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ABSTRACT
CROSSING A THRESHOLD: THE LEGACY OF 19 CENTURY LOGGING ON LOG

JAMS AND CARBON STORAGE IN FRONT RANGE HEADWATER REAMS

Instream wood has an important effect on the gepmorand ecological function of streams, but human
impacts have altered both the forests that supplydsand the streams themselves. These changes may
have pushed many stream systems over a threshsilevpech the stream morphology and ecology do not
return to their pre-disturbance state, but instetle into a “new normal.” This dissertation aahdres

the question of whether logging which took placéhia 19" century has had lasting and significant
effects on the instream wood and carbon storapeadwater streams in Colorado’s Front Range. The
distribution of logs within the headwaters of thg Bhompson River, North Saint Vrain Creek and
Cache la Poudre River in northern Colorado wereszesl to quantify the ways in which logs and forest

characteristics relate to carbon storage withitreas.

The results indicate that old growth forests agaificantly different than younger forests. Streamold
growth forests have more total wood, more clospced ramps and bridges that can act as key pieces
for jams, and more jams per kilometer. There apgpkabe a positive feedback between total wood loa
and downstream spacing of jams. The presencerdf §@n influence the characteristics of wood in the

channel, with jams increasing the retention of $enaliameter wood pieces in streams.

No significant difference was found between thepprton of organic matter (OM) in fine sediment
between jams and non-jam areas in a reach, byfroldth generally has a higher proportion of OM and
faster rate of increase in the proportion of OMeaticdbehind a jam with increasing jam volume. Most
OM in jams is stored as wood, but the proportiamest as wood is lowest in old growth, which suggest

that old growth jams can be more retentive of tieeenioavailable fine OM in sediment.

Stand age, valley type, and disturbance historye@x@3% of the variation in total carbon (wood and

sediment) stored within a reach. Natural distudearsuch as fire can increase jams per kilometér, b



human disturbances such as logging reduce the muwhfmns/km. Natural and human disturbances
have a correspondingly different effect on the oarstored in streams, with natural disturbances
increasing carbon storage, and human disturbardeging storage. Streams through logged forests
have an order of magnitude less carbon storedmitld channel than streams in forests of equivalgat
with natural disturbance. This implies that past aontemporary forest management not only changes
terrestrial forest ecology and nutrient cyclingt diso riverine nutrient dynamics and, presumably,

aguatic ecology.

Characteristics of jams (size, number per kilomedad carbon storage correlate most closely wilhe
scale variables, implying that management wouldhbst effective at the reach scale. Increased total
wood load and decreased spacing between key meedlse most important changes that can be made to
promote the formation of jams within a reach. @ldwth forest creates significantly different total

carbon storage and partitioning of carbon storadpch extends previous work on the effects of old

growth forest on terrestrial carbon to riverine iemwments.
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INTRODUCTION
1.1 A NOTE ON THE STRUCTURE OF THIS DISSERTATION

This research project began with three questiogarding: the effect of log jams on streams; theafof
old growth forest on instream wood; and the wags these two factors interact to increase or deerea
the organic carbon stored within streams. As tiogept evolved, it became clear that the easiegttova
answer these three questions was to first understeenways that forests and instream wood integet,
then address the question of changes to carbaagstoiConsequently, this dissertation is dividéd in
three chapters. The first provides general backgtanformation about previous studies, the progeet
and data collection methods. The second chaptiesses log dynamics and teases out the interaction
of stand age, piece characteristics and the nuofljams that form along a reach. The third chapter
investigates the factors which influence sedimetention behind jams and the proportion of organic
matter stored with that sediment. Overall, thisknaddresses the question of whether logging which
took place in the T®century has had lasting and significant effectsheninstream wood and carbon

storage of headwater streams in Colorado’s FrongRa

1.2 LITERATURE REVIEW

Previous studies hypothesize that one of the affefcthe cumulative human-induced changes withén th
Colorado Rockies during the past two centuriestie@s to reduce the instream wood loads and
frequency of natural wood jams along most forestegams\Vohl 2001;Goode and WohR007;Wohl
and Jaeger2009]. It is assumed that human activities sagtimber harvest, flow alteration and active
wood removal combine to decrease the volume ofgast wood and thus cause a net decrease in the
frequency and wood content of logjams in affectdté(ed) streams. Conversely, streams which are
relatively un-altered by humans (no recent histdgripgging, flow diversion or active wood removal
from the channel) should contain more wood and jamfss study tests that assumption by quantitbtive
comparing jam frequency and carbon storage, amd tisat comparison to estimate a magnitude of

change. These results can aid management decisi®ueky Mountain National Park and adjacent



national forests. Although log jams are typicaligught of by the public as negative features which
impede fish passage, limit recreational kayakimgyase a hazard to infrastructurBifgay et al.2005;
Chin et al, 2008], resource managers now recognize thatasirg instream wood loads can help restore

some of the historical characteristics of streatwagks.

Instream wood performs several geomorphic and gambfunctions. Wood adds roughness to channels
and can result in finer streambed substrate thandaaherwise be preserianga and Kirchner2000].
Wood increases boundary roughness and hydraulgtarsse Curran and Wohl2003;Keller and Tally
1979]. Wood modifies alluvial bedformBa4illie and Davies2002;MacFarlane and Woh[2003] and
enhances habitat diversity and abundafe@i$ch and Northcotd 992;Maser and Sedelll994]. Wood
also maodifies channel planforr@llins and Montgomery2002] and enhances lateral connectivity

between channels and floodplaifgdhl 2011Collins et al, 2012].

Concentrations of wood in the form of logjams caméhan even larger effect on the channel than
individual pieces. These effects are commonly lear, in that adding more wood in the form of gam
creates a greater change than simply adding mdradoal pieces. Channel spanning log jams can be
particularly effective in creating boundary rougbsi@nd flow separatioManners et al.2007], as well
as promoting hyporheic exchange and thus nutregahtion and processind.-futz et al. 2006;Fanelli
and Lautz 2008;Wondzell et a).2009]. Log jams can also retain substantial wmals of fine sediment
and organic matterBilby, 1981;Assani and Petit1995;Manga and Kirchner2000] and alter floodplain
dynamics Collins et al, 2012]. Because organic matter regulates streapiration, these effects likely
extend beyond streams and into riparian zonesngdhat stream insects provide critical nutrient and

energy subsidy to riparian consumeBaXter et al, 2005].

Less well documented is the longitudinal distribotof wood in various settings/ing et al, 1999;May
and Gresswell2003] , although wood is likely to be non-randpmistributed Kraft and Warren2003;

Wohl and Jaeger2009;Wohl and Cadql2011]. Several studies indicate declines in vawhwood per



unit area of channel downstream through a draibagen Keller and Swansqril979;Keller and Tally
1979;Hassan et a).2005;Wohl and Jaeger2009], partly in response to increased transgapacity
downstreamMarcus et al. 2002;Wohl and Jaeger2009], although high spatial variability in wood
recruitment and retention appears to be comritas$an et a).2005]. More limited work suggests that
jams form preferentially in portions of a basin wéhe combined effects of wood supply and trartspor
capacity are maximized\ohl and Jaeger2009]. Previous studies suggest that old grootast

provides larger trees and more key pieces to anahws, leading to more jams than areas of non+virgi
forest JAbbe and Montgomer2003;Wohl and Goode2008], although these observations have not been

systematically tested.

Wood retention and jam formation are also likelypéonon-linear processes in which increasing votume
of instream wood help to retain newly recruited w@md enhance the formation and persistence of jams
[Wohl and Goode2008;Wohl, 2011]. Despite recent advances in understantimdorces acting on a
piece of instream wood and the mechanics of fluv@bd transportBraudrick and Grant2000;

Manners et al.2007;Bocchiola et al.2008;Merten et al. 2010], the complex interactions among wood
recruitment, channel form, and channel hydrauliekenrit challenging to quantitatively predict wood
retention and distributiorHassan et a).2005], particularly at the scale of a channethe@d-10* m) or

a small catchment (307 km?). Channel process and form at these scales ammeniy of particular
interest to resource managers trying to enhanbéeh@ibitat or stabilize an eroding channel using
engineered log jam#\pbe et al.2003;Collins et al, 2012]. It is therefore important to refine our
understanding of wood transport and retentioneddtspatial scales by collecting and analyzing fiel

data from diverse settings.



Atmosphere
1.2
A
jr b -\
2.7 0.9
A y A
% J
N
0.6

Figure 1: Estimated carbon fluxes (in Pg C yt) between rivers, terrestrial environments, oceanghe atmosphere and the
lithosphere (Figure 3 from Aufdenkampe et al., 2011

Recent work on the carbon cycle emphasizes theeinfle of fluvial dynamics on the export and
processing of terrestrial carbon (Figure Galy et al, 2008a, 2008kilton et al, 2008a, 2008Battin

et al, 2009;Aufdenkampe et a011]. Metabolism of terrestrial organic carborireshwater ecosystems
is responsible for a large amount of gditgassing to the atmospheBaftin et al, 2008;Aufdenkampe

et al, 2011]. Hydrological storage and retention zorasextend the residence time of organic carbon
during downstream transport when dissolved orgeaibon (DOC, smaller than 0.45 um), as well as fine
particulate organic matter (FPOM, between 0.45 pchlamm) and coarse particulate organic matter
(CPOM, larger than 1 mm), is stored at sites oifseparation and reduced transport capacity. Aluvia
examples of storage and retention zones includgirmareddies, lee deposits downstream from obstacle
[Thompson2008], river segments ponded by logjams or doweash constrictiondautz et al, 2006],

and hyporheic zonesiarvey and Fuller 1998]. These sites provigeophysical opportunitiefr
microorganisms to develop as attached biofilmauspended aggregates and to metabolize organic
carbon and other nutrients for energy and groBtttjn et al, 2008]. Sites of increased nutrient retention
and processing have also been describdsbggochemical hot spotat show disproportionately high
reaction rates relatively to the surrounding mdtkixClain et al, 2003]. Any physical feature that
promotes flow separation, lower velocity, and asteemporary fine sediment storage can facilitage

formation of biogeochemical hot spots. The conceptsoth geophysical opportunities and



biogeochemical hot spots thus emphasize the impaetaf localized retention zones in streams.
Presumably, the efficiency with which streams retad oxidize organic carbon rests on the evolution
microbial physiological capacities in responsedi@intion zonesHattin et al, 2008], as well as the
abundance and quality of retention zon€g{erson et al.2001;Hall et al., 2002]. Headwater streams are
particularly important in this respect. Becauséheir relatively close coupling to adjacent uplands
headwater streams receive most of the terrest@dC [Battin et al, 2008]. These streams are likely to
have substantial retention zones because of lafigally and laterally variable channel geometry,
relatively poorly-sorted grain-size distributiommat include large, protruding clasts, and instresud
[Wohl 2000]. Because the flow paths through, and resieléimes of water in, headwater catchments are
among the primary controls on DOC variation throtigke in these streamBd@yer et al. 1995], it
becomes vital to document types of retention zamesthe processes that maintain these zones in

headwater streams.

Because streams play a significant role in the egigation, transport, and mineralization of organic
carbon, knowledge of fluvial processes must baghatied into the traditional conceptualization af th
carbon cycleBattin et al, 2009;Aufdenkampe et al2011]. Enhancing our understanding of fluvial
influences on carbon dynamics is also vital bec#lusédydrologic cycle is exceptionally sensitive to
climate change and water-borne carbon fluxes edlpond to climate changBdttin et al, 2009]. More
intense storms, for example, may result in gretad@sport of terrestrial carbon to streams. To,date
studies quantifying fluvial sequestration and expdiorganic carbon have been limited to a few
environments and it is not clear how adequately¢isalts from these studies describe catchmenis wit
different characteristics of climate, geology, laxer, or fluvial form and process. Additionaly,
consensus is developing that we need to identdytiot spots” within freshwater networks where carb
processing is concentratdd¢Clain et al, 2003;Warren et al. 2007;Mulholland, 2012]. These hot
spots can be regional (temperate storage vs tidhigas), reach-scale (wide segments vs steepowar

segments), and unit-scale (behind jams vs non-gticns).



A potential model for the formation of these biogeemical hotspots is illustrated below in Figureli2.
this model, forests with older stands have a higfasal area, which results in more wood enteriag th
stream. The increased stream wood creates anchiezs (ramps and bridges) or snags on existing
anchored pieces and starts to form jams that havgphe effects. Jams can increase the water serfa
level, forcing high flows out of the channel intetfloodplain, allowing for lateral movement of loan
and nutrients. They can also provide an areaveélvelocity where fine sediment and any organic
matter being carried by the river can depositaddition, the wood trapped within the jam itselfica

provide a source of carbon to the stream as itydeca

High Basal Area

M

* Blow down
* Erosion
» Natural Mortality

Key Pieces
* Ramps and Bridges
» Less than 20m spacing

‘ | CSJ Formation
» Keyed on ramps and bridges

l—l_—> Geomorphic effects

* Fine Sediment storage

* Floodplain connectivity
« Diverse habitat for fish

Figure 2, Conceptual model for the formation of bigeochemical hotspots within a mountain river systemA channel
spanning jams (CSJ) is defined a jam which crosséise entire channel width and affects the water sugice across the
entire channel.

1.3 PRIMARY OBJECTIVES AND HYPOTHESES

This study aims to provide a detailed census ofdags and carbon storage in headwater streamswithi
mountainous regions of Colorado, in order to betteterstand the mechanisms that lead to increased
instream wood, and the ways in which this can i@ carbon storage in headwater streams in

Colorado’s Front Range.



The primary objectives of this research are to:

conduct surveys of selected stream reaches repirggeiverse channel geometry, forest stand age,
and history of disturbance in order to test foatiehships between (i) the volume and longitudinal
spacing of jams and (ii) channel characteristicai(dge area, bed gradient, channel width) andfore
stand age,

conduct detailed measurements of selected jamsler to physically characterize jams in different
environments, specifically the log characteristeesjiment storage, and organic matter retentiath, an
develop a linear statistical model to identify thajor influences on jam density and organic matter

retention, and make a first-order approximatiomefream carbon storage.

In addressing these objectives, | test the follgwigpotheses:

(H1) Influence of jams: Log jams have differefié&t on the channel than other features that tesul
fine sediment storage. Specifically, log jams neffectively promote the retention and depositibn o
organic matter within the stream than do other s@srof boundary roughness such as large clasts.
This hypothesis, which examines the influence wfgan streams, is supported if the proportion of
organic matter in sediment samples taken fromitieefediment directly above log jams is higher timan
samples taken from other fine sediment within tiheasn for all sites, or if the proportion of organi
matter is the same but the total volume of finarsedt stored behind log jams is larger than thevea

stored in other areas of the channel, regardlestantl age.

(H2) Influence of forest type: Local forest agenisre important to the quantity and characteristifs
instream wood than basin characteristics.

This hypothesis, which examines the effect of forgse on instream wood, is supported if foreshdta
age, or derivative variables such as basal areay bktter correlation with instream wood varial{tesal

wood stored within the stream, length, diameted, giece type of that wood) than do basin level



variables such as drainage area or channel gradi@mest type is a reach scale variable, sindeemg

basin can consist of a spatial mosaic of stand dgedo past disturbances.

(H3) Combined influence of stand age and jams: Jaawe higher overall volume of wood and higher
relative organic sediment content in streams dragmld growth forests. As a result, headwaterastie
in the Colorado Front Range draining altered foseate currently “dam-impoverished” ecosystems with
greatly reduced organic matter storage capacitytiee to unaltered streams.

This hypothesis, which examines the joint influenEstand age and jams, is supported if there is a
significant statistical difference between jam yoiiand stored organic matter between old grow#stor
streams and altered forest streams. The foresgjaaes used in this study are explained more fally
Section 1.3, but as a guide, old growth foreseignéd as a forest having standing trees more 208n
years old and altered forests are defined as staitld$rees younger than 200 years which have tatyis
of logging. Support for this hypothesis could ird# either an increase in the proportion of organic
matter stored as fine sediment in old growth stseamna greater total volume of organic matter bsea

of increased fine sediment storage in old growéthes.

14 STUDY AREA

Selected study sites are in the Cache la PoudgeT Bympson, and St. Vrain River drainages (FigQre 3
Each of these streams heads near the Continenialelit > 4000 m elevation and flows down to ~1900
m at the base of the mountains, where the stresibigary to the South Platte River. Mean annual
precipitation is 70-90 cm in the upper basins. Fidominated by snowmelt, which produces an annual
hydrograph with a sustained May-June peak. In 200D2011, the hydrology along the Front Range was
unusual, with larger than average magnitude andtidur of the snowmelt peak. In 2010, the Allenkpar
stream gauge along North Saint Vrain Creek recoatiene-average flows starting Jurfeadd ending

June 18, with a peak of approximately 17 on June 8. The gauge has a 20-year historrageeune
flow of approximately 6.2 fits. In 2011, the snowmelt peak was both largenagnitude and longer in

duration than it has been historically. The samegg recorded above-average flows starting Jline 6



and continuing until mid-July with a peak of approately 16.3 n¥s on July §Colorado Division of

Water Resources gauge “North Saint Vrain Creek Atlanspark”).

The basins are underlain by Precambrian-age 3fkene graniteBraddock and Cole1990]. Although
bedrock lithology does not vary substantially ie gtudy area, valley geometry is quite variabla as
reflection of Pleistocene glacial dynami®®dhl et al, 2004] and variations in joint geometry and
associated susceptibility to weathering and erodibien and Wohl2002]. The width and gradient of
stream channels vary downstream at lengths ®@0m; small bedrock gorges in which both channel
and valley-bottom width are < 30 m regularly alsgmlongitudinally with lower gradient (1-2%), wide
(several times active channel width) valley segmesntd waterfalls > 10 m tall are present in the
uppermost part of each basin. Step-pool channelsyast common, although cascade, plane-bed, and
pool-riffle morphologiesMontgomery and Buffingtori997] are also present. Substrate is primarily
cobble- to boulder-size clasts, although finer samdi gravel is present in zones of flow separatiozh

as upstream from logjams.

Sample reaches were selected from the area adssiamce below timberline (~3200 m elevation) down
to ~2400 m. These portions of the catchments aveeathe Pleistocene terminal moraines and are
predominantly covered by subalpine forests of Emgah spruceRicea engelmannij subalpine fir

(Abies lasiocarpy lodgepole pineRinus contorty aspenPopulus tremuloidgsand limber pineRinus
flexilis) [Veblen and Donnega2005]. Lodgepole pine forests dominate largesaoédhe subalpine

zone, forming the most extensive forest type inAtent Range\eblen and Donnega2005]. More

mesic subalpine sites are dominated by Engelmamcs@nd subalpine fir, whereas lodgepole dominate
more xeric sites and are successional to the sffirucemmunity. Riparian communities include large
numbers of conifers such as Douglasffis¢udotsuga menziésiind spruce, as well as aspen. Age and

size of individual trees vary greatly with site-sifie conditions.
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Disturbance in Front Range forests takes the fdrmildfire, persistent drought, insect outbreaknai
blowdowns, hillslope mass movements such as débws, and floods. The study area does not have
frequent landslides or debris flows that can inticadlarge volumes of wood to the streams. Fire and
insect outbreaks are the most significant in tesfrextent, severity, and frequency in the laterally
confined mountain valleys of this study, and timees-fire appears to be the single most important
control on volume of dead wood in a staRe&bertus et al1992;Hall et al,, 2006]. Infrequent, high-
severity fires that kill all canopy trees over aredhundreds to thousands of hectares recureaals
greater than 100 years in the subalpine zdteblen and Donnega2005]. Patches of stand-killing
disturbance in the North Saint Vrain basin dat&6564, 1695, 1880, and 1978 AD, and for the portmns
the Big Thompson drainage within Rocky Mountainiblaal Park, disturbance patches date to 1730,
1893 and 1915dibold et al. 2006]. For areas outside the park, no largeestisturbance maps were
available, but tree coring done as part of thigyindicates that riparian stands germinated aff&o0,
1810, 1850, and 1880 in the Big Thompson basiniai®, 1790, 1860, 1870, 1910, 1930 and 1940 in
the Poudre River Basin. Although the causes oftskdling disturbances are not known for certadirgy
are assumed to be natural if they occurred more 268 years ago, or if they occurred in Wild Basin
where there was no known logging. In areas wikh@wn history of logging (including lands managed
by the Forest Service and most lands managed [iy&tieService), stands younger than 200 years old

were assumed to be re-growth after logging.

Regrowth of woody plants following a disturbancslisw in the semiarid Front Range relative to other
temperate forests. Recruitment period followindudisance varies with site conditions, seed souaes,
climate, but is typically 30-60 years for the sytiiaé zone Yeblen and Donnega2005]. Old-growth
characteristics, however, typically do not emeweat least 200 years in subalpine fore¥sen

1986]. Wood recruitment to streams flowing throtigé disturbed area can thus increase substarfoally
a period of decades following a disturbance as deddlying trees slowly topple, but is then likedy

decrease during the period when all dead treesfaliga and new trees are not yet large enough for



recruitment; the whole process may require twourigd to reach pre-disturbance wood dynamics
[Bragg 2000]. Examples of different reach types casdsn in Figure 4. For this study, streams were
classified as either disturbed (stand age less2B@ryears, but no known history or evidence ofing),
old growth (stand age greater than 200 years)a#darkd (stand age less than 200 years and history

evidence of logging).

Starting in 2009 and ongoing, subalpine and montarests in the study area are experiencing ineckas
tree mortality due to a severe infestation by maumpine beetle@¥endroctonus ponderosaSuch
outbreaks recur every few decades throughout ther&to Rocky Mountaindsjomme et a/2006]. The
instream wood surveyed for this study was not &by the most recent infestation for two reasons.
First, riparian trees are less susceptible thaangptrees, and second, the dead trees were atidisg
during the summers of 2010 and 2011 and so didamdtibute to the instream loads. Future surveys
may find an increase in wood loads as the dead st@et to fall, though currently it is thought tthr@es

killed by mountain pine beetles tend to snap wedhe the ground, resulting in smaller piece length.

1.5 METHODS

In order to test the above hypotheses, two diftedatasets at different levels of detail were aéd.
Thirty reaches of channel were surveyed, and 3@ithehl channel-spanning log jams were surveyed.

The data and methods are described in the follos@ugions.

1.5.1 Reach level data

Reach level data were intended to give an oveietilie of the wood dynamics in a stream and the
number and character of jams present. When pessibe kilometer of the river was surveyed for each
reach. In some cases, shorter reaches were sdrilegause the reach was interrupted by confluences,

lakes, willow thickets or waterfalls.
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Disturbed: Middle Ouzel reach, Old growth: Middle Cony reach, no Altered: Willow Creek reach, logged,
disturbed by fire, stand age is 33 years history of disturbance, stand age is >500 stand age is approximately 110 years.

years.

Figure 4: Typical views of reaches with different érest age and disturbance history (age estimated R011).



SELECTION OF REACHES

Study reaches were chosen only on the east sifhe @ontinental Divide to minimize between-reach
differences in regional factors such as snowpackraalation and precipitation. Reaches were chesen
that there were no major tributaries entering theasn within the reach. Basins containing knowh ol
growth forest were scarce, as were basins with §auges. In order to minimize differences due to
streamflow, non-old growth basins were chosen ticimténe approximate drainage area and elevation of
the known old growth reaches. Thirty-one reachesevgurveyed, all having varied channel width,exall
geometry, forest characteristics, and channel slopgotal of 12 old growth reaches and 19 reaaies
younger forest were surveyed over the summers @,22010 and 2011. Of the 31 reaches surveyed,
one (Boulder Creek) was removed from the dataset for analysis because it had an unusually large

drainage area and low elevation in comparisondmther reaches.

If secondary channels were present, a decisiomveate in the field as to whether they were stabte an
carried a significant amount of flow. If they ditie wood in the secondary channels was includétein
analysis and the channel width of both channelsreesrded. If not, they were not included in the

survey.

DATA COLLECTION AT REACH LEVEL

Latitude, longitude and elevation for the start and points of the reach were recorded in the fisidg

an eTrex H handheld GPS with a horizontal accucdey+ 3m and varying vertical accuracy. These
points were then used to find drainage area apdrstiorder for each reach using Stream SRies[et

al., 2008], which calculates basin parameters usingn TIEMs. Drainage areas were measured from the

most downstream point of the reach, and thus arexamum drainage area for the reach.

Each reach was assigned to a valley type baseatiorof bankfull channel width to valley bottom whd
(W/W,) using criteria developed Wohl et al[2012]. Confined valleys are steep and narrowh wit

limited floodplain developmenty, < 2XW,. In partially confined valleys), 2-8X W,. Unconfined



valleys are relatively wide and of low gradientpaing more extensive floodplain development arel th

potential for a multithread channel planfoiid; > 8X W..

For streams surveyed in 2009 and 2010, every piea®od located within the bankfull width of the
stream with a diameter greater than 10 cm andgiHegreater than 1 m was surveyed. During the 2011
season, an unusually high magnitude and long durgiak flow dramatically shortened the field seaso
A decision was made to alter data collection tegphes so that only pieces meeting the above critiesita
were also in jams were surveyed in detail. A piwas considered to be part of a jam if it touchteleast
two other pieces of minimum 10 cm diameter and l&mgth. For reaches surveyed in 2011, ramps and
bridges within each 10 m segment of the reach weuated. This was done to decrease the amount of
time required for each reach survey, and is jestibased on the preliminary results from 2009 &2
reaches, which showed a strong linear relation &éetwam density and total wood load, as well as a

strong threshold for ramp/bridge spacing and jansitg

Basal area measurements of the standing wood iiotlst were taken at the start, middle and end of
each reach using a handheld Panama Angle Gaugéesarifeasurements were taken no more than 10
m from the stream banks within the surroundingdtan addition to the number of trees which filkbe
scope, a record was kept of the number of startivag trees tallied and an estimate was made of the

percent of standing dead trees in the visible fores

Channel width was measured at 10 m intervals. igu2D09 and 2010 this was done using a manual
rangefinder calibrated using a survey tape. IM20@idths were taken using a laser rangefinderdtas
Technology TruPulse 360B). Channel gradient wagsme=d at major breaks in slope or every 100 m,
whichever distance was shorter. A Suunto clinometes used to estimate channel slope in 2009 and
2010, while a TruPulse 360B laser rangefinder vezsiun 2011. Longitudinal spacing of pieces andsjam

through each reach was established using a 10Qerind2009 and 2010, and a laser rangefinder i1.201



INSTREAM WOOD MEASUREMENTS

For each piece of wood surveyed within the stresixpieces of information were collected:
longitudinal spacing, total piece length (includieggth outside the channel), piece diameter, pigoe,
decay class and whether the piece was locatedwvdtfam. Longitudinal spacing was measured as
described above. Length and diameter were meassred a tape measure, laser rangefinder or visual

estimate.

PIECE TYPE

Each surveyed piece was assigned to one of 6 c&egdridge, left ramp, right ramp, pinned, bdrier

unattached. The criteria for each category areribesi in Table 1.

Table 1: Field classification of piece type

Piece Type Field indicators

crossing the stream with two ends above bankful
Bridge
elevation

one end in the stream, one end outside the bankfull
Left/Right Ramp elevation on the left/right (looking downstreangesiof

the stream

held in place by a relatively stable feature, saeka

Pinned
boulder or ramp/bridge
partially or completely buried by sediment in thexlkor
Buried
bank
floating or loose, not anchored at any point; moved
Unattached

under light pressure




DEecAY

Each log was assigned a numerical value correspgndiits state of decay. The 2009 data usedea thr
part decay classification where 1 meant needlek,d& branches present, 2 meant most branches and
bark still present, and 3 meant everything elsar. tite reaches surveyed in 2010 and 2011, logs were
classified using a seven part system modified fityatt and Naimarj2001], as described below in Table
2. Because most logs in the stream lack bark eankk/needles, no effort was made to identify sgeci

for the logs.

Table 2: Field decay classification ranging from Ino decay)
to 7 (most decayed), after Hyatt & Naiman, 2001

Decay Class Field indicators
1 Green leaves/needles, bark present
2 Brown leaves/needles, bark present
3 Small twigs and bark present, leaves absent

")

Large branches and/or bark present, small twigsrdap

) some bark missing
Some large branches may be present, small branghes
° and twigs absent, bark missing, no structural decay
Large branches absent, evident structural decay (ca
° hold some weight)
Large branches absent, significant structural decay
7

(cannot hold weight, crumbles when touched)




1.5.2 Individual jams

SELECTION OF JAMS

Detailed log jam surveys were made of 30 individaais, chosen along reaches known to have jams, but
not necessarily reaches chosen for 1 km surveyiseri@a for surveyed jams were that they 1) be
accessible by foot while carrying survey equipm&nte channel spanning, and 3) include fine segime

stored behind the jam.

DATA COLLECTION AT JAMS

Once a jam was selected, latitude, longitude agnbéibn were recorded using an eTrex H handheld
GPS. Local site surveys were also made using aofo@TS-235W total station, prismatic survey rod
and Carlson Explorer Il datalogger. At each jareasurements were made of the water elevation
upstream, through pool and jam, and downstreanstreigm and downstream water elevations were
taken to a distance of either three channel widthe the limit of visibility, whichever was shorte
Survey points were also taken to outline the afdee sediment behind the jam, and the depth of
sediment was recorded using a 1.5 cm diameter muetalhich was pounded into the sediment using a
hand sledge until refusdligle and Hilton 1992]. Fine sediment depth measurement locatiens

taken to form an approximate grid over the arefnefsediment, at an approximate spacing of 0.310.5

(Figure 5). A list of survey codes used to degcdhta points is included in Appendix B.



Figure 5: Plan view of jam survey points for Cony 2 Triangles represent the upstream banks, diamond®present the

downstream banks, squares show points surveyed ihd log jam, asterix mark the sediment stored upsti@m of the log

jam, and crosses mark the location of a side chanhehich bypasses the log jam. Axes distances areeasured from an
arbitrary base point, and are for scale only.

At each jam, photos were taken of the jam, instnirsetup and stream features from multiple anghes.
sketch was made of each jam showing the instrusetop, benchmarks if any were set, large boulders o
other obstructions in the channel, key pieces ®fdim and general extent of the jam, locationsnaf f
sediment storage and any secondary channels antakd around the jam. Also at each jam, length,
diameter, piece type and decay (as described fioseilc4.1) were recorded for all the logs in thm|
which were larger than 10 cm diameter and 1 m lenghese data give a minimum volume of wood in
the jam, but not necessarily an accurate volumauseclarge jams might include pieces not visitdenfr
the surface because they were hidden under otgeiolopartially buried in streambed sediment. To
characterize the forest cover around each jam) basa was measured using angle count sampling
[Avery andBurkhart, 2002]. In addition to the total number of talligees, a note was made of the
number of tallied trees which were dead, and aalisstimate was made of the percent of standind dea

trees in the surrounding forest.



In each area of fine sediment, samples were takelatboratory analysis. At least three sampleswer
taken of the sediment trapped by the jam, as wgeatlomparison samples from areas of fine sediment no
associated with a jam (if any were available). atempt was made to take comparison samples both
upstream and downstream of the jam. Comparises sibring fine sediments included deposits behind
boulders, in channel margins, and at bend barsnpadson samples were not taken in slackwater areas
created by instream wood. If no fine sediment feasd stored in areas not associated with instream

wood, then no samples were taken and a note was.mad

1.5.3 Forest age

The forest in a given drainage basin is commordpatial mosaic of differently aged stands due tallo
stand replacing events such as fire or blow do#tand ages (measured in years since germinatidn) an
forest types were determined for each reach. Rmsagbre assigned one of three forest types: oldtro
(standing trees surrounding the reach germinateé than 200 years ago), altered (standing trees
surrounding the reach germinated less than 206G ey and there was a history of logging which
removed wood volume), or disturbed (standing teegsounding the reach germinated less than 20G year
ago and there was a history of natural disturbavigeh killed trees but did not remove wood volume).

At the reach level only two reaches were considédesiurbed,” so they were included with the altere
reaches for analysis. In the individual jam datealethree reach types were considered separitely

analysis.

Old growth forest can be defined based on mangmifit criteria, such as stand structure, stand age,
presence of large trees or lack of human distudaior the purposes of this study, we defined old
growth forest as forest which has not been sulbjegtlarge scale disturbance in 200 years. Ths wa
based on work bgibold et al[2006] in their study area south of the Big Thomp®iver in Rocky
Mountain National Park. For areas not mappederSitold study, tree core samples were used to
estimate stand age. In order to get a measuner@rd stand age, cores were taken from live trées.

two cases cores were also taken from dead treles . eXceptions were made for cores taken along Joe



Wright Creek and North Fork Joe Wright Creek, whbeestanding dead trees were obviously much

older than the live trees, and appeared to be #jerraource of instream wood. Cores were takem fro
spruce trees when they were present, because #priscihe late successional species composition f

this area and previous studies have found thatsprees are often the oldest in a stafebjen 1986;

Roovers and Rebertus993]. When spruce was not present, pines grehasere cored.

The coring protocol was designed to estimate tleeci@ given tree within 15 years. Coring was doye
the author and/or a field assistant, and all ctimea reach were taken at the same time. Wherilpess
core samples were taken by angling the incrememtr latmwn in order to intercept the tree pith atugeh
level. If this was not feasible, samples were ke low on the tree as possible. No correcti@esn
made to account for the height at which the samwale taken because potential errors in tree age
introduced in this manner fell within the accepgatsinge of variation in measurements. Tree coege w
mounted, sanded and annual rings were counted asiteyeomicroscope. For cores that did not
intercept the tree pith, no estimate was madeehtimber of additional rings surrounding the pith.
Because of the decision not to correct for sameight or missing rings at the pith, stand ages

determined by coring are conservative and shoulcbbsidered minimum ages.

1.5.4 Loss on ignition (LOI)

Fine sediment samples were taken in the field uaisigve with a jelly bag over it. Samples wekeita
from the top layer of fine sediment, including arganic matter which had settled on the surfacgufei
6). This method consistently retained all pardand sized and larger. Samples were transpamtéd

stored in labeled 1 gallon Ziploc plastic bags, aimdiried in an enclosed, ventilated space.



Figure 6: Example of an air-dried sediment sample wth a large amount of organic matter.

In the lab, samples were processed using lossnitioig techniques, as describedHgiri et al. [2001].
The total air-dry sample weight was recorded usifgartorius ELT-602 mass balance with 0.01 g
resolution and a maximum capacity of 600 g. Sasplere then passed through an ASTM 2mm sieve
and particles larger than 2 mm were divided ingaaic and non-organic portions, weighed, and
recorded. The greater than 2 mm organic fracsoma(l wood, pine needles and pine cones) was

assumed to be 50% carbon by mass.

The finer than 2 mm fraction was then well mixeakl #hree 10-15 g subsamples were placed in pre-
weighed ceramic tins. The tins were placed in #lmturnace set for 550 °C (1000 °F) for 24 hoarsl
re-weighed. The lost weight is assumed to be thanic fraction of the <2 mm portion of the sample.
The limit of detection was approximately 1%, so aaynple with less than 1% of organic matter will

show up in the dataset as 1%. The amount of ccgaatter contained within a sample was calculased a

1.5.5 Non-field data
Stream order and drainage area were estimated th&angSGS StreamStats website for Colordtieg et
al., 2008]. Stream order was determined based ouarttierlying map image and the stream layer at a

scale of 1:24000. Drainage area was calculategjuke “watershed delineation from a point” mapping



tool, which calculates drainage area from a pojntrénsferring that point and creating a drainage
boundary using an underlying 10 m Digital Elevatdap (DEM). The DEMs used by StreamStats for
most states have been enhanced by adding a dat&sewn stream locations and drainage boundaries,

so delineations made on StreamStats are generatly accurate than delineations made from a standard

DEM [Ries et al.2008].



LOG DYNAMICS
2.0  INTRODUCTION TO LOG DYNAMICS

2.0.1 Effects of instream wood on streams

Humans have changed the rivers of the Rocky Moungtai many ways. During the past 200 years,
watersheds have been logged, streams have beefousieddrives, and flow has been diverted across
basins to provide water supply for growing commiesit Prior to European settlement, forests were
impacted primarily by fire, wind and insect attd&8ebertus et a11992]. Although old growth forests
(>200 years) were patchy due to natural disturbathey most likely existed in greater quantitiesrttare
seen today along Colorado’s Front Range. Qualéassessmentg/johl 2001;Wohl and Jaeger2009]
indicate that the intense human induced landsdégaton over the last 200 years has reduced the

incidence of instream wood and especially log jafosg impacted reaches.

The effects of the large scale removal of instresud are increasingly of concern to ecologists,
geomorphologists, and habitat managers. Previodges have shown that log jams can affect thd loca
slope and channel morphology of a stream, espgdmafiteep stream#\pbe and Montgomer2003].
Jams store alluvial material, particularly fine @ngc matter, and can be especially important falsm
order streamdHilby and Likens1980]. Jams can alter channel planform and daf&ffoodplain
connectivity by raising the local water surfaceillibbvertops the bankfull stag&\ohl, 2011;Collins et
al., 2012]. In steep streams, jams may be espeamfiprtant to stream ecology because they increase

the number and size of pools and increase fish &srfrausch and Northcofe 992].

Studies of the effects of instream wood concenirateountainous regions because wood is actively
removed from lowland streams for infrastructuret@cton. Numerous studies have been conducted in
the Pacific NorthwestHausch and Northcotd 992;Featherston et al.1995;Abbe and Montgomery
2003;May and GresswelR003;Collins et al, 2012], California Berg et al. 1998;Bendix and Cowell

2010], and the southern Rocky MountaiBsdgg et al, 2000;Wohl and Goode2008;Polvi et al, 2011;



Wohl and Cadql2011]. Mountain streams may be one of the fawnaiging places where instream wood

and jams exist, but that does not mean that thesanss have escaped human influence.

2.0.2 Factors which affect instream wood loads

The amount of wood within a particular channel reiscfundamentally controlled by two processes: the
supply of wood to the reach, and the ability of shreeam to transport that wood. Wood supply can
change through timéNakamura et a).2000;Gurnell et al, 2002], and the presence of adjacent forest
with old growth characteristics increases the arhand size of instream wood in Colorado streams
[Richmond and Faus¢hi995]. Disturbances such as insect outbreaks; dbwns, and avalanches can
temporarily increase supply, but decrease the ferrg supply by removing stands of mature trees.
Traditional logging and clear cutting decreasestingply without an initial increase in large woodhe
channel. For natural disturbances, both the meadiance stand age and the type of disturbaneedrav

effect on the eventual supply of wood to a re&jhids et a).2012].

The ability of a stream to transport wood is coltecbby both channel characteristics and the
characteristics of the pieces which fall in. Chalreharacteristics that reflect potential transgagacity
for wood include flow width and depth. Channel widind the ratio of channel width to piece length ar
most often linked to the impact wood can have channel and the amount of wood stored in the cHanne
[Gurnell et al, 2002;Bocchiola et al.2008]. Previous studies in the Front Range ls&aosvn an
exponential decrease in total wood load with insire@stream widthBragg et al, 2000]. Flume studies
suggest that wood retention increases with debughnessBraudrick and Grant2000]. Debris
roughness in this context refers to changes inrdasonfiguration that locally reduce transportacity
for wood, including channel bends, constrictiond arpansions, and the presence of immobile wood.
Flume studies also indicate that for pieces shdainm the channel width, log diameter and the miese
of a rootwad can influence movement more than kefgstaudrick and Grant2000]. Species can also
play a role in whether a piece is transported, witine evidence that conifers are more likely to be

retained in a reach than hardwoo@sllins et al, 2012].



At the local scale, controls on jam formation sashvalley and channel geometry (valley bottom width
local slope and the downstream sequence of chaogles channel), exert a larger influence on jam
formation than either forest age or increasingrdigé areaWohl and Cadgl2011]. The presence of
bedrock gorges or meadow reaches can also influbecgupply and transportability of wootlvéhl and
Jaeger 2009]. Another local control is the proximitywbod recruitment. Locally recruited pieces are
larger (measured by volume) and are more likelyaee one or both ends anchored outside the channel

than fluvially transported woodfay and GresswelR003].

The effect of old growth forest on instream woodreltteristics such as piece size or jam spacing is
currently poorly understood, though studies haviedld forest age and total wood load within streams.
Richmond and Fausch [1995] found substantiallydamgood loads in old growth forest streams in the
Colorado Rocky Mountains than at more recentlyudistd sites (92—254¥ha versus 12-147%ha). A
later study in the same region of Colorado fouheka substantial difference in wood loadings, \&ith
range of 64- 415 Pha in old growth and 12-378%ha in younger forests, though their sites were
connected longitudinally and there may have beemedansport of logs from old growth areas into-non

old growth areasWohl and Cadql2011].

Previous studies have attempted to create condeptgels to understand the interactions betweesstor
processes and wood recruitment to streaBenda and SiaR003] identified tree growth and mortality,
bank erosion, frequency of debris flows, rate afayeand the ability of the stream to transport wasd
key factors influencing instream wood loads. Thpgcifically included the presence, spacing, and
longevity of jams in their calculation of transpoapacity within a stream, as well as the proportibthe
channel blocked by each jam. When they tested ¢tbheiceptual model with a 150 year and a 500 year
fire disturbance cycle, they found that the largestuitment came from fire-killed standing tredsiai

fell during the decades immediately following a&firUnder the 500 year disturbance regime, oveatdb
of wood recruitment were higher than under the i cycle, which they attributed to the increase i

available woody biomass and tree height with foaggt One omission in the model, however, isttieat



log jam characteristics which control transporispg, longevity and proportion of channel blockdd)
not do not alter with forest age, even though deoforests the recruited logs presumably willdrgér,
taller, and more likely to form log jams. AlthouBenda and Siatested only one disturbance type (fire),
additional modeling to simulate the different effeof natural and logged disturbances indicatetsidical
instream wood recruitment peaks approximately Z0yafter a natural disturbance. In contraststsre
which have been logged can take more than 200 yeaggain pre-harvest instream wood recruitment,
with the difference caused by the removal of bicsthat might otherwise enter the stred@ragg et al,
2000]. For this study, reaches with a stand agatgr than 200 years are considered old growth.
Because only two of the surveyed reaches had sigeslless than 200 years due to natural disturbance
disturbance history was not considered in this tdregnd reaches younger than 200 years were

considered altered, whether they were logged oaatgal by natural disturbances.

2.0.3 Gaps in current knowledge

A majority of studies describe the physical effemfttog jams upon the channel, but few include
guantitative observations of log jam charactergsticaddress the factors which control log jam ftion

in streams of the southern Rocky Mountains. Intaxd few studies in any region describe the afle
different piece types in jam formation, or charaegtethe distribution of piece size between theegeh
population of logs within the channel and the stb$éogs found as parts of jams within the channel
Also, there is a need to explicitly link forest cheteristics to instream wood to highlight the riiat

forest history (and long forgotten impacts) mayéhan the supply of wood in a channel and the number

and size of log jams.

2.1 OBJECTIVES AND HYPOTHESES FORL OG DYNAMICS

In this chapter, | use the data | collected inkhent Range to test whether basin and reach-scale
characteristics (slope, channel width, drainage,akevation or stream order) are strongly coreelatith
the number or size of log jams. If they are, thicates that basin and reach characteristicenare

important to jam formation than wood or forest euderistics (stand age, piece length, piece diajnete



I then quantify the impacts of stand age on thebemof jams, distribution of wood, wood diameted an
length through a space for time substitution commgareaches with old growth and altered foresilso
compare the physical characteristics of wood irsjamd wood not in jams to evaluate the effect wisja
on the total population of wood in a stream, anlagolate what piece types are necessary for jam
formation. Finally, | use generalized linear mad®l assess the interactions among all of theser§ac

and develop a predictive model for the number wig@xpected on a given reach and the size of jams.

In addressing these objectives, | will also testamgond hypothesis, that local forest age is more

important to the quantity and characteristics sfrisam wood than basin characteristics

2.2 METHODS

Statistical analyses used in this chapter includalysis of Variance (ANOVA), hierarchical and k-mea
cluster analysis, and generalized linear model®igy|). ANOVA assumes that the input variables are
normally or near-normally distributed. In ordembeet this assumption, right skewed variables were
transformed using the natural log function. Natlwgltransformations were used with jam densityps|

drainage area, ramp and bridge spacing.

For cluster analysis, drainage area and slope magtgal log transformed. All variables (streamesrd
transformed slope, transformed drainage area, eharidth and elevation) were normalized by
subtracting the mean and dividing by standard diewia Normality for each variable was checked gsin

the Shapiro Wilk Normality testHQ is that data are normal) and standard Q-Q plots.

For the GLM selection, right skewed variables wesesformed using the natural log fundtion. A maltu
log transform was applied to jam density, slopajrdige area, ramp and bridge spacing and jam wood
load. Jam density (number of jams per kilometarhainnel) and jam volume (average volume of wood
in a jam, per reach) were used as response vagiabéan density was modeled as both Poisson and
negative binomial distributed, and the model wité best Akaike Information Criterion (AIC) was

chosen.



2.3 RESULTS

2.3.1 Describing the dataset

A condensed list of the reaches surveyed and \asaheasured can be found in Table 3. The complete
dataset, including a table of summary variablesramddata for each reach, is available in Apperdix
Table 3 contains variables averaged at the readh,dzut individual reaches also include substhntia
variations. Figure 7 shows the irregular distiitmtof log jams and slope changes along two reaches
the North Fork Big Thompson (NFBT). NFBT R1, shoatrthe top of the figure, is located within an old
growth portion of the stream. NFBT R2, which isdted upstream of NFBT R1 in an area of altered

forest, has a similar slope but lower jam dengily more variation in jam location.



Table 3: Summary of reach level data. Shaded rowadicate old growth reaches (stand age >200 yearsThe two bold rows (Middle Ouzel and NSV3) indicte
disturbed reaches, where the stand age is less tha@0 years due to natural events and no logging ageed. For the analyses in this chapter they havbeen grouped
with the altered reaches

31%! ! $ $
$ $ ! - 0 1y % | il $ ! $ !
! $ & () $ +% % 11 20 ! 4
"# 1% * * | ) $ $ ) ! 4 % 567 5 7 567 5 7
8 9 / 8 9
| 19 2 8 < < < < 8 <
= &9 2 8 < < < < 8 <
3l 3 &9 3! 8 < < < 8
> & 9 3! 8 < < < < 8 <
3! 1 3! 8 < < < < 8 <
& & 9 3! 8 < < < < 8 <
(& 9 3! 8 < < < < 8 <
& 9 3! 8 < < < < 8 <
&(& 9 2 8 < < < ) ) < )
1809 2 8 < < ) < ) ) < ) )
3 19& 9 3l 8 < < ) < ) ) < ) )
ng 2 8 < < ) < ) ) < ) )
& 9 3! 8 < < ) < ) ) < ) )
? 2 8 < < ) < ) ) < ) )
&9 3! 8 < < ) < ) ) < ) )
22 2 8 < < ) < ) ) < ) )
,!( > -@ 8 < < < < 8 <
+%% > -@ 8 < < < < 8 <
+%% &! -@ 8 < < < < 8
= &l -@ 8 < < < 8 <
+%% 0A -@ 8 < < < < 8
-@ -@ 8 < < < < 8 <
-@ -@ 8 < < < 8 <
4" & 9 3! 8 < < < < 8 <
98 1& 9 2 8 < < ) < ) ) < ) )
-4 al 8 < < ) < ) ) < ) )
2 &9 2 8 < ) < ) ) < ) )
22 2 8 < <



Figure 7: Reach scale variations in slope and jamedhsity for an old growth (NFBTR1, top) and alteredNFBTR2,
bottom) reaches along the same river showing non-iform distribution of jams within a reach.

Because jam density and total wood load are higbifyelated (Figure 8) and jam density is much easie
and faster to measure in the field, only jam dgnsés measured during the shortened 2011 fielcbseas
(see section 1.4.1 for further explanation). Falgses in this chapter, jam density is treateainas

indicator of total wood load within a stream.



Figure 8: Jam density versus total wood load for raches surveyed in 2009 and 2010, showing strongdar correlation.

2.3.2 Basin characteristics

It is possible that basin and reach-scale charatitsr (slope, channel width, drainage area) amngty
correlated with the number or size of log jamsc&ese the basins included in this study are largely
ungauged, drainage area is used as a surrogatsé¢barge. Previous studies have shown that channe
width and jam density both increase in the dowastréirection in the Colorado Front Ranyeédhl and
Jaeger 2009]. However, for the data collected for ttisdy, there was no clear downstream trend in
channel widths (Figure 9) or jam density (Figurg, Ifidicating poorly developed hydraulic geometry,
and suggesting that local controls may be more itapbthan basin-scale controls. This can be dise ¢
in areas where there are longitudinal changesaelannel such as those observed in the study area
[Wonhl et al, 2004]. Reach scale channel width also appedrave little effect on jam density (Figure
11). Given the lack of evidence that basin- ochescale characteristics strongly influence the Inemof
log jams in a channel reach, the next step is &tuete whether forest age and disturbance history

correlate with jam characteristics.



Figure 9: Width-drainage area plot for the reachessurveyed in this study, showing a weak log-linearalationship. Low
R? value can also reflect lack of well developed dowtream hydraulic geometry, presumably reflecting lagitudinal
variations in valley geometry.

Figure 10: Jam density versus drainage area plot stivs a small downstream trend in jam density. A ldcof progressive
downstream trends suggests that local controls (fest or valley characteristics) may be more influerl for jam
formation.



Figure 11: Plot of jam density versus channel widtlshowing a possible bi-modal reaction to increasinghannel width
depending on stand age. Outliers Middle Ouzel anNSV3 are in areas of disturbed old growth, where ta instream wood
loads may still be influences.

2.3.3 Forest age and disturbance history

One local control that may exert a large influeangam formation is the age of the adjacent forgtnd
age can change both the amount of wood availalifeetohannel and the character of the wood supply
(diameter, length, species). Considering standcadmee, Figure 12 and Figure 13 indicate that otohgin

forests tend to have more jams per kilometer tttamger forests, and thus more total wood load withi

the stream.



Figure 12: Jam density (in number per km) versus sind age (in years). Although there is a trend obseable, there are
also conspicuous outliers such as Middle Ouzel amiSV3, which are disturbed old growth.

Figure 13: ANOVA on transformed jam density in oldgrowth and altered reaches, ANOVA and Tukey HSD arlgsis
indicates that there are significant differences bveen the two groups (p=0.002). The letters abotiee boxes indicate
statistically significant groupings.



Old growth streams have a larger basal area (aureeatstanding wood volume) within 10 m of the
stream than altered stands (Figure 14). A larggy of standing wood is important to jam formation
because wood that enters the channel locally i tileely to have one or both ends anchored outbide
channel than fluvially transported wodddy and GresswelR003], which allows locally recruited wood
to act as an anchor point for jam formation. Fégis shows that although there is a possible direct
relationship between basal area and jam formatoedme reaches, other reaches show increased jam
density with no corresponding increase in basal,ae local basal area alone cannot be used ttiglire

predict jam density.

Figure 14: Basal area versus stand age. There ione standing wood in old growth forests, and therefre a greater
potential supply of local wood to the stream.



Figure 15: Jam density versus basal area, showinfdt local basal area is not a good predictor of jarformation

2.3.3.1 CHANGES TO PIECES BECAUSE OF STAND AGE

If potential wood supply alone cannot explain tifeedences in jam density between old growth and
altered reaches, it is possible that the wood fothgrowth forests has different characteristi@nth

wood supplied by altered reaches. Old growth giecay have a larger diameter/length, or be more
likely to form anchored pieces such as ramps aiudjés. Because total wood loads were not measured
for every stream, results which compare total (ngatstream wood to instream wood trapped in jaras a
only comparing the 19 reaches for which total winadls are available. Figure 16 shows the diffezenc

in the diameter distributions for logs in or nojams on selected reaches.



NSV1: Joe Wright Creek Lower Hunters

NSV3 Hague Creek Cow Creek

Percent of sample with smaller diam

Measured diameter of piece, m

Figure 16: Diameter distribution of logs in jams (red) and not in jams (green) for six of the surveyerkaches. Old growth reaches are shown on the topw and altered
reaches on the bottom row.



Logs in jams show overall smaller diameters thanggneral population of logs in the stream (Fiduge
Overall, the logs in jams have a lowets[Dso and B3, than the total population of logs in a streamisTh
suggests that smaller, more mobile logs are mkedylto be trapped in a log jam, and that withagf |
jams or key pieces, those smaller pieces are ablestvithin a reach. Smaller pieces are moreyike|
move, and therefore more likely to get trapped naor key piece. On the other hand, becausdexmal
pieces are more likely to move, they are more¥ilkelbe removed from a reach if no jams or key gsec
are present. Figure 17 and Figure 18 indicatetteaeffect of stand age on diameter of instreamdvo

can only be seen in the'8percentile and maximum diameter measurements.

Figure 17: Comparison of log diameters in the totapopulation of instream wood and in jams



Figure 18: Diameter versus stand age for all logsithin the reach, showing that stand age has littléo no effect on the
diameter distribution for the smaller diameter logs but does have a small influence on larger log dieeters.

Figure 19: Diameter of logs found within the reachby stand age, showing that the maximum diameter tod within a
reach is related more to current or pre-disturbancestand age than are smaller diameters.



The ratio of log length to stream width can berapartant factor in jam formatiorGurnell et al, 2002],
and it is possible that old growth reaches haviglaen ratio of length to width than altered standisis
could occur for many reasons, including the pobsilihat old growth trees are taller, or less ljk®o
break apart. Figure 20 indicates that this istmetcase for the observed reaches in this studly. O
growth stands seem to have average or below-avéygdengths relative to channel width, while adigr

reaches show large variability.

Figure 20: Average log length (cm) divided by aveige channel width (m) versus stand age for the totglopulation of logs
in the stream and only logs found in jams.

One way that stand age may affect instream woadsl@by increasing the number of anchored pieces i
the channel. Old growth stands tend to grow clasehannel banks and have higher natural mortalay
there may be a higher incidence of anchored pigaegps and bridges) in older stands. Figure 21
indicates that it is possible to have closely sgaaenps and bridges in altered reaches, but that ol
growth reaches show consistently shorter downstisgzaning for these key pieces. Figure 22 shows the
strong relationship between key piece spacing amddensity, with an apparent threshold at 20 m

between key pieces. All of the old growth readhage spacing less than 20 m.



Figure 21: Ramp and bridge spacing versus stand age higher value for ramp and bridge spacing correponds to a
larger distance between key pieces. Although alted forests can have closely spaced ramps and bridgespacing is not as
consistent as in old growth forest.



Figure 22: Ramp and bridge spacing versus jam dertgiplotted on normal (top) and log transformed (botom) axes. The
top figure demonstrates the strong threshold at appximately 20m spacing, while the bottom figure shas the strong
relationship between spacing of ramps and bridgesna the density of log jams within a reach.

In summary, analyses of correlations between fagstand instream wood characteristics indicate tha

old growth forests have more jams per kilometestadam, greater basal area, slightly larger lodken

Dg4 and Dnax categories, and closer downstream spacing betreaem and bridge pieces that can serve as
key pieces in log jams. The closer downstream gsgdoetween ramps and bridges appears to be the most
significant influence on downstream jam spacing thedefore on differences in total wood load betwee

old growth and altered forest streams.



2.3.4 Model Fitting

2.3.4.1 CLUSTERANALYSIS

The surveyed reaches cover a range of slopesadmereas and channel widths, but are all located
within three basins: the Cache la Poudre River dR®uNorth Saint Vrain Creek (NSV) and the Big
Thompson River (BT). Before testing for differeadmmsed on local controls, | evaluated whetheettser
an underlying pattern to the channel charactesisticeach basin that might influence the modéist

this analysis, | assumed that any effect of instraaod on channel width or slope is negligible
compared to basin characteristics. | chose t@audester analysis to evaluate whether basins algtur
group themselves by basin when compared baseape, sthannel width, drainage area and elevation.
For this analysis, drainage area and slope wergaldbdg transformed and all variables were scaked
described in section 2.2. Stream order was coreigleut was removed from the analysis because it

correlated highly with natural log transformed gop

Figure 24 shows the results of a hierarchical eluabalysis, and shows that although reaches tend t
group with other reaches from their basin, themislefinitive basin structure to the clusterirkggure

25 indicates that clustering reflects mostly drgmarea. A k-means cluster analysis was also npeeft
on the data with two clusters, which divided thactees into different clusters than the hierarchacal
produced an average silhouette width of 0.24 (dication of weak or artificial cluster structureBoth

of these results suggest that clusters are noigireelf-identifying, and that basin level processlo not
have a strong influence on reach characteristitisis justifies a focus on the influence of forssind age

on instream wood.



Figure 23: Raw data (left) and transformed data (ight) for basin characteristics of 30 reaches showg the two way
correlation, histograms and scatter plots of basitharacteristics.

Figure 24: Hierarchical clustering based on basinttaracteristics using log transformed and normalizediata for slope
and drainage area, and normalized (but not log trasformed) data for channel width and elevation. Labled with reach
names and basins.



Figure 25: Box plot of normalized variable for cluser 1(pink) and cluster 2 (gray) showing that normédized drainage area
and elevation have the least overlap between clusteand so are the most controlling variables for cister selection

2.3.4.2 GENERALIZED LINEAR MODEL (GLM) FOR JAM DENSITY

Based on simple bivariate regression models, teegredictor of jam density is total wood load (Fig

8). However, total wood load is so well correlatgith jam density that wood load tends to domireatg
predictive model of jam density. In order to i relative importance of other factors, a backisep
selection for a generalized linear model was paréat without including total wood load as an
independent variable. Instead, slope, drainage alennel width, stand age, and ramp/bridge sgacin
were used to predict jam density. Basal area vgddyhcorrelated with forest age (0.85), and so wais
included in the model. The distribution of jam diywas assumed to be either Poisson with a log
transformation or negative binomial, and in bothasathe jam density represented the expected number

of jams within a 1 km reach, regardless of theadurveyed channel length.



Figure 26: Distribution of transformed variables used in backward selection

The AIC model fit criteria for the Poisson and ragabinomial distribution and assumptions for each
distribution were not significantly different, soth results have been included here. The besiditel

for the generalized linear model with an assumptian jam density followed a Poisson distribution
included average slope, forest age, channel wéditth ramp/bridge spacing. Of these, the most
significant variable was ramp and bridge spacirap(& 4). The two distribution assumptions produced
equivalently good models (AIC of 206.07 for Poissmal 207.34 for negative binomial), and included
forest age (correlated with basal area), chanrdthywand ramp/bridge spacing. The Poisson model al
identified reach average slope as significantjmbibth cases, the most significant variable wagorand

bridge spacing (Table 4).



Table 4: Summary of general linear model results fothe 29 reaches with jams, and without piece chareristics as a
variable. Bold variables were identified as signi€ant during the backward step selection processCoefficients, standard
errors and p-values have been included for all sigficant variables.

AIC
Rizs Dol Ass_um_ed for Vs I_ndependent Significant independent variables
variable | distribution variables
model
Coefficient =il p value
error
Intercept < < B )
In(Slope, m/m) < < < %)
In(Drainage area, kth
Channel width, m < < < %)
Jam | Poisson with a Stand age, yrs < < < *)
D:/rllsny ¢ ]109 i 206.07 In(Ramp/bridge
(#/km) ransformation spacing, m) ) < < B )
Drainage area*Slope
Drainage area*Channe
width
Slope*Channel width
Intercept < < B )
In(Slope, m/m)
In(Drainage area, kth
Channel width, m < < < %)
Jam . *
! Negative Stand age, yrs < < < %)
D;:/rllsny Binomial 207.34 In(Ramp/bridge
(#/km) spacing, m) ) < < B )
Drainage area*Slope
Drainage area*Channe
width
Slope*Channel width

A second set of backward step GLMs was run withstitee variables, but with the addition of average
diameter and average length to the backwards stept®mn. This model was run using only the 18
reaches for which all pieces in the stream had baereyed, to avoid biasing the model with onlysldagy
jams. Figure 27 shows the distribution of variabla this analysis. Again, the Poisson and negati
binomial distributions produced equally good mogdelish AICs of 121.24 for the Poisson and 123.15 fo

the negative binomial. Forest age (correlated wétbal area), ramp and bridge spacing and piegélen



were found to be significant in both models, wiimp and bridge spacing being the most significant

(Table 5).

Figure 27: Correlations, histograms and scatter plts for the variables used in the GLM to predict jamdensity. Only
reaches with total wood surveys were included sodhaverage log diameter was known for all logs irhe reach.



Table 5: Summary of general linear model results fothe 18 reaches with total wood surveys, and inctling piece
characteristics as a variable. Bold variables werglentified as significant during the backward stepselection process.
Coefficients, standard errors and p-values have bedncluded for all significant variables

Assumed | AIC
Response distributio for Tested Independent

variable variables
n model

Significant independent variables

Std.
error

Intercept < < B *)
In(Slope, m/m)
In(Drainage area, kth

Channel width, m
_ Stand age, yrs < < < %)
Jam P%’szn In(Ramp/bridge
Density t\?ve;;s%r(;?a 121.24 spacing, m) ) < < B %)
(#/km) tion Reach avg diameter, cn
Reach avg piece length

cm ) < < < %)
Drainage area*Slope

Drainage area*Channe
width
Slope*Channel width
Intercept < < B *)
In(Slope, m/m)
In(Drainage area, kth
Channel width, m
Stand age, yrs < < < %)
Jam . In(Ramp/bridge
Density g‘ii%?;'i\; 123.15 spacing, m) ) < < B %)
(#/km) Reach avg diameter, cm
Reach avg piece length
cm )< < < *)
Drainage area*Slope

Drainage area*Channe
width

Slope*Channel width

Coefficient p value

—

The results of the generalized linear modeling gtusngly support the results of the analyses
summarized in section 3.3. Forest stand age andialvastream spacing of ramps and bridges best
predict the downstream spacing of jams, with ttedasariable being the single best predictor af ja

spacing. The results support the hypothesis tlsaitsam wood differs in relation to forest stand imge



that streams draining old growth forest have moséréam wood than streams draining altered forests.
The results also indicate significant differenaeshie available wood (stand age or basal area)pce
length, but are less conclusive with respect tiedifhices in piece diameter. The more closely spaced
ramps and bridges and log jams in old growth remash®ngly support the hypothesis that local foagst

is more important to the quantity and charactesstf instream wood than basin characteristics.

2.3.4.3 LINEAR MODEL (LM) FOR AVERAGE VOLUME OF WOOD IN A JAM

In addition to modeling the number of jams alorgj\een reach, it would be useful to be able to idgnt

the variables which influence the size of the jadam size at the reach level is measured asttde to
volume of wood in jams divided by the number of gaima reach to give an average volume of wood per
jam on a particular reach. Because this is a soatis variable and is not right skewed, it can bdeted
using a linear model (LM) instead of a generalilbaelar model. The independent variables useden th
backward step selection included jam density withireach, drainage area, channel width, sloped stan
age, ramp and bridge spacing, the median diaméteg®in jams, and the median length of logs inga

Of these, drainage area, slope and ramp and bsjalEng were natural log transformed to removetrigh

skewness.



Figure 28: Histograms, correlations and scatter plts for the variables used to predict jam volume. Eainage area, slope,
and ramp and bridge spacing have been log transfored to remove skewness.



Table 6: Summary of linear model results for the 23eaches with jams, and including jam piece charaetistics as a
variable. Bold variables were identified as signi€ant during the backward step selection processCoefficients, standard
errors and p-values have been included for all sigficant variables

Responsg Assumed | R2 for Tested Independent

variable | distribution| model variables SIS e Il e

Coefficient I p value
error

Intercept ) < < < %)
Jam Density (#/km)

In(Drainage area, kth

In(Slope, m/m) )< < < %)
Stand age, yrs
Channel width, m ) < < < %)
Jam In(Ramp/bridge spacing,
Volume, | Gaussian| 0.6344 m) ) < < <%
m*/jam Jam avg diameter, cm < < < %)
Jam avg piece length, cm

Width*Jam avg piece
length

Drainage area*Slope

Drainage area*Channel
width

Slope*Channel width

The backward step selection found that the impoftotors in jam volume are channel width, log
transformed slope, log transformed ramp and brighgesing, and median diameter of logs in jam. Of
these, the most significant is ramp and bridgeisgaahich has a negative effect on jam size (Té&ble
This result does not directly support my hypothédi) that forest characteristics affect instreaocod
characteristics, although old growth forests areetiGely to have closely spaced key pieces theared

forest, so there is likely to be an indirect effetforest age.

2.3.4.4 LINEAR MODEL (LM) FOR TOTAL VOLUME OF WOOD IN JAMS IN A REACH

Using the same independent variables as in se2t®A.3, a backward step selection was used taifigen
the variables which are related to the total amofimtood stored in jams. The response variable was

natural log transformed to remove right skewnesd,taree reaches were removed from the dataset due



to negative or missing values of transformed tetéime of wood in jams within a 1km reach. The
resulting significant variables were channel widlg, transformed ramp and bridge spacing, and the
median diameter of logs in jam (Table 7). The Itesumere similar in magnitude and direction to the

factors which influence individual jam size.

Table 7: Summary of linear model results for the 2#eaches with non-zero total jam wood volume, inclding jam piece
characteristics as a variable. Bold variables werglentified as significant during the backward stepselection process.
Coefficients, standard errors and p-values have bedncluded for all variables used in the model.

Responsg Assumed | R?for

variable | distribution| moqel Tested Independent variable| Significant independent variablg

. Std.
Coefficient error p value
Intercept < < < %)
Jam Density (#/km)
In(Drainage area, kth
In(Slope, m/m)
In(Total Stand age, yrs
volume Channel width, m ) < < < %)
of wood | Gaussian| 0.8987 In(Ramp/bridge spacing, m) | )< < < %)
'r?]g!/?(rr?]?’ Jam avg diameter, cm < < < %)

Jam avg piece length, cm
Width*Jam avg piece length
Drainage area*Slope
Drainage area*Channel width

Slope*Channel width

2.4 DiscussION

The effect of old growth stands on instream woaarabteristics seems to be an increased amount of
wood entering the channel, an increase in the nuoefdarge diameter logs entering the channel, and
close spacing of key anchoring pieces that candiiagx pieces and form jams. Of these effects,

generalized linear modeling suggests that the poesef closely spaced key pieces is the most iraport

to overall jam density and average jam size withieach.



Jam density is not directly related to basal aneallireaches, but a subset of reaches show agstron
relationship. Basal area measures only the stgnvdiod volume, not how much of that wood actually
enters the channel or the characteristics of tloatwFor reaches where there is no strong conmedtio
is possible that either the wood is not enterirggahannel or that there is some other control that
counteracts the amount of available wood. Exampig®ssible factors include a lack of key pieces,
smaller diameter logs, or insect-damaged, standiagl logs that tend to snap into smaller, more I@obi

pieces when they fall.

Jam volume for individual jams is related to chdnmdth, slope, ramp and bridge spacing, and median
log diameter, while the total volume of jams ireach is related to channel slope, ramp and bridge
spacing and median log diameter. In both casesntbst significant variable is ramp and bridge Bgac
which has a negative effect on jam size. The icapilon is that more closely spaced ramps and Isidge
lead to smaller jams, presumably because woodtialie to travel far before it is trapped and gaah

has a smaller “tributary area” within which to neitrwood than it would if the key pieces were more
widely spaced. Tributary area is a structural eegiing term which refers to the area of a stractur
supported by a given element. For example, thetary area of a column is the area of floor syrae
other elements whose weight has to be carrieddtyctiiumn. Here, this term is used to describeatka
of stream channel upstream from a key piece toé¢xe upstream jam or key piece. Wood which erders
channel within a piece’s tributary area is avaggiol be trapped by that key piece or jam. At sager
density of key pieces, it may not be possible fobdto travel far enough to accumulate into channel

spanning jams, which suggests there is an uppeshhbld to the number of jams along a reach.

Although this result does not directly support tiypothesis that forest characteristics affect astr
wood characteristics, forest age can be a contrthe recruitment of ramps and bridges. The divera
number of key pieces recruited in a reach shodldatendividual tree mortality, mass mortality,dan

bank erosion. The retention of key pieces shoeflect piece size (diameter, length), hydraulicés



(which can lift or break pieces), decay, and thewam of wood in transport, which could either break

shield key pieces.

Because this is an observational study, there arg/roonfounding factors. Specifically, the reaakad
were collected during three different years, bubfthe data in the NSV basin (which includes Traf

12 old growth reaches) were collected in 2009 leefioe unusually large snowmelt runoff seasons of
2010 and 2011 (see section 1.4). The sample szdesign of this study did not allow me to test fo
effects based on the year in which a reach waggad: Another possible confounding effect occurs
because logs are recruited from upstream, andetjmrest age may not reflect the primary recrain
source for most logs in a reach. There is knowlgobwth forest upstream of Middle Ouzel and NSV3,
but in other basins it was not feasible to deteentive age of upstream forest stands, so it was not
possible to control for upstream old growth. Arestreason for the elevated wood loads on MiddleeDuz
is that the reach was burned during the Hourglassi-1978. A study done for forests in Wyoming
found that peak loads from natural disturbancesioe80 years after the disturban&sggg 2000].
Because Middle Ouzel was burned approximately 30syago, the data analyzed here may reflect the

effect of this fire on number of jams and instreaood loads.

Stand age has an impact on jam density within ereend outliers to this trend suggest that natural
stand-replacing disturbances can actually incréssaumber of jams in a reach, while human
disturbances that remove wood from a watershecedserjam density. Stand age is sometimes used as a
proxy for disturbance history, but the type of disance and stand age prior to disturbance mag be a
important as the time since disturbance. Althotinghstudy did not have a sufficiently large samntple

test this, preliminary indications are that disedlwld growth reacts like old growth in many cases,

despite a temporarily lower input of wood to theeat. This may be because of the overall impoetanc

of key pieces, which tend to increase after a ahtlisturbance such as fire, insect outbreak owblo

down. Although there are general trends, locati@mns may decide which of the identified varebl

has the greatest effect on a particular reach.



2.5 CONCLUSIONS

The results support the hypothesis that local fags is more important to the quantity and

characteristics of instream wood than basin charistics (H2). This study found both higher wood
loads (as measured by jam density) and changeede pharacteristics in old growth reaches. The
differences appear to be driven by both increassatveupply (as measured by basal area) and the

increased number of key pieces for jam formation.

Instream wood in old growth stands tends to hangelamaximum diameters, although this does not
appear to directly increase the total number ofjanthin a reach. Instream wood in jams tendsateeh
a slightly smaller diameter distribution than wauamt trapped in jams, which indicates that jams trap
pieces that would otherwise wash through the re&elttors such as slope, stand age, channel vaiaith,

the spacing of key pieces may create favorableitiond for jams.

Total wood load is the main variable correlatedhvjdtm density, and there is likely a positive fesmdb
mechanism through which streams with increased imads tend to form more jams and jams tend to
trap more wood within a reach. In other words, botheased wood load and increased jam frequency

create debris roughness that enhances wood ratentio

Jam size is negatively correlated with channelkyidlope, ramp and bridge spacing, and positively
correlated with median log diameter. Closely sgaeenps and bridges have a smaller “tributary area”

that provides mobile pieces relative to more widgdgced key pieces.

Several aspects of the results summarized in Hapter have implications for managing instream wood
loads and the associated sediment storage ands¢éewsgroductivity. Downstream spacing of jams
shows little correlation with basin size, but doesrelate with reach-scale characteristics inclgditand
age, spacing of ramps and bridges and to a lessante@verage channel gradient. This suggests that
management of instream wood can be focused mexitiefly at the reach scale. Given the usual desire

to increase instream wood loads in order to enhfisicdnabitat, management can emphasize either



preserving old growth stands along lower gradiéngiasn reaches, or mimicking the effects of old grow
by enhancing debris roughness through manipulgtiegpacing of ramps and bridges. Among the more
important findings of the analyses summarized heeghat average downstream spacing between jams
declines as wood load increases, which suggestthhanost effective way to create and retain jene
ensure abundant sources of wood recruitment, widreacular emphasis on larger pieces that are less

mobile because they have at least one anchor puiside the active channel.



CARBON STORAGE
3.0  INTRODUCTION TO CARBON STORAGE IN STREAMS

3.0.1 How carbon moves through rivers

Freshwater systems are a major component of thalgbarbon cycle because they offer a connection
between terrestrial systems, oceans, the atmosphdrthe lithosphere (Figure Bdttin et al, 2009;
Aufdenkampe et al2011]. Only a small part of the carbon entedrgjream network is delivered to the
oceans. The rest is stored within the river aaddplain, or outgassed to the atmosphArgdenkampe
et al, 2011]. Carbon (in the form of organic matten emter a stream as fossil carbon from sedimentary
bedrock, as terrestrial biomass including litteagles, wood) and sediment, dissolved in groundwater
through primary production within a streafrahk et al. 2010]. Once it has entered a stream, organic
carbon (also known as organic matter, or OM) isgifeed by size. Dissolved organic carbon (DOC) is
generally smaller than 0.45 pm, fine particulatgaoic matter (FPOM) is between 0.45 pm and 1 mm,
and coarse particulate organic matter (CPOM) elathan 1 mmTank et al, 2010]. FPOM and CPOM

are sometimes referred to jointly as simply POM.

Carbon within the channel can either be storedamsported out of the reach. Most carbon procgssin
takes place on material stored within the streaamohl, and can include removal of DOM from the wate
column, and storage of FPOM and CPOM in low veloaieas Tank et al. 2010]. The degree to which
carbon is stored or processed by streams variésphitsical complexity and hydrograph charactesstic
although most of the work investigating this praieg has been done on small streams draining
deciduous forests on the east coast of the Uniiste@S[Hall et al, 2002;Fahey et al.2005;Meyer et

al., 2007]. What is becoming clear is that headwsttetlams store a greater proportion of OM and have a

greater ability to process CPOM than higher ortleasns Bilby and Likens1980].

Headwaters are increasingly seen as biogeochehutspots - areas where the physical conditionsvallo
for enhanced biological processing of nutrientstigh longer residence time and more contact with

biologically active surfaces’eterson et al.2001;Hall et al., 2002;McClain et al, 2003;Battin et al,



2008, 2009Mulholland, 2012]. Hotspots may be collectively more impottia carbon processing than
reach averages, and may also be more affectecelytirologic changes expected with climate change
[Battin et al, 2009]. Carbon processing can take place anywhatamicroorganisms come into contact
with carbon, but surface storage and flow througholnheic zones generally provide the longest tine a
largest area interface for nutrients and biofiltall et al, 2002]. Overall, a better understanding is
needed of the current distribution of hot spots thiedexpected responses to climate change

[Aufdenkampe et al2011].

3.0.2 How wood can affect riverine carbon dynamics

Instream wood can alter a stream to create morghysecal hotspotsHattin et al, 2008], but may also
act as a carbon storage mechanism or food sobgge[t and Wallace2007;Tank et al. 2010].
Individual pieces of instream wood can create dépasl areas for organic mattévifser and Sedell
1994;Featherston et al.1995], or may create low velocity areas thatéase channel heterogeneity

[Tank et al. 2010].

Small wood, such as twigs and branches, providedtamative food source to leaves, and large wood
can act as a food source as it decomposes or lileaksthrough physical processes. Leaves break dow
faster, but wood can be a long term substratei@diitas and can support microbial biomass, algal
biomass, exoenzyme activity and invertebrate dgasihigher levels than leavdsdgert and Wallace
2007]. Both the quantity and quality of a food sdly are important for the ecosystem, so even thoug
wood may not be the most easily utilized food sewrithin a stream, the greater quantity of wood in

streams draining old growth could be importantuerall food web structuréMarcarelli et al, 2011].

3.0.3 Differential effect of jams
Channel spanning jams, which cross the entire aamdth and affect the water surface across thieeen
channel, can have an even more important effecadoon than individual pieces of instream woodg Lo

jams trap bed load within a reach, providing a fdssbiotic substrate for nutrient trapping antbaikp



[Assani and Petitl995;Warren et al. 2007]. Channel spanning jams can also form vesigools of
water which are important areas of nutrient praogsduring low-flow periodsHall et al., 2002].
Previous studies have found that jams with a greaieme of wood have a larger upstream pool and
larger surface area (but not necessarily voluma}ared sedimenBjlby and Ward 1989]. The amount
of sediment and POM behind jams decreases as stiginfarger, but this trend is not as pronounoed i
old growth reaches with more instream wood and ebbspanning jamdjilby and Ward 1991]. In the
U.S. Pacific Northwest, instream wood and jams mienfive salmonid biomass and retain salmon
carcasses which are important to the biochemidttlyeoriver and surrounding forestdusch and

Northcote 1992;Hyatt and Naiman2001].

Loss of jams on lower order streams can affecetttege river system because higher order streawes ha
lesser ability to process CPOMi[by and Likens1980;Cordova et al.2008]. Within smaller reaches,
jams are able to have a large effect on instreasinaoyics, creating large low velocity areas whipt
CPOM and reduce the distance it is able to traelstream Cordova et al.2008]. Jams also increase
connectivity with the bioactive hyporheic zone hgrieasing hydraulic head and promoting flux int® th
stream bed upstream of the jam, which returns dtveers of the jamHanelli and Lautz2008]. During
floods, jams on small channels can raise localrepst water levels and cause increased flow over the
floodplain, leading to "hot moments" where the lgioghemical activity is briefly increased¢Clain et

al., 2003].

Forest age has been shown to impact above groonthbs and carbon storage in terrestrial systertgs. O
growth forest stores more carbon than younger ¢80 vs ~270 Mg of C per hectare for Douglas fir
and hemlock forests of the Western Cascadés)mon et al. 1990]. Among even-aged sub-alpine
stands of lodgepole pine in Colorado, carbon stasebiomass has been shown to increase from 61
Mg/ha in 40 year old stands to 90 Mg/ha in 245 y#drstandsRyan and Waringl992]. Stand age is

not the only factor, since carbon can be storel Astliving and dead biomass. Dead biomass is ofte

referred to as coarse woody debris (CWD), and theuat of CWD in a forest has been shown to change



depending on the disturbance typgénker and Knighf2000] found that clearcuts resulted in a net lufss
carbon stored as CWD, while fires resulted in agadén. In lodgepole pines forests in Wyoming, they
found a starting value of 123-180 Mg/ha of CWD e&tut reduced the amount of CWD by 80 Mg/ha,
while fire caused a 95 Mg/ha gain in total CWD.e$& changes can be long lasting, especially in the
cold, high altitude environments of Colorado, wheeeay and growth rates are low. A recent study
using radio-carbon dating found that the turnomesubalpine regions was on the order of centwiih,
some present day CWD having died in the 148Qeeppers et al.2004]. In Colorado, roughly 30% of
terrestrial carbon in forests is stored as soiinig matter, 33% as detrital biomass (including Qvabd
36% as living biomas&Athur and Fahey1992], so dead biomass is roughly 60% of theestéerrestrial
carbon. Although there are an increasing numbstuafies which quantify the effect of forest typetbe
amount and form of carbon in the terrestrial envinent, there are no studies which explicitly link
carbon storage and forest type within streams. iQtdests have been shown to correlate with ina@as
instream wood and jam formatioRithmond and Faus¢li995;Warren et al. 2007], which provides
indirect evidence for an effect of forest type nssiream carbon storage. Table 8 summarizes the

published estimates for carbon storage in the Rdbdyntains at the landscape scale.

Table 8: Published estimates of carbon stored as aa biomass within terrestrial forest ecosystems. Ithough slightly
different methodologies were used for each studyhey provide a range of published values for forestemountain
ecosystems. Low, mid and high refers to the rangesven in the papers. If only one value was giveit,is considered a

“mid” estimate.
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Most of the work done so far on the interactiongefream wood, biota and carbon comes from small
streams in the eastern United States. A majofisfualies have come out of the Hubbard Brook
Experimental Forest in New Hampshire and the Ctavelgdrologic Laboratory in North CarolinBlll
et al, 2002;Meyer et al. 2007;Warren et al. 2007]. Both systems are dominated by seasopatsn
from deciduous trees, so leaf litter is commondgated as the major source of carbon to the stream.
Some work has also been done in the Pacific Noghwelating the contributions of fish to the
biogeochemistry of riparian aredsgusch and Northcofd 992;Hyatt and Naiman2001]. No studies
have addressed carbon loads on slightly largearsisen the conifer-dominated Rocky Mountains, or

attempted to relate the physical characteristigarot to the amount of carbon stored by the jam.

3.1 OBJECTIVES AND HYPOTHESES FOR CARBON STORAGE

In this chapter, | quantify the proportion of orgamatter in the sediment stored by log jams and
compare it to the proportion of OM found in othegas of fine sediment storage within the channgl (e
behind boulders, at channel bends). | also quattitd volume of sediment found behind jams and
attempt to relate this volume to forest age andgharacteristics (height of jam, volume of woodgam).

I make a first-order approximation of the amountaifbon stored as wood in jams and compare this to
the amount of carbon stored as fine sediment i janold growth reaches (stand age >200 years),
disturbed reaches (stand age is less than 200 gearn® natural events and no logging occurred), an
altered reaches (stand age is <200 years and pggeurred). Finally, | make a first-order
approximation of the total carbon stored by jamthiwistreams draining old growth, altered and

disturbed forests in the Front Range.

In addressing these objectives, | will also test diithe hypotheses | laid out in Section 1.3: mstf
hypothesis that log jams have different effectsh@mnchannel than other features that result in fine
sediment storage. Specifically, log jams moreatifely promote the retention and deposition ofamig
matter within the stream than do other sourcesoahtary roughness such as large clasts. | will talso

my third hypothesis that jams have higher overallime of wood and higher relative organic sediment



content in streams draining old growth forests mBiming the results of these analyses, | can better
evaluate the assumption that headwater strearhg iBalorado Front Range draining altered foress ar
currently “dam-impoverished” ecosystems with gneatiduced organic matter storage capacity relative

to unaltered streams.

3.2 METHODS

Statistical analyses used in this chapter includalysis of Variance (ANOVA) and backward step
selection of variables through linear modeling. @A assumes that the input variables are normally o
near-normally distributed, which was tested usir8hapiro-Wilk test for normalityJoyston1995]. In
order to meet this assumption, right skewed vagghlere transformed using the natural log function
Natural log transformations were used with the @et©M, and total carbon in jams. Equality of

variance for ANOVA was tested using a Bartlett.test

For the LM backward step selections, right skewadiables were transformed using the natural log
function. A natural log transform was appliediie percent OM in a sample, stored sediment volume,
wood volume and number of pieces in a jam. Permayanic matter, volume of stored sediment,
sediment surface area, total volume of OM, volufneaod and total carbon (wood and sediment) were
used as response variables. The models were &elbased on their ability to explain the variatjBf)

in the response variable.

3.3 RESULTS

3.3.1 Describing the dataset

Two datasets were used for this analysis. The fiese called the “all sample” dataset, consikts o
individual sediment samples taken either behindsjamas non-jam comparisons (NJCs). Each sediment
sample taken is treated as an independent obsamattihe proportion of OM in sediment (see App&ndi

C for full dataset). Figure 29 shows untransfor@d proportion in samples from the all-sample

dataset.



A second dataset of jam characteristics groups lesnyy individual jams, because only one
measurement of variables such as basal area, sedioleame, and water surface elevation drop were
available for each jam surveyed. The OM sampleasntdrom the sediment wedge behind a particular
jam were averaged to provide a single estimatbeofIM content for the jam. If comparison samples
were taken upstream or downstream of the jam,wexg included as a separate variable for that
particular jam. Table 9 shows a summary of théabdes for the jam characteristics dataset, and the
complete dataset is available in Appendix B. Par€M was natural log transformed in both datasets

before analysis to reduce right skew.

Percent OM was calculated for both the total sarfiptduding > 2 mm particles) and the fine sediment
alone (<2 mm). Many samples contained pine candssmall pieces of wood which were larger than
2mm and increased the total percentage of OM wiended. However, some samples also contained
pebbles, small gravel, or other inorganic elemeittish make the percent of OM in the total sample
lower than the percent OM in only the fine sedimeBbth percentages have been included below heut t

total sample OM was used in the figures and caicula of this chapter unless otherwise noted.



Table 9: Summary of jam characteristic data. Blueshaded rows indicate old growth reaches (stand ag®00 years). Gray shaded rows indicate disturbedceaches,
where the stand age is less than 200 years due ttural events and no logging occurred, and orangénading indicates altered reaches where stand age<200 years and
logging occurred.
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Because the dataset contains multiple jams pehyaac multiple reaches per basin, and data were
collected over two years, a series of mixed effewdslels were created to treat individual jams, meag
year of collection and drainage basin as randopttff with forest age and sample position (withi t
sediment wedge, or in a non-jam area of fine sedlipaes independent variables and log transformed OM
content as the response variable. Of these, @dynlappeared to add significant variation. Thepdas
are located in only three basins, so the effeatafiding basin as a random variable was borderline

significant. Instead, basin has been added to lmdal¢est its significance as a fixed categon@alable.

A forest category was assigned to each individaral pased on both the forest age and the disturbance
history of the reach. Jams with a known naturstibance (e.g., fire in previously old growth f&tje
were marked as disturbed old growth. Jams witbhragm caused disturbance (e.g., logging) were marked

as altered.



Figure 29: Raw data of organic content displayed byeach for the 23 reaches sampled. The limit of dettion is 1%. Each
reach had a non-jam sample, and if jams were presea jam sample was taken as well. Reaches with niple jams had
more intense sampling. The order of the reaches iy forest age, with oldest reaches at the top. &k Canyon is the last

old growth reach.

3.3.2 Percent organic matter

The proportion of organic matter stored within seelit was measured through the loss on ignition YLOI
procedure described in section 1.5.4. Samples takesn from within the sediment stored by a jarm(ja

or sed), as well as from other areas of the channehich fine sediment had been deposited, such as
behind large clasts or at channel bends (non-janpacison, or NJC). Samples were also taken upstrea

(us) and downstream (ds) of jams to evaluate whdtieee was a longitudinal trend in OM percentage.



ANOVA analysis on all of the jam (jam, sed) and fam (NJC, us and ds) sediment samples found no
significant difference in OM fraction, indicatingat jam sediments do not have a significantly highe
fraction of organic matter than other areas of iadiment storage within the channel. When samples
were compared based on their longitudinal positosignificant difference was found between non-jam
sediment sampled downstream of a jam and jam setlifmat there was no significant difference

between upstream samples and either downstreaamasgmples (Figure 30).

ak

Figure 30: ANOVA tests comparing the amount of sednent in all jam and non-jam samples (left) as welks the
downstream, stored sediment and upstream sampleskian at all jams (right). There is no significant dfference between
the jam and non-jam samples for all basins. Theres a significant difference between non-jam sedimésampled
downstream of a jam and jam sediment, but there wagso significant difference between upstream sampleand either
downstream or jam samples. The letters above theoRes indicate statistically significant groupings.

Because basin effects were identified as possighjficant through mixed effects modeling, an ANOVA
was also run to test the differences between janpkes and non-jam samples in each basin (Figure 31)
There was no significant difference between the g§ah non-jam samples within basins, and few
significant differences between basins, indicathmag the proportion of OM is no greater in sedirsent
stored behind jams than in other fine sedimentiwitfie channel. This indicates a lack of supparinfiy

first hypothesis, that jam sediment has a highepgrtion of organic matter than non-jam sediment.
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Figure 31: ANOVA of OM samples separated by basinrad by samples taken at jams and at non-jam sited.etters
indicate Tukey's HSD groupings at the p>0.5 levelWithin each basin there was no significant differace between jam
and non-jam samples, though there were significartifferences between basins. The letters above thexes indicate
statistically significant groupings.
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Figure 32: ANOVA comparing the log transformed perent of OM within streams comparing all samples bagkon forest
history. Tukey's HSD indicates that there are sigificant differences between samples on old growthna altered reaches,
but not between old growth and disturbed or disturled and altered. The letters above the boxes indiaastatistically
significant groupings.

In addition to ANOVAs, a backward step linear modek constructed with transformed OM content of
the sediment as the response variable. Variabtdsded for selection were basin, forest age, ydilpe,
water surface elevation (WSEL) drop through the, jAf8EL slope through the jam at low flow, natural
log transformed OM in samples taken upstream amcthdiweam of the jams, number of pieces in the jam,
volume of sediment stored behind the jam and volahwood in the jam. After backward step selection
forest age and log transformed volume of wood @jam were the most significant variables, and

explained approximately 53% of the variation inarig matter content (Table 10).

Starting with the backward stepped model with foage and wood volume, | tried forward step sebecti

with water surface elevation (WSEL) slope and vauwhsediment behind the jam, as well as an age-



basin interaction term to determine whether thes&bles significantly improved the model; however,

all cases they did not.

Table 10: Summary of linear model to predict OM corent for the sediment samples taken at jams. Boldariables were
identified as significant during the backward stepselection process. Coefficients, standard errorsnd p-values have been

included for all significant variables

Response
variable

Assumed
distribution

R? for
model

Tested Independent
variables

Significant independent variable

[72)

Coefficient

Std.
error

p value

In(Organic
matter
content,
%)

Gaussian

0.5297

Intercept

Basin (NSV, BT or
Poudre)

Stand age, yrs
In(Upstream NJC, %)
In(Downstream NJC, %)

Valley type
In(Sediment volume, m3)

<

<

< %)

< %)

In(Wood volume, m3) < <
WSEL drop, m
WSEL slope, m/m
In(# of Pieces in jam)

< %)

Based on these results, there is no support fdirstyhypothesis that jams store proportionally enor
organic matter per unit volume of sediment thareotreas of fine sediment in the channel. The OM
sediment content in jams is not significantly diéfiet than in non-jam sites in general, or the sedim
upstream. The only significant difference foundsveatween the proportion of OM in jam sediment and

the sediment stored immediately downstream of jams.

The variation in OM content between jams was erplaiby forest age and wood volume in jam. Forest
age is likely influencing the background OM contehsediment in the reach, based on results which
show old growth samples have a significantly déferOM content than altered reaches, and thatscros

all samples old growth has the most OM contenkpfad by disturbed and altered reaches (Figure 32).



3.3.3 Sediment volume

Regardless of the fraction of OM contained witthia sediment, the amount of fine OM stored by jams
could be significant because of the large volumsedfiment jams retain. Jam size and the effettteof
jam on the water surface were considered to bentist likely factors influencing the volume of stdre
sediment, but bivariate plots of the volume of waoghm, local WSEL slope through the jam, WSEL

drop at the jam and the number of pieces in theslaowed no clear correlation (Figure 33).

To test the effect of multiple variables on stosediment volume, a backward step selection was
performed for a linear model with log transformexdiwne of sediment as the response variable.
Variables included for selection were basin, foegs, valley type, WSEL drop through jam, local VLSE
slope at jam, and log transformed wood volume amdber of pieces within the jam. Of these, only
WSEL slope was found to be significant (and exm@ditt3% of the variation), although a forward step

selection model containing WSEL drop and WSEL slepeglained 20% of the variation (Table 11).

Sediment wedge surface area has been found tdaterveell with local slopeBilby and Warg 1989], so

a second model was run using log transformed sedimedge surface area as the response variable, and
the same explanatory variables. WSEL slope and M#8&p through the jam were significant, and
explained approximately 35% of the variation (Tallg. Since sediment wedge volume was calculated
as the product of surface area and average degtdohent, it is likely that the previous linearadeb
identified the effects of WSEL slope and drop orfeste area, and did not explain the variation in

sediment depth.

Sediment volume is not well correlated with foragé or jam characteristics. No variable or comimna
of variables tested here explained a substantialiatrof variation in sediment storage between jams,
although a combination of local WSEL slope and W$IEhp though the jam was able to explain roughly

a third of the variation in the area of fine sedmngeposition.



Figure 33: Bivariate plots of factors which were tlought to influence sediment retention behind jams.



Table 11: Summary of linear models to predict finesediment volume and surface area for 30 jams. Bolhriables were

identified as significant during the backward stepselection process. Coefficients, standard errord p-values have been
included for all variables used in the model.

2S

In(# of Pieces in jam)

RSOl Ass_umfed R*for | Tested Independent variabl¢ Significant independent variable
variable | distribution| odel
Coefficient =il p value
error
Intercept < < < %)
Basin (NSV, BT or Poudre)
In(Volume S\t/ar;ld age, yrs
alley type
Of | Gaussian| 0.2031 yop
sediment, In(Wood volume, )
) WSEL drop, m < < < %)
WSEL slope, m/m ) < < < %)
In(# of Pieces in jam)
Intercept < < < %)
Basin (NSV, BT or Poudre)
In(Surface Stand age, yrs
, Valley type
s:(rj?rig:lt Gaussian | 0.3533 yp
) ' In(Wood volume, i)
WSEL drop, m < < < *)
WSEL slope, m/m ) < < < %)

3.3.4 Total carbon stored in sediment (OM and volume)

Although it is difficult to predict the volume oédiment stored behind a jam, it may still be pdesit

find explanatory factors for the total amount of @ and FPOM stored behind a jam. Bivariate plots

indicate that there is no relationship betweeratneunt of stored sediment and the OM content (Eigur

34). The total volume of OM stored in the sedimeaghind a jam was estimated by multiplying the

percent OM by the volume of sediment. Becaus®tWepercent was calculated for only the <2 mm

fraction of the sediment sample, this is most jikaah underestimate of the volume of OM in a sample.



Figure 34: Bivariate plot of OM content in sedimentversus the amount of stored sediment at a jam, inchting that there
is a very weak exponential relationship between thisvo variables.

A backward step linear model was run starting whihvariables basin, stand age, valley type, WSEL
slope, WSEL drop through the jam, and log transémrmon-jam OM, sediment surface area, wood
volume in the jam, and number of pieces in the j@hthese, stand age and log transformed wood
volume in the jam were both significant, and acctedrior 43% of the variation (Table 12). Figure 35
shows the log-linear relationship between the valwhOM stored by a jam and jam size (as measured
by the volume of wood in a jam), and how that ref&hip changes in old growth and disturbed reaches
There does not appear to be a clear relationshigitered reaches, but Figure 35 indicates thahé)
volume of total OM stored behind a jam increasesenapidly in old growth jams (exponent on the
regression line of 1.8 versus 1.2 for disturbedy, @) old growth generally has greater total Ofdred

as sediment than disturbed or altered reaches.



Table 12: Summary of linear model to predict totalOM content stored as sediment for 29 jams. Bold veables were
identified as significant during the backward stepselection process. Coefficients, standard errorsnd p-values have been
included for all significant variables

Res.ponse Ass_umfed R? for TesiEe I_ndependent Significant independent variables
variable | distribution| qdel variables
Coefficient =il p value
error
Intercept < < < %)
Basin (NSV, BT or Poudre
Stand age, yrs < < < %)
In(Upstream NJC, %)
In(Total In(Downstream NJC, %)
OM In Gaussian 0.4344 Yalley type
sedlrsnent, In(Sediment surface area
) m’)
In(Wood volume, nt) < < < %)
WSEL drop, m
WSEL slope, m/m
In(# of Pieces in jam)

Figure 35: Volume of OM in the sediment versus volme of wood in the jam, showing a strong relationshifor jams in old
growth and disturbed forests, but no relationship ér jams in altered (logged) forests.



In summary, stand age and wood volume within atizgether explain 43% of the variation of total
organic carbon stored in sediment, and there afgpdse clear differences between the altered, idisth
and old growth forest types. The volume of OM etbbehind a jam is correlated to the volume of wood
in a jam in old growth and disturbed areas, butetli®no clear relationship in altered forests.
Additionally, old growth jams show a larger increrta increase in sediment OM storage with increased
volume of wood than do disturbed jams. This plytsupports the hypothesis that jams in old growth

have higher organic sediment content, althougletfiience is not conclusive.

3.3.5 Carbon stored as wood versus carbon stored as sedint

Organic matter stored in the sediment is commordbita CPOM and FPOM such as pine needles, pine
cones, and other organic debris. However, instiwaod can also be considered a reservoir of carbon
within the stream channel, and is typically lesdil@o Figure 36 shows that, for altered and olangh
streams, increasing stand age is correlated witle@sed volume of wood in jams, although this
relationship does not appear to hold true for ds#d reaches. An ANOVA comparing the volume of
wood in a jam based on stand age found that altteadls are significantly different than disturloeald
growth stands (Figure 37). If the amount of carbtmmed as wood is larger than the amount stored as
sediment, forest age may have a large impact ahdatbon storage, especially in naturally distdrbe
areas with limited organic matter in the sedimént,large amounts of instream wood stored withe th

channel.



Figure 36: Wood volume in jams versus stand age afljacent forest

Figure 37: Results of an ANOVA for wood volume ingms by forest type. Tukey’s HSD indicates that jamin old growth
and disturbed stands are not significantly differet, but jams in altered reaches are. The letters alve the boxes indicate
statistically significant groupings.

A first-order estimate of the total mass of carbtmred as wood was made by assuming a densityOof 45

kg/m? for all pieces [Forest Products Laboratory2010], and assuming that approximately 50% of the



wood is carbonlfamlom and Savidg&003]. For comparison, a total mass of carborestin the
sediment was estimated by assuming a bulk densitg20 kg/ni for the unconsolidated sediment
[Julien 1998] and multiplying the calculated OM perceytie resulting mass of sediment. Figure 38
shows the resulting estimate of kilograms of totabon stored within an individual jam, partitiorzd
source (sediment or wood). In 28 of the thirty $amind across all forest types, more carbon wasdsto

as wood than as OM in sediment. Disturbed realchésa much larger proportion of their carbon stored
as wood than either altered or old growth jamshait average of 93% carbon as wood. Altered resache
averaged 82% of carbon stored as wood. Old grgaatis stored the largest amount of carbon as

sediment, but still had an average 75% contributiathe total carbon stored from wood.

Figure 38: Bar graphs showing kg grams of carbon sted as sediment and wood for the 30 jams surveyed:he top figure
shows total amounts of carbon, while the bottom figre shows the proportion of carbon as sediment or @od for each jam.
In both figures the sites are sorted by forest typealtered (orange), disturbed (graygray) and old gowth (blue).



As these results show, a majority of the carbohiwitams is stored as wood, not as OM in sediment,
even when the volume of sediment behind a jamiig ¢arge. Wood volume is significantly largerdid

growth and disturbed reaches than in altered resacBmce the OM content and sediment volume are
related to the volume of wood in a jam (sectiordsZand 3.3.3), and wood volume is related to tores
type, it follows that the total carbon stored ijaa may be related to forest type. In the nextisecl

examine the total carbon storage of jams (sedieditwood) in more detail.

3.3.6 Predicting carbon storage in a reach

Consideration of the total carbon in a jam, inahgdboth sediment and wood, suggests an effect lmased
the surrounding forest type, with old growth anstulibed significantly different from altered reashe
(Figure 39). This result suggests that it may @&sfble to estimate the relative amount of carlbored

in individual jams based on stand age and distwdarstory. A backward step selection was performe
to evaluate the ability of basin, forest age, watlge, forest history, and local WSEL slope valéalio
predict natural log transformed total carbon. Ehesriables were selected because they were theseas
to collect or estimate remotely. The linear moslith forest age, valley type and forest history
(disturbed, altered, old growth) was able to expl8% of the variation in total carbon stored at an

individual jam (Table 13).



Figure 39: ANOVA of estimated total carbon from sed@ment and wood with Tukey’s HSD, indicating that otl growth and
disturbed reaches group together, while altered rezhes are significantly different. The letters abo® the boxes indicate
statistically significant groupings.



Table 13: Summary of linear model to predict totalOM content stored as wood and sediment for 29 jamsBold variables
were identified as significant during the backwardstep selection process. Coefficients, standard ens and p-values have
been included for all variables used in the model.

S s Ass_umgd R? for TEsiEe I_ndependent Significant independent variables
variable | distribution | del variables
Coefficient S p value
error
Intercept < < < %)
Basin (NSV, BT or
Poudre)
Stand age, yrs < < < %)
In(Total Valley type: confined
OM in (default). .
jam . Valley type: semi-confined )< < < %)
(qud & Gaussian 0.7318 Valley type: unconfined < < < %)
sediment), Forest type: disturbed
kg) (default)
Forest type: old growth ) < < < ¥)
Forest type: altered )< < < ¥
WSEL slope, m/m

Using the results of previous sections, it is passio get a first-order approximation of the amtonin
carbon stored within a particular reach. Figured@ Table 14 show the estimated carbon loads (in
kg/km of channel length) for the 13 reaches whiatl hoth reach and individual jam level surveys.
Altered reaches averaged 5,200 kg/km, while oldvgftoeaches averaged more than five times that --
29,300 kg/km. The two disturbed reaches averagesD9 kg.km of channel, 15 times the average
storage of altered reaches, although this numbased on only two reaches, and may be skewedeby th
fact that the Middle Ouzel reach was burned ~30syago and may be experiencing peak wood volume
in the stream as a result of that fiBrdgg, 2000;Bragg et al, 2000]. Although this is only a rough
approximation, it is clear that natural disturbaaad human alterations can have order of magnitude

differences on the amount of instream carbon serag



Figure 40: Estimated carbon load (in kg/km of strean) for the reaches which had both jam densities anthdividual jam surveys. Note that the y-axis isdgarithmic. Bar
color indicates forest type: altered (orange), distrbed (gray) and old growth (blue).



Table 14: First order estimate of instream carbondads in kg/km of stream length and Mg/ha of streamsurface area.
Shaded rows indicate old growth reaches (stand ag&00 years). The two bold rows (Middle Ouzel and 8V3) indicate
disturbed reaches, where the stand age is less thaf0 years due to natural events and no logging agced. These
numbers are assumed to be overestimates because fgaoounted at the reach level did not have to be chiael spanning or
retain fine sediment. The Middle Ouzel reach is prbably experiencing peak wood loads following a fiin 1978.

* 21 & * 21 & |
! 59:9 W S=T
7 / 7

! 19

& 9
> & 9
& 9

&I(& 9
+%% >

= &l
a4 &9
9& 1 & 9
24
22

In section 2.3.4, | found that jam density withireach is best predicted based on the stand ageneh
width and ramp/bridge spacing. In this sectioshdwed that total carbon in an individual jam iated

to forest age, valley type and forest history. Gored, these two results indicate that forest hysamd

stand age influence the total amount of carboredtaithin a reach. First-order estimates showrdaro

of magnitude difference between reaches which baea logged and reaches which have been disturbed
by natural events. This supports my third hypathekat headwater streams in the Front Range are
currently “dam-impoverished” ecosystems with gneatiduced organic matter storage capacity relative

to unaltered streams, although the organic mattstored as wood rather than as CPOM or FPOM as |

originally hypothesized.

3.4 DISCUSSION

No significant difference was found in the orgamiatter content of sediment stored by jams and

sediment stored in other areas of the channehese tvas no support for my first hypothesis, that j



sediments would store more organic matter tharr atteas of the channel. This was an unexpected
result, because | observed large amounts of orgmaaiter stored behind jams in the field, and jamgeh
been found to be more efficient at trapping sedirtieam large clasts and channel margkisher et al,

2010].

There was a significant difference between the gntogm of OM in jam sediments and sediment
downstream of jams, so jams may be affecting theustof OM deposited immediately downstream,
either by trapping a portion of the OM or by cregtadditional turbulence downstream that does not

allow OM to settle.

The percentage of organic matter in the sedimepbunded by a log jam can be explained by forest age
(basal area) and volume of wood in the jam. Fagetmay be important because it influences the
background levels of organic matter in the strealshgrowth forests tend to have more biomadgin

and Waring 1992;Luyssaert et al.2008], more trees close to the stream and therefiore opportunity

for litter to fall into the stream. Engelmann spetorests in Colorado produce approximately 17@%g
yeaf1 of litterfall. This is low for a coniferous forediut because of the cold environment that littérfal
can be stored for 30 years on the forest fléatHur and Fahey1992]. Because large jams can raise
water levels and force water onto the floodpldiis likely that fallen litter washed into the rivevith

returning overbank flow during high flows is a largsource of OM to the stream than direct littdrfal

Wood volume may be an indication not only of treesif the jam, but also the age or permeabilitthef
jam, because larger jams can be more stable amdahiwnger time in which to trap small pieces that
reduce the overall permeability of a jam, therefameasing the likelihood that organic matter will

remain within the sediment pool.

| was unable to identify variables which can prethie volume of sediment behind a dam, although
sediment surface area can be weakly related to Ws&ifle and WSEL drop. This indicates that the

variables measured can explain the area over vga@idiment is deposited, but not the depths to which



sediment is deposited. Sediment wedge volume aefiect a wide variety of variables that were not
evaluated in this study, including: age of jamuasisg that jams that remain stable for progresgivel
longer periods accumulate greater sediment volup@esity/permeability or retentiveness, assuming
that jams with lower porosity and permeability meftectively retain sediment upstream; local sosirce
of fine sediment and OM, or cumulative upstreanraesiof fine sediment and OM; proximity to an
upstream jam, assuming that an upstream jam stlaigg volumes of sediment and OM limits sources
of this material for the next jam downstream,; specific and complex hydraulics within a pool ugatn
from a jam; and interannual variability in flow, igh influences transport of fine sediment and OM, a

well as jam retentiveness of these materials.

Although | was unable to correlate measured vaggblith sediment volume, | was able to relate die t
carbon stored as sediment to stand age and themgafiwood in the jams, most likely because stayed a
and wood volume influence the percent of organittendehind a jam. Organic carbon in sediment
increases with stand age and wood volume. BedhissEPOM and CPOM is a particularly important
source of nutrients for aquatic food webs in shddeskt streamsTjank et al, 2010], the existence of
significant differences in total carbon within s@ént in relation to stand age and wood volume iegpli

that streams with older and unaltered forests arget jams can be more biologically productive.

Comparison of the different reservoirs of carboa jam indicates that more carbon is stored as wood
than as sediment. The overall effect on carborag®in a reach due to large wood is unclear. @arb
stored as large wood is generally less availabréam biota than CPOM and FPOM, but it can be a
substrate for biologically active surfac&gpert and Wallace2007], increase flow through the bio-active
hyporheic zoneHanelli and Lautz2008;Sawyer et al.2012] and create channel habitat diverditgller
and Swansgnl979;Montgomery and Piegay003], all of which encourage carbon processing.
However, larger jams may also encourage highes @tanstream carbon storage, since large wood is

more likely to be stored for years to centurietheathan the hours to years over which CPOM and



FPOM are storedHisher et al, 2010]. Complicating the response even furthénésfinding that

increasing wood volume also increases CPOM and FBOMge in jam sediments.

Using a different dataset collected in the samdyséwea, a previous study found that valley typed an
confinement was a more important control than stgelon jam formation/§ohl and Beckmar2013].
Because jams were most prevalent in semi-confiadldys, the jam-level surveys conducted for this
study necessarily took place in semi-confined vyalleThe findings of these two studies imply théhim
the semi-confined valley type, stand age has atgfhut that overall valley type controls whemaga
form (and thus where carbon is stored) within tihessn network. This has been attributed in the foas
hydraulic factors such as the ability of the streamexpand laterally in semi-confined valleys, based
on the results of this study, it may also be beeaasni-confined valleys provide a local sourceeyf k

pieces which remain anchored during high flows.

Using data from the reach-level surveys, | fourat tid growth reaches stored an average of 29,300
kg/km or 54 Mg/ha of carbon, altered reaches stbf2d0 kg/km or 9 Mg/ha and disturbed reaches
stored the highest amount of carbon with an avesh§&,500 kg/km (93 Mg/ha) of channel. Of note is
the fact that there were only two disturbed reachegeyed, and the average is skewed by the exyeme
high wood loads on Middle Ouzel, which was burngdhe Hourglass fire in 1978 and is expected to
currently be experiencing peak post-fire wood riterent [Bragg, 2000;Bragg et al, 2000;Benda and
Sias 2003]. Because the definition of a jam at trechelevel included non-channel spanning jams as
well as CSJs, the first-order approximation of oarbtored in reaches is expected to be high. Mexye
because the method used is the same across &lessiacthis study, these estimates can be compared
each other in order to evaluate relative carboragtmrates. Although the total carbon storagereach
is only a rough approximation, it is clear thatunat disturbances and human alterations can haler of

magnitude differences on the amount of instrearbharastorage.



Previous studies on small streams in the eastered)States have shown a link between instream wood
and carbon retentioWarren et al. 2007], and increased transient storage when smoalimulations of
instream wood are preselilpy, 1981;Hall et al,, 2002]. This study supports this finding, andamgs

it to include larger streams and larger sourcdsoohdary complexity and retentiveness. Previoudiss
have also linked forest age and logging histortetoestrial carbon storagklgrmon et al. 1990],

identified old growth forest as an important carsork at the global leveOixon et al, 1994;Turner et

al., 1995;Pregitzer and Euskirche2004], and shown that freshwater systems are ad@ponent of
carbon processing and transp@aftin et al, 2008, 2009Aufdenkampe et al2011 ]. The results of this
study indicate that old growth forest influences owly terrestrial carbon pools and overall stordge

also riverine storage, and by implication riverpimecessing of carbon.

Because this is an observational study, there argyrmonfounding factors which could be influencihg
results. Perhaps the most important to note tsl thelected only channel spanning jams with fine
sediment storage for individual surveys, which nsgken selection inherently non-random and may have
led to an overestimation of typical jam size antline of stored sediment. Additionally, logs are
recruited from upstream, so adjacent forest agemoaipe the age of the forest contributing the nugs

to a given jam. There are areas of known old gndattest above NSV3, NSV 4, and Coney3, but since

forest ages were not available for all upstreanlres, | could not control for upstream forest age.

3.5 CONCLUSIONS

The data did not support my first hypothesis, tbgjams have different effects on the channel tiaer
features that result in fine sediment storapestead, | found that differences in the peradr®M in
sediment behind jams are not significant. | atamfl that the carbon stored as OM in sediment was n
as large as the amount of carbon stored in thelctys forming the jam. Overall, wood constitudées

larger reservoir of carbon in the stream than dmyamatter stored as sediment.



There was support for only the first part of mydhypothesis, that jams have a higher overall welwf
wood and higher relative organic sediment contestieams draining old growth forests, although the
definition of old growth forest has to be expanttedclude forest which was old growth prior to a
natural disturbance. | also found that sedimegawic content was more closely related to totaldvoo
volume in a jam than to forest age. In fact, nguits indicate that the major impact of logging on
instream carbon is probably not to the amount d¥Rbred with fine sediment (although that may be
the most bioavailable form of carbon and therefaee the greatest effect on the local ecosystem), b

rather to remove jams —which are the most aburgtante of stored organic carbon — from the channel.

The most important implication of this researcthiat streams through logged forests have an offder o
magnitude less carbon stored within the channel sfr@ams in forests of equivalent age with natural
disturbance. This implies that past and contemdomest management not only changes terrestrial
forest ecology and nutrient cyclingl&armon et al. 1990;Bradford et al, 2008], but also riverine nutrient
dynamics and, presumably, aquatic ecology. Prewtudies have shown the strong reciprocal links
between terrestrial and aquatic biot@alusch et al.2002;Baxter et al. 2004, 2005], as well as the role
that leaf litter and other allocthonous material p&y in subsidizing stream ecosysteigdert and
Wallace 2007;Tank et al. 2010;Marcarelli et al, 2011]. These effects are not only local, butads
through the river network as nutrients and orgamadter are carried downstreaMdyer et al, 2007;
Wipfli et al, 2007]. Since forest age and disturbance hidtaxe a major effect on the biomass available
to enter the streanChen et al.2005;Hall et al., 2006;Warren et al, 2007], and this study shows that
there are quantifiable differences in stored strearbon in areas of different disturbance histiry,

follows that forest changes due to age and dishudbanay also be apparent in aquatic ecosystems.

It is difficult to predict how long these impactdlvpersists in forest/stream ecosystems, sinceethee
no streams in this study which have had 200 yearsdover after logging, and the naturally distdrbe
areas were only in the beginning phase of recofverg fire. The implications of this research ahd t

need for key pieces to start jams indicate thattheay indeed be a threshold effect which resalts i



alternate stable states of wood-poor and woodstidams, and that human activity has pushed these
streams into a wood-poor state by removing stredjacant trees. There is no coherent trend towards
more jams or more closely spaced key pieces astfage increases (Figure 41), indicating forest age
alone is not sufficiently powerful to overwhelmesgpecific factors. A study which tracks specific
reaches through time would give a much better pctdi the dynamics of stream recovery than a space-

for-time substitution study such as this one.

Figure 41: Ramp and bridge spacing (m) versus stanage (yrs) showing a lack of coherent trend overrtie in the
accumulation of key pieces in altered reaches.

At the landscape level, the carbon per hectaredtorstreams is on the same order of magnitude,
although not as large as the carbon stored peateeict the terrestrial forest (Table 15). Theltlig
lower numbers may be because this study did nosuaneall carbon in the reach. If future studies fi
that non-jam carbon storage is a significant partabthe carbon pool, then these estimates may be a
lower bound for stream storage. More likely, hoarevs that the difference is due to the difference
between the aquatic and terrestrial environmenteg carbon in streams is not spread evenly over the
surface area as it would be in a forest’s duff kead litter, making the overall surface area averiagver.
In addition, biomass in the stream is subjecteabt@asion and higher decay rates (through freeze/tha

and wetting and drying cycles) than biomass orfdhest floor. The concentration of carbon in



backwater areas and jams could create “hot spbtsdrbon processing by stream biota which accederat
the flux of carbon out of stored OM and woody bissiaSince stream environments tend to be much
more dynamic than terrestrial environments, theages carbon flux (in the absence of a large
disturbance) is almost certainly higher in streamd may play a large role in the carbon storedraaah
at any given time. Although this study did notreste carbon flux, | recommend that future resesnsh

attempt to quantify the inputs and outputs at alveand network level.

Table 15: Estimated stored carbon in forested landspes, updated with the estimated values of carbatored in streams
found in this study. The range of values for stor@ carbon in rivers is on the same order as the rargs for terrestrial

storage.
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Figure 42: Schematic illustration of range of carba storage values in forest environments versus thesn streams of this
study, using the low, mid and high values shown ihable 15.



OVERALL CONCLUSIONS

The results of this study indicate that streansuipalpine forests of the Colorado Front Range may,
indeed, have crossed a threshold of resiliency reitpect to instream wood loads, channel spanning
logjams and associated carbon storage. The stli@aansas subject to logging and other human ingpact
differ in ecologically important ways from relatiyaundisturbed streams that | used as an analague f
the pre-European forests of the Rocky Mountairise fesults of this study indicate that forest agg a
disturbance history are important to riverine carbtorage (and by extension global carbon storade a
transport) through their impact on background OMteat of fine sediment and channel spanning log
jams which retain carbon as wood and POM in heaslvetiteams. The results summarized here indicate
that log jams store smaller pieces of wood thatldibkely otherwise remain in transport through
headwater stream reaches, thus increasing totegéms wood load within a reach. The backwater
upstream of a log jam also retains larger volunidd@M\ than other potential storage zones, such as
eddies behind a protruding boulder. Previous wist andicates that log jams reduce channel
conveyance and facilitate overbank flooding anddladain storage of POMNohl et al, 2012]. Closely
spaced ramp and bridge pieces entering a streamddpacent old growth forest thus interact with
downstream fluxes of water, sediment, and OM in@emways that result in a net increase in riverine
carbon storage relative to streams flowing throyginger forest that has been altered by human

activities.

(H1) The results do not support my hypothesis litjams have different effects on the proportién o
organic matter stored with fine sediments thanrofgsstures that result in fine sediment storageer@
were no statistically significant differences ir thrganic content of sediment samples taken franfitie
sediment directly above log jams and the organitestt of samples taken from other fine sediment
within the stream, and the dataset was not suffi¢c@test whether the total volume of fine sedimen
behind jams is larger than the total volume stamesther areas of the channel. Observations sti¢fogts

more sediment is stored behind jams than is stiarether areas of the channel, but this remairseto



rigorously evaluated. There was, however, a sicguifi effect based on stand age, with disturbechd
growth reaches having a significantly larger praporof organic matter than altered reaches forpdasn

taken in all areas of the channel.

(H2) The results indirectly support my hypotheb@tiocal forest age is more important to the gtant
and characteristics of instream wood than basinacheristics. Old growth reaches have higher wood
loads (as measured by jam density), and more gigpalced key pieces. The differences appear to be
driven by both increased wood supply (as measuwdihbal area) and the increase in locally recruited
wood that is more likely to have an anchor poirtsmle the active channel than fluvially transported

wood.

(H3) The results support the hypothesis that jaave higher overall volume of wood and higher ie¢at
organic sediment content in streams draining odahvgjn forests, although the amount of carbon stored
a stream is influenced more by the volume of waod stream than by the OM stored in sediment. A
first-order estimate of instream carbon storagdioua that the streams draining altered forests are
currently “dam-impoverished” and lacking carboreresirs. Altered streams store an order of

magnitude less carbon than old growth reachestagass which have been disturbed by natural events.

Forest age and disturbance history are more imptaidecarbon storage than basin characteristich{tamn
primary reason seems to be the increased recruihéocal pieces, which have a larger volume amd a
more likely to act as key pieces for jam formatias stand age increases. There is a strong thdesho
increased jam density and total wood load at 2@&twéen key pieces, suggesting that managers
attempting to increase jam density and instreamarastorage should take steps to ensure both seulea
wood loads and the recruitment of closely spacgdokeces. This study supports previous findings th
increased debris roughness leads to increasedrcegtamtion in small streams, but expands previous
work to include larger streams and larger souréemondary complexity and retentiveness such as

channel spanning log jams



Additionally, forest disturbance history was founchave a larger effect on instream carbon stottzaye
stand age alone, since carbon stored as wood is10aiy the largest reservoir of carbon within a aine
This implies that past and contemporary forest rgameent not only changes terrestrial forest ecology
and nutrient cyclingHlarmon et al, 1990;Bradford et al, 2008], but also riverine nutrient dynamics and,

presumably, aquatic ecology, and that these efteatgpersist for decades or centuries.

The results of this study do not support the liremarceptual model described in Section 1.1, in Wwhic
increased jam density led directly to fine sedintetgéntion and in-stream carbon storage. Insthad,
results indicate that jam density and carbon stoeag controlled at different scales. Althouglefbrage
is important to both jam formation and carbon gieran general, the mechanisms which increase jam
density in a stream act on the reach level (chanitth, ramp and bridge spacing), while the factors
which can lead to larger carbon storage act afathdscape level (valley confinement, forest distnde
history). The interactions between these diffefaators at different scales is shown in Figureatf] is
far less linear than the conceptual model envisiatehe start of this work. Additional work mag b
able to better quantify the relationships, foramste looking at how the percentage and locatiativel

to the stream of different forest cover types imagershed might affect the total carbon storaghini

reach.
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Figure 43: Conceptual model of jam formation and cebon storage within a reach
3.6 RECOMMENDED FUTURE WORK

Future researchers should take care to reducefiberice of spatial and temporal variability infwan by
confining field sites to a single basin, or takiege to sample each basin multiple times in a gyesanr.
Interannual variability in discharge can influerst®rt term sediment and OM retention in unpredietab
ways. It would also be useful if future studieskat the background OM content across more drainag
basins within the Front Range, so that the contiobwf background OM levels to the overall varldpi

in OM can be assessed.

An important factor in carbon storage that thigigtwas not able to address is the amount of OMedtor
as fine sediment in non-jam areas of the chanAkthough samples were taken in non-jam areas, the
total volume of non-jam fine sediment was not eatad in each reach and therefore it was not pesgibl

compare the total amount of carbon stored in jarmbké total amount stored in other areas. Future



studies should include longitudinal estimates of-faon sediment volume, because the cumulative teffec

of many small non-jam deposits may be important.

Since stream environments tend to be much morendgrthan terrestrial environments, the average
carbon flux (in the absence of a large disturbaigalmost certainly higher in streams and may play
large role in the carbon stored in a reach at amngiime. Although this study did not estimatebcen
flux, it is recommended that future researcheengt to quantify the inputs and outputs at a reamh

network level.

Another important area of research is to identify factors that influence the volume of sedimemtest
behind a jam. This study was unable to find angtdink between stored sediment volume and basin,
stand age, valley type, wood volume in the jamgwatirface slope, height of water surface droputtjino
the jam, or the number of pieces in the jam. Huo& bf correlations may reflect a sampling desygread
across two summer field seasons, or field seas@asodincided with years of unusually large and/or
sustained peak snowmelt flows. Future work shooddi$ on jam age, permeability, and the importance
of small wood. It is possible that pieces smal@n 10 cm diameter (which were not included is thi

study) are a major influence on jam permeabilitgt aray impact the volume of stored sediment.
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APPENDIX A- REACH SURVEY DATA



Reach
Strahler |Reach average average Reach Drainage
Stream gradient gradient Reach Average Area at
Date Reach order at | (measured in (measured Average | Channel Down-
Reach name surveyed length Basin 1:24,000 field) on topo) Slope Width stream End
% % % m km?
Middle Ouzel 2009 1000 NSV 3 5% 16% 5% 10.1 12.7
NSV3 2009 1000 NSV 3 -- 7% 7% 12.54 20.51
Boulder Brook 2010 1000 BT 2 12% 16% 12% 2.27 10.0
Mill Creek 2010 1000 BT 2 8% 9% 8% 3.95 11.4
La Poudre Pass Cree 2010 100 Poudre 2 2% 14 2% .24 13 22.7
Hague Creek 2010 1000 Poudre 3 4% 4% 4% 9.06 35.p
Poudre River South 2010 1000 Poudre 4 2% 29 2% 1414 87.8
Corral Creek 2010 1000 Poudre 2 3% 1% 3% 4.2 16.4
Willow Creek 2010 1000 Poudre 2 6% 6% 6% 7.1 15.3
Bennet Creek 2010 1000 Poudre 2 2% 4% 2% 14.69 20
Cow Creek 2011 1000 BT 1 12% 12% 12% 2.12 15.3
Glacier Creek 2011 1000 BT 2 5% 6% 5% 6.16 19.7
Pennock Creek 2011 1000 Poudre 3 5% 8% 59 5.96 321
Beaver Brook 2011 1000 BT 1 5% 5% 5% 1.27 6.1
Beaver Creek 2011 1000 Poudre 3 1% 3% 1% 7.71 541
Fall River 2011 1000 BT 2 4% 3% 4% 4.7 179
Roaring Creek 2011 1000 Poudre 2 1% 2% 1% 4.3 22.9
NFBT2 2011 1000 BT 2 3% 4% 3% 5.16 43.3
Lower Hunters 2009 1000 NSV 3 28% 32% 28% 6.67 12.5
Upper Hunters 2009 1000 NSV 3 14% 13% 14% 5.73 11.7
Upper Cony 2009 1000 NSV 3 4% 18% 4% 8.33 14.1
Middle Cony 2009 1000 NSV 4 7% 7% 7% 8.7 19
Upper Ouzel 2009 630 NSV 2 - 15% 15% 9.95 7.25
NSV1 2009 1000 NSV 3 14% 15% 14% 6.1 10.2
NSV2 2009 1000 NSV 3 4% 4% 4% 8.56 16
Joe Wright Creek 2010 1000 Poudre 2 2% 5% 2% 6.59 19.1
Black Canyon Creek 2011 1000 BT 2 3% 5% 3% 1.3 11.8
NFJIW 2011 1000 Poudre 2 4% 2% 4% 4.3 9.0
Fern Creek 2011 640 BT 2 18% 18% 18% 4 7.3
NFBT1 2011 1000 BT 2 4% 6% 4% 5.13 45.3




Down- Reservoir | Number of| Average Method old
stream Up-stream | Average Upstream pieces | Basal Tree Basal for stand| Growth
Reach name Elevation | Elevation Elevation Logical surveyed Count Area |[Stand Age age logical
m m m y/n m’ha yrs y/n
Middle Ouzel 2833 2991 4329 n 1412 3 6.9 33 Sibold n
NSV3 2804 2870 4239 n 767 38 87.2 129 Sibold n
Boulder Brook 2689 2845 4112 n 176 19 43.6 117 I8Bibo n
Mill Creek 2606 2694 3953 n 293 7 16.1 117 Sibold
La Poudre Pass Cree 3052 3064 4584 y 58 2 4.6 70 oredc n
Hague Creek 2973 3011 4479 n 58 6 13.8 150 cored
Poudre River South 2957 2973 4444 n 31 3 6.9 100 redco n
Corral Creek 3044 3055 4572 n 31 4 9.2 80 cored
Willow Creek 3026 3089 4571 n 89 6 13.8 110 avg
Bennet Creek 2467 2505 3720 n 351 13 298 150 cored n
Cow Creek 2571 2688 3915 n 124 5 11.5 130 cored
Glacier Creek 2969 3030 4484 n -- 5 115 117y Sibold n
Pennock Creek 2637 2713 3994 n - 9 20.7 140 cored n
Beaver Brook 2589 2639 3909 n -- 6 13.8 100 Sibold n
Beaver Creek 2740 2765 4123 y -- 5.3 12.2 100 cored n
Fall River 2789 2822 4200 n -- 7.3 16.8 12Q Sibald n
Roaring Creek 2686 2710 4041 n -- 7.6 17.4 9( cored n
NFBT2 2380 2418 3589 n -- 8 184 160 cored
Lower Hunters 2590 2912 4046 n 626 25 57.4 355 Sibold y
Upper Hunters 2918 3046 4441 n 632 37 84.9 355 Sibold y
Upper Cony 2912 3088 4456 n 858 45 103.3 500 Sibold y
Middle Cony 2784 2857 4213 n 971 a7 107.9 500 Sibold y
Upper Ouzel 3049 3141 4620 n 339 35 80.3 500 Sibold y
NSV1 3064 3210 4669 n 504 40 91.8 355 Sibold y
NSV2 3021 3064 4553 n 621 a7 107.9 355 Sibold y
Joe Wright Creek 2958 3003 4460 y 247 15 34.4 220 cored y
Black Canyon Creek 2730 2781 4121 n -- 8 18.4 200 cored y
NFJIW 2948 2971 4434 n -- 12 275 300 cored y
Fern Creek 2570 2687 3914 n -- 6 13.8 280 Sibold y
NFBT1 2328 2389 3523 n -- 4.6 10.6 240 cored y




Total wood Total wood | Proportion of
Total wood| volume in | Total wood| load notin | wood load in
Reach name load jams load in jams jams Jams
m¥ha m¥ha m¥ha
channel channel channel
surface m® surface surface %
Middle Ouzel 248 170.002 168.3 79.37 69%
NSV3 91 75.80 60.4 30.95 83%
Boulder Brook 51 2.01 8.9 42.51 4%
Mill Creek 72 11.69 29.6 4211 16%
La Poudre Pass Creek 5 2.57 1.9 3.04 52%
Hague Creek 13 4.33 4.8 7.98 34%
Poudre River South 3 0.99 0.7 2.04 36%
Corral Creek 5 0 0.0 5.25 0%
Willow Creek 17 4.56 6.4 10.77 27%
Bennet Creek 27 12.81 8.7 18.70 47%
Cow Creek 1 0.04 0.2 1.02 3%
Glacier Creek -- 15.16 24.6 -- --
Pennock Creek -- 0.19 0.3 -- -
Beaver Brook -- 70.95 558.7 -- --
Beaver Creek - 1.20 1.6 -- -
Fall River -- 38.44 81.8 -- --
Roaring Creek - 17.45 40.6 -- -
NFBT2 -- 21.47 41.6 -- -
Lower Hunters 100 30.348727 455 54.06 30%
Upper Hunters 151 55.55 96.9 54.49 37%
Upper Cony 159 88.783 106.6 52.08 56%
Middle Cony 117 65.2874 75.0 41.68 56%
Upper Ouzel 133 56.40 56.7 75.87 43%
NSV1 146 36.788 60.3 85.88 25%
NSV2 121 72.5588 84.8 36.54 60%
Joe Wright Creek 79 22.10 335 44,99 28%
Black Canyon Creek -- 102.16 785.8 - --
NFIW -- 19.17 44.6 - --
Fern Creek -- 81.27 203.2 -- --
NFBT1 -- 80.17 156.3 - --




Ramp and Jams per|
Bridge Ramp Bridge Ramps, | Ramps, |Bridges, non Bridges, Jam average Average
Reach name Spacing Spacing Spacing | non-jam jam jam Jam Density | width Pieces/jam
m m m #km #km #km #lkm #km #Im
Middle Ouzel 2.8 2.9 62.5 183 162 7 9 77 8 13
NSV3 5.6 5.8 200.0 114 59 3 2 49 4 10
Boulder Brook 11.4 19.6 27.0 40 11 35 2 12 5 4
Mill Creek 11.1 15.6 38.5 44 20 17 9 23 6 6
La Poudre Pass Creek 125.0 125.0 >1000 7 1 0 0 5 5
Hague Creek 52.6 52.6 >1000 15 4 0 0 4 0 5
Poudre River South 125.0 125.0 >1000 6 2 0 0 2 0 7
Corral Creek 1111 166.7 333.3 6 0 3 0 0 0 0
Willow Creek 37.0 38.5 1000.0 18 8 1 0 6 1 6
Bennet Creek 5.8 11.9 114 54 30 67 21 22 1 7
Cow Creek 11.0 22.7 21.3 32 12 46 1 9 4 5
Glacier Creek 16.4 22.7 58.8 35 9 11 6 10 2 6
Pennock Creek 19.6 27.8 66.7 32 4 11 4 4 1 6
Beaver Brook 3.5 7.9 6.3 74 52 119 41 34 27 5
Beaver Creek 40.0 40.0 >100( 24 1 0 0 4 1 4
Fall River 6.0 9.8 154 66 36 49 16 23 5 8
Roaring Creek 125 14.7 83.3 51 17 10 2 11 3 9
NFBT2 12.0 15.2 58.8 41 25 12 5 15 3 9
Lower Hunters 6.7 6.8 333.3 106 40 2 1 47 7 6
Upper Hunters 5.6 6.0 83.3 90 76 7 5 49 9 9
Upper Cony 5.8 5.8 >1000 100 71 0 0 63 8 9
Middle Cony 5.4 5.6 142.9 109 70 1 6 62 7 10
Upper Ouzel 9.8 9.8 >1000 67 35 0 0 37 4 7
NSV1 10.6 10.6 >1000 66 28 0 0 44 7 6
NSV2 6.0 6.3 125.0 82 76 3 5 45 5 9
Joe Wright Creek 11.8 14.5 62.5 57 12 12 4 11 2 11
Black Canyon Creek 2.8 5.7 5.5 125 50 175 7 26 20 5
NFJW 9.6 12.2 45.5 72 10 18 4 9 2 8
Fern Creek 4.6 6.5 16.0 98 56 34 28 52 13 7
NFBT1 5.8 6.9 37.0 94 51 14 13 35 7 9




Average Estimated
mass of | reach carbonAverage mass total Estimated
carbon in | load due to| carbon in jams | reach total
Reach name jam sediment sediment | (wood + sediment) carbon load
kg kg/km kg kg/km
Middle Ouzel 109.45 5057 1978.2 152322
NSV3 n/a 0 880.4 43137
Boulder Brook 20.09 145 85.5 1026
Mill Creek 12.82 177 449.0 10326
La Poudre Pass Creek - -- -- --
Hague Creek 78.33 188 188.9 755
Poudre River South -- - - -
Corral Creek -- -- -- --
Willow Creek -- - - -
Bennet Creek 441.11 5823 601.4 13231
Cow Creek 26.4 143 164.2 1478
Glacier Creek - -- -- --
Pennock Creek -- - - -
Beaver Brook - -- -- --
Beaver Creek - -- -- --
Fall River -- -- - -
Roaring Creek - -- -- --
NFBT2 -- -- -- --
Lower Hunters -- -- -- --
Upper Hunters n/a 0 729.8 35760
Upper Cony -- -- -- --
Middle Cony n/a 0 1356.7 84114
Upper Ouzel - -- -- --
NSV1 - -- -- --
NSV2 - -- -- --
Joe Wright Creek 84.09 555 540.9 5950
Black Canyon Creek 30.98 483 3729 9695
NFJW 371.47 2006 757.7 6819
Fern Creek - -- -- --
NFBT1 402.67 8456 950.7 33275




Average

Average Log Log
Diameter (in Diameter Total Total Total Total
Reach name jams) (reach) |Log D16 |Log D50|Log D84 Dmax
cm cm cm cm cm cm
Middle Ouzel 20 20 12 19 27 66
NSV3 21 21 12 19 29 85
Boulder Brook 14 14 11 14 17 48
Mill Creek 15 15 11 14 18 41
La Poudre Pass Cree 20 21 13 19 217 4
Hague Creek 20 19 12 17 27 34
Poudre River South 15 16 12 16 19 3(
Corral Creek -- 16 13 17 18 25
Willow Creek 18 18 14 16.5 22 43
Bennet Creek 16 16 11 15 23 35
Cow Creek 19 19 13 17 26 48
Glacier Creek 19 -- -- -- -- --
Pennock Creek 19 - - -- -- --
Beaver Brook 15 -- -- -- -- --
Beaver Creek 14 - - -- - -
Fall River 17 -- -- -- -- --
Roaring Creek 15 -- -- -- - -
NFBT2 16 - - -- - -
Lower Hunters 16 16 10 14 22 53
Upper Hunters 18 18 11 15 25 66
Upper Cony 20 20 12 17 28 55
Middle Cony 17 17 11 15 23 54
Upper Ouzel 25 26 14 24 35 78
NSV1 20 22 13 19 31 70
NSV2 22 22 14 20 29 70
Joe Wright Creek 20 21 13 18 30 70
Black Canyon Creek 18 - - - - -
NFJW 19 - - - - -
Fern Creek 17 -- -- -- -- --
NFBT1 19 - - - - -




Jam LogJam LogJam LogJam Log Non- | Non- | Non- | Non- |Avglog Avg log
Reach name D16 D50 D84 | Dmax |Jam LogJam LogJam LogJam Log length | length
D16 D50 D84 Dmax |(in jams) (reach)
cm cm cm cm cm cm cm cm cm cm
Middle Quzel 12 19 27 66 12 20 27 52 329 354
NSV3 12 19 30 57 13 20 28.5 85 281 273
Boulder Brook 10 13 15 24 11 14 17 48 311 419
Mill Creek 10 14 18 41 11 14 18 38 369 398
La Poudre Pass Creek 13 19 25 34 13 19 30 42 282 6 26
Hague Creek 12 17 29 32 13 17 26 34 452 163
Poudre River South 12 13 17 25 14 16 20 30 322 o
Corral Creek -- -- -- -- -- -- -- -- -- 78
Willow Creek 13 16 22 29 14 17 22 43 408 187
Bennet Creek 11 15 22 31 12 15 23 35 299 391
Cow Creek 10 15 19 29 14 18 28 48 523 --
Glacier Creek 15 17 23 39 -- - - -- 351 -
Pennock Creek 13 16.5 27.5 65 -- -- -- -- 488 --
Beaver Brook 13 15 18 27 -- - - -- 257 -
Beaver Creek 13 14 16 19 -- -- -- -- 303 --
Fall River 12.5 16 19 52 - -- -- -- 360 --
Roaring Creek 10 13 21 39 -- - - -- 251 -
NFBT2 13 15 17.5 58 -- -- -- - 301 --
Lower Hunters 10 13 21 52 10 14 23 53 291 330
Upper Hunters 11 15 24 66 10 16 26 52 302 331
Upper Cony 12 17 28 55 12 17 28 46 299 311
Middle Cony 11 15 23 54 11 16 24 50 297 307
Upper Ouzel 14 24 34.5 78 15 25 36 62 280 322
NSV1 12 17 28 70 14 22 335 70 253 277
NSV2 13 20 29 70 14 21 29 64 289 289
Joe Wright Creek 12 17 28 50 14 20 33 70 441 445
Black Canyon Creek| 13 17 20 64 - -- -- - 337 -
NFJW 14 17 22 38 - -- -- - 310 -
Fern Creek 11 16 22 54 - -- -- - 303 -
NFBT1 14 17 26 43 - -- -- - 325 -




APPENDIX B- INDIVIDUAL JAM SURVEY DATA



Oold Jam breached by Jam on mult
Stand Age Forest Growth | Basal Tree end of data channel
Jam Name Reach Name Survey date| Stand age Method Category Logical Count |Basal Area collection (2011)?| stream?
yrs m’/ha yin yin

Bennet 1 Bennet Creek 2011 150 cored A n 13 29.8 n n
Boulder 1 Boulder Brook 2011 117 Sibold A n 14 321 n n
Boulder 2 Boulder Brook 2011 117 Sibold A n 15 34.4 n n
Cow Creek 1 Cow Creek 2011 130 cored A n 6 13.8 n n
Cow Creek 2 Cow Creek 2011 130 cored A n 9 20.7 n n
Cow Creek 3 -- 2011 130 cored A n 9 20.7 n n
Hauge Creek 1 Hauge Creek 2011 150 cored A n 14 32.1 n y
Hauge Creek 2 Hauge Creek 2011 150 cored A n 14 32.1 n y
Mill 1 Mill Creek 2011 117 Sibold A n 8 18.4 n n
Mill 2 Mill Creek 2011 117 Sibold A n 11 25.3 n n

Coney 3 -- 2010 130 Sibold D n 17 39.0 n n

NSV 3 NSV3 2011 130 Sibold D n 20 459 n y

NSV 4 NSV3 2011 130 Sibold D n 9 20.7 y n

Ouzel 3 Middle Ouzel 2010 35 Sibold D n 1 23 n n

Ouzel 4 -- 2010 35 Sibold D n 6 13.8 n n
Black Canyon 1 Black Canyon 2011 200 cored (0] y 8 184 n n
Black Canyon 2 Black Canyon 2011 200 cored (0] y 7 16.1 y n
Coney 1 Middle Cony 2010 340 Sibold (0] y 17 39.0 n y
Coney 2 Middle Cony 2010 340 Sibold (0] y 18 41.3 n y
Hunter 1 Upper Hunters 2011 355 Sibold (0] y 21 48.2 n y
Hunter 2 Upper Hunters 2011 355 Sibold (0] y 31 71.2 n y
NFBT 1 NFBT1 2011 240 cored (6] y 8 18.4 n n
NFBT 2 NFBT1 2011 240 cored (6] y 1 2.3 n n
NFBT 3 NFBT1 2011 240 cored (0] y 5 11.5 n n
NSV 1 -- 2010 355 Sibold (0] y 17 39.0 y y
NSV 2 -- 2010 355 Sibold (0] y 10 23.0 y y
Ouzel 1 -- 2010 355 Sibold (0] y 12 275 n n
Ouzel 2 -- 2010 355 Sibold (0] y 10 23.0 n n
JW 1 Joe Wright 2011 220 cored (0] y 14 321 n n
NFIW 1 NFIW 2011 300 cored (6] y 16 36.7 n n




OM (LOI), Mass carbon in
OM (LOI) | total sediment sediment (bulk | Wood |Volume OM in| Mass OMin
Vstar Sediment Sediment | Sediment | for < 2mm | including 2mm Volume OM in| density of 1330 | yolume in| wood (0.5 x | wood (@450
Jam Name depth Surface Area Volume fraction fraction sediment kg/m3) jam total vol) kg/m3)
cm m’ m® % glg % glg m® kg m® m® kg
Bennet 1 37.12 22.34 8.29 8.16 9.51 0.79 524.37 0.67 0.34 151.45
Boulder 1 - - 3.64 1.96 2.77 0.10 67.12 0.35 0.17 78.55
Boulder 2 34.00 2.35 0.80 0.51 0.49 0.00 2.60 0.19 0.09 42.18
Cow Creek 1 34.88 5.50 1.92 0.94 0.95 0.02 12.11 0.80 0.40 180.71
Cow Creek 2 39.00 7.72 3.01 1.58 1.38 0.04 27.63 0.46 0.23 104.04
Cow Creek 3 32.90 8.10 2.67 1.00 1.00 0.03 17.73 1.98 0.99 444.80
Hauge Creek 1 48.75 3.21 1.91 1.74 1.62 0.03 20.62 0.44 0.22 99.40
Hauge Creek 2 39.50 0.84 1.56 1.53 1.43 0.02 14.87 1.07 0.53 240.28
Mill 1 62.86 4.15 2.61 1.12 1.10 0.03 19.07 2.19 1.10 493.79
Mill 2 38.67 3.23 1.25 1.14 1.09 0.01 9.06 1.67 0.83 375.26
Coney 3 32.58 4.81 157 4.66 3.36 0.05 34.99 2.88 44 1 648.73
NSV 3 - - 231 2.04 3.21 0.07 49.39 481 2.40 1638
NSV 4 27.20 3.36 0.91 3.07 4.24 0.04 25.78 2.80 014 629.10
Ouzel 3 26.50 21.61 5.73 3.74 1.80 0.10 68.55 8.2 .08 4 1835.78
Ouzel 4 22.09 3.49 0.77 12.81 12.69 0.10 64.98 6.8 341 1533.72
Black Canyon 1 32.50 5.89 191 1.16 1.12 0.02 14.26 14 0.71 318.70
Black Canyon 2 55.54 6.43 3.57 8.61 18.63 0.67 44261 0.9 0.46 207.78
Coney 1 42.33 24.13 10.21 13.18 15.57 1.59 1057.60 4.58 2.29 1031.62
Coney 2 45.27 13.69 6.20 7.92 9.50 0.59 391.55 2.04 1.02 460.03
Hunter 1 24.60 45.92 11.30 2.90 4.95 0.56 371.84 291 1.45 654.06
Hunter 2 28.25 6.32 1.79 5.46 11.14 0.20 132.30 2.32 1.16 522.85
NFBT 1 34.70 8.93 3.10 2.50 3.32 0.10 68.42 3.07 1.53 689.85
NFBT 2 40.00 21.87 8.75 6.08 3.02 0.26 175.72 3.60 1.80 809.97
NFBT 3 24.57 20.16 4.95 311 5.04 0.25 166.05 3.75 1.88 844.62
NSV 1 40.38 26.85 10.84 21.35 24.51 2.66 1767.21 9.68 4.84 2178.00
NSV 2 23.71 3.89 0.92 3.16 5.47 0.05 33.52 0.96 0.48 21557
Ouzel 1 29.47 7.03 2.07 20.98 21.58 0.45 297.10 5.8 2.90 1303.37
Ouzel 2 20.17 3.92 0.79 19.99 17.25 0.14 90.64 4.9 2.44 1098.12
Jw 1 28.10 15.00 422 3.49 2.74 0.12 76.80 1.97 0.98 443.04
NFIW 1 54.90 16.96 9.31 5.81 6.59 0.61 407.99 1.77 0.88 397.98




11

OM in Non-jam- OM in Non-jam- Total WSEL drop
Total carbon  Proportion | comparison D/S (LOI| comparison U/S through jam (low| Water
Jam Name in jam carbon as woog <2mm) (LOI, <2mm) Valley type flow) surface slop
kg kg/kg % % m m/m
Bennet 1 675.83 0.22 -- -- un 0.5 0.03
Boulder 1 145.67 0.54 0.56 0.87 semi 0.8 0.12
Boulder 2 44.79 0.94 0.67 0.56 semi 0.8 0.11
Cow Creek 1 192.82 0.94 -- 1.36 semi 0.7 0.07
Cow Creek 2 131.68 0.79 0.72 1.94 semi 1.3 0.09
Cow Creek 3 462.53 0.96 -- -- un 0.4 0.01
Hauge Creek 1 120.03 0.83 -- 231 semi 0.5 0.07
Hauge Creek 2 255.15 0.94 1.69 -- semi 0.2 0.07
Mill 1 512.86 0.96 0.95 171 un 0.9 0.05
Mill 2 384.33 0.98 111 -- un 1.2 0.13
Coney 3 683.72 0.95 -- 2.60 confineg 0.9 0.14
NSV 3 1130.94 0.96 -- -- semi 15 0.06
NSV 4 654.88 0.96 -- -- confined 11 0.08
Ouzel 3 1904.33 0.96 -- 4.37 un 0.9 0.06
Ouzel 4 1598.70 0.96 -- 4.88 un 13 0.09
Black Canyon 1 332.95 0.96 2.79 0.73 semi 0.3 0.03
Black Canyon 2 650.39 0.32 -- 1.05 semi 0.5 0.05
Coney 1 2089.22 0.49 1.72 5.06 confined 0.9 0.03
Coney 2 851.57 0.54 1.31 2.46 confined 1.0 0.10
Hunter 1 1025.89 0.64 0.63 0.58 semi 1.0 0.05
Hunter 2 655.15 0.80 4.25 0.78 semi 0.9 0.05
NFBT 1 758.27 0.91 0.76 11.16 confined 1.3 0.04
NFBT 2 985.69 0.82 0.92 1.62 confined 12 0.04
NFBT 3 1010.67 0.84 1.86 1.03 semi 0.8 0.02
NSV 1 3945.21 0.55 1.28 1.34 seme 0.7 0.04
NSV 2 249.09 0.87 -- -- semi 0.2 0.04
Ouzel 1 1600.47 0.81 -- 7.43 confined 0.3 0.03
Ouzel 2 1188.76 0.92 -- 4.32 semi 0.6 0.05
JW 1 519.84 0.85 2.06 10.14 semi 1.0 0.03
NFJW 1 805.97 0.49 7.13 6.54 semi 1.1 0.05




Number of Average Max piece ratio
pieces in | volume per |Volume of| (max piece/ avg| Average Log
Jam Name jam peice max piece piece) Diameter

m? m® cm
Bennet 1 7 0.10 0.17 2 21
Boulder 1 6 0.06 0.09 2 16
Boulder 2 7 0.03 0.05 2 14
Cow Creek 1 6 0.13 0.48 4 17
Cow Creek 2 7 0.07 0.36 5 13
Cow Creek 3 8 0.25 0.79 3 24
Hauge Creek 1 5 0.09 0.36 4 17
Hauge Creek 2 9 0.12 0.32 3 21
Mill 1 7 0.31 1.11 4 21
Mill 2 14 0.12 1.67 14 18

Coney 3 20 0.14 0.54 4 19

NSV 3 29 0.17 1.06 6 22

NSV 4 24 0.12 1.11 10 20

Ouzel 3 63 0.13 0.87 7 20

Ouzel 4 40 0.17 2.04 12 19
Black Canyon 1 5 0.28 0.74 3 18
Black Canyon 2 4 0.23 0.43 2 24
Coney 1 58 0.08 1.03 13 18
Coney 2 41 0.05 0.19 4 15
Hunter 1 13 0.22 0.64 3 25
Hunter 2 13 0.18 0.91 5 19
NFBT 1 16 0.19 0.81 4 22
NFBT 2 21 0.17 1.19 7 22
NFBT 3 30 0.13 0.97 8 17
NSV 1 59 0.16 3.27 20 18
NSV 2 5 0.19 0.76 4 19
Ouzel 1 52 0.11 0.77 7 18
Ouzel 2 46 0.11 1.00 9 17
JW1 17 0.12 0.41 4 21
NFIW 1 15 0.12 0.36 3 20




APPENDIX C- LOSS ON IGNITION (LOI) DATA



Notes: 1: Drainage basin for stream, either Big Thomps®m)( Cache la Poudre (Poudre) or North Saint V@S V)
2: Survey type being conducted when sample wastadieher reach or individual jam level
3: Type of sediment sample collected, either ingbdiment upstream of the jam (sed) or in a nongaea of flow seperation (NJC)
4: For individual jam-level surveys, the positiarpétream or downstream) of the comparison sample

Position of
Jam Number sample Old OM in sample
(from U/S to Sample  relative to growth OM in sample (< (including
Stream Name D/S) Jam Name Bdsin Survey typé type3 ja\m4 Forest Age logical Sample date 2mm fractoty) >2mm fraction)
yrs yin % (9/9) % (9/9)
Beaver Brook NA NA BT reach jam NA 100 n 2011 1.29 2.35
Beaver Brook NA NA BT reach NJC NA 100 n 2011 119 1.06
Beaver Creek NA NA BT reach NJC NA 100 n 2011 181 2.81
Bennet Creek 1 Bennet 1 Poudre individual jam jam sed 150 n 2011 1.57 1.57
Bennet Creek 1 Bennet 1 Poudre individual jam jam sed 150 n 2011 16.49 19.33
Bennet Creek 1 Bennet 1 Poudre individual jam jam sed 150 n 2011 6.42 7.63
Bennet Creek NA NA Poudre reach jam NA 150 n 2010 15.57 21.35
Bennet Creek NA NA Poudre reach NJC NA 150 n 2010 1.17 1.18
Black Canyon 1 Black Canyon 1 BT individual jam jam sed 200 y 2011 1.16 1.12
Black Canyon 1 Black Canyon 1 BT individual jam NJC ds 200 y 2011 2.79 2.73
Black Canyon 1 Black Canyon 1 BT individual jam NJC us 200 y 2011 0.73 0.73
Black Canyon 2 Black Canyon 2 BT individual jam jam sed 200 y 2011 13.42 29.18
Black Canyon 2 Black Canyon 2 BT individual jam jam sed 200 y 2011 3.80 8.09
Black Canyon 2 Black Canyon 2 BT individual jam NJC us 200 y 2011 1.05 1.05
Black Canyon NA NA BT reach NJC NA 200 y 2011 3.53 7.19
Black Canyon NA NA BT reach jam NA 200 y 2011 0.97 0.91
Black Canyon NA NA BT reach jam NA 200 y 2011 1.82 4.61
Black Canyon NA NA BT reach NJC NA 200 y 2011 1.54 1.46
Boulder Brook 1 Boulder 1 BT individual jam NJC ds 117 n 2011 0.87 0.32
Boulder Brook 1 Boulder 1 BT individual jam NJC us 117 n 2011 0.56 0.27
Boulder Brook 1 Boulder 1 BT individual jam jam sed 117 n 2011 1.06 1.06
Boulder Brook 1 Boulder 1 BT individual jam jam sed 117 n 2011 0.55 0.55
Boulder Brook 1 Boulder 1 BT individual jam jam sed 117 n 2011 4.27 6.68
Boulder Brook 2 Boulder 2 BT individual jam NJC ds 117 n 2011 0.60 0.37
Boulder Brook 2 Boulder 2 BT individual jam jam ds 117 n 2011 0.74 0.44
Boulder Brook 2 Boulder 2 BT individual jam jam sed 117 n 2011 0.51 0.51
Boulder Brook 2 Boulder 2 BT individual jam jam sed 117 n 2011 0.51 0.51
Boulder Brook NA NA BT reach jam NA 117 n 2010 1.58 1.94
Boulder Brook NA NA BT reach NJC NA 117 n 2010 1.15 0.92
Coney 1 Coney 1 NSV individual jam jam sed 340 y 2010 4.10 3.92
Coney 1 Coney 1 NSV individual jam jam sed 340 y 2010 30.86 35.09
Coney 1 Coney 1 NSV individual jam jam sed 340 y 2010 10.48 14.34
Coney 1 Coney 1 NSV individual jam NJC ds 340 y 2011 1.72 1.47
Coney 1 Coney 1 NSV individual jam NJC us 340 y 2011 5.06 11.14
Coney 1 Coney 1 NSV individual jam jam sed 340 y 2010 2.54 1.65
Coney 1 Coney 1 NSV individual jam jam sed 340 y 2010 28.74 34.36
Coney 1 Coney 1 NSV individual jam jam sed 340 y 2010 2.38 4.06
Coney 2 Coney 2 NSV individual jam jam sed 340 y 2010 1.04 1.04
Coney 2 Coney 2 NSV individual jam jam sed 340 y 2010 1.29 1.52
Coney 2 Coney 2 NSV individual jam jam sed 340 y 2010 15.76 25.10
Coney 2 Coney 2 NSV individual jam NJC ds 340 y 2011 1.31 2.31
Coney 2 Coney 2 NSV individual jam NJC us 340 y 2011 2.46 1.85
Coney 2 Coney 2 NSV individual jam jam sed 340 y 2010 1.40 1.42
Coney 2 Coney 2 NSV individual jam jam sed 340 y 2010 5.74 3.21
Coney 2 Coney 2 NSV individual jam jam sed 340 y 2010 1.76 1.48
Coney 2 Coney 2 NSV individual jam jam sed 340 y 2010 28.47 32.70
Coney 3 Coney 3 NSV individual jam NJC us 130 d 2011 1.26 0.84
Coney 3 Coney 3 NSV individual jam NJC us 130 d 2011 3.94 7.72
Coney 3 Coney 3 NSV individual jam jam sed 130 d 2010 3.27 1.99
Coney 3 Coney 3 NSV individual jam jam sed 130 d 2010 6.05 4.72
Corral Creek NA NA Poudre reach NJC NA 80 n 2010 1.91 0.67
Cow Creek 1 Cow Creek 1 BT individual jam NJC us 130 n 2011 1.36 1.19
Cow Creek 1 Cow Creek 1 BT individual jam jam sed 130 n 2011 1.34 1.36
Cow Creek 1 Cow Creek 1 BT individual jam jam sed 130 n 2011 0.54 0.54
Cow Creek 2 Cow Creek 2 BT individual jam NJC ds 130 n 2011 0.72 0.61
Cow Creek 2 Cow Creek 2 BT individual jam NJC us 130 n 2011 1.94 1.63
Cow Creek 2 Cow Creek 2 BT individual jam jam sed 130 n 2011 0.59 0.56
Cow Creek 2 Cow Creek 2 BT individual jam jam sed 130 n 2011 2.23 1.71
Cow Creek 2 Cow Creek 2 BT individual jam jam sed 130 n 2011 1.93 1.87
Cow Creek NA NA BT reach jam NA 130 n 2011 1.09 1.09
Cow Creek NA NA BT reach NJC NA 130 n 2011 3.07 7.59
Fall River NA NA BT reach jam NA 120 n 2011 1.95 5.61
Fall River NA NA BT reach NJC NA 120 n 2011 8.95 25.57
Glacier NA NA BT reach jam NA 117 n 2011 40.91 13.75
Glacier NA NA BT reach NJC NA 117 n 2011 20.44 4.58



Notes:

Stream Name

Hague
Hague
Hague
Hague
Hague
Hague
Hague
Hague
Hunter
Hunter
Hunter
Hunter
Hunter
Hunter
Hunter
Hunter
Hunter
Hunter
Hunter
Jw
Jw
Jw
Jw
Jw
Jw
Jw
LPPC
LPPC
Mill
Mill
Mill
Mill
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Mill
Mill
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Mill
Mill
Mill
NFBT
NFBT
NFBT
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NFBT
NFBT
NFBT
NFBT
NFBT
NFBT
NFBT
NFBT
NFBT
NFBT
NFIW
NFIW
NFIJW
NFIW
NFIJW
NFIW

1: Drainage basin for stream, either Big Thomps®f)( Cache la Poudre (Poudre) or North Saint VI8 V)
2: Survey type being conducted when sample wastadieher reach or individual jam level
3: Type of sediment sample collected, either ingbdiment upstream of the jam (sed) or in a nongaea of flow seperation (NJC)
4: For individual jam-level surveys, the positiarpétream or downstream) of the comparison sample

Jam Number
(from U/S to
DI/S)
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> >
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Jam Name

Hauge Creek 1
Hauge Creek 1
Hauge Creek 1
Hauge Creek 2
Hauge Creek 2
Hauge Creek 2
NA
NA
Hunter 1
Hunter 1
Hunter 1
Hunter 1
Hunter 1
Hunter 1
Hunter 2
Hunter 2
Hunter 2
Hunter 2
Hunter 2
Jw 1
Jw 1
Jw 1
Jw 1
Jw 1
NA
NA
NA
NA
Mill 1
Mill 1
Mill 1
Mill 1
Mill 1
Mill 2
Mill 2
Mill 2
Mill 2
NA
NA
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NFBT 1
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NFBT 2
NFBT 2
NFBT 2
NFBT 3
NFBT 3
NFBT 3
NFBT 3
NFBT 3
NA
NA
NFIW 1
NFJW 1
NFJW 1
NFJW 1
NFJW 1
NFJW 1

Bdsin

Poudre
Poudre
Poudre
Poudre
Poudre
Poudre
Poudre
Poudre
NSV
NSV
NSV
NSV
NSV
NSV
NSV
NSV
NSV
NSV
NSV
Poudre
Poudre
Poudre
Poudre
Poudre
Poudre
Poudre
Poudre
Poudre
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
BT
Poudre
Poudre
Poudre
Poudre
Poudre
Poudre

Survey typé

individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
reach
reach
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
reach
reach
reach
reach
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
reach
reach
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam
reach
reach
individual jam
individual jam
individual jam
individual jam
individual jam
individual jam

Sample
type’

jam
jam
NJC
NJC
jam
jam
NJC
NJC
NJC

jam
NJC
NJC
jam

jam
jam
NJC
NJC
NJC
jam
jam
NJC
jam

jam
jam
NJC
jam
jam
NJC
NJC
NJC
jam

jam

Position of
sample
relative to

ja\m4

sed
sed
us
ds
sed
sed
NA
NA
ds
us
sed
sed
sed
sed
ds
us
sed
sed
sed
ds
us
sed
sed
sed
NA
NA
NA
NA
sed
ds
us
sed
sed
sed
sed
ds
sed
NA
NA
ds
us
sed
sed
sed
ds
us
sed
sed
sed
ds
us
sed
sed
sed
NA
NA
ds
us
sed
sed
sed
sed

Forest Age
yrs
150
150
150
150
150
150
150
150
355
355
355
355
355
355
355
355
355
355
355
220
220
220
220
220
220
220
70
70
117
117
117
117
117
117
117
117
117
117
117
240
240
240
240
240
240
240
240
240
240
240
240
240
240
240
160
160
300
300
300
300
300
300

Old
growth
logical
y/n
n
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2011
2011
2011
2011
2011
2011
2010
2010
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2010
2010
2010
2010
2011
2011
2011
2011
2011
2011
2011
2011
2011
2010
2010
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011

OM in sample (<

% (9/9)
1.25
2.23
2.31
1.69
1.42
1.64
2.31
1.65
0.63
0.58
4.86
3.46
1.03
2.24
4.25
0.78
13.17
2.10
1.11
2.06
10.14
4.21
3.49
2.76
3.89
2.24
1.32
1.84
1.12
0.95
1.71
0.73
1.51
1.34
1.25
1.11
0.83
3.97
0.90
0.76
11.16
1.95
3.82
1.72
0.92
1.62
0.76
1.24
16.25
1.86
1.03
0.58
2.19
6.55
2.40
2.68
7.13
6.54
3.96
5.15
8.53
5.59

OM in sample
(including

Sample date 2mm fractoty) >2mm fraction)

% (9/9)
1.01
2.22
2.31
1.67
1.24
1.62
2.87
1.90
0.60
0.49
7.46
8.28
1.03
3.04
7.79
0.56
29.65
2.35
1.41
0.42
0.68
1.65
4.14
2.43
4.75
1.81
1.22
1.84
1.12
0.58
1.70
0.73
1.47
1.31
1.25
1.08
0.71
4.75
0.58
0.91
16.04
4.01
2.46
3.48
0.79
3.23
1.21
2.12
5.74
1.68
0.96
0.79
2.69
11.64
3.03
7.32
6.67
5.67
3.79
4.82
7.93
9.84



Notes: 1: Drainage basin for stream, either Big Thomps®m)( Cache la Poudre (Poudre) or North Saint V@S V)
2: Survey type being conducted when sample wastadieher reach or individual jam level
3: Type of sediment sample collected, either ingbdiment upstream of the jam (sed) or in a nongaea of flow seperation (NJC)
4: For individual jam-level surveys, the positiarpétream or downstream) of the comparison sample

Position of
Jam Number sample Old OM in sample
(from U/S to Sample  relative to growth OM in sample (< (including
Stream Name D/S) Jam Name Bdsin Survey typé type3 ja\m4 Forest Age logical Sample date 2mm fractoty) >2mm fraction)
yrs yin % (9/9) % (9/9)
NSV 1 NSV 1 NSV individual jam jam sed 355 y 2010 47.47 47.94
NSV 1 NSV 1 NSV individual jam jam sed 355 y 2010 46.21 49.25
NSV 1 NSV 1 NSV individual jam jam sed 355 y 2010 6.45 12.80
NSV 1 NSV 1 NSV individual jam jam sed 355 y 2010 3.49 3.75
NSV 1 NSV 1 NSV individual jam jam sed 355 y 2010 30.60 34.61
NSV 1 NSV 1 NSV individual jam jam sed 355 y 2010 12.97 21.07
NSV 1 NSV 1 NSV individual jam jam sed 355 y 2010 2.27 2.12
NSV 1 NSV 1 NSV individual jam NJC ds 355 y 2011 1.28 1.22
NSV 1 NSV 1 NSV individual jam NJC us 355 y 2011 1.34 2.62
NSV 2 NSV 2 NSV individual jam jam sed 355 y 2010 2.51 2.45
NSV 2 NSV 2 NSV individual jam jam sed 355 y 2010 1.43 1.42
NSV 2 NSV 2 NSV individual jam jam sed 355 y 2010 2.59 2.55
NSV 2 NSV 2 NSV individual jam jam sed 355 y 2010 1.72 1.02
NSV 2 NSV 2 NSV individual jam jam sed 355 y 2010 7.55 19.91
NSV 3 NSV 3 NSV individual jam jam sed 130 d 2011 2.45 2.87
NSV 3 NSV 3 NSV individual jam jam sed 130 d 2011 1.66 1.63
NSV 3 NSV 3 NSV individual jam jam sed 130 d 2011 0.91 0.79
NSV 3 NSV 3 NSV individual jam jam sed 130 d 2011 3.16 7.58
NSV 4 NSV 4 NSV individual jam jam sed 130 d 2011 3.29 2.75
NSV 4 NSV 4 NSV individual jam jam sed 130 d 2011 4.69 8.85
NSV 4 NSV 4 NSV individual jam jam sed 130 d 2011 1.22 1.10
Ouzel 1 Ouzel 1 NSV individual jam NJC us 500 y 2011 13.26 6.21
Ouzel 1 Ouzel 1 NSV individual jam NJC us 500 y 2011 1.60 1.39
Ouzel 1 Ouzel 1 NSV individual jam jam sed 500 y 2010 12.97 15.29
Ouzel 1 Ouzel 1 NSV individual jam jam sed 500 y 2010 1.96 0.94
Ouzel 1 Ouzel 1 NSV individual jam jam sed 500 y 2010 48.00 48.51
Ouzel 2 Ouzel 2 NSV individual jam NJC us 500 y 2011 4.32 4.90
Ouzel 2 Ouzel 2 NSV individual jam jam sed 500 y 2010 38.53 34.36
Ouzel 2 Ouzel 2 NSV individual jam jam sed 500 y 2010 1.28 0.65
Ouzel 2 Ouzel 2 NSV individual jam jam sed 500 y 2010 20.14 16.72
Ouzel 3 Ouzel 3 NSV individual jam NJC us 35 d 2011 4.37 2.92
Ouzel 3 Ouzel 3 NSV individual jam jam sed 35 d 2010 1.25 1.03
Ouzel 3 Ouzel 3 NSV individual jam jam sed 35 d 2010 1.89 2.59
Ouzel 3 Ouzel 3 NSV individual jam jam sed 35 d 2010 8.09 1.79
Ouzel 4 Ouzel 4 NSV individual jam NJC us 35 d 2011 4.88 4.17
Ouzel 4 Ouzel 4 NSV individual jam jam sed 35 d 2010 2.70 1.79
Ouzel 4 Ouzel 4 NSV individual jam jam sed 35 d 2010 1.90 1.63
Ouzel 4 Ouzel 4 NSV individual jam jam sed 35 d 2010 33.82 34.64
Pennock NA NA Poudre reach NJC NA 140 n 2011 1.67 1.64
Pennock NA NA Poudre reach NJC NA 140 n 2011 1.45 1.78
Pennock NA NA Poudre reach jam NA 140 n 2011 16.02 21.16
Poudre River NA NA Poudre reach NJC NA 100 n 2010 1.65 1.26
Roaring Creek NA NA Poudre reach jam NA 90 n 2011 0.98 1.99
Roaring Creek NA NA Poudre reach NJC NA 90 n 2011 0.95 1.47
Willow Creek NA NA Poudre reach NJC NA 110 n 2010 0.97 0.55



