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Abstract

Natural disturbance emulation is being used in forest managemeamattempto
mitigate the negative effects larvesting on biodiversityn the western Canadian
boreal forest where ti@edominant largscale natural disturbanezwildfire, harvests
that leavdive mature treebehind at harvesetain some of the structural colayity
characteristic opyrogeniclandscapessuc h O6r et enti on harvestsod ar
wildfire in a way that conserves biodiversilyees can be retained at different levels
(percentagef initial basal areaetained and in different patternslispersed and
aggregated). Although retention harvesting provides for greater structural diversity post
harvestthe forest floor is not burned as it is by wildfifigherefore,prescribed burning
may emulate the influence of wildfires more effectively tdaes retentioarvesting
alone.In thisdissertationl explored the effects of different retention levels and patterns,
as well as pogharvest prescribed fire, on wildlife and understory vascular plants in the
boreal mixedwood forests of northwesterbdsta, Canada. First, | used a combination of
midden counts, scat surveys, and camera trapping to compare wildlife use of different
stands harvested across a range of dispersed retention levelO@%20%, 50%, 75%,
100%) 1518 years posharvest. Seaad, | examined the effectivenessocoimbiningtwo
retention patclsizes (0.20 ha and 0.46 ha) wiifferentdispersed retention levels (0%,
10%, 20%, 50%, 75%) for supporting understory vascular plant communities that are
characteristic of unharvested ést 15 years postarvest. Third, | investigated the effects
of prescribed fire in pogketention harvested stands on understory vascular plant
communities up to 12 years pdse in three different forest cover types (conifer

dominated, mixedwood, decidusdominated). Use of harvest stands for-sdeal



wildlife species was highest in stands havin
characterized by high tree basal area and canopy cover. In contrast, lower retention levels

( O 20 % rhavinggredter undejstory cover benefitted eadyal wildlife species.

For vascular plants, differergtentionpatch sizes supported distinct understory plant

communities with both patch sizes being more effective at supportingdietkeplant

communities wen surrounded by higher levels of dispersed retention. Prescribed fire

benefitted some firgpecialist plant species with the effects of prescribed fire on

understory plant communities still evident more than a deledeleOverall, these results

suggesthat a variety of retention levels, combinations of retention patterns, and the
appropriateapplication of prescribed fireauld maintain thestructuralheterogeneity that
supports a wide spectrum of speciedimgs habitat
contribute to our understanding, development, and application of effective harvesting

practices for sustainable forest management and biodiversity conservation.
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Chapter 1: Generalintroduction
1.1.The boreal forest

The boreal fordsencompasses ottlird of global forest cover, which accounts
for approximately 30% of the terrestrealrfacearea(FAO 2001 Keenan et al. 2015).
Constituting the circumpolar vegetated zone of northern latitudes, the boreal forest is
characterized by coltblerant treepredominantly within the genefbies Betula, Larix
Picea Pinus andPopulus(Brandt 2009). In addition tprovidingvarioussocio
economial and culturabenefits(e.g, Uprety et al. 2012)the boreal forest provides
numerougecosystem servicemcluding soil and water resource maintenagrogcarbon
storaggPan et al. 201, BBradshaw and Warkentin 2015).

Natural disturbances in the boreal forest are critical processes that contribute to
both spatial and temporal landscape heterogeneity getlkal. 1997). They range from
smaltscale gap dynamics to stargplacing phenomena at largeales (Kuuluvainen and
Aakala 2011)Common sandreplacing disturbances the boreal foreshclude wildfire
and insect outbreaks, which drive ecosystemegsses suppaong a diversity of
organismgartly by creating habitat heterogeneity (Attiwill 19%urton et al. 2008

There areobvious differencebetween the influences of natural disturbances and
those ofanthropogenic activitiesncludingforest havesting on biodiversity (McRae et
al. 2001).Because of the ecological differences between the disturbance types, there has
been increasing interest in forest management approaches that aim to reduce these
differences by emulating natural disturbancelsarnvesting practices (Burton et al. 2006).
In this thesis | investigatehe effects of such managemenactices orunderstory

vascular plantand wildlife.



1.1.1. Flora and fauna

1.1.1.1.Understory vascular plants

Understory vascular plants, includisgrubs, forbs, and graminoids, are an
integral component of forest ecosystems (Gilliam 2007). They contnhboite toboreal
forest plant biodiversity than does the overs{@g Grandpré et al. 2014nd they
provide food and shelter for species at highephic levels. Understory plants play other
important ecological roles by influencitiggeregenerationas well as belowground
processesuch aslecomposition and soil nutrieaycling (Nilsson andVardle 2005).
Plants are affected by changes in reseye.g., light and nutrients) availability resulting
from disturbances, which consequently pronfeterogeneity oplant communities
(White 1979; Bartels and Chen 2010). Although disturbances typically cause increases in
vascular plant diversity, poeslisturbance plant communities differ depending on

disturbance type (Peltzer et al. 2000).

1.1.1.2 Wildlife

Boreal wildlife species are adapted to long annual periods of cold temperatures
and snow cover (e.g., Telfer and Kelsall 1984). Tiegyesent multiple trophic levels
and have differenpopulation dynamicsGlark and Fritzell 1992)n addition totheir
ecological valuemany mammal and bird specia® valued economically and culturally
(Nelson et al. 2008)ndividual species have dgrent habitat requirements trstucture
their respective responses to laggale disturbance (Telfer 1974; Bunnell 1995). While

some species are habitat generalists, other specisgeaalists that relgitheron late



successional forest aonvergly, onearly-seral standd/ildlife habitat requirements
should therefore be considered in sustainable forest management planning, especially
because human activity is associated with range contraétioesmemammals

(Laliberte and Ripple 2004)cluding speciedike woodland caribothat are of

conservation conceridérvieux et al. 2013).

1.1.2.Disturbance

Wildfire is the predominant starréplacing natural disturbancetimeboreal
forestof western Canad@ayette 1992Bergeron et al. 2004The severity, frequency,
and extent of wildfires affect forest dynamics (Eberhart and Woodard 1987; Johnstone
and Chapin 2006aohnstone and Chapin 2006%jildfire effects are heterogeneous and
within the perimeter of any given byiive trees are lefeither as single residualsiar
unburned patches (Eberhart and Woodard 1987; Smyth et al. 2005). Consequently,
wildfires cause changes in tree cover, composition, and regeme(Lavoie and Sirois
1998), and wdfire residuals contribute to structui@mplexitythat providediological
legacies in regenerating forest (Franklin et al. 2002). More specificalbyrned
residualssupportsources of propagules for forest regeneration, provide habitat for fauna
postfire, and affect nutrient cycling (Peeeand Buse 2014\ildfire alsocreates thin
organic layers (Greene et al. 20@7atpromote seedling recruitme(Rurdy et al. 2002).
Plants in the boreal forest have regeneration strategies that are adapted to fire, such as
buried vegetative parts thescape heat or windispersed propagules, to thrive pbst
(Rowe 1983). This has important implications for plant community compaosition in the

immediate postlisturbance period and redevelopment of the plant community thereafter.



Forestry is associatedth one of the main anthropogenic disturbances in
Can ad ad feresb(Basher et al. 2013)ptovides significant economic benefits
(Whiteman et al. 2015) and affeétsest dynamicand landscape pattetnghe removal
of canopy trees affectsdersory plantspecies compositiofHaeussler et al. 2002) and
influences wildlife distribution (Telfer 1974There aresignificantecological differences
between harvesting and wildfire. For example, wildkites treesand leaves behinghore
deadwood, inelding snags andownedcoarsevoody debris, than does forest harvesting
(McRae et al. 2001). Furthermore, wildfire causes combustion of the forest floor while
harvesting creates mechanical damage. These important differences between wildfire and
harvestingesult in substantial variation in the responses of spectas two disturbance

types (Zwolak 2009).

1.2.Natural disturbance emulation in forest management

1.2.1.Retention harvesting

Traditional everaged harvesting practices, such as clearcutting, do not provide
the complex structural development and spatial patterns caused by wildfire (Delong and
Tanner 1996; Franklin et al. 2002; Kuuluvainen 20@®uctural featuresuch as snags
and mature tredahat remain on the landscape podtfire, are important for
biodiversity (Nilsson et al. 2001fror example, they create structural complexity and
provide habitat to 061l i f eboafireQFramkireetd es i n
2000). In recognition of the importance of residual structuresvpitifire, forest
harvesting practices have evolved from clearcuts to carefully planned designs that

involve structural retentiorRetention harvestingvhereby live mature trees areaieed

t

h e



at the time of harvesis becomingwidely used in sustainable forestry (Gustafsson et al.
2012)to mitigate negative effects of harvesting on biedsity (Fedrowitz et al. 2014).

Retention harvestingan be applied atifferentlevels based on th@oportion of
original basal area that is retained at the time of hafestklin et al. 1997). Some
researchereecommend a minimum of 5%0% retention (Gustafsson et al. 2012), yet
others argue that retention levels greater than 15% are needed taimiaodiversity in
the short termgne to sevegears) (Aubry et al. 2009Responses to retention level are
speciesspecific and reflect habitat requirements (Vanderwel et al. 2009). In general,
increases itheamountof retained trees positileaffects forestdependensmall
mammals, birds, plants, and invertebrates (Fedrowitz et al. 2014). Mammals that depend
on large tracts of contiguous closeahopy forest are expected to use stands harvested to
high retention levels (70%); however, studies ogdanammals are lackiryanderwel
et al. 2009)

In addition to retention levethe patternof retention(spatial arrangement of
retained trees) is anotherpartant consideration in itdesign/applicatiorDispersed
retention, whereby retained live tresgdistributed uniformly in the harvested area,
could enhance disperdar many specieby providingincreased connectivitycross
harvestedandscapg (Franklin et al. 1997)Converselyaggregated retention, whereby
retained trees are grouped together, provide patcheatofe forest that will include
remmnants of previous fore$iatmayhelplifeboat species more effectively than
dispersed retentiomssuming thathese patches aretnegatively affected by edge
effects Franklin et al. 199) Thus far,research on the effects of combining aggregated

and dispersed retentidar plant conservatiohasbeen limited to shoittierm (four years



postharvest) studies on vascular plants (tieas et al. 2011).dnger-term studies are
needed t@ssestag effectan biodiversity responses, as it could take several years for

sensitive species to disappear and/esaeupy harvested sites.

1.2.2.Prescribed fire

Although retention harvesting may retain some structural features similar to
wildfire, it cannotemulateall ecological processes typical of wildfire (Stockdale et al.
2016).Forest managemestould thereforeincorporate practices that promote fire
relatel processethat areabsent from harvested areas (Spence 26G®9é3cribed fire
could be an effective management practineg benefis fire-dependent plants that rely on
heat for germinatiofGranstrém 2001). Thushe application ofetentionharvesting
followed by prescribeéire mayemulate the influence of wildfires in managed forests
more effectively thametentionharvesting alonePrior research examining aggregated
retention harvestingith prescribedire benefittedsome understory plaspecies rare
effectively than harvesting alone (Johnson et al. 2014); however, the effects of prescribed

fire combined with dispersed retention on understory vascular plants are unknown.

1.3.Research objectives

There are many options to consider in the design of retention harvesting including
the amount and spatial pattern of retained trees, as well asgrgsst management tools
such as prescribdte. This thesis explores the effects of these forest manageme
practices on boreal fauna and flora with the objective of improvingcibatgic

foundation upon which to base forest management policies that are specifically aimed at



mitigating the negative effects of harvesting on biodiversity. Data were colkctiee
Ecosystem Management Emtih Natural Dsturbance (EMEND) project, which is a
largescale experiment located in the boreal mixedwood forest of northwestern Alberta,
Canada. EMEND was established in 1998 to test tleetsfbf five retention leve(©%,

10%, 20%, 50%, 75% retention), two retention patterns (dispersed and aggregated), and
postharvest prescribed burns on biodivergiter a full rotation age (8000 years) in
threedifferent forest cover types representative of the boreal mixedvawestf(Spence

et al. 1999).

Previous EMEND studiesvealed thaibw levels ofdispersed et enti on (O 20
retention) favoured more earbuccessionalnderstory vascular plaspecies than did
higher levels of retention up to two years peatvest (Macdoald and Fenniak 2007)
and eight years posiarvest (Craig and Macdonald 2008uch studiealso
demonstrated that understory vasculanpttommunities vary by canopy composition
(Macdonald and Fenniak 200and are different in the retention strips wershe
machine corrida used by harvesting equipment eigbars posharvestCraig and
Macdonald 2009). These studies did not consider comparisons of understory vascular
plant communities betweenatention patterns or between stands harvested to 10%
retention with and without the application of prescribed fire f@st/est Studies on
EMEND wildlife are limited to batse(g.,Hogberg et al. 2002atriquin and Barclay
2003, songbirds €.g., Harrison et al. 2005)wIs (Z. Domabhidi, personal
communicatio) and the wood frogLithobates sylaticug (Robinson 2017).

The following chapters each consider effects diedént management practices

on wildlife or understory vascular plants. In Chapter 2, | investigate the influence of



different levels of dispsed retention on wildlife 238 years posharvest and identify
structural variables correlated with habitat use by wildlifieChapter 31 examine the
combined effects of retention level and pattern (dispersed versus aggregated) on
understory vasculgrlants 15 years postarvest to determine if different sizes of

retention patches more effectively support plant communities characteristic of
unharvested forest and how this is affected by different levels of surrounding dispersed
retention. In Chapter 4,consider the effectiveness of prescribed burning as a post
harvest management tool by comparing plant communities subjected to retention harvest
with and wihout prescribed fire over time up to 12 years {iiostin three different forest
cover types (@nifer-dominated, mixedwood, deciduedeminated). Chapter 5
summarizes théndings, highlights important management implications, and suggests

potential areas of future research.
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Chapter 2: Wildlife r esponses tdlifferent levels of retention harvesting

2.1.Abstract

Retention harvesting, whereby live mature treesete@ned in harvested forests,
is used to mitigate undesirable effects of forest harvesting on biodiversity. However,
responses of many vertebrates to variable retention harvesting are unknown. |
investigated the influence of different levels of retentiarvestingon habitat use by
wildlife 15-18 years posharvest using a combination of midden counts, scat surveys,
and camera trapping. Sitevel measures of forest structure, including canopy cover,
horizontal cover, tree height, tree diameter, basal, éog cover, and understory cover,
were used to document habitat differences-pastest. Habitat use of six species (black
bear, coyote, fisher, red squirrel, wolverine, woodland caribou) increased with increased
levels of retention, while habitat usetwo species (grouse, snowshoe hare) declined
with increasing retention level. Five species (American marten, Canada lynx, deer,
moose, gray wolf) did not significantly differ in their use of harvests by retention level.
Higher levels of retention weresaxciated wittgreater canopy cover, basal area, and
deadwood abundance, which likely enhanced habitats feséatd species. Woodland
caribou, a species of conservation concern, was only detected in stands harvested to at
least 20% retention. Lower legedf retention were characterized by greater understory
and horizontal cover, which likely benefitted eashral species. These findings
demonstrate the value of retention harvesting for conservation of vertebrates in boreal
forest, while highlighting thehallenge of managing forests for multiple species with

different habitat preferences.
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2.2 Introduction

The traditional method of forest harvesting by clearcutting affects wildlife activity
(Telfer 1974; Thompson 1988; Fisher and Wilkinson 2005). Retention harvesting,
whereby live mature trees are retained at time of harvest, is an alternative to clearcuttin
and is widely used in sustainable forestry for biodiversity conservation (Gustafsson et al.
2012). Retention harvesting is thought to reduce the impacts of logging by increasing
habitat connectivity, enhancing structural complexity, and facilitatingvesgaf forest
species within harvested areas (Franklin et al. 1997). Retention harvesting could,
therefore, mitigate the effects of forestry on wildlifg retaining habitat structure
associated with latsuccessional forests used by candppendent veebrates.

Responses of wildlife to retention harvesting are spespesific and reflect
habitat requirements (Rosenvald and Lohmus 2008; Vanderwel et al. 2009). While early
successional species benefit from open areas created by harvesting, specientiepend
closedcanopy forest are negatively affected by the removal of overstory trees (Fedrowitz
et al. 2014). Species responses vary by level of retention (percent of original basal area
retained), as the amount of residual trees will influence habiaacteristics, including
forage/prey availability and protective cover pbatvest (Vanderwel et al. 2009).
Furthermore, interactions between species could influence the effects of retention
harvesting on vertebrate activity; for example, predpatey reationships and
competition for resources could dictate the use of different levels of retention harvesting
by species.

In addition to harvesting level, time since logging is another important factor to

consider when examining responses of wildlife tosbasting (Fisher and Wilkinson
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2005).Residual live trees in retention harvests may not only provide greater canopy
cover than clearcut stands immediately gustvest, but they could also improve overall
structural heterogeneity over time as standing wegeatually contribute to deadwood
abundance (Hamalainen et al. 20R¢tention level will also affect forest regeneration,
which could influence habitat suitability. Recent clearcuts could be unsuitable habitat for
some species while retention harvests/mprovide important structural elements that
enable species to persist during the regenerating period or allow themciupsy
harvested areas more quickly pbsirvest. The majority of studies on retention
harvesting and biodiveity have occurred aeks than siyears posharvest (Fedrowitz et
al. 2014). Longerm studies are needed to detect lag effects of wildlife responses, as it
could take several years for sensitive species-twecapy harvested sites.

While the majority of previous studies cgtention harvesting and vertebrates
focused on small foregkoor mammals (mice, voles, shrews) (e@itzen et al. 2007),
bats (e.g.Patriquin and Barclay 2003), and passerine birds, (ee@lanc et al. 2010),
the effects of retention harvesting amder mammals and game birds remain poorly
understood (Vanderwet al. 2009). Larger vertebratesluding carnivores, ungulates,
lagomorphs, and arboreal rodents, represent different trophic levels. Many of these
species are also valued economically emiturally (Muth et al. 1996)A better
understanding of responses to different levels of retention harvesting is needed to assess
whether these alternative timber harvesting practices can be used to mitigate the negative
effects of harvesting on these sies.

The objectiveof this research was to determine the influence of retention

harvesting on vertebrates ky:.comparingwildlife use(activity) among different levels
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of retention harvesting5-18 years posharvest and 2)identifying forest structuria
attributes most associated wite presence of individuapecies. If retention harvest
mitigated the effects of clearcut harvesting, | expected habitat use of:-¢tatespecies
to show increased use of ar@ath higher levels ofetention (charaerized by greater
canopy cover, bakarea, and deadwood abundan@)earlyseral species to decline
with increases in tree retention since they prefer low levelsnaipsawith high

understory coverand 3) habitat generalist species to be unaffecgtedtention level.

2.3. Methods

2.3.1. Study Ste

Research waconducted at the largealeEcosystem ManagemeBmulating
Natural Disturbanc€EMEND) experiment located approximately i@ norhwest of
Peace River, Al bert-ag2canaga Whr6ACUBMatldodhit
near by Eureka RiVISBA 4HGOA 00D0 WO oN | ected fr
indicated mean temperatures-56.9 °C and 15.0 °C for January and July, respectively
(Environment Canada 2017). Mean annual snowfall andathimére 128.8 cm and 307.4
mm, respectively (Environment Canada 20The area is representative of the boreal
mixedwood plainsData were collected in the condfdominated stands at EMEND
becaise this cover type represents typicatgtdwth foresionthe landscapm which
sensitive species are most likely to be affettgtharvesting. The stangsere dominated
by conifers, predominantly white sprud@icdea glaucg, prior to harvest and pebkarvest
regeneration mainly consisted of aspeofulus tremloides and balsam poplar

(Populus balsamifena
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Compartments (10 haeacl) were harvested in the winter of 192899across
five harvest retention levels (treatments)s (clearcut), 1%, 20%, 50%, and 75%
retention. Harvesting equipment was restricte8 m wide corridors, which were
separated by 15 m wide areas where trees were removed or retained depending on the
retention level. The only trees harvested in the 75% retention treatment were those
removed in the 5 m wide corridor. The retention patiess predominantly dispersed
greentree retention but each compartment contained two small 0h8@.8ach)
embedded retention patches. All sampling occurred in the dispersed retention areas.
Unharvested compartmer(ts 10 haeacl) wereused as controls1l00% retention)There
were three replicageof each treatment, including control stands without harvest, for a

total of 18 compartments.

2.3.2. Data Collection

2.3.21. Transect Surveys

Belt transects (eastest orientation) totaling200 nt wererandomly established
in eachl0-hacompartmenin June 201%Appendix 2.1) The width of each transect was
4 m and the length varied depending on the shape of the compartment but the length of
all transects in a compartmentaled300 m.All transects wezlocated> 40 m from each
other and> 30 m from compartment edgé&¥ithin each belt transect, the numbered
squirrel(Tamiasciurus hudsonicumiddensand cone shell piles were counted in June
2015. These have been considered suitable indicatord efuerrel feeding activity
(Gurnell et al. 2009). Along these transects all fecal pellets were removed in June 2015.

To obtain estimates of use | subsequently counted all fecal pellets along the transects and
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cleared them as | went; this was done pride&d fall in 2015 and 2016 and prior to leaf
out in 2016 and 2017 for spring/summer and fall/winter use, respectively. Fecal pellets of
black bear(rsus americanys coyote Canis latrang, deer Qdocoileusspp.), gray wolf
(Canis lupuy, grouse BonasaumbellugCanachites canadengjsnoose Alces alcep
and snowshoe haredpus americangsvere identified. Coyote and gray wolf were
excluded from analyses due to insufficient observations.

2.32.2.Camera Traps

| used B motiontriggeredwildlife camera (Reconyx Hyperfire PC9QMolmen,
WI, USA) to capturause of compartments (treatmertig)wildlife species from October
31, 2014 until May 30, 201 Cameras were randomly rotated around the compartments
each spring and fal/l a setling pvith triggeraspeadesaettoon t he
high sensitivity and five pictures per trigger with esexond delay between each
photograph and no delay between consecutive triggers (Burton 2014). The cameras were
set facing norttio avoid sun glare and mounted toeegapproximately 1 m from the
ground in spring/summer 1.5 m from the ground in winter/fall to account for snow
accumulation. Light vegetation was removed from the area to avoid triggers from wind
induced vegetation movement. In the zone of detectibichahere was approximately 3
5 m from the camera |l ens, | applied 10 mL of
Call, Broadus, MT, USA) to a tree in view of the camditze University of Alberta
Research Ethio®ffice (StudylD: AUP00001231) as well abe Government of Alberta
Environment and Sustainable Resource Development Fish and Wildlife Division (Permit

#54605and Collection Licence #54606) approved the research.
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A total of 18 species, excluding passerine birds, were detected and identified
throughout the sampling period (American martbtates americang black bear,
Canada lynxl(ynx canadens)scoyote, fisherNartes pennanjj gray wolf, moose, mule
deer Odocoileus hemioniisred squirrel, river ottetl_(itra canadensijs ruffed grouse
(Bonasa umbelluy shorttailed weaselNlustela ermineg snowshoe hare, spruce grouse
(Canachites canadengjswhite-tailed deer @docoileus virginianus wolverine Gulo
gulo), woodchuck liMarmota monak woodland caribouRangifer tarandug. Mule deer
andwhte-t ai | ed deer were combined (hereafter ref
and spruce grouse were combined (hereafter r
analysis. River otter, shetailed weasel, and woodchuck were excluded from analysis
due to low total detections. Based on scientific literature related to habitat preferences, |
made predictions for responses of individual species to increased levels of retention
(Table2.1).

At each camera station, | measured the following variablegestfetructure:
canopy cover, horizontal vegetation cover, tree height, tree diameter at breast height
(DBH), basal area of live trees, basal area of snags, downed woody debris (log) cover,
and understory cover. Canopy cover and horizontal cover were regasuoth spring
and fall to account for seasonal changes in leaf cover. Average canopy cover was
calculated from four measurements each taken along cardinal directions using a convex
spherical densiometer. Average horizontal vegetation cover wasatatctrom
estimates in the-Q@ m and 32 m height from ground strata using a Robel pole placed 10
m and 20 m from the camera lens. Basal area of live trees and snags was measured using

a prism with a basal area factor of 3. Average tree height was calchjateeasuring
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height of the three tallest trees considered
tree DBH was determined for the | argest tree
by diameter at breast height (1.37nom the groun§l Log cove was calculated by

measuring the diameter at point of transect
largest point) bisecting a transect that extended 10 m in front of the camera and 10 m

behind the camera. Understory vegetation cover (total ghadular plants and by group:

saplings, shrup forbs, graminoidsjvas visually estimated in a h? circular plot

(camera in centre) and placed in a cover class with the following percent cover

midpoints: 1 (0.5%), 2 (2%), 3 (7%), 4 (18%), 5 (38%), G4%3and 7 (87.5%).

2.33. Data Analysis

All analyses were performed in tRestatistics progimming environment version
3.4.1(R Development Core Team 2017). Response variables were tested for nonlinearity
using generalized additive mixed models anddyparing Akaike Information Criterion
(AIC) values between linear and nonlinear models. Linear model responses were more
supported than nonlinear models, having the lowest AIC value for all response variables,
and so only linear models are presented Haisgnostic plots were used to assess
normality and homoscedasticity of the residuals for all models.

Transect data for red squirrels were based on number of feeding sites”.200 m
(count data) and were analyzed using a negative binomial generalized linear model with
theglm.nbfunction in theMASSpackage (Ripley et al. 2017). Number of feeding sites
and retention level (094,0%,20%, 50%, 75%, 100%) were the response and continuous

predictor variables, respectively. Transect data for pellet counts were analyzed using the
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Imerfunction in theme4package (Bates et al. 2017). Models for pellet data (number of
pellet groups standardized for number of accumulation days) includedaetevel
(0%, 10%,20%, 50%, 75%, 100%) and season (spring/summer, fall/winter) as
continuous and categorical fixed independent variables, respectively. Compartment and
year were random variables. The interaction between retention level and seasaar(retent
level x season) was never significant so all models included retention level and season as
main effects (retention level + season). Fall/winter season was excluded for black bear
due to hibernation.

Photographs from the motidriggered cameras wereamined to determine
number of detections for individual species standardized by number of trapping nights.
Detections for a given species were considered independent aftenialg@ time period
or if individuals were distinctly different (i.emultiple individuals of the same species
captured in a single pio). Photographs taken Apfleptember and Octobbtarch were
classified as spring/summer and fall/winter, respectively. Data werardtied
(Appendix2.2) and analyzed using zenoflated negatie binomial models using the
gimmTMBpackage (Magnusson et al. 2017). Number of detections for individual species
was the response, number of trap nights was an offset, retention levélo@#20%,
50%, 75%, 100%) was a continuous variable and seasong/spmmer, fall/winter) was
a categorical variable. Compartment and year were, again, included as random variables
with the interaction between retention level and season (retention level x season) never
significant so all models were fit with retenticevel and season as main effects
(retention level + season). Likewise, fall/winter season was excluded for black bear due

to hibernation.
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Forest structure variables were analyzed usindgnteefunction in theme4
package (Bates et al. 2017). Mixeffectsmodels includedetention leve(0%, 10%,
20%, 50%, 75%, 100%) and season (spring/summer, fall/wedeontinuous and
categoricafixed independent variablesgspectively, with an interaction tested between
retention level by season for canopy coved horizontal coveiModels for the
remaining forest structure variables (tree height, tree DBH, basal area of live trees, basal
area of snags, log cover, total understory cover, sapling cover, shrub cover, forb cover,
and graminoid cover) only includedeation level as a main effecto@partmenand

yearwere included asandom variablg.

2.4. Results

2.4.1 Wildlife responses to retention harvesting

Activity of red squirrel, fisher, coyote, wolverine, black bear, and caribou
increased with retentiomarvest level (Table.2). Red squirrel use increasdchmatically
with retention level as the median number of red squirrel feeding sites was 0/A200 m
the cleacut and increased to 18/1206 im both 75% and 100% retention harvests
(Figure2.1a). Thistrend was supported by teamera data, which also revealed a notable
increase in red squirrel activity from 10% retention to 20% reteffigure2.2a).
Although the camera data did not reveal a significant effect of retention level on habitat
use of back bear (Table.2), the number of black bear scats increased with retention
level and no blek bear scat was found in cleats (Table 2; Figure2.1b). Habitat use
of fisher increased with retention level and was notably higher at 50% retention and

above (Figure2.2b). The maximum number of coyote detections was highest in the 75%
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retention harvest and unharvested control (Fig.e). Retention level had a significant
positive effect on habitat use of wolverine (Fig@red). Effect of season on coyoand
wolverine was marginally significant with a higher number of detections in fall/winter
than spring/summer (Table2. Woodland caribou were never detected in harvested
stands with less than 20% retention with the number of detections increasing with
retention levels above that (Figize).

Snowshoe hare and grouse use declined with increasing retention level reaching
quitelov val ues at r BOogTalle 2 Figure2elw, gd). She mddiarO
number of snowshoe hare pellet growas oveitwice as high in cleauts than in
retention harvested stands, and was higher in fall/winter compared to spring/summer
(Figure2.1c). Number of snowshoe hare detections, as captured by the +inmgered
cameras, also declined with increasing reterieerl; however, detections were higher in
spring/summer compared to fall/winter (Figa.2f). Similar to snowshoe hare, grouse
activity was higher in fall/winter according to pellet counts but in spring/summer
according to photographs (Figur24d, 2g).

American marten, Canada lynx, gray wolf, deer, and moose showed no significant
differences related to retention level (Tablg) 2Deer activity was higher in all
compartments in spring/summer than in fall/winter for both pellet counts and
photographs (Tdb 22). Pellet group counts also revealed greater use of compartments

by moose in spring/summer compared to fall/winter (Talfg 2

2.4.2.Forest structure responses to retention forestry
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There was a significant interaction between retention leves@asbn on canopy
cover (Table2.3). While canopy cover was higher in spring/summer and did not change
with retention level, it was lower in fall/winter and increased with retention level so
differences in canopy cover between seasons attenuated as ndtargloncreased
(Figure2.3a).Field observations revealed thafferences in canopy cover between low
and high retention levels in fall/winter resulted from differences in canopy composition
ascanopy trees were predominantly esslyccessionaleciduous species and conifer
species indw and high retention levels, respectivaijprizontal cover was also
significantly lower in fall/winter compared to spring/summer, but it declined with
increasing retention level in both seasons (TaleFigure2.3b). Average tree height,
maximum live tree DBH, live tree basal area, dead tree basal area, and log cover all
increased with retention level (Tal#e3; Figure2.3c-g). Conversely, total understory
cover, sapling cover, and graminoid cover declineti witreasing retention level (Table
2.3; Figure2.3hj). Shrub cover and forb cover were not significantly affected by

retention level (Tabl@.3).

2.5. Discussion
These findings reveal different responses of multiple wildlife speciearying

retention levels 1518 years posharvest. The responses of habitat use to retention level

were as predicted for all vertebrates except for American marten, black bear, and coyote.

Six species (red squirrel, fisher, coyote, black bear, wolverine, woodland caribou)

showed increased activity with increasing retention level, for two species (snowshoe

hare, grouse) activity declined with increasing retention level, and five species (American
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marten, Canada lynx, gray wolf, moose, deer) did not significantly vary etghtron
level. Stands harvested to different retention levels were characterized by different

structural attributes, which likely explain the wildlife responses.

2.51. Positive responsed habitat usao increasing retention harvest levels

As predictel, red squirrel activity increased with retention level and this
corresponded to higher canopy cover, greater basal area, and larger trees that could better
support both feeding and nesting sites for red squirrels, as compared to lower retention
levels. Tk medi an maxi mum | ive tree DBH in stands
over 30 cm, which is a preferred tree size for nesting (Fancy 1980). Mature seed
producing conifers also provide a reliable food source for red squirrels (Kemp and Keith
1970; Ruscland Reeder 1978y findings conform to other studies that revealed that
red squirrels preferred unharvested stands with high densities of large spruce trees and
snags, as compared to more recedharvegpparti al ly
(Holloway and Malcolm 2006; Herbers and Klenner 2007). The complete lack of red
squirrel activity in clearcut stands more than 15 yearspastest highlights the
importance of retention harvesting for these arboreal rodents. Moreover, the presence of
red squirel middens benefits other species, including martens (Ruggiero et al. 1998) and
toads (Browne and Paszkowski 2010).

Fishers select habitats with complex vertical forest structure that includes large
trees, deadwood, and high canopy cover (Carroll 49809; Raley et al. 2012; Schwartz
et al. 2013; Lewis et al. 2016). These structural attributes, which were most prevalent in

areas of high retention, are important for fisher denning and resting sites (Aubry and
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Raley 2006; Aubry et al. 2013). Activity &iEhers was lowest in stands harvested to 0%

and 10% retention, where canopy cover was lower than the minimum threshold (56%) for

suitable fisher habitat (Purcell et al. 2009). Fishers also avoid recently logged stands (<

10 years posharvest) (Weir and @bould 2010). My results suggest that residual trees

in retention harvests O 20% could promote st
more suitable habitat than could clearcut areas (Sauder and Rachlow 2015).

Coyotes were predicted to be neutraldtention harvesting because they are
generalist predators (Thurber et al. 29Bekoff and Gese 2003) but mgsults showed
that their activity increased with increasing retention. Although coyotes have been found
to select cleauts 520 years old duentavailability of moose carcasses and berries
(Boisjoly et al. 2010) they also use mature conifer forest to avoid deep snow that hampers
mobility (Parker and Maxwell 1989 hibault and Ouellet 2005) fdund no evidence that
moose activity or shrub coverene greater in areas with highlevels of retention; thus
theobservation of apparent preferred habitat use of higher retention levels by coyotes
must correspond to other factors, such as snow depth.

Black bear was also predicted to exhibit a neutrgdaese to @tention harvesting;
however, lfound that habitat use increased with retention level. Several studies have
provided evidence that recent clearcuts are a preferred habitat for black bears due to
forage availability (Lindzey and Meslow 1977; Miathand Powell 2003; Brodeur et al.
2008; Mosnier et al. 2008). In my study, shrub and forb cover did not vary significantly
with retention level, which suggests that food availability may not have been greater at
lower retention levels 15 years pdstrvest. High levels of retention could provide both

forage and cover, two important factors in habitat selection of black bears (Young and
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Beecham 1986). Other studies revealed that black bears use mature forests, which are
valuable for den sites (Tietje andifR1980; Boileau et al. 1994). Mature residual trees
with large diameters in retention harvests may also be important for climbing (Herrero
1972) and rubbing (Green and Mattson 2003).

As predicted, wolverine habitat use increased with increastegtion level.
Wolverines have been shown to avoid logged areas in British Columbia (Krebs et al.
2007), Ontario (Bowman et al. 2010), and in the Rocky Mountains of Alberta (Fisher et
al. 2013). Scrafford et al. (2017) considered wolverine occurrerstegessional stages
postharvest demonstrating that wolverines avoideibhterior of cutblocks at 125
years. Greater log cover in high levels of retention compared to lower retention levels
could benefit wolverines by providing den sites (Dawson &Ml0).

My results conform to previous studies that revealed caribou preference for
mature coniferous forest and avoidance of clearcuts and low retention cutovers at least up
to 12 years pogtarvest (Chubbs et al. 1993; Rettie and Messier 2000; Snath2€00;
Bowman et al 2010). Logging not only alters caribou distribution but has also been
positively associated with chronic stresspresasured by cortisol concentrations (Ewacha
et al. 2017). Servheen and Lyon (1989) stated that canopy cover > 5@féeadmeter
> 20 cm were important for caribou habitat. These thresholds were observed in harvested
stands with at least 20% retention, below which caribou were not detected. Caribou may
prefer the low horizontal cover in high retention levels becausstter enables them to
visually detect predators (Pinard et al. 2012). Furthermore, retention trees and snags may

support arboreal lichen, an important winter food source for caribou.
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2.5.2. Neqgative responses$ habitat uséo increasing retention haest levels

As expected, snowshoe hare preferred low levels of retention, especially
clearcuts. Higher levels of activity in low retention levels than in retention of 50% or
above could be attributed to suitable habitat as determined by availabilitydcdirfico
cover (Wolff 1980; Pietz and Tester 1983). Low retention harvests were characterized by
high sapling cover, total understory cover, and horizontal cover, which provide snowshoe
hares with food resources and protection from predators (Dodds 196@ &valf 1982;
Litvaitis et al. 1985; Ferron and Ouellet 1992; Holbrook et al. 2017). Previous studies
demonstrated that regeneration in clearcut stands less than 10 yeduarpest failed to
provide adequate protective cover (Thompson et al. 1989¢li=f&ille et al. 2001,

Potvin et al. 2005). Retention harvests could be beneficial for snowshoe hare in sites
younger than the ones investigated in this study because reteati@siareas would
provide structural elements important for cover as aglood (Ferron et al. 1998).

As predicted, habitat use by grouse was greatest in stands harvested with low
levels of retention where understory vegetation cover was high and the canopy was
dominated by trembling aspen, which is a prevalent tree spé@escterizing preferred
habitat by grouse (Stauffer and Peterson 1985a; Stauffer and Peterson 1985b). The higher
levels of horizontal cover that were associated with low retention levels may provide
protective cover from predators (Boag and Sumanik 1988hughout the regeneration
period postharvest, retention harvests may be important as they provide logs, which are

used by drumming males (Rusch and Keith 1971).

2.5.3. Neutral responses of habitat usedtention harvesting
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Contrary to expectatio®merican marten habitat use did not exhibit a significant
positive response to retention level. | predicted that habitat use of American marten
would increase with increasing retention level because this species has been associated
with high abundance obarse woody debris, high basal area, and mature forests (Hargis
and McCullough 1984, Sturtevant et al. 1996; Proulx 2006; Andruskiw et al. 2008).

While previous research considered clearcuts up to 15 years old as poor marten habitat
(Soutiere 1979), regeraing stands of aspen that are 15 years-Ipastest may provide
adequate habitat (Poole et al. 2004). Suitable habitat for marten includes canopy cover of
at least 50%, average tree height over 6 m, tree diameter over 7.6 cm, and live tree basal
area ove 18 nt/ha (Chapin et al. 1998; Payer and Harrison 2003; Bull et al. 2005). More
than 15 years postarvest, the regenerating stands for all levels of retention in this study
supported these minimum requirements. Marten h#sebeen shown to use paityal
harvesedstands in Quebec (Godbout and Ouellet 2008) and Maine (Soutiere 1979;
Steventon and Major 1982; Fuller and Harrison 2005). In Newfoundland, marten used a
variety of habitat types, including recent clearcuts, mature forest, and regeneratisg stan
(Hearn et al. 2010). Forest structural attributes may be a more important factor than
successional stage in determining marten habitat (Chapin et al. 1997). More than 15 years
postharvest, retention level may not influence American marten activity eention

levels could potentially provide adequate structural complexity for marten habitat (Payer
and Harrison 2000; Godbout and Ouellet 2010).

The neutral response of Canada lynx to retention harvesting was as predicted and
reflects the use of vans structural attributes for different habitat needs. Lynx have been

reported to use both regenerating pdisturbance forest and mature conifer forest
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(Vashon et al. 200&imonsLegaard et al. 2013Regenerating harvested areas
supported abundant sndwee hares that would have served as prey (Mowat and Slough
2003; Holbrook et al. 2017); howevergher levels of retention had reduced understory
cover and that could facilitate prey accessibility (Fuller et al. 2007; Fuller and Harrison
2010; Ivan and Sink 2016). Furthermore, retention harvesting, as compared to
clearcutting, provides greater basal area and deadwood abundance, which provide den
sites for lynx (Slough 1999; Gilbert and Pierce 2005). Thus all levels of retention
harvesting, as well as univasted forest, could be useful habitat for lynx.

As a generalist predator, wolves occupy various habitats (Mladenoff et al. 1995;
Houle et al. 2010). Similar to my findings, wolf habitat use did not significantly vary
between cutblocks and unharvestegtfts in westentral Alberta (Kuzyk et al. 2004).
Wolf prey such as moose also exhibited a neutral response to retention harvesting, which
may partly explain the lack of response in wolves as they select areas based on prey
availability (Lesmerises et &012).

Both moose and deer benefit from the higher forage availability in-sera}
stands and the higher hiding and thermal cover irdatal stands; this could explain the
lack of response to different levels of retention harvest. Moose habitetrecterized by
closedcanopy forest for shelter from extreme temperatures and predators, as well as
more recently disturbed areas for food availab{liiynmermann and McNicol 1988;
Forbes and Theberge 1993). Browse availability for moose has beenddpdree
greater in regenerating stands more than 10 yeaysosktharvest (Potvin et al. 2005;
Newbury et al. 2007). Retention harvests could, therefore, be more valuable moose

habitat as compared to clearcut in the shagen, when moose habitat quglis reduced
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immediately posharvest (Dodds 1960; Potvin et al. 1999). Large mature trees in
retention harvests could provide thermal cover as well as cover from predators
(Mastenbrook and Cumming 1989; Kunkel and Pletscher 2000). Similar to moose, deer
could benefit from superior forage availability in stands harvested to lower retention
levels (Lyon and Jensen 1980). Nevertheless, deer could select stands harvested to high
retention levels with greater canopy cover to facilitate movement in snow (Amelede

al. 1994), or to avoid temperature extremes (Schmitz 1991).

2.5.4. Management implications

This study highlights the importance of retention harvesting for conserving faunal
biodiversity while revealing challenges associated with managing forestkgres for
multiple species. Over half of the species investigated exhibited a significant response to
retention harvesting more than 15 years jasvest. While responses of individual
species could have differed immediately postvest, retention harsgng may enable
closedcanopy species to use cutblocks earlier than if they had been clearcut (Fisher and
Wilkinson 2005).

This study demonstrates the value of retention harvests for sensitive species such
as woodland caribou, which was not detectedands harvested to less than 20%
retention and is a species of conservation concern with rapid population declines
(Hervieux et al. 2013). Canada has been criticized for neglect of habitat protection
(Hebblewhite and Fortin 2017) and industrial activites;h as forestry, are a dominant
cause of caribou habitat degradation (F&tanchet et al. 2011). Courtois et al. (2008)

suggested amalgamating forest harvesting in localized areas to preserve large areas of
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intact habitat in the landscape; retentionvieats could facilitate habitat connectivity
between areas of intact forests (Courtois et al. 2004). Knowing that woodtéraliazse
retention harvest chitocks, forestry companies could consider other management
strategies to enhance habitat qualityhsas terrestrial lichen transplants or seeding
(Government of Alberta 2017).

Responses to different retention levels varied by species and reflected different
habitat requirements. Many laseral species revealed notable differences in activity
betweer20% and 50% retention, and habitat use of stands harvested to at least 50%
retention was comparable to use of unharvested stands. Additional research is required to
determine whether or not harvesting multiple small areas using a wide range of retention
levels is more advantageous than harvesting a single large area to low retention while
preserving a large area of unharvested forestg8tent et al. 2007; Lindenmayer et al.
2015). When comparing these different harvesting designs, the amount of edige crea
and consequent effects of fragmentation on vertebrates should also be considered to
better accommodate habitat preferences of numerous species and ultimately maintain
vertebrate diversity in harvested landscapes.

| recognize the limitations in thisugty related to both transect surveys (Keiter et
al. 2016) and camera trapping (Burton et al. 2015). | do not assume that 1) treatments
were devoid of a particular species when not detected (MacKenzie et al. 2002;
MacKenzie et al. 2005), and 2) there wasagletectability for all species because
detection rates may vary by animal behaviour (MacKenzie et al. 2004). My results should
therefore be interpreted wittaution;especially since treated compartment sizes (~ 10

ha) were smaller than the home ranfygeseveral of the species examined. Despite these
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study limitationsthe findings contribute to a bett@nderstanding of mukspecies

wildlife responses to retention harvesting for the boreal forest.
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Table 2.1.Predicted responses of speciabilat use to increasingtention levels (0% to 100%) 1B years posharvest indicated as
positive (habitat use increases with increasing retention level), negative (habitat use declines with increasing ket@nton le
neutral (habitat use is ndffected by retention level) with the rationale for predictions and supporting references.

Species Predicted respon Rationale References
Hargis and McCullough 1984; Buskirk et al. 1989; Ruggiero €i9€8; Bul
and Heater 2000; Payer and Harrison 2003; Bull et al. 2005; Proulx .
Jonkel and Cowan 1971; Lindzey and Meslow 1977; Young and Bee:
1986; Boileau et al. 1994; Mitchell and Powell 2003
Koehler and Brittell 1990; Slough 1999; Gilbert and Pierce 2005; Fulle

American marten Positive Late-seral specialist

Black bear Neutral Habitat generalist

Canada lynx Neutral Habitat generalist 2007; Simond_egaard et al. 2013; Holbrook et al. 2017
Coyote Neutral Habitat generalist ~ Bekoff and Gese 2003; Thibault and Ouellet 2005; Boisjog}.€2010

. . Lyon and Jensen 1980; Tomm et al. 1981; Beier and McCullough 1¢
Deer Neutral Habitat generalist Armleder et al. 1994; Sullivan et al. 2008
Fisher Positive Lateseral specialist Carroll et al. 1999; Aubry and Raley 2006; Purcell et al. 28@%ey et al.

2012; Aubry et al. 2013; Schwartz et al. 2013
Mladenoff et al. 1995; Kuzyk et al. 2004; Houle et al. 2010; Lesmerise:
2012; Ehlers et al. 2016
Boag andSumanik 1969; Stauffer and Peterson 1985a; Stauffer and P«
1985b
Tomm et al. 1981; Timmermann and McNicol 1988; Forbes and Thet

Gray wolf Neutral Habitat generalist

Grouse Negative Early-seral specialisi

Moose Neutral Habitat generalist 1993: Courtois et al. 2002

Red squirrel Positive Late-seral specialist <EMP andkeith ﬁ?gég&sﬁglﬁ)’wa;'fzer’%e{ﬂi?gj;fgggg 1980; Thomps
Snowshoe hare Negative Early-seral specialisi Monthey 1986; Ferron and Ouellet 1992; Hodson et al. 2011
Wolverine Positive Late-seral specialist Krebs et al2007; Bowman et aI2.0210310; Dawson et al. 2010; Fisher et
Woodland caribot Positive Late-seral specialist Chubbs et al. 1993; Rettie and Messier 2000; Smith et al. 2000; Cour

al. 2004; Bowman et al. 2010
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Table 2.2.Results of regression models [beta coefficient with standard er(8iE)) andP values P)] examining the influence of
retention level (0%, 10%, 20%, 50%, 75%, 100%) and season (spring/summer, fall/winter) on wildlife activity. Data frets {fanse
of pellet groups/100 days) for all species, except red squirrel, were analyzed using Gaussian distribution. Transectl dafairiel re
were based on number of feeding sites/126@ma were analyzed using negative binomial distribution. Transect datinéor

species were from counts of pellet groups. Data from photographs were analyzed usimifpredonegative binomial models.
Reference category for season was spring/sunfnalues in bold were considered significanaat 0.05.

Transects Photos
Retention Season Retention Season

b (SE) P b (SE) P b (SE) P b (SE) P
American marten - - - - 0.008 (0.008  0.283 0.090 (0.493 0.856
Black bear* 0.010 (0.004 0.036 - - -0.003 (0.003  0.285 - -
Canada lynx - - - - -0.005 (0.005 0.322 -0.188(0.324 0.562
Coyote - - - - 0.021 (0.009  0.022 0.606 (0.310 0.051
Deer -0.009 (0.00¢9 0.342 -0.948 (0.319) 0.004 -0.006 (0.005 0.267 -4.574(1.016 <0.001
Fisher - - - - 0.029 (0.010  0.003 0.320 (0.568 0.572
Gray wolf - - - - 0.004 (0.006  0.470 0.361 (0.392 0.357
Grouse -0.116 (0.027 0.001 2.712 (1.195) 0.027 -0.043(0.014 0.002 -1.643(0.62C 0.008
Moose -0.014 (0.012 0.250 -1.187 (0.436) 0.009 -0.005 (0.003 0.127 0.156 (0.187 0.405
Red squirrel 0.037 (0.005 <0.001 - - 0.011 (0.006  0.041 0.219 (0.257 0.395
Snowshoe hare -1.340 (0.302 <0.001 20.405(8.016) 0.014 -0.021(0.006 <0.001 -0.671(0.20€ 0.001
Wolverine - - - - 0.022 (0.011  0.047 1.835(1.103 0.096
Woodland caribot - - - - 0.025 (0.010 0.013 0.871(0.641 0.174
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Table 2.3. Results of regression models [beta coefficient and standard ér{&E)), and

P values P)] examining the influence of retention level (0%, 10%, 20%, 50%, 75%,
100%) and season (spring/summer, fall/winter) on measiifesest structure. Data were
analyzed using Gaussian distribution and the reference for season was spring/ummer.
values in bold were considered significanaat 0.05.

Retention Season Retention xSeason
b (SE) P b (SE) P b (SE) P

Canopy cover  0.077 (0.064 < 0.001-58.441 (3.573< 0.001 0.580 (0.064< 0.001

Horizontal cover -0.211 (0.072 0.005 -10.398 (4.289 0.017 0.046 (0.075 0.538
Tree height 0.200 (0.026 < 0.001 - - - -
Tree DBH 0.377 (0.052 < 0.001 - - - -
Live basal area 0.303(0.048) < 0.001 - - - -
Dead basal area 0.065 (0.011 < 0.001 - - - -
Log cover 0.055 (0.022 0.021 - - - -
Understory cover -0.630 (0.147 0.001 - - - -
Sapling cover -0.196 (0.055 0.003 - - - -
Shrub cover  -0.093 (0.071 0.208 - - - -
Forb cover 0.026 (0.065 0.698 - - - -
Graminoid cove-0.363 (0.087 0.001 - - - -
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Figure 2.1. Box plots of a) red squirrel, b) black bear, ¢) snowshoe hare, and d) grouse
activity based on number of feeding sites (a) and number of pellet gredps@m

surveys along transects in 0%, 10%, 20%, 50%, 75%, and 100% retention. Horizontal
lines within the boxes indicate the medians, box boundaries representtha®3%'
percentiles; dots outside the baxiskers are outliers.
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Figure 2.2.Scatterplots of number of detections/100 nights for a) red squirrel, b) fisher, c) coyote, d) wolverine, e) woodland caribou,
f) snowshoe hare, and g) grouse based on photographs captured bytriggered cameras deployed in 0%, 10%, 20%, 50%, 75%,
and100% retention harvesreatments from 2012017.
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Figure 2.3. Box plots of a) canopy cover, b) horizontal cover, c) average tree height, d) maximum live tree DBH, e) live tree basal
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percentiles, and dots outside the haxiskers are outliers.
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Appendix 2.1.Universal Transverse Mercator coordinates (zone = 11, datum = NAD83) for belt transects used for counts of feeding
activity sites and fecal pellet groups.

Retention Compartment Transect start Transect end
level (%) identification numbe Transect numbe Transect length (n Eastin Northin Eastin Northin
g g g g
0 892 1 200 0414487 6290540 0414297 6290550
0 892 2 100 0414521 6290452 0414617 6290435
0 922 1 150 0416252 6295557 0416099 6295563
0 922 2 50 0416076 6295616 0416026 6295622
0 922 3 100 0416014 6295718 0415915 6295734
0 932 1 300 0418787 6296663 0419081 6296633
10 895 1 300 0413974 6291036 0414269 6291004
10 917 1 100 0416662 6294671 0416561 6294676
10 917 2 100 0416614 6294621 0416715 6294605
10 917 3 100 0416649 6294528 0416743 6294521
10 934 1 50 0418484 6296562 0418439 6296566
10 934 2 200 0418413 6296445 0418217 6296455
10 934 3 50 0418286 6296394 0418240 6296392
20 896 1 100 0414570 6291287 0414654 6291276
20 896 2 100 0414619 6291152 0414722 6291134
20 896 3 100 0414637 6291103 0414733 6291088
20 919 1 50 0416921 6295388 0416873 6295395
20 919 2 100 0416901 6295309 0416803 6295310
20 919 3 150 0416843 6295265 0416697 6295268
20 933 1 100 0418665 6296610 0418570 6296623
20 933 2 50 0418641 6296312 0418592 6296316
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Appendix 2.2. Total number of camera deployment nights and wildlife detections for each replicate (n = 3) of different retention
levels (0%, 10%, 20%, 50%, 75%, 100%).

Retention level (% 0 0 O 10 10 10 20 20 20 50 50 50 75 75 75 100 100 100
Replicate 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Number of nights 1285 1431 1083 1156 1340 1224 1341 1503 1077 1338 1583 1223 1323 1592 1138 891 1664 1557
Number of detections

American marten 1 3 0 2 6 0 4 3 0 1 0 1 2 3 1 13 2 1
Black bear 18 21 4 15 14 15 14 26 21 21 17 34 16 19 23 8 6 19
Canada lynx 9 4 4 2 1 4 2 8 8 7 1 1 1 1 1 10 4 7
Coyote 0 1 0 1 1 1 1 0 2 1 4 1 1 1 1 11 5 1
Deer 35 15 2 7 13 1 12 2 9 14 4 6 3 21 3 7 13 10
Fisher 0 0 1 0 0 1 3 0 0 0 8 0 0 6 3 10 2 4
Gray wolf 7 5 0 2 2 0 2 6 1 0 2 1 5 2 0 2 44 4
Grouse 3 5 2 2 3 1 9 2 1 1 1 0 0 1 0 0 0 0
Moose 29 6 12 33 17 7 15 12 23 17 57 11 20 11 26 9 13 5
Red squirrel 1 1 2 5 4 4 114 8 12 33 81 6 22 11 2 170 10 64
Snowshoe hare 129 116 38 28 21 14 8 3 11 56 5 6 14 9 1 9 0 10
Wolverine 1 0 0 0 0 0 1 0 0 1 0 0 1 2 0 3 1 0
Woodland caribot 0 0 0 0 0 0 0 0 7 0O 22 2 4 19 O 0O 24 24
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Chapter 3: Combining aggregated and dispersetetention harvesting
for conservation of vascular plant communities

3.1.Abstract

Retentionharvestingalso called tree retentionj which a portion of live mature
trees are left behind at forest harveshcreasinglyused to mitigate negativeapacs of
harvesting on biodiversityretention is left at different levels and in drifat patterns,
that have been described as O6aggregated?d
combining patterns of retention on conservation and recovery of understory vascular
plants in the londerm is largely unknownlo address this gapcbmparedunderstory
vascular plant diversity, abundance, and compositeiween aggregated retention and
five levels of surrounding dispersed retent{o® = clearcut, 10%, 20%, 50%, 75%%
years posharvest | also investigated whether dispersed retentiinenced the ability
of embedded retention patchestgport plant communities characteristic of unharvested
forests, and whethdne effectvarieswith patch size (0.20 ha 6r46 ha)or position
within patchesddgeor interior). Species richness,\airsity, and cover were higher in
dispersed retention than in patches as harvested areas favourestesrpfants.
Graminoid cover was greater at the edges than in the interior of large patches. Even
retention patches of 0.2 ha surrounded by dispeetedtron more effectively supported
shadetolerant (forest interior) plant communities than those surrounded by clearcuts, and
the effect was stronger when they were surrounded by higher levels (densities) of
dispersed retention. Overall, combining aggtedand dispersed retention within a
single cutblock benefitted both lai@nd earlyseral plant species, and thus should more

effectively conserve understory plant assemblages in harvested landscapes than use of
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only a single retention pattern. Therefdrarvest prescriptions that deploy a range of
retention patch sizes combined with varying levels of surrounding dispersed retention

should better achieve the plant conservation objectives of sustainable forest management.

3.2 Introduction

Retentiorharwess that leave mata live trees behind at harvestused in
sustainable foresttp enhance structural diversity, maintain ecosystem funaimh
conserve biodiversitgFranklin et al. 1997y anhaMajamaa and Jalonen 2001,
Gustafsson et al. 201Rindenmayer et al. 201Eedrowitz et al. 2014; Mori and
Kitagawa 2014). Many options may be considered in application of retention harvesting,
including retention level (proportion of the initial density, basal area, or volume that is
retained) and patter(spatial arrangement of retained tre@sprimary function of
aggregated retentiqor retentionpatched i s t o O4dddpdndebtepediedé f or es't
through disturbancky providing habitat and microclimatic conditiotiat arerelatively
similar to urnarvested forest (Franklin et al. 199In) contrasta more uniform dispersion
of retained treedd(spersed retentigron cublocks,enhancelandscape connectivityy
maintainng structural complexity throughout the harvested area (Franklin et al. 1997).
Thus, combining botepatial patterns in a single hanasstredi.e., variable retention
harvesting) represents an attractive strategy for conservation of biodiversity (Franklin et
al. 1997;Rosenvald and L6hmus 2008ubry et al. 2009). Unfortunatelthere is only
limited evidence about the effectiveness of such harvest prescriptions (but see Lencinas et

al. 2011; Pinzon et al. 2012; Lee et al. 2017).
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Contrast between retained patches and the surrounding matrix and how this
changes over time pebarvest may influence the effectiveness of retention patches as
lifeboats. Dispersed retention around patches should reduce their structural contrast with
the surrounding matrix over that of a clearcut, and such effects are expected to moderate
microclimatic caditions and reduce edge effects (Bannerman 1998; Harper et al. 2005).
Smallretention patches experience increased blowddénsson et al. 200Bteventon
2011) and this gradual conversiorrefained trees to snags ahavned logsould
impact their eféctiveness of patches as lifeboatsfwestdependent specieBispersed
retention around retention patches could better protect them and conserve their lifeboat
function over a longeterm. Fewstudiesof retention harvesthaveaddressed effects
more han fiveyears posharvestand thudonger-term studies are needed to detect
potential lag effects biodiversity responses (Fedrowitz et al. 2014)

In boreal and temperate forests, the vast majority of plant diversity is in the
understory layer, whicincludes saplings, shrubs, forbs, and graminoids (De Grandpré et
al. 2003; Gilliam 2007). These plant communities provide fmadl habitat for wildlife,
play key roles in nutrient cycling, and affect tree regeneration, thereby influencing forest
stand dynanics (Nilsson and Wardle 2005; Hart and Chen 2006; Gilliam 2007).
Disturbances such as forest harvest alter understory communities by creating favourable
conditions for earlyseral species (Pykala 2004art and Chen 20Q6Fewer changes
result with highetevels of dispersed retention as more residual material is associated
with fewer changes in plant species richness, cover, and composition, as compared to pre
harvest conditionéBergstedt and Milberg 2008; Craig and Macdonald 268pern et

al. 2012)
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Previous studies on understory responses to harvest in retention patches have
considered mainly retention patches surrounded by clearcuts, and these studies suggest
that vegetation in patches is negatively affected by surrounding clearcutblépgrn et
al. 2005; Halpern et al. 2012; Roberts et al. 2016). Even in relatively large patches (> 0.5
ha), plant communities can be substantially different than in unharvested forest when
patches are surrounded by clearcuts (Bradbury 2004). In sotehgperate forest,
understory plant communities were more similar to uncut forest in harvest designs that
combined aggregated and dispersed retention treatments than when a single retention
pattern was used (Lencinas et al. 2011); however, their studyheddesm (four years
postharvest) and limited to a single patch size and retention lesmagigest that higher
levels of dispersed retention should better preserve the effectiveness of retention patches
as lifeboats for understory plant communitieseensfor saproxylic beetles (Lee et al.

2017). Furthermore, smalleafgches maynoreeffectively maintan late-seral plant
communitiesf surrounded by dispersed retentigtmowledge of the interactive effects of
patch sizeposition within patchand surranding retention levels, particularly in the
longer termpromiseto betterinform harvest planningp meet conservation goals in
sustainable forest management

| examined the effects of comhitions ofaggregated and dispersed retention on
understory vasdar plant diversity, abundance, and composition 15 yearshpogest.
Specifically, Itested four hypothesésat wererelated tceither the retention pattern for
comparisons between retention patches and surrounding harvestegHajesstention
level surroundingetention patchs(H2), patch size (H3)Qr position within patchs(H4)

as follows. H1: species richness, diversity, cover, and sapling desisityer in retention
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patclresthanin a surrounding matrix of dispersed retentibacause¢he havested area

supports botkearly-seral specieandmore shaddolerantspecieghat are resilient to

harvesting furthermore, these differences between patches and the surrounding harvested
areas attenuate with increasing levels of dispersed reteHhi®ohigherlevels of

surrounding dispersed retentiall improve retentionof plant communities

characteristic of unharvested forestetained patche$i3: largemretainedpatcheswill

support lateseral plant communities better than smaller patdHdssgecies diversity,

cover, and sapling densityilwbe higher athe edge than in the interior of patches

becausashadeintolerant species will be favoured at the edge

3.3. Methods

3.3.1. Study Site

Research waconducted at the largealeEcosystenManagemenEmulating
Natural DisturbancéEMEND) experiment locad approximately 98m norhwest of
Peace River, Albert-hl8fLa22dda2886W) 465hd3ar &a
representative of the boreal mixedwood plains and forests are dominated bypminite
(Picea glaucy, trembling aspenRopulus tremuloidgsand balsam poplaPopulus
balsamifera. Mean annual precipitation is 436 mm and mean temperatureksa9eC
and 15. 0AC for January and Jul vy 20l0especti vel
ci mat e nor mal acessedd6 Jamary 281y &@no
www.climate.weather.gc.gaSoils are wetdrained and primarily Luvisolic (Kishchuk

2004).
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| studied a subset of the experimentally harvested compartments (c. 10 ha each) at
EMEND. These werdomiratedby conifers, mainly white spruce, and had been
harvested in the winter of 1994®99using one ofive differentretention levels
(treatments) based on therpentagef the initial density retained in particular
compartments: % (clearcut), 1%, 20%,50%, and 75% retentiokach compartmen
was cut to retain one large (c. 0.46 ha) and one sméll2@.ra) elliptical retention patch
surrounded by clearcut or dispersed retention (Figuresee Spence et al. 1999 for
details of design). The two patches within each compartment were at least 80 m apart.
Unharvested compartmemgreused as controlsThere were three replicat®f each

treatment giving a total of 18 experimental compartmientisis study.

3.32. Data Collection

During JuneAugust 2014, samples were collected freight 1-m? quadratghat
were placed irrachharvested compartment, and anothight quadratplacedin each
large and smakkmbeddedetention patchCraig and Mwcdonald (2009) demonstrated
that eght quadrats in an area less than 0.5 ha provides sufficient sampling intensity to
well represent the understory vascular plant community, including shrubs, forbs,
graminoids, and tree saplings. Quadrats in the harvastedvere randomly established
in an area no larger than the size of a large patch (< 0.46 ha). Quadrats within patches
were placed as follows: four quadratere placed at the edge of the patch, one in each
cardinal direction, and the remainifaur quadats were placed randomly at least 5 m
apart in the patch interioridght quadratsvere also placed randomly imharvested

control compartments in area of between 0.20 and 0.46 ha.
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Percent coveof all individual shrub, forb, and graminospeciesvere visually
estimated in each quadrat for each spdci¢lse nearest 0.5% from 0% to 1%, to the
nearest 1% from 1% to 10%, and to the nearest 5% from 10% %. Ha@ling & 10 cm
in height;O5 ¢ m teddt ereast height) densities (for tree species® aiso
guantified within a 2n radius of each quadrat cent&pecimens that could not be
identified in the field were collected for identification in the laboratory. Specimens
unidentifiable at the species level were identified to genus and treatedakydanan

identified species of the same genus for the purpose of an@pgiendix 31).

3.3.3. Data Analysis

Species richness was expressed as the total number of species per quadrat (1 m
Vascular plant diversity was calculated using Hill numbers to obtain the effective number
of species (Hill 1973). Shannon diversity was considered Hill number of order 1, which is
the exponential of Shannonds ethdrresppective and
abundance (Jost 200&esponse variables includiesascular plant species richness,
diversity, and percent cover (total and by vegetation type: shrubs, (ioddsding
prostrate/trailing woody speciegndgramiroids), andsaplingdensty to quantify forest
regeneration.

Mixed-effectsmodelsof variancewere produced in the statistics prog@mming
environment version 3.2(R Development Core Team 2015) with thee function in the
nimepackage (Pinheiro et al. 2017). Response vasgalk&re tested for nonlinearity
using generalized additive mixed models and by comparing Akaike information criterion

(AIC) values between linear and nonlinear models. Linear model responses were more
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supported than nonlinear models, having the lowest AlGe/for all response variables,
and so only linear models are presented here.

For examinng the influence ofetentionpattern(H1) and patch size (H3) on
species richness, diversity, cover, and sapling density, the yaffesdts modeincluded
retentionlevd (0%, 10%,20%, 50%, 75%) and spatial pattern (harvest area, small patch,
large patchpscontinuous andategoricafixed independent variablesgspectively, and
the interaction between retention level @pdtial patternCompartmentvas includeds
a random variabléData from the unharvested compartments could not be included in
these analyses since unharvested forest had nothing comparable to the retegation pa
categories. therefore present means and standard errors from the unharvested
compartments with the results from the mixed models for comparative purposes with the
other treatments. To determine the influence of surrounding dispersed retention level on
the lifeboating function of retention patches (H2), miedigcts models were conded
for each patch size separately and included retention levell@4,20%, 50%, 75%,
100%) and compartment as a continuous and random variable, respectively. To compare
responses between the edge and imtexfi retention patches (H4)uked a splisplit plot
design. Retention level (09%20%,20%, 50%, 75%) was the main plot, patch size (small,
large) waghe splitplot, position wihin patch (edge, interior) waise splitsplit plot, and
compartmentvas a random variable.

Diagnostic plots were used assess normality and homoscedasticity of the
residuals for all of the mixed models. Assumptions of normality were not met for
graminoid cover and those data were-tansformed. When there was a significant main

effect from the mixegffects models, grwise comparisonsa(= 0.05) of leassquares
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means were made using teeneangackage (Lenth 2016). When the interaction
between patch size and position within patch was significant, pairwise compaasons (
0.05) between positions were mddeeachpatch size.

To examine the effect of variable retention harvesting aergtory species
composition, kconducted distanelased redundancy analyses-RIDA) following the
mixed models described above in R version JR.Development Core Team 2015)
usingthe capscalgunction in theveganpackage (Oksanen et al. 2017performed db
RDA using the BrayCurtis distance measure because this analysis tests the significance
of individual independent variables and their interactions for multispecies response
variables (Legendre and Anderson 1999). Statistical significance of tR®Abmodel
terms was determined using 999 permutations. Species data were represented by percent
cover and were Hellinggransformedo reduce the value of abundant spefiegendre
and Gallagher 2001Y.he Hellinger transformation convedgach abundance valtethe
proportion of total sum of valuese{ative abundangeand subsequently calculates the
square rookachproportion(Legendre and Gallagher 2001)

For examinng the influence ofetentionpattern(H1) and patch size (H3) on
species composition, the primary matrix of theRIDA was the species data for each 1
m? sampling quadrat while the secondary matrix consisted of retention level (0%

20%, 50%, 75%) and retentigattern (harvest area, small patch, large patch) as a
continuous and categoal variable, respectively.used theordisurffunction to fit

smooth surfaces for retention level onto the ordination plot using thinplate splines with
generalized crosgalidation for selection of smoothness (Oksanen et al. 2017). Species

displayed in the plot were selected using the circle of equilibrium method, which chooses
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species that make above average contributions to the ordination plot (Legendre and
Legendre 1998). Thiateraction between retention pattermd level was significant so |
performed additional dRDAs that examined the differences in species composition
between retention patterns fadividual retention levels. dsed theordiellipsefunction
to add dispesion ellipses (95% confidence regions) based on standard errors of the
weighted average of scores around the centroids of each retention pattern (Oksanen et al.
2017).

To investigate the ability of the retention patch to support plant communities
similar to intact forest (H2), tonducted diRDA that included retention harvest
treatments and unharvested control for the small patch and large patch sepatately.
not explore differences among retention levels for the dispersed retention only because
othes are examining these comparisons with a larger datdsdetermine whether or
not there were differences in responses between the edge and interior of retention patches
(H4), the primary matrix of the dBDA was the species data for eaclndsampling
guadrat while the secondary matrix consisted of position within patch (edge, interior),
patch size (small, large), and retention level (A986,20%, 50%, 75%). In all dRDA
models, compartment wasanditionalvariable to remove its random et before

constraining the other variables (Oksanen et al. 2017).

34. Results

34.1. Responses to retention pattern and level

In total, 18 shrub, 59 forb, and 10 graminoid species were found (App&iix

Retention pattern significantly affected sjgscrichness, Shannon diversity, total cover,
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and graminoid cover (Tab®1). The interaction between retention level and pattern was
significant for forb cover, sapling density, and composition, while shrub cover did not
vary significantly with retentiotevel or pattern (Tabl8.1). The level of surrounding
dispersed retention did not significantly affect species richness, Shannon diversity, total
cover, shrub cover, and forb cover in the retention patches; however, as the level of
surrounding dispersaeétention increased, graminoid cover, sapling density, and species
composition in the small and large patches were more similar to the unharvested control

(Table 3.2; Figure 3.6).

3.4.2 Understory vegetation diversity and cover

Vascular plant species hoess per quadrat was higher in the harvested area than
in either the small (p < 0.001) or the large (p = 0.002) embedded patches, and was lower
in small than in large patches (p = 0.017). Species richness in the retention patches was
more similar to thaih unharvested control compartments than to the harvested areas
regardless of dispersed retention lef@tjure3.2A).

Shannon diversity was higher in the harvested areas compared to both the small (p
< 0.001) and large (p = 0.004) patches with no sigmificlifference in species diversity
between patch sizes (p = 0.194). Species diversity of the patches was also more similar to
that of the unharvested control compartments than the surrounding harvested area (Fig
3.2B).

Total understory covewxas signiicantly higher in harvested areas than in small
patches (p = 0.007), while cover in large patches was intermediate and did not differ from

either that in small patches (p = 0.106) or harvested areas (p = 0.277). As with the results
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for species diversityral richness, total cover was more similar to unharvested controls in
retention patches than in harvested a(Eagire3.2C).

Graminoid cover in harvested areas was significantly higher than in both the small
(p =0.019) and large (p&:037, Figure3.2D) patches, which did not differ from one
another in this respect (p = 0.790). When both patch sizes were surrounded by higher
amounts of dispersed retention, graminoid cover was more similar to that in the
unharvested control (Tab&2). The significantnteraction between retention level and
pattern for forb cover was due to the fact that in both patch sizes forb cover decreased
with increasing retention level in the surrounding retention (small paticle€.08°
0.16; large patcheb:=-0.07° 0.16), whereas in harvested areas forb cover was

positively related to retention levdd € 0.18° 0.16) (Figure3.3A).

3.4.3 Saplings

Populus balsamiferandP. tremuloidesaccounted for the majority of saplings.
Sapling density decreased under higher retention level but the effect was stronger in the
harvested areab € -0.91° 0.21) than patches of either size (smak: -0.07° 0.21,
large:b =-0.36° 0.21). Sapling desity was lowest in unharvested controls and was
twice as high in the harvested areas as in the patches when dispe¥aedn level was
O 20 % @.3B). Fhere was less variation in sapling density between harvested areas
and retention patches wheiglher levels of dispersed retamisurrounded the patches
(Figure 33B). Moreover, sapling densities in patches of [sitkswere more similar to
the unharvested controls with increasing amounts of dispersed retention surrounding

patches (Tabl8.2).
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3.4.4. Composition

Vascular plant species composition varied among small patches, large patches,
and harvested areas andsinfluenced by amount of dispersed retention (Figd\).
The different retention patterns (patch vs. distributed retention) segan@stly on axis
2 of the RDA, while variation related to amount of dispersed retem#&sndistributed
along axis 1 (Figur8.4A). Species such dsster ciliolatus Calamagrostis canadensis
andEpilobium angustifoliumvere associated with lower amounts of dispersed retention,
while Cornus canadensiwas characteristic of high retention (Fig3:¢B). Linnaea
borealisandGeocaulon lividuntharacterized small patches, whdaccinium vitisidaea
andLedum groenlandicumwere more associated with large patches (FiguiB).
Distinct plant communities characterized the harvested areas, small patches, and large
patches for each level of dispersed retention (0%, 10%, 20%, 50%, 75%) GHures
surrounding dispersed reten increased, species composition in both small and large
patches became more similar to those in unharvested forest, as compared to patches

surrounded by clearcut (Figuses).

3.45. Responses to position within retention patches

Position within theetention patches did not affect species richness, Shannon
diversity, total cover, shrub cover, forb cover, and composition, but did significantly
influence graminoid cover (Tab&3). Median graminoid cover was higher at patch
edges than in patch inters for both patch sizes, but this difference was greater for large

than small patches (Figug). In large patches graminoid cover was significantly
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greater at the edge than in the interior (p < 0.001) but in small patches there was no

difference in greninoid cover between the interior and edge (p = 0.991).

3.5. Discussion

My results demonstrate that combining dispersed and aggregated retention in a
single harvested arésbeneficial forconservation of understory vegetation 15 years
postharvest. Comared to areas harvested to dispersed retention prescriptions, patch
retention was more effective at supporting plant communities similar to unharvested
forest, particularly when these patches were surrounded by higher amounts of dispersed
retention.Small(0.20 ha) and large (0.46 ha) patches supported different understory plant
communities and large patches had higher gramionoid cover at the edges compared to the

interiors of the patches.

3.5.1. Responses to retention pattern and level

My resuts suppored myfirst hypothesis (H1), which predicted more increased
species richness, diversity, cover, and sapling density in dispersed retention than in
retention patches. Harvested areas were characterized bype@lyegetation, whereas
embedded retentigmatches more effectively supported latecessional species
associated with the unharvested control compartmeigker species richness, diversity,
and cover, and presence of more shatlderant species, in harvested areas can be
explained by greatdight availability resulting from reduced canopy, as compared to
conditions in the patches (Battles et al. 2001; Heithecker and Halpern 2007). Reduced

canopy cover in harvested areas benefitted species that prosper under higher light
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transmission such & angustifolium(Lieffers and Stadt 1994). Mindings are similar
to those of Soler et al. (2016) in showing that unharvested patches in a temperate forest
contained more native forest specialists than did dispersed retention.

As amount of retention ineased, sapling density in harvested areas became more
similar tothat in retention patches, aexpected to follow as a function of fewer
structural differences between the surrounding harvested area and pHtehes.
significant combined effects of retem pattern anémounton forb cover and sapling
density could reflect the potentiaiteractions between canopy closuegeneration, and
understory vegetation cove3hade intolerant sapling species, sucR.aeemuloidesand
P. balsamifera are favoued by high light environments associated with low retention
levels (Frey et al. 2003; Heithecker and Halpern 2006; Gradowski et al. 2010). Presence
of high sapling densitieis areas witHow retention likely contributed to redung forb
cover by shadintheunderstorythus explaining the contrasting responses of these two
vegetation componenf8Vagner et al. 2011).did not observe such differences in
retention patches; both sapling density and forb cover were relatively low, likely as a
result of greatecanopy cover. Somewhat higher forb cover in patches could have
resulted from greater light availability resulting from more blowdown in patches
surrounded by lower retention (Scott and Mitchell 2005; Lee et al. 2017).

In accordance with mgecond hypotbsis (H2), patches surrounded by dispersed
retention were more effective as local refugia for fedegiendent species than were
patches surrounded by clearcis: results showed that, as dispersed retention level
increased, retention patches better sujggomore shadlerant species such ¥svitis-

idaea(Vaisanen et al. 1977) ahdborealis(Eriksson 1988). Lencinas et al. (2011) also
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showed that aggregated retention combined dispersed retention (40%90%

retention) more effectively conserveddanstory plant communities in the short term

(four years posharvest), as compared to only disped retention (20980%) or one

small (~ 0.28 ha) patch per hectare within a clearcut. The positive influence of dispersed
retention on faunal conservationembedded retention patches also has been recorded
for arthropods (Pinzon et al. 2012; Lee et al. 2017). Retained trees surrounding retention
patches reduce environmental extremes between regenerating and unlogged patches,
decreasing blowdown rates in pagsh{Lee et al. 2017). Consequently, embedding them

in dispersed retention enhances the ability of retention patches to support species
composition characteristic of unharvested forest. Eweangh retention patches < 1 ha

can provide habitat faomefores-dependent species when surrounded by clesarcut
(Baker et al. 2015), miindings indicate that theonservatioreffect increases when

patches are surrounded ligheramountsof dispersed retention

3.5.2. Responses to retention patch size and posiiithin patches

Although Iexpected larger patches to better supportdatal plant communitge
than smaller patches under tmrd hypothesis (H3), there was no evidence to support
this prediction. Nevertheless, plant communities differed between ladgenaall
patches, which suggests that both sizes are ecologically valuable. Bradbury (2004)
observed differences in understory plant communities between retention patctwa
years after harvest, nfiyndings generalize this effect to 15 years guatvest. More
importantly, myfindings indicate that the level of dispersed retention surrounding

retention patches affects individual patch sizes differently. By reducing the structural
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contrast between the harvested area and large patches, sapling darnstielses

surrounded by more dispersed retention were more comparable to unharvested forest than
those surrounded by lower amounts. Athough Lee et al. (2015) suggest that patches larger
than 0.® ha would have higher conservation value for saproxylidégety findings

suggest that patches as small as 0.20 ha were able to support seseslgiant species

more effectively than the surrounding harvested areas.

My fouth hypothesis (H4) predicted that patch edges would favour more shade
intolerant speies than patch interiors and be associated with differences in species
diversity and composition between patch edges and interiors. However, understory
vegetation was generally similar between the edge and interior of patches, and different
from that of tke unharvested control compartments. Thus, edge etfeaiaderstory
vascular plants could have extended the entirety of the patdhetala et al. (2011)
concluded that edge effects influenegaixylic plant species throughout retention areas
that averagd 0.2 ha in size. Furthermore, understorig¢latnteriors and edges of 0-12
2.6 ha retention patches surrounded by clearcuts did not differ in temperate forests over
five years posharvest (Baker et al. 2016)ItAough lexpected dispersed retentian t
minimize edge effects by reducing the contrast between harvested anedret@as
(Bannerman 1998), theetention patches were likely too small to foster differences in
understory vegetation between patch interiors and edges. Alternatively, condidering
study was conducted 15 years ploatvest, edge effects on understory vegetation could
have diminished over time (Harper et al. 2015).

Graminoid coverthe only variable that responded to position within patets,

higher at the edge thamtheinterior of large patchegperhaps reflecting lower light
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availability and temperatures at the patch centers than at the edges (Heithecker and
Halpern 2007). In a study of 1 ha patches within clearcuts in temperate forests, Nelson
and Halpern (2005) found theanopy cover was reduced at edges, as compared to patch
interiors, and earhgeral plant species were restricted to within 10 m of the edge two

years after harvest. Differences in graminoid cover between the interior and edge of small
patches may have beattenuated as a result of the shorter distance between the edge and
center, as compared to large patches. The distance between the interiors and edges of
small patches was approximately 25 m, thus the entire patch was likely influenced by
edge effects omicroclimatic variables such as light availability (Heithecker and Halpern

2007; Harper et al. 2015).

3.5.3. Management implications

My findings suggest that a strategy of variable retention harvesting incorporating
a variety of harvest patterns and amoefiresidual will best benefit understory vascular
plants on harvested landscapes. Notably, combining patch and dispersed retention in
harvested areas is a better alternative to meet conservation goals than leaving patches
within clearcuts. Areas harvedtby dispersed retention were characterized by -early
successional communities, and thus can play a valuable role on the forested landscapes
by providing high plant productivity and spatial complexity (Swanson et al. 2011).
Meanwhile, aggregated retentioromoted maintenance of laseral species, partly
because they maintained structural complexity (Moussaoui et al. 2016) and microclimatic

conditions characteristic of unharvested stands (Baker et al. 2016).
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My results also highlight the importance of ingorating a variety of patch sizes
in retention harvest designs to support various vascular plant species. Even the small
patches (0.20 ha) were beneficial for some-¢&teal plant species and, in fact, both patch
sizes supported understory communitiegeremilar to unharvested forests than did
harvested areas; this was particularly true when patches were surrounded by higher levels
of dispersed retention. Thus, the amount of dispersed retention surrounding patches
interacts with patch characteristicsafbect speciesomposition andhould be
consideredn harvest designs.

In addition to providing ecological benefits, combining patterns of retention
harvest may confer benefits in terms of improving the aesthetics of harvested areas, as
compared to the pattern of leaving unharvested patches within clearcuts, which was
found D have low aesthetic value (Ribe 2005). Future studies should consider a greater
variety of retention patch sizes as well as the location of retention patches within

harvested areas of different forest types.
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Table 3.1. Results of mixed models [F valuds)(degrees of freedondf), andP values

(P)] examining the influence of patterharwest area/small patch/large pgtafetention

level surrounding patches (0%, 10%, 20%, 50%, 75%), and retention palteei

interaction on understory vascular plant vegetation. Species richness, Shannon diversity,
cover, and sapling density were anatyzising mixed model regression. Composition

was analyzed using distanbased redundancy analydtsvalues in bold were

considered significant at = 0.05.

Pattern Level Pattern x Level
F df P F df P Fdf P

Species richness 16.51 2 <0.001 123 1 0.288 230 2 0.102
Species diversity  9.36 2 <0.001 0.12 1 0.737 3.01 2 0.051
Total cover 3.72 2 0.025 010 1 0759 119 2 0.305
Shrub cover 0.06 2 0943 0.01 1 0939 0.73 2 0.485
Forb cover 284 2 0.060 0.00 1 0962 347 2 0.032
Graminoid cover* 3.34 2 0.037 1.70 1 0.214 177 2 0.173
Sapling density 3228 2 <0.001 752 1 0.017 6.98 2 0.001
Composition 3.37 2 0.001 769 1 0.001 1.88 2 0.009

*Data were logtransformed for analysis.
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Table 3.2. Results of regression models [beta coefficient and standard ér(&E)), F
values F), andP values P)] examining the influence of surrounding level of dispersed
retention (0%, 10%, 20%, 50%, 75%) on understory vascular plant vegetation in small
and large retention patches. Unharvested forest (100% retention) was included in the
analysesP values in boldvere considered significant at= 0.05. Degrees of freedom =

1 for all response variables.

Small Patch Large Patch
b (SE) F P b (SE) F P
Species richness -0.01 (0.02) 0.17 0.684 -0.02(0.01) 2.95 0.105
Species diversity -0.00 (0.01) 0.14 0.714 -0.01(0.01) 1.02 0.328

Total cover -0.24 (0.22) 1.19 0.291 -0.25(0.25) 1.00 0.332
Shrub cover -0.14 (0.12) 1.34 0.264 -0.08 (0.12) 0.49 0.493
Forb cover -0.02 (0.10) 0.05 0.827 -0.10(0.14) 0.49 0.495

Graminoid cover* -0.01 (0.00) 13.38 0.002 -0.01(0.00) 10.55 0.005
Sapling density  -0.03 (0.01) 5.33 0.035 -0.04 (0.01) 15.56 0.001
*Data were logtransformed for analysis.
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Table 3.3. Results of splisplit-plot analyses [F value&), andP values P)] used to examine the influence of position within patch
(edge, interior), patch size (small, large), and level of retention surrounding patch (0%, 10%, 20%, 50%, 75%) on wadets&ory
plant vegetation. Species richness, Shannon diversity, codesapting density were analyzed using mixed model regression.
Composition was analyzed using distabesed redundancy analydsvalues in bold were considered significanaat 0.05.
Degrees of freedom = 1 for all response variables.

Position Size Level Position x Size Position x Size x Level Position x Size
Level x Level

F P F P F P F P F P F P F P

Species richness 0.00 0.983 1.63 0.224 0.20 0.662 0.32 0.575 040 0.530 0.55 0471 091 0.341
Species diversity 0.00 0.991 0.75 0.401 0.20 0.665 0.07 0.791 284 0.093 1.06 0.322 0.03 0.856

Total cover 135 0.246 121 0.291 0.14 0.710 250 0.116 298 0.086 0.52 0.482 1.68 0.197
Shrub cover 0.02 089 0.04 0.843 0.00 0.958 1.22 0.272 1.12 0.291 0.36 0.559 0.04 0.852
Forb cover 0.02 0.899 244 0.142 0.20 0.662 1.79 0.182 0.01 0.947 0.01 0941 0.96 0.328

Graminoid cover 7.39 0.007 0.05 0.836 0.60 0.453 7.31 0.007 2.23 0.137 0.02 0.881 1.24 0.266
Sapling density 1.88 0.172 0.05 0.828 4.40 0.056 0.22 0.642 143 0.233 2.06 0.175 050 0.481
Composition 1.18 0.276 133 0.153 348 0.001 064 0886 1.11 0.303 4.14 0.001 0.81 0.710

*Data were logtransformed for analysis.
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Figure 3.1. Schematic diagram illustrating the experimental design of a 10 ha

compartment that contains two sizes of aggregated retention patches (0.20 ha and 0.46

ha) embedded in a harvested matrix. The dotted background represents the area harvested
to 0% (clearcyt 10%, 20%, 50%, or 75% of the original stand volume using dispersed
retention. Compartments for each harvest level and for unharvested control were

replicated three times. lllustration is not to scale.
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Figure 3.2. Leastsquare mean + SE of: A) species richness, B) Shannon diversity, and

C) total cover, and median, 25and 7% percentiles of D) graminoid cover in harvest

area, small patch, and large patdemnéon. Horizontal lines in AL) represent mean
(solidline) and standard error (dashed lines) of unharvested control. D) Dots outside the
box-whiskers represent outlier values and graminoid cover in unharvested control was 0.4
° 4.%%. Means with different letters are significantly different (pairwise coraparof
leastsquares meank,< 0.05).
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Figure 3.3. Fitted linear regression with 95% CI for: A) forb cover; and B) sapling

density, for harvest area, small patch, and large patch across different retention levels.
Leastsquare mean = SE for unharvested control (100% retention) is shown for reference.
Samping plot sizewas 100 m? for forb cover (A) and 12.5@? for sapling densy (B).
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Figure 3.4. Results of distanebased redundancy analysis testing the influence of
dispersed retention level (0%, 10%, 20%, 50%, 75%) surrounding small patch and large
patch retention on understory vascular plant species composition. Symbols in A)
represent the placbmmunity in a Am? sampling quadrat coded by

harvested/unharvested area (harvest area/small patch/large patch) and retention level.
Shown in B) are species that made above average contributions to the ordination analysis
(circle of equilibrium). Labelsdr harvest area, small patch, and large patch represent
middle of centroids based on standard errors of the weighted average of scores. Vectors
for retention level indicate the direction of retention level that surrounded large patches
(ALevel ftarhelsadar)genkRla smalSimapat PaeshEedlbgvelSefed
3.1for definition of species codes.
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Figure 3.5. Results of distanebased redundancy analyses testing the influence of
harvest area, small patch, and large patch on understoryaaglauit species

composition for: A) 0%, B) 10%, C) 20%, D) 50%, and E) 75% dispersed retention. Each
symbol represents the plant community in@%sampling quadrat coded by
harvested/unharvested area (harvest area/small patch/large patch). Ellips@5%how
confidence intervals around treatment centroids.
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