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ABSTRACT

SUBSTRATE EFFECTS ON SEEDLING DYNAMICS IN MANAGED®RTHERN
HARDWOOD FORESTS

By
John Lawrence Willis

In order to sustain themselves within forests aeg species must be able to
reproduce. Accomplishing this task is often difficas trees must pass through a variety of
life history stages and transitions in order tachesexual maturity. Given this complexity,
it is often difficult to identify why some certaspecies regenerate prolifically within
forests while others often fail to regenerate. Thssertation investigated how different
types of forest substrate (bare mineral soil archgi@g coarse woody debris) influence
individual species’ ability to establish seedlimysthe forest floor in the managed northern
hardwood forests of the Great Lakes region, whahg @ small percentage of species are
reported to be reproducing successfully. | conssdéstrate’s influence on seedling
establishment from three separate starting posetsd added to the forest floor, seed
dispersed from local seed sources and seedlingslissied on bare mineral soil and
different types of decaying coarse woody debrikiAgthis approach allowed me to
investigate not only how substrate influences segalynamics, but also how substrate
interacted with several factors which could oveztilde influence of substrate including
light availability, competing non-tree vegetatiaite quality (soil and nutrient
availability), local seed source density, and mgiwi@al fungi. Beginning with the presence
of a seed (seed additions), bare mineral soil detnated a strong influence over smaller

seeded species germination, but not larger seetigd pine. In addition, increasing light



availability improved seedling establishment fdrsplecies. However, under natural
regeneration conditions (without seed additions)ithportance of bare mineral soil for
smaller seeded species and light for all specesdling establishment became less
apparent as, in many situations, local seed salgusity and site quality exerted a
stronger influence over species’ initial establigimin Differing types of forest substrate,
however, were strongly influential on individualesjes growth after establishment, as
bare mineral soil and decaying hemlock, northeritededar and paper birch consistently
supported greater seedling growth compared to degagellow birch, balsam fir, and
sugar maple. In addition, seedlings colonized bgamhizal fungi generally shown to
positively influence seedling growth across sulbesaand in certain situations, were
associated with dramatic rank changes in spec@stmperformance on different
substrates. Collectively, this dissertation demmatss how different types of forest
substrate can alter seedling layer species commositrough its differing effects on
individual species’ seedling establishment. Howeiterlso demonstrates how a host of
other factors can mitigate the influence of sulbefreuggesting that managing for substrate
alone may not reverse the current reproductionrad experienced by several northern

hardwood tree species.
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CHAPTER |

Introduction

Forestry has been defined as the science and euttofating, maintaining and
developing forests. Forest regeneration is a afitomponent of this definition, as forests
with characteristics commensurate with human goatsneither be maintained nor
developed unless cultivation occurs. In speciesrde forests, one of the greatest
challenges foresters face is maintaining speciersity, as they must create
environmental conditions that will allow specieshwvarying resource requirements the
opportunity to reproduce. This process is furth@mplicated by the fact that seedlings,
due to their size and lack of resource acquiringcstires, are highly vulnerable to a variety
of factors which could affect their survival. Fareabstrate is one such factor which may
influence seedling establishment and survival.dditon, forest substrate is a factor that
can realistically be manipulated by forest managembly dissertation investigates how
forest substrate interacts with local seed souetssitly, light availability, substrate
moisture and nutrient availability, non-tree vegieta and mycorrhizal fungi to affect
seedling establishment and survival in the managethern hardwood forests of the

Northern Great Lakes region.

Dissertation Structure
| begin, in this chapter, by describing the curisgate of seedling demographics in

managed northern hardwood forests and identifyomgesinteresting unexplained patterns.



I'll then briefly review the history of northern tewood forest exploitation and
management in the Northern Great Lakes region ame ©f the major harvesting events
that have contributed to the forest composition stnacctures we see today. In doing so, |
will explain how the legacy of these events mayni@encing some of the current
regeneration patterns addressed in this dissertatio

The second chapter focuses on identifying crificzacesses which influence
seedling establishment and survival within différeized harvest gaps independent of seed
supply. In this chapter, | demonstrate how substigie and light availability influence
species germination, and how light availability @axgosure to non-tree vegetation (grass,
forbs, shrubs, and ferns) affect seedling survivialaddition to identifying important
factors and processes, this chapter also demaestiatv, via different patterns for
seedling germination and survival, species shiftdadling density across a range of
harvest gap sizes over time.

The third chapter investigates seedling establisttwéhin harvest gaps under
natural regeneration conditions across a colleatidiorest stands representing a broad
range of northern hardwood forest site qualitie$ @verstory composition. This chapter
highlights the effects of local seed sources, it@ity, substrate availability, and light on
species establishment. It also represents a iealate study of some of the issues land
managers are facing when attempting to regenerdi@dual species, as it considers how
variation in seed availability affects the regetieraprocess.

The fourth chapter explores species’ growth andigalracross different types of
forest substrate. It also separates the effeatsyabrrhizal fungi and substrate mineral

nitrogen content as driving mechanisms for thisgpat In addition, this chapter provides



important information for restoring old-growth chateristics in northern hardwood

forests.

Understory Composition

Consistent with species demographic trends obdehreughout eastern North
America, the understories of northern hardwooddisren the Great Lakes region are
currently dominated by shade tolerant species (hdarf et al. 2007; Fei and Steiner
2009; Matonis et al. 2011.) Among the most comnptes are ironwood (Ostrya
virginiana (Mill.) K. Koch), red mapleAcer rubrumL.) and sugar mapléd( saccharum
Marsh.). On the other end of this spectrum arers¢t@merly prominent, shade intolerant
to mid-tolerant species including white pirkar(us strobug..), yellow birch Betula
alleghaniensi®Britton.) and red oakQ@uercus rubrd..) which now comprise only a small
percentage of the seedling layer. While this patseiggests that light availability may be
exerting a strong influence over seedling layecisecomposition, extremely shade-
tolerant eastern hemlock is also declining inrggeneration layer of northern hardwood
forests, (Matonis et al. 2011) suggesting that nheniting than just light. Consistent
with this notion, in trials where light availabilihas been increased through cutting larger
harvest gaps, only modest gains of less toleragttiep’ seedling layer density have been
observed (Shields et al. 2007; Bolton and D’Ama&a P, Kern et al. 2013). Consequently,
the processes and mechanisms by which some sHatBntspecies have come to
dominance and most shade intolerant to mid tolespaties have been replaced remain

undefined.



Major Harvesting Events

Containing up to as many as 20 different treeiggeaorthern hardwood forests
are one of the most tree species diverse foresstypthe eastern deciduous forest. Prior
to European settlement, northern hardwood foresiklgenerally be characterized as a
mix of early to late successional conifer and dacits species with white pine, sugar
maple, and eastern hemlock occurring at the gredeéesity (Whitney 1987; Zhang et al.
2000; Schulte et al. 2007). These dominant spelesgever, became the target of
exploitive logging operations and were extractedrgat quantities throughout the region
in the late nineteenth and early twentieth censufW&¢hitney 1987). The effect of this
disturbance was, in many locations, compoundeduigel high intensity fires which arose
from the combination of large residual fuel loadd apen stand conditions created by the
exploitative harvests, which dried the now abundargst fuels. These fires killed many of
the smaller trees ignored by the loggers and elteith much of the existing advanced
regeneration, setting the stage for regional spemenposition shifts. Among the most
dramatic shifts associated with these disturban@ssthe loss of many formerly prevalent
conifer species, which lacked the ability to sproutolonize disturbed sites at long
distances via seed dispersal (Whitney et al. 1988ulte et al. 2007). In their absence,
many deciduous species possessing these traitaswstigar maple and asp@ogulus
spp.) became more prominent. Consequently, mostec@pecies are now less common in
the overstory when compared to the late twentietliury and, as a result, may now face
strong seed source limitations to their regenengffinang et al. 2000; Friedman and Reich

2005; Schwartz et al. 2005).



Beginning in the 1950’s, single-tree selectionvkating became the dominant
management paradigm for northern hardwood foréstsogast 1957). This system was
adopted originally to increase the dominance oheaacally important shade tolerant
species such as sugar maple. It does so by cresatiaty harvest gaps which only
marginally and ephemerally increase light at thedofloor (Eyre, and Zillgitt 1953;
Klingsporn et al. 2012). As a result, the forettsif has been subjected to decades of low
light conditions, which is incompatible with theraparatively higher light demands of
intolerant and mid-tolerant species (Kobe et a@5tValters and Reich 2000). Therefore,
the scarcity of shade intolerant to mid-tolerardgcgs in the seedling layer may be
explained by an inadequate supply of light to suptheir survival (Webster and Lorimer
2005; Webster and Jensen 2007; Matonis et al. 2011)

Single tree selection may also be constraininglseglayer diversity by reducing
important seedling establishment substrates. Degasparse woody debris (hereafter
referred to as CWD) has been shown to be an impas&edling establishment site in
several forest types including northern hardwodtisihon and Franklin 1989; Mori et al.
2004; Marx and Walters 2008). CWD may be partidylemportant for smaller seeded
species, as thick litter layers have been shovimhibit their establishment on the forest
floor. Unfortunately, CWD is becoming increasingdye in managed forests, as selection
harvests remove older or diseased trees thatkalg to become the next generation of
CWD (Hura and Crow 2004). Mineral soil represemtsbernative safe site for small
seeded species to establish; however, its availabds also been diminished by an
increased emphasis on gentle harvesting practibehwmits surface disturbance by

harvesting over snow (Shields et al. 2007). Assalt, the rarity of smaller seeded species



in the seedling layer may be explained by a ladawbrable seedling establishment
substrate (Caspersen and Saprunoff 2005; BoltorDahehato 2011).

Broadly, this dissertation asks whether the albditst of mineral soil and/or CWD
is a major factor influencing seedling layer spe@emposition. To answer this question, |
conduct a series of manipulative experiments &tlifg points in the seedling
establishment process and at differing spatiakscalhis approach allows me to not only
document mineral soil and CWD's initial influence seedling layer species composition,
but also test a variety of other factors which roagrride its potential influence. My
design also provides land managers with a bluefwmvercoming potential substrate
limitations in northern hardwood forests. In Cleapwo, | begin my investigation by
following the fate of different species’ seedspéised in different types of forest

substrate, spread across a range of light envirotsme
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CHAPTER I
Scarification and gap size have interacting effeatsiorthern temperate seedling
establishment
Abstract
After decades of promoting only the most econonyocadluable tree species,

silvicultural practices in northern temperate fosef North America have increasingly
become focused on maintaining tree species diyerkihfortunately, many formerly
prominent tree species including paper birch, yelarch, eastern hemlock and white pine
are now rarely found in the seedling layer, raigingcerns about their future
sustainability. This study investigates the mec$rasi of seedling recruitment failure for
these four species in two related seed additioerxgnts conducted in 45 variably sized
harvest gaps (220 to 6508nand four unharvested locations in two adjacergicne
northern hardwood stands, located in Emmet Coungphigan, USA. In addition to
elucidating mechanisms, these experiments prowidkeiece for what size harvest gap
provides the best environment for regeneratingghrsicular group of species. The first
experiment uses mixed models to investigate tHaante of competing non-tree
vegetation, light availability and browsing on sksglisurvival, while the second
experiment uses the same statistical approachpiorexthe influence of scarification, light
availability, and non-tree vegetation on seed geatin and seedling establishment.
Eastern hemlock, paper birch and yellow birchsalhller seeded species, were 12, 17 and

95 times more abundant in scarified plots comp#vadscarified plots. In contrast, white
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pine, the largest seeded species, was unaffecteddsification. Highly shade tolerant
hemlock and highly shade intolerant paper bircthlggtrminated at greater densities in
lower light environments, while both mid-tolerapesies, white pine and yellow birch,
were unaffected by light. Each species’ initiabgdishment significantly increased with
increasing light availability, and with the exceptiof yellow birch, each species also
survived at a significantly higher rate with incseay light availability. Paper birch and
hemlock third year survival also increased withr@asing light. However, both species
survival was also significantly negatively influeacby competition from non-tree
vegetation. At the conclusion of the study, largeug selection gaps (24-50m diameter)
contained the highest density of each species’@xghite pine, suggesting that large
group selection gaps may provide the best oppdython reestablishing this particular

group of species in the seedling layer.
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Introduction

With the human population expected to surpass éigjian in the next decade
(United Nations 2012), demand for goods and sesviten already heavily exploited
forest ecosystems will continue to increase. Unfaaitely, due to declining tree species
diversity and evenness, the variety of goods andces some forest ecosystems can
provide may soon decline (Schuler and Gillespied®2Q@wrence 2004; Amatangelo et al.
2011), as lower diversity forests are oftentimastid in the range of materials they offer
for forest products, the types of habitat they pdewvildlife and their resilience to
disturbance (Chapin et al. 2000; Folke et al. 2@4yer et al. 2006; Fischer et al. 2006).
Complicating matters further, many forest ecosystamy soon become less productive as
several factors, including climate change, are etgueto expose species to growing
conditions and disturbances to which they aredagably adapted, and now potentially
less resilient (Sturrock et al. 2011; Andersonl.e2@13;Duveneck et al. 2014).

The northern temperate forests of Eastern Nortlerea represent one such forest
type where species composition shifts may sooratbrethe sustainability of certain
timber products and elevate the risk of severaithsince. Some of the most noticeable
compositional changes include a decrease in ovgret@nness (Zhang et al. 2000), an
expansion of shade tolerant species (Schulte 20@l7; Nowacki and Abrams 2008;
Amatangelo et al. 2011; Hanberry 2013), and a excusion of conifers (including
hemlock and white pine) and shade intolerant spdoben the understory (including paper

birch and yellow birch) (Neuendorff et al. 2007; tulais et al. 2011). Recognizing the
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problems associated with declining tree diversayest managers have begun
investigating silvicultural means to restore trpeaes diversity to this forest type.

Imitating natural disturbance is one often suggkatgproach for promoting tree
species diversity in northern temperate foresthétier and Mladenoff 2002; Seymour et
al. 2002; Bolton and D’Amato 2011). Harvest disambe using single-tree selection, the
dominant silvicultural system in northern hardwdorksts for over 60 years, creates a
series of environmentally similar small harvestgép 23 meters diameter). Unlike single
tree selection, a natural disturbance based hamngagtgime creates a range of
microenvironments within a stand by varying hangsgi sizes. It is generally believed
that the range of environmental conditions produmed natural disturbance harvesting
regime will promote species diversity, as the lolgirt environments produced in small
harvest gaps are thought to favor the establishwfestiade tolerant species, while the
higher light environments found in progressivelgkr harvest gaps are thought to
promote the establishment of mid-intolerant to ghiatblerant species (Ricklefs 1977,
Denslow 1980). Nevertheless, evidence from regaptregeneration studies suggests that
gap dynamics are far less predictable, and magtheenced by several factors other than
gap size (Shields et al. 2007; Falk et al. 201&sBret al. 2010; Bolton and D’Amato
2011; Matonis et al. 2011; Kern et al. 2012; Fateg Lorimer 2013; Kern et al. 2013;
Klingsporn-Poznanovic et al. 2013). Consequenligreé are several potential explanations
for why restoration efforts that manipulate gagsalone have failed to produce a more
diverse species mix.

Seedling establishment failure is one potentialaxation for the variable patterns

of tree recruitment within harvest gaps (Wrighaketl998; Caspersen and Saprunoff
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2005). While harvest gap size can be manipulatgiv®individual species or groups of
species a competitive advantage based on theiegbbatance, seed must be present and
be able to germinate and establish before any ctitivpeadvantage can be realized. As
such, manipulating factors that influence declintireg species seed supply, and/or
germination and establishment may be more impottatiteir restoration than
manipulating factors that affect their growth.

Similar to how tree species vary in their compegitabilities among light
environments, tree species vary in their abilitgéominate and establish on a variety of
forest floor substrates (Perala and Alm 1990; Siet al. 2007a; Marx and Walters 2006;
2008). For instance, smaller-seeded species are sngcessful on easily-penetrable,
moisture-holding substrates such as decaying coaredy debris (hereafter referred to as
CWD) compared to the undisturbed litter layer (Me@@d Birmingham 1997; Cornett et
al. 2001; Caspersen and Saprunoff 2005; Marx aniiev82008). In contrast, larger
seeded species, some of which are now dominatirigera temperate forest understories
(sugar maple, beech), establish successfully orstured leaf litter substrates (Caspersen
and Saprunoff 2005; Neuendorff et al. 2007; Mat@tial. 2011). Unfortunately, in
managed northern hardwood forests, undisturbediteafsubstrates dominate and CWD
is becoming increasingly rare, as mortality of &atgees has been greatly diminished by
harvest removals (Hura and Crow 2004). As suclallsmseeded species recruitment
failures within harvest gaps in managed northemmperate forests may actually be the
product of substrate limitation rather than lowhtigwvailability.

One obvious solution to this potential recruitmieattleneck is to increase the

availability of favorable establishment sites. VEHZWD may take decades to develop
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naturally, and is prohibitively labor intensiver&store artificially, bare mineral soil/lhumus
establishment sites are relatively easy to creadengay provide similar establishment
opportunities. For example, the forest floor cooddscarified, a silvicultural technique
which disturbs the litter layer and understory wtagien by dragging chains or disks across
the forest floor, to increase bare mineral soil/bharavailability. Scarification has even
been shown to be effective at increasing light-edespecies establishment in boreal and
sub-boreal forest biomes with more recalcitrateditayers (Raymond et al. 2003;
Lorenzetti et al. 2008; Prévost et al. 2010), ktlelis known about whether scarification
will increase small-seeded species seedling estabént in more productive northern
temperate forests. Furthermore, little is knownutlhmw gap size might interact with
scarification in affecting the establishment okteeedlings. Given the move toward using
variable harvest gap sizes in northern temperagsfteananagement, these interactions are
important to understand if scarification is to Inepsoyed operationally. Another potential
explanation for inconsistent patterns of harvegtigaruitment is the interaction between
harvest gap size and non-tree vegetation (forlbapshferns, and graminoids). By
absorbing and/or acquiring light, moisture, andieuats, non-tree vegetation can modify
growing conditions at the forest floor and potditieninimize environmental differences
that exist between different sized harvest gapy¢Rmd Carson 2006). Large gaps
created by the removal of groups of trees (grolgcten or patch selection harvesting)
may experience the greatest degree of modificatsohighly competitive early
successional species like raspbeRuljus idaeys black berry Rubus occidentaljsand
sedge Carexsp.) have been shown to increase in larger sizeasiagaps (Shields and

Webster 2007; Matonis et al. 2011, Kern 2012; Walé al. in preparation).
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Consequently, intense competition for resources fnon-tree vegetation may shift the
competitive balance in large harvest gaps fromuesdemanding shade intolerant
species to more resource conserving shade tolgpactes that can withstand being
overtopped and shaded by competing vegetation (bomery et al. 2010). Smaller group
harvest gaps, on the other hand, may provide a favogable environment for shade
intolerant species to establish. While lower liglilability may constrain shade
intolerant species’ growth potential, early suctmesa non-tree vegetation expansion may
also be muted in the lower light environment of Benagroup harvest gaps. As such, some
tree species, perhaps including those that areeshémlerant to mid-tolerant, may actually
have greater access to light in smaller group Isaryaps as a result of reduced
competition if their growth is less sensitive tavir light availability than is competing
non-tree vegetation. This, in turn, may lead tadghintolerant to mid-tolerant species
being most abundant in smaller group harvest gaps.

In addition to substrate limitations and competititom non-tree vegetation,
browsing from white-tailed dee©docoileus virginianugZimmermann)) could also limit
the efficacy of varying gap size to increase tre@emdity. In order to reach the canopy,
seedlings must first pass through the browsingeaigleer (to ~ 1.5m tall) (Walters et al.
in preparation). Within this range, seedlingssubject to repeated browsing, which has
been shown to constrain seedling development amvivali Nevertheless, escaping the
browsing range may challenge some species moreothans, as deer have been shown to
browse certain species preferentially, and cedpeties have demonstrated a greater
tolerance to browsing (Horsley et al. 2003; Rooaeg Waller 2003; Long et al. 2007;

Witt and Webster 2010; Kain et al. 2011; Randadl ¥Whalters 2011; Nuttle et al. 2014;
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Walters et al. in preparation). On the other hamaiyly germinated seedlings may not be
apparent or desirable to foraging deer, as thetsfigf browsing have been shown to
increase with seedling size (Randall and Waltedsl 208luttle et al. 2013). Therefore, even
if silvicultural treatments are successful at ovening establishment substrate and
light/non-tree competition barriers to regenerati@cruitment in harvest gaps may still
ultimately depend on local deer density (Millingtetnal. 2010.)

In summary, manipulating harvest gap size is areasingly common silvicultural
strategy aimed at increasing tree diversity inlmem temperate forests. However,
unexpected patterns of tree recruitment observedvearal gap regeneration experiments
suggest that gap size may not be the only factectafig tree species recruitment. Given
the combined effects of declining CWD availabiliyd a recent shift to gentle harvesting
practices which minimize surface disturbance ($lsielt al. 2007), bare mineral soill
availability may be an important component to thgeneration failures of several small
seeded species. Here, we report how substrailalality, harvest gap size, and exposure
to non-tree vegetation and deer interact to atfeegermination, establishment (1 year),
and short-term survival (up to 3 years) of fourcee that are declining in northern
temperate forests (eastern hemlock, white pinegipiaipch, yellow birch) across a gradient
of light availability in a mesic northern hardwosténd. Specifically we predict: 1) small
seeded species germination will be restricted laglaof bare mineral substrate across
harvest gaps, 2) competition from non-tree vegenatiill negatively affect seedling
survival, especially for shade-intolerant specamrekarge group selection gaps, 3) browsing

will not affect seedlings due to their small statd) sufficient resource availability and
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modest competition from non-tree vegetation witbalall species’ seedling survivorship
to be maximized in medium sized harvest gaps.

To test these predictions we established two emymaris that collectively tracked
the germination and survival of eastern hemldduga Canadensis), yellow birch
(Betula. alleghaniensiBritton.), paper birchE. papyriferaMarsh), and white pind’{nus
strobusL.) seedlings for up to three years in subplo&t Wirere unfenced or fenced to
exclude deer, unscarified or scarified to create baineral soil/humus substrate, and
unclipped or clipped to control non-tree vegetatoross 45 harvest gaps of varying size
and 4 unharvested areas in two adjacent recemtesi@d northern hardwood stands. In
the first experiment, annual seedling censusing three years allowed us to develop a
longer term pattern of how light availability anxpesure to deer and non-tree vegetation
affect paper birch and hemlock seedling survivgrshn the second experiment, bi-weekly
censusing coupled with annual censusing allowduglser resolution data of germination
and seedling survivorship over two years for eddh@four species. Collectively, the
information presented in these experiments allowoweccurately depict patterns of
seedling germination and survival within differsized harvest gaps and gain mechanistic
insights into why harvest gap recruitment failuoesur for four species declining in the

northern temperate forest.

Methods
Study site
Our experimental sites were located in two adjanerthern hardwood stands in

Emmet County, Michigan, USA (N45.574624 -W85.0743 T8 e stands feature post-
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glacial moraine topography and a mesic, rich ty vieh habitat moisture and habitat type
(AFOca) (Burger and Kotar 2003). Both stands amaidated by sugar maplég¢er
saccharumMarsh.) with white ashHraxinus americand..), basswoodTilia americana
L.), paper birchBetula papyrifergMarsh.)), black cherryRrunus serotingEhrh.)), and
American beechHagus grandifoliagEhrh.)) representing minor components of the
overstories. In total, 45 harvest gaps rangingjze from 220 to 6500frand four
unharvested areas were selected from the two s{ataasl 1: 40 gaps + 4 unharvested
areas, stand 2: 5 gaps). To ensure gap indepexdessch gap was located at least 50m
from another harvest gap. Logging slash was reohéneen the interior of each gap and

piled along the borders.

Experiment one

The goal of this experiment was to identify theset§ of light availability, non-tree
vegetation and deer herbivory on seedling surviadginning in the spring of 2011, we
located main plots (13x13m) in the center of eaatvést gap and four unharvested areas.
All existing advanced regeneration (existing seggliand saplings) were then removed
with a brush saw from each main plot. Main plotserten either fenced to exclude deer
(30) or left unfenced (14). Plots were chosen ramgidor non-fencing from within bins of
gap sizes (Om diameter), single-tree gaps (<23meter), large group gaps (24-50m
diameter), and patch cut gaps (PC) (>50m diam&geshsure our fencing/non-fencing
treatment occurred across the full range of gagssiZour subplots (4)nwere nested
within each main plot. Each subplot was assignedadriour treatments: control, surface

scarification, competing non-tree vegetation (faaminoids, ferns, shrubs) removal, and
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surface scarification with vegetation removal. 8wation was conducted in the spring
and was accomplished by raking away the litterd&yereate a bare mineral soil/lhumus
seedbed. Vegetation removal was accomplished ppgioly all non-tree vegetation
monthly throughout the growing season. After saaatfon, 500 cold-stratified seeds of
eastern hemlock (Michigan source, Michigan Depantnoé Natural Resources, Wyman
Nursery, Manistique Michigan) yellow birch (Penngia source, Sheffield’'s seeds,
Locke, New York) and paper birch (Michigan sourSkeffield’s seeds Locke, New York),
(of each species) were sown in late May in eaclplstib Prior to sowing, we conducted
germination tests on each species to ensure sabilityi Despite yellow birch
demonstrating adequate germination in the test; geonination was observed in the field
prompting us to remove yellow birch results frons tleport.

For each subplot, we assessed non-tree vegetat@n and height, light
availability above non-tree vegetation, and lighaiability at the forest floor (beneath
non-tree vegetation). Non-tree vegetation denség determined by visually estimating
subplot coverage to the nearest five percent (lmpkiown) and by measuring its height
(cm) at nine pre-determined locations. Canopy opssyma proxy for canopy gap light
availability (Kobe and Hogarth 2007), was deterrdifrem analyses of hemispherical
photographs (taken at a height above the non-tgetation layer 1.5m) using Gap Light
Analyzer v 2.0 (Frazier et al. 1999) with an auttm#énreshold value determined for each
photo from Sidelook v. 1.1.01 (Nobis and Hunzik@02). The light environment at the
forest floor (1cm) was estimated by taking readwghk a LAI 2000 plant canopy analyzer
(LI-COR Incorporated, Lincoln, Nebraska) to detarendiffuse non-interceptance (DIFN),

which is the fraction of the sky visible to the sen This was done to quantify the impact
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of competing non-tree vegetation on light availiptio developing seedlings. To obtain
this measurement, we first took a reading abovednepeting vegetation layer (1.5m) to
get a maximum light value for the subplot, thereéhreadings from random locations
beneath the non-tree vegetation layer (1cm) toadtarize its impact on light
diminishment. The percentage of light availabledzh the non-tree vegetation layer was
then multiplied by the canopy openness value terdehe light availability to seedlings
established on the forest floor. Each seedlinggiren a colored tag denoting its cohort
year at the time of its germination. Seedling stokghip for sown species was then

monitored within subplots at the end of SeptembetHree years.

Experiment two

The goals of this experiment were to a) acquirédigesolution information than
in Experiment One on how light, substrate availghiand competing non-tree vegetation
affect the germination and survival via more fregjusensusing, and b) assess the effects
of these factors on a greater number of speciesttizse that successfully germinated in
Experiment One (paper birch, yellow birch, easteamlock, and white pine). To
accomplish this, in spring 2012, we established &mulditional subplots adjacent to the
main plot in 13 of the 40 harvest gaps and two tstdey locations. Gaps were selected
from gap size strata in order to assure we captimeentire range of gap sizes. Subplots
were also established in five additional singletgaps, located in an adjacent recently
harvested stand (summer 2011), as a lack of alaitgp space prevented us from
locating subplots outside of the main plot in thegke-tree gaps used in Experiment One.

Each of the four new subplots was randomly assigmedof the treatment options
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described above in Experiment One. After scatifocce 500 cold-stratified seeds of
eastern hemlock (Michigan source, Michigan Depantnoé Natural Resources, Wyman
Nursery, Manistique Michigan), yellow birch (Penlveyia source, Sheffield’'s seeds,
Locke, New York), paper birch (Michigan source, fiibtdl’s seeds Locke, New York),
and white pine (Michigan source, Michigan Departta@iNatural Resources, Wyman
Nursery, Manistique Michigan) were spread evenigulyhout each subplot. Due to a
shortage in seed, white pine was only added tolstsm 12 of the 20 gaps.

In each subplot in each location, we assessedneensegetation cover and height,
light availability above non-tree vegetation, aigit availability below non-tree
vegetation using the same protocol described ireExgent One. In addition, we also
guantified substrate (bare mineral soil/humus mikardwood litter) availability by
visually estimating its cover (looking down uporbplots) to the nearest 5%. Germination
was surveyed within each subplot on a bi-weeklysfasm early-May through
September. We increased the sampling intensityisnetxperiment to get a more accurate
measurement of germination and early survival gk beedling mortality was observed in
Experiment One prior to our lone September cenguseed was considered successfully
germinated and established once its first trueds@xpanded. Each established seedling

was then tagged and monitored for survival ovemad two years.

Statistical analysis
For statistical analysis, we kept the results cheaxperiment separate. This was
done to exclude potential confounding factors ideig differences in cohort age,

sampling intensity and variation in climate betwgears. As such, we used the cohort
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from Experiment Two (greater sampling intensity éarger species population) to
compare species’ germination, establishmefiyéhar survival) and second year survival,
while the cohort established in Experiment Ones(latense sampling, smaller species
population but greater cohort age) was used to epenhird year survival.

We examined the effects of scarification/unscadifigght availability, species, and
their interactions on seed germination for eacbwffour species (Experiment Two) with
Generalized Linear Mixed Models (GLMM) assumingasiBon distribution with a
logarithmic link function. This method was adoptetause our data were heavily right
skewed due to the large number of plots with fem@germinants. Clipping was not
considered as a factor for germination as the ctingpeegetation was already altered in
subplots receiving scarification treatments.

To examine seedling establishmerit ygar survival) and second and third year
survival we used Generalized Logistic Mixed Modedsuming a binomial distribution.
For establishment and second year survival of e&clir four species, we considered the
effects of clipping/unclipped, light availabilitgpecies, and their interactions. Fencing was
not included as a factor at these intervals becsesedling establishment and second year
survival were only evaluated in unfenced subplgtgperiment Two). Fencing was,
however, considered along with each previously maet factor in the third year survival
of paper birch and hemlock, as seedling survivgrglas evaluated in subplots which had
been either fenced or left unfenced (Experiment)Oxewever, we do not report on the
effect of fencing in this report, as we did not@et® browsing effects on seedlings.

Model selection was accomplished through backwalidsnation until only

statistically significant (p< .05) factors and/atdractions remained in the model.
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Significant species interactions were investigdtg@xamining the response of each
individual species to the significant interactiagtor. Once we arrived at a final model, we
checked the model for dispersion of the distributigoodness of fit, and the existence of
potential outliers. Model dispersion was estimdigaalculating an over-dispersion factor
(¢ = chi-sqaure/ df). Models whose dispersion facéxseeded one were considered over-
dispersed. In such cases, parameter estimatesob&ieed using guasi-likelihood
approach which inflated the standard errors of dactor estimate by ¢ . The model was
then re-run and checked for significance. Modehifid potential outlier detection was
accomplished by examining plots of studentized @lese residuals. Model fit was
evaluated by visually inspecting how evenly thedesls were distributed around zero.
Points on the plot exceeding two standard deviatafrthe mean were identified as
potential outliers. To evaluate the influence wdls points, we used Cook’s distance
statistic. Distance statistics exceeding one wegatified as potentially having strong
leverage effects on the model. To investigate teffeets, we removed the potential
outlier from the data set and re-ran the modaelll jparameters in the model remained
significant, the potential outlier was kept as pdrthe data set. However, if changes in
parameter significance occurred without the outtiee point was then removed (Ramsey

and Schafer 1997). All analyses were performgdhtP 9.0, SAS Institute, Cary, NC).

Results
Germination
Scarification had strong overall effects on gerrorg but significant species and

Scarification interactions indicate that specieponded differently to Scarification (Table
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2.1). Eastern hemlock, paper birch and yellow hiethsmaller seeded species, were 12,
17 and 95 times more abundant in scarified plotsnwtompared to unscarified plots
(Table 2.2). In contrast, white pine, the largestded species, was unaffected by
scarification (Table 2.2). Light availability, wdh increased along with harvest gap size,
also had strong effects on germination, but a Bggmt interaction with species also
indicated that species responded differently tdt.{gigure 2.1) (Tables 2.1 & 2.3).
Highly shade tolerant hemlock and highly shadel@éngmt paper birch both germinated at
greater densities in lower light environments, whibth mid-tolerant species, white pine

and yellow birch, were unaffected by Light (Figiré).

Seedling establishment and survival

Seedling establishment¥{growing season survival) and second year survieaé
strongly affected by the main effects of specieas$ laght availability and modestly
affected by their interaction (Table 2.4). Eachcsp® initial establishment increased with
increasing Light availability, however, the strdmgf response varied among species, as
hemlock demonstrated the most dramatic increasarinval in response to increasing
light (Figure 2.2). Similar increases in secondrygavival were observed at higher light
availabilities for hemlock, paper birch and whitag Yellow birch survival, however, did
not respond significantly to light by the end of ttecond year (Data not shown). In the
third year, seedling survival was most stronglyuehced by the main effects of Clipping,
Light and species (only hemlock and paper birctethgTable 2.5). Clipping (Table 2.6)
and Light (data not shown) both had positive effext each species, while paper birch

exhibited overall higher third year survivorship¥) compared to hemlock (21%).
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Temporal changes in seedling density in harvessgap

No particular gap size proved to be an optimahgeation environment. Among
species, white pine and hemlock germination wasimiaed in unharvested closed
canopy areas, while paper birch and yellow birslofad single tree and large group
selection gaps, respectively (Figure 2.3a). Simdayermination, no particular gap size
was shown to maximize seedling density after twawgmng seasons. However, in contrast
to germination, only white pine could be found sung in subplots beneath unharvested
areas. Among species, white pine and hemlock shiffteir gap size of maximum density
from unharvested areas to single tree gaps; whpepbirch and yellow birch remained
most dense in single tree and large group selegaps respectively (Figure 2.3b). In the
third and final year, large group selection gapgspsuted the highest seedling density of

hemlock and paper birch (Figure 2.4).

Discussion
Germination
Since the seed to seedling transition is one oé#rbest steps in the natural
regeneration process, factors affecting germindtere the potential to strongly influence
forest stand dynamics. Smaller seeded specids\yblrch, paper birch, and hemlock)
germinants were overwhelmingly more abundant imifsed subplots compared to
unscarified subplots, demonstrating the strongierfte of bare mineral soil/humus on

seedling layer composition (Table 2.2). These tesulpport our initial hypothesis of
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substrate limitation for smaller seeded specied,aga consistent with germination
patterns found in other forest types (Valkonen &naguire 2005), seedling substrate
associations found in northern hardwood forestsg€esen and Saprunoff 2005;Bolton
and D’Amato 2011; Matonis et al. 2011; Beland amic@Gine 2013), and post scarification
seedling layer composition from other forest tyfleaymond et al. 2003; Lorenzetti et al.
2008; Beguin et al. 2009; and Prévost et al. 200 llectively, these findings suggest that
substrate related germination failures are likelgtdbuting strongly to the scarcity of
smaller seeded species seedlings reported by Netfeatlal. (2007) and Matonis et al.
(2011). However, it should also be noted thatdaicdon in local seed sources may also be
contributing strongly to natural regeneration paise and were not considered in this seed
addition study (Investigated in Willis et al. Ch2).

In contrast to the germination response of smakeded species, white pine was
unaffected by the scarification treatment (Tab®.ZThis finding supports our non-
substrate limitation hypothesis for larger seeqesties and the findings of Cornett et al.
(1998), who also found white pine emergence tmbensitive to forest floor disturbance,
but differs with the findings of Raymond (2003) wiooind white pine germination
improved following scarification. One potentialpgganation for this discrepancy may
come from a difference in litter depth at both sit€irst, with the exception of American
beech (a minor overstory component), the oversabpur site is composed almost
exclusively of species (sugar maple, white ashswaed) which produce relatively
nutrient rich quickly decomposing litter (Melillod Aber 1982). In contrast, the dominant
overstory species in Raymond et al. (2003) wasenbiite (38% volume) which, due to its

lower litter quality, likely produced a more reagdant litter layer than the one existing at
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our site (Melillo and Aber 1982; Rustad and Croh888). This suggests that the litter
layer at our site may have presented a less signifiphysical barrier to white pine
germination than the one reported by Raymond €2@03). Consequently, scarification
may have had a larger effect on seed bed condiéibtige site used by Raymond et al.
(2003). Nevertheless, Smith (1951) found that &pihe was capable of penetrating up to
5cm of needle litter within two weeks of germinatisuggesting that differences in litter
depth may not entirely account for observed difiees in white pine establishment.

Another factor which may have minimized scarifioats influence on white pine
germination is seed predation. White pine seeelsigreferred food for small mammals
(Abbott 1961; Martell 1979), and have demonstrapeshter germination when excluded
from seed predators Cornett et al. 1998; Raymoiadl 2003). In this study, no attempts
were made to exclude seed predators and whiteggimainant density was the lowest
among our experimental species (Table 2.2) (Figu8a). Thus, we cannot eliminate the
possibility that seed predation may have overridal@npositive effects that scarification
may have had on white pine germination.

In addition to scarification, species respondetedztly to light availability (Table
2.1) (Figure 2.1). While hemlock’s germination ee in higher light environments was
unsurprising considering its extreme shade toleramd late successional status, paper
birch’s preference for lower light environmentsisprising given its extreme intolerance
of shade and reputation as an early successiocoae@i species (Figure 2.1) (Burns and
Honkala 1990). Nevertheless, this finding is cstesit with earlier studies which reported
greater hemlock and paper birch germination in st{lhugh 1960; Goerlich and Nyland

2000).
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In contrast to hemlock and paper birch, light aafality had no effect on white
pine and yellow birch germination (Figure 2.1). gxsviously mentioned, seed predation
may account for the overall low germination obsdrigr white pine; however, yellow
birch’s lack of response is surprising considetimag light has been shown to lessen the
effect of a water soluble germination inhibitor ggat on its seed-coat (Redmond and
Robinson 1954). Nevertheless, previous work hassliewn light to have little effect on
yellow birch germination (Houle 1992).

While the limited range of species investigatethis study restricts our ability to
comment on general trends among species, thedesrdsisuggest that lower light
availability (associated with single-tree gaps (€dh3)) is not a strong constraint on
germination for this particular group of declinisgecies (Figure 2.3a). Thus, moving
away from single-tree selection towards a natustlidbance based silvicultural system is

unlikely to increase these species’ initial repnégon in harvest gaps.

Seedling establishment and survival

Within harvest gaps, increasing light availabilitgrger harvest gaps) had a
positive influence on each species’ initial esstinlent (Figure 2.2) and, with the
exception of yellow birch, each species’ second gaavival (Table 2.4). This finding is
unsurprising considering that other work has shbght to be highly limiting in rich-
mesic growing environments like the one which exatour site (Putz and Canham 1992,
Burger and Kotar 2004). It also supports the moti@t canopy gaps provide important
regeneration opportunities in forest systems wheege scale disturbances are uncommon

(Runkle 1982; McCarthy 2001). The combination eflgw birch’s mid-tolerance of
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shade and the short time period for which we trdatsesurvival (2 years) may account for
the lack of response (Burns and Honkala 1990; katlz. 1995). Nevertheless, white
pine, a species of similar shade tolerance, regmbpdsitively to increasing light
availability, suggesting that another unmeasuretbfés) may be obscuring the influence
of light availability on yellow birch survival.

Consistent with our expectations, seedlings estadd in unclipped subplots were
quickly overtopped by non-tree vegetation, and @epeed dramatically reduced light
environments compared to seedlings establishelipjpec! subplots in all but the smallest
harvest gaps and unharvested areas (Table 2 @artial agreement with our hypothesis,
clipping non-tree vegetation had a positive infleeeon third year seedling survivorship
(Tables 2.5 & 2.6). However, the lack of a sigrafit interaction with light indicates that
clipping was equally effective across all gap siEesstern hemlock’s positive response to
clipping was also unexpected given its extremeghhiolerance of shade (Burns and
Honkala 1990; Kobe et al. 1995). While limiteduet two species (hemlock and paper
birch), this finding suggests that competition fraon-tree vegetation can influence
seeding layer composition even at the earliesestaf seedling development. It also
supports the notion that competition for light ism@important than competition for
moisture and nutrients on fertile sites (Putz andi@m 1992; Montgomery et al. 2010),
given our site conditions (rich-mesic habitat typell the fact that our clipping treatment
only controlled aboveground competition. It is opinion, however, that yellow birch and
white pine’s non-response to clipping is likely maelated to the short duration of time in
which they were exposed to non-tree vegetatioreés) than an indicator of understory

competitiveness, as other investigators have regonegative effects of non-tree
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vegetation on these species in experiments condlovir greater time intervals (Gasser et

al. 2010; Kern et al. 2012).

Conclusion and Management Recommendations

The collective findings from the two manipula&igxperiments conducted in this
investigation provide several important insightsriatural disturbance based silviculture
in managed northern temperate forests. Centrahgrtieese findings is the importance of
bare mineral soil/humus for smaller seeded spg@asination. While we cannot predict
whether seedlings established in scarified plotsultimately gain dominance in the
understory and capture canopy growing space, s@rdn should increase the odds of
small seeded species successfully recruiting imdsaigaps simply by increasing their
initial density. Thus, our findings support theinatput forth by Bolton and D’Amato
(2011) suggesting that germination substrate mayrwle the influence of harvest gap size
for smaller seeded species, and demonstrate th@tamge of incorporating surface
disturbance into silvicultural prescriptions. Howemt should be emphasized again that
seed supply issues may override the influence lodtsate under natural regeneration
conditions.

Variation in harvest gap size also affected segdlemographics. Although no
harvest gap size provided the optimal environmenséed germination (Figure 2.3a),
large group harvest gaps supported the highesttdsnsf seedlings for all species except
white pine, which germinated at low initial dens#ti(Figure(s) 2.3B & 2.4). Taken
together, our results suggest that large grougseheharvest gaps may represent the best

management option for restoring this particularugrof species, as they provide generally
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favorable environments for seed germination (Figu8#) and encourage greater seedling
establishment and survival (Figure 2.2). Thisgratilso provides initial support for
adopting an expanding gap harvesting system whaakest gaps are expanded once
advanced regeneration has been achieved (Raymahd2€09). Nevertheless, our results
also indicate that non-tree vegetation had a negaffect on seedling survival. As such,
restoration efforts may need to consider vegetatanrirol options if they are attempting to

regenerate this collection of species in harvegs g high quality sites.
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Figure 2.1- The effects of scarification (SC) and light on easthemlock (A), paper birch
(B), yellow birch (C), and white pine (D) germirati R applies to the whole model

including the main effects of scarification andcligvailability. P values are displayed for
scarification and light in that order.
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Figure 2.2- The effect of light availability on eastern hemldéy, paper birch (B), yellow
birch (C), and white pine (D) germinant establishir@"' year survival). Rapplies to the

whole model including the main effects of light dahility. P values represent the effect
of light on seedling establishment.
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Figure 2.3- Average germination (A) and number of second yaarigng seedlings (B)
for eastern hemlock (EH), paper birch (PB), yellmveh (YB), and white pine (WP) in
unharvested areas (UND) (Om diameter), singledeges (ST) (<23m diameter), large
group gaps (LG) (24-50m diameter), and patch cps §BC) (>50m diameter).
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Figure 2.4- Average number of third year surviving seedlingsdastern hemlock (EH)
and paper birch (PB) in unharvested areas (UND)d@meter), single tree gaps (ST)
(<23m diameter), large group gaps(LG) (24-50m dimmeand patch cut gaps (PC)
(>50m diameter).
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Table 2.1- Results of a generalized linear mixed model fordtiects of Scarification,
Light Availability, Species, and their interactioos germination for eastern hemlock,
yellow birch, paper birch, and white pine. Each bamation of factors was considered up
to three way interactions in the original modell. iAteractions Prob ChiSq > 0.25 were
pooled with the error term and the models rerum(Baift 1964).

Factor ,L'R Prob>ChiSq
ChiSquare
Scarification 38.31 <.0001
Species 3.96 0.2659
Germination Scarification x Species 11.17 0.0108
Light 14.14 0.0002
Species x Light 12.26 0.0066
R%=.44
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Table 2.2- Observed germination response of paper birch, wdbioch, eastern hemlock,
and white pine in Scarified and Unscarified subgpl@&D=standard deviation.

Sub- .
Species Treatment plot M_ean Media  Rang SD
seedlings/4m n e
2
Paper birch Scarified 40 17.15 7.5 0-128 24.97
Yellow birch Scarified 40 9.53 1 0-113 20.38
Hemlock Scarified 40 10.98 2 0-59 16.02
White pine Scarified 24 2.04 1 0-13 2.84
Sub- .
Species Treatment plot Mgan Media  Rang SD
S seedlings/4m n e
2
Paper birch Unscarified 40 0.98 0 0-16 2.65
Yellow birch Unscarified 40 0.1 0 0-1 0.3
Hemlock Unscarified 40 0.88 0 0-18 2.93
White pine Unscarified 24 2 1 0-8 2.19

Note'- White pine was seeded in fewer subplots dueed skortages.
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Table 2.3- Summary of environmental conditions across diffegap sizes classes.
Large
Understory Single Tree  Group Patch Cut

Variable Omdia)  (<23mdia) (24-50m  (>50m dia)
dia)

Gaps/Understory (n=49) 4 13 24 8

Canopy Openness (%) 7.18 17.21 35 74.12

Non-Tree Vegetation Cover 10 12 66 76

(%)

Non-Tree Vegetation Height 3 4 27 44

(cm)

Rubusspp. Cover (%) 0 1 15 50

Forest Floor Light (%) 6.98 16.15 21.06 36.16

39



Table 2.4- Results of a generalized logistic mixed model far éffects of Clipping,

Light Availability, Species, and their interactioos germinant establishment

(1*' year survival) and second year survival for eastemlock, yellow birch, paper birch,
and white pine. Each combination of factors wassm®red up to three way interactions in
the original model. All interactions Prob ChiSq 2®were pooled with the error term

and the models rerun (Bancroft 1964).

Factor _L'R Prob>ChiSq
ChiSquare
Species 100.2 <.0001
Establishment (1st year) Light 34.92 <.0001
Species x Light 8.85 0.0314
R*=.43
Species 82.69 <.0001
Survival (2nd year) Light 19.28 <.0001
Species x Light 9.37 0.0247
R*=.36
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Table 2.5- Results of a generalized logistic mixed model far éffects of Clipping,

Light Availability, Species, Fencing, and theirerdctions on third year eastern hemlock
and paper birch survival. Each combination of fexteas considered up to three way
interactions in the original model. All interact®Rrob ChiSq > 0.25 were pooled with the
error term and the models rerun (Bancroft 1964).

L-R

Factor Chisquare Prob>ChiSq
Clipping 16.55 <.0001
Species 15.98 <.0001
Survival (3rd year) Light 12.85 0.0003
Clipping x Species 3.1 0.0784
R*=.39
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Table 2.6- The effect of Clipping on paper birch and easteamlock third year survival.

SD=standard deviation.

Cohort

Mean

Species Age Treatment Subplots (%) Median Range SD
Paper birch 3 Clipped 26 68 82 0-100 39
Hemlock 3 Clipped 32 27 6 0-100 37
Species Czhort Treatment Subplots Mean Median Range SD
ge
(%)
Paper birch 3 Unclipped 19 33 0 0-100 46
Hemlock 3 Unclipped 28 15 0 0-100 32
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Chapter llI

Does substrate availability alter natural regemengbatterns within harvest gaps?

Abstract

Balancing timber production and non-timber atttés like biodiversity has
increasingly become a goal of forest managemenhadyre, this is a more challenging
task than timber centric management, as silvicaltprescriptions must account for the
regeneration requirements of several different $ypeecies rather than just those species
which are most economically valued. In the manag®thern hardwood forests of the
Great Lakes region, low light availability, resotjifrom decades of single-tree selection
management, has been implicated as a potentiad cdusgeneration failures of several
shade intolerant to mid-tolerant species. Howes@ence from several harvest
regeneration studies have shown that increasihg dgailability through the creation of
larger harvest gaps has been only modestly suctassfltering seedling layer
composition. This study uses mixed models apprtaafvestigate the influence of local
seed source density, substrate availability, sigdity (moisture and nutrient availability),
and harvest gap size (75-65)rn sugar maple, red maple, white ash, white piaow
birch, paper birch, eastern hemlock, and blackrgreredling establishment over three
years in 19 upland hardwood stands located thrautghe Northern Lower and Eastern
Upper Peninsula’s of Michigan. In general, largegded shade tolerant to mid-tolerant

species dominated the seedling layer, as sugaremapl maple, and white ash were at
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least twice as abundant as any other species.idédether species’ comparatively lower
density was not related to harvest gap size assuggr maple (lower establishment with
increasing light availability) and red maple (ireseng establishment with increasing light
availability) establishment significantly respondedlifferences in harvest gap size. In
contrast, local seed source density strongly imibeel yellow birch, eastern hemlock, black
cherry, and white ash seedling layer presencea@s species significantly and uniquely
increased in density with increasing local seeds®production potential. In a similar
fashion, white pine and paper birch also experidracsignificant increase in seedling
establishment in plots that had been scarifiede(ba@neral soil/humus dominated) when
compared to unscarified plots (hardwood litter doaied). Finally, site quality was an
important contributing factor to seedling establ&mt, as at a given level of seed
production potential, white ash and sugar maplewed at higher densities in gaps with
higher moisture and nutrient availability, whil@immaple and black cherry were more
abundant in gaps with lower moisture and nutriesaidlability. Collectively, these results
suggest that local seed production, substrateadibity and site quality may be exerting a
stronger influence on shade tolerant species segeldlyer dominance than is light

availability.
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Introduction

Balancing timber production and non-timber attrésulike biodiversity has
increasingly become a goal of forest managemend@nmayer et al. 2000; Lindenmayer
et al. 2006; Heller and Zavaleta 2009). By natthis, is a more challenging task than
timber centric management, as silvicultural prggmns must account for the regeneration
requirements of several different tree speciesrdtian just those species which are most
economically valued. Further complicating mattsitsjcultural techniques aimed at
increasing species diversity remain untested iersgv¥orest ecosystems.

One such community where concern over tree spdoiessity is growing and
experimentation with alternative silvicultural teas needed is the managed northern
hardwoods forests of the Great Lakes region. Hereyearly six decades, silvicultural
practices have concentrated on regenerating ecaatiynwaluable shade tolerant species
by using the single-tree selection system. Thelsitrge selection system relies on natural
regeneration to fill the spaces created by thedsrof individually marked trees at 10-15
year harvest intervals (15-20% reduction in basah per harvest) (Arbogast 1957;
O’Hara 2002; Neuendorff et al. 2007). In the psscéarvesting typically creates small
harvest gaps, which only marginally and ephemeratlyease light availability to
regenerating tree seedlings (Eyre, and Zillgitt398dingsporn et al. 2012). Thus, it is
widely believed that the low light environmentsatesl in single-tree selection harvests
have likely contributed to the expansion of shadierant species and the decline of less
shade tolerant species in this forest type (Zhamd €000; Schwartz et al. 2005;

Neuendorff et al. 2007; Amatangelo et al. 2011;dvat et al. 2011).
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Recognizing that declining diversity could leadierreased forest resilience and
sustainability, operational and experimental effdvave been made to increase the
representation of less shade tolerant speciesdajiog larger, higher-light harvest gap
sizes by selecting groups of trees for harvest. ¢l@n, these trials have been generally
unsuccessful, as the same shade tolerant specresatmg small gaps generally dominate
large gaps as well (Shields et al. 2007; Bolton &ifxmato 2011; Kern et al. 2012; Kern
et al. 2013; Klingsporn-Poznanovic et al. 2013)isuggests that factors in addition to
light availability are constraining the recruitmerfitsome species within harvest gaps.
Among these factors, seedling substrate availgplibtal seed sources, advanced
regeneration, and competition from non-tree vegetahay be some of the most
important.

Due to a decline in coarse woody debris (Hura arcdv@004), and an increase in
gentle harvesting practices which seek to minirsiogace disturbance (e.g. winter
harvesting), bare mineral soil/lhumus often coveity a small fraction of the forest floor
in harvest gaps (Shields et al. 2007). Among satesty bare mineral soil/lhumus may be
particularly important for some species regenemai&s its combination of adequate
nutrient availability, moisture holding capacitydareceptiveness to root penetration
provide a favorable environment for seedling essabtent (Collis-George and Sands
1959; Gray et al. 1997; Prescott et al. 2000; Qlgsind Sahlen 2000). Smaller seeded
species in particular may be dependent on barerailiseil, as their stored carbohydrate
reserves provide little energy for the developnagmbots to find reliable moisture and
nutrient supplies whilst establishing through le&ér (Burton et al. 1969; Kidson and

Westoby 2000; Moles and Westoby 2004). Thereftwerégeneration of smaller seeded
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species, several of which are less shade toleeamtellow birch, paper birch) but also
eastern hemlock, which is extremely shade tolgi@oibe et al. 1995), may be limited
more by seedling establishment substrates thatidgbivenvironments (Casperson and
Saprunoff 2005; Willis et al. ch1l).

Lack of local seed production may also limit thgeeeration of several species in
northern hardwood forest harvest gaps. While oggyspecies richness has remained
largely unchanged over the past century, sevectdf@including exploitative logging,
invasive pests and pathogens, and decades of @aiitment by several species have
combined to reduce canopy layer evenness at thledape scale (Zhang et al. 2000;
Schulte et al. 2007; Amatangelo et al. 2011). Adhsseveral previously abundant species
are now likely contributing less seed to the anise&ld rain within stands. Three such
species which have experienced sharp long-termngscare eastern hemlocksiga
canadensid..), white pine Pinus strobug..) and yellow birch Betula alleghaniensis
Britton.) (Whitney 1987; Frelich 1995; Woods 20@ang et al. 2000; Schulte et al.
2002; Friedman and Reich 2005; Schulte et al. 2B&&émtulla et al. 2009). While their
reduction in the overstory likely results in locatuctions of seed availability, the effects
likely vary by species because dispersal charatiesivary among species. For instance,
compared to birch, hemlock and white pine seed¢easebroadly dispersed by wind and
thus, unless vectored by wildlife, are more likelybe locally dispersal limited (Ribbens et
al. 1994). Therefore, the lack of conifer repreaganh within harvest gaps may be
facilitated to a greater extent by a lack of losdd sources rather than a lack of favorable

establishment substrate or light availability.
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Competition from non-tree vegetation (shrubs, $odraminoids and ferns) may
represent an additional explanation for failed gggepecruitment within harvest gaps. By
occupying establishment sites and competing fdit lignoisture, and nutrients, non-tree
vegetation has been shown to influence seedlingvalr(George and Bazzaz 1999;
Beckage and Clark 2003; Royo and Carson 2006; RaogaCarson 2008; Montgomery et
al. 2010). Shade intolerant to mid-tolerant speomy be the functional group most
threatened by dense layers of non-tree vegeta®the low light levels created by
competing vegetation may prevent them from enexghyioffsetting their comparatively
higher respiration costs (Bazzaz 1979; WaltersReidh 2000; Crane and Reich 2005;
Valladares and Niinemets 2008). However, cometithay not be a significant factor in
all harvest gaps, as non-tree vegetation covehaight have been shown to positively
correlate with increasing gap size (Shields e2@07; Matonis et al. 2011; Kern et al.
2012). Likewise, competition intensity may vary geaphically, as local soil moisture and
nutrient regimes (site quality) may modify non-tkesgetation’s response to increasing
light availability. Therefore, larger harvest gagslower quality sites may provide better
recruitment opportunities for shade intolerant id-tolerant species than larger harvest
gaps on higher quality sites if competition inténsaries with site quality (Davis et al.
1999).

In conclusion, low light availability created byall harvest gaps has been
considered as the primary factor driving the exfmanef shade tolerant species in the
Great Lakes region. However, attempts to restaedlse diversity by varying only
harvest gap size to affect light availability hdeen largely unsuccessful at promoting less

shade tolerant species and other declining spestiggiesting that other factors within
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harvest gaps may be preventing their regenerdtichis report, we examine the effects of
local seed tree density, mineral soil substratdatty, light availability, and non-tree
vegetation on seedling establishment and first-gaarival of eight tree species in 114
harvest gaps located in 19 different stands ofimgrgite quality in the Northern Lower
and Eastern Upper Peninsulas of Michigan. Spedifieve predict: 1) local seed source
proximity will limit seedling establishment for ciders and larger seeded species 2) bare
mineral soil/humus availability will limit the esithshment of lighter seeded species 3)
competition from non-tree vegetation will limit gfeintolerant species establishment in

large harvest gaps on high quality sites but ndbarer quality sites.

Methods

Study area

In May, 2011, 11 upland hardwood or mixed-uplame$t stands entering their
first growing season following a winter harvest ev&cated throughout the Northern
Lower and Eastern Upper Peninsula’s of Michigarhiilite aid of a harvest database
maintained by the Michigan Department of Naturas&eces (MDNR). Eight additional
stands fitting the same criteria were located iryMB2012. Overstory composition in
most stands was dominated by sugar magter saccharunMarsh.) with lesser and
varying amounts of red mapla.(rubrumL.), white ash Fraxinus americand..),
American basswoodr{lia americanal.), white pine Pinus strobug..), red oak Quercus
rubra L.), eastern hemlockl6uga canadensis.), yellow birch Betula alleghaniensis
Britton.), paper birchBetula papyriferaviarsh), and black cherry?tunus serotind&hrh.).

Habitat type, a classification system that usesrabtages of understory vegetation as a
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proxy for nutrient and moisture availability, wased to classify the site quality of each
harvest gap (Burger and Kotar 2003). This methosl et@sen due to the logistical
challenges of quantifying moisture and nutrientilabaity across 19 sites, and due to the
demonstrated correspondence of this systeim $au measurements of nitrogen and
moisture availability (Walters and Reich 1997)w#s also chosen for its relevance to
forest management, as the habitat type classificaystem is commonly used as a
management tool throughout the Great Lakes regdiba.three habitat classes encountered
in the Northern Lower Peninsula in this study aFOfa (mesic to very-mesic soil
moisture availability; rich-very rich nutrient alaility), AFO (dry-mesic to mesic;
medium to rich), and ParVVb (dry to dry-mesic; ptmmedium); while the three
encountered in the Eastern Upper Peninsula indif2A (mesic to wet-mesic; medium
to rich), AFPo (dry-mesic to mesic; medium), andEBT(dry-mesic to mesic; poor to

medium).

Field methods

Within each stand, six harvest gaps were seleoté@tk seedling establishment
and survival. Gaps were selected non-randomly thighgoal of varying gap size and
maximizing local seed source (within 50m radiusedsity. Gap size was determined by
measuring the tree bole to tree bole distancedge ¢rees using the methods of Runkle
(1981). Two additional requirements for gap setattvere that they were of harvest origin
(i.e. at least one tree harvested) and at leastfEfima forest edge or another gap included
in the study. Once gaps were chosen, all advareggheration was removed from the gap

with a brush saw. Two plots (3x3m) were then eshbt within each gap, with one
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randomly selected to receive a soil disturbancgitment. In late May, treated plots were
scarified with rakes until the forest floor was doated by a combination of bare mineral

soil and humus.

Field measurements

Within each plot, we visually estimated coveragéarfe mineral soil/humus
(combined), litter, forbs, shrubRubus sppgrass/sedge, and non-receptive substrate (e.g.
rocks) to the nearest 5%. In addition, we measnogdtree vegetation height (cm) at nine
pre-determined locations to calculate an averagetre® vegetation height value for each
plot. In order to estimate seed dispersal withirvést gaps, local seed production potential
was determined for each species included in thidysih each gap by summing the
guotient of the squared diameter-at-breast-heigdng) and the squared distance (m) to
plot center of each tree greater than 25.4 (crd)ameter and within 25m of the gap
center, but outside of the gap itsélfdjametef/distancé) (Ribbons et al. 1994; Matonis et
al. 2011). Species determined to be declining fppevious demographic studies
conducted in the region (Zhang et al. 2000; Friedarad Reich 2005; Schwartz et al.
2005; Schulte et al. 2007; Amatangelo et al. 2044dtonis et al. 2011) (yellow birch,
white pine and hemlock) or shade intolerant spegaper birch and black cherry) were
measured within 50m of gap center to consider atgreange of local seed production
potential and also to account #Betula’sgreater seed dissemination distance potential
(Ribbens et al. 1994). Canopy openness, a praxyglat availability (Kobe and Hogarth
2007), was determined for each plot by taking aiBpherical photograph at 1.5 m (which

was always above the understory vegetation layeryaplot center during overcast
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conditions or twilight. (Canham et al. 1990). Eatioto was analyzed with Gap Light
Analyzer v. 2.0 (Frazer et al. 1999) using an auaticrthreshold value provided by Side-
Look v. 1.1.01 (Nobis and Hunziker 2005). Seedbstablishment, forest floor coverage,
and non-tree vegetation height were then assesssath plot at the end of the growing
season (September). All established seedlings tagged and checked in September for
survival. Each plot was then revisited annuallgtieck for the establishment of new
seedlings, changes in substrate coverage, nowdgegation coverage and height, and the
survival of previously established seedlings foeéh(2011 established sites) or two (2012

established sites) growing seasons.

Statistical methods

We examined the effects of species, substrateadititiyy, canopy openness, local
seed production potential, site quality and thew tvay interactions on seedling
establishment with Generalized Linear Mixed Mod@&MM) assuming a Poisson
distribution with a logarithmic link function. Weskected this approach to account for the
high number of biologically significant zeroes whhigrevented us from transforming the
data to meet the assumption of normality for gdrigr@ar modeling. Stand was not
incorporated as a factor despite gaps being negthoh stands. This was done for two
reasons. First, considering stands as a factordMoaNe severely limited degrees of
freedom for testing the factors of interest. Secg@agh plots can reasonably be considered
experimental units as all measurements we tookitdtatbass, seed sources) were gap
specific. Prior to modeling, site quality was stardized by categorizing individual

habitat types into high (AFOCa and AFOA), mediuniF(Aand AFPo), and low site
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quality (ParVVb and ATFD) groups, and analyzed asrainuous variable. While we
recognize that habitat type could also be categdras an ordinal variable, which would
avoid the potentially invalid assumption of a cantus relationship of moisture/nutrient
availability among habitat types, we chose to thedditat type as a continuous variable in
order to preserve degrees of freedom, allowingwesxamine a broader collection of
species. The influence of each factor and thesrway interactions were then investigated
in a full factorial modeling design. Three and fauay interactions were not considered
due to a loss of degrees of freedom. Model seleetias accomplished through backwards
elimination. Insignificant interactions ProbChiS®:25 were pooled with the error term
and rerun as a new model until only statisticaliyngicant factors (ProbChiSq <.05) and
interactions (ProbChiSq <0.25) could be reachedn{Boft 1964). Once we arrived at a
final model, we checked the model for dispersiothefdistribution, goodness of fit and
potential outliers. Model dispersion was estimdigaalculating an over-dispersion factor
(¢ = chi-square/ df). Models with dispersion factatues > 1 were considered over-
dispersed. In such cases, parameter estimatesob&ieed using guasi-likelihood
approach which inflated the standard errors of dactor estimate by ¢ . The model was
then re-run and checked for significance. Modehrfid potential outlier detection was
accomplished by examining plots of studentized ales residuals. Model fit was
evaluated by visually inspecting how evenly thedesls were distributed around zero.
Points on the plot exceeding two standard deviatairthe mean were identified as
potential outliers. We evaluated the influencswth points with Cook’s distance statistic.
Values > 1 indicate points potentially having sfiaint effects on the model. To

investigate these effects, we removed the potentiiler from the data set and re-ran the
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model. If all parameters in the model remainedificant, the potential outlier was kept as
part of the data set. If changes in parameterfstgnice occurred while the outlier was
excluded, we removed the observation from the m(RRi@nsey and Schafer 1997). This

issue, however, was not encountered.

The effects of species, canopy openness, non-egetation density, site quality,
and their two-way interactions on seedling survéhip were investigated through
Generalized Logistic Mixed Models assuming a biradrdistribution with a logit link
function. The same model fitting and model diagiegstocedures that were used to model
seedling establishment were repeated for seedlingval. While statistically significant
relationships were found for seedling survival, fimal model predictive strength was low
overall (Table 3.1). Furthermore, no compelling meiifects or meaningful interactions
were discovered during the analysis. As such, Wwenwt discuss seedling survival in this

report. All analyses were performed in JMP 9 A3nstitute, Cary, NC).

Results
Seedling establishment
The eight species examined in this study variezhgly in their rates of seedling
establishment (Table 3.2). In general, larger sestiade tolerant to mid-tolerant species
dominated the seedling layer as sugar maple, rgdiem@and white ash were at least twice
as abundant as any other species (Table 3.3). pakttisrn, however, was not related to the
interaction between Local Seed Production Pote(8i@P) and Habitat Type (site quality)

as, at a given level of SPP, all species were fatrgher densities on higher quality

62



Habitat Types (Table 3.2). Species also resposuhetiarly to the interaction of Light and
Habitat Type, as at a given level of Light Availdli seedling establishment was
consistently greater on higher quality Habitat Tg/pEable 3.2). Similar responses were
also observed among species to the interactiongbit and SPP, as seedling density was
consistently higher for low light environments ajigen level of SPP for all species (Table
3.2). However, Species did differ strongly in thateractions with SPP and Habitat Type,
respectively (Table 3.2). Local seed source dengity an important constraint on eastern
hemlock, white ash, black cherry, and yellow biestiablishment, as each species
increased significantly but uniquely with increas®PP (Figure 3.1). Independent of
Local Seed Production Potential, black cherry awtimaple established at greater
densities on lower quality sites, while sugar magpld white ash were found in greater
abundance on higher quality sites (Figure 3.2)s Téliationship for black cherry and white
ash, however, was largely driven by variation ilP§Pigure 3.2). In addition to Local
Seed Production Potential and Habitat Type, Spedsesdiffered significantly in their
response to Scarification (bare mineral substaate)Light Availability (Table 3.2).
Scarification was a significant factor for papeichiand white pine, as seedling density
increased for both species in scarified comparedsearified plots (Table 3.4). Light, on
the other hand, strongly influenced red maple aigdusmaple, as red maple seedling
density increased along with increasing Light Aakility, while sugar maple seedling

density decreased with increasing Light Availabi(fFigure 3.3).
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Discussion

Seedling establishment

One of the basic assumptions of gap based silviuls that targeted tree species
will have the opportunity to establish within hastgaps. While logistical constraints
prevented us from measuring seed rain in harvexs dmectly, local seed production
potential exerted a strong influence on seedlingbdéishment for several species including
eastern hemlock, white ash, yellow birch and blgwodrry (Figure 3.1). These findings are
in agreement with our initial hypothesis of seadltation for larger seeded or conifer
species and, with the exception of white ash, @ @nsistent with seed dispersal trends
reported in the literature (Burns and Honkala 13®0pons et al. 1994; Casperson and
Saprunoff 2005; Pairon et al. 2006). In contrasiuohypothesis, however, local seed
production potential was also a significant seegéstablishment constraint for yellow
birch. This finding was surprising consideriBgtula’sreported ability to disperse seeds
long distances by wind over air or snow (MatlacB4.9Ribbons et al. 1994).
Nevertheless, in forests, low wind velocity hasrbsleown to constrain yellow birch’s
seed dispersal over snow (Greene and Johnson EifiV$eed density has also been
shown to be vastly reduced at a distance beyonth)25ughes and Fahey 1988).
Consequently, our finding of local seed sourcethtion for yellow birch is consistent
with the seed dispersal findings of Greene and sami(1997) and Hughes and Fahey
(1988), and may help explain the low rates of segdkcruitment reported by other
investigators at the gap and landscape scales (bfcBod Curran 2004; Shields et al.

2007; Bolton and D’Amato 2011; Kern et al. 2013).
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Independent of local seed source production pialestte quality (habitat type)
also factored strongly into individual species $iegdestablishment (Table 3.2). White ash
and sugar maple established at higher densitigaps that were of higher site quality
while red maple and black cherry established atgradensities in gaps of lower site
quality (ParVVb and ATFD) (Figure 3.2). Collectlygthis pattern corresponds with each
species’ reported regeneration requirements (BamdsHonkala 1990) and is consistent
with other studies which have reported enhancefbeance of sugar maple and white
ash on high quality sites and/or moister topograpbsitions (Host et al. 1987; Walters
and Reich 1997; Shreeg et al. 2005; Frey et al7R@hd red maple and black cherry’'s
reported tolerance of more xeric sites and landspagitions (Abrams 1998; Burger and
Kotar 2004, Frey et al. 2007).

Bare mineral soil/lhumus availability was yet anotiaetor which modestly
influenced seedling establishment (Table 3.2). Gbest with our expectations, and the
results of other forest regeneration studies, Bcation significantly increased paper birch
seedling establishment in harvest gaps (Raymoat 2003; Beguin et al. 2009; Prevost
et al. 2010; Willis et al. Ch1) (Table 3.4). Howewveontrary to our expectations, and our
previous report (Willis et al.) Ch1, white pine di#eg establishment also significantly
increased in scarified plots (Table 3.4). One ipitdé explanation for these seemingly
contradictory patterns may be related to a diffeeein organic layer depth in the high
guality (AFOca) gaps examined in Willis et al. (flabhd the mostly medium (AFO and
AFPo) to lower ParVVb and ATFD quality gaps whereite pine established in this study
(Data not shown), as the potential combination gfesater proportion of slowly

decomposing nutrient deficient litter and dried sooisture conditions may have slowed
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decomposition in harvest gaps on medium and lowality sites, resulting in deeper,
more recalcitrant organic layers. In support of thieory, Raymond et al. (2003) reported
a similar increase in white pine establishmenbifeihg scarification in lower quality
harvest gaps than the ones reported in Willis.gchll). As such, scarification may have a
more significant impact on larger seeded speciabkshment in harvest gaps on lower
guality sites. Nevertheless, no other larger sesgedies demonstrated a significant
increase in scarified plots in lower quality gapidwing scarification, and white pine
establishment was low overall compared to mostrathecies (Table 3.3).

Light availability was the final factor which hadogtest significance on seedling
establishment (Table 3.2). Independent of locatls®urce productivity, red maple
established at greater abundance in high lightrenments, while sugar maple was more
abundant in low light environments (Figure 3.3)isIfattern coincides with each species’
reported shade tolerance (Burns and Honkala 196beket al. 1995) and provides limited
support for the notion that gap size can be maatpdlto control species composition
based on their differing functional abilities (Mes<et al. 1999). Nevertheless, several
species of lesser or equal shade tolerance ingyzhper birch, black cherry, yellow birch,
white ash and white pine did not establish at gre@énsity in higher light environments.
This suggests that creating larger harvest gapsnoiycrease the representation of
declining shade intolerant to mid-tolerant specigless advanced regeneration is already
present. It also adds to a growing body of evidendbe Great Lakes region which
indicates that the effect of gap size can be malged by several different potentially
interacting factors (Shields et al. 2007; Boltod &Amato 2011; Matonis et al. 2011;

Kern et al. 2013; Walters et al. in preperatiomwdver, it is also possible that the range
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of harvest gaps (75-65@inTable 5) encountered in this report was too stnahcite
significant seedling establishment response froadshntolerant to mid tolerant species,
as Willis et al. (chl) reported increasing ratesexdling establishment with increasing

light availability across a larger range of gasi#220 to 6500

Conclusions and Management Recommendations

Gap regeneration is a complex process involvingisdsteps from seed creation
all the way up through sapling and pole growth. Buseedling establishment being one
of the earliest steps in this process, the fastdrish affect its outcome have the potential
to alter regeneration outcomes. Managing for biediity complicates this process further,
as land managers must account for each specidgar regeneration requirements.

Above all, the results of this study emphasizeitigortance of local seed sources
and site quality for individual species’ seedlirggablishment. In managed northern
hardwood forests, locating harvest gaps in proxitatseed sources may prove
challenging, as several species are currentlydlesadant in the overstory compared to
previous decades (Zhang et al. 2000; Schwartz 208b; Schulte et al. 2007; Amatangelo
et al. 2011). In such situations, planting seedlifWalters et al. in press) or artificial
seeding (Willis et al. Ch1) may help overcome pbé&tiseed source limitations. These
actions may also be aided greatly by prior knowéedfsite quality and the stress
tolerance of the targeted species. In conclusranagement efforts which ignore these
critical factors, and simply alter harvest gap simemanipulate species compaosition, may
be setting the stage for future regeneration fedumless advanced regeneration is already

established.
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Figure 3.1- Predicted establishment response of yellow bivd)( white ash (WA),
black cherry (BC), and eastern hemlock (EH) to ll¢6@m) seed production potential
(> diametef/distancé). R? and P values represent the fit of the whole maddl
significance of seed production potential, respetyi

Seedlings/9r%

EH

R2=0.28
p<.0001

—

200 250
Seed Production Potential
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Figure 3.2- Seedling establishment as predicted by local semalption potential in high
(AFOCa and AFOA), medium (AFO and AFPo) and lowr{R& and ATFD) quality

habitat types for red maple (A), black cherry (8)gar maple (C), and white ash (D)
(Burger and Kotar 2004).
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Figure 3.3- The effect of varying light availability in 114 heast gaps on red maple (A)
and sugar maple (B) seedling establishment.
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Table 3.1- Results of a generalized logistic mixed modelthar effects of Light
Availability, Non-Tree Vegetation Density, HabifBype, Species, and their two way
interactions on seedling survival. All interactidiob ChiSq > 0.25 were pooled with the
error term and the models rerun (Bancroft 1964).

L-R
Factors Chi Prob>Chisq
Square

Light 1.86 0.1726

Non-Tree Vegetation 12.71 0.0004

Habitat Type 3.12 0.0771

Species 8.98 0.2539
Survival Light x Non-Tree Vegetation 13.14 0.0003

Light x Species 13.87 0.0536

Non-Tree Vegetation x Habitat

Rank 10.34 0.0013

Habitat Type x Species 11.93 0.1029

R*=.09
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Table 3.2- Results of a generalized linear mixed model ier éffects of Scarification,
Light Availability, Habitat Type, Species, Seed éuotion Potential (SPP) and their two
way interactions on seedling establishment. Akiactions Prob ChiSq > 0.25 were
pooled with the error term and the models rerum(Baift 1964).

L-R
Factors Chi Prob>Chisq
Square
Scarification 2.45 0.1177
Light 0.02 0.9025
Habitat Type 1.8 0.1799
SPP 2.14 0.1436
Species 192.29 <.0001
Scarification x Light 3.46 0.0628
Seedling Establishment Scarification x SPP 3.18 0.0747
Scarification x Species 25.25 0.0007
Light x Habitat Type 9.88 0.0017
Light x SPP 4.64 0.0312
Light x Species 17.67 0.0135
Habitat Type x SPP 4.88 0.0272
Habitat Type x Species 237.7 <.0001
SPP x Species 223.56 <.0001

R?= .50
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Table 3.3- Species’ average seedling density (with standavéhtien in parentheses) in
228 plots across 19 northern hardwood stands iNtmthern Lower and Eastern Upper
Peninsulas of Michigan.

Species Mean+ SD Range
Eastern Hemlock 0.12 (0.7) 0-8
Yellow Birch 1.78 (7.78) 0-71
Paper Birch 0.88 (3.48) 0-32
Red Maple 5.07 (10.43) 0-82
Sugar Maple 6.08 (19.46) 0-143
White Pine 0.2 (.69) 0-4
Black Cherry 2.16 (6.03) 0-73
White Ash 5.26 (19.98) 0-118
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Table 3.4- Species’ average seedling density (with standavéhtien in parentheses) in
114 scarified and unscarified plots across 19 rontihardwood stands in the Northern
Lower and Eastern Upper Peninsulas of MichiganeAsis represent statistically
significant effects (Prob ChiSq < 05).

Scarified Mean + SD Range
Eastern Hemlock 0.12+0.6 (0-5)
Yellow Birch 2.4 +8.32 (0-56)
Paper Birch 1.5+4.73 0-32)
Red Maple 544 +12.2 (0-82)
Sugar Maple 7.03 +23.51 (0-143)
White Pine 0.28 +0.88 (0-4)
Black Cherry 1.6 £3.17 (0-21)
White Ash 4.27 +16.43 (0-103)
Unscarified Mean Range
Eastern Hemlock 0.11 £0.79 (0-8)
Yellow Birch 1.15+7.17 (0-71)
Paper Birch 0.25+1.05 (0-9)
Red Maple 4.68 + 8.33 (0-50)
Sugar Maple 5.12 £ 14.38 (0-75)
White Pine 0.11 + .39 (0-2)
Black Cherry 2.7+7.89 (0-73)
White Ash 6.25+2.16 (0-118)




Table 3.5- Mean average light availability and competing netvegetation
characteristics (with standard deviation in pares#is) across high (AFOCa and AFOA),
medium (AFO and AFPo) and low (ParVVb and ATFD) Igydnabitat types (Burger and
Kotar 2004).

High Quality Medium Quality Low Quality

Stands 5 7 7

Gaps 30 42 42
Canopy Openness Range (%) 5.73-23.42 7.91-26.66 6.45-50.32
Canopy Openness (%) 14.37 (4.03) 16.7 (3.89) 21.58 (10.43)
Vegetation Cover (%) 51.16 (37.62) 37.14 (36.09)  28.39 (31.89)

Vegetation Height (cm) 28.63 (36.49) 8.84 (14.47)  8.98 (16.24)
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Chapter IV
The effect of substrate type and mycorrhizal fungseedling development for northern
temperate seedlings
Abstract
Gaining access to light and soil resources is #eriging task for seedlings on the

forest floor. Due to their high moisture holdingpeaity and elevated position off the forest
floor, decaying coarse woody debris (CWD) is thdugtprovide seedlings a favorable
environment to establish and develop. Neverthefgssiies of CWD have been shown to
differ in their ability to support seedling devetopnt, and seedlings have been shown to
differ in their ability to develop on individual spies of CWD. This study investigates
mycorrhizal fungi as a potential explanation fastpattern in a potted pot experiment
where 11 tree species (yellow birch, paper biretd,maple, white ash, eastern hemlock,
balsam fir, white spruce, northern white cedar,tevpine, and red oak) were established
on seven different types of substrate (bare mirsail yellow birch, sugar maple, paper
birch, eastern hemlock, northern white cedar, aisldmn fir CWD) that had either been
sterilized or left unsterilized. In general, sgscgrew better on bare mineral soil, paper
birch, eastern hemlock, and northern white cedabDGmpared to sugar maple, yellow
birch, and balsam fir CWD. Seedling survivorshipsvisigh for all conifer species (>90%),
but varied widely among deciduous species withoyelbirch (89%) surviving at the
highest rate, and white ash (28%) surviving atidlnest rate. Mycorrhizal colonization
had a positive effect on red maple, northern wbetgar, white pine, and yellow birch’s

height growth, and was positively associated vwatigé changes in species’ performance
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rankings on individual species of CWD. Collectivdlyis research demonstrates that
individual species of CWD differ strongly in theaibility to support seedling development,
and thus should be considered at the species latler than a generic substrate on the
forest floor. In addition, it identifies mycorrlgkcolonization as an important factor

contributing to seedling development on CWD.
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Introduction

The transition between seedling and sapling isafitiee most uncertain stages in
the natural regeneration process. In order to fissgh this vulnerable period, seedlings
must gain access to adequate amounts of light@hresources needed for constructing
additional structural and resource acquiring bisnasor young seedlings, acquiring
adequate resources may be particularly challeragrtpey often lack the necessary root
system and or canopy area needed to exploit res®bryond their immediate proximity.
As such, the resource environment of a seedlingaliestablishment site may play an
important role in determining whether a seedlingcesgsfully develops into a sapling.

Heavily decayed coarse woody debris (hereaftermed to as CWD) is one type of
establishment site which may be particularly comgito seedling development given its
easily penetrated surface and high moisture holdapgcity. (Harmon 1986; Cornett et al.
2001; Caspersen and Saprunoff 2005; Shields 20al; Marx and Walters 2008; Bolton
and D’Amato 2011). In addition to its role as a store source, CWD may increase
seedling survival through elevating seedlings loéf forest floor and thus providing refuge
from many of the factors which limit seedling deohent there; i.e. competition from
established vegetation, leaf litter smotheringhhigter tables, and potentially any species
specific pests or pathogens which may be more anirah the forest floor/mineral soil
(Harmon and Franklin 1989;Packer and Clay 2000 & @mard et al. 2003; O’Hanlon-
Manners and Kotanen 2004; Wang and Kembell 2008¢dd, CWD has been
documented as an important resource for seedltadplesiment/development in forests

throughout the world (Harmon and Franklin 1989; Me@nd Birmingham 1997; Simard
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et al. 2003; Mori et al. 2004; Marx and Walters 0B8anchez et al. 2009). Nevertheless,
compelling evidence also exists indicating thagpite all its beneficial properties, species
differ in the capability for CWD to support seedjidevelopment, and that not all tree
species are capable of long term survival on CWRrfvand Walters 2006; Marx and
Walters 2008). Consequently, management effortarsgéo promote old-growth

structural characteristics by creating/maintaind\yD on the forest floor may need to
focus more intently on conserving or restoring widlial species CWD rather than
considering it as a generic entity if maintainiegtoring ecosystem function is the primary
objective.

Variation in CWD'’s ability to supply seedlings Wwihutrients is one potential
explanation for the conflicting patterns of seeglldevelopment, as species have been
shown to differ in their decay rates, nutrientastinutrient concentrations, and rate at
which nutrients become mineralized for seedlingscomption (Arthur et al. 1993;
Takahashi et al. 2000; Marx and Walters 2006; &iji#013; Shorohova and Kapitsa
2014; Klockow et al. 2014). As such, certain speoeCWD may simply be more capable
of supporting development for all seedlings, naliegs or only certain seedlings based
on their nutrient environments and the nutrient deds/growth strategies of individual
seedlings (Grime 1977; Chapin 1980). If true, segdjrowth/survival on CWD may
proceed in a predictable manner where fast growutgent demanding strategies
demonstrate the greatest growth on nutrient riciDCWt also experience the lowest
survival and growth on nutrient poor CWD, reflegtia potential trade-off between
maximizing growth potential versus stress tolergi@@eme; 1977; Chapin 1980; Aerts

1999). In partial support of this hypothesis, Mand Walters (2006 & 2008) found that
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fast growing yellow birch survived and grew best eastern hemlock 6uga canadensis
L.) CWD, which also had the highest nitrogen mineralizatetes compared to sugar
maple Acer saccharunMarsh.) and yellow birchBetula alleghaniensiBritt.) CWD.
Nevertheless, the trends developed by Marx andafga{P006 & 2008) are based on the
performance of only a small range of species’ segsligrowing on a small range of CWD
species, and thus provide little generality and cimited evidence for the existence of a
nutrient induced trade-off response.

Differences among seedlings in their ability taess nutrients via a symbiotic
relationship with mycorrhizal fungi may also accotor observed differences in seedling
growth on CWD independent of differences in measuneneral N dynamics. In
exchange for carbon from the seedling, mycorrtzadi improve seedling access to
nutrients by increasing the substrate volume irctviai seedling can forage for nutrients
and by breaking down previously insoluble compou8isith and Read 1996; Perez-
Moreno and Read 2000). Furthermore, mycorrhizadifare frequently found within
CWD, suggesting that species’ colonization is moitéd by mycorrhizal presence
(Harvey et al. 1979; Amaranthus and Perry 1994 giismb et al. 2008). Provided this
nutrient acquisition advantage, colonized seedlingyg grow faster and survive at higher
rates than uncolonized seedlings (Marx and Wake@s6). This, in turn, could cause
species to grow and survive at rates that difiemfthose which would be predicted by a
nutrient trade-off alone. Indeed, Marx and Wal{@306) also reported seedlings growing
on CWD achieved greater mass when colonized witbomlizal fungi compared with

uncolonized seedlings, but did not observe rankgés in performance.
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One factor which may determine the importance eflegs becoming colonized
is the type of mycorrhizal fungus individual trgeesies associate with. Due to their
limited saprophytic capabilities, arbuscular mybarae (AMF) may be less abundant in
CWD than ectomycorrhizal fungi (EMF), which are saghytic (Treseder et al. 2005;
Smith and Smith 2011). Species which associate B may also receive a greater
increase in nutrient availability. Via their prodien of oxidative extracellular enzymes,
EMF associated species can access nitrogen anghgrosis from a variety of pools
which are inaccessible to AMF fungi (Turner 2008u@y et al. 2010; Phillips et al.
2013). Consequently, seedlings associated with EMIF have a higher probability of
becoming colonized and may also gain a greatettifumad advantage as a result.

In this shade house potted plant experiment, wesingate the effect of nutrient
availability and mycorrhizal colonization on 11drgpecies established across seven
substrates (six species of CWD and soil) that legteer have or have not been sterilized to
kill naturally-occurring mycorrhizae. This approaalows us to not only develop a
broader pattern of seedling development acrossrdift seedling establishment sites, but
also allow us to experimentally separate the effe€nutrient availability and mycorrhizal
colonization on seedling development. Specificalypredict: 1) seedling height growth
will reflect mineral nitrogen availability on stéried substrates with fast growing tree
species demonstrating the greatest growth on mitroigh substrates 2) height growth will
depend on mineral nitrogen availability and mycaahassociation type on unsterilized
substrates, with EMF colonized seedlings demonsgafreater growth than non-
colonized seedlings at a given level of nitrogeailability, leading to possible rank

changes in species growth between sterilized astérlized substrates.
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Methods

Field methods

In summer 2012, CWD of sugar maple, yellow hiygdper birchB. papyrifera
Marsh), eastern hemlock, northern white cedaufa occidentalis ), and balsam fir
(Abies balsamiferdL.) Mill.) were located in four locations in th@rthern Lower and
eastern Upper Peninsula’s of Michigan. The fouatmns included an old growth
hemlock hardwood dominated forest preserve (Th@hkMountain Club), two managed
lowland conifer swamps and a sugar maple dominmatetaged upland hardwood stand
(Michigan Department of Natural Resources. All C\WBs in decay stage 3 or 4 (Graham
and Cromack 1982) and was identified to specidsdok and branching pattern. Samples
of CWD were bagged and transported to the TreedRes€enter at Michigan State
University for temporary storage (4°C). With theeption of cedar, for which only 11
logs could be located, at least 16 different loigsach species were sampled. In addition

to CWD, soil was also obtained from each site usmicores (20cm).

Shade house methods

In late May 2013, CWD and soil samples were divigd two equally sized
populations (by species for CWD) with one beingd@nly selected for a gamma
irradiation sterilization treatment (30-60kGy) (8genics Inc., Schaumburg, IL,USA).
Sterilized and unsterilized substrate was then elohde in pots (Stuewe and Sons Inc.,

Corvallis Oregon) with sterilized coarse silicaggBest Sand Inc., Chardon Ohio) (2/3
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substrate). Sand sterilization was accomplishedripyg the sand at 110 °C for 72 hours.
Each pot was then seeded with sterilized pre-Bedtseeds of sugar maple, red maple (
rubrumL.), northern white cedar, eastern hemlock, yelbreh, paper birch, white pine
(Pinus strobug..), white ash Eraxinus americand..), red oak Quercus rubra..), white
spruce Picea glaucgMoench)), and American eln{mus americand.. ). Seed
sterilization was accomplished by submerging seedswvater bleach mixture (10%
bleach) for one minute. All seeds were obtainethftbe Michigan Department of Natural
Resources (MDNR) or Sheffield’'s Seed Company Ihocke, New York, USA).
Unfortunately, germination was poor for sugar mapi@erican elm, white ash, and red
maple. To overcome this issue we transplanted ngeisninated wildings of red maple
and white ash seedlings into pots and removed sugple from the experiment. Prior to
transplant the root systems of each seedling veatized in 10% bleach. In addition to the
planted/seeded plots, three pots of each uniquersid treatment combination were left
empty for inorganic nitrogen extractions (methodsatibed in forthcoming laboratory
methods).

The experiment itself was located in three hoopskeubuilt within a lath house
(~50% shade). Each hoop house was covered with iestic to exclude rain water. To
qguantify the light environment we measured phottsstically active radiation (PAR)
within each house with a quantum sensor (Apogeteuiments Inc., Logan Utah). PAR
ranged from 254-344 pmolfa* across houses under cloudless mid-morning comditio
To mitigate any potential issues associated witfierdinces in PAR, we spread all unique
treatment combinations equally across houses. fBgediiere also rotated across houses to

further mitigate environmental differences. In iéidd, all pots were kept at least five
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meters from the edge of each house to minimize etfgets. Throughout the experiment,
seedlings were watered as needed with deionizeer \{[at). DI was chosen to minimize
the addition of external nutrients to the pots.

Initial heights (cm) of germinated/planted seediimgere taken after planting in
early July 2013. Seedling growth was then reassessd survival checked at the end of
September. At this time, four replicates of yellbinch, paper birch and red oak and three
replicates of each species except sugar mapleeaigime (due to low sample size) were
randomly selected from each unique treatment satestombination and destructively
harvested to examine mycorrhizal colonization aldnass development (methods
described in forthcoming laboratory methods). Mxs done to preserve our ability to
examine mycorrhizal colonization as a potential Ina@ism, and to accurately depict
biomass development in case high mortality occuorest winter. Harvest intensity was
greatest for birch and oak because these spedealigady shown large differentiation in
height growth, thus providing us with the most datanvestigate the effects of nutrients
and mycorrhizae on*lyear growth for these species. Fewer replicatésebther species
were harvested in order to preserve our abilitgettect future (¥ year) changes in growth
and survival, as seedlings had yet to differentigt¢éhe end of the first growing season. By
this same logic, we decided against investigatihgehr mycorrhizal colonization for this
latter group of species.

Harvested seedlings were placed in plastic badkept frozen until final
processing for mycorrhizae. The remaining seedivmg® overwintered in the hoop
houses and allowed to grow until the end of Juriet2@t that time, all seedlings were

assessed for survival, height, and total mass.liagedlead at the time of final harvest
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were not collected for further analysis. At thatei we also selected four species for
mycorrhizal analysis (yellow birch, white pine, ne@ple, and northern white cedar).
Selection criteria was based on observed pattdrmsight development, type of
mycorrhizal association (AMF vs EMF) and growthastgies (ranging from rapidly
growing nutrient demanding to slow growing nutrieatserving). Four replicates of each
unique unsterilized substrate combination and epéaate of each unique sterilized
substrate combination were randomly selected flasgroup of species for colonization

analysis.

Laboratory methods

To analyze substrate inorganic nitrogen &N, and NG N) concentration we
obtained two 10g samples from each of the thredantgd pots from each unique
sterilization substrate combination. On each sawpdedetermined gravimetric moisture
content by drying the first sample at 105° C iroatainer of a known volume. The second
sample was extracted with 50mL of 2 M KCL and amety/colorimetrically for NN,
and NQ'N content. Following the logic of Marx and Walt€2906) we chose to express
the initial [N] content on a volume basis basedtanfact that soil is denser than wood and
because roots forage a given volume of substrate.

For each seedling selected for mycorrhizal coldionaanalysis, we first carefully
removed all residual CWD and/or soil from the regétem by floating them in water.
Fine roots (<2mm) were then randomly harvested fitoerentire root system for
colonization analysis. Before analysis, all fineteowere first cleared with KOH and

stained with black ink (Sheaffer Incorporated,Nfadison, lowa) to identify AMF

93



colonization. Roots were then mounted on slidesexaanined for colonization beneath a
compound microscope. AMF colonization was inveséigat intersections between an
inserted hairline graticule and the root at 200xgniigcation, while EMF colonization was
examined at individual root tips at 100x magnificat At least 50 root intersections/tips
were examined for each seedling. Both EMF and AMIBruzation was examined for
each seedling as several species included inttidly iave been shown to support both
AMF and EMF colonization (Personnel Communicati@ng® Newman).

To quantify biomass development, each seedlingseparated into above (leaves
and stems) and below ground biomass (roots) aed @or 48 hours at 65 °C. Seedlings
were then weighed to determine the dry weight bgsrad each section. This work is
currently ongoing and will be reported in a futpréblication of this study. In addition,

foliar nutrient analysis will also be performed aegorted in a future publication.

Statistical methods

We examined the effects of Species, Sterilizatioth Substrate on height growth
using a one-way ANOVA. In order to standardize aalysis, all seedlings that died or
were harvested prior to the final harvest in Jub®42vere removed from consideration.
We also removed red pine, white ash, and red @ak the analysis due to poor
representation across all substrates/treatmentsh&wsemaining species, final height
growth measurements were log-transformed to meetassumption of normality prior to
the analysis. Model selection was accomplishedutjindoackwards elimination.
Interaction terms exceeding the suggested thredbpfaboling variances (F > .25) were

removed from the model and pooled in the error t@ancroft, 1964). The model was
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then re-run until a final model containing onlyrsifgcant factors (F<.05) and interactions
(F<0.25) could be reached. Once we arrived ata fnodel, significant differences
among means were explored using Tukey-Kramer Hiyn8gjnificant Difference Test
(HSD). This same statistical approach was alsd ts@vestigate the effects of Substrate,
Species and their interaction on mycorrhizal caation for the four species in which we
investigated root colonization in 2014 (red magtdlow birch, northern white cedar,

white pine). To gain further insight into mycozhe’s influence (EMF and AMF
separately) on seedling development, we examinedep height growth vs. colonization
rates using linear regression. Finally, to gaugeil&tation’s effect on species performance
ranks, we compared the mean height growth of idd&i species growing on Sterilized vs.
Unsterilized substrate on each type of Substr@mearman’s Rho correlations were used
to determine height growth rank changes betweeiliztel and unsterilized substrate,
where lower correlation values corresponded toelacanges in ranks. Finally, we
examined the influence of Species, Sterilizatioth Sabstrate on seedling survivorship
using nominal logistic regression models. Mode¢sigbn was accomplished using the
same procedures described for seedling height.IMakithat died within the first 6 weeks
following transplant were removed from the analyBisd pine was not considered in this
analysis due to low sample size. All statisticalgsis was performed in JMP 9.0 (SAS
Institute, Cary, NC). All graphics were producedsigma Plot version 11 (Systat Software

Incorporated, San Jose, California).
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Results

Height growth

Height growth varied significantly among Specieal{le 4.1). In general, fast
growing shade intolerant to mid-tolerant speciegp§p birch, yellow birch, white pine and
red maple) outgrew the more shade tolerant cosgiecies (Figure 4.1). In addition to
differing in height growth, Species also respondigigrently to the combination of
Sterilization and Substrate treatments (Table®4412). Independent of Sterilization
effects, Substrate type was the strongest factectaig balsam fir, eastern hemlock, paper
birch and white pine, as each species grew besammineral soil (Figure 4.1) (Table
4.2). Paper birch and northern white cedar CWD atswsistently supported greater height
growth for this group of species compared to sugaple, balsam fir and yellow birch
CWD (Figure 4.1). For red maple, northern whiteazegtellow birch and white spruce,
height growth depended significantly on the intéoacof Substrate Type and Sterilization
(Table 4.2). Sterilization had strong negative @fdor red maple growth on all substrates
except northern white cedar and balsam fir (Figu2g. In a similar fashion, Sterilization
had strong negative effects on northern white ¢cedmowth across all substrates except
northern white cedar CWD (Figure 4.2). Sterilizatadso produced significantly less
growth on mineral soil for white spruce (Figure)4Xellow birch demonstrated a mixed
response to Sterilization as its growth was neghtiaffected on eastern hemlock CWD

but strongly positively affected on balsam fir CWBgure 4.2).
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Seedling survival

Species differed significantly in their survivadlable 4.3). In general, shade
tolerant to mid-tolerant conifer species experientte greatest survival, as balsam fir,
hemlock, white pine, northern white cedar and whgrice survival equaled or exceeded
90% (Table 4.4). In contrast, among the decidspegies, only yellow birch and paper
birch survived at greater than 75% (Table 4.4). [Dleest survival occurred in red oak and
white ash which each survived at 30 and 18%, reisede (Table 4.4). Nevertheless, no

factor or interaction significantly predicted thgssterns (Table 4.3).

Mycorrhizal colonization pattern and effects

Root colonization was strongly influenced by Sulitstand Species by Substrate
interactions (Table 4.5). With the exception of tglpine, which was colonized most
frequently on cedar CWD, root colonization was legfion mineral soil (Figure 4.3). For
primarily AMF associated species (red maple antgheon white cedar), mycorrhizal
colonization was also consistently higher on balfaend hemlock CWD than on any
other species of CWD (Figure 4.3). For primarily Elslssociated species (yellow birch
and white pine), colonization was consistently Bigbn mineral soil and northern white
cedar CWD than any other substrate (Figure 4.3)ogscspecies, increasing root
colonization was positively associated with increg$ieight growth, with northern white
cedar showing the strongest correlation betweeonadtion and height growth (Figure

4.4).
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Sterilization’s effect on performance rankings

Sterilization’s influence on species’ height grbyerformance rankings varied
across substrates (Table 6). Strong rank changesakserved on balsam fir CWD, as
shade mid-tolerant EMF associated deciduous spdoiefmated the Sterilized treatment,
while primarily shade mid-tolerant to tolerant ANMBsociated conifer species gained
dominance in the Unsterilized treatment (Figurg.416 contrast, Sterilization had very
little influence on species’ height growth on neth white cedar CWD, as shade
intolerant to mid-tolerant EMF associated spec@sidated both treatments (Figure 4.6).
For each of the five remaining substrates, Statilin led to only modest changes in

height growth rankings (Table 4.6).

Discussion

Height growth

While we are currently limited in our abilities itentify mechanisms, our results
demonstrate that different types of forest substhalve a strong effect on species height
growth. Among species, height growth was genetslyer on mineral soil, and
significantly so for balsam fir, eastern hemloc&per birch and white pine (Figure 4.1).
This finding is not surprising, considering thatl @as been shown to support higher rates
of nitrogen mineralization (Nmin) and inorganicrogen concentrations [N] compared to
yellow birch, eastern hemlock and sugar maple CWBrk and Walters 2006). In

addition, by removing seedlings from several offdors which influence seedling
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access to resources on the forest floor our expatiah design likely enhanced a nutrient
influence effect.

Among species of CWD, seedling height growth was generally higher on
northern white cedar, paper birch and hemlock coetpt balsam fir, yellow birch and
sugar maple (Figure 4.1). This finding again caaauith the growth trends reported by
Marx and Walters (2006), and strengthens the natiahindividual species of CWD vary
in their availability to support seedlings, andgishould be considered individually rather
than a generic forest floor resource. In addittbese findings also align with the
observations of Bolton and D’Amato (2011) and Cdreeal. (2001) who reported
northern white cedar and paper birch as importainstsates for seedling establishment.

Contrary to our initial hypothesis, mycorrhizalaazation appears to be an
important factor for red maple and northern whadar (AMF associated species).
Evidence supporting this conclusion includes bpicges’ generally negative response to
sterilization (Figure 4.2) and significantly pogéiresponse to increasing AMF %
colonization (Figure 4.4). In addition, cedar adjgew best on the substrate where it was
colonized most often (mineral soil) (Figure 4.3¥axperienced a dramatic height growth
decline (3% best to worst) in response to sterilization olsda fir (Figure 4.5), where it
was also frequently colonized (Figure 4.3). The exeeption to this pattern for northern
white cedar came when it was growing on its own GWbere growth increased in
response to sterilization (Figure 4.2). While has fpoint, we cannot dismiss the possibility
that this pattern was driven by a treatment relateckase in available nutrients, it is also
possible that cedar growth is limited on its own BDWY specialized host specific

pathogens. Nevertheless, it should also be pomuéthat northern white cedar’s
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mycorrhizal colonization rate was lowest on ced@fl; thus a lack of mycorrhizal fungi
in cedar CWD may also be driving this pattern (Feg4.3).

In addition to red maple and northern white cedgrcorrhizal colonization was
also important for yellow birch. Much like northewtite cedar, yellow birch grew best on
the two substrates where it was most likely to cderuzed (mineral soil and cedar CWD)
(Figures 4.2 & 4.3), and responded positively weasing EMF% colonization.

Moreover, supporting the findings of Marx and Wedt€2006 & 2008) and our initial
hypothesis, yellow birch grew significantly bettar unsterilized hemlock CWD, where it
was third most likely to be colonized (Figures &.2.3). Mycorrhizal colonization was
potentially so important for yellow birch developm¢hat sterilization caused a shift in
ranks from best growing species on unsterilizedlbeknCWD to second best on sterilized
hemlock CWD (Figure 4.7). Despite the fact thaaherally forms a different type of
association (AMF vs. EMF), red maple experiencsedralar dramatic shift, where it went
from the second best growing species on steriliediock CWD to fifth best on the
sterilized treatment (Figure 4.7). Yellow birch&sponse to sterilization, however, was not
consistent across substrates, as height growtlhumaftected by sterilization on cedar
CWD, where it remained dominant (Figure 4.6), ad wtrongly positively affected by
sterilization on balsam fir CWD, where it went frahe species that grew least in the
unsterilized treatment to species that grew bestarnlized treatment (Figure 4.5). While
we are still unsure as to the exact mechanismhfsrdramatic shift on balsam fir, a lack of
mycorrhizal fungi is less likely to be the causecalonization on balsam fir were neither

high nor low for yellow birch (Figure 4.3). Colleatly, these findings demonstrate that
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mycorrhizal fungi may not be as important on abbsuates, and may be strongly differing

effects on different species of CWD.

Seedling survival

Large differences occurred in individual specievisal (Table 4.3).
Corresponding with their slow growing nutrient cengng growth strategy, each conifer
species experienced high survival (Grime 1977; €h&a980). Consistent with our
observations of seedling demographics on CWD ifigie, red maple survival was low
compared to the majority of other species (Talg. AVhile, not surprising to us, this
result does contradict red maple’s reputation @litierature as a “super generalist” which
can tolerate a variety of environmental conditighisrams 1998). Nevertheless, it is hard
to say whether red maple’s low survival was reldtet being a largely transplanted
species, as the majority of seedlings survivedutjinahe first growing season, but failed
to emerge the following spring. White ash, our othn@nsplanted species, followed a
similar pattern of survival. Again, however, thesult is consistent with our personal
observations of white ash rarely surviving on CwiDhe field. Red oak followed a
similar pattern of high initial survival followedydow spring emergence. This result was
surprising, however, considering that red oak wadnansplanted, has a moderately
conservative growth strategy (Crow 1988; Kolb etl800; Kaelke et al. 2001) and was
not shaded at any point during this experimenerestingly, paper birch and yellow birch,
our two smallest-seeded, fastest-growing speciedt@rg et al. 1993; Beaudet and Messier
1998), survived at relatively high rates. While @gnot make any definitive statements

about substrate nutrient content at this poins finding demonstrates that even our most
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nutrient depauperate substrate was able to supporhost nutrient demanding species for

more than a single growing season.

Mycorrhizal colonization

For the four species examined in 2014, mycorrlep&dnization was consistently
higher on mineral soil than CWD (Figure 4.3). Altigh no attempt was made to quantify
root density or surrounding vegetation proximityat substrate collection sites, this
pattern may reflect mineral soil containing a higthensity of mycorrhizal infected roots
than CWD. Root density, in turn, may correlatehwgtbstrate nutrient concentrations, as
roots have been shown to respond to differencessiource availability (Gersani and
Sachs 1992; Robinson 1994; Hutchings and John 2004 theory may also contribute to
the differing rates of mycorrhizal colonization ebged across different species of CWD

(Figure 4.3).

Conclusions and Management Recommendations

Oftentimes one of the greatest challenges in rgéing or restoring tree species is
promoting their transition from the seedling to Hapling stage. Although our results
indicate that bare mineral solil typically supported greatest development of species,
species face several challenges to their developametihe forest floor (Shields et al. 2007,
Matonis et al. 2011; Kern et al. 2013;Willis eteil & 2;Walters et al. in preparation).
CWD offers refuge from several of these factorsyéwer, our results indicate that
individual species of CWD can have strongly diffigrieffects on seedling development.

This both echoes the results of Marx and Walted9628 2008) and calls for a change in
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perception of CWD being a generic resource. Orteethallenges in making this
transition is the legacy of reduced mortality inmaged stands. In such situations CWD
may already be in decline (Goodburn and Lorimer8l®8ura and Crow 2004).
Furthermore, restarting this cycle naturally cowalkle decades naturally and, in most
situations, would be prohibitively labor intensieeattempt artificially. As a result, greater
efforts need to be put forth to identify importapecies of CWD and restart their natural

formation if shortages are to be avoided in tharkit
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Figure 4.1- Height growth across balsam fir (BF), eastern hekn(&H),

northern white cedar (NWC), paper birch (PB), sugaple (SM), mineral soil (MS), and

yellow birch (YB) for balsam fir (A), eastern heralo(B), paper birch (C), and

white pine (D) seedlings. Error bars representstardard error, while substrates not

sharing a common letter supported significantlyedént seedling growth
(P<0.05,TukeyKramer HSD).
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Figure 4.2- Height growth across sterilized (Maroon) and unisted (Gold) balsam fir
(BF), eastern hemlock (EH), northern white cedaN@), paper birch (PB), sugar maple
(SM), mineral soil (MS), and yellow birch (YB) foed maple (A), northern white cedar
(B), white spruce (C), and yellow birch (D) seedinError bars represent one standard
error, while asterisks represent statistically gigant effects of sterilization on growth
(prob |t|< 0.05)
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Figure 4.3- Percent colonization of arbuscular mycorrhizal iuAdMF) on red maple (A)
and northern white cedar (B) seedlings and ectomlyizal fungi colonization on yellow
birch (C) and white pine seedlings (D) across uilgted balsam fir (BF), eastern hemlock
(EH), northern white cedar (NWC), paper birch (PRjgar maple (SM), mineral soil
(MS), and yellow birch (YB) substrates. Error begpresent one stand error, while

substrates not sharing a common letter supportedieation at significantly different

rates (P <0.05, Tukey-Kramer HSD).
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Figure 4.4- The relationship between arbuscular mycorrhizagjfigAMF) colonization
and height growth for red maple (A) and northerntevbedar (B) and ectomycorrhizal
fungi (EMF) colonization and height growth for y@k birch (C) and white pine (D).
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Figure 4.5- Effect of sterilization (maroon) on species’ heighdtwth performance

on balsam fir CWD. Species were ranked from ongdght with one representing the best
height growth performance. The Spearman’s rankietadion statistic is listed in the top
left corner.
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Figure 4.6- Effect of sterilization (maroon) on species’ heightwth performance

on northern white cedar CWD. Species were rankad bne to eight with one
representing the best height growth performandee Spearman’s rank correlation statistic
is listed in the top left corner.
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Figure 4.7- Effect of sterilization (maroon) on species’ heightwth performance

on eastern hemlock CWD. Species were ranked frogrt@ eight with one representing
the best height growth performance. The Spearntaniscorrelation statistic is listed in
the top left corner.
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Table 4.1- Results of a standard least squares model forftbet® of Sterilization,
Species, Substrate, and their interactions on hgighwvth.
Sum of F Prob >

Factor Squares Ratio F
Sterilization 1.03 5.42 0.0203
Species 35.89 26.91 <.0001
Sterilization x Species 7.65 5.73 <.0001

Height Growth

(cm) Substrate 80.68 70.57 <.0001
Sterilization x Substrate 10.25 8.97 <.0001
Species x Substrate 71.26 8.9 <.0001
Sterilization x Species x 2106 263 <0001
Substrate

R Square Adj = .75
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Table4.2- F ratio’s and P > F from standard ANOVA least sgganodels for the effects
of Sterilization and Substrate, and their intexawion species’ height growth.

Species Sterilization Substrate Sterilization x Srate
0.41 5.59 0.66
BF 0.5256 <.0001 0.6856
0.02 4.09 2.03
EH 0.8824 0.002 0.0789
21.63 13.41 2.68
NWC <.0001 <.0001 .0218
1.05 12.96 2.31
PB 0.3113 <.0001 0.0546
22.92 7.22 2.88
RM <.0001 <.0001 0.0229
2.71 2.82 0.93
WP 0.1049 0.0175 4744
0.24 11.22 2.88
WS 0.623 <.0001 0.0148
0.5466 28.83 4.21

YB 0.4633 <.0001 .0018
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Table 4.3- Results of a nominal logistic regression modeller effects of Sterilization,
Species and Substrate, and their interactions edlling survival.
L-R

Factor Chi Square Prob>ChiSq
Sterilization 0 1
Species 244.29 <.0001
Sterilization x Species >.01 1
Survival Substrate >.01 1
Sterilization x Species 2.95 0.81
Species x Substrate 67.88 0.13
Sterilization x Species x Substrate  52.68 0.52

R Square Adj = .54
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Table 4.4- Overall survival rate of individual species at #rel of the experiment.

Species Total Living Dead Sl(Jor/\; ;val
Balsam Fir 83 81 2 98
Eastern Hemlock 77 69 8 90
Northern White Cedar 82 80 2 98
Red Oak 69 21 48 30
Paper Birch 66 50 16 76
Red Maple 80 a7 33 59
White Ash 67 19 48 28
White Pine 84 78 6 93
White Spruce 86 82 4 95
Yellow Birch 70 62 8 89
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Table 4.5- Results of a standard least squares model forfthet® of Species, Substrate
and their interaction on mycorrhizal colonizatidiraots.

Sum of F
Factor Squares  Ratio Prob > F
Species 1359 1.84 0.1476
Root Colonization (%) Substrate 14269 9.65 <.0001

Species x Substrate 13260 2.99  0.0005
R Square Adj = .51
Note" Mycorrhizal colonization was not observed on $itmsil substrate.
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Table 4.6- Sterilization’s effect on species height growthkiags within individual
substrate types. Values pfire Spearman’s rank correlations between stedibuel
unsterilized treatments. Smaller values indicagatar changes in ranks.

Substrate Spearmam's Prob > |

Balsam Fir 0.119 0.7789
Hemlock 0.4551 0.2572
Northern White Cedar 0.9048 0.002
Paper Birch 0.6905 0.058
Sugar Maple 0.6429 0.0856
Bare Mineral Soill 0.5952 0.1195
Yellow Birch 0.6946 0.0559
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CHAPTER V

Conclusions

Elucidating the factors involved with seedling ésthment is important for
advancing our understanding of forest stand dynsuancl is essential for maintaining
species diversity in managed forest systems. Feudstrate is a particularly important
factor to understand, as it has the potentialfloence species composition by affecting
which species become established in the seedlyeg.|Moreover, substrate availability
can easily be manipulated by existing silvicultuesdhniques, making understanding
substrate’s effect on seedling dynamics highlysathe to forest management.

In this study, bare mineral soil/lhumus was critfoathe germination of smaller
seeded species provided the availability of seettheffiorest floor. This is an important
finding, as forest management can simply scarigyftiest floor or harvest in the absence
of snow to increase bare mineral soil availabilitight availability is another such factor
that can be easily manipulated by management asdnflaential to seedling
establishment; species generally germinated bdster light environments, but
established and survived at higher rates in higgkt environments. Nevertheless,
providing bare mineral soil/humus and creatingwffable light environment by cutting a
particular harvest gap size may not guarantee isgadicruitment, as several species’
initial establishment was also influenced by laegd source density (50m), competition
from non-tree vegetation, and site quality (soiisture and nutrient availability). In such
scenarios, forest management could turn to adlfsgeding or planting, herbicides, and

local site knowledge to overcome these regeneratistacles.
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Decaying coarse woody debris (CWD) is another tfpgubstrate on which
seedlings often develop. In this study, conifercgggedemonstrated the highest survival
across substrates (bare mineral soil and six typ€WD), while deciduous species
survival was more variable. This suggests that CMAY be more important seedling
establishment substrate for conifers in northemnd\waod forests. Nonetheless, individual
species’ of CWD varied strongly in their ability sapport seedling development, as paper
birch Betula. papyriferaviarsh), northern white cedart{uja occidentalis I) and eastern
hemlock Tsuga canadensis) CWD generally supported greater height grovetin) than
yellow birch @. alleghaniensi®ritt.), sugar mapleAcer saccharunMarsh.) and balsam
fir (Abies balsamifergl.) Mill.). This finding suggests that scientistsd forest managers
should take into consideration the specific typ€WfD that is available on the forest
floor, much like we consider the particular typesofl that exists at a site, rather than
consider CWD as a generic seedling establishmdrstisie. Mycorrhizal colonization was
also shown to strongly influence seedling develapnaeross substrates. In addition,
seedling colonization was also shown to vary acsobstrate, providing at least
correlative evidence that mycorrhizal fungi mayshengly contributing to the differing
patterns of seedling growth across different salbessr.

Seedling establishment is a complex process islwépecies must pass through a
number of developmental stages before they cana®ev®o saplings. This complexity is
magnified in forests where several factors canbloievelopment at each stage. The
evidence presented in this dissertation demonstth#t substrate can have strong effects
over seedling layer composition at the germinasimge. However, it was also shown that

several factors, acting on stages before and gdtenination, may override substrate’s
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influence. Collectively, these findings suggest théack of bare mineral soil/humus or
eastern hemlock, paper birch, and northern whidarc€WD is contributing to the
regeneration failures reported for several treeisgan the northern hardwood forests of
the Great Lakes region. However, these findings siggest that manipulating substrate
availability alone may not be enough to reestabsimy of these species to the seedling

layer.
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