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ABSTRACT

INSTREAM WOOD LOADS IN OLD-GROWTH AND NON-OLD-GROWH MONTANE

FORESTS

Although several studies document instream woodldoand geomorphic effects in
subalpine forests of the southern Rocky Mountagiorg little is known of instream wood loads
in lower elevation, montane forests of the regidhis study focuses on comparing instream
wood loads and associated stream geomorphologispbnses between montane forest stands in
the Arapahoe-Roosevelt National Forest of differigge and disturbance history: (i) old-growth
forests versus younger, minimally impacted foreats] (ii) healthy forest stands versus stands

with greater than 25% of trees infested by mourpaie beetles.

Wood loads of 33 study sites were measured in pfild-reaches, along with cross
section surveys, pool volume, and sediment voluiiéood loads were standardized to reach
length, slope, bankfull width, drainage area, albddplain area. The significance level was
ultimately increased from of = 0.05 to 0.10 and used for all statistical anedysUsing a
pairwise t-test, the standardized wood loads westetl based on stand age. There were
significantly larger instream wood volumes and jastumes in old-growth montane forests. Jam
frequencies in old-growth forests were significaritigher (Kruskal-Wallis test). Residual pool
volume and sediment storage (standardized to shapeg significantly greater in old-growth
stands. There was no significant difference betweeod loads in mountain pine beetle infested
and healthy forest stands. Using the best subgetsgion method, laglelevation), stand age,

and mountain pine beetle infestation were the pexdictors of all measures of wood volume -
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total, instream, and floodplain. Even though inddststand wood loads means were not
significantly different than healthy wood load meamultivariate analysis found stand health to
be an important predictor of wood loads.

Instream wood loads were comparable to previour@db Front Range subalpine
values. Jam frequencies were lower in montaneragehan Front Range subalpine streams and
Pacific Northwest streams. Forest managers sh@kd stand age into consideration when
understanding montane streams, whereas recent aoymbe beetle infestation may be less of
an issue. Over the next century, beetle infestati@y become more relevant, but as of now

there is no significant addition of wood to streams

iii



ACKNOWLEDGMENTS

This project would not have been possible if it imad been for the help and support of
many people and organizations. | would like toeedt my gratitude to the Colorado State
University Geosciences Department, the CSU MeméfildiScholarship, the Geological Society
of America, and American Water Resource Associatmmfunding. Marry Hattis, the GIS
Coordinator at the Arapaho & Roosevelt Nationaldsbrand Pawnee National Grasslands,
supplied crucial GIS layers of old-growth and maumtpine beetle infested areas in Colorado. |
also need to thank Laurie Huckaby at the US F@estice for taking the time to teach me how

to identify and locate old-growth ponderosa trees.

| could not have completed the fieldwork withoueydMatzke, Michael Garcia, and JoJo
Mangano. JoJo also helped me with ArcGIS to firddfisites, and later make maps. | would
have never completed the statistical analysis withioe help and guidance of Natalie Anderson.
Everyone in the fluvial family has supported meoime way or another over the past two years,
and to them | am grateful. Throughout the past years, Eric Gaver and Rachael McSpadden
have also encouraged me and were always there Wiesded them the most. Thank you to my
committee members, Dr. Sara Rathburn and Dr. BB#&tusoe, who provided invaluable
feedback to complete this thesis. A special thagas to Dr. Ellen Wohl, who is the best

advisor, mentor, and life coach anyone could ask fo

iv



DEDICATION

| dedicate this thesis to my grandmother, Lois dank You have always encouraged my

pursuit of education, and inspire me to keep leayniThank you for all your love and support.



TABLE OF CONTENTS

AB S T R A T e e e I
ACKNOWLEDGMENTS ... . e e e e e \Y
DE DI C ATION . L. e e e e e e e e %
LIST OF TABLES ... .o e e e Vi
LIST OF FIGURES.. PPN ¥/ |
1 INTRODUCTION.. : R
1. 1CONCEPTUAL MODEL ....................................................................... 4
2 OBJECTIVES AND HYPOTHESES. ... 8
3 STUDY AR E A . i 13
3.1CLIMATE AND VEGETATION. ..o e 13
3.2HYDROLOGIC CHARACTERISTICS.. . ...13
3.3DISTURBANCE HISTORY AND MOUNTAIN PINE BEETLE INFESZKTION 15
3. 4UNDERLYING GEOLOGY ....cuiitiitiitie it e e e e e e e e e 18
41REACH SELECTION . P K |
4.2INSTREAM WOOD AND FLOODPLAIN WOOD VARIABLES .................... 22
4. 3GEOMORPHIC VARIABLES. .. ... e 22

O

4. 4VEGETATION VARIABLES

4 5STATISTICAL METHODS. ...ttt e e e e e 002020
4.5.1 Objective 1 Methods..........cvviiiiiiiii i e e 000 26
4.5.2 Objective 2 Methods.........c.ovviiiiiiii e 27

RE SU LT S . it e e e e e e et e e 28
5.1DATA SUMMARY .. P2 o
SZOBJECTIVElRESULTS . . 34

5.2.1 Testing Hypothe5|s 1 Old Growth Wood Loads R ¥
5.2.2 Testing Hypothesis 2: Wood Jam Frequency and Volume ........... 40
5.2.3 Testing Hypothesis 3: Geomorphic Effects.. .. Y 1
5.2.4 Testing Hypothesis 4: Mountain Pine Beetle Wooddsoa ............... 48
5.30BJECTIVE 2 RESULTS.. .. R o X |
5.3.1 Testing HypotheS|s 5 Instream Wood Load Correm;tlo ................ 51

DISCUSSION.. : PR o1 o
6. 1GENERAL DISCUSSION .................................................................... 56
6.2HYPOTHESIS 1 DISCUSSION. ...t i e e e e e e ee e 57
6.3HYPOTHESIS 2 DISCUSSION..... ettt s et et e e e e 59
6.4HYPOTHESIS 3 DISCUSSION. ...uii i e e e e e e e 61
6.5HYPOTHESIS 4 DISCUSSION ... ciuiinitiit et e et e e e 61
6.6HYPOTHESIS 5 DISCUSSION. ....u i e e e e e e e 62

CONCLUSION . ¢ ot et e e e e e e e et e et et e e e e e e e aen e 64
. L FUTURE WORK . .. e i e e e e e e e e e e e e e e eneas 64

REFERENGCES. .. ... e e e e e e e e et e e e e e e e 66

AP P EN DI CES ... e e e e e e 74

vi



9.1APPENDIX A - JAM VOLUMES AND STATION......coiiiiiiiii i,

9.2APPENDIX B - SITE GPS COORDINATES.......cooii i

vii



LIST OF TABLES

Table 3.1: Spatial extent, recurrence interval,atian, and impact on wood recruitment of
mountain pine beetle (MPB) and fire disturbancetheColorado Front Range...................18

Table 4.1: Wood, geomorphic, and riparian metrezorded during fieldwork (after Wohl et al.,

2000 ..ottt e,

Table 4.2:

Table 5.1:

Table 5.2:

Table 5.3:

Table 5.4:

Table 5.5:

Table 5.6:

Table 5.7:

Table 5.8:

Table 5.9:

Table 6.1:

Table 6.2:

Table 9.1:

Table 9.2.GPS coordinates of upstream and downstream eracbfreach......................

Piece type classification after Beckm&Q12...............oo i
Basic drainage basin characteristicedoh reach..............................
Forest stand characteristics for eaalfysteach by color.....................coi il
Totals for in-channel and floodplain Wdoads................oo oo,
Summary of geomorphic data for eachystedch...............................
Summary of jam characteristiCS..........covvi i i
Basic summary of data variables..............coo i e
Wood load pairwise t-test p-values. ....... ..o
Summary of pool volume and sediment poldme tests.....................
Top three wood volume regression modelS............oooov i,
Wood loads from unmanaged streams @#dpl et al., 2007.................
Reported values of jam frequency (affehl and Beckman, 2014)....................

Volume and station of all wood jams..........ccociiiiiiiiiiiiiii e

viii

23

24

76

79



Figure 1.1:
Figure 2.1:
Figure 2.2:
Figure 3.1:

Figure 3.2:

LIST OF FIGURES

Conceptual model for wood retention ®aOSPOrt..........ccvviviiiiieiiiii e, 5
Example of instream wood in MONtan@asirS. .. .......coovuveiiniiieie e e een e, 9
Example of montane PooIS.........oo i e 10
Old-growth and non-old growth StUdeSIt.........c.cooii i 14

Montane elevation range in relatiorotioer hydroclimatic and vegetation gradients

WItN BIBVALION. ...t e e e e e e e e s 15
Figure 3.3: Mountain pine beetle infestation ofdstarea...................cccoei i, 17
Figure 4.1: Figures from an identification guideotd-growth ponderosa pine trees............... 20
Figure 4.2: Old-growth ponderosa pines found otld_Beaver Creek............................20

Figure 4.4:
Figure 5.1:
Figure 5.2:
Figure 5.3:
Figure 5.4:
Figure 5.5:
Figure 5.6:
Figure 5.7:
Figure 5.8:

Figure 5.9:

Average stream gradient for the NomhkFand South Fork Cache la Poudre River

.................................................................................................... 21

“Pitch tube” evidence of mountain pbeetle infestation............................... 26
Testing assumptions for Hypothesis L.......cooiiiiiiii e 35
Data are standardized to the followiagables...............ccccooiii i 37
Relationship between total wood volwand the standardization variables.......... 38
Testing HYpothesis L... ... e e e e 39
Testing assumptions for Hypothesisafn Frequency...........ccccovvviiii e e enen. 41
Testing assumptions for Hypothesisar ¥Yolume.............coooiiiiiiiiiiicne s 41
Testing Hypothesis 2: Jam FreqUeNCY......ccccceuiiiiii e i i 42
Testing Hypothesis 2: Jam Volume...........c.ooi e 43

Subset Of APPENAIX A .. e ————— 44

Figure 5.10: Testing assumptions for HypothesB®&l Volume..................coooiiinin. 45

ix



Figure 5.11:
Figure 5.12:

Figure 5.13:

Figure 5.14:
Figure 5.15:
Figure 5.16:
Figure 5.17:
Figure 5.18:
Figure 5.19:
Figure 5.20:

Figure 5.21:

Figure 9.1: Volume of wood in jams with corresporgistation downstream......................

Testing Hypothesis 3: Pool Volume..........ccoiiiiiiiii e, 46
Testing assumptions for HypothesiS&liment Volume............................ a7
Testing Hypothesis 3: Sediment Volume..............ccoooiiiiiiiii e, 47
Testing assumptions for Hypothesis 4..........oooi i, 49
Testing HYPOthESIS 4. e e 50
Principle component L. 51
Principle COMPONENt 2... ... 52
Principle COmponent 3. ... 52
Scree-plot of PCA for all variables. .. ..., 53
Principle component 1 spectrum in YEPNS........cooiiiiiiiiiii 54

Principle component 2 spectrum in YIEPNS........cooiiiiiiiiiii 54



1 INTRODUCTION

Mountain streams shape the Rocky Mountain regiow, @re a vital resource to the
ecosystems and communities they support. The bmhafvthese streams is influenced by more
than the surrounding geology (valley shape, sutestdepth to bedrock, etc.). The amount and
location of instream wood is also a major influeocethe physical and ecological properties of
mountain streams (Wohl and Jaeger, 2009). Largeears wood can trap sediment and organic
matter (Faustini and Jones, 2003), increase stiamdary roughness (MacFarlane and Wohl,
2003), increase local scour and erosion (Montgonetnal., 1995), and influence channel
planform (Wohl, 2011)Wood jams are particularly effective at trappindiseent. Wood jams,
defined as three or more large pieces in contatit each other, can create scour pools, and
induce other geomorphic effects that are more sukist than those created by single piecas.

a source of aquatic habitat, sufficient wood loeals provide key nutrients and enhance aquatic
habitat and biodiversity (Fausch and Northcote 2)99

Although there have been studies focused on instigaod in the subalpine portion of
the Colorado Front Range (~3400-2800 m elevatioohdroads in streams of the montane zone
(~2800-1700 m) have not been quantified or analyZée. subalpine wood dynamics may not
transfer to the montane zone, which typically haser stand density, larger tree species, a
different flow regime, and a separate natural distoce regime (Veblen and Donnegan, 2005).
Montane streams now bear the brunt of changingidliahce regimes associated with beetle
infestations, wildfire, and warming climate, howewend effective management of these streams

and the adjacent riparian forest requires knowlexfgestream wood dynamics.



The majority of research on instream wood has bemmducted in the temperate
rainforests of the Pacific Northwest (Robison ares&hta, 1990; Abbe and Montgomery, 1996;
Fox and Bolton 2007). Although some findings fronede studies may translate to Colorado
Front Range streams, wood dynamics are likely tberdiin the drier, heavily disturbed
environment (fire, logging, etc.) of the Front RangPrevious instream wood research along
Colorado Front Range headwaters has focused omatsty wood volume, distribution, and
mobility (Wohl and Goode, 2008; Wohl and JaegeQ20/Nohl and Cadol, 2011), primarily
within subalpine forests. Investigation of diverssley, channel, and forest-stand parameters
revealed that volume of instream wood correlate$h wpecific aspects of valley and channel
geometry and discharge, and individual wood piexesquite mobile (Wohl and Goode, 2008;
Wohl and Jaeger, 2009). Local parameters exert nmfiteence on wood distribution than do
overarching downstream trends such as increasaigatye area and discharge (Wohl and Cadol,
2011), and valley geometry can exert a strongduente than forest age when considered at
channel lengths of several kilometers (Wohl and adfa@011). When considering valley
segments with similar geometry and differing forageé, however, forest age exerts a significant
influence on instream wood characteristics. Oldaghosubalpine forests correspond to greater
instream wood loads, larger and more closely spaog@dms, and greater instream carbon
storage in the form of both logs and finer parttelorganic matter (Beckman and Wohl, 2014).

Forest-stand disturbances including logging, witgdfi and mountain pine beetle
infestation (Veblen and Donnegan, 2005) also imib@éeinstream wood loads. Following a
disturbance, wood load increases as trees falhguai period of roughly 30-60 years (Bragg,
2000; Wohl and Cadol, 2011). Once the dead trees falen, there is a lapse in recruitment

until the living trees are large enough to suppbod to the stream. Reestablishing old-growth



conditions requires at least 200 years (Veblen L98&l-growth forests are characterized by
older trees with larger diameter, more snags (stgndead trees) and downed wood, and a
multi-layered canopy (Richmond and Fausch, 1995kdhy et al., 2003). Wood available for
recruitment in subalpine disturbed stands ranges ft2-147 rniYha, which is much smaller than
values of 92-254 ftha in old-growth stands (Richmond and Fausch, 19B8is difference is
particularly important given the demonstrated ptgisand ecological importance of instream
wood, and the potential for substantially reducesbavrecruitment in the future as disturbances
increase in frequency, extent, and severity. Engstiesearch provides baseline knowledge of
instream wood dynamics that can inform managemkstioalpine streams and riparian forests.
The extent to which knowledge of subalpine streaars be extrapolated to montane streams,

however, remains unknown.

There are some overarching trends in instream woatteams of the Colorado Rockies
relative to other regions in which instream wood teeen studied. In general, less wood is
available because Colorado Front Range conifertamgls are less dense and have smaller tree
diameters than coniferous forests elsewhere imttrdd (Wohl and Jaeger, 2009). Less wood,
along with a history of logging, may account foe tiegion’s low average instream wood volume
of 13 n/100 m of stream (Richmond and Fausch, 1995). Wabasmes were likely larger prior
to logging in the 1860s (James, 1823; Fremont, 184&hl and Goode, 2008). Smaller wood
volume may also be a factor in shorter wood residegimes in the region (Wohl and Goode,
2008). Less wood in turn lessens the odds of mmmédtion (Bocchiola et al., 2008). Less than
40% of wood pieces in Colorado subalpine streame Werated in jams (Wohl and Goode,

2008; Wohl and Cadol, 2011). In conjunction witlhga and sustained snowmelt floods with



high transport capacities, the low incidence ofianyg likely accounts for high wood mobility
in Colorado streams.

Old-growth montane stands in Colorado and southéyoming are sparse and poorly
understood, but these catchments have minimal flegulation and logging impacts, making
them valuable areas in which to observe dynamidastfeam wood (Wohl, 2006). In addition
to quantifying a baseline for wood loads in disadlstands, understanding old-growth instream
wood dynamics will be crucial for future restoratiprojects. A spatial model of an intact system
can serve as a point of reference for Coloradajblifidegraded and regulated stream reaches.

Over the past decade there has been extensive amoyrihe beetle endroctonus
ponderosae) infestation in the Rocky Mountain forests. Theeties infect the pine with blue
stain fungi, weakening the tree’s health by intpting water flow. The infestation has spread
within significant portions of young and old-growstands. So far the beetle has impacted 1.3
million hectares in Colorado, with ~64% of that aneahe lower elevation (montane) Colorado
Front Range (Colorado State Forest Service, 20TBe dead and dying trees may be affecting
instream wood recruitment and distribution, bupwsent there is no knowledge of how beetle
kill has affected young and old-growth montane wdodds and channel geometries. The
research summarized in this thesis is pertinerdther Rocky Mountain montane ecosystems
impacted by the beetle kill, and as climate changiens the areas affected by beetles, insights
resulting from this thesis research will be apgileato areas that will experience infestation in
future.

1.1 CONCEPTUAL MODEL
Research by other investigators facilitates devaek of a conceptual model of

instream wood dynamics in channels of the Frontge@anontane zone. This conceptual model



underlies the research design of this thesis, eadsl to hypotheses that can be tested using the

data collected for this thesis (Fig. 1.1).

Is the forest stand
age 200+ years old?

New Available
Wood load

MNew Available Wood load

Instream
plain Transport

Downstrea
Transport

1

1

1 Instream Floodplain
v

Is the valley confined?
(>2x confinement ratio)

Is the valley confined?
(>2x confinement ratio)

High stream power?

Figure 1.1 Conceptual model for wood retention and transporheadwater streams after a
stand-killing disturbance. Rectangle sizes repressative sizes of wood load. Instream wood
includes all wood influenced by bankfull flows. Btplain wood includes wood that has been
deposited by the river, or may be mobilized byiker during high flows. Valley confinement

is defined as the ratio of valley bottom width tankfull width. A confinement ratio of 2x was

considered confined, a ratio of 2-10x was partlgfeced, and >10x was unconfined. This model
illustrates how forest stand age and valley gegmieteract to influence the conditions under
which high and low wood loads can occur in charamel floodplain settings. Note that stand age

is a continuum, and new available wood load is tinaum. The stand age threshold is used
here solely for illustrative purposes.

High stream power?

After a stand-killing disturbance, newly availalbleod enters a reach. This wood may be

retained in the headwaters or be transported dogarmst Factors such as piece size, volume of

wood recruited, valley confinement, slope, discbar@nd channel complexity influence wood



transport and retention. Highly confined valleyetir of valley bottom width to bankfull width >
2) limit floodplain area on the valley floor andntobute to larger stream power and greater flow
depth during peak flows, thus limiting wood storagehannels and across the floodplain. Non-
confined valleys have the potential for greatendplain width and greater wood retention
within channels and on the floodplain, in part hessaoverbank flow limits total stream power
(Q; the product of slope, or channel gradient andhdisge) and flow depth during peak flows,
thus limiting transport capacity for wood. Increisehannel complexity also leads to more
floodplain area. Multithread channels widen a riva@nfluence on a valley and allow more wood
to reside in the channel and floodplain than im@pter, single thread channel (Wohl, 2011).
Transport of wood out of headwaters is heavilyueficed by discharge and slope. Field
and flume investigations of wood transport indidhia wood pieces become more mobile as the
ratio of flow depth to piece diameter, and theaaif channel width to piece length, increase
(Wohl and Goode, 2008; Bocchiola et al., 2008; Braok and Grant, 2000). Higher discharges
provide greater flow depth and width, as well agenforce to transport wood. Steeper slopes
typically correspond to narrower valley bottoms hwiminimal floodplains, so that high
discharges are contained within the channel, maxngithe increase in flow depth, and hence
wood mobility, with discharge. Steeper slopes alswespond to more rapid increase in stream

power with discharge.

In this conceptual model, more of the newly avddakood remains as instream wood in
old growth streams. Larger diameter wood pieces) fodd growth stands are less mobile, and
serve as key pieces to form wood jams. The largarep and denser forest basal area (greater
number of trees that can be recruited to chanmetsg@ase jam frequency and size. More jams

promote channel avulsion, increasing channel coxitglend the ability to retain even more



wood. After the new wood reaches the channel oodiiain, channel geometry, valley
geometry, and flow regime determine whether thedrvedransported out of the valley segment.
Valley confinement and high stream power (steegpedoand high discharges) promote
downstream transport of wood. The more complex wbBnassociated with old-growth stands
will likely retain more wood given the same vallggometry and discharge. Stream power will
diminish as flow encounters more backwater areas;etl wood steps, and pools, which

effectively decrease channel gradient.



2 OBJECTIVES AND HYPOTHESES

Although several studies document instream woodldoand geomorphic effects in
subalpine forests of the southern Rocky Mountagiorg little is known of instream wood loads
in lower elevation, montane forests of the regibhere are numerous possible objectives that
would further the understanding of this region’sodadynamics: this thesis will focus on two

objectives.

OBJECTIVE 1:Collect a data set of instream wood loads in four types of montane forest stands:
minimally impacted old-growth; minimally impacted non-old-growth; impacted old-growth; and

impacted non-old-growth.

In this context, impact refers to degree of moungaine beetle infestation. Although
most of the younger forest stands in the Southerckies now have some level of pine beetle
infestation, minimally impacted stands are notslaiwing extensive tree fall, whereas severely
impacted stands have more than 25% of trees fatingead in association with pine beetle

infestation.

0 H1,: Instream wood loads in old-growth montane foreste not significantly
different from instream wood loads in non-old-grbwaontane forests.
0 H1a: Instream wood loads in old-growth montane foresessignificantly larger than

instream wood loads in non-old-growth montane fistes



| expect the instream wood loads, defined herechsme of wood within the bankfull
channel per unit surface area of channel and flanip(i.e., nf wood/ha channel and
floodplain), to be greatest in old-growth stand® da the higher probability of finding older
(thus larger) wood pieces on the floodplain, witttie banks, and in the stream. These larger
pieces not only have large wood volume themselbas,also serve as key pieces for jams to

form around (Fig. 2.1). If old-growth sites havegker, well-developed floodplains, floodplain

wood loads may be biased.

v T =

3 0L N R ' =
Figure 2.1 Example of instream wood in montane streams. Blogljams (left) and scattered
pieces (right) are common.

0 H2y: Wood jam frequency and volume do not vary betwieesst stand types.

0 H2a: Old-growth montane forests streams have grea&guéncy and volume of

jams than in non-old-growth streams.

Frequency in this context refers to downstreamisgaaf jams (i.e., number of jams per
unit length of channel). Volume of jams is exprelssent of wood per jamYounger forests
may not have large enough wood pieces to form jamd,most wood is likely to be transported

downstream in large flows.



0 H3y: Pool volume and sediment storage do not vary éetworest stand types.
0 H3a: Old-growth montane forests streams have more veoeated geomorphic

effects.

Wood-created geomorphic effects refer to partieulaganic matter and sediment finer
than the average streambeg, Btored in association with instream wood, andetidual pool
volume associated with instream wood (Fig. 2.2)si®eal pool volume is the volume of water
in a pool, below the downstream riffle crest (Hiltand Lisle, 1993). | expect that the greater

volumes of instream wood in old-growth forest wébbrrelate with greater sediment storage

and/or pool scour in these streams.

< X g
- v

Figure 2.2: Example of montane pooI. Pools
below forced wood steps (right) are common.

Wi sl <

filled with finﬂjent (left) and scour pools

0 H4y: Instream wood loads in minimally impacted montafeests are not

significantly different from instream wood loadshieetle-infested montane forests.
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0 H4a: Instream wood loads in healthy montane forestssagnificantly smaller than

instream wood loads in beetle-infested montanestere

| expect instream wood loads to be greater in foséends where beetle-infested trees
have begun to fall. These stands likely supply wrodh the floodplain to the stream. Wood
pieces may not be large enough to have long resedimes, but total wood loads are expected
to be larger than in minimally impacted streamssdda et al. (2008) found no significant
difference between healthy and infested streanmimboreal British Columbia. However, the
study was done in different climate and latituded anay be different in the montane Colorado

Front Range.

OBJECTIVE 2:Evaluate correlations between instream wood load and associated channel,

valley, and forest characteristics.

0 Hb5¢: There is no correlation between instream wood k@ad any valley, channel, or
forest characteristics.
0 Hb5a: Instream wood load correlates with one or motkeyachannel, or forest

characteristics.

Wohl and Cadol (2011) found that downstream pastemlocal valley and channel
geometry influence wood load more than drainaga aretime since last forest disturbance.
Valley-bottom width, slope, and sequence of lordjital channel changes had a stronger

influence on wood distribution. Fox and Bolton @Z) found wood load to be correlated with

11



bankfull width, forest type, bedform type, bed ®€pmnd confinement in streams flowing

through temperate rainforest in Washington. In milar study, Wohl and Jaeger (2009)

correlated wood loads with drainage area, elevasbannel width, bed slope, and total stream
power in streams of the Colorado Front Range. Véold Jaeger found wood to decrease with
drainage area, but Fox and Bolton found wood toeim®e with drainage area. Wood loads
increased with increasing elevation, decreased witheasing channel width, increased with

increasing slope, and decreased with increasiegrstpower (Fox and Bolton, 2007). Wohl and
Jaeger (2009) mainly focused on subalpine regams,did not include enough montane sites to
understand disturbance and age trends within thenel expect montane streams to exhibit
similar trends as subalpine streams, but to hawalermaverage wood loads.

This objective is, however, secondary to the foisfective of this study. Study design
focused on comparing stream reaches with diffeforgst stand age and disturbance history,
while attempting to minimize variability in vallegnd channel geometry between sites. In
practice, the limited extent of old-growth foretdrgls made it difficult to minimize variation in
valley and channel geometry, but stream reaches saected to have pool-riffle sequences or
channel gradients close to those associated wahrgdtie bedforms, as opposed to steeper, step-

pool sequences and the associated narrow valleyejees.

12



3 STUDY AREA

Stream reaches were preferentially chosen withinAhapaho and Roosevelt National
Forests in Colorado (Fig. 3.1). The forest coversyhly 5250 ki, with elevations ranging from
1500 m to 4200 m (Veblen and Donnegan, 2005). c8alestream reaches had the following
characteristics: 1) minimal diversions, 2) not gabjto recent (last 100 years) fire disturbances,
3) drainage area less than 40%kmand 4) slope less than 8%. Typical land usethi; area
include cattle grazing and historical timber hatwegsin the mid-1800s. Only small patches

(<100 ha) of old-growths stands remain, usualllyighly confined river valleys (Fig. 3.1).

3.1CLIMATE AND VEGETATION

The montane region of the Colorado Front Rangeahagan annual precipitation of ~55
cm and a mean annual temperature of 8.3°C (Bargy3)L Precipitation increases and
temperature decreases with increasing elevatiamgatmountain slopes (Fig. 3.2). The montane
climate is conducive to ponderosa piRen(is ponderosa), lodgepole pineRinus contorta), and
Douglas-fir Pseudotsuga menziesii) forest stands. The Colorado Front Range has |®teerd

diversity and smaller tree diameters than otheifemyus forests (Wohl and Jaeger, 2009).

3.2HYDROLOGIC CHARACTERISTICS

All streams in this study are snowmelt dominatedscbarge in snowmelt-dominated
streams in the Colorado Front Range is less varitiian in rainfall-dominated streams such as
those in parts of the northwestern United StateohMand Jaeger, 2009). However, at
elevations lower than 2300 m, intense local thustdems can cause flash floods with high peak

discharge per unit drainage area between May aptk®@éer (Jarrett and Costa, 1988). Peak

13
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Figure 3.1: Old-growth and non-old growth study sites in thel@ala Poudre River Basin. Pink

shading represents old growth stands. Yellow shpdidicates elevations above the montane
zone. Some old-growth sites were found in sheltenest valleys, outside of the pink shaded
areas.
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Figure 3.2: Montane elevation range in relation to other hgtineatic and vegetation gradients
with elevation. (Figure from Birkeland et al, 200Rg. 2), who adapted it from Barry, 1973, and

Veblen et al, 1991.)

stream flow, minimum stream flow, maximum streaowf] and annual mean stream flow can be
estimated using mountain hydrologic regional regjoes curves created by Capesius and
Stephens (2009) and incorporated in the online Gé&oblogical Survey program StreamStats

(http://water.usgs.gov/osw/streamstats/).

3.3DISTURBANCE HISTORY AND MOUNTAIN PINE BEETLE INFESATION

The Colorado Front Range is subject to a varietyisturbances: wind, floods, fire,
insect infestation, and other pathogens (Veblen@mthegan, 2005). Minor sources of wood in
the montane region are derived from wind, snow, #imndds. Strong winds along the Front
Range have the capability to cause blowdowns, ittareasing wood availability on floodplains.
However, montane zone tree species like ponderoeagnd Douglas-fir have well developed

roots, making blowdowns less influential in the rr@me zone than at higher elevations (Veblen
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and Donnegan, 2005). Intense snowfall can causeriimbs of trees to break, and add smaller
pieces to instream wood loads. Floods can trangegrpieces of wood from the floodplain into

the channel, excavate wood from banks, and molakzeell as create jams.

Disturbances recently impacting Arapahoe RoosdVational Forest stream wood load
include fires and insect infestation. The fireineg in the Colorado Front Range montane zone
is classified as a “variable-severity fire regini®/ Veblen and Donnegan (2005). Both ground
fires and stand-replacing fires are more commahénmontane zone than in the subalpine zone.
This is likely due to more herbaceous fuel in thelerstory. The montane zone fire recurrence
interval for low severity ground fires is 10 yeatshe 100-hectare scale (Veblen and Donnegan,
2005). However, historically, most trees survivedi and stand-replacing fires are less frequent.
The stand-replacing fires are important for langgtream wood pieces, because smaller pieces
burn, and remaining larger trunks can subsequéetisecruited into streams (Bragg et al, 2000).
Insect infestation can also produce large amoungsvalable instream wood. Insects that affect
the Colorado Front Range montane zone include thentain pine beetle, Douglas-fir beetle
(Dendroctonus pseudotsugae), spruce beetle Dendroctonus rufipennis), pandora moth
(Coloradia pandora), and the western spruce budwor@hgristoneura occidentalis). The bark
beetles infect the larger trees and the infestatiarsually lethal (Schmid and Mata, 1996). Dead
trees may take decades to fall, but once in tleastrcan provide vital key pieces for jams. The
recurrence intervals and extent of beetle anddisturbances are provided in Figure 3.3 and

Table 1 (Veblen and Donnegan, 2005, CSFS, 2012).
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Figure 3.3: Mountain pine beetle infestation of study areatidhinfestation occurred in this
region of the Colorado Front Range between 200828d (USFS Aerial Detection Survey,
2013).
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Table 3.1 Spatial extent, recurrence interval, durationgd ampact on wood recruitment of
mountain pine beetle (MPB) and fire disturbanceth@Colorado Front Range

Disturbance Area Recurrence Duration Hypothesized impacts on wood

interval recruitment

- may increase fire hazard
13,354 krA (3.3 mil

MPB 20-100 years 2-14 years - more dead trees available to be
acres) recruited into streams via individual
treefall or mass blowdowns
-burns small pieces of wood
2
Fire 1-400 km?* (10*-10° 10 years 1 season

-can create standing dead trees available
for recruitment to streams

acres per event)

3.4UNDERLYING GEOLOGY
The contemporary configuration of the Colorado ErBange reflects renewed uplift

during the Laramide orogeny (~40-70 Ma). The Fror@n@e predominantly consists of
Precambrian crystalline basement rock (Cole et2110). Basement rock includes granite,
gneiss, schist, pegmatite, granodiorite, and angbkeéb (Cole et al., 2010). Outcrops are
common near the field sites for this research Jiagate does not support thick soil development.
As a result, valley walls have steep slopes witlugim composed of cobble- to boulder-sized
clasts. Lack of soil development and limited vagien on slopes lead to high slope instability
(debris flows) during heavy rainfall and in aredgecent fires. Limited weathering in the dry

climate also precludes abundant silt and clay thiced to streams.
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4 METHODS

4.1 REACH SELECTION

Reaches were selected along streams with minimalahuimpacts. Streams with a
history of diversions or logging were avoided. @ldwth reaches were found using aerial
survey data collected by the Arapaho and RoosdNalional Forest Service. Mountain pine
beetle-infested reaches were found using Coloradte S-orest Service aerial surveys. Both
reach types were field checked. Old-growth staradklarge (1m+ diameter) trees on both banks
for the whole extent of the reach. Ponderosa pwigtssdead and rounded crowns were also used
as indicators of old-growth trees (Fig. 4.1 & F#§2). Reaches designated as impacted by
mountain pine beetle needed at least 25% of tmel st@ad for the full extent of the reach.

Study reaches needed to satisfy a variety of @ité&irst, both banks had to be forested.
Reach slope needed to be close to values typiea$pciated with pool-riffle or plane bed
morphology (~1-5%), and reaches could not exhil@p-gtool morphology (Montgomery and
Buffington, 1997). ArcGIS was used to calculateatn gradient and locate reaches with <5%
slope. The ArcGIS stream layer for the North Fankl &outh Fork Poudre were broken up into
1000-m reaches. Gradients for each reach were la@dduusing a 10-m resolution digital
elevation map (Fig. 4.3). Reaches that had evidehbeaver dams were avoided. Reach length
was set at 10x bankfull width. Bankfull indicatansluded depositional bars, bank slope breaks,
changes in vegetation, fine sediment depositionbanks, and undercut banks (Harrelson,
Rawlins, and Potyondy, 1994). Channel morphology \alley confinement had to be consistent

along the whole reach length. Valley confinemens wefined as the ratio of valley bottom
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Figure 4.1: Figures from an identification guide to old-grovgbnderosa pine trees (Huckaby et
al., 2003, Figures 13 and 19). Left: Charactesstitan old ponderosa pine dated to be over 500
years old. Right: A 250 year old ponderosa witthastdned top on the left, and a younger ~125
year old tree. Note in older trees the crown istBohto the upper portion of the tree.

= st . ‘:A‘-M"':}.)}ar)‘(",“‘j: I Cia ’-' id '. -
Figure 4.2: Old-growth ponderosa pines found on Little Bea@week. Left: Old-growth
ponderosa on slope wall with dead crown top. Righd-growth ponderosa in valley bottom
with flat crown.
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Figure 4.3: Average stream gradient for the North Fork andtsé&iork Cache la Poudre River
basins. Only stream segments shaded in blue, gaedrnyellow were considered for this study.
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width to bankfull width. A confinement ratio of 2xas considered confined, a ratio of 2-10x was

partly confined, and >10x was unconfined (Wohl &ad¢kman, 2012).

4.2NSTREAM WOOD AND FLOODPLAIN WOOD VARIABLES
Wood variables measured after Wohl et al. (2018)iated in Table 2. Only wood pieces

>1.0 m in length and >0.10 m in diameter were ater&d in this study. Wood was considered
to be in a jam if three or more pieces were in @oinwith each other. A measuring tape was
stretched along the length of the reach, and themséation of each piece within the floodplain
width was recorded. The floodplain was identifiesing a combination of changes in slope,
terraces, valley walls, and debris deposits. Lengtheach jam was measured using the
longitudinal tape. Each piece was given a decagsclof rotten, decayed, bare, bark, or
needles/leaves present. In-channel wood pieces gwen stability classes of unattached,
bridge, collapsed bridge, pinned, ramp, or buri€db{e 3). All ramp pieces were given an
orientation of perpendicular to flow, parallel tov, angled downstream, or angled upstream. If
a wood piece contained a root wad, this was recdor@eomorphic effects including sediment
storage, backwater pools, pool scour, flow deftettienergy dissipation, or bank stabilization

were recorded as present or absent.

4.3GEOMORPHIC VARIABLES

A Laser Technology TruPulse 360 laser range fir{eded.10 m accuracy) was used for
surveys. Three cross sections were measured aophemiddle, and bottom of each reach to
obtain an average bankfull width, depth, area, flowtiplain width. A tape with 0 m at the left

floodplain edge (looking downstream) was stretdoeithe edge of the right floodplain. The
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Table 4.1 Wood, geomorphic, and riparian metrics recordeing fieldwork (after Wohl et al.,
2010)

Category Metric Description
Length Piece length in bankfull channel > 1 m
Diameter Piece diameter > 0.1 m
Orientation Angle with downstream bank
Root wad present Presence/absence and orientation with flow
Wood piece Decay class Rotten, decayed, bare, limbs, bark, needles, leaves
Stability It)Ji:\]itetféllched/drift, bridge, collapsed bridge, ramypjdd,

Wood function: storage, backwater pools, pool scthom

AR deflection, energy dissipation, bank stabilization
Valley slope Valley gradient
Channel slope Average water surface gradient
Channel width Bankfull width
Flow depth Bankfull & time of measurement
Grain distribution ~ Wolman pebble count
Discharge Bankfull, annual mean, peak annual (f&iramsStats)
Drai Area drained by study reach, measured at downstesam
. Drainage area
Geomorphic of reach
Reach length 500-1000 m
Channel Cascade, step-pool, plane-bed, pool-riffle, dupete,
morphology braided
Elevation At study reach and range of elevatianshtchment
Valley side slope Valley wall gradient
Confinement Ratio of channel width to valley battaidth
Bank scour Visual estimate of percentage of t&ttalam bank length

Dominant species Forest type/species of trees

Unknown, riparian, hillslope, floated, debris flolagnk

Wood source .
undercutting

Ribeiian Stage age Young or old growth
Floodplain survey Dimensions and spatial density of wood on foresirfl
Basal area Cross-sectional area of standing trees at breggtthe

range finder was placed on a walking stick to reduertical error. A field assistant holding a
stadia rod was used to survey all breaks in slépeach cross section, floodplain indicators,
bankfull indicators, and edges of water were suedey-loodplain indicators included breaks in
slope and change in vegetation. Bankfull indicaioduded breaks in slope, flat depositional

surfaces, tops of bars if any were present, andesoras changes in vegetation. Within the
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channel, the stadia rod was used to measure ttandésfrom water surface to channel bed for a
more accurate measurement. These measurementsultrerately subtracted from the water

edge measurements to obtain bankfull channel gegmet

Table 4.2 Piece type classification after Beckmann, 2012
Piece Type Field Indicators

Bridge Piece crosses the stream with both ends aboveudbnkf
9 elevation
One end rests above bankfull elevation on therilgifif

Left/Right Ramp side of the stream, the other end rests in tharstre

Piece held in place by semi-stable feature sueh as

PIIEE boulder or other wood
: Partially or completely buried by the sedimentha t
Buried
bank for stream bed
Unattached Floating or loose piece, moves under pressure

Average channel slope was also measured at eash seation using the TruPulse 360
and stadia rod. Channel slope was surveyed upsta@dndownstream by placing the rod at the
water surface in both instances. Valley slope,eyallall slope, confinement and elevation were
calculated using ArcGIS digital elevation modelsllgy slope was measured over 10x the reach
length along the main channel. Valley wall slopeswaeasured from the lateral drainage divide
to the stream. Mean basin slope was obtained uSinrgamStats. Average grain size was
visually estimated at each cross section. Graie slasses included clay, silt, sand, gravel,
cobble, and boulder. Valley confinement was calad by taking the ratio of valley width to

bankfull width. Valley width was measured using frePulse 360. In a few cases where one of
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the valley walls was obstructed, digital elevatmaps and USGS topographic maps were used
to estimate valley bottom width.

Pools were surveyed using a stadia rod and rebarogs section and longitudinal profile
of pool water depth and sediment depth were medsatreach pool to calculate residual pool
volume. One longitudinal profile was measured althrggthalweg, with a cross section measured
every meter (every 0.5 m if pool length < 2 m).nd-sediment deposited in low velocity pools
upstream of wood jams was measured using rebars€gmavel and cobble underlay the fine
sediment. The rebar was hammered into the subatraterefusal to measure depth of fine
sediment at each point on the grid. Pool volume sediment volume were calculated after
Hilton and Lisle (1993).

Once a reach was selected, the upstream and deamséands of the reach were recorded
using a Garmin eTrex 10 handheld GPS (with + Smizbatal accuracy). The downstream GPS
point was entered into StreamStats to obtain dgairn@rea, mean basin slope, and bankfull

discharge (Ries et al., 2008).

4.4 VEGETATION VARIABLES

The dominant tree types at each cross section vem@ded. Possible types include
spruce/fir, lodgepole pine, ponderosa pine, wildeoiduous, and aspen. If old-growth (1m+
diameter) trees were present on both banks fomthele extent of the reach, the reach was
considered old-growth. If at least 25% of the reacbraged tree basal area was dead and trees
showed sign of beetle infestation (Fig. 4.4), teach was considered mountain pine beetle
infested. Basal area was measured with a Panamal Basa Angle Gauge. Basal area

measurements were taken within 3 m of the left isagxige at each cross section.
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Figure 4.4:“Pitch tube” evidence of mountain pine beetle gtdg¢ion.

4 5STATISTICAL METHODS
4.5.1 Objective 1 Statistical Methods

For each hypothesis in Objective 1, the normalityetevant data was tested using the
Shapiro-Wilk test (I3 data are normal), the Kolmogorov-Smirnov tesg (@hta are normal), and
a guantile-quantile graph (QQplot). The variant¢he data was analyzed using the Levene’s
Test. If data proved to exhibit normality and douexiance, groups were first normalized, and
then compared using a pairwise t-test. If datéedato be normal with equal variance, a
logarithm transformation (Lag) was attempted. If data were still nonparamethe, Kruskal-
Wallis test was used to compare groups.dAof 0.05 was initially used to compare groups.
Because the data are part of a complex, multieanettural system, am of 0.10 was also
considered. The statistical package R was usetthéombove calculations.

Data were standardized to reach length, slope, folinkidth, floodplain area, and

drainage area. After standardization, data werénageecked for normality, and transformed if
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necessary. If data proved to exhibit normality aqdal variance, groups were first normalized,
and then compared using a pairwise t-test. If dadee still nonparametric, the Kruskal-Wallis

test was used to compare groups.cfof 0.05 was initially used to compare groups.

4.5.2 Objective 2 Statistical Methods

For the hypothesis in Objective 2, measured vaggmblere checked for normality. If
variables were nonparametric, they were logarithog{y) transformed. When variables were
highly correlated (>0.80), the variable that catetl best with wood volume was used and the
other removed from the data set. The best subsgression method using a Bayesian
Information Criterion (BIC) was used to create esgions in order to determine which channel
and valley characteristics best predict wood volimBrinciple component analysis (PCA) was
run using all channel and valley characteristiomi(chge area, stream power, bankfull width,
etc.). The categorical variables of stand age iafestation were included in the best subset

regression and PCA. All other variables were cardus.
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5 RESULTS

5.1 DATA SUMMARY

Below are tables of basic drainage basin, foremhdst wood load, and geomorphic
characteristics for each reach in this study (Ta@l8). The summary table for all data includes
the range and standard deviation of each variab#blé 9). All sites are located between
4493744N to 4518750N, and 440401E to 454511E. eTaer 33 study sites, with 10 old-growth
reaches and 23 non-old-growth reaches. Of theshesal2 are mountain pine beetle infested.
Only 5 reaches are designated as old-growth anithiethe remaining reaches are infested. A
total of 7 reaches are infested of the non-old-ginosites. Reaches are located within 6 drainages
within the larger South Fork and North Fork Poudrainages (Bennett Creek, Little Beaver
Creek, Fish Creek, Jacks Gulch, and North Forkhef Poudre). All reaches are on Strahler
(1952) first- and second-order streams.

Many of the study reaches share similar charatiesigslope, topography, grain size,
etc.). All sites exhibit a straight planform. Sékevations range from 2400 to 2785 m above sea
level, mean annual precipitation ranges from 449040 mm, and bankfull discharge ranges from
0.005 to 0.05 ris (Capesius and Stephens, 2009). Substrates rasmeyfavel to boulder, with
most sites comprised of a cobble/boulder mix. Ckatypes in reaches include plane-bed (3),
riffle-run  (28), and pool-riffle (2) morphologiesRiffle-run morphologies have slopes

comparable to pool-riffle reaches, but pools arg present at forced-wood-steps.

*Note: Discharge regressions in Capesius and Ste{2609) are valid for slopes 7.6-60.2
percent, higher than slopes chosen for this study.
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Table 5.1 Basic drainage basin characteristics for eactirea

Site Name

Bennet Creek 1
Bennet Creek 2
Bennet Creek 3
Bennet Creek 4
Fish Creek 1
Fish Creek 2
Fish Creek 3
Fish Creek 4
Fish Creek 5
Fish Creek 6
Fish Creek 7
Fish Creek 8
Jacks Gulch 1

Jacks Gulch 2
Little Beaver
Creek 1
Little Beaver
Creek 10
Little Beaver
Creek 11
Little Beaver
Creek 12
Little Beaver
Creek 13
Little Beaver
Creek 14
Little Beaver
Creek 2
Little Beaver
Creek 3
Little Beaver
Creek 4
Little Beaver
Creek 5
Little Beaver
Creek 6
Little Beaver
Creek 7
Little Beaver
Creek 8
Little Beaver
Creek 9

NFK Poudre 1
NFK Poudre 2
NFK Poudre 3
NFK Poudre 4
NFK Poudre 5

Slope
0.041
0.019
0.023
0.035
0.022
0.035
0.037
0.070
0.039
0.041
0.059
0.045
0.051
0.060

0.077
0.040
0.020
0.031
0.018
0.025
0.039
0.065
0.075
0.048
0.045
0.037
0.031

0.034
0.046

0.027
0.036

0.031
0.049

Bankfull
Width
Avg (m)

3.86
4.11
3.25
3.33
3.38
3.56
3.65
3.62
3.83
3.33
3.58
3.38
2.55
2.63

6.13
5.35
6.60
5.03
4.95
5.23
6.48
5.13
5.73
4.98
5.63
6.65
4.99

5.43
5.95

6.90
6.88

4.53
4.40

Elevation
GPS (m)

2397
2407
2430
2443
2534
2510
2529
2548
2731
2741
2683
2706
2483
2465

2447

2532

2590

2652

2644

2733

2456

2454

2467

2485

2498

2508

2510

2517
2785

2781
2770

2739
2756

Drainage
Area
(km?)

20.5
20.5
19.7
18.5
15.7
15.7
15.7
14.6
9.7
9.8
10.9
10.9
5.7
5.7

37.3

33.2

29.0

25.9

25.8

18.2

37.3

37.3

37.0

36.8

36.3

36.3

33.7

33.4
26.7

26.9
27.2

27.5
27.5

Streamstats
Bankfull

Discharge (cms)

0.019
0.019
0.018
0.017
0.014
0.014
0.014
0.014
0.009
0.009
0.010
0.010
0.005
0.005

0.040

0.036

0.033

0.030

0.030

0.022

0.040

0.040

0.040

0.040

0.039

0.039

0.037

0.037
0.054

0.054
0.054

0.055
0.055

Side Reach
LY Slope length
Slope Average (1)
0.034 0.214 40
0.039 4703 37
0.058 0.493 30
0.057 2880. 35
0.051 0.304 36
0.048 0.271 37
0.046 0.296 37
0.051 0.193 35
0.044 0.285 41
0.050 0.346 35
0.048 0.284 35
0.048 0.319 30
0.075 0.199 25
0.074 0.152 25
0.034 0.347 57
0.036 0.405
0.034 0.350 35
0.035 0.407
0.045 0.438 50
0.037 0.227
0.034 0.331 73
0.035 0.308
0.032 0.346 71
0.033 0.384
0.032 0.301 50
0.032 0.241
0.036 0.400 56
0.036 0.442
0.047 0.191 46
0.051 0.250 71
0.035 0.248 70
0.037 0.283 44.5
0.035 0.265 50

50

65

45

71

52

71

56
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Table 5.2 Forest stand characteristics for each study rbgatolor

Bennet Creek 1
Bennet Creek 2
Bennet Creek 3
Bennet Creek 4
Fish Creek 1
Fish Creek 2
Fish Creek 3
Fish Creek 4
Fish Creek 5
Fish Creek 6
Fish Creek 7
Fish Creek 8
Jacks Gulch 1

Jacks Gulch 2
Little Beaver
Creek 1
Little Beaver
Creek 10
Little Beaver
Creek 11
Little Beaver
Creek 12
Little Beaver
Creek 13
Little Beaver
Creek 14
Little Beaver
Creek 2
Little Beaver
Creek 3
Little Beaver
Creek 4
Little Beaver
Creek 5
Little Beaver
Creek 6
Little Beaver
Creek 7
Little Beaver
Creek 8
Little Beaver
Creek 9

NFK Poudre 1
NFK Poudre 2
NFK Poudre 3
NFK Poudre 4
NFK Poudre 5

Non-Old-Growth
Non-Old-Growth
Non-Old-Growth
Non-Old-Growth
Non-Old-Growth
Old-Growth
Non-Old-Growth
Non-Old-Growth
Non-Old-Growth
Non-Old-Growth
Non-Old-Growth
Non-Old-Growth
Non-Old-Growth
Non-Old-Growth

Old-Growth
Non-Old-Growth
Old-Growth
Old-Growth

Old-Growth

Old-Growth

Old-Growth

Non-Old-Growth
Non-Old-Growth
Non-Old-Growth
Non-Old-Growth
Non-Old-Growth
Non-Old-Growth

Non-Old-Growth
Old-Growth
Non-Old-Growth
Old-Growth
Non-Old-Growth
Old-Growth

Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
MPB Infested
MPB Infested
Healthy
MPB Infested
MPB Infested
MPB Infested

Healthy
Healthy
Healthy
Healthy
MPB Infested
MPB Infested
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy

Healthy
MPB Infested
MPB Infested
MPB Infested
MPB Infested
MPB Infested

8.36
7.74
6.20
8.36
7.43
10.22
8.98
6.50
9.91
10.84
8.98
4.65
12.38
7.74

6.81

11.45

15.79

10.53

11.77

7.74

10.53

10.22

8.05

5.27

8.67

12.70

7.74

9.29
11.15
10.53
9.91
9.29
12.38

0.04

0.05
0.11
0.04
0.15
0.14
0.19
0.25
0.2
0.07
0.33
0.3
0.28

0.05

0.11

0.16

0.21

0.29

0.36

0.03

0.04

0.12

0.04

0.02

0.04

0.03
0.56
0.29
0.66
0.3
0.35

0.19
0.08
0.05
0.22
0.29
0.03
0.03
0.19
0.16
0.29
0.03

0.03

0.05

0.16

0.03

0.18

0.15

0.29

0.36

0.17

0.2
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Table 5.3: Totals for in-channel and floodplain wood loads

Bennet Creek 1
Bennet Creek 2
Bennet Creek 3
Bennet Creek 4
Fish Creek 1
Fish Creek 2
Fish Creek 3
Fish Creek 4
Fish Creek 5
Fish Creek 6
Fish Creek 7
Fish Creek 8
Jacks Gulch 1

Jacks Gulch 2
Little Beaver
Creek 1
Little Beaver
Creek 10
Little Beaver
Creek 11
Little Beaver
Creek 12
Little Beaver
Creek 13
Little Beaver
Creek 14
Little Beaver
Creek 2
Little Beaver
Creek 3
Little Beaver
Creek 4
Little Beaver
Creek 5
Little Beaver
Creek 6
Little Beaver
Creek 7
Little Beaver
Creek 8
Little Beaver
Creek 9

NFK Poudre 1
NFK Poudre 2
NFK Poudre 3
NFK Poudre 4
NFK Poudre 5

1.48
1.47
1.26
0.3
5.15
12.33
16.14
12.02
7.32
6.14
9.2
12.25
0.64
0.69

22.62

5.89

11.04

30.78

21.46

1.7

21.57

3.28

7.47

241

3.17

8.58

5.34

4.43
12.34
7.25
31.65
3.18
16.9

1.26
0.52
0.99
0.03
3.88
4.42
12.66
8.72
0.57
3.44
6.08
5.78
0.26
0.49

19.78

2.27

5.23

14.24

3.56

1.2

10.26

2.83

0.84

0.3

1.75

5.4

3.86

3.88
5.76

5.08
18.69

2.84
10.35

0.22
0.95
0.27
0.27
1.28
7.92
3.48
3.3
6.75
2.7
3.12
6.47
0.38
0.2

2.84

3.62

5.81

16.54

17.91

0.5

11.3

0.45

6.63

2.11

1.42

3.18

1.47

0.54
6.58

2.17
12.96

0.34
6.55

19.93
21.50
23.62
4.87
118.55
207.47
314.20
370.61
100.94
96.04
150.09
288.64
23.67
37.13

145.36

63.85

131.61

216.56

246.90

16.36

124.19

24.72

54.30

35.72

31.82

53.83

46.47

45.31
128.25

44.98
176.33

50.00
153.64

81.55
34.17
101.54
2.58
318.56
335.32
937.43
688.87
36.27
294.86
485.24
570.02
40.78
74.43

565.79

84.86

226.41

435.25

143.84

51.04

217.06

77.77

20.67

11.60

62.22

114.37

138.20

127.72
210.45

103.69
388.36

141.04
470.45

3.74
17.87
6.19
5.41
40.95
171.24
91.91
166.88
118.84
51.66
63.98
200.31
18.39
16.67

23.54

55.27

95.59

151.17

288.10

6.22

89.39

4.67

68.41

50.72

19.86

28.35

16.90

8.01
95.57
19.34
98.66
7.82
74.43
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Table 5.4 Summary of geomorphic data for each study reach

#Jams Total Wood Pool Vol  Pool Sediment Avg Floodplain  Floodplain

Site Name /100m Vol m¥100m m%¥100m Vol m¥100m  V*,, Width (m) INCEN (1)
Bennet Creek 1 0 3.70 4.17 1.56 0.37 14.70 588.00
Bennet Creek 2 0 3.97 5.96 2.20 0.37 14.37 531.57
Bennet Creek 3 0 4.20 2.77 0.89 0.32 14.53 436.00
Bennet Creek 4 2.9 0.86 7.83 0.69 0.09 14.27 £99.3
Fish Creek 1 2.8 14.31 0.00 0.00 0.00 8.68 312.60
Fish Creek 2 5.4 33.32 3.14 1.73 0.55 12.50 462.50
Fish Creek 3 54 43.62 1.49 0.64 0.43 10.23 378.63
Fish Creek 4 2.9 34.34 5.96 1.47 0.25 5.65 197.75
Fish Creek 5 24 17.85 6.46 1.42 0.22 13.85 567.99
Fish Creek 6 8.6 17.54 13.41 3.77 0.28 14.93 522.67
Fish Creek 7 2.9 26.29 3.26 1.04 0.32 13.93 487.67
Fish Creek 8 3.3 40.83 0.00 0.00 0.00 10.77 323.00
Jacks Gulch 1 0 2.56 3.65 1.85 0.50 8.27 206.67
Jacks Gulch 2 0 2.76 2.55 3.07 1.21 4.80 120.00
Little Beaver
Creek 1 35 39.68 84.63 27.03 0.32 21.17 1206.50
Little Beaver
Creek 10 4 11.78 0.00 0.00 0.00 13.10 655.00
Little Beaver
Creek 11 8.6 31.54 50.02 1.85 0.04 17.37 607.83
Little Beaver
Creek 12 7.7 47.35 0.00 0.00 0.00 16.83 1094.17
Little Beaver
Creek 13 2 42.92 25.04 8.06 0.32 12.43 621.67
Little Beaver
Creek 14 2.2 3.78 7.49 1.00 0.13 17.87 804.00
Little Beaver
Creek 2 2.7 29.55 10.95 3.77 0.34 17.32 1264.12
Little Beaver
Creek 3 1.4 4.62 35.30 4.30 0.12 13.57 963.23
Little Beaver
Creek 4 1.4 10.52 12.30 1.46 0.12 13.65 969.15
Little Beaver
Creek 5 1.9 4.63 0.00 0.00 0.00 8.00 416.00
Little Beaver
Creek 6 0 6.34 0.00 0.00 0.00 14.30 715.00
Little Beaver
Creek 7 5.6 12.08 4.25 10.14 2.39 15.80 1121.80
Little Beaver
Creek 8 3.6 9.54 0.00 0.00 0.00 15.53 869.87
Little Beaver
Creek 9 3.6 7.91 5.36 0.43 0.08 12.03 673.87
NFK Poudre 1 6.5 26.83 0.00 0.00 0.00 14.97 688.47
NFK Poudre 2 5.6 10.21 3.50 0.05 0.01 15.80 1121.80
NFK Poudre 3 4.3 45.21 6.87 2.02 0.29 18.77 1313.67
NFK Poudre 4 2.2 7.15 0.00 0.00 0.00 9.77 434.62
NFK Poudre 5 4 3380 2.85 0.26 0.09 17.60 880.00

Note: V*w is the weighted mean average of the rafifine pool sediment volume to pool water volume.
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Table 5.5 Summary of jam characteristics
#Jams/ Total Vol Wood in  Avg Wood Vol % Total Volin % Channel Vol

Site Name 100m Jams (nT) per Jam (n7) RET in Jams
Bennet Creek 1 0 0.001 0 0.07 0.08
Bennet Creek 2 0 0.001 0 0.07 0.19
Bennet Creek 3 0 0.001 0 0.08 0.10
Bennet Creek 4 2.9 0.001 0 0.33 3.33
Fish Creek 1 2.8 1.5822 1.5822 30.72 40.78
Fish Creek 2 5.4 1.3588 0.67935 11.02 30.74
Fish Creek 3 5.4 11.8629 5.9314 73.50 93.70
Fish Creek 4 2.9 6.311 3.155 52.50 72.37
Fish Creek 5 2.4 0.0984 0.098 1.34 17.26
Fish Creek 6 8.6 0.001 0.16 0.02 0.03
Fish Creek 7 2.9 1.0482 1.0482 11.39 17.24
Fish Creek 8 3.3 4.5839 2.2919 37.42 79.31
Jacks Gulch 1 0 0.001 0 0.16 0.38
Jacks Gulch 2 0 0.001 0 0.14 0.20
Little Beaver
Creek 1 3.5 18.3801 9.186 81.26 92.92
Little Beaver
Creek 10 4 1.6981 0.84905 28.83 74.81
Little Beaver
Creek 11 8.6 3.2403 1.0801 29.35 61.96
Little Beaver
Creek 12 7.7 8.6384 1.5308 28.06 60.66
Little Beaver
Creek 13 2 1.9271 1.9271 8.98 54.13
Little Beaver
Creek 14 2.2 1.2012 1.2012 70.66 100.00
Little Beaver
Creek 2 2.7 6.2182 3.1505 28.83 60.61
Little Beaver
Creek 3 1.4 0.1958 0.1958 5.97 6.92
Little Beaver
Creek 4 1.4 0.001 0 0.01 0.12
Little Beaver
Creek 5 1.9 0.1368 0.1368 5.68 45.60
Little Beaver
Creek 6 0 0.001 0 0.03 0.06
Little Beaver
Creek 7 5.6 3.0353 0.7588 35.38 56.21
Little Beaver
Creek 8 3.6 2.3544 2.3544 44.09 60.99
Little Beaver
Creek 9 3.6 2.7499 1.37495 62.07 70.87
NFK Poudre 1 6.5 3.8524 1.28412 31.22 66.88
NFK Poudre 2 5.6 3.248 0.811988 44.80 63.94
NFK Poudre 3 4.3 16.4493 5.483098 51.97 88.01
NFK Poudre 4 2.2 0.3226 0.3236 10.14 11.36
NFK Poudre 5 4 9.7859 4.89292 57.90 94.55
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Table 5.6:Basic summary of data variables

. . . tandar
Variable Maximum Minimum Average Sea:/i:;og
Slope 0.077 0.018 0.041 0.016
Bankfull Width Avg (m) 6.9 2.55 4.697 1.279
Elevation GPS (m) 2785 2397 2573.667 126.643
Drainage Area (knt) 37.296 5.672 23.84 10.206
(Sr;rs‘sa\)mstats Bankfull Discharge 0.055 0.005 0.029 0.016
Valley Slope (StreamStats) 0.075 0.032 0.043 0.011
Side Slope Average (Streamstats) 0.493 0.152 0.308 0.08
Reach length (m) 73 25 47.318 14.722
Total Wood Volume (n?) 31.65 0.3 9.317 8.483
Channel Wood Volume () 19.78 0.03 5.067 5.153
'(I'ncig?l Floodplain Wood Volume 1791 0.2 4.249 4.666
BA (m?) 15.8 4.65 9.34 2.34
Proportion Dead 0.66 0 0.176 0.16
Proportion Deciduous 0.36 0 0.099 0.108
Jam Frequency (per 100m) 8.6 0 3.255 2.423
Wood Volume (nf)/ 100m 47.35 0.857 19.14 15.402
Pool Volume (n?) /100M 84.63 0 9.369 17.233
Pool Sediment Volume (M) /100M 27.03 0 2.445 4.965
V*w 2.39 0 0.278 0.451
Average Floodplain Width (m) 21.17 4.8 13.556 3.714
Floodplain Area (m?) 1313.67 120 668.337 323.111

5.20BJECTIVE 1 RESULTS

5.2.1 Testing Hypothesis 1: Old-Growth Wood Loads

The logarithm (Log) total wood load data are normal based on the Qpig. 5.1A)
and the Kolmogorov-Smirnov test p-value of 0.38.eTtlata pass Levene's test of equal
variances with an F statistic of 0.99, which islé#san the critical F value of 4.16 (Fig.5.1B). A
pairwise t-test is used to analyze the data.

0 Hly: Instream wood loads in old-growth montane foreate not significantly

different from instream wood loads in younger moetéorests.
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0 H1a: Instreamwood loads in ol-growth montane forests are significantly largemnt

instream wood loads in younger montane for

A

Normal Q-Q Plot

B

Residuals vs. Predicted
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Figure 5.1: Testing assumptions forypothesis 1: A)QQplot of normality forthe logarithm
total wood loads. If data we perfectly normal, data points would fall on tideal line.B)
Residual plot for non-olgrowth and ol-growth groups. Variance is larger for tnon-old-
growth group, but acceptable given the small sarsigie.C) Histogram of the logarithm of tot
wood volume. Data have a slight heavy negative

Wood volumes used tes$t Hypothess 1 are standardized reach length, slope, draina
area, floodplain area, and bankfull wi (Fig. 5.2). Reach length, slgpand drainage area ¢

not significantly differenbetween sites in o-growth and younger montane fore¢. Floodplain

35



area and bankfull width data are statisticallyetéht when compared to stand age. Old-growth
reaches have significantly larger floodplain ared bankfull width.

A larger floodplain area may allow floodplain wotmhds to be larger and cause total
old-growth wood loads to be larger. Although a wideannel could allow more instream wood
to reside in the channel, it is more likely thatvaer channel increases transport capacity and
wood is transported downstream (Wohl and Jaeg@9)2M@uring high flows, wood in narrow
channels can snag on banks. The wider channeld cause old-growth total wood loads to be
smaller. However, it is difficult to separate cawsel effect between channel and floodplain
width and wood loads. Old-growth forest has theeptial to supply greater wood volumes per
unit length of channel and valley, and these great®d loads can facilitate bank erosion and
overbank flooding that lead to wider channels doddplains.

Exploratory analyses suggest a few trends betwserdardization variables and wood
volume (Fig. 5.3 below). Healthy reaches with higbod loads tend to have wider channels,
larger drainage areas, larger floodplains, andelarmgach lengths. Wood volume does not
correlate with slope in this study based on stagwl @ infestation. Reaches in younger forests
plot across the whole range of each standardizaaaable.

A pairwise t-test is used to compare old-growth and-old-growth stand wood loads,
standardized to reach length, slope, drainage #meajplain area, and bankfull width. Wood
load consists of the volume of all wood in the afelrand floodplain of the reach. Old-growth
total wood loads are significantly larger in alsea except when standardized to floodplain area.

When channel wood load and floodplain wood loadested, all floodplain wood loads are
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significantly larger in old-growth stands (Table)1®%/hen channel wood-loads are standardized
to drainage area and floodplain area, old-growth raan-old-growth groups are not significantly

different ata = 0.05, but are significantly different@at= 0.10 (Table 10).

Table 5.7:Wood load pairwise t-test p-values. Shaded vaggeater than = 0.05.

Standardized to... Total Channel Floodplain
Nothing 0.00081 0.0061 0.00081
Length (m) 0.0014 0.011 0.0017
Slope (m/m) 0.0003 0.0028 0.0004
Drainage Area (kf}) 0.0077 0.028 0.0078
Floodplain Area (rf) 0.025 0.07 0.019
Bankfull Width (m) 0.003 0.017 0.003

In summary, the analyses partly support the altermdnypothesis. Total and floodplain
wood loads in old-growth forests are significantdyger. Channel wood loads in old-growth
forests are significantly larger except when stadidad by floodplain area.

5.2.2 Testing Hypothesis 2: Wood Jam Frequency and Volume

The wood jam frequency data are almost normal based QQplot (Fig. 5.5A), the
Shapiro-Wilk test p-value of 0.03, and the Kolmagemirnov test p-value of 0.79. The data
pass Levene’s test of equal variances with an Eevaf 0.04, which is less than the critical F
value of 4.16 (Fig. 5.5B). Data points deviatirnormality at the tails. Although the data fail
the Shapiro-Wilk normality test, the data do notidee far from normality on the QQplot. Both
parametric (pairwise t-test) and nonparametric $Kall Wallis Rank Sum Test) statistical
methods are used to cover this ambiguity in tha.dat

The jam volume data are nonparametric based on @d@@ig. 5.6A) and the Shapiro-
Wilk test p-value of 0.0002, but are normal basedle Kolmogorov-Smirnov test p-value of
0.21. The data fail Levene’s test of equal varianggh an F value of 6.53, which is greater than

the critical F value of 4.16 (Fig. 5.6B).
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0 H2,: Wood jam frequency and volume do not vary betweesst stand type

0 H2a: Old-growth montane forests streams have greater freguand volume o
jams than in non-olgrowth streams.

Using the parametric pairwis-test to analyze the jam frequency, there are sogmfly

more jams in oldgrowth reaches than in r-old-growth reaches (Fig. 5.7).
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Figure 5.5: Testng assumptions for ypothesis 2 A) QQplot of normality for jam frequenc
per 100 m of stream. If data were perfectly norrdata points would fall on the ideal line.
Residual plot for non-oldrowth and ol-growth groups. Variance &ven for both grou.
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Figure 5.6: Testing assumptions forypothesis 2: A) QQplot of normality for jam volumié.
data were perfectly normal, data points would dallthe ideal line. B) Residual plot for r-old-
growth and oldgrowth groups. Variance is uneven for both groi
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The nonparametric Kruskal Wallis test is used tmpare jam wood volume in ¢
growth reaches and non-afplewth reaches (Fig. 5.8A). There is significantipre wood ir
jams in oldgrowth reaches th: in non-oldgrowth reaches. When standardi to number of

jams, there is still significantly more wood in -growth reaches (Fig. 5.8B).

When individual jam volume is graphed against ltudjnal station, ol-growth sites
have more jams and more woodume per jam (Appendix A). Figure 5i9a subsample of c-

growth and non-oldyrowth sites
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Figure 5.9: Subset of Appendix A. O-growth sites have more wood in jams, and more
jams per site. Note th#te last point in each graph has no wood me and only signifies th
end of thereach to portray reach leng
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In summary, the second alternative hypothesis mlypaupported. Wood volume
significantly larger in oldgrowth forests. Wood jam frequency is signifidy larger except

when standardizely slope, drainage area, and floodplain a

5.2.3 Testing Hypothesis:35eomorphic Effec

Pool volume data are nonparametric, even aftegariim (Log:o) transformation base
on a QQplot (Fig. 5.18), and have a Shapiro-Wilk test p-value of 0.00@ata are norme
based on the Kolmogordsmirnov test -value of 0.13. The data pass thevene’s test of eqll
variances with an F value of 0.0(, which is lesghan the critical F value of 4.16 (F 5.10B).
Pool volume data standardizeto slope yield similar results. After a logarithm (L)
transformation, data aret normal based on the QQplot eShapiroWilk test (p=0.0005), an
arenormal based on the Kolmogo-Smirnov test p-value of 0.19he data pass the Leven

test of equal variancesitiv an F value of 0.00(, which isless than the critical F value of 4.
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Figure 5.10: Testing assumptions f(Hypothesis 3A) QQplot of normality fo pool volume,
and B) a residual plot for nesld-growth and old-growtlgroups. Variance is even for bc
groups.

0 HS3p: Pool volume and sediment storage do not vary éetworest stand typs
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0 H3a: Oldgrowth montane forests streams have more '-created geomorph

effects.

The nonparametric Krusl-Wallis test is usedot compare pool volume mee (Fig.

5.11).
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Figure 5.11 Testing Hypothesi3: A) Logarithm transformed olgrowth and no-old-growth
pool volumes (p=0.075), Blogarithm transformed o-growth and nosold-growth pool
volumes standardized to p® (p=0.054). P values are based on the Kr-Wallis rank sum
test.

Pool sedimentvolume data are nonparametric, even after a ldge (LOoGo)
transfomation based on a QQplot (Fig. EA), with a Shapiro-Wilk test pralue of ((017. Data
are normabased on the Kolmorov-Smirnov test p-value of 0.18he data pass the Leven
test of equal vaances with an F value of 0.C, which is less than theritical F value of 4.1t
(Fig. 5.12B). Pool sedimentolume datastandardizedo slope yield similaresults. After a
logarithm (Logo) transformatio, data are not normal based on the QQplot&mabir-Wilk test
(p=0.02), and areaormal based on the Kolmorov-Smirnov test palue of 0.9. The data pass

the Levene’s test of equal variances with an lue of 0.14, which idess than the critical

value of 4.16.
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Normal Q-Q Plot Residuals vs. Predicted
f - o o S L © o
i A
s . S . 8
E (= L S ©
3 @ o
S - S
a @ | 5 @ |
5 < 5 v o o
» _ S |
o o
o w02
i\ o [} g < o
T T T T T T T
-2 -1 0 1 2 -0.8 -0.7 -0.6 -0.5 0.4
Theoretical Quantiles fitted(OneWayFitlogPSV)

Figure 5.12: Testing assumptions fcHypothesis 3 A) QQplot of normality forsediment
volume, and B) a residual plot for r-old-growth and old-growtlgroups. Variance is even f
both groups.

The nonparametric Krusk-Wallis test was used to compare pool sediment ve

means and pdsediment volume means standaed to slopeBoth tests fail to rejeHps ata =

0.05 (Fig. 5.13).
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Figure 5.13 Testing Hypothesi3: A) Logarithm transformed olgrowth and no-old-growth
pool sediment volumes (p=0.. B) Logarithm transformed olgrowth and no-old-growth
pool volumes standardizdd slope (p=0.078). P values are based on the Kl-Wallis rank
sum test. Both tests fail teject ko3 ata = 0.05.
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Table 5.8 Summary of pool volume and sediment pool voluastst

Variable p-value Conclusion

Logio(pool volume) 0.075 Fail to reject H ata = 0.05
Logio(pool volume/slope) 0.054 Fail to reject &ta = 0.05
Logio(pool sediment volume) 0.18 Fail to reject H ato. = 0.05
Logio(pool sediment volume/slope) 0.078 Fail to rejegaith = 0.05

The Kruskal-Wallis rank sum test fails to rejece thull hypothesis. There is no
significant difference in pool volume or sedimembrage between old-growth and non-old-

growth streams.

5.2.4 Testing Hypothesis 4: Mountain Pine Beetle Wooddsoa
The wood load data are normal based on a QQplgt B-LA), the Shapiro-Wilk test, and
the Kolmogorov-Smirnov test shown for hypothesisThe data pass Levene’s test of equal
variances with an F value of 0.14, which is lesstthe critical F value of 4.16 (Fig. 5.14).
Standardization parameters are not statisticalfierdint between healthy and infested
stands for reach length (p=0.40), slope (p=0.6@pdplain area (p=0.65), and bankfull area
(p=0.62) ato. = 0.05. The standardization parameter drainage aees significantly different

between stand types (p=0.02), with healthier stéwadeng larger drainage areas.
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Residuals vs. Predicted
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residuals(FitJamWood)
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fitted(FitJamWood)

Figure 5.14: Testng assumptions for Hypothesi: Residual plot for healthy and pine be¢
killed groups. Variance is even for both grouThe betweergroup variances are very simili
butthe within group variance is slightly skewt

0 H4y: Instream wood loads in minimally impacted montafegests are nc
significantly different from instream wood loadshieetl-infested montane forest
0 H4a: Instream wood loads in healthy montane forestssaymificantly smaller tha

instream wood loads in bee-infested montane forests.

A pairwise t-test isised to compare healthy stand wood volumes tod-infested wood
loads. There isno significant cfference between healthy @éninfested forests, even wh
standardized to reach lengtklope, drainage area, floodplain area, and b#nwidth. The
pairwise ttest fails to reject the null hypothesis. Therene significant difference betwes
infested ad healthy wood loads, even whstandardizedo reach length, slope, bankfull wid

drainage area, and floodplain are
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Figure 5.15 Testing Hypothesis: A) Healthy and infested wood logarithwolume:. There is

no significant difference between the gro (p=0.91 ata =

0.05). Healthy and infeste

logarithm wood volumes standardiz to B) reach length (p=0.68), Glope (p=0.8), D)
drainage area (p=0.21E) floodplain area (p=0."), and F) bankfull width (p=0.7 ata = 0.05.
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5.30BJECTIVE 2 RESULTS
5.3.1 Testing Hypothesis:3nstream Wood Load Correlatic

0 H5¢: There is no correlation between ileam wood load and any vallechannel, or

forestcharacteristics

0 Hb5a: Instream wood load corates with one or more valleghanne, or forest

characteristics.

In order to best characterize the instream woodinael and floodplain wood volum
principle components analysis (PCA) and best sabssgressiorare applied to normalize
variables. PCASd used to reduce data dimensionality without reduthe dataVariables can
roughly be grouped within the firstree principle components (Fig. 5.56EE). Principle
component 1 (PC1y composed of wood recruitment potential, prineippmponent (PC2) is

channel/valley characteristics, and principle congm 3(PC3) is slope.
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Figure 5.16:Principle component 1: PC1 is composed of woodurguent potentil variables.
The variables alongC1 are valley width, basal area, and stand
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PC3

Figure 5.17 Principle component 2: PC2 is composed of chawalédy characteristics. Tt
variables along PC2 are drainage area, stream paauiplain area, and bankfull widt
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Figure 5.18:Principle component 3: PC3 is primarily composethefslope variable
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Figure 5.19 Screeplot of PCA for all variables. PC1 explains 36%datta variation, PC1 wit
PC2 explains 63% of data variation, and PC1, P6@,RC3 explain 75% of data vaion. PC1
is composed of wood recruitment potential variagbRS2 is channel/valley characteristics,
PC3 is mainly the slope variab

In order to determine which valley and channel abtaristics best related to chanr
floodplain, and total wood&olume, the best subsets regression method was Tkedop thre:
models for each volume based on the best Bayesfanmation criterion (BIC) are reporte
below (Table 12).

Wood recruitment (PC1l) tends to best describe tlaga dset. Valley/chann
chamcteristics such as drainage area, stream powedgdlain area, and bankfull width descr
some data variance as well (PC2). Se\-five percent of data variation is explained by fiingt

three principle components. The best model predicbf woodvolume (channel, floodplai

and total) tend to be elevation, stand age, antlebiedestatior
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Fish Creek 1 Fish Creek 1 Little Beaver Creek 12

Non-old-growth Non-old-growth Old-growth
VW=22m VW=100m VW= 130m

Basal Area=7.4 m? Basal Area = 6.5 m? Basal Area = 10.5m?

Figure 5.20; Principle component 1 spectrum in photographs. gle1, forest age becomes
older, valley width increases, and basal area rguglreases. PC1 is roughly the recruitment
potential of the site.

Jacks Gulch 1 Fish Creek 3 Little Beaver Creek 8
Drainage Area=5.7 km? Drainage Area=15.7 km? Drainage Area=33.7 km?
Stream Power =2.4 W Stream Power =5.2 W Stream Power=11.2 W

FPA=206 m? FPA=378 m? FPA=869 m?
BKF Width=2.55m BKF Width = 3.65 m BKF Width=4.9m

Figure 5.21 Principle component 2 spectrum in photographsongl PC2 drainage area
increases, stream power increases, floodplainiacgaases, and bankfull width increases. PC2
is roughly the size and slope of the drainage area.
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Table 5.9: Top three wood volume regression models

Equation

Intercept

Logio

(Elevation)

Logio

(Slope)

Logio

(Valley
Width)

Logso
(Drainage
Area)

Floodplain
Area

oG
vs.
NOG

MPB
VS.
NMPB

Log1o
(Stream

Power)

Proportion
Deciduous

BIC

Adi.

Channel
Wood
Volume 1
Channel
Wood
Volume 2
Channel
Wood
Volume 3
FP Wood
Volume 1
FP Wood
Volume 2
FP Wood
Volume 3
Total
Wood
Volume 1
Total
Wood
Volume 2
Total
Wood
Volume 3

-67.05

-54.05

-1.55

-56.84

-101.17

-77.13

-59.44

-60

-56.85

19.84

15.77

16.79

30.98

23.5

17.69

18.08

17.08

5.11

4.32

0.55

0.49

0.7

1.15

-0.81

6.41

5.24

0.00027

0.45

0.54

0.68

0.55

0.45

0.48

0.39

-0.73

-0.78

0.24

-0.63

-0.64

-0.58

-4.37

-3.81

-1.76

-11

0.38

0.42

0.24

0.42

0.52

0.48

0.51

0.54

0.64

* 1= "Non-Old-Growth", 2= "0OIld-Growth"
**Dead: 1= "Healthy" 2= "MPB Infested"
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6 DISCUSSION

6.1 GENERAL DISCUSSION

Overall, wood loads in this study are comparablmagnitude and variation to other old-
growth, unmanaged forests around the world (TaB)e Wood loads in this study are similar to
unmanaged stand wood loads found by Nowakowski\&@otl (2008) in northern Wyoming,
and Richmond and Fausch (1995) in the ColoradotFRamge (Table 13). These studies have
field sites at higher elevations; however, othetdes such as climate, disturbance regimes, types
of tree (conifers), and lithology are similar testistudy. Wood loads in this study have a smaller
variance and are 1-3 orders of magnitude less tiase found in the Pacific Northwest (WA,
OR, AK, BC in Table 13). The native trees in tha&ciic Northwest are large, and primary
productivity is higher (Cadol et al, 2009). Altlgfudecay rates are lower in the Colorado Front
Range, the trees are smaller and the forest standslower values of basal area (Bigler et al.,
2007). Research in the southern hemisphere is geatpof study sites with deciduous/non-
coniferous trees (southern beech, gum, eucalydiie)le 13). Front Range wood loads are
smaller than the highest values found in South Aeaebut values from Oceania are analogous
when compared to this study.

Wood recruitment in the montane zone was heavilypidated by treefall from valley
slopes. Evidence of small mass wasting events vwesept. Spruce, fir, and ponderosa trees were
very large compared to the stream, and it is uhlikenkfull flows had the competence to
transport any old-growth wood pieces. Lodgepole pirees from subalpine reaches in the Front
Range had smaller diameters, and were more likelyet transported downstream. Lodgepole

trees also appeared to be more susceptible to maupine beetle infestation. Recruitment of

56



~0.10 m diameter lodgepole trees could result indvpansported from upstream. Recruitment
is less likely to come from a fire disturbance tr@es in the montane zone are more adapted to
small fires than subalpine trees. No blowdown avear® encountered in the study areas.

Large key piece sources were channel banks andyeatley slopes. Because large
wood recruitment is so close to the channel, m@aguwvood within old-growth sites in
proximity to each other likely introduces minimah$. Measureable wood in the stream was
assumed to originate mainly from nearby banks, @otdsignificantly from upstream sources.
For old-growth sites next to each other, a dowastrggap of 100 m or greater was present

between sites.

6.2HYPOTHESIS 1 DISCUSSION

The first null hypothesis, that instream wood loadsld-growth montane forests are not
significantly different from instream wood loadsyounger montane forests, is rejected. Wood
loads (total, channel, and floodplain) are greeteid-growth forest stands when standardized to
reach length, slope, bankfull width, drainage aseal floodplain area. Only instream channel
wood standardized to floodplain area was not Sicanitly different between stand ages (Table
14). However, old-growth channel wood loads woutdsignificantly greater if the significance
level was increased from 0.05 to 0.10. Floodplaieaawas the least accurately measured
variable of the standardizing variables (averagedplain width multiplied by reach length). If a
more accurate floodplain area delineation had baéeme, all wood loads may have been
significant ata = 0.05. Taking more cross section measurementscalotilating an accurate

polygon could provide a more accurate delineatioitoodplain area.
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Table 6.1 Wood loads from unmanaged streams after Cadul,e2007

Location Abbreviation n A (kmy) S (%) Wood load Minimum size: Forest type Source
(m¥100 m)  diam/length (m)
La Selva, Costa Rica CR 30 0-1-8-5 0-2-8 3-34.7 0-10/1 Tropical wet Cadol et al., 2009
Western, WA WAL 46 0-4 n/r 0-87 0-10/2 Various Box Bolton, 2007
Western, WA WA2 45 4-20 n/r 3-142 0-10/2 Various ox &nd Bolton, 2007
Cascade Range, WA WA3 28 2-3-119 <4 1.6-60-7 0-10/2 Western hemlock Beechie and Sibley, 1997
Western, OR OR1 46 nir 0-5-27-4 2-100 0-15/3 Various Thom et al., 2001
Coast Range, OR OR2 9 ~5-21.5 1.2-3-6 81-262 0-30/3 Spruce-hemlock-fir Reeves et al., 2003
Southeast Alaska AK 5 0-7-55-4 0-8-2-5 7-62 020/1 Sitka spruce-hemlock Robison and Beschta, 1990
SW British Columbia BC 4 7-3 1.2-0-5 16-6-85 0-10/1 Douglas- fir Fausch and Northcote, 1992
Northern Michigan Mi 12 nér 0-9-5 7-62-3 0-10/1 Hardwood-hemlock Morris ea07
Front Range, CO COo1 12 8-270 3-19 0-1-9-7 0-10/1 Mixed conifer Nowakowski and Wohl, 2008
Front Range, CO CO2 11 2:4-29-1 0-4-6-4 9:1-27-1 10/10- Mixed conifer Richmond and Fausch, 1995
Bighorn Range, WY WY1 9 5.7-85 0-7-5-6 0-4-9-5 0-05/1 Pine-spruce-fir Nowakowski, 2007
Absaroka Range, WY WY2 10 17-40 2:2 15-3-28-9 P-10/ Pine-spruce-fir Zelt and Wohl, 2004
Bridger Teton NF, WY WY3 13 4.2-100 1.5-10 4.8-54.5 0-10/% Pine-spruce-fir Bragg et al., 2000
Southern Andes, Chile SA 33 9-11 5-8 14.2-64-4 /D-10 Southern beech Comiti et al., 2008
Tierra del Fuego, Arg. TF 32 129 6-5 7-2 0-10/1 utl8on beech Comiti et al., 2008
SE Australia AU 14 187 0-2 27-8 0-10/1 Gum-eucalyptus Webb and Erskine, 2003
South Island, New Zealand NZ 5 0-8-1-4 3.2-5.7 7042— 0-10/1 Southern beech Baillie and Davies, 2002
Front Range, CO COo3 10 15.7-37.3 0.02-0.08 2.7-32.2 0-10/1 Old-growth Pine- This study
spruce-fir

Front Range, CO COo3 23 5.6-37.3 0.02-0.08 0.001-32.0 0.10/1 Npon-old-growth Pine-

spruce-fir
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6.3HYPOTHESIS 2 DISCUSSION

The second null hypothesis, that wood jam volumg faequency do not vary between
forest stand types, is rejected with respect todyam volume. Larger key pieces from older
trees easily span entire channel widths in the \lwatat streams of this study. The key pieces are
likely impeding all wood transport downstream, téag in larger jams. As jams become larger,
it becomes increasingly more difficult for wood be transported downstream. The wood
remains in the jam until the jam is washed out.

The null hypothesis is also rejected when jam feegies are standardized to channel
characteristics (bankfull width and reach lengthfail to reject the null hypothesis when jam
frequency is standardized to valley characterigstspe, drainage area, floodplain area). Large
key pieces in old-growth stands are likely impedwgod transport immediately downstream.
Jam volumes are larger in old-growth stands, makinmarder for wood to bypass a jam and
form a new jam in the same area.

Comparing jam frequencies to the subalpine regibrthe Colorado Front Range, montane
streams have a lower frequency. Subalpine stre@ws jam frequency between 0-37 jams/100
m (Wohl and Beckman, 2014) (Table 14). Jam freqigsnin this study range from 0.1-8.6

jams/100 m. Jam frequencies fall within the normaalge from around the world, but are far less
than those measured in the Pacific Northwest (AdbtteMontgomery, 2003) (Table 14).

Although jam frequency is less than in subalpimeashs in the Front Range, jam volume
is larger in montane streams. The average jam w@li@mnon-old-growth and old-growth stands
in the subalpine is 0.9and 3.3 M, respectively (Beckman 2013). The average jammnaelfor
non-old-growth and old-growth stands in the montimel.7 nf and 7.1 m, respectively.

Ponderosa and spruce-fir trees of the montane lzave a larger piece diameter, on average,
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Table 6.2 Reported values of jam frequency (after Wohl Bedkman, 2014)

Jams/Channel
Location Area (km? Length (km) Characteristics Jams/km Width (W () Reference
Old-growth temperate Abbe and Montgomery
Washington, USA 0.5-20 8-20x BKF Width rainforest 15-175 N/A (2003)
Second-growth subalpine
Poland, Germany 4.5-28.6 2.9-10.8  forest 0.7-6.3 N/A Kaczka (2003)
Michigan, USA <50 0.3 Old-growth mixed forest 0.1-0.5 5.6Wc Morris et al. (2007)
Michigan, USA <50 0.2-0.3 Second-growth mixed fores 0-0.5 17Wc Morris et al. (2007)
Second-growth mixed conifer
New York, USA 6.6-128.7 0.7-1 hardwood forest Nov-51 5Wc Kraft and Warren (2003)
Argentina* 5-12.9 0.03-0.1 Old-growth Nothofagusefst 16.2 3Wc Mao et al. (2008)
Second-growth mixed conifer
Ontario, Canada N/A 0.2-0.6 hardwood forest 0.2-1.8 17Wc Kreutzweiser et al. (2005)
Wohl and Beckman
Colorado, USA 3.8-80.2 0.1-3.6 Old-growth subalpine 0-36 25Wc (2014)
Wohl and Beckman
Colorado, USA 2.6-258 0.08-8.6 Second-growth stbalp 0-37 42Wc (2014)
Colorado, USA 15.7-37.3 0.04-0.07 Old-growth montane 2-8.6 5Wc This study
Colorado, USA 5.6-37.3 0.03-0.07 Second-growth montane 0.1-8.6 6WcC This study

*Included only jams described as log steps
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than lodge-pole pine of the subalpine zone. | belithe larger pieces not only add to the jam

volume, but also are better at trapping more pie€@god in jams.

6.4 HYPOTHESIS 3 DISCUSSION

The third null hypothesis, that pool volume andis®ht storage do not vary between
forest stand types, is retained. However, old-ginopool volume would be significantly greater
if o was increased from 0.05 to 0.10. Old-growth sedimvolume would be significantly
greater ifa was increased from 0.05 to 0.10 when standardzesiope. Larger pool volume
increases habitat for fish and other species. kasgdiment storage increases nutrient storage
and availability. In the montane zone, old-growghches tend to have significantly greater fish

habitat and thus the potential for healthier aquatiosystems.

6.5HYPOTHESIS 4 DISCUSSION

The fourth null hypothesis, that instream wood ®ad minimally impacted montane
forests are not significantly different from wooodatls in beetle-infested montane forests, is
retained. Hassan et al. (2008) found a similarlteswua study of streams in British Columbia,
Canada. The study found wood loads in infesteddstam be within the normal range of wood
loads in healthy stands. Infested stands may roMige as much wood to streams as previously
assumed. However, time since infestation may playimportant role in instream wood
recruitment. Trees in the Colorado study area lwahg been infested since ~2008 (Fig. 3.3).
Although there is >25% tree mortality, the majonfythe trees are still standing. Dead trees can

remain standing >100 years (Mast, 1991; RooversRatuertus, 1993). Over the next century,
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wood loads in infested stands may become signifigderger, both in this study area and in the

areas discussed in the Hassan et al. (2008) study.

6.6 HYPOTHESIS 5 DISCUSSION

The final null hypothesis, that there is no cortiela between instream wood load and
any valley, channel, or forest characteristicsteigected. Total, channel, and floodplain wood
volumes are related to elevation (Lgg stand age, and beetle-infestation (Table 12nhedr
models with valley bottom width (Lqg) and slope (Log) also explain a degree of wood
volume variation (based on model BICs). These figdiare dissimilar to those from past
studies. Wohl and Cadol (2011) found valley-botwidth, slope, and sequence of longitudinal
channel changes had a strong influence on woodhkdison. Wohl and Jaeger (2009) correlated
subalpine wood loads with drainage area, elevatibannel width, bed slope, and total stream
power in streams of the Colorado Front Range. d&muakBolton (2007) found different variables
to explain wood load in the Pacific Northwest. THeynd wood load to be correlated with
bankfull width, forest type, bedform type, bed ®pmnd confinement in streams flowing
through temperate rainforest in Washington. Unplest studies, my results indicate that stand
age and beetle infestation have more influence oadwoads in the montane zone than most
channel and valley characteristics.

Elevation may be an important variable due to ithlcorrelation with percentage of
basal area that is dead (Appendix A). With indregslevation, the dominant forest type
changes from a spruce/fir to lodgepole pine. Lodéeepine has a higher percentage of dead
trees. The higher percentage of dead trees lilddyg & the wood volume. Hypothesis 1 supports

the inclusion of stand age in the model.
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Null hypothesis 4, that wood loads in minimally iagbed montane forests are not
significantly different from wood loads in beetl#ested montane forests, was retained. It is
interesting that whether a study reach is infestedot is significant after multivariate analysis.
The coefficients for the beetle infestation vareahte small, and mostly negative. This indicates
that if a study reach is infested, the wood loadl decrease, which is the opposite of the
outcome predicted in Hypothesis 4. Because the eigthe coefficient in the multivariate

analysis is difficult to interpret, more confidenseglaced in the pairwise t-test in Hypothesis 4.
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7 CONCLUSIONS

Many of the null hypotheses in this study werectsiéd at a significance value of 0.10, as
initially expected. There are significantly largestream wood volumes, jam volumes, and jam
frequencies in old-growth montane forests. Siryilaresidual pool volume and sediment
storage when standardized to slope are signifigdanttjer in old growth forests. If restoration or
wildlife managers wish to improve or maintain aguatbitats, areas with old/large trees should
be a primary conservation focus. Old-growth stastdsuld not be logged, and streams should be
protected from roads, diversions, and dams. Lawss, and regulations should be created to
protect what little old-growth is left in the mon&gand subalpine forests. Mountain pine beetle-
infested areas may not be as influential to woochadyics and subsequent ecosystem
repercussions as previously thought. | predict thistmay change for the Colorado Front Range

montane zone, however, over the next century.

7.1 FUTURE WORK

In the meantime, more work is needed to understia@dpatial and temporal aspects of
montane wood loads. A study with longer reacheddcbetter statistically analyze the wood
volume spacing and frequency of jams. Identifyipgrapriate reaches for such a study will be
challenging, however, because only small patcheoldfgrowth forest remain within the
montane zone. Wood dynamics could then be moreuadiely compared to subalpine reaches.
Only after further research will it be evident wi&t mountain pine beetle infestation is a
significant instream wood load disturbance. A nyaidéir study should monitor streams subject to

mountain pine beetle infestation, and investigal® wvood load changes over time. This type of
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study would likely take decades, but as beetlestateons cover more forest, it would provide

useful insight into how beetle disturbance affeat®d loads.
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9.1 APPENDIX A -JAM VOLUMES AND STATION
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Figure 9.1 Volume of wood in jams witlorresponding station downstrei Not the last point in each graph has no wood vol
and only signifies the end afach to portray reach lenc
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Table 9.1 Volume and station of all wood jams

Jam Volume Number
Site (m3) Pieces  Station Stand Age Health

Non-Old-

Bennet Creek 1 0.00 0 40 Growth Healthy
Non-Old-

Bennet Creek 2 0.00 0 37 Growth Healthy
Non-Old-

Bennet Creek 3 0.00 0 30 Growth Healthy
Non-Old-

Bennet Creek 4 0.00 0 35 Growth Healthy
Non-Old-

Fish Creek 1 1.58 4 7 Growth Healthy
Non-Old-

Fish Creek 1 0.00 0 36 Growth Healthy

Fish Creek 2 0.78 4 20 Old-Growth Healthy

Fish Creek 2 0.58 4 33 Old-Growth Healthy

Fish Creek 2 0.00 0 37 Old-Growth Healthy
Non-Old-

Fish Creek 3 4.94 4 10 Growth Healthy
Non-Old-

Fish Creek 3 6.93 3 215 Growth Healthy
Non-Old-

Fish Creek 3 0.00 0 37 Growth Healthy
Non-Old-

Fish Creek 4 6.15 4 0 Growth Healthy
Non-Old-

Fish Creek 4 0.16 3 20 Growth Healthy
Non-Old-

Fish Creek 4 0.00 0 35 Growth Healthy
Non-Old-

Fish Creek 5 0.10 3 36.5 Growth MPB Infested
Non-Old-

Fish Creek 5 0.00 0 41 Growth MPB Infested
Non-Old-

Fish Creek 6 0.16 3 33 Growth MPB Infested
Non-Old-

Fish Creek 6 0.00 0 35 Growth MPB Infested
Non-Old-

Fish Creek 7 1.05 11 22 Growth Healthy
Non-Old-

Fish Creek 7 0.00 0 35 Growth Healthy
Non-Old-

Fish Creek 8 451 3 135 Growth MPB Infested
Non-Old-

Fish Creek 8 0.08 3 23.5 Growth MPB Infested
Non-Old-

Fish Creek 8 0.00 0 30 Growth MPB Infested
Non-Old-

Jacks Gulch 1 0.00 0 25 Growth MPB Infested
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9.2 APPENDIX B - SITE GPS COORDINATES

Table 9.2:GPS coordinates of upstream and downstream ergcbfreach.

Downstream Downstream Upstream Upstream

Site Name UTM N UTM E UTM N UTM E Type Dead
Bennet Creek 1 4501069 454032 4501037 453954 Non-Old-Growth Healthy
Bennet Creek 2 4501034 453912 4501029 453880 Non-Old-Growth Healthy
Bennet Creek 3 4501315 453417 4501337 453395 Non-Old-Growth Healthy
Bennet Creek 4 4501343 453373 4501359 453351 Non-Old-Growth Healthy
Fish Creek 1 4494871 453504 4494863 453481 Nonétwth Healthy
Fish Creek 2 4494887 453587 4494885 453552 Old-@row Healthy
Fish Creek 3 4494869 453468 4494853 453440 Nonétwth Healthy
Fish Creek 4 4494824 453163 4494856 453133 Nonddtwth Healthy
Fish Creek 5 4493746 449857 4493819 449829 Noncdtowth MPB Infested
Fish Creek 6 4493744 449915 4493753 449888 Noncdtwth MPB Infested
Fish Creek 7 4493931 450526 4493929 450493 Nonctwth Healthy
Fish Creek 8 4493960 450660 4493962 450624 Noncdtwth MPB Infested
Jacks Gulch 1 4497425 454384 4497404 454347 Non-Old-Growth MPB Infested
Jacks Gulch 2 4497372 454430 4497376 454416 Non-Old-Growth MPB Infested
Little Beaver
Creek 1 4496855 454507 4496855 454507 Old-Growth althig
Little Beaver
Creek 10 4496697 453058 4496697 453017 Non-Old-8rovHealthy
Little Beaver
Creek 11 4496822 450970 4496827 450932 Old-Growth ealtHy
Little Beaver
Creek 12 4497162 450192 4497191 450155 Old-Growth ealtHy
Little Beaver
Creek 13 4497207 450088 4497195 450127 Old-Growth PBNhfested
Little Beaver
Creek 14 4498442 448526 4498456 448488 Old-Growth PBNhfested
Little Beaver
Creek 2 4496827 454511 4496755 454481 Old-Growth althig
Little Beaver
Creek 3 4496724 454449 4496691 454404 Non-Old-Growtealthy
Little Beaver
Creek 4 4496570 454260 4496513 454240 Non-Old-Growtlealthy
Little Beaver
Creek 5 4496334 454123 4496320 454093 Non-Old-Growtlealthy
Little Beaver
Creek 6 4496407 453815 4496418 453772 Non-Old-Growtlealthy
Little Beaver
Creek 7 4496315 453648 4496348 453620 Non-Old-Growtlealthy
Little Beaver
Creek 8 4496430 453393 4496461 453362 Non-Old-Growtlealthy
Little Beaver
Creek 9 4496623 453181 4496647 453139 Non-Old-Growtlealthy

*NOTE: GPS coordinates were taken in river valleith woor reception. Many points do not
plot exactly on the stream.
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