow in closely spaced linear lines dmoses positioned
perpendicular to high winds (c) while they grow in more widely spa@d linear lines
along shorelines that are protected from the wind (d). The lines of trees correspond

with decaying driftwood piles.
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Inset 5

+(60.9,-116.2)

Figure 3.B.6. The south shore in the vicinity of Hay River is much sandier and
shallower than the rest of the lakeshores due to the high sand loads thathis river

deposits. As a result, instead of tall berms driftwood is jammed againisthe shore

and subsequently buried. Vegetation bands grow on bands of buried wooth the

sand (a,b,c,d) which can be seen kilometers inland on satellite imaggr(overview

map). Larger driftlogs appear to be posistioned at the beach (c) while smadr

branches and logs are piled on the back shore where they become incorporatiato

a piece-wise matrix. The buried logs help to retain moisture in thebeach sands and
provide nutriends and germination sites.
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Inset 6

d

Figure 3.B.7. The north shores derive all their wood from lake currents trans-
porting wood from rivers draining into the south shore. Even though oerall there

is less wood on the north shores, there is still an appreciable amountLarge em-
bayments on this shore align with glacial features and can become lled wh mats

of wood (a) however, many large embayments are oriented such that thegre pro-
tected from the wind and recieve little to no wood (inset c). On sores that do
recieve wood, smaller scale scalloped shores and land spurs are supgosed on top
of the glacial embayment template (c,d) and sometimes capture mini-bys (d). It is

quite common to see wood-rich scalloped shores on the windward side péninsulas
and calm shallow bays lacking wood on the leeward (c). On shorelinesighed ap-
proximately perpendicular to heavy winds, berms and associatediries of trees are
common (b). In 2014, there were extensive stand replacing forest resithe North-

west Territories. One of the regions hit hard was the north shore of the Geat Slave
Lake. In many places the res burned all the way to the shore (inset b,taken in 2014,
matches the location in b, taken in 2013). The severity and extent of thes res was
unprecedented in historic memory. Shoreline trees and forest chacteristics prior

to the 2014 res, showed no evidence of previous res at the lakeshore.
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and large waves push drifted logs into piles which later decand support establishment of
more woody vegetation.

Shoals that become vegetated often create linear spits anerpnsulas, thus forming
strings of islands that protect the main shore from large was and other disturbances. They
also grow outwards from the land creating a scalloped shared that protects mini bays and
pockets. Behind the protection of these woody shoals, sedintation of nes and capture
of smaller oating wood and pulp occurs at increased rates.vEntually, backwater areas ||
in with woody sediment and the shoreline expands outward tmin the string of protecting
islands or shoals. The emergent backshore is rich in nutrienand is quickly established
by plants. The windward side of coastlines continue to grow Iven ice-pushed drift berms
and seiche rafted driftwood mats provide additional subsate for plant colonization. At this

point, new shoals form a new line of protection and the proce®egins anew.

3.C. S3. Wood Distribution Methods and Analysis

Figure 3.C.1 is a synthesis schematic showing the samplingdaanalysis of driftcretions

around the Great Slave Lake.

3.C.1. sampling. In order to estimate the amount and distribution of driftwoad around
the Great Slave Lake, lake shores with appreciable amount$ driftwood were strati ed
into 11 shoreline regions based on observed di erences irosdine appearance or known
di erences in processes impacting the shore. Almost the erdishoreline of interest was
photographed with overlapping wide-angle photos taken dimg the ight described on page
127. The complete dataset of all photos can be accessed via @aorado State University
Data Repository (http://hdl.handle.net/10217/172976 ). Data were gathered by ran-
domly selecting and analyzing 10 non-overlapping obliqueal photos from each of the 11
regions (Figure 3.C.1). If a photo was randomly selected thatverlapped with a previously

analyzed photo, that photo was discarded and another photoas randomly chosen.

3.C.2. image analysis. Photo distortion from the wide angle lens was corrected ugjn

software PTlens (http://epaperpress.com/ptlens/). The horizon was used as a guide for
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Figure 3.C.1. Sampling scheme and process for the estimation of driftcien
from oblique aerial photos

correction (Figure 3.C.2). After distortion was corrected, potos were cropped and loaded
into ImageJ, an open source software platform for image analg (http://imagej.nih.gov/ij/).

The horizontal scale and pixel ratio were set using distansedetween identi able landscape
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features measured on Google Earth. Only correcting for seatlistortion in two directions
(width and height of pixels) was su cient because most phote were taken so that the
shoreline, and thus drift piles, were aligned with the imagwidth. Polygons were drawn
around areas of visible wood and lines were drawn over eachliindual log distinct from
driftwood piles. The curved shoreline distance and the liae shoreline distance were also
measured on each photo.

Total area of land covered by driftwood was calculated for loes, mats and individual
logs. The area of land covered by individual logs was calctdd by multiplying the total log
length per photo by 023 m. This value is the mean diameter logs measured in the eldhich
had lengths that were within one standard deviation of the arage length of logs measured
on the photos (Figure 3.C.3). Field measured data of log lengténd width is included in

Supporiting Information Data Set (explanantion of variabés on page 143).

Table 3.C.1. Transect Information.

TranID 2 Date Visited Start Coord (WGS84) X(m) P  #logs ¢  #cores
d

t01 7/13/2013 60.97863 -114.0576 15 9 {
t02 7/13/2013 60.98483 -113.9883 25 17 2
t03 7/14/2013 60.98416 -114.0018 102 15 6
t04 7/15/2013 60.98413 -114.0048 136 64 4
t05 7/16/2013 61.19497 -113.7748 118 13 6
t06 7/16/2013 61.19076 -113.7555 165 { 4
to7 7/16/2013 61.18597 -113.7169 27 { 2
t08 7/17/2013 60.96742 -114.0461 93 { 5
t09 7/17/2013 60.97661 -114.0440 132 { 8
t10 8/17/2014 61.18677 -113.7167 62 { 6
t11 8/17/2014 61.18858 -113.7103 52 { 5
t12 8/17/2014 61.18865 -113.7096 59 { 6
t13 8/18/2014 61.16502 -113.7464 31 { 3
t14 8/18/2014 61.17243 -113.7709 28 { 4
t15 8/18/2014 61.14939 -113.6422 188 { 4
t16 8/19/2014 60.96727 -114.4001 36 { 7
t17 9/15/2012 60.84083 -115.8822 13 19 {
t18 9/15/2012 60.84121 -115.8808 17 14 {

a. All transects are located in Figure 3.A.2 except for t17 adn t18 which are
located just west of the Hay River Delta.

b. X is the length of the transect in meters.

c. The number of driftwood logs measured for size.

d. The number of trees cored or sampled for age.
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Each driftwood area was normalized by the measured linearstiince of the shoreline
in the photo and reported as a ratio. This was done to minimizerror comparing values
between photos based on uncertainty in setting the photo dea This metric also makes
intuitive sense because it is the average distance inlandathdriftwood covers (width of
driftpiles) per meter of shoreline. A measure of shorelineregularity was calculated by
taking the shoreline distance and dividing it by the linear ttance. The derived data for
each photo is included in Supporting Data Set, S2 (explandoh of variables on page 154).

Table 3.C.2 brie y describes each shoreline region and suranzes the results by region.

Figure 3.C.2. Photo on the left shows the original sh-eye distortion and
the photo on the right shows the photo corrected for distortin, cropped and
ready for analysis.
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3.C.3. estimation.

3.C.3.1. areas. The total area of visible driftcretions for the lake was caldated by mul-
tiplying the total shoreline distance (X) by the mean driftcretion ratio (Rs) for each region
and then summing the regions (Table 3.C.2 and Figure 3.C.1).hE variance each region was
calculated using the standard equation of variance for tok&stimates from ratio estimators.
The variance for the lake total was calculated from the sum ahe variances for the regions.
Bounds were estimated as two times the square root of the vanices. The total estimate for
area covered by non-vegetated, non-buried driftwood is&4 0:7x10° m?.

3.C.3.2. volumes and mass carborA volume of wood on the order of 10to 10" m3
is estimated for the Lake. This value was calculated by mufilying the total area by a
reasonable range for average accumulation heights§0 1.5 m) and a reasonable range
for accumulation porosity (05 to 0:8 fraction of wood). Porosity was highly variable in
Great Slave Lake drift piles, depending on the degree of imbation and amount of smaller

branches, twigs and wood pulp draped on top. To estimate masarbon, volume of wood
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Figure 3.C.3. Log lengths from eld measurements (grey dots) within one
standard deviation of the average length of individual loggsom photos (black
dots) were used to estimate the average diameter of logs onopds, Q23 m
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Table 3.C.2. Description of shoreline regions and results. View concutbn
with Figure 3.C.1.

Region Descriptions Xs 2 Rs® CC¢ bfrac? mfrac pfrac
1. Inactive Slave River Delta 479 124 46 1.1 0.00 0.99 0.01
2. Active Slave River Delta 265 102 25 19 0.00 0.99 0.01
3. Chain of windy exposed islands 46.8 12.2 3.1 1.2 0.83 0.17 <0.01
4. Protected curved shore near Fort Res- 23.2 35 1.0 1.3 0.00 >0.99 <0.01
olution

5. Windy shore with many elongate land 31.0 10.0 4.1 1.1 0.61 0.38 0.01
spurs near Paulette Island

6. Very windy arcuate shores near Pine 36.9 11.8 5.1 1.2 0.68 0.32 <0.01
Point

7. Straight sandy shores near Hay River 804 115 53 1.1 0.00 >0.99 <0.01
8. North-south trending North Shore 103.7 6.8 26 1.2 0.70 0.29 0.01
9. Protected large bay on North Shore 374 12 02 15 0.00 0.99 0.01
10. East-west trending North Shore 648 96 6.2 1.7 0.16 0.84 <0.01
11. West shore in the North Arm 995 02 03 13 0.44 054 0.02

a.Xs is the total shoreline distance within each region in kilometers.

b.Rs is ratio of driftwood area over linear shoreline distance.

c. C (for Complexity) is a measure of the small scale (16 m) irregularity of the shoreline. It is
calculated like a sinuosity, but also includes distances around iahds and spits close to shore
Complexity and Rg are average values from ten randomly sampled photos from each region.
d. bfrac, mfrac, and pfrac report the fraction of area within each

region covered by berms, mats or individual logs, respectively.

was mulitplied by 450 kg/m? (which is a reasonable estimate of the density of wood for
the tree species present: poplar, aspen, birch, white speuand larch), and then divided by
two (wood is only about one half carborLamlom and Savidge(2003)). The error on the
volume and carbon estimates are reported as ranges that araskd on the small and large
end members corresponding to the ranges of probable heightsl porosities.

In order to facilitate comparison of values across regionglume or mass carbon are often
normalized by contributing drainage area (which is usefubf basins with wood recruitment
dominated by upslope mass wasting), total basin stream letig(which useful for basins with
wood recruitment dominated by bank failures), or total lenth of shoreline (which is useful
for thinking about wood storage). For this site, contributhng basin area is 8 x 1 km?,
total stream length (3rd order or higher) is 17 x 1 km, and length of shoreline is 6 x 10

m. These values were to normalize results for comparison tther studies in other regions.
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Currently, there is no consistent reporting protocol for lege wood rates and volumes. To
facilitate broader synthesis of wood and carbon budgets, wweopose that studies reporting
metrics related to driftwood or instream wood include: comibuting drainage area and stream
length, length of shore or bank surveyed, total volume (witkexplanation of methodology and
assumptions for porosity and height), total carbon (with asumptions for fraction carbon
and density), time frame, and sampling situation. Not includd in this list is the total
surface area of logs within jams, which is of particular intest for ecologists allace and
Benke, 1984), but not a practical eld measurement for large scalgpatial studies. Surface
area of wood can be calculated based on relationships depeld between wood volume
and surface area Nanners et al, 2007). Consistently reporting these values will allow
researchers to synthesize eld data from across disciplsiand spatial scales to help constrain
wood and carbon budgets in uvial networks, which is neededtre ne global carbon uxes

(Aufdenkampe et al.2011).

3.D. S4. Tree Core Methods and Analysis

A dataset of of the cores used in this analysis is provided asigporting Information
data le DS3 and Table 3.E describes the variables in the daseat. In addition to the height
of the core and the distance inland, the decay class (see Figu®.D.4) of the driftcretion upon
which the tree is growing and the number of driftcretion beteen the location of the tree and
the shoreline were noted. For berms and mats, the term driftetion event is used to describe
discrete driftwood piles in varying levels of decay that werprobably deposited during or
within a few years of a year of high wood delivery to the lake. df piece-wise matrices,
an driftcretion event relates to when a large segment of wopdediment was exposed and

vegetated.

3.D.1. Estimating Germination Year. The age of each sampled tree was calculated
by counting rings and then adding the number of years missefithe core was o -center and
the number of years missed by coring at some height o of the gund. Germination year

was calculated by subtracting the estimated age from the yethe sample was collected.
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3.D.1.1. estimating years on cores by counting ringsCore and cross-section samples
were mounted, sanded and rings were counted under a microseofhe quality of the cores
ranged from excellent to poor. In 2013, many cores were twest and broken. In 2014, a
new corer was bought and most cores were of excellent qualitfhe poorer quality cores
from 2013 were still used since it was still possible to counings for a minimum age and
this study was interested in general decadal scale trendsgermination rather than a precise
analysis of year to year tree widths and growth. Conservagverrors were assigned to each
core ranging from 1-10 years based the quality.

3.D.1.2. estimating years missing on o -center coresSome cores did not go through
the exact center of the tree. The number of rings missing du® tmissing the center was
estimated by aligning a transparency of concentric circlesith the curvature of rings near
the middle of each core and then measuring the distance frorhet edge of the core to the
center and multiplying it by the average ring width near the enter of the core. Measurement
error associated with the distance to the center and with thaverage center ring widths were
estimated and used to estimate error.

3.D.1.3. estimating years missing from germination to core heightAge-height relation-
ships were developed by slicing twelve juvenile white sprutrees into cross-sections every 5
centimeters from the top of the root to 20-60 cm up. Years sis@ermination were recorded
by subtracting the number of rings counted at each intervalypthe number of rings counted
at interval O (the section just above the roots). This analyis was done to obtain prediction
estimates for the number of years missed by coring larger &&at some height above ground
level, usually between 20 and 40 cm o of the ground. Data frofthis analysis in included as
Supporting Information data le "ageheight.csv", and Tablke 3.E describes the the variables
in this dataset.

Age-height relationships were developed for three categesiof ring widths (rw): small
(< 0:07cm), medium ( 0:07 cm rw < 0:14 cm ), and large (rw 0:14 cm). For each tree
the average ring width for the cross section at height=0 wadasi ed into one of the three

categories. Figure 3.D.1 shows the age-height relationshifor each of the three categories.
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the y axis, "years", corresponds to the variableyrsbfr in Table 3.E and represents the
number of years elapsed, or age, before a tree grows to a parar height. The resulting

models for the three categories of ring widths are:
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Figure 3.D.1. Regressions to determine years since germination at some
height for three category of ring widths (rw). Ring width valies are in cen-
timeters. Model coe cients and t are reported on page 147.

(1) small rings: rw< 0:07 cm

Y ears= 0:24 Height(cm); RMSE = 3;R?=0:87
(2) med rings: 007 cm rw < 0:14 cm

Y ears=0:15 Height(cm);RMSE =1;R?=0:98
(3) large rings: rw 0:14 cm

Y ears=0:05 Height(cm);RMSE =0:3;R*>=0:95

Average ringwidths near the center of each core in the main deget (described on page
155) were measured then grouped into the three categoriesrioig widths. The regression
equations on page 147 were applied to the core height to olstaan estimate of years from
germination to core height. 95% Prediction con dence on thgears from germination to core

height were were estimated by 2 RMSE. In the cases where the lower con dence limit
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extended below zero,values were truncated to zero since adrcan never be negative years
old.

The years and their errors estimated from this step were theadded to the estimated
age at the height of the core as described previously. The uéishg ranges of germination for
each core are shown in Figure 3.D.2. Uncertainty increased tviage and with the quality of
cores. Most of the cross-sections with germination year aft1950 are cross-sections rather

than cores and are much better constrained.
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Figure 3.D.2. Estimated ranges of germination year for each core. Core®ar
ordered along the x axis by their index, which is the order thathey appear
on "cores.csv". The vertical bars represent the uncertaintin the germination
age for each core.

3.D.2. Results.

3.D.2.1. decay rates.We estimated decay rates by subtracting the median ages ok#s
sprouting out of driftcretions for each decay class. Figurel3.4 shows photographs of each
decay class. Rounding values to the nearst tens place, it gdapproximately 20 years to
decay from class 2 to 3, 40 years from class 3 to 4 and 60 yeansiiclass 4 to 5 (Figure 3.D.3
Driftwood piles take just over 50 years to become fully vegatied (class 4 is fully vegetated)
and thus unrecognizeable as wood in aerial photographs.

3.D.2.2. driftcretion rates. Rates were computed by calculating the rates between each

individual core along a transect, as shown in Figure 3.D.5. T$\was done in order to capture
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Figure 3.D.3. Age of spruce trees growing out of driftcretions at varying
states of decay. Each decay class is very signi cantly gresit(p-values< 0:01
at = 0:05) than the class before it using two sample t-tests. The apgpximate
time between classes noted were calculated by substractitig means of each
class and rounding to the nearest ten.

the variability of rates through time. In addition to calculating an average rate as a distance
over time, we also calculated rates per event. It is useful think about rates per event
since driftcretions are deposited episodially rather thanontinually. Cores collected in the
eld were excluded from the Data Set S3 and the rate analysikit was determined that the
tree germinated within a mature forest rather than coincidet with driftcretion deposition.
This was detected by plotting age versus distance inland arldoking for age reversals. An
example of this is shown in Figure 3.D.5.

A total of 50 paired cores growing out of berms, mats and piegdse matrices were used
to estimate rates. The Supporting Information Data Set S5 ¢wains the rate data and page
155 describes the variables in this dataset. Figure 3.D.6 giacally shows the data in a
scatterplot shaded by driftcretion type and Figure 3.D.7 comares boxplots between the
three driftcretion types.

Generally, more time passes and less land is accreted forrhesvents and the most land
is accreted in the shortest amount of time for piece-wise nmates. Mats are somewhere in-

between, but more closely align with berm than matrices. Hower, for all driftcretion types,
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Figure 3.D.4. Decay classes. The background images show the conditions
of logs. The leftmost image shows how the driftpiles appear the landscape
and the small inset photos show the growth of lichen, moss anther fungi on
boulders and cobbles associated with each decay class.

mean years between events are similar (pvaki®.05). Based on a rounded interquartile range

for all the data, driftwood accumulates episodically abougvery 20-40 years (rounded to the
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Figure 3.D.5. Computing rates from cores ages along transects. The top
gure shows dashed lines representing rates between corampled along the
pro le "t03" ( Refer to Figure 3.A.2 for the location). This tra nsect was on
a high exposure shore with a sequence of parallel berms. Doeage reversal
after c2 and because c2 is near 300 years old, a recognizedeupimit for the
age of white spruce in forestslimoney and Robinson 1996), c3 and c4, shown
in red, were discarded from the dataset. It is likely that c3ad c4 germinated
within a mature forest rather than on a driftcretion. The nunbers along the
bottom count the number of discrete driftcretion events ideti ed in the eld
based on wood or topography. The segmented bar at the bottonmrzotates
regions of discrete decay classes (see Figure 3.D.4 for aaliguide to decay
classes). The average rates between cores for this transeniged from 016
m/yr (s5 to c1) to 0:34 m/yr (s4 to s5). The number of years between events
ranged from 15 yrs (sl to s2) to 52 years (s5 to cl). The distanof land
accreted per event ranged from 4 m (sl to s2) to 10 m (cl to c2).
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Figure 3.D.6. Scatterplot of rate data classi ed by berms, mats and pieces
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Figure 3.D.7. Distribution of rate data by driftcretion type. Letters denote
statistically signi cantly di erent groups using pair-wi se t-tests at = 0:05.
Data from types with no statistical di erence were combine@nd the interquar-
tile range for each grouping is noted at the top of each graph.

nearest ten). Berms and mats accrete similar amounts of woger event, between 4-10 m,
while matrices accrete between 14-23 m. Average rates of &tiom for berms and mats are
lower than for matrices (0.1-0.4 m/yr compared to 0.6-1.4 nyft).

Berms are formed with ice pushes shoreline wood up into congpdinear ridges. This
is a spatially and temporally discontinuous process that nyanot align with wood delivery,
thus the time between events could be large and quite variahlwhich is what is shown in
both Figures 3.D.6 and 3.D.7 (left). Most piece-wise matriseform in shallow embayments

or between actively growing spits and the main body of landf the embayment accumulates
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enought sediment or becomes hydrologically disconnectedr the main lake body, then a
vast area of formerly buried driftcretions (10-50 m) may becoe exposed and vegetated in
a short period of time, which is supported by our data.

3.D.2.3. germination timing and variability in growth. Most white spruce seedlings in
boreal forests germinate early to mid July in hummocky litterand decaying logsBerger
(2002). Survival through winter is greatest for seedlingoted in logs because they provide
a stable moisture supply and water temperatures and becausmts become easily established
in the porous structure of log. Logs also provide protecti@nfrom smothering by leaf litter.
Thus, the shoreline wood provide prime conditions for the &blishement and survival of
spruce seedlings on new driftwood mats and berms. The matui@est within 20-50m of
the shoreline provides a steady source or viable seeds. Thuss likely that a new band of

spruce becomes established within 3-10 years of wood depasi
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Figure 3.D.8. Growth trends of White Spruce on high exposure versus low
exposure shorelines

We used the data from Data Set S4 (155) to investigate the imptathat site exposure
has on growth trends of spruce. Figure 3.D.8 plots height vers years of growth. Height is
plotted on the y axis so that the growth curves easily interpgtable; the steeper the curve the
more height was gained per year, the atter the curve the morstunted the upwards growth.

Trees are color coded with whether they germinated along higexposure (red lines) or low
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exposure (blue lines) shore. Along low exposure shores wids$ wind and ice disturbances,
growth appears to be fairly consistent between samples wih along high exposure settings
growth can be quite variable. For example MR0140817s8 grew very quickly even though
it was physcially adjacent ML.20140817s9, which grew very slowly. The explanation for
this is that MI -20140817s8 germinated within the hollow of a decaying ro@d resulting in
protection from wind and a ready supply of nutrients. We conadlde that germination site
greatly impacts growth trends on high exposure shores. Theplication for our study is

that on windy shores, the larges trees in a grove of similar g trees may not be the oldest.

3.E. Datasets

All data les described here can be accessed attp://hdl.handle.net/10217/100436

Data Set S1 Field measured driftwood size, explanation of variables (see sectn
TranlD Unique transect identi er
Dm The median diameter in meters as an average of the small and large end diam

eters
L The length excluding the rootwad

RegionID
Photoname
Long
Lat
lineardist
weight
shoredist
Complexity
pieces
lengthpiece
avglog
matarea
bermarea
Ri

Data Set S2 Diriftcretion data per sampled photograph, explanation of variables

Unique identifer for each of the 11 regions

Name of the photo used

Longitude of photo (WGS84)

Latitude of photos (WGS84)

The linear distance of the shoreline in m

The proportion of region shoreline covered by photo X s/lineardist)
The shoreline distance in m

shoredist / linear distance

of individual logs counted

the total length of individual logs counted (m)

the average length of individual logs counted (m)

the total area of mats (1)

the total area of berms (%)

the total area per linear distance (matarea+bermarea)/lineardist
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Data Set S3 Data per core, explanation of variables (See section 3.D.1 for details).
CorelD Unique identi er for 73 cores
TranID 15 levels: Transect identi er
Type 3 levels: "berm”, "mat", "piece"
X Distance of core inland from shoreline in meters
Decay 5 levels for decay where 1 is least decayed and 5 is complgteecayed.
Event The number of discrete driftcretion events between the ore location and the
shoreline
yrsamp The year the core was collected
h The height from the ground at the location of the core in cm
d The diameter of the tree at the height of the core in cm
age Age estimate
ageplus Upper bound on age estimate
ageminus Lower bound on age estimate
germyr Estimate of the year of germination (yrsamp+age)

Data Set S4 Spruce age-height dataset, explanatation of variables (see section 3.D.1f@r usage).
ID Unique identi er for 12 tree samples
exp 3 levels: "High", "Low",or "Med" shoreline exposure
h The height in cm
d The diameter in cm at a particular height
agech The cored age of a tree at a particular height
yrgrowth The year that the tree starting growing at a particular height
yrsbfr  The number of years elapsed before the tree reached a partitar height
avgring The average ring width in cm/yr at a particular height
tavgring The average ring width in cm/yr measured at height=0

Data Set S5 Rate dataset derived from data S3, explanation of variables (See section 3.B.2 for usage).
CorePairs lists which cores were compared
TranID unique transect identi er
type Three levels: "berm","mat","piece" based on what the tree was rooted within.
xperevent The distance accreted per event in meters.
yrbtwnevent The number years between events. Calculated by takig the age between two
adjacent cores divided by the number of events recored between the
rate Average rate of driftcretion in m/yr. Calculated by taking the change in dis-
tance between two adjacent cores and dividing them by the di erene in age
between them.
ratemin The lower bound for rate calculated using the largest possiblai erence in core
ages from core age bounds.
ratemax The lower bound for rate calculated using the smallest possilel di erence in
core ages from core age bounds.
yrbtwneventmin The lower bound for yrbtwnevent calculated using the largest possible di erence
in core ages from core age bounds.
yrbtwneventmax The upper bound for yrbtwenevent calculated usirng the smallest possible dif-
ference in core ages from core age bounds.
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CHAPTER 4

The Pulse of Driftwood for Multiple Timescales in

a Great Northern River

Summary

In order to better plan for hazards associated with wood andtbetter model nutrient
paths through river systems, we must have a better understdimg of the processes which
govern the magnitude of wood discharge during oods. This stly presents a thorough
and intriguing case study of large woodX10 cm diameter and>1m length) transport on
the great Slave River in northern Canada (Q=1® m3s !, DA=60° km?, width >300 m)
with the objective to better understand the variability in pulsed wood uxes from forested
catchments with continuous recruitment processes. We useld characterization of wood,
historical anecdotes, repeat aerial imagery of stored woaahd time-lapse imagery of wood in
transport to assess daily to decadal variability in wood uxidentify transport thresholds and
processes, and estimate recurrence intervals of massivesegic large wood oods. Pulsed
wood export on the Slave River is not an artefact of episodi@cruitment from major up-
basin disturbances, but rather re ects decadal- to half-c#ury-scale discharge patterns that
re-distribute wood continually recruited from channel migation and bank slumping. We
suggest that the multi-year ow history is of paramount impatance for estimating wood
ux magnitude, followed in declining importance by the yealy sequence of peaks and the
magnitude and characteristics of the rising limb of individal oods. This study shows that
repeat monitoring of known sites of temporary storage withew or historic imagery is a very

useful tool for constraining wood ux histories.

4.1. Introduction

The processes governing recruitment, storage, and transpof large wood Wohl, 2016)
are referred to as wood dynamics. The main drivers behind sssch into wood dynamics

in rivers are: to understand the role that wood plays in the edogy and health of riparian
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corridors (Harmon et al., 1986;Gurnell et al., 2005); to understand the in uence wood has
on shaping the morphology and sediment regime of channelse(ler et al., 1995; Iroune

et al.,, 2010; Wohl, 2013b); to better constrain global biogeochemical cycléy describing
how large wood in uences nutrient uxes from the land to the ceans Gedell et al, 1988;
Hilton et al., 2008;Sut n et al., 2016); and to predict and plan for hazards associated with
wood clogging of engineered structures during debris ows @ oods (Rigon et al, 2012;
Ruiz-Villanueva et al, 2014;Piton and Recking 2015). Transport processes have arguably
received the least attention by river scientists comparedtrecruitment and storage Kramer
and Wohl, in review; Wohl, 2016).

In this paper, we assess temporal variability in driftwood ux from the Slave River, which
we characterize as a great riverKramer and Wohl, in review), to the Great Slave Lake.
By focusing on the outlet of a large basin rather than headwat catchments, we assess the
cumulative patterns of wood ux from the entire basin throudn time. We center our paper on
understanding a wood ood (atypical massive, congested, Wastream transport of oating
wood) that we withessed in 2011.

Congested wood transport occurs when input rates of wood eetl some thresholdBrau-
drick et al., 1997;Bertoldi et al., 2014) and is often directly related to episodic wood recruit
ment from large scale forest disturbanceDavidson et al, 2015), usually due to extreme
storms, tectonic activity and/or landslides and windthrow (Phillips and Park, 2009; West
et al, 2011). In large rivers, export of wood is generally assuméa occur continuously
because 1. recruitment processes are continual (meandgrimank failures and mortality),
and 2. high discharges can easily transport all sizes of logisa variety of ows (Jochner
et al., 2015).

Despite continual recruitment processes, wide channels Z00 m) and high discharges
(>10° m3s 1), both the Slave and Mackenzie Rivers have event-driven eoq regimes (de-
ned in Jochner et al.(2015) as episodic transport with continual recruitment).Although
several studies allude to the importance of ow history on ngnitude of wood mobilization

and ux (Johnson et al, 2000;Haga et al, 2002;Bertoldi et al., 2013;Jochner et al, 2015),
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this is the rst study that we know of to directly address it on timescales longer than one
year. There is also currently no discussion in the literater about how re-mobilization of
previously recruited wood in large rivers result in congestl transport. In this study we seek
to answer the question: \what are the processes controlliqmulsed export of large wood in
rivers with continual recruitment processes?"

In order to answer this question, we explore wood transporiceoss di erent timescales
using a variety of methods. We use wood characterization téegin information about trans-
port processes based on the size, type, and condition of wodUe use historical imagery and
anecdotes to constrain recurrence intervals and estimateagnitude of rare, massive, wood
ux events. We use repeat aerial imagery (1933-2014) of clgm at storage sites to assess
decadal patterns of change in storage in relation to yearlyepk freshets and ice jams. We
use time-lapse imagery to capture wood in transport for mufile years (2012-2015) with the
goal of assessing variability and de ning thresholds betwa wood ux and discharge.

After a brief introduction to the study site (Section 4.2), wehave organized this paper into
four main sections: wood characterization (Section 4.3),agnitude and recurrence of wood
oods (Section 4.4), decadal to seasonal patterns of woodxuSection 4.5), and yearly to
daily patterns of wood ux (Section 4.6). Detailed methods iad results are included within
each section. Wood characterization is presented rst to pvide a base understanding of
wood transport and recruitment processes for the river. Thiis followed by progressing from
our methods and results from low (decadal) to high (daily) teporal resolution and from
long (half-century) to short (daily) timescales.

Unless otherwise noted, large wood is de ned to be greater ihd0 cm in diameter and
1 min length. We also use the term \driftwood" as well as \larg wood" (LW) because we
discuss oating wood in a lake and along a very wide river thas about 15 to 30 times wider
than the longest pieces of wood. In these situations, wooddsfting through the water and
washing up on shorelines, thus the term driftwood is approjate. The terms large wood
and driftwood are more universally applicable to rivers anébkes than the commonly used

\instream wood".
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Figure 4.1. Study sites in the Slave River Rapids Corridor, Canada. Letters A-E
correspond to location of photos in Figure 4.1.

4.2. Study Site

The Slave River drains approximately 6x10km? and connects the Peace and Athabasca
rivers to the Great Slave Lake (Figure 4.1) in northern CanadaThe water from the Great
Slave Lake ows into the Mackenzie River and eventually outd the Arctic Ocean. Study
sites were located within the Slave River Rapids Corridor, lich is on the 60N parallel on
the border between Alberta and the Northwest Territories. TheSlave River Rapids Corridor
drops 32 m of elevation in 26 km. This is a unique stretch of ®v characterized by split
ow and powerful hydraulics around bedrock islands of polieed Canadian Shield granite.
Within the corridor, there are four main sets of steep rapidspdit by lower gradient reaches
between them. We had eld sites in the three sets of upstreanapids: Mountain Portage,
Pelican and Cassette (Figure 4.1).

Downstream of the rapids, the river meanders for 276 km thrgh incised Great Slave
Lake deltaic deposits that date to 8000 BP at Fort Smith (dowstream end of the rapids) to
1000 BP at the start of the modern delta Yanderburgh and Smith 1988). Upstream of the
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rapids, the river is fairly straight and ows north along the contact between the Canadian
Shield to the east and Interior Platform sedimentary rocksd the west. Channel widths
upstream and downstream from the rapids are about 500 m, wieas widths in the rapids
sections widen to as much as 2000 m. Channel gradients aretidd for the three sections.
The gradient is 0.1 m/km upstream of the rapids, 1.3 m/km for e rapids corridor, and 0.04
m/km downstream of the rapids (Figure 4.1).

Just upstream of Cassette rapids, Water Survey Canada has opted the \Slave River
at Fitzgerald" gauging station, 7NBOOI, from 1921 to presentsgee Figure 4.1 for location).
Base ows are approximately 2000 #s ! and summer ows commonly reach 6000 ¥a 1.
The Slave River freezes every winter (November) and there agenerally two hydrograph
peaks: the rst corresponds to ice break-up (May) and the send is a freshet peak (June-
July) related to runo from snowpack and glacier melt from thesouthern Canadian Rockies.
The highest recorded ow of 11,200 As ! was associated with an ice break-up event in May
1974. Ice break-up events do not occur in all years becauseytrare dependent on river ows
and the formation and location of ice jams. In recent yearsceé break-up events appear to
be less commonKeltaos et al, 2006). As the climate warms and glaciers recede, we expect
that the Slave River will start to experience more mid to latesummer hydrograph peaks
from large rainstorms and earlier spring melt.

In the mid-1960s, the large, earthen W.A.C. Bennet Dam was buibn the Peace River
approximately 1000 km upstream from the Slave River Rapidsdtxidor (Figure 4.1). Flow
regulation from operation of the dam has greatly altered rer hydrology, ice processes, and
ooding on the Peace River and the Peace-Athabasca delt8¢ltaos et al, 2006). Impacts of
ow regulation on the Slave River are bu ered by discharge &m the unregulated Athabasca
River, but an analysis of gauge records indicates that the & River, since construction of
the dam, has had higher base ow, lower magnitudes for 1-20 ygcurrence intervals (Figure
4.2), decreases in break up and freshet peak magnitudes, amcteases in the number of late
summer secondary peaks due to releases. Several large-cpaydropower projects are

currently under negotiation and study for the Peace, Athabsca, and Slave Rivers. At the
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Figure 4.2. Recurrence interval at Fort Fitzgerald gauge, 7NB001, before
and after construction of the W.A.C. Bennett Dam.

time of this study, less than<10% of the Slave River drainage is upstream of dams. Thus,
our data provide a baseline for wood dynamics in a great riverior to extensive development
of the river corridor because wood is not halted by reservesifrom greater than 90% of the
basin area.

The Slave River is an ideal location to study the variabilityof wood ux through time
because it has a rich history of river use for shipping and twel, the rapids contain many
islands that temporarily, yet regularly, trap wood in trangort, we could easily install readily
accessible cameras to record the yearly movement of wooddamce delivered to the Great
Slave Lake, wood is stored in age distinct accumulations thean be dated. We realized that
at this location we could obtain snapshots of wood storage @rransport through time at
di erent temporal resolutions, enabling us to assess the nability and history of wood ux

near the outlet of a great river.

4.3. Wood Characterization

4.3.1. Background. @ Most of the wood transported through the Slave River is soued
from the Peace River and deposited along the shores of Gredave Lake Kindle, 1919),
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where the wood interacts with sediments and vegetation to €ate complex shoreline mor-
phologies Kramer and Wohl, 2015). The wood delivered to the Slave River from the Peace
River basin is mostly sourced from bank failures along measdbends in the boreal plains
rather than mountainous regions because the wood from the @adian Rocky Mountains
is likely trapped behind the W.A.C Bennet Dam before reachinghe plains. Thus, wood
dynamics on the Slave River re ect continual up-basin recitment of wood by bank failures
and lateral migration into riparian forests rather than epsodic loading from landslides in
mountainous regions.

Some wood is locally sourced from the boreal riparian forestlong the banks of the
Slave River. Recruitable trees are fairly small(30 cm diameter) aspens, poplars, and birch
(Populus spp.), alders @lnus spp.), willows (Salix spp.), and white spruce Picea glauca).
Banks are easily erodible and there is active slumping of Isibpes that regularly recruit
wood to the river. Based on our observations, trees that emtéhe river via bank failure or
stranding of drift logs on banks by high ows appear to be rounely transported by ice jams
and associated oods in subsequent years.

Field reports from the early 1900s of the Slave River upstreaof the rapids note large
amounts of wood sourced from banks that become caught up instadriftwood piles on
mid-river, small, bedrock knobs. If ows do not re-distribie these piles before vegetation
establishes, then the piles form the nuclei for stable midiannel islands and commonly grow
to become interconnectedKindle, 1919). We have seen similar driftwood-based vegetation
in the steeper rapids corridor. Wood-initiated, mid-river vegetated islands and log rafts
are not unique to the Slave River. This process and resultingndforms have been well
documented elsewhere on other large rivers draining foredtcatchments in North America,
Europe, and Africa Hickin, 1984; Triska, 1984; Jacobson et al. 1999; Gurnell and Petts
2002;Collins et al.,, 2012;Boivin et al., 2015).

The 2011 wood ood completely re-organized wood and depeasitfresh wood accumu-

lations in the Slave River Rapids Corridor. Figure 4.1 showgpe deposition sites including

162



point jam, bay, raft and racked piece accumulations. In the inter of 2013, uvially de-

posited wood piles from 2011 were again re-organized, thimé by ice push during break
up. lce-pushed jams were usually deposited on the lee sideisthnds and appeared to be
more densely packed and randomly oriented than uvially depsited jams. A short video
about driftwood in the Slave River and Great Slave Lake is puided as a supplemental le
(msO1WoodResearchVideo.mpyand is particularly useful for gaining an appreciation for

the great scale of the place, system, and processes that wedalibe in this paper.

4.3.2. Wood Metrics.

4.3.2.1. Methods. Useful information can be gained about transport processesdcawood
provenance by characterizing wood size and conditioM6ulin and Pegay, 2004). We char-
acterized the size distribution and characteristics of wabthat had been transported by the
2011 wood ood by conducting line intersect transects laidcaoss two ood deposited point
jams, one raft, one racked piece accumulation, and two baycannulations (see Figure 4.1
for representative photos and descriptions). Along most leintersects, large wood (LW)
(>10 cm in diameter on the largest end ang 1 m in length) that intersected the line were
measured and characterized. For a smaller subset of intecte all pieces, no matter how
small were measured. The wood accumulations measured wdresen based on accessibility.
Since wood characteristics are not the focus of this papeerein we only include basic results
on wood size for ease of comparison with other studies andigtgs into wood provenance
and transport history gleaned from wood type and conditionA more complete description
of methods and thorough analysis of the data for all wood metrsurveys are supplied in the
Supporting information for this chapter (page 188).

4.3.2.2. Results. For ease of comparision with other studies, we summarize mabasin,
river and wood characteristics in Table 4.1. Large wood meagd from line intersect surveys
(n=187) had a mean length of 6.1 m with a standard deviation c4.4 m, a median of 4.7 m
and a maximum of 19.4 m. Representative diameters (averageend diameters) had a mean
of 0.21 m with a standard deviation of 0.11 m, a median of 0.18 @nd a maximum of 0.7 m.

We found that point accumulations were enriched in shorteripces and had a signi cantly
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Figure 4.1. Wood accumulations in the Slave River Rapids Corridor resulting
from the 2011 wood ood. Arrows denote general direction of ow. A: Photo of
congested wood transport during the wood ood taken with a wide anglelens at
Fort Fitzgerald; discharge=7,200 m’s 1, channel width=500 m. B: This point jam

was one of the largest jams that was deposited during the three-day wooaod. By

2013, the point jam was mostly gone, scraped clean by ice break ups. C: Typidgl
bays collect very large rootwads and numerous small wood pieces, suak bark and
small branches, whereas point jams collect more mid-size pieces. This photo of
racked pieces shows split ow around bedrock islands typical of theiver (upstream
ow width=60 m) which, at this location, is just a fraction of the 1000 m wi de
river. D. The dashed yellow line on the raft indicates new wood deVered in 2011
to a small side channel, east of Pelican Rapids, channel width=50 m. Laations of
photos are marked by letter on Figure 4.1.
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Table 4.1. Site and wood characteristics summary

Site Characteristics

Latitude 60deg N

Elevation 200 m asl
Drainage Area 6x1G km?
Gradient 0:04 1.3mkm 1!
Discharge 2000-11,200 ks !
Magnitude RI 1.5y, 2 4200 s 1

LW Size : mean, sd, med, max

Length (m) 7.4,5,6.1,19.4
Diameter (m) 0.23, 0.12, 0.21, 0.7
Coniferous V, ® (m?3) 1.2,1.3,08,7
Deciduous V,? (m3) 0.9,1.2,04,5

LW type and condition

%Coniferous: Deciduou$ 58:42
%Coniferous: Deciduou$ 42:58
%Sound:Decay 84:16

9%No Bark: Bark Present 81:19

%Abraded: Limited Abrasion 94:6

%Beaver Chew 5

%Rootwads 32

a. Rl is recurrence interval. This value re ects yearly recurrene interval post-dam.

See Figure 4.2

b. V, is the air-wood rootwad volume which is the volume of a box that compleely

encloses the rootwad Thevenet et al, 1998)

c.proportions based on all pieces surveyed.

d. proportions based on only pieces with rootwads and may more accurately repsent

recruitment because deciduous are more likely to break and contribie more large pieces
per tree to overall wood loads.

di erent size distribution than all other accumulation sites (Supporting section 4.A, Figures
4.A.1 and 4.A.2, Table 4.A.3). We attribute this to preferentid trapping of smaller pieces
on point jams. Thus, data from log rafts, bays and racked acowlations are likely more
representative of the size of wood in transport than wood ingint accumulations. When
point jam data is extracted from the dataset, mean and medialengths increase by about
1 m and mean and median diameters by about 2 cm. Without the pdifam data, mean
wood length is 7.4 m with a standard deviation of 5 m and a mediavood length of 6.1 m;
mean diameter is 0.23 m with a standard deviation of 0.12 m andedian diameter of 0.21
m.

Based on proportions of wood as bark, small wood (lengthl m or diam <10 cm),
medium LW, and large LW (length 3 m and diam 0.23) measured along a complete

line intersect survey in a bay, we estimate that the Slave Rer carries 2680 pieces of bark
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per 407 pieces of small wood per six pieces of medium LW per gqga of large LW (see
Supporting section 4.A for explanation of estimates and Spprting Figures 4.A.1-4.A.3 and
Tables 4.A.3-4.A.4 for size distributions and summaries byzs class). Further work should
be conducted to more precisely and accurately constrain tlibutions of wood size that

include small wood. If this is done then, it becomes possible better understand how

uvial processes impact size distributions by comparing istream wood size distributions to
riparian tree distributions, as suggested byrurowski et al. (2013).

The bulk of LW pieces on the Slave River are smooth boles withorbark and sound
wood (Supporting Section 4.A, Figure 4.A.4, Table 4.A.5). Ovela 84% of wood is sound
compared to 16% decayed; 19% of wood contains bark versus 8&f#h no bark; and 6% of
wood shows limited abrasion whereas 94% of pieces are abdadehis indicates that wood
in transport has travelled long distances (highly abradeg)as spent time in the water (no
bark), but has not spent a long time rotting in place on oodpéins (sound wood rather than
decayed). A high percentage (35%) of wood contained rootw&aon rming that recruitment
is likely dominated by bank erosion.

About 5% of LW wood from line intersect surveys is beaver chevithere were no large
di erences in wood condition between coniferous and decious trees. We also found that
deciduous trees enrich size distributions with smaller lgths of wood, most likely because
they contribute greater quantities of larger snapped o braches than coniferous trees. When
all the data is considered, 58% are deciduous and 42% are temous. However, if we select
the data to include only trunks with rootwads, the percentags reverse to 42% deciduous
and 58% coniferous. Further analysis of rootwad size and gais provided in Supporting

Section 4.A, Figures 4.A.5 and 4.A.6, and Tables 4.A.6 and 4.A.7.

4.4. Magnitude and Recurrence of Wood Floods

4.4.1. The 2011 Wood Flood. @ The wood ood we witnessed on the Slave River in
2011 was a swath of congested wood transport about 20-100 ndevihat lasted 3 days.

It looked like one long, continuous snake of driftwood mowvindown river. Uncongested
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transport continued for weeks afterward. The scale of woodavement downstream was
impressive and strikingly similar (albeit smaller) to a 199 wood ood described byE.M.

Kindle (1921) on the Mackenzie River:

\The immense volume of this oating mass of travel-scarred tree trunks and
forest debris greatly exceeded anything seen or imagined. In generdlformed a
nearly continuous mass of a mile or more in width...Walking over this diftwood
was often more feasible than canoeing through it... The closely packedhase of
this particular exodus occupied about four days in passing a given pat. (53)"

The water discharge during the 2011 wood ood was about 7,206s . Flow depths at
the Fort Fitzgerald gauge (Figure 4.1) range from 8-12 m and chael width is close to 400
m. Using an estimate for cross-sectional area of 4008,the mean velocity during the ood
was about 1.8 m/s. This matches well with surveyed ranges afirfface velocities at lower
discharges at the gauging station from 0.2 m/s at the banks tabout 2 m/s in the thalweg
(Water Survey Canada, pers. communication G. Lennie, July 28). If we assume complete
congestion of a 50-m-swath of logs 0.15 m thick (median diateeof all large wood measured
in this study) moving at 1.8 m/s, then the wood discharge ratevas 20 ni/s *. This amounts
to 5x10° m® of wood transported by the river over the three days and 2x80m® over one
day. In addition to this volume, there was also sparse transpt of wood for weeks after the
main body had passed. After conducting an uncertainty analysiby adjusting the width,
thickness, and velocity, we consistently estimate 3-day »xuvolumes over 16 m3. This is 10
times the 492 120 n? total seasonal background ux volume estimated for same laton
between July 13th and August 13th in 2012Kramer and Wohl, 2014).

When delivered to the Slave River Delta, the wood from the 20l1évent completely
clogged the Nagle distributary channel and boat launch (Sujmpeting Figure 4.B.1). Residents
of Fort Resolution who regularly use this channel for trave$pent several days clearing the
wood. Failure to clear this channel would have likely causeml/ulsion and re-positioning of
the channel. Much of the wood in 2011 was delivered to the delfront in massive mats
and large driftwood berms (Supporting Figure 4.B.1). Succgsn of driftwood deposits from

large wood oods like 2011 are a primary driver of outer delta morphology and vegetative
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patterns (Kramer and Wohl, 2015). Tree core dates growing out of drift piles suggestsatt
discrete driftwood berms are deposited every 30-50 yeaksggdmer and Wohl, 2015).

4.4.2. A Historical Perspective. In a write-up of a eld excursion in 1917 Kindle
(1919) writes \there is probably no lake in North America whichreceives anything like the
amount of driftwood which is poured into the Great Slave Lakechie y through the Slave

River" (pg 358).

Figure 4.1. Historic photos of wood transport. Photos are from the NWT
archives http://www.nwtarchives.ca/. Left: River driftw ood at Fort Fitzgerald
upstream of the rapids, photo by Sam Otto Fonds, accession nber N-2002-
002, item number 0373. Right: River driftwood at the bottom 6 Mountain
Portage rapids, photo by Rene Fumoleau Fonds, accession ragn N-1995-
002-1804. Bottom: Driftwood deposits in the Slave River dal, May 29, 1972.
National Air Photo Library (NAPL) Roll #A22708, photo #20

To gain a sense of the recurrence interval for wood oods, wpake with local residents
of Fort Smith and Fort Fitzgerald and searched historic arclves for evidence of past wood

oods. Many residents expressed that the event in 2011 wasigne in their experience. Some
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residents who frequent the river mentioned that driftwoodd common every year, especially
near ice break up, but the magnitude and late summer timing ahe event in 2011 was
unusual. After a search of the NWT Archives lfttp://www.nwtarchives.ca/ ), we found
photographs of congested wood transport in 1933 and in 19Fdure 4.1-Top). Wood oods
appear to be important recurring events on the Slave River. Bfioric air photos of the Slave
River delta in 1972 show distinct new and old wood deposits dhe delta front (Figure

4.1-Bottom).

4.4.3. Log Raft - Evidence for Recurring Wood Floods.

4.4.3.1. Methods. In August 2015, we visited a log raft clogging a side channel the
Slave River Rapids Corridor (located at 59.955308 -111.65456W and annotated on Figure
4.1. Additional photos of the raft are presented (Supportindg-igure 4.C.1). This same log
raft is mentioned in Alexander Mackenzie's journals circa 8B during his quest to nd a
route to the Western Ocean through CanadaMackenzie 1793). We hypothesized that the
position of the front of the raft was migrating upstream withepisodic forward growth due to
additions from wood oods such as the one in 2011. To test this/pothesis, we gathered as
many historic aerial photographs of the raft as possible antiapped the progression of the
jam front. A photomosaic of aerial photos used in the analysi(Supporting Figure 4.C.2)
and table with source information for each air photo (Suppting Table 4.C.1) are presented
in the Supporting Section 4.C.

We georecti ed each photo in ArcGIS (v 10.3.1) to a 2004 Googlearth screen capture
with rst-order polynomial transformations. Residual eror for tie points was<7 m. The
average residual error was about 2% of the total length undetudy and is smaller than
distance gained from episodic large additions to the frontfdhe raft (45 to 143 m). We
measured the distance along the center of the channel betwe®o adjacent time periods.
A negative distance is recession of the log front downstreaand a positive distance is
advancement of the log front upstream. In 1930, the log raftag split into a primary jam
and a secondary jam farther upstream. Therefore for 1930, weeasured from the front of

the primary, downstream jam.
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4.4.3.2. Results. Between 1930 and 2015, the log front progressed a total of 2606 m
upstream (Figure 4.2). This progression upriver is not unifon in time. Three large advances
of 98 m, 143 m, and 45 m occurred during 1930-1950, 1950-126%] 2004-2013, respectively.
One minor advance of 19 m occurred between 1982-1991. The jadvance between 2004
and 2013 was due to the 2011 wood ood. Although we do not haveetbemporal resolution
to constrain exactly when jam advances occurred between D9B950 and between 1950-1966,
jam progression upstream was probably caused by episodicogooods like 2011, rather than
continuous additions. Since there were three large advasce a the 82 year study period,
we estimate a wood ood recurrence interval of 27 years, whigs close to the 30-50 year
recurrence interval estimate for wood oods based on date$ wegetated driftwood deposits

along the margins of the Great Slave LakeKfamer and Wohl, 2015).

Figure 4.2. Log raft evolution from 1930 to 2015.

The newer deposits of driftwood deposited on the Slave Riveelta front in 1972 (Figure
4.1-Bottom) are likely associated with a wood event recordeby advance of the log raft
between 1950 and 1966 (Figure 4.2). The older piles are likalysociated with one or multiple

wood events between 1930 and 1950. The 1933 event capturedhistoric imagery (Figure
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4.1) could correlate with the advance of the front of the logaft between 1930 and 1950
(Figure 4.2) and the older driftwood deposits in the 1972 photof the delta front (Figure
4.1-Bottom).

There is not a corresponding increase in the raft front relatl to the historic photo from
1975 (Figure 4.1). There could be at least three reasons foighFirst, the wood captured on
camera could be local re-mobilization of de-stabilized wddoy ice push and ice jam ooding
in 1974 (the highest recorded discharge on record) rather thaegional transport of new
wood coming from upstream. Second, we only analyzed the lagftrin 1970 and again in
1979, so we may have missed changes to the log front in the meldf the decade. Third, it
could be that the 1975 photo date is in error.

We have depicted a stepped progression for the jam in Figure24hat is representative
of the episodic process of infrequent wood events causinglden raft progression upstream.
We have placed hypothetical wood events at 1933, 1954, 196Ad 1990 and a known wood
event in 2011. We placed a wood event at 1933 because a histgghoto shows wood in
transport during this date. We chose 1954 because this was iglihwater year, coupled with
evidence from the Great Slave Lake that large amounts of driiles germinated in the early
1950s Kramer and Wohl, 2015). We chose 1960 because this was the rst year of highwe
after ve years of a decreasing pattern of ows similar to thepattern preceding 2011 (see
section 4.5). The minor jam advance in 1991 was likely causbg a wood event in 1990,
which was a year with a ashy breakup preceded by lower waterewrs.

Large raft advances are usually followed by smaller raft ression. Between 1950 and
1966, the raft grew the most and part of the front was even witthe 2015 raft front. But,
by 1970, just four years later, the raft front had receded dawstream 41 m. This pattern of
large advance followed by smaller scale recession is causgdank erosion expanding the
width of the channel as well as compaction of the raft in yearf®llowing wood delivery.

In general, the average rate of raft progression was much t&sprior to construction of
the W.A.C Bennett Dam (7 m/yr compared to 1 m/yr). Also, the stasis of the jam from

1970 to 1990 corresponds with the period of lower wood stoeagoted on the Pelican Islands
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from 1983-1990 (see Section 4.5). Thus, there was less waotransport during this time
period, which may re ect blockage of wood from the mountaing regions of the catchment
by the dam, or could be part of the natural variability in wood uxes on longer timescales

than covered by our data.

4.5. Decadal to Seasonal Patterns of Wood Flux

4.5.1. Methods. In order to relate wood ux to ow history, we graphically compared
change in storage of wood on mid-channel islands to pattern§ ow and discharge magni-
tudes on decadal and seasonal timeframes. We used 30 yeamnepéat photographs of the
Pelican Sanctuary islands (59.9711H8, 111.74853W) and records from the Fort Fitzgerald
gauge (7NB001, Water Survey Canada, 59.8689R8111.582301W) to compare change in
wood storage to highest recorded discharge between phot&e hypothesized that higher
peak discharges would relate to greater changes in wood sige on the islands. Figure 4.1
annotates the general location of the islands and gauge. A realetailed inset location image
with photos of the islands and gauge are provided in Suppantj Figures 4.D.1 and 4.E.1.

We obtained the historical aerial photo record of the islarglfrom the Pelican Advisory
Circle, a local citizens group that has been monitoring a What Pelican colony continually
since 1975 to assess number of nests and chick survival rateeotos were taken obliquely
by pointing a camera outside a window of a xed wing aircraft wo to four times each
summer. Flights were, and still are, funded by Environment Nairal Resources, Government
of Canada. Due to a lack of overview photos that cover the enti set of islands prior to 1983,
we only used photos from 1983-2014. Prior to 2005, photos eestored on slides, whereas
from 2005-2014 photos were stored digitally. We were only labto obtain low resolution
scans of the pre 2005 slidex@00 pixels per side). We obtained high resolution copies of
the digital images ¢ 3000 pixels per side).

The photographs were georecti ed using spline transformians with greater than 50 tie
points per image. High resolution images were then broughttsmeCognition and segmented,

wood was semi-manually classi ed, and wood polygons werepexted as shape les. Low
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resolution images did not segment well and so were broughtraght into ArcGIS where
polygons were drawn around wood manually using the ArcEditdoolset. A more thorough
description of how the images were prepared for analysis ipided in Supporting Section
4.D. The supplemental digital le (ms02Planimation _2fps.avi) is an animation of the entire
resulting dataset through time.

We analyzed shape les of wood areas in ArcGIS in two dierent ays; we analyzed
change within the same common area between all the photosrfrdl983 to 2014 (Dataset
1, dsO5D1lareas.csy and we analyzed the change between adjacent photos in timerh
1988-2014 (Dataset 2ds06D2change.csy. Dataset 2 was subset to start in 1988 rather
than 1983 due to many missing adjacent timeframes from inagigate coverage of the islands
prior to 1988. For Dataset 1, we simply summed the total areaf aood within the common
area of interest for all photos. For Dataset 2, we estimated@as of wood that overlapped in
adjacent photos (\stayed"), that were present in the seconghoto but not the rst (\came"),
and that were present in the rst photo but not the second (\weat"). Fractions were then
calculated for each time period as each category divided blge total amount of wood that
passed through storage in the interval (came+went+stayed)For example, fraction of wood
that stayed equals stayed/(came+went+stayed). The highdgpeak discharge within the time
period under scrutiny was extracted from the discharge reats for comparison. See Figure
S11 for ow chart of methods and example datasets.

We used Dataset 1 to graphically assess the change absolutak area of wood through
time, which enabled us to identify timeframes when wood waseumulating on the islands
versus when it was being removed. We used Dataset 2 to invesiie inter- and intra- annual
variability in wood imports versus exports and to identify @tterns and thresholds for wood
change in relation to discharge. Because of the unique, hitgmporal resolution of these
repeat photographs (two to four photos per summer for 30 yesr we were also able to assess

the relative in uence of ice jam ooding compared to freshetooding on wood storage.

4.5.2. Results. To test our hypothesis that the amount of change in storage @neases

with increasing discharge, we plotted the fractions of wootthat came, went, or stayed from
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Dataset 1 against discharge and visually assessed relasibips. There is clear threshold
behavior between change in storage and discharge (dasheeé lon Figure 4.1). Less than 50%
of wood changes position below 42003m?. For discharge above this transport threshold,
there is a linearly increasing threshold for maximum amountf change up to around 6800
m3s 1, when a trapping limit is reached as the islands become oodeHowever, underneath
the stepped upper threshold for amount of change possibleaghed line on Figure 4.1),
there is great variability and higher discharges do not alwa equate with greater amounts
of change. There are many events that experience high owsutowood is not changing

position very much. There is also evenly dispersed scatterthe amount of wood that either

went or came. No pattern between discharge and type of changelicates that import and

export of stored wood are equally likely at all ows.

Figure 4.1. Flow thresholds for change in storage on the Pelican Islands.
High values of wood that stayed indicate little to no change othe islands.
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When interpreting fraction wood values in Figure 4.1, it is imprtant to recognize that
because it was impossible to line up wood polygons exactlytleen years (due to the oblig-
uity and variability in the source photographs), the datasecontains noise. For example, a
piece that should be 100% stationary based on visual inspiect of location on photographs
will always have some portion of its area that came or went due slight mis-alignments and
slightly di erent shapes (see example in Supporting Figure.B.3). The error is greatest only
for years with little to no change. To constrain this noise foyears with little change, we
have interpreted Figure 4.1 to include a band to indicate evénthat have limited impact on
wood storage. The band was de ned from 0.2-0.4, based on a sistent upper threshold for
highest fractions stayed, the lower data limit for fractios less than the transport threshold,
and visual inspections of photographs.

In order to assess how patterns in yearly and decadal hydregrh regimes might impact
storage, we plotted the summer (April through September) hydgraphs against total wood
in storage through time (Dataset 1) and fractions of changenistorage between adjacent
time periods (Dataset 2) (Figure 4.2). The islands uctuate ktween low, moderate, and
high wood loads on a decadal time scale (6-12) years (Figur@-A).

Flows between 1983 and 1990 were consistently between thensport threshold and
trapping limit. Thus, despite some data gaps, we think that wod in storage was likely in
equilibrium at the moderate levels, as bracketed by the 19&8d 1988 data. In 1990, water
levels spiked well above the 68003 ! trapping limit, which resulted in clearing the islands
of wood (Figure 4.2-B). Wood levels remained in a low equiliibm for about one decade
until 2001, when late summer freshets peaked just below theapping limit and re-loaded
the islands. Flows then again hovered at or under the transpiothreshold for the next ve
years and wood slowly accumulated until 2007, when ice breap ows rose to just below
the trapping limit and ushed wood from the islands, settingwood loads back to moderate
levels. Rather than staying in equilibrium, wood loads fron2007 to 2014 have uctuated.

A four-year-hydrograph sequence with each year peaking juselow the year before oc-

curred from 2007-2010. Wood loads responded by increasiraghe year as new wood was
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Figure 4.2. Decadal patterns in wood storage. Only summer ows (April-
Sept) are shown A. Plots of volume of total wood stored within aommon area
(Dataset 1) from 1983 to 2014. Bars are located at photo datdll photos had
wood in them except for 1996, when no wood was present. Arrowslicate
general periods of wood loading. B. Lines represent the ftmn of wood
in storage (Dataset 2) that came (green small dashed line),ewt (red long
dashed line) or stayed (solid blue line). Regions that are atied with stippled
green indicate periods when more wood was recruited than exged, whereas
regions shaded solid red indicate periods when more wood weagported than
recruited. Sharp downward spikes in fraction stayed indi¢a time periods with
large changes in storage. There were large proportions ofinlye between 1990
and 2001 due to the extremely low wood loads, making it poskbfor a few
pieces to greatly impact the fractions that went, stayed, ocame.

deposited at lower elevations than the prior year (Figure 4-2). River levels during 2010
were record setting lows. In 2011, the year of the wood oodhé levels spiked in a late
summer freshet to above the trapping limit for the rst time in 14 years. The combination
of the prior four years of decreasing ows that loaded banksnd islands with wood, along
with the high ows, probably precipitated the wood ood.

What is interesting is that, despite high volumes of wood mong down the river, there
was only a slight increase in total wood storage after the ab (Figure 4.2-A). This is
probably because high amounts of wood were already in stoeagn the island before the
ood and the wood that was there may have simply been replacedesulting in little net
change. Supporting Figure 4.D.4 shows distribution of woochahe islands before and after
the 2011 wood ood. The sharp downward spike in wood that stayl (Figure 4.2-B) in 2011

supports the idea that, while there was little net change indtal stored area 4.2-A), there
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were large changes in the positioning of wood, with overalehgain of new pieces in new
places (Figure 4.2-B). In the two years following the wood od, there have been ice jamming
and ooding, which have ushed wood from the islands and deeased wood loads (a eld

observation supported by Figure 4.2).

Figure 4.3. Seasonal patterns in wood storage. Left: Low values of framt
stayed and separation between fraction stayed and the redttbe data indicate
timeframes of greater change. Right: Flushing versus stomadpr ice break up
and freshet events. After conducting one sample, one sidetests, we are 90%
con dent that the mean change in storage is less than zero fare break up
(n=18, pval=0.10) and greater than zero for freshet peaks &85, pval=0.04)

Thus, wood oods are not just associated with high magnitudeows, but are highly
dependent on the magnitude of wood in storage preceding theeet. This is highlighted
by the fact that, although 1996 and 1997 were two years of extm®nally high ows, they
occurred in years with low wood storage, and no wood oods aassociated with these years
in historical documents, the log raft or the memory of local @ople.

Whether high ows tend to reduce or build wood storage is panldependent on the type
of high ow. Patterns of change by month (Figure 4.3-Left) she that change in storage on
the islands occurs either in late April to mid-May in associabn with ice break up, or mid-
June to early July in association with spring freshet. Althougtihere is some variability, on
average, ashier ice break up events tend to ush wood, regirg in loss of wood in storage,

whereas later summer freshets tend to build wood in storagEigure 4.3-Right).
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4.6. Yearly to Daily Patterns of Wood Flux

4.6.0.1. Methods. A Brinno TLC200 camera was installed next to the Slave Riverta
Fitzgerald gauge 7NBO0OO1 (located at 59.868928 111.582301W and annotated on Figure
4.1). Following methods fromKramer and Wohl (2014), we collected photos of the river
every 10 minutes from April through August in 2013 and 2014. Inges are stored as a
video le and frames were extracted for periods when wood wasesent. The camera was
placed on the outside of a bend and most wood was carried withi00 m of the camera
(Kramer and Wohl, 2014). The extracted images were 96 dpi (1268 x 760 pixel$hnages
were categorized as congested transport, clumped transpaor sparse transport. Sparse
transport was de ned as one to several pieces of wood that ¢dibe counted at a glance.
Clumped transport was de ned to be more than a few pieces, comonly with groupings
of two or more pieces touching. Congested transport was la@gmounts of wood jumbled
together such that it would be very di cult to count all the pi eces.

Again following methods fromKramer and Wohl (2015), we estimated the proportion
of photos from one day that contained oating wood (0} Thus, p = 1 means that there is
wood oating past the camera 100% of the day, whereas ps=’® means that no wood passed
the camera that day. There are several advantages to usipga*characterize wood ux. It
avoids uncertainty from wood volume estimates due to otatin depth and estimating sizes
at variable distances in the frame of view. Itis quick to obtm. And, it allows for an estimate
of wood ux to incorporate data periods with missing samplessuch as night. Although we
did not estimate ux volumes, estimates ofp’were proved useful for comparing basic shapes
and patterns of wood ux to water discharge.

In addition to the 2013 and 2014 data, we also included in ounalysis July 13-August
13, 2012 data fromKramer and Wohl (2014) as well as estimates g £ 1 for July 16-
18, 2011, which correspond to the wood ood. We conducted aaghical analysis ofp”®
relative to daily discharge and yearly hydrographs. Raw tierlapse data can be accesses
at https://dspace.library.colostate.edu/handle/10217/1 00436 Derived datasets are
provided as Supporting digital le dsO7 FFwoodphyatQ.csv
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4.6.0.2. Results. We compared wood ux (@) to water discharge for 2011 through 2014
(Figure 4.1). Although we did not take any photos for 2011, we mked p = 1 for the
three-day wood ood (July 16-18). Within a year, wood peaks gemally correspond with
hydrograph peaks. Wood ux only reaches abovp 2 0:5 for rapid and large changes in
discharge (increases of about 2000°m* within a few days). Although these larger events
usually occur in May due to ice jamming, as in 2013 and 2014,a¥ can also happen later
in the summer due to rapid melt of heavy snowmelt, torrentialip-basin rainstorms, or large

releases from the W.A.C. Bennet Dam (1996).

Figure 4.1. Wood discharge compared to water discharge 2011-2014. 2012

data from (Kramer and Wohl, 2014). Horizontal guidelines drawn atp’=

0:5 (wood in 50% of photos for the day) and at Q=4500 #&s !, a transport

threshold identi ed in Figure 4.2. Vertical guidelines are cawn to connect

hydrograph peaks with wood graphs. Within the time period beteen July

and August 13th, 2012 Kramer and Wohl (2014) estimated 1600 pieces 600
200 n¥, 1.3 x 1¢ kg C.

The 2011 hydrograph is distinct due to the double-humped, tea summer, steeply rising
freshet peaks. In 2011, Alberta had the highest snowpack inesva decade coupled with a
warmer than average summer. The wood ood occurred during ¢hsecond, not the rst,

peak. Although there was some wood transport during the rst pak ( eld observation), it
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was not nearly the quantity during the second peak. The stefprising second peak likely
crossed some threshold above 6000sn' (about the ) that enabled access to large amounts
of stored wood at higher elevations in a short enough time tastigate congested transport.

In 2012, there was no ice jamming. Instead, there was a steplpee-o . Although there
are no data at the beginning of the summer, wood movement frothe second freshet was
minimal, peaking aroundp™= 0:2, with most photos containing only a single log. Within the
rapids corridor, the wood deposited in 2011 remained essefly undisturbed. The wood
that was being transported appeared to be the wood that wasranded at the tail end of
the 2011 event.

In 2013 and 2014, ice jamming was captured by the camera. Suopjing movie le,
ms03FF201305131410min5fpsbreakup.avj is a video time-lapse of break up and wood
transport over two days in 2013. Supporting Figure 4.E.2 sh@aa photo time series of ice
jamming using frame captures from the video. The river rst hermally melts and is largely
ice free. Then, quite suddenly, an ice jam moves through thesfor about two hours. Wood
is jumbled within the ice jam, and large clumped mats of driftood follow in its wake. About
half a day to a day behind the major ice jam, there is increaseskmi to congested wood
transport. Wood accumulations within the rapids corridor vere re-positioned from ice push
(eld observation). These patterns are also seen in 2014, tbilne ice jamming was smaller
and less dramatic.

The magnitude of wood ux is not directly related to the magniude of water discharge
(Figure 4.2). For any given discharge, we found that there c@ube either high or low wood
ux. However, there is a transport threshold at 4500 (n¥s ). Below this threshold there is
minimal wood transport, whereas above this discharge there the potential for appreciable
wood ux. Whether the potential is reached likely depends onhie sequence of peaks as well
as multi-year uctuations in elevations and availability d stored wood for transport.

Further evidence for this threshold e ect is the shape of thevood ux curves. Generally,

wood ux (on the timescale of a day) does not gradually incres but jumps quickly to max
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ux and then has a longer trailing tail (Figure 4.1). This pattern appears to be true for both

the larger steeply rising events as well as smaller later surmar events.

4.7. Discussion

Although we did not directly evaluate uctuations in up-basn recruitment, the charac-
teristics of wood temporarily stored in the Slave River Rapis Corridor indicate that wood
mostly originates from banks and travels long distances, ming from one temporary storage
site to another. The high amount of abrasion and lack of barkuggest non-locally sourced
wood, whereas the lack of appreciable decay suggests thaba@adn active transport does not
remain long enough in one place to become decomposed by orgas. At high latitudes,
more wood from up-basin may cumulatively travel longer disihces in good condition be-
cause the wood decays more slowly. In an Alaska stream at semnilatitude, Murphy and
Koski (1989) found that the mean age for trees with bark and limbs &iched was 4.5 years
and that residence time for wood with solid centers but with>densive surface rot was 125
years. Since the majority of the wood on the Slave River waslish yet lacked limbs and
bark (Table 4.1), residence times are likely greater than Bl.years and less than 100. The

large proportions of trees with rootwads and the up-basin medering stream morphology

Figure 4.2. Identi cation of a wood transport threshold
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of the Slave River suggest that the bulk of the wood originasefrom channel migration and
localized slumping and failure of banks, rather than hillspe failures.

Wood on the Slave River is transported episodically on vanyg time frames and at vary-
ing magnitude, despite evidence for continual recruitmeritom banks. Although recruitment
processes govern the total amount of wood available for trgport, it is the ow regime that
governs the timing and volume of wood ux as wood is transpoet through the uvial
system. Across diverse drainage basins, large scale reendgiht events such as massive hur-
ricanes Phillips and Park, 2009) will increase the amount of wood available for transpt,
which will increase overall wood loads and uxes. But, depéing on the location and type
of wood recruitment, there may be some lag time or dissipatiocof volumes between input
and export response.

Correspondence between di erent lines of evidence for \ngth interval” of wood oods
on the Slave River suggests that episodicity in wood ux is e and not an artefact of a
particular dataset or method of analysis. The 2011 wood oodelivered massive new mats
and piles of wood to the Slave River delta and deposited therhareward of distinct, older
vegetated deposits of varying ageK(amer and Wohl, 2015). Using dates of germination
on vegetated driftwood in the Slave River Delta and on the shes of the Great Slave Lake,
Kramer and Wohl (2015) estimated a recurrence interval for large wood oodsetween 30-50
years. Vegetated drift piles were clumped around the 1930sarly 1950s, mid 1960s, late
1970s, and early 1990s. These dates correspond well witrdewice from the Pelican Islands,
log raft, and historic photos in this study. The two very larg advances of the log jam front
between 1930 and 1950 and again between 1950 and 1966 (Figu? dorrelate with the
early 1950s and mid 1960s vegetated driftwood dates from theke. Although there was
no recorded change in the raft position for the mid-1970s, wd transport and delivery to
the lake occurred in the early to mid-1970s based on the hisito photos and dates of lake
driftwood. The vegetated 1990s deposits in the lake relateeWto the raft moving forward
in 1991, likely from the same high ows that removed wood frorthe Pelican Islands (Figure

4.2) during ice break up.
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Figure 4.1. Conceptual model of pulsed wood export from drainage basins

In Figure 4.1, we present a conceptual model to explain the presses by which wood
is exported downstream in pulsed uxes of varying magnitudédespite conditions imposed
by di erent recruitment regimes. This model works for explaing how both massive and
continual recruitment are routed through river systems. Whe and when newly recruited
wood is deposited depends upon the interactions among ow,oad characteristics, and
channel characteristics Kramer and Wohl, in review; Ruiz-Villanueva et al, 2015a): we call
this the trapping function. If the wood decays or is vegetatkbefore it can move again, then
it has become laterally exported and is in permanent storagé&Vhen wood is deposited in
locations that are accessible by subsequent ows, it is inngorary storage.

At some point, wood that is in temporary storage is re-mobitied when the elevation of
ow surpasses the elevation of the woodBertoldi et al., 2013), modi ed by an anchoring
e ect. We de ne the anchoring e ect to be anything that limits mobilization when ow

elevation equals wood elevation. Factors that limit wood nimlization include larger piece
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sizes, partial burial, rootwad presence, contact with othiepieces, bracing against channel
boundaries, protection by larger pieces, and channel irnggrities (Wohl and Goode 2008;
Merten et al., 2010;Kramer and Wohl, in review). Wood is often stranded at a narrow range
of elevations from a ood Bertoldi et al., 2013), therefore the mobilization threshold for one
piece of wood is also the mobilization for many, resulting ia rapid increase in wood ux
over some reach-scale discharge threshold. After the thredh is crossed, we suggest that
the magnitude of the wood ux is mostly a function of three need processes operating on
three di erent timescales (Figure 4.1): 1. the characterigts of the rising limb during one
ood, 2. the sequence of ows during run-o season and 3. mwyear to multi-decadal ow
history.

On the rising limb of wood-transporting oods, wood transpd increases rapidly, peaks
with water discharge (on a day-averaged timescale) and thetecays more slowly as ows
recede, resulting in a skewed distribution with a heavy pdsie, or right tail (Figure 4.1).
Studies that have examined wood uxes on timescales of mirag or less have found that wood
ux peaks before water dischargeNlacVicar and Pegay, 2012;Kramer and Wohl, 2014).
Flashier hydrographs are known to mobilize and tranport moreood (Ruiz-Villanueva et al,
2016a). We also found that large changes of magnitude in sha@mounts of time (steep
rising limbs) associated with ice jamming or ashy freshet @aks create larger magnitude
wood uxes that are more likely to have congested transport.This nding is supported
by ume experiments which indicated that the rate at which devels were introduced is the
dominant explanatory variable behind whether the dowels we transported as congested,
semi-congested, or uncongeste@raudrick et al., 1997).

The discharge magnitude of an event speci ¢ wood transporhteshold can vary between
oods because it is highly dependent on the elevation at whidhe preceding ood deposited
wood (Haga et al, 2002;Bertoldi et al., 2013). If the rise in water levels does not su ciently
increase enough to access wood on the banks, no wood will kengported, no matter how
steep the rise. Thus, the sequence of peaks within a year goethe location and availability

of wood, whereas the rising limb dictates whether the wood ix@essed. We have shown
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that the highest wood uxes occur as infrequent, episodic ngested wood oods within the
context of ow history. The largest wood oods happen when tkre are multiple years of
decreasing peak discharges that strand wood at successiveler elevations, followed by an
exceptional year with a ashy peak that is of su cient magnitude to quickly recruit wood
stranded from multiple years.

Over time for a given ow regime, consistent thresholds canebidenti ed below which
wood transport is almost always negligibleRuiz-Villanueva et al, 2016a). MacVicar and
Pegay (2012) found that a transport threshold is reached at 3/4 bakfull depth. Ravazzolo
et al. (2015a) found that wood was transported when ow was above #®20% exceedance
probability. Ruiz-Villanueva et al.(2015a) found di erent threshold responses in wood trans-
port related to bankfull discharge between headwater multhread and single thread chan-
nels. In this study, using multiple methods, we found a corgent Slave River threshold for
transport between 4,200 and 4,500 #s2 which is between a 1 and 2 year recurrence interval.

For the Slave River, we found a sharp in ection in post-dam dicharges at a recurrence
interval of 1.2 yr. This in ection occurs at 4200 nis ! which is the same as the transport
threshold identi ed using data from the Pelican Sanctuary dlands in Section 4.5, and is
close to the transport threshold we identi ed monitoring wad in transport with time-lapse
cameras in Section 4.6. Although recurrence intervals comge between pre- and post-dam
data for infrequent (>20 year) oods, events with less than< 10 year recurrence were 1.5
times higher before construction of the dam (Figure 4.2). Tty wood transport thresholds
could have been higher pre-dam when the ow regime had highgeak magnitudes and more
frequent ice jamming. Interestingly, just upstream on the Pace RiverBeltaos et al.(2006)
found that a minimum of 4000 nis !, which is strikingly similar to our wood transport
threshold, is needed in the Spring for mechanical, rather @m thermal, icebreak up to occur.

Although we have shown the re-mobilization of wood occurs astlareshold response to
discharge of common rather than rare oods, it is important ® recognize that this is a time
averaged threshold below which wood transport is typicallypegligible, it is not a threshold

above which wood transport always occurs. In Figures 4.2 andl4we have shown that not
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all years or events that exceed the identi ed threshold rediin wood transport, thus crossing
the discharge threshold does not imply that there will be tnasport, only that transport is
possible. Whether transport happens and the magnitude of theood ux depends on the

ow history.

4.8. Conclusion

We found that the magnitude of wood ux is strongly in uenced by the shape and
patterns of water discharge at varying timescales: 1. the teof rise on the rising limb, 2.
the sequence of peaks within a year and 3. ow history that setdecadal patterns of wood
storage. Within the framework of recruitment and wood availaility, we argue that ow
history is the most important variable for prediction of themagnitude of wood ux, followed
by decadal patterns and the rate of change during the risingnb.

Previous studies that have examined change in wood storagavk focused on mobilization
only from single events or a run-o season along a reacBdrg et al, 1998;Cadol and Woh|
2010; Dixon and Sear, 2014; Iroune et al., 2015; Young, 1994). Generally, all wood is
counted and then after a year (or one ood), wood is tagged antbunted again. Although
this approach provides a general sense for average percgataf wood that moves in one
year or one o0o0d, it is inherently limited for understandingvariability of wood export and
transport thresholds as it does not account for change in thsholds due to sequence of ows
or ow history.

Known temporary trapping sites that have high turnover of wod, such as channel con-
strictions, channel spanning jams, and mid channel bars anslands, are ideal locations to
study wood transport through time and can be analyzed with Btoric imagery or actively
monitored with time-lapse cameras. Other ideal locationsra sites of continued and per-
manent deposition such as log raftsBoivin et al., 2015), lakes and reservoirsMoulin and
Pegay, 2004;Seo and Nakamura2009), and delta fronts Kramer and Wohl, 2015).

We suggest replication of our approach of monitoring knowrites of temporary or perma-

nent storage through using repeat imagery or surveys couglith active monitoring of wood
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in transport with video or time-lapse photography. This wold facilitate further exploration
of the relative importance of discharge/transport threshldls, sequences of ows, in uence of
wood trapping sites, and in uence of wood recruitment in natral rivers of di ering size and
type.

Mapping or surveying relative abundance of wood volumes atnrying elevations at chosen
monitoring sites could be used as a hazard management tool aaderstand when banks
are becoming loaded with wood versus when they are losing wlodSimilar to earthquake
hazards, risk increases when more time elapses between wastliing events because banks
may become more heavily loaded with wood. Picking monitomgnplots through drainage
networks could also help to understand how waves of wood franmass recruitments propagate

downstream.
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SUPPORTING INFORMATION FOR CHAPTER 4

Introduction . This supporting information includes an extended preseation of methods
and results from surveys of wood size and condition in the 8t River Rapids Corridor
as well as extended methods for image conditioning of oble@aerial photos of the Pelican
Sanctuary prior to analysis. Also, in order to better orient he reader to eld sites, we
provide several detailed location gures for our repeat pliographic analyses at the log raft,
Pelican Island Sanctuary and at the Fort Fitzgerald timelasp camera. Geodatabase of
feature datasets from analysis of the Pelican Sanctuary inding: wood, land and image
footprints as well as the ruleset used in eCognition to segntamages can be accessed via
http://hdl.handle.net/10217/100436

Herein, we also provide full descriptions of variables in uphded datasets (.csv les) and
captions for the three uploaded supporting video les. All deasets presented here can also
be accessed via the Colorado State Digital data repositorynder Research Project \Big

River Driftwood in Northern Canada" (http://hdl.handle.net/10217/100436 ).

4. A. Wood Metrics

4.A.1. Text S1. Wood Metric Data Collection. We measured wood accumula-
tions in the Slave River rapids at several sites, chosen bycassibility. We analyzed the data
using exploratory data analysis, graphical analysis, andakBic summary statistics to provide
estimates of wood size classes and to provide insights intood provenance and transport
history. We characterized the size distribution and charderistics of wood that had been
transported by the 2011 wood ood by conducting line interse transects laid across two
ood deposited point jams, one raft, one racked piece accuitation, and two bay accumula-
tions. Along most line intersects, large wood (LW)* 10 cm in diameter on the largest end
and >1 m in length) that intersected the line were measured and ctacterized. For a subset
of the line intersects (two point jams and one bay transect)all pieces, regardless of size,

were measured. For these complete surveys, the line was gppainted and all pieces that
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Table 4.A.1. Table of location and dates of wood metric surveys

SitelD Survey Date Lat, Long (WGS84). Description
Srcl Aug 10, 2012 59.8897™ -111.61385W. Line intersect survey of just LW at main
jam on Rollercoaster island
Src2 Aug 15, 2012 59.8899N -111.61349W. Line intersect survey of all wood sizes across
secondary smaller point jam on Rollercoaster island
Src3  Aug 16, 2012 59.88998& -111.61401W. Survey of all scattered large pieces with
rootwads on main Rollercoaster Island
Src4 Aug 15, 2012 59.8899N -111.61349W. Survey of all scattered large pieces on the
smaller Rollercoaster Island near Src2 jam
Src5 Aug 7, 2013 59.88998N -111.61401W. Survey of all scattered large pieces with
rootwads on Rollercoaster Island di erent than 2012.
Smnl Aug 8, 2012 59.9739W -111.72672W. Line intersect survey of all wood sizes at
the main point jam on portage island at \Molly's Nipple" rapid
Smn2 July 27, 2013 59.9741N -111.72638W. Survey of all scattered large pieces with
rootwads on the chutes and shore to the right of the portage island at
\Molly's Nipple" rapid
Seil Aug 28, 2012 59.9690M -111.74867W. Line intersect survey of just LW across
racked pieces on the upstream end of "The Edge" kayaker viewing
island river right.
Secl Aug 14, 2012 59.9674K -111.74003W. Line intersect survey of just LW across ac-
cumulated pieces in \English Channel" Bay
Sec2 Aug 14, 2012 59.9674/K -111.74003W. Line intersect survey of all wood sizes across
accumulated wood in \English Channel" Bay
Spil Sep 14, 2012 59.9711H -111.74853W. Survey of large identi able pieces for size
calibration with aerial images on the "Pelican Islands".
Sirl Aug 10, 2015 59.9553(N -111.65456W. Line intersect survey along at the front end
of a channel spanning raft. Due to di culty walking on the raft, the
short and end diameters were not measured, just the middle diameter

had paint on them were used in the sample. The line interseatgd not have a set length but

extended the entire length of the accumulation, oriented ppendicular to most logs. Table
4.A.1 surmmarizes location, dates and codes for eld locatie. Table 4.A.2 summarizes and
provides detail on the wood metrics measured for each pieceridg wood metric surveys.

Accessory lesds0Ol1Largewood.csy ds02Smallwood.csy and dsO3 Rootwads.csy described

later in this le, are the resulting datasets from this eldwork.

A summary of variables measured for each peice of large woadpirovided in Table
4.A.2. The length (L) and end diameters D) of each piece were measured. A representative
diameter (D) was calculated as the average of the small and large end dieters. D,
could be less than 10 cm because only the largest end neededdareater than 10 cm to be
counted. Volumes of boles\() were estimated assuming a cylindrical shapé& ( (D ,=2)?).

If rootwads were present, the length of the rootwadL( ) from the top of the are in the bole
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to the longest down-growing root was measured, as well as thalest basal diameter \V1,)
and the basal diameter perpendicular toN 1, (W2;). Following methods from (Thevenet
et al., 1998), air-wood volumes for rootwads\{ ;) were calculated ad.,*W2,*W 3;, which
represents the box that completely encloses the rootwad. Tocrease the sample size of
rootwads, additional surveys were conducted on large logsaiered on or near Molly's
Nipple island, Rollercoaster island, and the Pelican Sanduy islands (see Figure 1 in the
main document).

Additional categorical variables were also measured to debe the condition and type
of wood. Wood was categorized by type (coniferous or decidig), type of end (shapped,
beaver chew, anthropogenic, root, and unbroken tip), amotrof bark present, and four
levels of amount of bark, decay, and abrasion (see explarwatiof datasetdsOlLargewood
and Table 4.A.2). Many studies use one category for decay thaicorporates aspects of
abrasion and amount of bark present. We found that it was tooiault to accurately
describe the condition of wood with just one variable. Most @od was sound (not decayed),
but had high amounts of abrasion. On some pieces, all the bankas removed, but the tree
still had most of its small twigs and branches. This occurs venever riparian trees fall into
slow current but remain attached to the bank. Over time, the brk falls o and the rest
of the tree remains intact. Similar separation of decay frorabrasion was recommended by
(King et al., 2013). Because most wood did not have bark, we did not attemfo identify
tree species. Conifers were easily distinguishable fromcakious trees by the branching

patterns, wood grain, general shape, and rootwad appearanc
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Table 4.A.2. Descriptions of wood metric data.

Large wood bole dimensions and categorical variables
L Length of the bole from small end to bottom end or top of are in rootwad
D, Diameter of the large end. Measured at the top of the are if rootwad preseh
Dsg Diameter of the small end.
Dmn Representative diameter O, + Ds)=2)
\Y Volume modeled asL (D, =2)?
Wood Type
D Deciduous
C Coniferous
End Types
S snapped
T un-shapped tip
R rootwad
B beaver chew
A anthropogenic, such as saw cuts
Decay Classes
1 Sound
2 Heartwood sound, sapwood decayed but cannot be pulled apart
3 Sapwood can easily be pulled o
4 Log cannot support weight but retains shape
Bark Classes
1 Most or all bark remains
2 Partial bark retained
3 Remnants of bark
4  No bark present
Abrasion Classes
1 Most branches present, including smaller ones
2 Most branches snapped o
3 Branch stubs

4  Smooth
Rootwad dimensions
L, Length of rootwad measured from top of are along the axis of the bole

W1, Widest basal footprint width

W2, Width of basal footprint perpendicular to W1,
V . Air-wood volume of rootwad modeled asL, W1, W1,
Small wood dimensions

Lsw Length of the small piece

Dsw Middle diameter of the small piece

Vsew Volume modeled asLgy,  (Dsw=2)?

Lk  Longest length of a piece of bark

Wy Width, or intermediate length of a piece of bark
Hpx  Height, or shortest length of a piece of bark
Vo Volume modeled asLpc Wpk Hpk
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4.A.2. Text S2. Size distributions of Slave River Driftwood. Distributions
of large wood size were similar for accumulations sampledrin racked pieces, bays, and rafts,
whereas point jams were enriched with large wood 5 m in length compared to all other
trapping sites (Figure 4.A.1, see Figure 2 in main article for iages of accumulation types).
Based on the density functions and cumulative distributios presented in Figure 4.A.1, we
hypothesized that the two point jam surveys represent one palation and that the other
surveys represent another population. We used the KruskalVallace rank sum to test the
null hypotheses that 1) length and diameters of wood from th&vo point jams come from
the same distribution and 2) all other sites come from the sasndistribution but separate
from the point jams. In both cases, we did not reject the null ypothesis, so we grouped
all the point jam data into one dataset and all the other sitesnto another dataset that we
call \other". Wilcox rank sum tests were performed on the untansformed data and t-tests
on the log, transformed data (to normalize the distributions) to detemine whether these
two data groups were signi cantly di erent from each other.Both tests resulted in rejection
of the null hypothesis with 95% percent con dence. There was very signi cant di erence

between point jams and the other sites (£ 0.001 in all cases).

Table 4.A.3. Summary statistics for large wood> 10 cm in diameter and>1 m in length.

Min. 1st Qu. Median Mean 3rd Qu. Max. sd

Wood Length (L) in meters

Point 1.0 2.3 3.9 4.6 59 164 3.0
Other 11 3.3 6.1 7.4 11.3 194 5.0
All 1.0 2.9 4.7 6.1 8.3 194 4.4
Wood Length in = Log,(L)

Point 0.0 1.2 1.9 1.9 2.6 4.0 0.9
Other 0.1 1.7 2.6 2.5 3.5 4.3 11
All 0.0 15 2.2 2.2 31) 4.3 11

Wood Representative Diameter O, ) in meters

Point  0.07 0.12 0.15 0.19 0.21 0.56) 0.11
Other 0.08 0.13 0.21 0.23 0.30 0.70 0.12
All 0.07 0.12 0.18 0.21 0.28) 0.70 0.11
Data were separated into \Point" (n=86) and \Other" (n=100)

as a result of analyses presented in section 4.A.2 and Figure
4.A.1.\Point" (n=86) includes line intersect surveys from tran-
sects from two di erent point jams. \Other" (n=100) includes
line intersect surveys from one racked accumulation (n=25), two
bay transects (n=35), and one raft accumulation (n=41). \All"
combines the data (n=187).
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Thus, wood pieces deposited in point jams are likely less repentative of the size dis-
tributions of oating wood downstream. This may be because @nt jams are e cient at
capturing and entrapping smaller oating pieces and/or beause large pieces are less likely
to become entrapped in point jams: when large pieces hit theint jam, more of the large
piece is extended into the current and it is less likely to syain place.

Table 4.A.3 summarizes the untransformed data for length andiameter as well as the

log, transformed wood length, , recommended byMacVicar and Pegay (2012). Histograms

Figure 4.A.1. Size distributions of LW from study sites. Columns from left
to right show size distributions for length (L), representative diameter @), and
estimated volume (V). Rows from top to bottom show boxplots, density functions,
and cumulative distributions by collection site type. Summary statistics are provided
in Table 4.A.3.
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Figure 4.A.2.  Size distributions of LW from study sites. Rows from top to bot-
tom show size distributions for length (L) in meters, length in  and representative
diameter (Dm). Columns from left to right present present data for all sites, poirt
jams, and non-point jams (other). Summary statistics are provided in Table 4.A.3

in the main text.

Figure 4.A.3. Histograms of LW by size categories.Rows from top to bottom
show size distributions for length (L) in meters, length in  and estimated volume
(V). Columns from left to right present present data for each size classSummary
statistics are provided in Table 4.A.4 in the main text.
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of these data are provided in Figure 4.A.2. Reporting lengthsnoa log, scale, as done in
sedimentology, is advantageous because this normalizesl dimearizes wood lengths. It is
also particularly useful for LW studies that de ne the lowerlength threshold at 1 m, which
is zero on thelog, scale. Any lengths longer than 1 m will be positive.

Many studies on larger rivers, only measure the largest logSchenk et al. 2014), rather
than the 10 cm diameter, 1 m length threshold for large wood Y) common for reach-
scale studies in smaller rivers and streams. Thus, knowinge ratio of medium to large
logs is important for connecting wood dynamics from the headters to large rivers and for
estimating mass wood budgets from remote sensing of only tlaegest logs. Also,Turowski
et al. (2013) have recently shown that there may be consistent rélanships between the
proportions of small wood smaller than 1 m length and 10 cm inamter to large wood that
could prove useful for estimating wood uxes in rivers. We mvide a summary of the length
and volume for each size category: bark, small wood, mediurlLand large LW in Table
4.A.4 and histograms by these size classes are provided in Fegd.A.3.

In a preliminary analysis of the same point jam data presentehere, Kramer and Wohl
(2014) found that the relative proportions of medium to larg&W were fairly similar between
point jam line intersect surveys (4:1) and observed oatingvood (3:1). Kramer and Wohl
(2014) used a cuto ofD,, =0.23 m andL =3 m between medium and large LW based on a
natural break in the data. We con rm that the medium LW:large LW ratio for point jams is
4:1 and for the other accumulation sites we estimate a ratid @:1. Some LW studies in big
rivers use a cuto of 0.20 m and 3 m$chenk et al. 2014, e.g). Following these criteria, the
ratio of medium to large LW is 2.7:1 for point jams and 1.2:1 fathe other accumulations.

Kramer and Wohl (2014) also characterized the proportions of bark:small wd:medium
LW:large LW as 6:25:4:1 based on two complete point jam linetersect surveys that mea-
sured all wood. For comparison, we calculated the bark:srhalood: medium LW: large LW
ratio for one complete survey in a bay to be 20:11:2:1. Most tably, the bay accumulation
was enriched in bark and contained smaller amounts of smalbad compared to the point

jam. However, it is important to note that these data were coéicted along a line intersect
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only the width of a spray-painted stripe and may not represdractual ratios of wood loads

because large logs are much longer than small pieces of wood.

Table 4.A.4. Length and volume summary statistics by size category from line
intersect surveys.

Min. 1st Qu. Median Mean 3rd Qu. Max. sd
Wood Length (L) in meters
Bark 0.02 0.04 0.08 0.10 0.18 0.87 0.10
Small Wood 0.01 0.15 0.29 0.47 0.65 2.87 0.50
Medium LW 1.0 2.3 35 4.4 5.8 16.6 3.0
Large LW 3.0 6.2 10.7 10.2 13.2 19.4 4.4
Wood Length in = Logz(L)
Bark -5.64 -4.64 -3.70 -3.74 -3.09 -0.20 1.06

Small Wood -6.80 -2.74 -1.79  -1.80 -0.62 1.52 1.56
Medium LW 0.00 1.20 1.81 1.84 2.54 4.05 0.94

Large LW 1.59 2.64 3.42 3.20 3.72 4.28 0.71
Volume in cubic meters
Bark 49 7 33 % 145 16e* 60> 98 3 924

Small Wood 7.2 8 2.0 ° 68 ° 78 *% 4% % 20?2 21°
Medium LW 0.01 0.03 0.05 0.09 0.13 0.47 0.09
Large LW 0.20 0.55 0.92 1.03 1.25 4.23 0.76
Volumes is estimated using representative diameter and length assouing

a cylinder. is alog, transform of the data. Sample sizes are: n=119 for
bark, n=312 for small wood, n=133 for medium LW, n=54. To qualify for
large LW, wood had to be both  0.23 m in diameter and 3m in length.

We suggest that the true ratios of wood sizes can be estimatiegitaking the line intersect
ratios and multiplying each category by the number of pieces that category necessary to
equal the average length of large LW. For example, using medidengths in Table 4.A.4,
134 pieces of bark, 37 pieces of small wood, and 3 pieces ofiomed W would be the
equivalent length of 1 piece of large wood. Thus, the ratio 20:2:1 that we measured
along a line intersect in a bay becomes 2680:407:6:1. If weltiply each category by the
median volumes from Table 4.A.4, then the ratio of total woodalume per size class becomes
25:19:0.3:0.9. Following this procedure for point jams, ¢hratio of pieces 6:25:4:1 becomes
612:925:12:1, with a volume ratio of 6:42:0.6:0.9. We usdtetmedian instead of the mean
because the median provides a better estimate of the centt@indency data that are not
normally distributed.

We recognize that these represent rst-order approximatiss and that the accuracy and

validity of this thought experiment could be tested by compang this method to a complete
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survey of an accumulation. We suggest this as a future endeav However, these values
suggest that small wood and bark likely contribute>30 times the volume of large wood to
wood loads in great rivers. These comparisons do not inclutiee volumes from rootwads,
but rather only the boles, loose sticks, and bark. In the nex$ection, we examine rootwad

sizes and types more closely.

4.A.3. Text S3. Condition and Type of Slave River Driftwood. We summa-
rize the results of the categorical variables in Table 4.A.50f all the wood from LW line
intersect surveys, 58% is deciduous and 42% is coniferous.wedeer, if we select the data
to include only trunks with rootwads, the percentages revee to 42% deciduous and 58%
coniferous. Deciduous trees are more likely to have forkglistrunks, and larger branches.
These branches break o, thus increasing the overall numbef pieces that are deciduous.
If only pieces without rootwads are calculated, this e ects quite apparent. Under this

scenario, the percentage of deciduous increases to 67%hwibniferous dropping to 33%.

Figure 4.A.4. Jittered scatterplot of wood condition classes. See Table 4.A.2 for
a description of classes. Higher numbers indicate longer amounts of tinia the river
or oodplain. The bulk of wood is located at (4,4,1), which corresponds b no bark,
smooth boles, and sound wood.
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Table 4.A.5. Wood characteristics summary.

\All" Line Intersect LW

Category no## %%
deciduous:coniferous 169 98:71 58:42%
rootwads yes:no rootwads 187 65:122 35:65%
beaver chew yes:no 145 7:137 5:95%
anthropogenic yes:no 145 1:144 <1:100%
not snapped:snapped top 145 7:137 5:95%
sound:decayed 185 156:29 84:16%

bark present:bark absent 185 35:150 19:81%
limited abrasion: abraded 184 11:74 6:94%
Pieces with rootwads Pieces without rootwads

deciduous:coniferous 60 25:35 42:58% 109 73:36 67:33%
not snapped:snapped top 50 2:48 4:96% 95 5:117 5:95%
sound:decayed 65 52:13 80:20% 120 104:16 87:13%
bark present:bark absent 65 13:52  20:80% 120 22:88 18:73%
limited abrasion: abraded 65 3:62 5:95% 120 8:112 7:93%
Deciduous Coniferous
not snapped:snapped top 73 2:71 3:97% 57 3:54 5:95%
sound:decayed 97 85:12 88:12% 71 57:14 80:20%
bark present:bark absent 97 19:78 20:80% 71 1556 21:79%
limited abrasion: abraded 97 5:92 5:95% 71 5:66 7:93%

The counts do not always add up to the full 187 count dataset because of misg
values. The "All" dataset from the line intersect surveys was used (¥187). The
raft line intersect survey did not include information on beaver chew or anthropogenic
markings on wood so overall percentages calculated for those categoriesbased o of
a sample of n=145.

We plot condition classes in Figure 4.A.4. To simplify dimensns for reporting and to
compare condition characteristics between coniferous adédciduous LW, we collapsed each
condition class (see Table 4.A.2) into only two classes: bapkesent (B=1,2 or 3) versus bark
absent (B=4), sound (D=1 or 2) versus decayed (D=3 or 4), andirhited abrasion (A=1 or
2) versus abraded (A=3 or 4). The summary of percentages foramclass is presented in
Table 4.A.5. There are no large di erences in deciduous andraeterous wood conditions.
Overall, 84% of wood is sound compared to 16% decayed; 19% obw contains some bark
versus 81% with no bark; and 6% of wood shows limited abrasiwiereas 94% of pieces are
abraded.

Because of this snapped branch e ect, the size distributioof LW with rootwads may be
more representative of the sizes of trees being recruitearn banks rather than the larger
population of all measured wood. Even though ranges were albdhe same, mean and

medians lengths for pieces with rootwads were approximagedouble those of pieces without
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rootwads, and diameters were just over 1.5 times wider (TabK.A.5). One sided t-tests of
the log transformed data con rm that the trunks without rootwads are very signi cantly
(= :05) shorter and have smaller girth than trunks with rootwadgboth p values<.001).
A one-sided t-test of transformed data indicates that decibus LW is slightly smaller
than coniferous LW in length (p-value =0.02) and diameter (psalue=0.06) (see Table 4.A.6
for summary of sizes by rootwad and tree type). However, whehe data are subdivided
to compare only deciduous and coniferous LW with rootwads, enfound that, with 95%
con dence, deciduous trees are not signi cantly smaller #n coniferous trees in either length
(p-value=0.5) or diameter (p=value 0.95). This supports tle idea that, as a result of snapping
of branches and trunks, deciduous trees are contributingeater proportions of smaller sized

large wood than coniferous trees.

Table 4.A.6. Summary of trunk sizes with and without rootwads.

Min. 1st Qu. Median Mean 3rd Qu. Max. sd
with rootwads (n=65)
L(m) 1.0 4.1 8.3 8.7 123 194 5.0
Dm (m) 0.07 0.18 0.28 0.28 0.37 0.70 .12
without rootwads  (n=122)
L (m) 1.0 2.4 3.9 4.7 6.1 181 3.2
Dm (m) 0.07 0.11 0.15 0.17 0.21 0.65 .09
Deciduous (n=98)
Lm(m) 1.0 2.9 4.7 5.8 75 181 41
Dm (m) 0.07 0.12 0.17 0.21 0.28 0.70 0.13
Coniferous (n=71)
Lm (M) 1.1 3.9 61 7.2 104 194 46
Dm (m) 0.07 0.14 0.21 0.22 0.28 0.47 0.10
Explanation for variables is provided in the supplemental and
main document text

About 5% of LW wood from line intersect surveys is beaver chewlowever, the impacts
of beaver to wood loads may be greater because most beavesvatd wood was close to or
less than the cuto for large wood. We suggest a future studyot more fully investigate
proportions of beaver chew in log accumulations at this siteThere was minimal evidence
(<1%) of humans introducing wood to the river either as constation waste or sawed logs.

Almost all logs (95%) were snapped at one end.
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4.A.4. Text S4. Characterization of Slave River Rootwads. We report the
dimensions for coniferous and deciduous rootwads in TableA47. Air-wood volumes for
deciduous and coniferous wood are similar despite di erezsin shape (Figure 4.A.5). This
re ects the fact that, although deciduous rootwads are lorgy, coniferous rootwads are wider.
Comparing basal asymmetry ratios\(V1,=W2,) to elongation ratios L,/W, W = (W1 +

W 2,)=2) reveals striking patterns (Figure 4.A.5). Conifers have ahteshold elongation ratio

Figure 4.A.5. Rootwad shape and size between deciduous and coniferous LW.
Left: Comparison of rootwad lengths and representative widths (). Right: Com-
parison of root elongation and basal asymmetry. Boxplots on the right and top siés
of the graph show distribution of data by type per axis; scale is the samas the left
and bottom axes.

Figure 4.A.6. Comparison of rootwad air-wood volumes. Using a two-sided t-
test for di erences in means afterlog, transformation, p-value=0.12.
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Table 4.A.7. Summary statistics for rootwads by tree type.

Min. 1st Qu. Median Mean 3rd Qu. Max. sd

Rootwad dimensions for Conifers n=52
Ly (M) 0.2 0.5 0.7 0.7 0.9 1.4 0.3
W1, (m) 0.2 0.9 1.3 1.4 1.9 3.6 0.7
W2, (m) 0.10 0.5 0.8 0.9 1.2 20 04
V, (md 12?2 0.3 0.8 1.2 1.7 72 1.3
Rootwad dimensions for Deciduous n=40
Ly (M) 0.2 0.4 0.9 1.0 1.3 23 0.6
W1, (m) 0.1 0.6 0.9 0.9 1.3 20 05
W2, (m) 0.1 0.4 0.5 0.7 0.9 1.4 0.4
V , (m® 36e?3 0.1 0.4 0.9 1.4 50 1.2

Explanation for variables is provided in the supplemental and main doa-

ment text. Rootwad dimensions utilize an extended dataset of additioral

rootwads beyond those measured in the line intersect surveys.
around 1.5, with a maximum basal asymmetry of 5, whereas deciduous rootwads have
a threshold basal asymmetry around 2.5, with maximum elongan > 4. After reviewing
eld photos, it became apparent that as rootwads abrade in émsport, conifers become
asymmetrical about the base, whereas deciduous rootwadergjate. This re ects the fact

that deciduous trees tend to have their longest and strongeot growing downward as a

taproot, whereas conifers create a strong base by growingthstrongest roots outward.

4 B. Anectdotes

Figure 4.B.1. Wood in the Great Slave Lake delta. A: Wood from the
2011 wood ood completely clogs the Nagle channel in one dayh(io by

Eric Beck). B: Inactive distributary channel with wood cloging the outlet.

C: Massive wood delivery from the Slave River is a central ptess regulating
delta progradation and vegetation establishment. photo ten in August 2014.
The bright white wood is from 2011 and the older, slightly vesgtated wood
marks the position of a shoreline and deposits from a past webaod.
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4.C. Log Raft

Figure 4.C.1. Location map for log raft. 59.95530N 111.65456W

Table 4.C.1. List of Aerial photos used in the raft analysis.

Photo Year Photo Date Agency Roll#-photo# Scale

1930 July 11 NAPL A-2535-74 1:12000

1950 NA APDR NA 1:40000

1966 Sept 16 NAPL  A-30020-57

1970 Sept 13 APDR AS-1088-252 1:24000

1975 July 10 NAPL  A-24075-6 1:50000

1979 Sept APDR  AS-2794-125 1:10000

1982 Oct APDR AS-2618-198 1:60000

1991 Aug 4 NAPL  A-27748-74 1:15000

1996 { ENR {

2001 July 22 APDR AS-2618-198 1:20000

2004 July 1 GE DigitalGlobe

2013 NA GA SPOT6 1.5m

2014 NA GA SPOT6 1.5m

2014 Aug 10 GA Phantom3Drone

NAPL is for National Air Photo Library in Ottawa, Canada
( http://www.nrcan.gc.ca/earth-sciences/geomatics/
satellite-imagery-air-photos ). APDR is for Air Photo Data
Repository in  Edmonton, Alberta  (http://esrd.alberta.ca/
forms-maps-services/air-photos ) GE is Google Earth and GA is
for Geospatial Alberta (http://geodiscover.alberta.ca/Viewer )
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Figure 4.C.2. Mosaic of images used in analysis of log raft. Yellow line marks
the position of the upstream edge of the raft.

4.D. Pelican Santuary

4.D.1. Text S5. Extended methods on preparing Pelican Island photo graphs
for analysis.  Figure 4.D.2 shows a ow chart of methods used to process andadyse the
oblique aerial photos of the Pelican Island Sanctuary. Firstve obtained a screenshot of the
Pelican Sanctuary from a 2002 satellite image by Digital Glbee on Google Earth. We georef-

erenced this image to known tagged coordinates in each caraed projected into Lambert
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Figure 4.D.1. Location map for Pelican Island repeat photography. Islands lo-
cated at 59.97116N, 111.74853W.

Figure 4.D.2. Flow chart of methods produce datasets from Pelican Sanc-
tuary images

Conformal Conic for Canada. We then georeferenced the AuguX11 oblique photo to the

projected satellite image based on identi able features. ¥Wused the high resolution August
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Figure 4.D0.3. Example of subtle alignment of wood in editing phase

2011 image as a base to which all other images were georefegdn We chose the August
2011 image as our base image because it had good overall agerof the islands and was
at a ow typical for most photos, making identifying tie points easier.

We used a spline transformation with more than 50 tie points aen rectifying images.
It was most important to honor points near wood on the islandsather than emphasizing
overall reduction of error across the entire image. By usimg spline, we ensured that wood
deposits lined up as much as possible by placing more tie psimear wood. We were not
concerned about the accuracy of the georeferencing in theterasections where there was no
wood and few to no identi able tie points. The georeferencgfor most of the digital images
was conducted in GlobalMapper v.13. Due to loss of softwarecess partway through the
work, the scanned slides and 2012-2014 digital images weeergcti ed using ESRI ArcGIS
(v. 10.2) geospatial analyst toolset.

Geodatabase of feature datasets from analysis of the Pehc&anctuary including: wood,

land and image footprints as well as the ruleset used in eCatjon to segment images can be

205



accessed viattp://hdl.handle.net/10217/100436 . Supporting movie le (msO02Planimation.avi)
is an animation of the data layers through time. Figure 4.D.4hows screenshots of two frames

of the animated video from before and after the wood ood in 24.

Figure 4.D.4. Screenshots of the animated data before and after the 2011
wood ood. Water is shaded only for regions within the footgnt of the geo-
referenced source image. Hydrographs show months April thiglu September
for each year of the data record. Solid line in hydrograph ses indicates date
of source photo. For scale, the oblong island in the upper hgis about 120

m along the long axis.

The elevations, orientations, and lighting between photagphs di ered greatly, making
automatic analysis and processing routines of the datasenpractical. We were able to use
some automatic routines in eCognition to segment the highselution 2005-2014 images. Af-
ter segmentation, we manually merged, classi ed, and exged wood polygons as shape les.
The automated segmentation did a poor job extracting wood aite low resolution 1983-2004
photographs, so we simply brought these photos into ESRI ArGl (v 10.2) and manually
traced wood using the ArcEditor toolset. We also created traugs of the image footprints
and outlines of the islands. Prior to analysis, wood polygsnwere edited in ArcGIS. We

edited the les by adding polygons of wood that were missed lifie segmentation process,

206



trimming polygons that extended beyond wood, and making glint corrections in placement
in order to align wood polygons that were subtly displaced (gure 4.D.3).

We analyzed the wood shape les in ArcGIS in two di erent ways $upporting Figure
4.D.2), we analyzed change within the same common area bedweall the photos from 1983
to 2014 (Dataset 1, Supporting Figure 4.D.2) and we analyzeti¢ change between adjacent
photos in time from 1988-2014 (Dataset 2, Supporting Figurel8). Dataset 2 was subsetted
to 1988 due to many missing adjacent timeframes with adequatoverage of the islands prior
to this date. To create Dataset 1, we simply summed up the ares wood for each date
contained within the common area. To create Dataset 2, we téntersected the footprints for
photographs adjacent in time, and then subtracted the polyans within the shared footprint
to create a resulting shape le that showed areas of wood thastayed", "came", or "went"

(Figure 4.D.2).

4.E. Timelapse

Figure 4.E.1. Location map for timelapse photography. Gauge and camera lo-
cated at 59.872222 N, 111.583333 W.
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Figure 4.E.2. Photo sequence of ice jamming with wood.

4.F. Datasets

The following datasets and les can be accessed via the Cado State Digital data
repository under Research Project \Big River Driftwood in Nothern Canada” ( http://
hdl.handle.net/10217/100436 ).

Data Set S1. Dataset of all measurements of wood sizes from study sites in attachede \ dsO1 Largewood.csV

L: Length of the bole from small end to bottom end or top of are in rootwad in
meters

Dl: Diameter of the large end. Measured at the top of the are if rootwad present
in meters

Ds: Diameter of the small end in meters.

Dm: Representative diameter Ol + Ds)=2 in meters)

V: Volume modeled asL ~ (Dm=2)? in cubic meters

Type: D=Deciduous, C=Coniferous

Top or Bottom: denotes type of end of the log as: S=snapped, T=un-snappedip, R=rootwad,
B=beaver chew, A=anthropogenic, such as saw cuts

D: Decay Classes: 1=Sound, 2=Heartwood sound, sapwood decayed but camot
be pulled apart, 3=Sapwood can easily be pulled o, 4=Log cannot support
weight but retains shape

B: Bark Classes: 1=Most or all bark remains, 2=Partial bark retained, 3=Rem-
nants of bark, 4=No bark present

A: Abrasion Classes: 1=Most branches present, including smaller one2=Most
branches snapped o, 3=Branch stubs, 4=Smooth

Site: Unique site identi er

RootID: Unigue rootwad ID
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Data Set S2. Dataset of small wood pieces less than 1 meter in length and 10 cm in diaree. Attached
le ds02Smallwood.csv

L: Longest side of the small piece in meters

W: Diameter or second longest side of the piece depending on shape in tees

H: Shortest side of the piece in meters

V. Volume of the piece in cubic meters. Estimated assuming either aylinder

(L (W22 oracube (L H W) depending on shape.

type: Categorical identifying the piece as bark or stick. Beaver cher and root pieces
were identi ed.

site:  Unique site ID.

Data Set S3. Dataset of Rootwad measurements. Attached leds03 Rootwads.csv
RootID: Unique root identi er

Lr: Length of rootwad measured from top of are along the axis of the bole in
meters

Wir: Widest basal footprint width in meters

W2r: Width of basal footprint perpendicular to W1rl in meters

type: D=Deciduous, C=Coniferous, U=Unknown

Elong: Elongation Factor. L divided by the average of W1 and W2
Symm: Base Symmetry Factor. W 1r=W 2r

Data Set S4. Data on log raft progression upstream. Attached le dsO4lograftposition.csv
Year: Photo Year
yrchng:  number of years passed since previous photograph
distchng: meters upstream (or downstream if negative) jam front is wth respect from
previous photograph
Position: upstream position of jam front in meters with respect to 1933.

Data Set S5. This is total wood storage in shared sub area from the Pelican Island Sanatry. Data
extracted from georeferenced oblique aerial photos provided by the Miean Advisory Circle of Fort Smith.
Data limited to shared area where all photos intersect. Supporting @ta le: dsO05Dlareas.csv

Date: Date, format; \year-month-day"

Area_m2: Wood area footprint in square meters as seen from above.
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Data Set S6. Change in wood storage between adjacent time periosds in the Pelicanld®d Sanctuary.
Data extracted from georeferenced oblique aerial photos provided by # Pelican Advisory Circle of Fort

Smith. Attached le:

Start:
End:
QDate:
Qcms:
icejam:

fraction:

IDnum:

summerindex:

ds06 D2change.csv

Date \Year-month-day" of rst photograph

Date \Year-month-day" of second photograph

Date \Year-month-day" of highest discharge between photographs

Highest averaged daily discharge between photographs in cubic ness per
second.

Factor w/ 2 levels \n"\y": specifying if larges peak discharge between events
was an ice break up event.

num fraction of wood area within the time period that eithe r came (IDnum=1),
went(IDnum=-1) or stayed (IDnum=0) as identi ed in IDnum. For exam ple
fraction for came was calculated as came/(came +went +stayed). Shape les
of wood are provided separately.

factor w/3 levels \-1", \0"\1" specifying whether the entry spec i es wood that
went (-1) , stayed (0) or came(1)

day of summer with April 1=1

Data Set S7. Dataset of wood ux data derived from timelapse photos taken of the river near the Fort

Fitzgerald Gauge, Slave River Slave River Rapids Corridor, NorthwesfTerritories. The raw timelapse Photos
can be accessed viattp:/hdl.handle.net/10217/100436 . The derived datset is supplied as supporting
le \ dsO7.FFwoodphatQ.csv

Date:
phat:
summerindex:

Q:

Year-Month-Day

proportion of photos taken in that day with wood present

Day of summer with April 1st=1

Average daily discharge value in cubic meters per second from Fort Fagerald
water gauge 7NB001 operated by Water Survey Canada.

4.G. Video Captions

Movie S1. Promotional research video about driftwood research in th8lave River- Great

Slave Lake system, northern Canada. Attached le isnsO1WoodResearchVideo.mp4

Movie S2. Animation of wood loads on the Pelican Island Sanctuary from980 to 2015.

Location is 59.97116N, 111.74853W. Attached le is msO2Planimation_2fps.avi

Movie S3. Timelapse of mechanical ice break up at Fort Fitzgerald with @od transport

May 13th and 14th 2013. Location is 59.868948 N 111.58230%rc W. Attached le is

ms03FF201305131410min5fpsbreakup.avi
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CONCLUSIONS

The impacts of large amounts of driftwood on waterscapes -aogical and physical - are
absolutely stunning both in scale and in aesthetics. In rive draining the mostly undammed
Mackenzie basin in Canada, landscape features associateithwvood are abundant and
re ect conditions that were likely more common in northern atitudes world-wide for the last
10,000 years up to about 200 years ago. As the world's last fresving rivers are rapidly
dammed for hydropower, | wonder: how will diminishing trangort of driftwood impact the
biodiversity of river corridors and marine environments? H® much more at risk are wood-
depleted coastlines from erosion associated with sea lesisé and extreme weather? And,
what impact will wood depletion have on freshwater and mare sheries?

This dissertation is the rst step in a journey to uncover theanswers in that it provides
new conceptual models for thinking about wood ux deliveryrbm large basins, challenges
existing assumptions, and develops new methods and approas to quantifying wood ux.
The most valuable contribution of this dissertation is the mlti-temporal approach to under-
standing the variability of wood ux through time and linkages between transport and ow
history. This research has led me to the conclusion that it ihe stop and go, the jamming
and unjamming, the discontinuity of wood ux, rather than wood stability, that is the most
important aspect of the wood regime for river morphology, dyamics and biota.

| suggest that future studies focus on:

I. continuous or high-frequency monitoring of wood mobilyt

ii. monitoring changes in wood storage at known retentiontsis at varying time scales;
iii. using wood characteristics to ngerprint wood sources

iv. quantifying volumes of wood buried within channels and oodplains;

V. using remote sensing to assess changes in wood storage lavge spatial scales;
vi. obtaining data from unconventional sources, such as @én science initiatives;
vii. creating online interactive data platforms for faciltation of data synthesis; and
vii. using eld and modelling data to test conceptual modelsand constrain transport

thresholds.
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