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Abstract
Forest ecosystems are dynamic entities that djeduo a variety of biotic and
abiotic environmental changes. Invariably, climase one of the principal factors
controlling the distribution of ecosystems and gasttuations in climate are known to
have shaped the Midwestern United States forests. Upper Great Lakes region of
North America includes Minnesota, Wisconsin, anaiyan, and is characterized by a
gradual south to north climatic gradient that dedinhe eastern deciduous forests (oak-
hickory) to the south, the northern mixed hardwém@sts (maple, hemlock, and beech)
in northern Michigan and Wisconsin, and the sukebbiforest (spruce-fir) in the far
northern parts of the region. Additionally, the @ppGreat Lakes region lies at the
intersection of three major contrasting air massks: cold, dry, polar continental air
mass descending from the north; the dry, contihemésterlies; and the warm, moist,
tropical maritime air mass coming from the Gulf México. Interactions among these
three air masses have created a southwest to astttlienatic gradient across the region
resulting in a drier and warmer environment in Bawgst Minnesota as opposed to wetter
and cooler conditions in Upper Michigan. It is Imst context that the Upper Great Lakes
region ecosystems were formed. They include therigimrest border (Zone 1), a
transition zone between the tall grass prairiestaednorthern forests in Minnesota; the
forest interior (Zone 2), which extends beyond pairie-forest border into northern
Wisconsin; and the deep forest (Zone 3), which ileMichigan’s Upper Peninsula. In
recent years, numerous concerns about global emagatal changes and their impact on

the Upper Great Lakes northern hardwood forestse hamerged. Increases of



temperature caused by ongoing climate change, altigthe proliferation of white-
tailed deer Qdocoileus virginianuspopulations and invasive European earthworms are
predicted to drastically change the overstory amdeustory of northern hardwood
forests. Sugar mapleA¢er saccharumis a common late successional species in the
Great Lakes region and is widespread in dry mesimésic northern temperate forests.
Sugar maple forests provide habitat for many widéipecies while trees are valued for
their products (e.g. timber and syrup). This PhBsditation aims to advance the
understanding of the Upper Great Lakes northeradviaod forests by studying sugar
maple forest community dynamics across an environahegradient from prairie-forest
border to interior forest biome and discuss thaitufe in a context of global
environmental changes. Rather than adopting a -fieked approach, 3515 plots
including tree and seedling data from the Foregemtory and Analysis (FIA) program
were studied, with 378 plots in Zone 1, 1823 plotZone 2, and 1314 plots in Zone 3.
Analyses incorporated a combination of ordinati@sy-Curtis and successional vector
overlay), Ordinary Least Squares (OLS) regressiauets, and Aikaike's Information
Criteria (AIC) provided a means for model selection

Chapter 1 investigated the contemporary overstangl understory forest
composition of sugar maple communities and sucoeakidynamics across the Upper
Great Lakes region, and considered three hypoth€sebardwood forests form a series
of distinct communities via association of sugarpleawith other tree species in the
overstory across the Upper Great Lakes regionsg@ar maple dominates the understory

and succession to sugar maple is occurring in fathe communities—therefore the



overstory communities identified are not stablej &) mesophication (which was used
as a broad concept to include increasing maple gotiop within mixed maple-oak
forests) in sugar maple-red oak communities is q@sgjng towards greater dominance of
sugar maple. Sugar maple dominated forests wertifieée in association with red oak,
bur oak-aspen, and basswood at the prairie-foresteb, red oak-red maple, quaking
aspen, and basswood in the forest interior, an#tingaspen, red maple-balsam fir, and
hemlock-yellow birch-white cedar in the deep forestUpper Michigan. Mesophication
is occurring in most sugar maple-red oak commuitiethe prairie-forest border and
sugar maple regeneration dominates in combinaticth white ash, ironwood, and
bitternut hickory (Zone 1), red maple, balsamdind ironwood (Zone 2), and balsam fir
(Zone 3), indicating that the distinct overstoryrocounities may not be stable and that
sites are trending towards relative homogeneityweéier, despite the regeneration
success of sugar maple, some stands had no sugé regeneration and we predict a
decline in future sugar maple abundance resulttog fthe long term effects of deer
browsing, earthworm invasion, and increased droeéfbtts due to global environmental
change.

In Chapter 2, tree and seedling richness-site ymtddty relationships were
examined in sugar maple forests of the Upper Arakés region. First, the form of the
species richness-site productivity relationshipthed overstory and understory of sugar
maple forests was investigated on three data setsmhole data set, upper®@uantile
subset, and random sample subset) by testing tHehgpothesis that the species

richness-site productivity is flat. The alternatikigpotheses were that the richness-site



productivity relationship is 1) hump-shaped, 2) ifpje8 monotonic, 3) negative
monotonic, and 4) U-shaped. Second, after notidingt sugar maple abundance
approached 100% on some plots, the existence ekhbid effects of sugar maple
abundance on species richness was investigateesting the null hypothesis that no
threshold effect exists (i.e. species richnessedsas linearly with increase sugar maple
abundance) against that alternative that there threshold effect of sugar maple
abundance (i.e. species richness display thresteddonses to increase basal area).
Results varied across zones and data sets, indjcdbiat sample size might be
influencing the results. Overall, there was a gigant positive relationship between tree
richness and site productivity but a flat seedlifpness-site productivity relationship.
The addition of sugar maple basal area to the msagtelatly improved the results. There
was no apparent threshold effect but sugar mapleddance had very strong negative
effect on species richness, which appeared to aserdrom the prairie-forest border
towards Upper Michigan.

Chapter 3 focused on the ecological niche of sugaple seedlings from the
prairie-forest border to the interior of the forésme. Sugar maple seedling sensitivity
to current forest structure and composition (sugaple basal area and stand age), as
well as site level environmental conditions (samdpprtion, soil depth, slope, and
TRASP - an index related to aspect) was assesgsiat thne hypothesis that sugar maple
seedlings respond differently to environment vdeaabacross the region and have a
broader environmental niche in the Upper Peninstidichigan than at the prairie-forest

border. As expected, basal area of sugar maplegesmarally positively related to sugar
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maple seedling density, while the effects of % sand soil depth varied across the three
zones. TRASP, an index related to aspect, hadoagstnegative influence on seedling
abundance at the prairie-forest border and intertores (Zones 1 and 2, respectively),
but had no influence in the deep interior zone &8nh The overall interpretation of the
models and patterns across the climate gradientatetl that sugar maple seedling
abundance is currently insensitive to environmentgiables (i.e. has a very broad
environmental niche) in Upper Michigan, with martgr&ls currently growing on sites
with relatively high percent sand content, shallewils, and southerly slopes. The
expected shift in future climate would make thenelie of Upper Michigan like that of
the prairie-forest border by late 2&entury, thereby reducing the probability of seeyll
establishment on many sites currently with high oh@mce of sugar maple. Additionally,
high deer populations and earthworm invasion waliraw the niche of sugar maple in

Upper Michigan even more so than changing climbieea

Vii



Table of Contents

F o L0111 T=To (o =T 0 =T o | £ [
ADSITACT ...ttt e e e e e e e e e iii
Table Of CONENTS ..ot e e e viii
LISt OFf TADIES ... e e e e IX
S o TP IX

Chapter 1 Sugar maple Acer saccharuin communities and successional dynamics

across the Upper Great 1akes region ........ccooeveivieeeiiiiiiiiiiie e eeeeeeeeeeveeeeee e eeeeeeeens 1

Chapter 2 Tree and seedling richness-productivity relatiopshin sugar maple

(Acer saccharuinforest of the Upper Great Lakes region.....cccceeveeeevvveeeiiiiiiieeeeeeeenn, 40

Chapter 3 Ecological niche of sugar mapl@der saccharumseedlings from prairie-

forest border to interior of fOrest DIOME ... coeeevei i 88
CONCIUSIONS ...t e ettt ettt e e e e e e st e e e e e e e e e e s nn e e e e e e e e annnees 127
BiblIOGIrapRY ... ————————————————— 129
Appendix A: Supplementary information for Chapter.3...........ccccceeeiiiiiiiieeveeeeeennnnd a5

viii



List of Tables

Table 1.1. Summary data for selected SPECIES....... .o wmmreriiiiieeeeeeeeeieeeeeiiiiiianans 28

Table 1.2. Sugar maple tree communities across the Upper Gadas region........ 32

Table 1.3. Successional patterns of sugar maple tree comrasnétcross the Upper

Great LaKeS MBOION.. . ..cciiieeeeeieiitiivmmmmmms e e e e e e e e et eeeataaaa s e e e e e e e eaeeaaaaneneaeaeaaeeeensnnnnnns 33

Table 1.4. Proportion of plots with sugar maple seedlings @0@2004 and 2008-

Table 2.1. Descriptive statistics for the variables used is gtudy. ...........ccccceeeennn... 63

Table 2.2. Ordinary Least Square (OLS) regression parametarstife linear and

guadratic models of the species richness-site ptodiy relationships (whole data

Table 2.3. Ordinary Least Square (OLS) regression parametarstife linear and
guadratic models of the species richness-site ptody relationships (upper quantile

5] |0 1S 1 66

Table 2.4. Ordinary Least Square (OLS) regression parametarstife linear and
guadratic models of the species richness-site ptodly relationships (random sample

5] 10 1S 1 68

Table 2.5. Summary of the form of species richness-site privdtc relationships

across zones and among data SELS.. ......coceemmemmriieieeeeeerrriereeee i ———————— 70



Table 2.6. AIC models of tree richness as a function of sitedpctivity and sugar

maple basal area in @aCh ZONE......... .. e 71

Table 2.7. AIC models of seedling richness as a function @ groductivity and sugar

maple basal area in @aCh ZONE........ ... e 72

Table 2.8. Ordinary Least Squares (OLS) regression for thé meslels (i.e. i < 2) of

tree richness as a function of site productivitgl angar maple basal area in Zone 1...... 73

Table 2.9. Ordinary Least Squares (OLS) regression for thé meslels (i.e. i < 2) of

tree richness as a function of site productivitgf angar maple basal area in Zone 2 ..... 74

Table 2.10. Ordinary Least Squares (OLS) regression for thé meslels (i.e. i < 2)

of tree richness as a function of site productiatyd sugar maple basal area in Zone 3

Table 2.11. Ordinary Least Squares (OLS) regression for thé meslels (i.e. i < 2) of

seedling richness as a function of site produgtiahd sugar maple basal area in

Table 2.12. Ordinary Least Squares (OLS) regression for thé meslels (i.e. i < 2) of

seedling richness as a function of site produgtidhd sugar maple basal area in



Table 2.13. Ordinary Least Squares (OLS) regression for thé meslels (i.e. i < 2) of

seedling richness as a function of site produgtiahd sugar maple basal area in

Table 2.14. Ordinary Least Squares (OLS) regression for thentopels (i.e. lowest
AIC value) of tree richness as a function of siteductivity and sugar maple basal area

(Y=o g I4 0] 17RO 79

Table 2.15. Ordinary Least Squares (OLS) regression for thentopels (i.e. lowest
AIC value) of seedling richness as a function ¢ groductivity and sugar maple basal

AFCA N BACKH ZONE. ..o et e e 80

Table 2.16. Number of tree and seedling species occurring on (l01%) and high

(100%) sugar maple abundanCe SILES. ...... e rrreiiieieeeeeeeaeeeeeeeeesninennnnnnnneeenenn. S1

Table 3.1. Variable characteristics of the study area. cccccce..ooovvvvvvciiiiiiieeeeeeeeee 111

Table 3.2. Best AIC (i.e. i < 2) models of sugar maple seedling density in

Table 3.3. Best AIC (i.e. i < 2) models of sugar maple seedling density in

Table 3.4. Best AIC (i.e. i < 2) models of sugar maple seedling density in

Xi



Table 3.5. Ordinary Least Squares (OLS) regression for thé meslels (i.e. i < 2) of

sugar maple seedling-environmental relationship&oime 1..............ccccevvvvvvvviinnnnnnn. 151

Table 3.6. Ordinary Least Squares (OLS) regression for thé meslels (i.e. i < 2) of

sugar maple seedling-environmental relationship&oime 2.............ccccevvvvvvvvvinnnnn. 171

Table 3.7. Ordinary Least Squares (OLS) regression for thé meslels (i.e. i < 2) of

sugar maple seedling-environmental relationship&oime 3.............ccccevvvvvvvvviininenn. 201

Table 3.8. Summary of the effects of environmental variablesogar maple seedling

abundance across the Upper Great Lakes regiON . ...ccvvveeeeeiviiiiiiiiiiieeeeeeeneeenn, 123

Xii



List of Figures

Figure 1.1. Map of the Study area...............oooveei e vevveiiiee e e e e e e e e e e e eeeeeeaeeanees 35

Figure 1.2. Ordination plots of sugar maple communities actbesUpper Great Lakes

1T | o] o 36

Figure 1.3. Successional vector overlay plots of sugar maplenngonities in

Figure 2.1. Map of the Study area...............oooveei e e eeeiiiiee s e e e e e e e e eeeeeeeaeaees 82

Figure 2.2. Scatter plots of the species richness-site prodtictielationships for the

A [0] (SN = =TT AP TTRR 83

Figure 2.3.  Scatter plots of the species richness-site prodtictielationships for the

B o] o1=T g U F=T a1 1] (=TT ] 0 1S -1 84

Figure 2.4. Scatter plots of the species richness-site prodtictielationships for the

ranNdom SAMPIE SUDSEL.......cccceeiiieiee e oo ettt eeeeaattts s s s e s e e e eeeeeeeneaaeeeaaeeeeeeennnnns 85

Figure 2.5. Scatter plots and correlations between sugar nizgeal area and species

richness in each zone for the Whole data St e eee e 86
xiii



Figure 2.6. Standardized residual plots of species richnessa asinction of site

productivity and sugar maple abundance in each.zane............cccccccceeeiiiiieeeeeeeenn, 87

Figure 3.1. Map of the study area..............coooviii e eeeeeiieci e e e e e e 125

Figure 3.2. Standardized residual plots of sugar maple seeéitwonmental

relationships iN €aCh ZONE .........coi oo 126

Xiv



Chapter 1

Sugar maple Acer saccharum communities and successional dynamics across the
Upper Great lakes region

with Lee E. Frelich



Successional patterns and community dynamics sfaardwood forests in the
Upper Great Lakes Region are responding to a yasfethanges including fire exclusion
near the prairie-forest border and logging follovigdfire during the late 1800s to early
1900s, as well as high levels of deer browsingasiwe species, and early phases of
climate change. Predictions made during the middQ@ere that sugar maple would
increase in abundance in a variety of mesic hardworest communities, from relatively
warm oak-maple at the edge of the prairie to cadlmoist hemlock and mixed boreal-
hardwood communities deep in the interior of the$bbiome. However, no large-scale
analysis has been done to assess the status ofwsutyrstructure and successional
patterns across this climate gradient. In ordexsges forest compositional changes in
hardwood forests across the Upper Great Lakesmegie used Forest Inventory and
Analysis (FIA) data and a combination of Bray-Caidirdination and successional vector
overlay methods to test the hypotheses that (Dw@wd forests form a series of distinct
communities via association of sugar maple witteothee species in the overstory
across the Upper Great Lakes region; (2) sugarerdgphinates the understory and
succession to sugar maple is occurring in all efdbmmunities—therefore the overstory
communities identified are not stable; and (3) npésmation (which was used as a broad
concept to include increasing maple proportion inithixed maple-oak forests) in sugar
maple-red oak communities is progressing towardatgr dominance of sugar maple.
Our results supported all three hypotheses. Sugptendominated forests were identified
in association with red oak, bur oak-aspen, andwagd at the prairie-forest border, red

oak-red maple, quaking aspen, and basswood irothstfinterior, and quaking aspen,
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red maple-balsam fir, and hemlock-yellow birch-wltdedar in the deep forest of Upper
Michigan. Mesophication is occurring in most sugeaple-red oak communities of the
prairie-forest border and sugar maple regeneratooninates in combination with white
ash, ironwood, and bitternut hickory (Zone 1), negple, balsam fir, and ironwood (Zone
2), and balsam fir (Zone 3), indicating that thstidict overstory communities may not be
stable and that sites are trending towards rel&breogeneity. However, despite the
regeneration success of sugar maple, some staddwtsugar maple regeneration and
we predict a decline in future sugar maple abunelaesulting from the long term effects
of deer browsing, earthworm invasion, and increakedght effects due to global

environmental change.

Introduction

Succession has long been a focus of ecologicahrels. It refers to the directional
change in species composition of a plant commuoigr time and leads to different
species assemblages (Glenn-Lewin et al. 1992; Qlocanme Slayter 1977). On mesic sites
in the Upper Great Lakes region (Minnesota, Wisognand Upper Peninsula of
Michigan), succession progresses from short-liathde-intolerant early-successional
species such as quaking aspdpPofulus tremuloidgs bigtooth aspen Ropulus
grandidentaty, and paper birchBetula papyrifera to long-lived, shade-tolerant late-
successional species such as sugar magt=er( saccharum or basswood Tilia

americand (Heinselman 1954).



Modern species assemblages of the Upper Greaslrakgon result from glacial
and interglacial phases of the Quaternary periodvi® 1983). Over the past 21,000
years, plant associations appeared and disappaackglant abundance fluctuated in
response to environmental changes (Williams et 28104). Species’ ranges and
abundances responded individualistically to lated®ary environmental changes
rather than as ecological communities (Webb et @83; Davis 1981; Davis 1976) thus,
creating some unique plant associations that ngeloexist today (Williams et al. 2001,
Overpeck et al. 1992). The current northern mesiest of the Upper Great Lakes region
has subsisted as a dominant assemblage for 5,000-§ears and, except near the
prairie-forest border, was relatively stable uftilropean settlement (Davis 1981; Davis
1976). It is dominated by sugar maple and inclugglow birch Betula alleghaniens)s
basswood, American elmJ(mus americang northern red oakQuercus rubrg, red
maple Acer rubrum), white ash Fraxinus americang hemlock Tsuga canadensisand
American beechHagus grandifolig; although Minnesota is mostly missing the latter
three species and has lesser amounts of yellow (@artis 1959). Pollen records show
that drastic changes in the Great Lakes foresttedt@n the mid-19th century with the
disruption of historic disturbance regimes follogiikuropean settlement, and that the
magnitude of change during the last 150 yearsdidithes greater than changes over the
past 1,000 years (Cole et al. 1998).

Oak forests with frequent fires close to the peafdarest border had been slowly
invaded by maple over the past several hundredsy@aresponse to a slowly cooling
climate, but the locations and timing of maple siva were determined by climate
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variation and firebreaks, establishing patchy coih@nce of maple and oaks across the
landscape (Umbanhowar 2004; Grimm 1984; Grimm 1988)is process of maple
advance into oak forests has accelerated duringlasteseveral decades due to fire
exclusion, cessation of understory burning by Natémericans, and a period of
relatively wet climate, including even those arémghe south and west of fire breaks
where oaks had maintained dominance up until Ea@nomettlement (McEwan et al.
2011; Rogers et al. 2008; Ozier et al. 2006; Spysral Matthews 2006; Shotola et al.
1992; Peet and Loucks 1977; Curtis and MciIntoshl19%he process of invasion by
maple and other late-successional fire sensitieeisp into oak forests has been termed
"Mesophication” (Nowacki and Abrams 2008; Schult@le2007; Rooney et al. 2004b),
and is also a type of succession, but in foreserg/Buccession had been held in check at
early stages for centuries. Although this concegu wriginally applied to changes in pure
oak forests in recent times, here we are broadethiagconcept to include increasing
maple proportion within mixed maple-oak forestsvel as ongoing (over centuries) and
possibly accelerated (in recent decades), invadi@ak forests by maple. Mesophication
has mostly occurred near the prairie-forest borolgrr also to a small extent in the interior
of the forest biome in the Great Lakes Region (Hanbet al. 2012; Nowacki and
Abrams 2008). In contrast, succession within theriar of the forest biome throughout
northern Wisconsin and Upper Michigan has mostlyuo®d as a result of recovery from
land clearing, farming, logging and fires that fe=ilifrom European settlement.

In the 1940s and 1950s, J. T. Curtis and colleagueveyed > 2000 sites in
Wisconsin to assess plant community compositionnglaifferent environmental
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gradients (Waller et al. 2012). He predicted thatnhn-caused environmental changes
such as fire suppression would cause shade-tolspaaies to replace fire-dependent oak
savanna and woodland ecosystems after only oneajeme(Curtis 1959). Additionally,
Heinselman (1954) used quantitative data to shaw shade-tolerant sugar maple and
balsam fir Abies balsam@aspeciesoccupied the understory of many aspen-birch stands
in the Upper Great Lakes region, most of which ioated from land clearing and slash
burning by European settlers during the lat® aad early 28 centuries, and suggested
that many of these stands may be converting terifit forest types by 1990.

Since the 1990s, several researchers have revisigmy of Curtis' sites in order
to document compositional changes over the pastads (Waller et al. 2012). Results
from these studies reinforce predictions from Guti959) and Heinselman (1954); they
are unanimously revealing shifts in both the owegstand understory species
composition (Mudrak et al. 2009; Kraszewski and MfaP008; Rogers et al. 2008;
Bushman 2005). It is clear that forests are comgerto sugar maple or other shade-
tolerant species across mesic sites dominated bgwbads, stands dominated by
hemlock, and dry-mesic sites dominated by pinesdiamgelo et al. 2011).

In this paper, we estimated contemporary foreshpmsition of sugar maple
communities across the Upper Great Lakes regiongchwbxtends from Minnesota to
Upper Michigan and is characterized by a southwesiortheast climatic gradient from
the prairie-forest border in Minnesota to deep initthe forest biome in Michigan's
Upper Peninsula (McNab et al. 2007; Changnon €2G)2; Cleland et al. 1997; McNab
and Avers 1994). Rather than adopting an intersieebased approach, we used existing

6



forest inventory data from the U.S. Department a@friéulture Forest Service, Forest
Inventory and Analysis Program (U.S.D.A. 2008) tsess broadscale successional
trends in these communities.

Our first step was to estimate the average abwedah the overstory species
composition of sugar maple dominated forests in Wpper Great Lakes region and
examine how sugar maple tree communities change ftee prairie-forest border—
characterized by a combination of frequent drougtty seasons, frequent historical
fires, and high evapotranspiration to the wettet anoler climate of the deep forest of
the Upper Peninsula of Michigan (Changnon et al0220 Our second step was to
investigate the successional pathways of foresnmonities with a significant component
of sugar maple. In our last step, we investigatesl understory of sugar maple-oak
dominated sites for the presence of shade-toleegntitment species as suggested by the
literature.

We hypothesize that (1) hardwood forests formraeseof distinct communities
via association of sugar maple with other tree igsein the overstory across the Upper
Great Lakes region; (2) sugar maple dominates titenstory and succession to sugar
maple is occurring in all of the communities—theref the overstory communities
identified are not stable; and (3) mesophicatiorsugar maple-red oak communities is

progressing towards greater dominance of sugarenapl

Methods

Study area



The Upper Great Lakes region includes three maatogical provinces defined
by dominant climatic regimes, potential native wagen, and biomes: the prairie
parkland, the eastern broadleaf forest, and thedrdian mixed forest provinces (McNab
et al. 2007; Cleland et al. 1997; McNab and Av&34) (Figure 1.1).

The prairie parkland occupies the western pamiwminesota and extends to the
southern parts of Wisconsin and Michigan. Mean ahtemperatures (1971-2000) vary
from 2°C in the north to 9°C to the south. Thisvpmoe has a continental climate with
cold winters, hot summers, and mean annual pratigit of 46 cm in the north to 84 cm
in the south. Precipitation mainly occurs in thenfoof snow in the north but is almost
entirely rain in the south. Mean evapotranspiraganeeds mean precipitation during the
growing season (May through September), with watkeficits of 3.8 cm along the
western edge of the prairie parkland to 2.0 cmoiattsern Minnesota. Semi-arid loamy
soils are well-to-moderately well-drained. Preisetent vegetation was dominated by
tall grass prairie but today agriculture is the dwant land use.

The eastern broadleaf forest extends from norttesedlinnesota to southeastern
Michigan. Mean annual temperatures vary from 4°@henorthwest of the province to
10°C in Michigan. The overall climate is contindntwith warm to hot summers.
Precipitation averages 65 to 93 cm and approximaglals evapotranspiration. Two-
thirds of it falls during the growing season whielsts about 125 days inland and up to
180 days along Lake Michigan. Local reliefs (20L& m) are apparent in Wisconsin as
a result of past glaciation. Winter precipitatismnostly snow and averages 100 cm. Soil

moisture regime is dominantly mesic with frequeravgng season water deficits ranging
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from 2.0 cm in Minnesota up to 1.2 cm in Wiscondfne-settlement vegetation was
dominated by maple-basswood forests or oak savasintee prairie-forest border as a
result of fire frequency variations (Grimm 1984) embas oak-hickory forests dominate
sandy sites and beech-maple forests grow on loaits/is Michigan. Today, agriculture,
urban and industrial development constitute theomland uses. The transition (ecotone)
from eastern broadleaf forest to prairie parklasdsharp (Danz 2009; Grimm 1983)
whereas the transition between eastern broadleastf@and Laurentian mixed forest is
gradual (Fisichelli et al. 2013a; Goldblum and R&§§2; Braun 1950).

The Laurentian mixed forest lies in the northeamt mf the Upper Great Lakes
region and extends into Canada. Average annualdetpes range from 3°C to 6°C.
Average annual precipitation varies between 61 ah8 cm, with fifty percent of
precipitation falling during the growing season (Mthrough September). Average
annual snowfall varies from 100 to 165 cm, but banup to 833 cm due to the Lake-
effect snow. The climate is classified as contiaknith lake effects influence along the
Great Lakes. Winters (i.e. days below or at fregziamperature) are longer with
considerable snow coverage and summers are shehrivarm compared to the prairie
parkland and the eastern broadleaf provinces. &aomtrary of the prairie parkland and
the eastern broadleaf provinces, there is a meigurplus rather than a deficit, and the
mean growing season potential evapotranspiratiousnprecipitation reaches -11 cm in
the northern part of the Laurentian mixed forestlyHandscapes with shallow soils
occur along Lake Superior and result from pastigtams. A mosaic of conifer stands,
northern hardwood stands, and mixed stands occtipesgion, and vegetation consists
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of forests that are a transition between boreal lanoddleaf deciduous (Goldblum and
Rigg 2002; Davis 1983; Braun 1950). Early succesdicpecies such as paper birch,
bigtooth aspen, trembling aspdpPopulus tremuloidgs and red maple have increased in
abundance compared to pre-European settlement,tintele hemlock and white pine
(Pinus strobus abundance has reduced due to a combination gingg post-logging
fire, and white-tailed deeilOdocoileus virginianusbrowsing (Rooney et al. 2000).The

dominant land use is forestry and outdoor recraatio

FIA data
The Forest Inventory and Analysis (FIA) Programtioé U.S. Department of

Agriculture Forest Service is a nationwide progriduait collects and publishes data from
all ownership of forest land in the US since 19&Baugh annual inventories started in
1999 (U.S.D.A. 2009). The FIA Program features mpglete and systematic national
sample design for all forest lands (i.e. at leaétha and 36.3 m wide with a minimum of
10% stocked by forest trees) in the US (Bechtoldl Ratterson 2005). It is conducted in
three phases, although data from the first two @hasly were used in this study. In
Phase 1, land area is stratified using remotelysextrimagery in the form of aerial
photography and/or satellite imagery to reduceavare in the estimates. In Phase 2, the
landscape is divided into contiguous 2428 ha hexsgontaining one randomly located
permanent ground plot each, for a total of ~125f@d@sted plots nationwide. Sampling
intensity varies between states, but because tAepkit design is a combination of
systematic arrangement and random sampling, vasangple intensities only affects the
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precision of the estimates. Field crews sampleapprately 20% of FIA plots annually
in the eastern US where they collect variables. (éogest type, tree species, soil
attributes) on each permanent ground plot with 1@@8asurement of a systematic panel
of plots completed every five years in the eastdg (U.S.D.A. 2008). Each plot is
designed to cover a 0.4 ha sample area. A plotistsnsf one central subplot and an
equilateral triangle arrangement of three periph&raplots spaced 36.6 m apart from the
central subplot, at azimuths of 120, 240, and 3&greks. Each subplot also includes a
2.1 m fixed-radius microplot which is offset frommet center of the subplot (3.7 m at an
azimuth of 90 degrees). All trees with a diametésraast height (dbh) of at least 12.7 cm
are recorded on subplots. Seedlings2(54 cm dbh and at least 30.5 cm in height for
hardwood species) are inventoried in microplots.

We downloaded FIA raw data files for Minnesota s@éinsin, and Michigan from

the FIA database website (FIADBttp://apps.fs.fed.us/fiadb-downloads/datamart.itml

This study is mostly based upon data collected &etw2008 and 2012, which
corresponds to a full cycle at the time of dataoagl(November 2013), although we also
used data from the earliest available FIA cycleD@®Q004, to compare changes in
seedling abundance with the 2008-2012 data. Teeprdhe confidentiality of the exact
location of FIA plots, plot coordinates are sp&jiglerturbed before being released to the
public. The perturbed plot coordinates were adgistebe within + 1 mile of the true plot
location which is of little consequence on our gtgdzen the regional scale presented in
this work. We selected plots including at least bwe sugar maple tree or at least one
sugar maple seedling and aggregated them into toegguous zones: Zone 1 (466
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plots) is near the prairie biome and covers Minteessnd Wisconsin, although we
excluded Northern Minnesota from our analyses beezai small sample size; Zone 2
(1978 plots) is in the forest biome and includegh®n Wisconsin; Zone 3 (1419 plots)
is deep into the forest biome, with the best clenfdr trees, and includes the Upper

Peninsula of Michigan (Figure 1.1).

Data analysis

Species selection and data sets

Tree species were selected based on tree andngealdlndance in each zone. In
the preliminary data analysis phase, we explordtl Bbsolute and relative density and
opted for tree relative basal area and seedliragivel density for further analyses. We
choose tree species with an average relative lzasal of 1% or more, and seedling
species with an average relative density of att |2%s among plots in each zone (Table
1.1).

We used three data sets for our analyses. Theentsth set (2008-2012) was
used to test the first and second hypotheses ifiemtification of sugar maple tree
communities and successional pathways, respechivieiyncludes plots with at least one
sugar maple tree or one sugar maple seedling (B&66). We identified 218 red oak
forest type plots (hereafter red oak only data etph FIA (2008-2012), 110 of which
were already included in the maple dataset. Aftielireg the red oak forest type plots to
the maple dataset, we obtained 3974 plots, whiclieimed as the maple-red oak data
set. We used the maple-red oak and red oak ondysads$ to test the third hypothesis (i.e.
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mesophication) and investigated changes in sugaplemaeedling abundance by

comparing the 2008-2012 data to the 2000-2004 data.

Ordination

Sugar maple communities in each zone were idedtifn PC-ORD v. 5.10
(McCune and Mefford 2006). Ordinations were basedatative basal area of trees and
we used Bray-Curtis ordination with Sorensen digtameasures and variance-regression
endpoint selection method in order to minimize thiuence of outliers. Bray-Curtis
ordination not only remains a robust method congbaoenewer methods of ordination
such as Nonmetric Multidimentional Scaling (NMS} lius also an effective strategy for
large data sets and data that disregards the assangd linear relationships among
species (McCune and Grace 2002; Beals 1984). We tme overlay method with a
cutoff r2 value of 0.100 for our biplots to visuaitlentify the other tree species that mix
with sugar maple to form gradients in community position. Sugar maple communities
subsets were formed by selecting plots with larggabarea for the species used for the
overlay (i.e. > 75th percentile basal area in tle@nnmatrix; large symbols on biplots);
for instance, in Zone 1, the sugar maple-basswaochtunity includes plots above the
75th percentile of basswood relative basal are& s$higar maple-bur oak-aspen
community includes plots above the 75th percertdflehe sum of bur oak and aspen
relative basal area (JeriLynn E. Peck, personalncomcation). In order to investigate
and depict successional trends of sugar maple t@amunities, we generated
successional vectors overlay (Philippi et al. 1998Cune 1992) on each sugar maple
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community subset by creating two sample units: \Igrgtory sample unit including
relative basal area of trees, and 2) understorypkaomit including relative density of
seedlings. Each sample unit consisted of the sdate @assified in the same order, so
that the overstory and understory locations forheplot were projected into the same
ordination space. By connecting the data pointsftbe overstory sample unit to the
understory sample unit (McCune and Grace 2002)wexe able to infer trajectories of
sugar maple overstory communities (i.e.,visualizgeptial overstory compositional
changes based on the assumption that the underistdhe future of the overstory)
(Sanders and Grochowski 2013; Woodall et al. 2@e3; et al. 2012; Salk et al. 2011).
Finally differences between overstory and undeystmymmunities were tested with
multi-response permutation procedure (MRPP), a aapetric method that tests for
multivariate differences between groups (Peck 20#@Cune and Grace 2002). A
Sorensen distance measure was used for the MRBRI&n to be consistent with the

distance measure used in the Bray-Curtis ordination

Results

The Bray-Curtis analysis revealed a continuum wjas maple communities
across the Upper Great Lakes region (Figure 1.2 Badgle 1.2). In Zone 1, axis 1
captured 15.57% of the total variation in the data while axes 2 and 3 captured 15.62%
and 12% of the total variation, respectively. Iln&a2, axis 1 explained 24.97% of the
total variation; axis 2 and 3 explained 17.10% &®175% of the total variation,
respectively. In Zone 3, axis 1 accounted for 2&6&ff the total variation, while axis 2

14



and 3 explained 17.89% and 17.73% to the totahtiari, respectively. In all three zones,
high abundances of sugar maple appeared in theivegemrtion of axis 1 while other
species abundances were in the positive porti@axisf 1. Four sugar maple communities
exist in Zone 1: sugar maple, sugar maple-red mapigar maple-bur oak-aspen, and
sugar maple-basswood. Three sugar maple communigies identified in Zone 2: sugar
maple-basswood, sugar maple-red oak-red maplesagar maple-quaking aspen. Four
sugar maple communities occurred in Zone 3: suggplen sugar maple-quaking aspen,
sugar maple-red maple-balsam fir, and sugar magteldck-yellow birch-white cedar
(Figure 1.2 and Table 1.2).

Successional vectors overlay indicated that therstory composition was
different from the understory composition and reswere supported by significant
MRPP tests (p-value < 0.0001). In all of the sugaple communities, axes 1, 2, and 3
combined accounted for 38.48% to 61.94% of thel teéaiation, with axis 1 and 2
explaining 18.78%-32.92% and 10.88%-20.7% of th@ltgariation, respectively. In
Zone 1, the successional vectors overlay showetdstigar maple transitioned towards
sugar maple and white ash; sugar maple, ironwattéyiut hickory, and white ash were
found in the understory of sugar maple-red oak ¢mramunity in Zone 1; the understory
of sugar maple-bur oak-aspen in Zone 1 includedsowple, white ash, and ironwood,
whereas sugar maple and white ash seedling dordinaiger the sugar maple-basswood
community in Zone 1 (Fig. 1.3, Table 1.3). In Zdheegeneration of sugar maple, white
ash, and ironwood was apparent under the sugareragkswood tree community. The
successional vector overlay in the sugar mapleeadred maple tree community in
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Zone 2 indicated a trajectory to sugar maple addmaple. Sugar maple and balsam fir
seedlings occurred in the sugar maple-quaking aspencommunity in Zone 2 (Figure
1.4, Table 1.3). Finally, sugar maple, red maptel monwood are regenerating in the
sugar maple tree community in Zone 3 while sugaplenand balsam fir seedlings
pathways were observed in all other sugar mapée doenmunities in Zone 3 (i.e. sugar
maple-quaking aspen, sugar maple-red maple-balgaraufar maple-hemlock-yellow
birch-white cedar, Figure 1.5, Table 1.3).

The maple-red oak data set indicated that 70%latk pncluded sugar maple
seedlings in 2000-2004 (Zone 1 = 54%, Zone 2 = 6B8ne 3 = 84%) compared to 73%
plots in 2008-2012 (Zone 1 = 61%, Zone 2 = 71%,eZ8r= 84%). Among the plots that
contained sugar maple seedlings, the sugar mapttisg relative density in 2000-2004
was on average 45% (Zone 1 = 45%, Zone 2 = 42%g Bon 49%). This proportion was
40% in 2008-2012 (Zone 1 = 39%, Zone 2 = 38%, Zdrme43%) (Table 1.4. (a)). The
proportion of plots with sugar maple seedlings @nésn 2000-2004 but not in 2008-
2012 was 13% (Zone 1 = 22%, Zone 2 = 14%, ZoneWo¥, while the proportion of
plots with sugar maple seedlings present in 200&28ut not in 2000-2004 was 16%
(Zone 1 = 28%, Zone 2 = 18%, Zone 3 = 9%).

The red oak only data set indicated that 39% otspincluded sugar maple
seedlings in 2000-2004 (Zone 1 = 22%, Zone 2 = 4480g 3 = 69%) compared to 35%
plots in 2008-2012 (Zone 1 = 22%, Zone 2 = 40%,eZ8r= 46%). Among the plots that
contained sugar maple seedlings, the sugar mapttisg relative density in 2000-2004

was on average 34% (Zone 1 = 34%, Zone 2 = 35%g Bon 31%). This proportion was
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36% in 2008-2012 (Zone 1 = 41%, Zone 2 = 35%, Zdre32%) (Table 1.4. (b)). The
proportion of plots with sugar maple seedlings @nésn 2000-2004 but not in 2008-
2012 was 22% (Zone 1 = 29%, Zone 2 = 19%, Zone33%), while the proportion of

plots with sugar maple seedlings present in 200828ut not in 2000-2004 was 14%

(Zone 1 = 29%, Zone 2 = 12%, Zone 3 = 0%).

Discussion

Our results support all three hypotheses givethén Introduction. First, sugar
maple dominated forests form a continuum of sugaplentree communities within and
across zones of the Upper Great Lakes region (hgsa 1), by associating with
different tree species across the gradient fronptia@ie-forest border to the deep forest
of Upper Michigan. Second, across the Upper Greakek region, sugar maple
regeneration dominates in combination with white asd ironwood (Zones 1 and 2), as
well as red maple and balsam fir (Zones 2 andrglicating that the distinct overstory
communities may not be stable and that sites araliing towards relative homogeneity
(hypothesis 2).Third, results based on the red @di data sets suggest a progression
towards greater abundance of sugar maple seedliegécrease in average sugar maple
seedling relative density) in 2008-2012 compared2®0-2004, especially near the
prairie forest border. While this increase is enidéor the red oak only data set, the
average sugar maple relative density for the sutmple-red oak data set decreased in
2008-2012 compared to 2000-2004, although the ptiopoof plots with sugar maple
seedlings is greater in 2008-2012 than in 2000-208#& may suggest that sugar maple-
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red oak communities are progressing towards greletinance of sugar maple, which

may be partly explained by mesophication (hypoth8ki

Hypothesis 1: Distinct sugar maple tree communitesoss the Upper Great Lakes
region
Sugar maple is known to be a major component inynfarest types of North

America (Burns and Honkala 1990; Eyre 1980) anavgron a wide range of mesic soils
(Horsley et al. 2002; Coghbill 2000). In the Uppee& Lakes region, the distribution of
beech, hemlock and yellow birch becomes more ame troited from east to west while
sugar maple encompasses most of the region, theraflapting by forming communities
with species that are present (Tirmenstein 199bjd@minant species across the area
include red oak, bur oak, aspen and basswood ithewu Minnesota and Wisconsin
(Zone 1), basswood, red oak, red maple, and quakspen in northern Wisconsin and
central Minnesota (Zone 2), and quaking aspennragle, balsam fir, hemlock, yellow
birch, and white cedar in the Upper Peninsula othWjan (Zone 3) (Table 1.2). We
assert that the difference in species composittwasa the Great Lakes region is mainly
associated with changes in environmental conditionere a drier climate with frequent
droughts and historical fire events prevails at piairie-forest border compared to a
cooler and wetter environment in the deep foredtlichigan (Changnon et al. 2002). In
the Upper Peninsula of Michigan, sugar maple dotamanesic northern forests with
hemlock, yellow birch, and red maple as co-domingmecies (Frelich 2002; Barnes
1991; Curtis 1959; Braun 1950). Because this aseaubject to heavy lake-effect snow

18



from Lake Superior, snowfall plays an importanterot the abundance of sugar maple,
hemlock, and beech by influencing soil moisturetrieat availability, and fire history;
for instance, at low annual snowfall, sugar mapid beech importance value are less
than hemlock; at moderate snowfall, sugar mapleages while hemlock decreases; and
at high annual snowfall, sugar maple is signifibantore important (Henne et al. 2007).
Although beech is also a common co-dominant speaiesugar maple in the Upper
Peninsula of Michigan our ordinations did not shawdistinct beech-maple forest
community. This might be caused by the absence egcthb in the western Upper
Peninsula where temperatures are colder and drewaghtmore frequent (Barnes 1991;

Woods and Davis 1989).

Hypothesis 2: Understory sugar maple dominancea@ratstory instability
Several factors contribute to the conversion of tugar maple overstory

communities identified in hypothesis 1 to distimctderstory communities, where sugar
maple seedlings co-dominate with white ash, iromyoed maple, balsam fir, and some
bitternut hickory. Our results are consistent witle successional trends identified by
Kotar's forest habitat classification system. Heniified that additionally to sugar maple
seedlings, bitternut hickory, white ash, basswaed, maple, and shagbark seedlings
were increasing in abundance in stands dominatesigpgr maple in Zone 1, but that red
and white oak, which were important in presettlemare not regenerating today (Kotar
and Burger 1996). In Zone 2, sugar maple and iraunspecies were common in the
understory (Kotar et al. 1988), and in Zone 3, tddally to sugar maple seedlings, red
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maple, balsam fir, and some ironwood seedlingscaramonly present (Burger and
Kotar 2003). These successional trends may hawatedsfrom a combination of
succession and anthropogenic changes. Early sumecakspecies such as aspen are
likely to be replaced by late successional and shabtrant sugar maple (Tirmenstein
1991) and balsam fir species (Uchytil 1991). Sugeple and balsam fir have high
tolerance for shade and also the potential to sstaly outcompete yellow birch
seedlings (Sullivan 1994), which also suffer froeaty deer browsing (White 2012).
The disappearance of hemlock as a co-dominantespétithe understory also may be
explained by intense deer browsing. There is noangt evidence in the literature that
high levels of deer browsing on hemlock populatibase contributed to the success of
sugar maple in the understory (Jenkins 1997; Daepkal. 1995; Frelich and Lorimer
1985; Marquis and Brenneman 1981; Stoeckeler e1987). With lesser amounts of
hemlock, sugar maple has a stronger potential fdace its most shade-tolerant
competitor, hemlock (Brown and Curtis 1952). Ondkiger hand, red maple, a generalist
species, has become increasingly common in nortfa@ests, mainly due to its low
requirements for resources, reduced fire frequeagt, human caused disturbances such
as logging (Fei and Steiner 2007; Abrams 1998; Alsrand Nowacki 1992; Lorimer and
Frelich 1984). Together, red maple and sugar mhpiee become the most abundant
species in modern forest understories compareldet@rte-settlement forest (Zhang et al.
2000). As for the presence of ash and ironwoochésugar maple-red oak understory
community, we suspect that earthworms are favoasly species and deer population
increase is allowing ironwood to invade (Matonisaét2011). The distinct understory
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communities resulting from a combination of sucmesd processes and anthropogenic
changes in sugar maple dominated forests indidate dverstory communities of the

Great Lakes region are not stable and may undemgpasitional changes.

Hypothesis 3: Mesophication in sugar maple-red cakmunities

The increase of the average sugar maple seedBigjive density in the
understory of red oak communities (based on theadédonly data set) may be explained
by mesophication in Zone 1 while succession is riksly occurring in Zone 2. In Zone
1, we suspect that mesophication is progressingrdsvgreater dominance of sugar
maple due to fire exclusion (Hanberry et al. 200Q3k decline in abundance is now
apparent in southeast and west-central region ohbtota (Hanberry et al. 2012; Danz
2009), as well as in southeast Wisconsin (Rhemtitlal. 2009; Rogers et al. 2008).
Previous studies have shown that fire is an impbrtamponent to red oak regeneration
as it regulates the proportion of red oak in sugaple-red oak forests (Grimm 1983) and
contributes to red oak establishment in Zones 12afBragg et al. 2004; Frelich 2002).
Except for transitional dry mesic sites, red oaksvean unimportant species in pre-
settlement forests, yet post-settlement loggingstslfire practices, and suppression of
frequent grass fires in the Central Plains regind areas previously dominated by tall
grass prairies created perfect conditions forstaldishment (Nowacki et al. 1990). Once
established, canopy closure combined with a deer@adire frequency and intensity
jeopardized oak species recruitment, and favoradestolerant species (e.g. sugar maple,
red maple) establishment in the understory (Haybetrial. 2012; Nowacki and Abrams
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2008; Lorimer 2003). In Zone 2 however, red oak weisally established after major
wind catastrophes followed by fire (Curtis 1959)daimmcreased in abundance as a
consequence of logging and slash fires practices fallowed by fire suppression and
the absence of deer that prefer to browse on r&dseadlings (McEwan et al. 2011,
Rhemtulla et al. 2009; Radeloff et al. 1999; Whitel Mladenoff 1994). While the land
was cleared for agriculture, most sites were lefteforest naturally and they are now

undergoing successsion to shade tolerant spekeemkple (Rhemtulla et al. 2009).

Factors contributing to the success of sugar mapkbe past few decades

In order to better understand the future of sugaple dominated forests, it is
important to address the factors explaining thessg of sugar maple in the past several
decades based on previous studies. They includglediree selection management
practices, the prevalence of disease and heavylieessing of competing tree species,
mesophication of oak forests, and wetter climabaditions. Single-tree selection has
been used since the 1920s in managing northerrwbar forest of the Upper Great
Lakes region to improve stand growth and stockihtre®e species (Nyland 1998; Crow
et al. 1981). By creating small gaps, single-trelection in maple forests has proven to
increase sugar maple abundance in the understahydiafavor the establishment and
recruitment of other species that may require lagmopy gaps (e.g. yellow birch),
therefore leading towards greater homogeneity impmsition and reducing species
diversity (Gronewold et al. 2010; Webster and Lanir8005). In southern Minnesota and
Wisconsin, the oak and maple group has been olibemi important amounts of
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basswood (Curtis 1959). The maple-basswood asgotiabs recognized as the regional
climax in the Big-Woods (Daubenmire 1936), and elas reported to be one of the
dominant tree species in the area, accounting#®e af the bearing trees (Grimm 1984).
In the late 1920s, Dutch elm disease reached threaUnited States (Gibbs 1978),
irrupted in central lllinois in the mid-1950s (Ngeadt al. 1960), and in the late 1970s, it
rapidly spread through Minnesota (Shrum and Frel@h7). The removal of elms by
Dutch elm disease may have created favorable gonditfor sugar maple population
increase and establishment (Lin and Augspurger 2@0@ might also partly explain the
widespread occurrence of sugar maple-dominatedstan

In the late 1950s, Curtis (1959) observed that eawsing was responsible for
low densities of hemlock seedlings and saplingbeémlock stands and suggested that
hemlock forests will eventually succeed to sugaplmdorests. Several studies later
reinforced Curtis' research by showing that hemldble preferred deer browse tree
species, has decreased in density allowing un4peefebrowsed tree species such as
sugar maple, red maple and ironwood to successfedjgnerate (White 2012; Salk et al.
2011; Rooney and Waller 2003; Rooney et al. 200@;l&ir et al. 1996; Kittredge and
Ashton 1995; Frelich and Lorimer 1985). In oak-doated forests, deer browsing has
also been shown to partly favor sugar maple andribome to oak regeneration failure
(Marquis et al. 1976), as acorns provide an imporsaurce of food for deer while the
stems of young oaks constitute their winter prarisi(Dickman and Lantagne 1997).

Mesophication of oak forests has also contribtitethe successful establishment

of sugar maple in oak forests and is attributedhi® decrease of fire frequency in
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Minnesota (Hanberry et al. 2012). We suspect thegaphication is widespread in Zone
1 and occurring in a few parts of Zone 2. Beforerdpean settlement, fire was
widespread and had an important impact on vegetg@dterns and species assemblages
(Abrams and Nowacki 1992). Frequent fires weraaaiitin maintaining the open nature
of oak savannas and open understories of oak $olgstcontrolling light availability,
creating microsites, and cleaning out the undeystitius preventing succession to fire-
sensitive, shade-tolerant species (Rebertus andsBL®97; Tester 1989; Grimm 1984;
Grimm 1983; Curtis 1959). After European settlemdine suppression and land-use
changes profoundly affected vegetation in ways tiegophytic species like sugar maple
increased and replaced fire dependent xerophycdak, pine, and chestnut (Hanberry
et al. 2012; Nowacki and Abrams 2008). Finallymaie records over the past 500 years
indicate reduced drought frequency and severityelbas increase moisture availability
across eastern North America in the last centuay ¢buld have favored maple over oaks

(McEwan et al. 2011).

Implications for the future of sugar maple

While it is obvious that sugar maple is a sucadsgiecies across the Great Lakes
regions, we predict that the successional momerntuvards sugar maple could slow or
even reverse in the future due to the long terrecesf of deer browsing, earthworm
invasion, and increased drought effects with a viagralimate (Joyce et al. 2013; White
2012; Mattison 2011). In the prairie-forest ordegion (zone 1) forests may enter a post-
mesophication phase. Given the scarcity of prefelseowse species (hemlock and

24



yellow birch in Zones 2 and 3, red oak in Zonesd 3) after several decades of heavy
deer browsing, species further down on the preterdist, such as sugar maple, may
become a source of food for deer and experienaeiiteent failure. Such a case has
already been documented by monitoring of permanmeyped plots in Upper Michigan
(Salk et al. 2011; Matonis et al. 2011). Earthwgrmich are not native to the northern
Great Lakes Region (James 1995), have become wedabsplue to use as recreational
fishing baits (Gates 1982). A suite of invading teaorm species, including the
nightcrawler Lumbricus terrestris leaf worm [umbricus rubellus and angleworms
(Aporrectodeaspp), cause multiple changes to soil structure erxmkystem function
(Frelich et al 2006). Reduction in duff thicknessmpaction of the A horizon, and lower
N and P availability when the worms invade all ciimite to decline in growth and seed-
producing ability of mature sugar maple trees (baret al. 2010; Hale et al. 2006;
Frelich et al. 2006). Exposed bare mineral soitsated by earthworms and increasing
total earthworm biomass in northern hardwood ferésive caused sugar maple seedling
density and total cover to decrease and have eesultrapid loss of the understory plants
and tree seedlings, in particular sugar maple sl (Fisichelli et al. 2013b;
Holdsworth et al. 2007; Frelich et al. 2006; Haleale 2005b; Hale et al. 2005a). In the
future, we expect regeneration failure of sugar lsmép continue on earthworm invaded
sites while red maple may prosper, since it gertemavell on bare mineral soil and is
not as negatively affected by nutrient loss an@rdsioils as sugar maple is (Mattison

2011).
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Forest ecosystems are also facing new challengibstie rapid increases in the
global mean annual temperature and changes inrloiistce regime (Joyce et al. 2013).
Sugar maple is known for its sensitivity to drou@iorsley and Long 1999). In the Great
Lakes region, climate scenarios predict a 3°C {© intrease in temperature in winter by
the end of the century and 3°C to 11°C rise in sem(iling et al. 2005). Precipitation is
projected to rise in the winter and decrease instiamer, and the region may become
drier overall because of future increased evapmraind transpiration that exceed
surpluses of precipitation (Kling et al. 2005; Kirt al. 2003). Past drought episodes
have contributed to sugar maple dieback, and witiwré drought scenarios, sugar maple
dieback is expected to happen again by 2045-20861ék et al. 1996).

We propose that many stands will enter a post-nfesapon phase where sugar
maple might not be able to survive the combinatibrwarmer climate, drought, deer
browsing, and earthworm invasion (Frelich and Re&2€i0). Even though our results
showed that sugar maple regeneration is successfiile understory of sugar maple
communities across the Upper Great Lakes regiangtrestion arises: is there already
evidence for a post-mesophication phase causedhagges in climate over the last
century in addition to browsing and earthworm ingasin some stands? Recent field-
based studies have demonstrated that combinatfidhese factors impede the growth of
temperate mesic forest species, including sugatar(&sichelli et al. 2013b; Salk et al.
2011). Sugar maple seedling relative abundancealéemed in 2008-2012 compared to
2000-2004 (Table 1.4 (a)). Morevover, approxima8d9o, 29%, and 16% of our plots in
Zone 1, Zone 2, and Zone 3, respectively showedugar maple seedling regeneration
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for the maple-red oak data set. There were 33%,, 2fb 16% of plots in Zones 1, 2,
and 3, respectively, without sugar maple seedlegeneration for the maple data set.
This result is consistent with the field studietediabove, although at a much larger
spatial extent, and with less detail as to causagbstnce of sugar maple seedlings. The
spatial pattern with a higher percentage of ploithout sugar maple regeneration in
Zones 1 and 2, than Zone 3, is also consistent @xffectations for ongoing changes
working against sugar maple, which should haveelesggnitude of negative impacts in
the deep interior forest zone, where the climatexisemely favorable for sugar maple
and potentially able to mitigate negative effedtevironmental changes as described
above. Therefore, we hypothesize that some sugptens@minated sites are entering a
post-mesophication phase and propose that futundiest should investigate this

hypothesis in more detalil.
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Table 1.1. Summary data for selected species. Tree relatigal lmaea (a) and seedling relative density (b)cateulated from

plots including at least one sugar maple tree ersugar maple seedling from the 2008-2012 FIA data.
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Table 1.2.  Sugar maple tree communities across the Upper Gedas region. Tree
communities were formed by selecting plots witlyéabasal area for the species we used
for the overlay (i.e. > 75th percentile basal aredhe main matrix; large symbols on
biplots); for instance, in Zone 1, the sugar mdgmeswood community includes plots

above the 75th percentile of basswood basal area.
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Table 1.3.  Successional patterns of sugar maple tree comraaraitross the Upper

Great Lakes region. Table is based on successiectdr overlay results (see Figures 1.3

to 1.5).
6% &)

4 ''&)
‘% "% "%

21& ! 0%

- #$

%  50% ( %

- #$

&& '&! ()

21& |
"% 5' (6 "%

21& !

- #$
"% 5 #8% "% "%

21& ! 21& !

- #$
‘% 50% (50% %
0%

‘% 5'( % ‘% ‘%
‘% 50$ 5 '%
"% 5 (53 # 521& $ "%

33



Table 1.4.  Proportion of plots with sugar maple seedlings @®@2004 and 2008-

2012. The maple-red oak data set (3974 plots) deduplots with at least one sugar
maple tree or one sugar maple seedling or red a@stftype FIA plots (a). The red oak
only data set (218 plots) refers to plots clasdifees red oak forest type by FIA (b).
Numbers in parentheses indicate the average relansity of sugar maple seedling

among the plots that contained sugar maple seexdling
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Figure 1.1. Map of the study area. Zones of interest are oppitey with ecological

provinces (i.e. Prairie Parkland, Midwest Broadleafest, and Laurentian Mixed Forest)
(McNab et al. 2007). The Prairie-Forest Border (PfBms the transition zone between
the tall grass prairies and the northern forestséZ1, 466 FIA plots), the forest interior
extends beyond the PFB into northern Wisconsin ¢Z&n1978 FIA plots), and the deep

forest lies in Michigan’s Upper Peninsula (Zond 819 FIA plots).
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Figure 1.2. Ordination plots of sugar maple communities acrthes Upper Great

Lakes region. The joint plots show the relationgtfipnultiple responses to Axis 1 and 2.
Upper left graph represents Zone 1, upper righplgneepresents Zone 2, and bottom
graph represents Zone 3. Vectors are radiating ftencentroid. The direction of each
vector indicates its relative association with tve axes while the length of each vector

is proportional to the magnitude of the association
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Figure 1.3. Successional vector overlay plots of sugar maphensonities in Zone 1. For clarity, the top graphswglthe joint plot
without the successional vectors and the bottonptgrashow the joint plot with the successional vectdriangles (| $ &

1 &) 9% $&'$ &)
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Figure 1.4. Successional vector overlay plots of sugar maphensonities in Zone 2. For clarity, the top graphswglthe joint plot
without the successional vectors and the bottorphgrahow the joint plot with the successional vextdriangles ( ) indicate

overstory and open circles)(indicate understory.
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Figure 1.5. Successional vector overlay plots of sugar maphensonities in Zone 3. For clarity, the top graphswglthe joint plot
without the successional vectors and the bottorphgrahow the joint plot with the successional vextdriangles ( ) indicate

overstory and open circles)(indicate understory.
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Chapter 2

Tree and seedling richness-productivity relationstps in sugar maple
(Acer saccharunp forest of the Upper Great Lakes region

with Lee E. Frelich
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Hundreds of hypotheses have been proposed toiexplka variation in species
richness in ecology and site productivity has b@eognized as being the most important
processes regulating species richness. The spade®ss-productivity relationship has
been studied for decades, yet, the form of thitieiship and the possible mechanisms
responsible for this pattern remain controverstale main distributions are proposed as
an attempt to explain the species richness-prodtyctirelationship: hump-shaped,
positive monotonic, negative monotonic, U-shapedlab. The hump-shaped distribution
is the most common pattern and refers to an inergaspecies richness at low levels of
site productivity followed by a decrease at higbels of site productivity. Most species
richness-productivity relationships studies haverbeonducted in ecosystems other than
forests, although few studies have focused on riletionship in temperate deciduous
forests. In an attempt to gain a better understandif the overstory and understory
species richness in relation to site productivitytémperate deciduous forests of the
Upper Great Lakes region (Minnesota, Wisconsin, @pger Peninsula of Michigan), we
used data from Forest Inventory and Analysis plbt8) plots and a set of ordinary least
squares (OLS) models on three data sets: a whate sgd, an upper 90th quantile of
species richness subset, and a random sample skbisgtwe investigated the form of
the tree and seedling richness-site productivitgti@ship in sugar maple dominated
forests of the Upper Great Lakes region. Secondased sugar maple relative basal
area to our richness-site productivity analysesratfoticing that sugar maple abundance
approaches 100% on some plots in all zones andftrerdominates the tree layer. We
tested if there was a threshold effect in sugarlenabundance that leads to a decrease of
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other species. Results varied across zones angetatandicating that sample size might
be influencing our results. Overall, a significagmbsitive relationship between tree
richness and site productivity was apparent as sggpdo a flat seedling richness-site
productivity relationship. The addition of sugarplebasal area to our models greatly
improved our results. No threshold effect was appiabut we observed that sugar maple
abundance had very strong negative neighborhoaettefin species richness, which

seemed to increase from the prairie-forest borleatds Upper Michigan.

Introduction

According to the species-area theory, larger aas to contain a larger number
of species (Wilson and MacArthur 1967). Based uplms assumption, the species-
energy theory suggests a positive relationship &etwavailable energy - a general
measure of site productivity due to factors suckliasate, topography, or soil chemistry
- and species richness (Wright 1983; Brown 198X).afA explanation for the species-
energy theory, the More Individuals Hypothesis estathat "more productive sites can
support higher total abundances and, since spectasess is an increasing function of
total abundance, so will it be of productivity" (&stava and Lawton 1998). Amongst
the hundreds of hypotheses that have been profgosexplain the variation in species
richness (Palmer 1994), productivity (i.e. the ratewhich energy flows through an
ecosystem; Rosenzweig and Abramsky 1993) is rezednas being one of the most
important processes regulating species richnesadmy factor influencing biodiversity
and ecosystem functions (Field et al. 2009; Tilngnal. 1997; Grime 1979). The
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relationship between species richness and siteuptivity has been studied since the
mid-1960s (Waide et al. 1999; Pianka 1966; Leigh5)%nd research clearly shows that
site productivity is a strong and consistent pregtiof species richness (Currie et al.
2004; Francis and Currie 2003; Hawkins et al. 2003)

Despite an increasing research effort investigatine species richness-site
productivity relationship, the form of this relatghip and the possible mechanisms
responsible for this pattern remain controversiadhe point that no general consensus on
the topic has been reached (Adler et al. 2011; Waidal. 1999; Abrams 1995). As a
result, five main distributions are proposed aga@empt to explain the species richness-
site productivity relationship: hump-shaped, p@sitmonotonic, negative monotonic, U-
shaped, or flat relationships (Mittelbach et alD20Gross et al. 2000; Waide et al. 1999;
Grace 1999). According to several studies, the hahgped distribution is the most
common pattern attributed to the species richnesdygtivity relationship (see review
by Mittelbach et al. 2001). This relationship hdteim been explained as a result of
environmental stress and competitive exclusionjltieg in a unimodal distribution or
"hump-shaped" relationship (Grime 1979). Adopted rbgny (Dodson et al. 2000;
Tilman and Pacala 1993; Rosenzweig and Abramsk®)198e humped model suggests
that species richness decreases at low and higdugeity levels and peaks at
intermediate productivity level. At low productiyitevel, species richness is dependent
upon limited resources and therefore responds wrammental stress; at intermediate
productivity level, moderate levels of stress aathpetition allow species that could not
survive towards low and high productivity levels d¢oexist; and at high productivity
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level, species richness decreases with increagedsprecific competition. While some
authors characterized the hump-shaped model asy Beibiquitous” (Huston and
Deangelis 1994) or "true" (Rosenzweig 1992), Abrdir@95) challenged the validity of
the humped pattern by suggesting that other fohas the hump-shaped model exist. He
argued that little is known about the mechanismsoafipetition in different communities
and that at high productivity level, factors othlean competition and exclusion explain
reduced species richness. Other authors suggdsthéhdorm of the species richness-
productivity relationship is highly scale dependg@atoss et al. 2000; Waide et al. 1999;
Rosenzweig and Abramsky 1993). Mittlebach et abD0@@ examined the species
richness-productivity relationship in 171 publishetudies, and observed that, at
geographical scales smaller than the continentgldbal, such as the regional and local
scales (<4000 km), the dominant model was the hdnmpedel (41-45% of all cases),
followed by the positive relationship model. Exaewplof other factors explaining the
form of species richness-productivity relationsiplude how data are aggregated and
patterns examined (Gross et al. 2000), or theab#pecies pool and evolutionary history
(Partel et al. 2007; Zobel 1997).

A review of the scientific literature shows thdthaugh species richness-site
productivity relationship studies have been congldidh wetlands (Gough et al. 1994;
Moore and Keddy 1989), grassland ecosystems (Gabss 2000; Grace 1999; Zobel
and Liira 1997), aquatic ecosystems (Dodson €2@00), and even animal populations
(Waide et al. 1999), few studies have focused ensiecies richness-site productivity
relationship in temperate deciduous forests (Axmanet al. 2012; Schuster and
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Diekmann 2005), in particular in North America (@keet al. 2009). Given the debate
around the hump-shaped model (Mittelbach et al.12@0aide et al. 1999), our first
objective was to describe the form of the sped@®ess-site productivity relationship in
the overstory (tree) and understory (seedlinggofderate deciduous forests of the Upper
Great Lakes region (Minnesota, Wisconsin, and UpPeninsula of Michigan),
specifically, in sugar maple dominated forests. psst of our second objective, we
included sugar maple abundance to our models aftéicing that the tree layer
approached 100% sugar maple basal area on sonseggiatss the entire study region.
Given that sugar maple has a strong positive neigidnd effects that promotes self
replacement (Frelich 2002; Frelich et al. 1993), were interested in testing whether
species richness decreased with increases of sogple abundance and investigating
whether there was a threshold effect in sugar maiplendance that leads to the decrease
of other species.

We studied the form of the species richness-sibelyxtivity relationship of the
overstory and understory of sugar maple dominabeests (objective 1), by proposing
the null hypothesis that the species richnessgsibeuctivity relationship of the Upper
Great Lakes region is flat. Our alternative hyped®e were that the richness-site
productivity relationship is 1) hump-shaped, 2) ifpje8 monotonic, 3) negative
monotonic, and 4) U-shaped. We investigated thstexce of threshold effects of sugar
maple abundance on species richness (objectivayagsting the null hypothesis that no

threshold effect exists (i.e. species richnessedsas linearly with increase sugar maple
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abundance) against that alternative that there threshold effect of sugar maple

abundance (i.e. species richness display threshsfibnses to increase basal area).

Methods
Study area

The Upper Great Lakes region includes three matogical provinces defined
by dominant climatic regimes, potential native wagen, and biomes: the prairie
parkland, the eastern broadleaf forest, and thedmdian mixed forest provinces (McNab
et al. 2007; Cleland et al. 1997; McNab and Av&34) (Figure 2.1).

The prairie parkland occupies the western pamiwminesota and extends to the
southern parts of Wisconsin and Michigan. Mean ahtemperatures vary from 2°C in
the north to 9°C to the south. This province hasrdinental climate with cold winters,
hot summers, and mean annual precipitation of 4éncthhe north to 84 cm in the south.
Precipitation mainly occurs in the form of snowtle north but falls mostly as rain in the
south. Mean evapotranspiration exceeds mean piatodpi during the growing season
(May through September), with water deficits of 88 along the western edge of the
prairie parkland to 2.0 cm in southern MinnesotamBarid loamy soils are well-to-
moderately well-drained. Pre-settlement vegetati@s dominated by tall grass prairie
but today agriculture is the dominant land use.

The eastern broadleaf forest extends from norttesedlinnesota to southeastern
Michigan. Mean annual temperatures vary from 4°@henorthwest of the province to
10°C in Michigan. The overall climate is continédntwith warm to hot summers.
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Precipitation averages 65 to 93 cm and approximaglals evapotranspiration. Two-
thirds of it falls during the growing season whielsts about 125 days up to 180 days
along Lake Michigan. Local reliefs (20 to 180 m¢ apparent in Wisconsin as a result of
past glaciation. Winter precipitation is mostly snand averages 100 cm. Soil moisture
regime is dominantly mesic with frequent growingsan water deficits ranging from 2.0
cm in Minnesota up to 1.2 cm in Wisconsin. Prelsetént vegetation was dominated by
maple-basswood forests or oak savannas at theepfaiest border as a result of fire
frequency variations (Grimm 1984) whereas oak-higkiorests dominate sandy sites
and beech-maple forests grow on loamy soils in Mah. Today, agriculture, urban and
industrial development constitute the major lan@susThe transition (ecotone) from
eastern broadleaf forest to prairie parkland igstiRanz 2009; Grimm 1983) whereas
the transition between eastern broadleaf forest landentian mixed forest is gradual
(Fisichelli et al. 2013a; Goldblum and Rigg 2002ai 1950).

The Laurentian mixed forest lies in the northeamt mf the Upper Great Lakes
region and extends into Canada. Average annualdetpes range from 3°C to 6°C.
Average annual precipitation varies between 61 aoh HL5 cm, with fifty percent of
precipitation falling during the growing season (M&éhrough September). Annual
snowfall varies from 100 cm to 165 cm, but can pe¢a833 cm due to the Lake-effect
snow. The climate is classified as continental Watte effects influence along the Great
Lakes. Winters (i.e. days below or at freezing terafure) are longer with considerable
snow coverage and summers are short and warm cecthfrathe prairie parkland and the

eastern broadleaf provinces. To the contrary of gheirie parkland and the eastern
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broadleaf provinces, there is a moisture surplikerathan a deficit, and the mean
growing season potential evapotranspiration mimegipitation reaches -11 cm in the
northern part of the Laurentian mixed forest. Hibydscapes with shallow soils occur
along Lake Superior and result from past glaciatioA mosaic of conifer stands,

northern hardwood stands, and mixed stands occtimesgion, and vegetation consists
of forests that are a transition between boreal lamoddleaf deciduous (Goldblum and
Rigg 2002; Davis 1983; Braun 1950). The currendlaaver is forest and the dominant

land use is forestry and outdoor recreation.

FIA data

The Forest Inventory and Analysis (FIA) Programtioé U.S. Department of
Agriculture Forest Service is a nationwide progriduait collects and publishes data from
all ownership of forest land in the US since 19&Baugh annual inventories started in
1999 (U.S.D.A. 2009). The FIA Program features mpglete and systematic national
sample design for all lands in the US (Bechtold &adterson 2005). It monitors only
forest lands (i.e. at least 0.4 ha and 36.3 m widk a minimum of 10% stocked by
forest trees) and is conducted in three phasdsyugjh we used data from the first two
phases only. In Phase 1, land area is stratifiedyugmotely sensed imagery in the form
of aerial photography and/or satellite imagery éduce variance in the estimates. In
Phase 2, the landscape is divided into contigual8 zha hexagons containing one
randomly located permanent ground plot each, footal of ~125,000 forested plots
nationwide. Sampling intensity varies between stdiat because the FIA plot design is a
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combination of systematic arrangement and randonpkiag, varying sample intensities
only affects the precision of the estimates. Fallvs sample approximately 20% of FIA
plots annually in the eastern US where they colieniables (e.g. forest type, tree
species, soil attributes) on each permanent grquodwith 100% measurement of a
systematic panel of plots completed every five gaarthe eastern US (U.S.D.A. 2008).
Each plot is designed to cover a 0.4 ha sample Arpbot consists of one central subplot
and an equilateral triangle arrangement of thregbperal subplots spaced 36.6 m apart
from the central subplot, at azimuths of 120, 248 360 degrees. Each subplot also
includes a 2.1 m fixed-radius microplot which isset from the center of the subplot (3.7
m at an azimuth of 90 degrees). All trees withanditer at breast height (dbh) of at least
12.7 cm are recorded on subplots. Saplings (2.9215 cm dbh) and seedlingsZ.54
cm dbh and at least 30.5 cm in height for hardwepécies) are inventoried in
microplots.

We downloaded FIA raw data files for Minnesota s@éinsin, and Michigan from

the FIA database website (FIADBttp://apps.fs.fed.us/fiadb-downloads/datamart.hitml

Our study is based upon data collected between 266832007, which corresponds to a
full cycle at the time of data upload (May 2009h protect the confidentiality of the

exact location of FIA plots, plot coordinates apatsally perturbed before being released
to the public. The perturbed plot coordinates wadpisted to be within £ 1 mile of the

true plot location which is of little consequence @ur study given the regional scale
presented in this work. We selected plots includihtgast one live sugar maple tree and
aggregated them into contiguous zones: Zone 1 ((B18) is near the prairie biome and
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covers Minnesota and Wisconsin, although we exduderthern Minnesota from our
analyses because of small sample size; Zone 2 (AR2S) is in the forest biome and
includes northern Wisconsin; Zone 3 (1314 plotgjasp into the forest biome, with the
best climate for trees, and includes the Upperr3eha of Michigan (Figure 2.1).

Species richness was defined as the total nunftepeaies (i.e. tree or seedling)
on each plot in each zone. Sugar maple basal aregpressed as the total basal area of
sugar maple trees in square meter per hectare. $§d SITECLCD from the FIA
"Condition" table (COND) as our measure of siteduciivity. SITECLCD identifies the
potential growth of a site by classifying forestdain terms of inherent capacity to grow
crops of industrial wood. It is calculated in culleet per acre per year and is based on
the culmination of mean annual increment of fultpcked natural stands (U.S.D.A.
2008). SITECLCD is based on the site trees avalébt the plot, i.e. the height that
dominant or co-dominant trees are expected tonatihia base reference age. Classes
range from 1 (225+ cubic feet/acre/year) to 7 (OcliBic feet/acre/year). We took the
midpoint of each class and re-organized the origitesses in order of increasing site
productivity. We then converted our final classesubic meters per hectare. They were:

0.66; 2.10; 4.69; 7.14; 9.94; 13.61.

Data analysis
1. Exploratory data analyses
We started with basic exploratory data analyseasgess the means of tree and
seedling richness in each zone and tested for feigni differences. We used site
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productivity as our independent variable and spgediehness (tree or seedling) as our
dependent variable. ANOVAs were used to test fgmi§cant differences amongst zones
(p-value 0.05) and followed up with a Tukey's HSD to teBtpmssible two-way
comparisons and find out which zones, if any, wagmnificantly different (Cook and

Weisberg 1999).

2. Species richness as a function of site productivity
Whole data set
The form of the relationship between species gssnand site productivity was
examined by using ordinary least squares (OLS)essyon models in our three zones in
two steps: first, we fit a linear model to distimglubetween positive monotonic, negative
monotonic, or flat relationships; second, a quacriarm was added to the linear term

only if the quadratic term was significant (i.evglue < 0.05) (Cook and Weisberg 1999).

Upper quantile subset

The purpose of conducting multiple OLS regressiadels as explained above
was to estimate the mean value of the distributiotihhe seedling and tree richness based
on site productivity and sugar maple abundanceceSOLS only estimates the mean
value of the response variable (here seedlinge& tichness), it does not tell us about
this relationship in the high species richness gmaies, in other words, in the high
guantiles of seedling and tree richness. One wagctount for this effect is to perform
guantile regression analysis (Cade and Noon 20083. technique was developed in the
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late 1970s and consists of conducting regressiansagous quantiles of the distribution
(Koenker and Bassett 1978). The advantage of upiagtile regression is that it ignores
any assumptions about the distribution of the egom residuals and it is insensitive to
outliers (Koenker 2005). Because it is a commonnpheenon for most species to be
absent from most plots in any sampling of the laags (i.e. zero inflation problem), we
reasoned that the upper quantile plots (i.e. tiptsts with the highest number of species)
in each site productivity class may show specielsness-site productivity relationships
not apparent for all plots. Therefore, rather tapplying a 90th quantile regression to the
whole data set, we created a subset of the whaotesdd (i.e. "upper quantile subset") for
each zone that contained plots above the 90th piecef species richness at each site
productivity level and examined the richness-sitedpctivity relationship as explained in

the previous paragraph.

Random sample subset

The species richness-site productivity analysee iirther extended to another
subset of data to investigate the effects of smafthple size in the low and high
productivity categories. In each site productivityass, we drew 100 random samples
(with replacement) of plots and recorded the higbpscies richness each time. Because
of differences in total number of plots in eacheddone 1 = 378 plots; Zone 2 = 1823
plots; Zone 3 = 1314 plots), the size of the rand@ample for each zone varied. In order
to determine the size of the random sample in eaxte, we selected the minimum
number of plots ) among all site productivity classes (for eache)oas a point of
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reference for our random sample siaeyas 81, 45, and 141 plots in Zone 1, Zone 2, and
Zone 3, respectively. For instance, in Zone 1, veavdl00 random samples of 81 plots in
each site productivity class and recorded the lsgfgecies richness at each drawing. We
also used OLS regression analyses on this new stdtaf random sample (hereafter
"random sample subset") and compared regressi@eslamong data sets (i.e. whole,

upper quantile subset, and random sample subsetgbps of an ANCOVA.

3. Species richness as a function of site productemity sugar maple abundance

The relationship between species richness, sibelyativity, and sugar maple
abundance was examined by means of multiple OL&sempn to the whole data set
only. Tree or seedling richness were the respoms@bles; site productivity and its
guadratic term, sugar maple abundance, and a twp imgraction between site
productivity and sugar maple abundance were theigiogs. We evaluated a set of
candidate models from a simple model including grtductivity and basal area to a full
model including all predictors and two-way interant A null model (intercept-only)
was incorporated to each set of candidate modeldetermine the importance of the
independent variables. Models were compared uskagka&'s Information Criteria (AIC),
which rewards the goodness of fit and penalizeseatsodith too many predictors (i.e.
avoids overfitting) while offering a balance betweft improvement (i.e. increased
likelihood) and parsimony (Burnham and Anderson200he model with the lowest

AIC value is considered as the best model.

53



In all of our models, we transformed our data whppropriate and assessed the
goodness of fit using the F-test lack of fit (jpevalue > 0.05 indicates that the model is
adequate) along with a careful inspection of resighlots. Analyses were conducted in

Arc (Cook and Weisberg 2004) and R (R Core Tean3R01

Results
1. Exploratory data analyses

Tree species richness in the Upper Great Lakesmegas on average greater
than seedling species richness (Table 2.1). Avetegge richness decreased from the
prairie-forest border to Upper Michigan (Zone 1 .83 Zone 2 = 6.65; Zone 3 = 6.07)
while average seedling richness was similar adtesshree zones (Zone 1 = 5.08; Zone
2=5.47; Zone 3 =5.25; Table 2.1). ANOVA and TykeHSD tests indicated significant
tree richness differences among all zones (F =32%8value < 0.001) and significant
differences in seedling richness between Zone 1Zang 2 (F = 4.545, p-value = 0.011).
On average, site productivity levels decreased Zome 1 to Zone 3 while average sugar

maple basal area increased from Zone 1 to ZonaBl¢T2.1).

2. Species richness as a function of site productivity
The linear, quadratic, or multiple regression niedéghlighted below fit the data
well after data transformation and inspection &f thsiduals and F-test for lack of fit,
however, low R2 indicated poor fits overall despitgroving the explained variation in
the significant quadratic models (Tables 2.2 tg.Zl4ee richness-site productivity linear
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relationships from the whole data set were sigaiftcand slightly increasing in all zones
(Table 2.2). When we added the quadratic term th d@ear model, this relationship
remained significant in Zones 2 and 3 with a slighd-shaped pattern but was non-
significant in Zone 1 (Table 2.2, Figure 2.2). Tiedationship between seedling richness
and site productivity was non-significant and #atoss zones and also the quadratic term
was not significant (Table 2.2).

In the upper quantile subset, the linear relalignbetween tree richness and site
productivity was significant and increasing in Zdnbut non-significant in the other two
zones where it was flat (Table 2.3). The quadr@im was significant in Zone 2 only
and showed a U-shaped pattern (Table 2.3, Figlg Zhe seedling richness-site
productivity relationships were non-significant ditat in the linear models across zones
(Table 2.3), however, the quadratic model in Zoneak significant and hump-shaped
(Figure 2.3). The quadratic terms were not sigaificin Zones 2 and 3 (Table 2.3). The
explained variation for the models in the uppermi@asubset were low.

The linear models from the random sample subsewat a significant and
increasing tree richness-site productivity relasiwip in Zones 2 and 3, but a non-
significant and flat relationship in Zone 1 (TaBld). The quadratic term was significant
in Zone 2 only, and the model showed a slight hwmgped pattern (Figure 2.4). The
seedling richness-site productivity linear modetzavall significant, although increasing
in Zones 1 and 3 but decreasing in Zone 2. We faursignificant U-shaped seedling

richness-site productivity relationship in Zone fthwthe highest R2 among all models
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and data sets (R2 = 0.388), and a slight hump meZb when we added the quadratic
term (Table 2.4, Figure 2.4).

In summary, there was a flat tree richness-sibelyetivity relationship in Zone 3
in the upper quantile and the random sample subaadsin Zone 1 in the random sample
subset (Table 2.5). Results indicated a significamtreasing tree richness-site
productivity relationship in Zone 1 for the wholatd set and the upper quantile subset, a
significant U-shaped pattern in Zones 2 and 3fierwhole data set and in Zone 2 from
the upper quantile subset (Table 2.5). Additiondkgre was a slight hump in Zone 2 for
the random sample subset. For the seedling richrtess richness-site productivity
relationship was flat and non-significant acrossemofor the whole data set, and in Zones
2 and 3 for the upper quantile subset (Table Bkgnificant hump patterns were visible
in Zone 1 (upper quantile subset) and Zone 2 (nanslample subset). Finally, we noticed
a significant U-shaped relationship in Zone 1 amstgaificant increasing trend in Zone 3,

both from the random sample subset (Table 2.5).

3. Species richness as a function of site productemity sugar maple abundance
AIC results indicated that the top models for tmehness (Table 2.6) and
seedling richness (Table 2.7) in each zone inclugiedproductivity and basal area. One
intercept-only model qualified as a candidate mdgel A; < 2) in Zone 1 (AIC =
1059.53, Table 2.7). With the exception of the ;febest seedling richness models in
Zone 1 (Table 2.11), all other seedling and trebrmess models (Tables 2.8-2.10 and
Tables 2.12-2.13, respectively) were significanthaugh the significance of all
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parameters was achieved only in the top tree rehneodel in Zone 1 (AIC = 1623.33,
Table 2.8). Overall, sugar maple basal area wasfisignt and negative in most tree and
seedling richness models and site productivity,giigdratic term, and the interaction
between site productivity and basal area wereigatfeant (Tables 2.8-2.15).

Results from the top model for each zone (i.e.eleAIC value) indicate that
most tree and seedling richness models were signifi (Tables 2.14 and 2.15,
respectively), expect for the top seedling richnessdel in Zone 1, although the
significance of this model was marginal (p-valué®.87, Table 2.15). R2 for the tree
richness models (0.14, 0.25, and 0.34 for ZoneoheZand Zone 3, respectively; Table
2.14) were improved by adding sugar maple abundarioethe equation as opposed to
using site productivity alone, while R2 remaine ltor seedling richness (0.009, 0.04,
and 0.07 for Zone 1, Zone, and Zone 3, respectivEhble 2.15). Comparison of
standardized parameters coefficients (SPE) indictiat sugar maple basal area was a
more important predictor than site productivityaithzones (SPE, Tables 2.14 and 2.15).
SPE also showed that sugar maple basal area higdificant negative impact on tree
and seedling richness across zones, which incrédem®dZone 1 to Zone 3 (SPE, Tables
2.14 and 2.15). The significance of site produttivwas apparent only for tree richness
in Zone 1, for which it had a positive effect (Tal@.14). We further observed significant
and strong negative correlations between richnaegssagar maple abundance (Figure
2.5). More precisely, on sites with high sugar redmsal area (100%), tree richness was
reduced to one species but seedling richness vheaedeen 0 to 7 species, with a mean
of 2 to 3 species (Table 2.16).
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Discussion
Shape of species richness-site productivity refesips

Our null hypothesis of a flat richness-site prdduty relationship was fully
supported for seedling richness in the whole detaisdicating that site productivity has
no effect on seedling richness across the UppeatQuakes region, most likely because
seedlings respond differently to productive envinemts than adults do (Grman 2013;
Stevens et al. 2004; Tilman and Pacala 1993). Hewder the whole data set, there was
support for significant slightly increasing speciehiness with site productivity for trees,
either linear (Zone 1) or with a curved increasgnificant quadratic term, but mostly
upward leg of the quadratic relationship represriiggures 2.2b and 2.2c).

Best fit regression curves for the upper 90th g@etite data set were generally in
agreement with the whole data set except for treleness in Zone 3 and seedling
richness in Zone 1. Only seedling richness in Zbimad the expected flat pattern for the
whole data set and hump-shaped relationship fo8@tie percentile (Table 2.5), based on
inspection of the scatter plots in Figure 2.2. Rammtnore, we anticipated similar results
for shape of the relationship between the uppentijgaand random subsets, but found
agreement only for tree richness in Zone 3. Susbatities suggest that differences in
sample sizes among site productivity classes nbghinfluencing the results (Cade and
Noon 2003; Mittelbach et al. 2001). The lowest aighest site productivity classes had
far fewer plots than the middle classes, so thaefeglots were in the upper quantile for
low and high classes, giving a misleading visugbriession of the shape of the upper
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guantile. Inconsistent results between the uppemtje and random sample subsets
indicate little support for using any model otheairt the whole data set.

Choice of independent variable as a surrogateiterproductivity (FIA uses the
potential growth of industrial wood, in cubic feelife/year) can lead to variations in the
shape of the species richness-site productivigtigiship. According to Abrams (1988),
the relationship between productivity and diversitgy depend upon the meaning of
productivity and the type of resources that infeeeigrowth. Waide et al. (1999) pointed
out that, while theoretical studies use net primprgductivity as the independent
variable, empirical studies use components or gates of net primary productivity as
theirs. Under different circumstances, productivigs been measured in different ways,
and studies have used climatic variables (Oberbd. 2009), biomass (Axmanova et al.
2013), tree dbh and volume (Larpkern et al. 20&@d)ight availability (Reich et al. 2012)
as proxy measures of site productivity. This ddfese in measure not only makes it
challenging to depict consistency in the relatiogmshetween species richness and
productivity, but it also makes it difficult to cqrare findings from several studies,
thereby the importance of using direct measuresitef productivity (e.g. soil nutrients
and moisture) in an attempt to portray site progitgtgradients (Adler et al. 2011).

In the significant models, the percentage of thgation explained by regression
equations was low. The need for a high R?, in @se¢ was of less concern because we
were interested in investigating the shape of i@lahips between variables rather than
making predictions of species richness for indigidplots. Although R? statistics are
used as a measure of goodness of fit, low or highake been shown to over- or under-
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represent the data when interpreted alone (foamust, it is possible to have a low R2 for
a model that fits the data, or a high R2? for a nhéll&t does not), thus the importance of
examining the regression diagnostic plots carefirlyaddition to inspecting statistical
tests (Cook and Weisberg 1999; Rawlings et al. 1.988his study, low R2 indicated that
other factors than site productivity influence spsaichness, which is consistent with
findings from previous studies of species richnggsproductivity relationships (Adler et
al. 2011). The addition of sugar maple abundanceummodels for instance improved
the percentage of the variation explained by thedehoand provided valuable
information.

Since we found that tree richness increases Blightall three zones using the
whole data set, we were interested in further eatalg whether changes in tree richness
were biologically significant (Johnson and Omland042). Based on the regression
models in Table 2.2, we calculated how mean speiibaess changes across the range
of site productivity levels for each zone and fouhdt in Zone 1, species richness
increased by two species from low to high produstisites (i.e. from 7 to 9 species). In
Zone 2, tree richness across site productivityltewas constant (i.e. 7 species), and in
Zone 3, tree richness increased from 6 specieswrptoductivity sites to 7 species on
high productivity sites. Given such little variation the results, we conclude that this
increase in tree richness across site productiMtyels has only modest biological

significance.

Influence of site productivity and sugar maple bhasaa
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By adding sugar maple abundance to our modelggaieed a better explanation
of the variation in tree and seedling richness. Jigaificance of sugar maple basal area
when added to our models provided valuable infoienabn the importance of overstory
abundance to species richness. In general, prewaatisors have pointed out that site
productivity is only one factor influencing specieshness and that other mechanisms
contributing to richness-site productivity relatstip include disturbance (Dyer and
Baird 1997; Oliver 1981; White 1979; Connell 197B¥jtudinal gradients and habitat
diversity (Rohde 1992), species tolerance for diffé sets of climatic conditions (i.e. the
physiological tolerance hypothesis) (Currie et 2004), or evolutionary mechanisms
(Evans et al. 2005). Specifically, in our studyaareariation in species richness among
our plots may result from other local processe$ thgulate species richness, such as
soils (Gough et al. 1994; Goldberg 1985; Daubenrh$#86), predation (Rooney et al.
2000; Doepker et al. 1995; Stoeckeler et al. 19Bigsive species (Holdsworth et al.
2007; Rooney et al. 2004a). These findings, incigdiurs, highlight the importance of
considering other factors than site productivityewhattempting to understand species
richness patterns (Simova et al. 2013; Adler e2@l.1).

We did not find evidence for a threshold effectour data—species richness
showed a steady linear decline with increasing lbasaa (Figure 2.5). Overstory
abundance has been shown to influence speciesesshin several forest ecosystems
including European deciduous forests (Axmanovd.e2Gi1.2) or boreal forests (Reich et
al. 2012). The success of understory species iticpr depends upon several factors
including neighborhood effects, a major componenhe spatial and temporal dynamic
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of forests (Frelich and Reich 1999). Sugar maplertexstrong neighborhood effects in
the form of dense shade and heavy litterfall of eratkly large leaves that can smother
seedlings of some species like hemlock and/or piteaecess to mineral soils required by
some species such as hemlock, yellow birch andnaple (Ferrari 1999; Frelich et al.
1993; Koroleff 1954). We found that, on sites witlgh sugar maple abundance (i.e.
100% basal area), several seedling species ocauartkd understory (Table 2.16), which
is an indication that sugar maple cannot elimirgditenicrosites that would support other
species of seedlings. Therefore, all of the bass enodels predict about four species of

seedlings even at 100% sugar maple basal area.

In conclusion, we found that the seedling richress productivity relationship
was flat and that tree richness increased slighiiyr site productivity, marginally
significant biologically. Surrogates for site prativity should be used with care and
direct measures of site productivity are recommdn@ugar maple abundance had a
strong negative effect on species richness andamla greater proportion of the
variation of species richness that site produgtjwthich highlights the importance of
exploring other factors that may influence specielsness. No threshold effect of sugar
maple abundance on species richness was appanmrertO@o sugar maple basal area
sites, tree richness was reduced to one while isgedichness varied between 0-7,
indicating that sugar maple can never exclude thkkrospecies of seedling even on sites

with 100% sugar maple basal area.
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Table 2.1.  Descriptive statistics for the variables used irs tstudy. All variables

originate from the Forest Inventory and AnalysiBA)FRNational Program.
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Table 2.2.  Ordinary Least Square (OLS) regression parameterthé linear and quadratic models of the specdbmess-

site productivity relationships (whole data set} fefers to the coefficient of determination. Theadratic model was

considered appropriate only if the quadratic teras wignificant. "n.s." denotes a non-significatatrenship. Corresponding

plots are shown in Figure 2.2.
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Table 2.3.  Ordinary Least Square (OLS) regression parameterthé linear and quadratic models of the specdbmess-
site productivity relationships (upper quantile set). R2 refers to the coefficient of determinatidhe quadratic model was

considered appropriate only if the quadratic teras wignificant. "n.s." denotes a non-significatatrenship. Corresponding

plots are shown in Figure 2.3.
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Table 2.4.  Ordinary Least Square (OLS) regression parameterthé linear and quadratic models of the specdbmess-
site productivity relationships (random sample sthdR? refers to the coefficient of determinatidhe quadratic model was

considered appropriate only if the quadratic teras wignificant. "n.s." denotes a non-significatatienship. Corresponding

plots are shown in Figure 2.4.
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Table 2.5.  Summary of the form of species richness-site prtvdity relationships
across zones and among data sets. Full resultgresented in Tables 2.2 to 2.4. The
form of the species richness-site productivity tieleship recorded in the table refers to

best of the linear or the quadratic model.
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Table 2.6.  AIC models of tree richness as a function of sitedpctivity and sugar
maple basal area in each zone. Models are ranked tine lowest to the highest AIC
value in each zone.i < 2 provide substantial support for the best m@gBernham and
Anderson 2002). K is the number of parameters deduin the model, AIC is the
Akaike's Information Criterion value,i is the difference between the AIC of the best
fitting model and that of mode| and w is the probability that a modelis the best
among all candidate models. Model parameters: S®ite productivity, SP2 = Site
productivity quadratic term, BA = Basal area. Tlenbol "x" between two parameters

indicates a two way interaction.
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Table 2.7.  AIC models of seedling richness as a function ¢ giroductivity and
sugar maple basal area in each zone. Models akeddrmom the lowest to the highest
AIC value in each zone.i < 2 provide substantial support for the best mgBarnham
and Anderson 2002). K is the number of parametertuded in the model, AIC is the
Akaike's Information Criterion value,i is the difference between the AIC of the best
fitting model and that of mode| and w is the probability that a modelis the best
among all candidate models. Model parameters: S®ite productivity, SP2 = Site
productivity quadratic term, BA = Basal area. Tlenbol "x" between two parameters

indicates a two way interaction.
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Table 2.8.  Ordinary Least Squares (OLS) regression for the ieslels (i.e. i < 2)
of tree richness as a function of site productiatd sugar maple basal area in Zone 1.
Best models are ranked from the lowest to the lsigA¢C value (see Table 2.6). #1

indicate the top best model and #3 the last model.
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Table 2.9.  Ordinary Least Squares (OLS) regression for the ieslels (i.e. i < 2)
of tree richness as a function of site productiatd sugar maple basal area in Zone 2.
Best models are ranked from the lowest to the lsigA¢C value (see Table 2.6). #1

indicate the top best model and #4 the model.
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Table 2.10. Ordinary Least Squares (OLS) regression for the meslels (i.e. i < 2)
of tree richness as a function of site productiahd sugar maple basal area in Zone 3.
Best models are ranked from the lowest to the lsigA¢C value (see Table 2.6). #1

indicate the top best model and #3 the last model.
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Table 2.11. Ordinary Least Squares (OLS) regression for the ieslels (i.e. i < 2)
of seedling richness as a function of site proditgtand sugar maple basal area in Zone
1. Best models are ranked from the lowest to tighdst AIC value (see Table 2.7). #1

indicate the top best model and #4 the last model.
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Table 2.12. Ordinary Least Squares (OLS) regression for the ieslels (i.e. i < 2)
of seedling richness as a function of site proditgtand sugar maple basal area in Zone
2. Best models are ranked from the lowest to tighdst AIC value (see Table 2.7). #1

indicate the top best model and #4 the last model.
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Table 2.13. Ordinary Least Squares (OLS) regression for the meslels (i.e. i < 2)
of seedling richness as a function of site prodgitgtand sugar maple basal area in Zone
3. Best models are ranked from the lowest to tighdst AIC value (see Table 2.7). #1

indicate the top best model and #3 the last model.
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Table 2.14. Ordinary Least Squares (OLS) regression for themagalels (i.e. lowest
AIC value) of tree richness as a function of siteductivity and sugar maple basal area
in each zone. "SPE" refers to the standardizednpetex estimates for the independent

variables.
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Table 2.15. Ordinary Least Squares (OLS) regression for tipenodels (i.e. lowest
AIC value) of seedling richness as a function ¢ groductivity and sugar maple basal
area in each zone. "SPE" refers to the standardmm@meter estimates for the

independent variables.
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Table 2.16. Number of tree and seedling species occurring @n (Idl%) and high

(100%) sugar maple abundance sites.
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Figure 2.1. Map of the study area. Zones of interest are oppitey with ecological

provinces (i.e. Prairie Parkland, Midwest Broadleafest, and Laurentian Mixed Forest)
(McNab et al. 2007). The Prairie-Forest Border (PfBms the transition zone between
the tall grass prairies and the northern forestsézZ1, 378 FIA plots), the forest interior
extends beyond the PFB into northern Wisconsin ¢Z2n1823 FIA plots), and the deep

forest lies in Michigan’s Upper Peninsula (Zond 314 FIA plots).
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Figure 2.2.  Scatter plots of the species richness-site prodtictielationships for the
whole data set. Tree richness in the upper pladstiifough (c)) and seedling richness in
the lower plots ((d) through (f)) are presented Zone 1 (left), Zone 2 (middle), and
Zone 3 (right). Species (tree or seedling) richnggke total number of species and site
productivity is expressed in cubic meters per hecfger year. Significant trends are

added when appropriate.
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Figure 2.3.  Scatter plots of the species richness-site prodtictielationships for the
upper quantile subset. Tree richness in the upjms f(a) through (c)) and seedling
richness in the lower plots ((d) through (f)) anegented for Zone 1 (left), Zone 2
(middle), and Zone 3 (right). Species (tree or Begirichness is the total number of
species and site productivity is expressed in cot@ters per hectare per year. Significant

trends are added when appropriate.
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Figure 2.4. Scatter plots of the species richness-site prodtictielationships for the
random sample subset. Tree richness in the upps fla) through (c)) and seedling
richness in the lower plots ((d) through (f)) anegented for Zone 1 (left), Zone 2
(middle), and Zone 3 (right). Species (tree or Begirichness is the total number of
species and site productivity is expressed in cot@ters per hectare per year. Significant

trends are added when appropriate.
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Figure 2.5. Scatter plots and correlations between sugar ntzgsal area and species
richness in each zone for the whole data set. fickeess in the upper plots ((a) through
(c)) and seedling richness in the lower plots (tdpugh (f)) are presented for Zone 1

(left), Zone 2 (middle), and Zone 3 (right). r =r@ation coefficient.
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Figure 2.6. Standardized residual plots of species richnessa danction of site

productivity and sugar maple abundance in each.zZbee richness (left) and seedling
richness (right) are presented for Zone 1 (topnez@ (middle), and Zone 3 (bottom).
Plots are based on the top ordinary Least Squak&)@egression models (i.e. lowest

AIC; see Tables 2.14 and 2.15).
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Chapter 3

Ecological niche of sugar mapleAcer saccharun seedlings from prairie-forest
border to interior of forest biome

with Lee E. Frelich
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The relationship between vegetation and environatéactors has been long
been recognized as a major determinant of plamiepédistribution and abundances.
Paleoecological records indicate that the spatiadposition and distribution of species
have shifted in response to past environmentalgdsalthough past changes were
driven by natural forces. Recent anthropogenic gaarsuch as the increase in
temperature have the potential to negatively atteetecological niche of many species
across the landscape in particular the seedlinggefspecies, which are known to be a
good indicator of future overstory composition. &umaple Acer saccharui a
common late successional species in the Great Lrakgsn, increases in abundance from
the prairie-forest border to the Upper Peninsul®imhigan. The climatic gradient of the
Upper Great Lakes region (Minnesota, Wisconsin,dpgder Michigan) provides an
ideal framework to study sugar maple seedling-emvirent relationships and to better
understand future implications of global environtaéchange on hardwood forests. In
this paper, we investigated sugar maple seedlingjtbaty to current forest structure and
composition (sugar maple basal area and stand age)ell as site level environmental
conditions (sand proportion, soil depth, slope, @RASP - an index related to aspect).
We did this for three zones (prairie-forest bordeterior of the forest biome, and deep
interior of the forest biome), using data from FEdr@ventory and Analysis plots (FIA)
plots and multiple regression with multi-model ir&fiece for set of top models
determined by AIC. We hypothesized that sugar msgéellings respond differently to
environment variables across the region and hdwreader environmental niche in the
Upper Peninsula of Michigan than at the prairieeftitborder. Results show that as
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expected, basal area of sugar maple was genetdliyvely related to sugar maple
seedlings density, while the effects of % sandswilddepth varied across the three
zones. TRASP, an index related to aspect had agstregative influence on seedling
abundance at the prairie-forest border and inteiwoes, but had no influence in the deep
interior zone. The overall interpretation of thedwats and patterns across the climate
gradient indicate that sugar maple seedling abwelancurrently insensitive to
environmental variables (i.e., has a very broadrenmental niche) in Upper Michigan,
with many stands currently growing on sites witlatigely high percent sand content,
shallow soils, and south slopes. The expected ighifiture climate would make the
climate of Upper Michigan like that of the praifierest border by late in the 21
Century, thereby reducing the probability of sesglistablishment on many sites

currently with high dominance of sugar maple unbitable.

Introduction

One of the main concerns of ecology is to undedsthe processes responsible
for species distribution and diversity. Countleggles have focused on the relationship
between vegetation and environmental factors arely tbnanimously agree that
environmental gradients are a major factor thaicttires plant communities and patterns
of abundance across the landscape within specimsz(Bt al. 2011; Salemaa et al. 2008;
Messaoud et al. 2007; Daek et al. 2003; Janssens et al. 1998; BrookerGadthghan
1998; Grimm 1984). In the Great Lakes region, tis&ribution of major tree species (e.g.
Acer saccharum Acer rubrum Quercus rubra Tsuga canadensgisoccur along a
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southwest to northeast gradient portraying disterotironmental conditions (Goldblum
and Rigg 2002; Walker et al. 2002; Zhang et al.0200urtis 1959). Paleoecological
records clearly show that the spatial compositind distribution of species has shifted
many times in response to past environmental clsafigebanhowar et al. 2006; Baker
et al. 2002; Woods and Davis 1989). While thesengba were driven by natural forces
and occurred over periods of thousands of yearsi$DA989; Davis 1983), today's
environmental changes have been accelerated atpmaaedented pace by anthropogenic
factors since the Industrial Revolution (Cole etl®98; Stearns 1997).

Worldwide, the year of 2012 was among the 10 watrgears in the record since
1850, with global atmospheric CO2 concentrationaring 400 ppm, about 1.4 times
greater than in the late 1700s (Blunden and Arrit3200ver the Great Lakes region,
climate models predict a 2.2°C to 2.8°C 30-yearaye temperature increase from 1971-
2000 to 2041-2070, with an increase of 2.2°C t6@G.® the winter and 1.7°C to 2.5°C
in spring (NOAA 2013). Northwestern Minnesota iggicted to experience the greatest
temperature increase in the winter, while greatestases in temperature in spring are
simulated for Michigan and eastern Wisconsin in B@21-2070 period. Thirty-year
average precipitation changes are also expecteddar from 1971-2000 to 2041-2070,
with largest simulated precipitation increases @f12% in northern Wisconsin and the
Upper Peninsula of Michigan (NOAA 2013). In generalverage precipitation is
expected to rise in the winter but decrease instiemer, and the Upper Great Lakes
region may become drier overall because of futunereased evaporation and
transpiration that exceed surpluses of precipmatfdOAA 2013; Kling et al. 2005; Kling
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et al. 2003). Consequently, species habitats adiqied to shift to the north or northeast
up to 480 km, while ecotonal zones such as theigsfairest border may move to the
northeast (Walker et al. 2002; Iverson et al. 1998tson and Prasad 1998; Overpeck et
al. 1991). In addition to climate change, seveuwhars suggest that other environmental
stress such as increasing white-tailed de@dogoileus virginianus populations
(Fisichelli et al. 2012; White 2012; Salk et al.12) and invasive European earthworms
(Frelich et al. 2006; Hale et al. 2005b) will negeally affect ecological communities. The
guestion arises then, how will forests respond addpt to such rapid environmental
changes? One way to investigate this response ggitoa better understanding of the
relationship between species and their environrfidassaoud and Houle 2006).

Tree recruitment is critical for the regeneratiand establishment of plant
populations (Clark et al. 1999) and forest undeystcomposition provides a good
indication of potential future overstory compositiGanders and Grochowski 2013; Dey
et al. 2012; Salk et al. 2011; Kobe et al. 2002yé&land Larson 1996). Seedling growth
and survival differ from one species to anotherthieir environmental requirements
(Wright and Westoby 1999; Ashton et al. 1998; Careeal. 1998; Ashton and Larson
1996) and the successful establishment of seedldeg®ends partly on dispersion,
germination and growth of seeds (Schupp 1995; Harpal. 1970) while environmental
variables have been recognized for decades asnglaym important role in seedling
establishment and range limits of species (MacAri934).

Sugar mapleAcer saccharumis a common late successional species in thetGrea
Lakes region (Burns and Honkala 1990) and is widespin dry mesic to mesic northern
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temperate forests (Curtis 1959). Sugar maple ferpsivide habitat for many wildlife

species while trees are valued for their produetg. (timber and syrup) (Whitney and
Upmeyer 2004). Sugar maple forms a gradient of comities within and across zones of
the Upper Great Lakes region (Minnesota, Wiscoreia, Upper Michigan; see Chapter
1) and increases in abundance from the prairiestdserder to the Upper Peninsula of
Michigan where it reaches its greatest abundancehenricher loamy soils of the

hemlock-northern hardwood forests (Albert 1995; rBt@ret al. 1995). In an effort to

understand future implications of global environtaérthange on sugar maple forests,
we investigated sugar maple seedling-environmedatioeships across the Upper Great
Lakes region. Previous studies have shown thabatés such as proportion of sand, soil
depth, slope and aspect regulate the balance hetwmsic and dry forest species
(Hanberry et al. 2013; Goldblum et al. 2010; Wydkaid Bowers 2010; Umbanhowar
2004; Barton and Gleeson 1996). For example, xgtapltree species like pine or oak
are more likely to occur on deep sandy or shalloissand warmer sites (i.e. south
facing slopes) than mesic forest species, whiclude maple, ash, and beech (McNab
2011). This sensitivity should change along a demgradient and seedlings of a mesic
forest species like sugar maple should be moreitsenso sand and aspect near the
prairie-forest border than deep in the interiothaf forest biome. Therefore, our goal was
to determine sugar maple seedling sensitivity tweru forest structure and composition
(sugar maple basal area and stand age), as wslteatevel environmental conditions

(sand proportion, soil depth, slope, and TRASP inalex related to aspect), including
interaction effects. We proposed the null hypothésat the environmental niche of sugar
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maple seedlings is the same across the Upper Gedads region compared to the
alternative that it is broader in the Upper Penmsaf Michigan; that is, sugar maple
seedlings respond differently to environment vdeabacross the Upper Great Lakes
region and are less sensitive to environmentalatées in the Upper Peninsula of
Michigan where climatic conditions are more favdealo its establishment and growth,

than in the prairie-forest border.

Methods
Study area

The Upper Great Lakes region includes three matogical provinces defined
by dominant climatic regimes, potential native wagen, and biomes: the prairie
parkland, the eastern broadleaf forest, and thedrdian mixed forest provinces (McNab
et al. 2007; Cleland et al. 1997; McNab and Av&34) (Figure 3.1).

The prairie parkland occupies the western pamwminesota and extends to the
southern parts of Wisconsin and Michigan. Mean ahtemperatures vary from 2°C in
the north to 9°C to the south. This province hasrdinental climate with cold winters,
hot summers, and mean annual precipitation of 4éncthe north to 84 cm in the south.
Precipitation mainly occurs in the form of snowtive north but falls is almost entirely
rain in the south. Mean evapotranspiration exceeeksn precipitation during the growing
season (May through September), with water defigit2.0-3.8 cm along the western

edge of the prairie parkland. Semi-arid loamy saiks well-to-moderately well-drained.
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Pre-settlement vegetation was dominated by tagypaairie but today agriculture is the
dominant land use.

The eastern broadleaf forest extends from norttesredlinnesota to southeastern
Michigan. Mean annual temperatures vary from 4°@henorthwest of the province to
10°C in Michigan. The overall climate is contindntwith warm to hot summers.
Precipitation averages 65 to 93 cm and approximaglals evapotranspiration. Two-
thirds of it falls during the growing season whielsts about 125 days up to 180 days
along Lake Michigan. Local reliefs (20 to 180 m¢ apparent in Wisconsin as a result of
past glaciation. Winter precipitation is mostly snand averages 100 cm. Soil moisture
regime is dominantly mesic with lower growing seasater deficits (1.2-2.0 cm) than
the prairie parkland. Pre-settlement vegetation edasinated by maple-basswood forests
or oak savannas at the prairie-forest border assaltr of fire frequency variations
(Grimm 1984) whereas oak-hickory forests dominately sites and beech-maple forests
grow on loamy soils in Michigan. Today, agricultutegban and industrial development
constitute the major land uses. The transitiont@e) from eastern broadleaf forest to
prairie parkland is sharp (Danz 2009; Grimm 1983)ereas the transition between
eastern broadleaf forest and Laurentian mixed fasegradual (Fisichelli et al. 2013a;
Goldblum and Rigg 2002; Braun 1950).

The Laurentian mixed forest lies in the northeamt mf the Upper Great Lakes
region and extends into Canada. Average annualdetyes range from 3°C to 6°C
while mean annual precipitation varies between @&#l 415 cm. Fifty percent of
precipitation falls during the growing season (Masough September). Annual snowfall
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varies from 100 to 165 cm, but can be up to 833dcm to the Lake-effect snow. The
climate is classified as continental with lake ef$einfluence along the Great Lakes.
Winters (i.e. days below or at freezing tempergtare longer with considerable snow
coverage and summers are short and cool comparddetgrairie parkland and the

eastern broadleaf provinces. To the contrary of gheirie parkland and the eastern
broadleaf provinces, there is a moisture surplikerathan a deficit, and the mean
growing season potential evapotranspiration mimegipitation reaches -11 cm in the
northern part of the Laurentian mixed forest. Hibydscapes with shallow soils occur
along Lake Superior and result from past glaciatioA mosaic of conifer stands,

northern hardwood stands, and mixed stands occtipesgion, and vegetation consists
of forests that are a transition between boreal lamoddleaf deciduous (Goldblum and
Rigg 2002; Davis 1983; Braun 1950). The currendlaaver is forest and the dominant

land use is forestry and outdoor recreation.

FIA data

The Forest Inventory and Analysis (FIA) Programtioé U.S. Department of
Agriculture Forest Service is a nationwide progriduait collects and publishes data from
all ownership of forest land in the US since 19&Baugh annual inventories started in
1999 (U.S.D.A. 2009). The FIA Program features mpglete and systematic national
sample design for all lands in the US (Bechtold &adterson 2005). It monitors only
forest lands (i.e. at least 0.4 ha and 36.3 m widk a minimum of 10% stocked by

forest trees) and is conducted in three phasdsyugjh we used data from the first two
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phases only. In Phase 1, land area is stratifiedyugsmotely sensed imagery in the form
of aerial photography and/or satellite imagery éduce variance in the estimates. In
Phase 2, the landscape is divided into contigugl8 zha hexagons containing one
randomly located permanent ground plot each, footal of ~125,000 forested plots
nationwide. Sampling intensity varies between stdiat because the FIA plot design is a
combination of systematic arrangement and randonpkiag, varying sample intensities
only affects the precision of the estimates. Fallvs sample approximately 20% of FIA
plots annually in the eastern US where they colieniables (e.g. forest type, tree
species, soil attributes) on each permanent grquodwith 100% measurement of a
systematic panel of plots completed every five gaarthe eastern US (U.S.D.A. 2008).
Each plot is designed to cover a 0.4 ha sample Arpbot consists of one central subplot
and an equilateral triangle arrangement of thre@peral subplots spaced 36.6 m apart
from the central subplot, at azimuths of 120, 248 360 degrees. Each subplot also
includes a 2.1 m fixed-radius microplot which isset from the center of the subplot (3.7
m at an azimuth of 90 degrees). All trees withandter at breast height (dbh) of at least
12.7 cm are recorded on subplots. Saplings (2.92145 cm dbh) and seedlings.54

cm dbh and at least 30.5 cm in height for hardwepeécies) are inventoried in
microplots.

We downloaded FIA raw data files for Minnesotas@éinsin, and Michigan from

the FIA database website (FIADBttp://apps.fs.fed.us/fiadb-downloads/datamart.itml
Our study is based upon data collected between 266832007, which corresponds to a
full cycle at the time of data upload (May 2009h protect the confidentiality of the
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exact location of FIA plots, plot coordinates apatsally perturbed before being released
to the public. The perturbed plot coordinates wadpisted to be within £ 1 mile of the
true plot location which is of little consequence @ur study given the regional scale
presented in this work. We selected plots includihtgast one live sugar maple tree and
aggregated them into contiguous zones: Zone 1 ((B18) is near the prairie biome and
covers Minnesota and Wisconsin, although we exduderthern Minnesota from our
analyses because of small sample size; Zone 2 (ARB2S) is in the forest biome and
includes northern Wisconsin; Zone 3 (1314 plotgjasp into the forest biome, with the
best climate for trees, and includes the Upperreha of Michigan (Figure 3.1).

We selected our response variable (sugar mapt#isgelensity) and four of our
six predictors (sugar maple basal area, stand slgpe, and aspect) from the FIA
database (U.S.D.A. 2008). Sugar maple seedlingitgessexpressed as the number of
seedlings per hectare and sugar maple basal arie &gtal basal area of sugar maple
trees in square meters per hectare. FIA recordsl stge in the field, and this variable is
assigned to the nearest year. Slope refers tortgke af slope, in percent, of the plot.
Aspect is defined as the direction of the slopehi nearest degree, with North being
recorded as 360. Since aspect is a circular vasiaiblas difficult to distinguish values
near zero from 360 values since they essentiayesent to same direction, therefore,
we converted aspect into the following index:

1—I:|'_'DBE?‘2EII:f%}':ﬂi“pﬂct—aﬂ'}}

TRASP =

-
=
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TRASP varies between 0 and 1 and assigns 0 to NigEcés (typically the coolest and
wettest orientation) and 1 to SSW aspects (typidak hotter and driest slopes) (Roberts

and Cooper 1989).

SSURGO data

We extracted our soil depth and percent sand Masgpredictors) from the Soll
Survey Geographic (SSURGO) database. SSURGO isgrajghic database representing
soil maps and is based on field methods that cemglunty soil surveys (U.S.D.A.
1995). Surveyors observe soil attributes alongnéelion boundaries before determining
map unit composition by field traverses and tratssdeach county uses slightly different
criteria for their soil surveys and spatial dis¢ouities cause differences across state and
county lines, nonetheless, SSURGO provides the deisiled level of soil physical and
chemical data in digital form (U.S.D.A. 1995). SSGA data is mapped as separate
polygons (i.e. map units) that gather soil infonmatat a scale ranging from 1:12,000 to
1:63,360, with most details collected at the formeale. SSURGO data sets consist of a
combination of map and tabular data, although feeas in central and northern
Minnesota were either missing the tabular dataabular and spatial information at the
time of download (September 2009). We used the Baih Viewer (U.S.D.A. 2007) to
obtain soil polygons for Minnesota, Wisconsin, adichigan. We then performed a
shapefile join between SSURGO and exact FIA ploations in ArcGIS 9.3 (ESRI 2008)

to extract SSURGO soil attributes for each FIA p&dnd is defined as particles between
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0.05 mm and 2 mm in diameter and is expressedpscentage. Depth is recorded in

centimeters up to 200 cm deep. Beyond 200 cm,dhes\of Depth is set to 201 cm.

Data analysis

Sugar maple seedlings per hectare was our respearsable. A set of six
environmental variables (sugar maple basal area, geoportion, stand age, slope, depth
of soil, and TRASP) and nine two-way interactiobagal area by sand, basal area by
stand age, basal area by depth, basal area by TR¥®R by depth, sand by TRASP,
depth by TRASP, slope by TRASP, and slope by depéng the predictors. Correlation
coefficients ) among predictors were weak and varied betweet5-@Gnd 0.29.
ANOVAs were used to test for significant differeacef variables amongst zones (p-
value 0.05) and followed up with a Tukey's HSD to teéit @ossible two-way
comparisons and find out which zones, if any, wagmificantly different (Cook and
Weisberg 1999).

We used the Akaike's Information Criterion (AICgthnod to determine the best
subset of models in each zone (Burnham and And&802). We are presenting a multi-
model approach to model selection to determine kvharameters are important to sugar
maple seedlings in the Upper Great Lakes regidmerathan identifying a single best
model. In traditional model selection methods sashforward selection, hypothesis
testing (i.e. significant or not significant) isegsto determine the next variable that is
added. Once the significance level (i.e. p-valwe)adding a variable is greater than the
one specified by the researcher, the selectionegsostops. Hence, results may vary
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according to the order in which models are compuéed. forward vs backward). AIC
rewards the goodness of fit and penalizes models b many predictors (i.e. avoids
overfitting) while offering a balance between fitprovement (i.e. increased likelihood)
and parsimony (Burnham and Anderson 2002). Priocdlzulating AIC values, we
corrected non linearity and non-homogenous variam@ach zone by transformation of
the response and the predictors using a combinaifoBox-Cox and Box-Tidwell
transformation (Ryan 1997). Analyses included sené regressions models from a
simple model including one variable to more comptedels including the six predictors
and nine two-way interactions. A null model (i.atercept-only) was incorporated to
each set of candidate models to determine the itaupce of the independent variables.
We computed AIC values according to the following:

AIC = -2*In(likelihood) + 2*K
where In is the natural logarithm, In(likelihood the numerical value of the log-
likelihood at its maximum point, and K is the numhe parameters in the model.
Regression models were compared by calculatingdMi€rences (i):

A; = AIC; - min AIC

where i is the difference between the AIC of the besinfittmodel and that of model
AIC, is the AIC for the modal, and min AIC is the minimum AIC value of all model
As a rule of thumb, i < 2 provides substantial support for modgBurnham and
Anderson 2002). Finally, we calculated Akaike wesgbf evidence for each model to

help us select the best set of models {,e< 2) as follows:

_ expl=05=4)
W; = 7F -
P Ermg sxp(—05:4,)
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where w; are the Akaike weights and the denominator is shen of the relative
likelihood for all candidate modelaw; varies between 0 and 1 and indicate the
probability that a modaelis the best among all candidate models. All modéils A; < 2
were fitted for significance and assessed for gesdrof fit using the F-test lack of fit
(i.e. p-value > 0.05 indicates that the model iscagte) and careful visual inspection of
the residual plots.

We conducted all of our analyses in R (R Core Teail) and Arc (Cook and

Weisberg 2004).

Results
On average, sugar maple seedling density increflasetdZone 1 to Zone 3 (i.e.

from the prairie-forest border to the Upper Penimsii Michigan), with seedling density
being 2.4 times greater in Zone 3 than it is in&dn(Table 3.1). Similarly, in Zone 3,
sugar maple basal area was about 1.5 times gieafeme 3 than in Zone 1. Percent of
sand was on average higher in Zones 2 and 3 (48ar8059.24%, respectively) than in
Zone 1 (38.35%). Average stand age varied littilmss the region with averages of 70
years in Zones 1 and 2 and 68 years in Zone 3.i@edps small variation in average
stand age, Zone 3 hosts some older stands (204 gkhmaximum) than Zone 1 and 2
do (124 and 189 years old maximum, respectivelile ean value of depth indicates
that soils are deeper in Zone 2 (167 cm) while ay@g 150 cm in Zone 1 and 129 cm in
Zone 3. Since SSURGO assigns a systematic val2@bicm for soils beyond 200 cm

deep, calculating soil depth averages might beeliag§hus, it is worth noticing that the
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minimum value for depth decreases from Zone 1 (88to Zone 3 (19 cm). Percent of
slope was almost three times greater in Zone 1ithaas in Zones 2 and 3 with average
slope values of 20.45% in Zone 1 and about 7% me&® and 3. Average TRASP index
was 0.32, 0.27, and 0.24 for Zone 1, Zone 2, andeZ& respectively. ANOVA and
Tukey's HSD tests indicated that all variables,epxdor stand age, were statistically
different amongst zones (p-valué.001).

All models in the best sets (i.&; < 2, Tables 3.2 to 3.4) were statistically
significant (p-value 0.05) across zones and F-test lack of fit inditdbat these models
fit the data well. In Zone 1 (Table 3.2), TRASP vimduded in all five best models and
sand occurred in the top four models. Sand and TRAferactions were important
parameters in two out of the five best models dred last three best models included
basal area. Depth and the interaction of basal byedepth appeared in the last best
model only. In Zone 2 (Table 3.3), basal area,dstge, and TRASP were included in all
seven best models. Sand was included in five of ltest models and so was the
interaction between sand and TRASP. Interactiomwd®n basal area and TRASP and
basal area and stand age were included in threevandut of seven models while the
basal area and sand interaction occurred only emrondel. In Zone 3 (Table 3.4), all
eight best models included basal area and santh @e&gs included in seven of the eight
models. Stand age only occurred in the eighth estel, as did the basal area by stand
age interaction. The most common interactions el area by sand (six out of eight

models), basal area by depth (five out of eight et&)d and sand by depth (three out of
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eight models). Slope was not included in any of bast models, neither was the
intercept-only model.

F-test statistic for the OLS regression for thetbaodels in each zone were all
significant (Tables 3.5 through 3.7) and plots eédiduals for the top modei{ = 0) in
each zone indicated that the models fit the datd (Fegure 3.2). However, the
significance of all parameters was achieved in amg model in each zone: in Zone 1,
this model included sand (t = 2.045, p-value = R)&&hd TRASP (t = -2.491, p-value =
0.014) (model #2, Table 5); in Zone 2, it includeasal area (t = 8.173, p-value < 0.001),
stand age (t = 4.672, p-value < 0.001), and TRASP-R.240, p-value = 0.025) (model
#3, Table 6); and in Zone 3, it included basal §tea7.471, p-value < 0.001), sand (t =
2.493, p-value = 0.013), and their interaction (#2371, p-value = 0.018) (model #3,
Table 3.7).

The effects of environmental variables and two \wdagractions on sugar maple
seedling abundance varied across zones (TableBa8al area had a positive effect on
sugar maple seedling abundance in all models wheras included except for model #5
in Zone 1 (Table 3.5). Sand had a slight positiffecé in the models where it was
included in Zones 1 and all but one model in Zongl'&bles 3.4 and 3.7); sand was
negative in models in Zone 2 (Table 3.6). Standregevery little effect but was positive
in all models in Zone 2 with the exception of #&lfle 3.6); it was also slightly positive
in Zone 3 where it appeared in the last model ¢hable 3.7). Soil depth was negative in
all models in which it was included (#5 in ZoneThble 5; all models except #3 in Zone
3, Table 3.7). TRASP appeared in all models in Zdhand 2 and had mostly a negative
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effect except in #4 of Zone 1 and #6 of Zone 2 ({@a8.5 and 3.6, respectively). TRASP
was absent from all top models in Zone 3 (Tablg. 3 e interaction between sand and
TRASP was negative in Zone 1 but positive in Zorend the interaction between basal
area and TRASP in Zone 2 was negative. Interactidrizasal area with stand age and
sand were positive in Zone 2 but negative in Zon€h& basal area and depth interaction

was positive in Zone 1 and 3; so was the sand apthdnteraction in Zone 3.

Discussion
Current conditions

Our results confirm that sugar maple tree baseh and seedling density are
lower at the prairie-forest border and increasearols the Upper Peninsula of Michigan.
This is consistent with previous studies showingt tugar maple abundance increases
from the prairie-forest border to the Upper Penimsd Michigan (Albert 1995; Barrett et
al. 1995). The strong and positive effect of sugaple basal area on sugar maple
seedling abundance may be attributed to strongpssitive neighborhood effects of
sugar maple, where local overstory abundance apltitescale creates ideal conditions
for its own reproduction, by creating summer shadd deep leaf litter (Frelich 2002;
Frelich et al. 1993). This effect seems weakehatprairie-forests border as indicated by
the occurrence of sugar maple basal area in aluofbest models in Zones 2 and 3 but
only in the last three models in Zone 1. Basal aastive effect is reinforced with stand
age and sand in Zone 2, but those effects countsugar maple seedling abundance in
Zone 3, indicating that other important environnagriaictors - possibly soil nutrients,
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temperature, precipitation, or herbivory - may b#uencing the understory of sugar
maple forest (St Clair et al. 2008).

Aspect is known to indirectly control vegetatiomaihgh soil moisture and solar
insolation (McAndrews 1966). For instance, givemikr soils, north-facing sites have
the capacity of storing more water during dry sp#tlan south-facing sites, which in turn
are much drier because they receive greater insoJataind therefore, are more
susceptible to higher levels of evapotranspiratitan north-facing slopes (Geroy et al.
2011). TRASP, an index related to aspect, followedexpected pattern across the three
zones, with strong negative parameter estimatesthegrairie-forest border in Zone 1,
and the forest interior of Zone 2, but was exclufiteth the set of best models in the deep
interior forests of Zone 3. Thus, aspect becamignifscant in its influence on seedling
density as the summer climate became cooler witledavater deficits.

At first glance, percent sand appeared to have guobs effects on sugar maple
seedling density, with positive parameters in tlestbmodels for Zones 1 and 3 and
negative for Zone 2. Average percent sand was ab®tlower in Zone 1 (38.35%) than
in Zone 2 (49.78%) and about 21% lower than in Z8r(&9.24%). Thus, sugar maple
stands selected to be included in the study grovwprogressively sandier soils as the
summer climate becomes cooler across the climateiggt from edge of prairie to the
deep interior of the forest biome. Although sand bapositive effect on sugar maple
seedling abundance in Zone 1, in addition to thve percent sand there, it negatively
interacted with TRASP, indicating that sugar maggedlings may not be supported on
warmer sites with sandy soils at the prairie-fotestder where a drier climate prevails
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compared to the Upper Peninsula of Michigan (Fiictet al. 2013a; Danz 2009;
Umbanhowar 2004; Pastor and Post 1988). The negaffect of sand on sugar maple
seedling abundance in Zone 2 may be attributedhigteer average proportion of sand in
this zone compared to Zone 1, which could amplifgas maple sensitivity to drought
(Horsley and Long 1999) due to the low water haldoapacity properties of sand
(Petersen et al. 1968). The positive sand by TRA®action in Zone 2 might reflect
cooler and wetter conditions in Zone 2 compareddéne 1 that favors sugar maple
seedlings. In other words, even though the propomif sand is higher in Zone 2 than in
Zone 1, the difference in climate may favor sugaple seedling abundance and partially
mitigate the negative effects of TRASP. In Zonen®, found that sand had a positive
effect on sugar maple seedling abundance but foundffect of TRASP. This was an
expected result for the deep interior of the fol@etne, where relatively cool and moist
climate allow sugar maple seedlings to do well ountls facing slopes and sandy soils
compared to warmer regions to the south and wédwsdrefore, if the climate in Upper
Michigan becomes similar to Zones 1 and 2 as ptejetor global warming scenarios
(NOAA 2013; Kling et al. 2005; Sousounis and Gro2602), negative impacts are likely
to occur rapidly in Upper Michigan where the prdpmr of sand is the highest.

Only one of the top five models for Zone 1 includsdil depth. This was
unexpected given the relatively droughty climatethed prairie-forest border, and the
hypothesized need for the greater water holdinga#pof deep soils (Geroy et al. 2011;
Changnon et al. 2002). Instead, a deeper minimuindspth occurred among maple
stands in Zone 1 and the previously mentioned negaifluence of TRASP on seedling

107



abundance likely overrode the impact of soil daptthe other 4 top models. Soil depth
was not a significant factor in any top model fang 2—an expected result given the
lack of bedrock near the surface in that zone.dneZ3, it is difficult to explain why soil
depth came out as a negative factor in seven ¢it égp models. This negative effect
may be attributed to widespread occurrence of matdaeds on shallow soils due to
hardpans throughout the area and rocky areas rad@sLSuperior and Michigan. Also,
deep soils may favor a mixture of pines, oaks, beknband other species that compete
with sugar maple. Despite the ambiguous resulsirdepth, over all, it is clear that in
Zone 3, the climate is so favorable to sugar mapilat, soil depth, sandiness, and high
TRASP do not limit the species like they can in @l and 2 (Whitney 1987; Curtis
1959). Also, the zone is not quite far enough n&thTRASP to have a positive effect,

in which case sugar maple seedlings would be mawadant on south-facing aspects.

Implications for a warmer climate

It was clear from our results that the niche ajasumaple seedlings varies across
the Upper Great Lakes region. Current environmecaaditions are more favorable to
sugar maple seedlings growing in the Upper PerinetilMichigan than at the prairie-
forest border, where seedlings are more sensitv&@RASP, and where sugar maple
stands have a higher minimum soil depth and loweanmpercent sand on sites where
they occur. According to future projections for armer climate (Blunden and Arnt
2013), climatic envelopes for species ranges aothé&s are expected to shift northward
(Prasad et al. 2007; Iverson et al. 2004) with gration rate between 100 and 500 km
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per century (Woodall et al. 2009; Carmel and Fla@06; Neilson et al. 2005; Walker
et al. 2002). Woodall et al (2009) proposed thatlsern species will fill northern species
niches as they migrate north. This may imply regatnen failure of sugar maple at the
prairie-forest border, prairie replacing forestsl dhus, “savannification” of the forest
(Frelich and Reich 2010). At the Upper Peninsulaviséhigan, where regeneration is
currently very successful, future climatic condisomight become similar to what we
know at the prairie-forest border today (Kling &t 2005). Under such conditions, we
predict that seedling sensitivity to environmentahditions in Upper Michigan will
increase, resulting in a decline in seedling regeimn and a change in its ecological
niche. By 2100, importance values of sugar maplendance in Upper Michigan are
projected to decrease from 20 today to 4-10 depgnain the climate scenario (Prasad et
al. 2007). The results of this study are consisiétit that projection. Our data indicates
that at the Upper Peninsula of Michigan, 8% of platrrently occur on shallow soils (<
50 cm) with 4% of plots on soils less than 38 cr. (ihe minimum soil depth among the
378 plots for Zone 1), 9% of plots occur on soutbtbwest facing slopes, i.e. 158-247
degrees of aspect (Whitney 1991), and 31% of matsandy soils (> 75%). Such sites
may not support abundant sugar maple in the fuutbe environmental niche for
successful regeneration narrows as the climateonéZB becomes similar to that of Zone
1. In addition to the predicted increase in averageperature (Blunden and Arnt 2013),
other factors such as European earthworm invasindsncreasing deer populations will
inhibit sugar maple seedling regeneration in theréu (Frelich and Reich 2010). Deer
populations are patchy across the landscape ddiéféoences in fragmentation and wolf
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pack territories, and earthworm invasion effecesaso patchy because of slow spread of
nightcrawlers from many introductions points. THere, a patchy mosaic of these
effects will occur on top of patchy effects dueetovironmental factors such as percent
sand, soil depth and aspect, leading to substah&trogeneity in reduction of the
regeneration niche for sugar maple across the t¢apes(Callan et al. 2013; Mattison
2011; Hale et al. 2006; Rooney and Waller 2003)e Tdomplex nature of this
heterogeneity in regeneration success is likelgkiscure any coherent signal related to

climate change.
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Table 3.1.  Variable characteristics of the study area. Depith sand variables were

extracted from the FIA database; all others vaesbbriginated from the SSURGO

database. TRASP is an index related to aspect amesvbetween 0 (NNE aspect, cooler
sites) and 1 (SSW aspect, warmer sites). ANOVA Bnkkey's HSD tests indicated that
all variables, except for stand age, were stasityiadifferent amongst zones (p-value

0.001).

. $ &

40 .
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Table 3.2. Best AIC (i.e. i < 2) models of sugar maple seedling density ineZbnK

is the number of parameters included in the mod&L, is the Akaike's Information
Criterion value, i is the difference between the AIC of the besinfiitmodel and that of
modeli, and w is the probability that a modelis the best among all candidate models.
Model parameters: B = Basal area, A = Stand age,Sand proportion, D = Depth of
soil, T = TRASP (index related to aspect). The sginilx" between two parameters

indicates two way interactions.
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Table 3.3. Best AIC (i.e. i < 2) models of sugar maple seedling density ineZanK

is the number of parameters included in the mod&L, is the Akaike's Information
Criterion value, i is the difference between the AIC of the besinfiitmodel and that of
modeli, and w is the probability that a modelis the best among all candidate models.
Model parameters: B = Basal area, A = Stand age,Sand proportion, D = Depth of
soil, T = TRASP (index related to aspect). The sginilx" between two parameters

indicates two way interactions.
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Table 3.4. Best AIC (i.e. i < 2) models of sugar maple seedling density ineZdnK

is the number of parameters included in the mod&L, is the Akaike's Information
Criterion value, i is the difference between the AIC of the besinfiitmodel and that of
modeli, and w is the probability that a modelis the best among all candidate models.
Model parameters: B = Basal area, A = Stand age,Sand proportion, D = Depth of
soil, T = TRASP (index related to aspect). The sginilx" between two parameters

indicates two way interactions.
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Table 3.5.

Ordinary Least Squares (OLS) regression for thé meslels (i.e. i < 2)

of sugar maple seedling-environmental relationsimpgone 1. Environmental variables

include current forest structure and compositiargés maple basal area and stand age),

and site level environmental conditions (sand progo, soil depth, slope, and aspect

index). #1 indicate the top best model and #5 #isé ¢f the best models (see also Table

3.2).
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Table 3.6.  Ordinary Least Squares (OLS) regression for the ieslels (i.e. i < 2)

of sugar maple seedling-environmental relationsimpgone 2. Environmental variables
include current forest structure and compositiargés maple basal area and stand age),
and site level environmental conditions (sand progo, soil depth, slope, and aspect
index). #1 indicate the top best model and #7 &sé of the best models (see also Table

3.3).
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Table 3.7.  Ordinary Least Squares (OLS) regression for the ieslels (i.e. i < 2)

of sugar maple seedling-environmental relationsimpgone 3. Environmental variables
include current forest structure and compositiargés maple basal area and stand age),
and site level environmental conditions (sand progo, soil depth, slope, and aspect
index). #1 indicate the top best model and #8 #isé ¢f the best models (see also Table

3.4).
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Table 3.8. Summary of the effects of environmental variables sugar maple
seedling abundance across the Upper Great Lakesrég" indicates a positive effect,
"" a negative effect in the main effect (a) or tweay interaction (b). The symbol "x"
between two environmental variables is a two wadgraction. Only one model in each
zone included parameters that were all signifiq@atalue 0.05), and ™" indicates
these significant parameters. For instance, theeitm which all parameters were
significant in Zone 1 included sand and TRASP. ghligrey shaded box means that the
corresponding variable had one opposite effect gmitre set of best models, for
instance, basal area in Zone 1 had a positive teffeall best models but one, where it
had a negative effect. An open box means that ffieeteoccurs only in one of the best

models and thus may be considered as a neutralt effehe context of multi-model

inference, for example, depth in Zone 1 was indiideonly one of five models.
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Figure 3.1. Map of the study area. Zones of interest are oppitey with ecological

provinces (i.e. Prairie Parkland, Midwest Broadleafest, and Laurentian Mixed Forest)
(McNab et al. 2007). The Prairie-Forest Border (PfBms the transition zone between
the tall grass prairies and the northern forestsézZ1, 378 FIA plots), the forest interior
extends beyond the PFB into northern Wisconsin ¢Z&n1823 FIA plots), and the deep

forest lies in Michigan’s Upper Peninsula (Zond 314 FIA plots).

125



Figure 3.2. Standardized residual plots of sugar maple seeéimgronmental
relationships in each zone. Plots are based ontgheordinary Least Square (OLS)

regression models (i.e. lowest AIC; see Tables@24).
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Conclusions

This PhD dissertation showed that sugar maple aamtras with significant
admixtures of other tree species in the Upper Arakés region are currently not stable,
and that mesophication and succession are occuagrass the region. Site productivity
had a significant and positive effect on tree retmin the region but the relationship
between seedling richness and productivity was 8agar maple basal area had a very
strong negative neighborhood effect on speciesiesh but no apparent threshold effect
was observed. The abundance of sugar maple seedlngurrently insensitive to
environmental variables (i.e. has a very broadrenmental niche) in Upper Michigan as
opposed to the prairie-forest border, suggestiag, the expected shift in future climate
would make the climate of Upper Michigan like tltthe prairie-forest border by late
21% century, thereby reducing the probability of seegllestablishment on many sites
currently with high dominance of sugar maple. TW@uld alter the current successional
trends towards future sugar maple dominance foendhie communities identified on
many sites in the interior forests and deep intefidoest zones. Moreover, heavy deer
browsing and invasion of European earthworms aeglipted to narrow the niche of
sugar maple and drastically change the compositiaugar maple forests in the future.
However, the forest is likely to be resilient imathother species will be able to replace
sugar maple if its abundance declines becauseaufBy snaple forms communities with a
number of other tree species across the climattiagraof the Upper Great Lakes region,
(2) species richness analyses showed that seviwal tvee species are usually present,
and (3) several species of seedlings are presentwkien sugar maple constitutes 100%
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of the mature tree basal area. The ecological andanical importance of sugar maple
across the region is such that future researchldhmntinue to follow sugar maple
seedling success in varied environments to imppredictions for dynamics of northern

hardwood forests in the context of global environtakchange.
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Appendix A: Supplementary information for Chapter 3

Table S3.1.  List of complete AIC models of sugaphaaeedling density in Zone 1.
First model is the best model (i.6.= 0). K is the number of parameters included & th
model, AIC is the Akaike's Information Criterionlue, i is the difference between the
AIC of the best fitting model and that of modehnd w is the probability that a model
is the best among all candidate models. Model paranrs:t B = Basal area, A = Stand
age, S = Sand proportion, D = Depth of soil, T SAB®R (index related to aspect), O =

Slope. The symbol "x" between two parameters indgawvo way interactions.
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Table S3.2.  List of complete AIC models of sugaphaaeedling density in Zone 2.
First model is the best model (i.6.= 0). K is the number of parameters included & th
model, AIC is the Akaike's Information Criterionlue, i is the difference between the
AIC of the best fitting model and that of modehnd w is the probability that a model
is the best among all candidate models. Model parars:t B = Basal area, A = Stand
age, S = Sand proportion, D = Depth of soil, T SAB®R (index related to aspect), O =

Slope. The symbol "x" between two parameters indgéwvo way interactions.
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Table S3.3.  List of complete AIC models of sugaphaaeedling density in Zone 3.
First model is the best model (i.6.= 0). K is the number of parameters included & th
model, AIC is the Akaike's Information Criterionlue, i is the difference between the
AIC of the best fitting model and that of modehnd w is the probability that a model
is the best among all candidate models. Model parars:t B = Basal area, A = Stand
age, S = Sand proportion, D = Depth of soil, T SAB®R (index related to aspect), O =

Slope. The symbol "x" between two parameters indgéwo way interactions.
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