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ABSTRACT

Herbivores are key players in ecosystem function and connect nutrient cycling across animal and
plant trophic levels. Herbivore impacts on ecosystems can be direct or indirect and it is necessary
to study both paths to understand herbivore impacts on ayoued and belovground

ecosystem functioning. We conducted an experiment to test the hypothesis thatinen

moose on the island of Newfoundland have negative impacts on plant communities, nutrient
cycling, soil composition, and soil organism commiesit\We collected data on plant and
invertebrate communities, climate, and soils in 11 paired exclasumteol plots in eastern and

central Newfoundland that provide insight intc22 years of moose herbivory. Structural

eguations models revealed thatose had direct negative impacts on palatable tree height and
abundance and an indirect negative impacalmicrobial C:N ratios. We found that moose

had a direct negative impact on soil horizon depth and plant material and a positive impact on
soil tenperature and moisture, particularly in the first soil horizon. We detected no significant
impact of moose on soil total C and d&tnitrogen mineralization, or maciiovertebrate

communities. Overall, we unearthed evidence of indirect cascading impact®sé on soil

functions although these impacts are relatively weak.
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CHAPTER 1: General Introduction

1.1. Background to ecological nutrient cycling

Terrestrial eosystems areeliant on the quantity of available nutrisnib the soilto maintain
ecosystem function. The molar ratios of elements (specifically C, N, and P) in organisms are
typically thought to be relatively constaiRedfield 1934; 1958 However, their abundance

within an organism, particularly autotrophs, may vary due to their availability in the environment
(Elser et al. 2000)Changes in nutrient availability, especially in plants, can impact food web
dynamics and stability, and ecosystem func{iglser et al. 2000Ecosysem function is

guantified in the abiotic and biotic processes and interactions that make up and maintain the
ecosystemNutrients travel along ecosystem trophic levels, typically from soils or sediments to
aboveground food webs and nutrient pools (etgges, animaldyloore et al. 2004; Wardle et al.
2004; Bardgett and Wardle 201@poils and sediments are the primary store of available

nutrients for plants to uptake and create abgre@ind biomass that is consumed by herbivores
(Wardle et al. 2004Peschel et al. 2015As animals and plants senesce, they become an organic
food source for detritivores and decomposers which ultimately transform organic nutrients to
inorganic forms in soils and sedimerge€ review of nutrient cycling inavelle et al. 2006
Interactionsaamongorganisms and components of their environment regulate overall nutrient
return and availabilityRedield 1934; 1958; Elser et al. 2000; Loreau 2010; DeAngelis 2012)
Productivity and ecosystem type also impact the rate and pathways available nutrients travel. For
example, thénigher primary productioof tropical forest ecosystensmore favorable fo

microbial communitieswhich promote faster N mineralization rates resulting in lower nitrogen

limitation when compared tboreal forest ecosystemsth lower primary productivitfFoster



and Bhatti 2005)Consistent uptake and return of nutrients to thensaihtains ecosystem

functioning alongaboveground and belovgroundecosystem aspects.

Human activities, such as agriculture and forest harvesting, alter an ecosystem's nutrient
cycling through removal of plant bioma@dgalkbnen 1976; Lassaletta et al. 201A4yriculture is
essential for human survival through the rapid production of food. Howeversieategrowth
and harvesting of plants strip nutrients from the soil causing a defiuitrients that are
essential for plant growtfiFoster and Bhatti 2005%imilaty, trees require substantial quantities
of nutrients for growthandharvesting of full or partial trees removes nutrients feom
ecosysteris nutrient cycle in the form of plant biomas¥ redistributes that biomass elsewhere
(Blanco et al. 2005)or example,ifst-generabn whole tree harvesting in North Wales was
found to decrease basial diameter of seegewnkeration trees by 10% due to the removal of mass
guantities of N, P and K from tleecsystem(Walmsley et al. 2009)rhus, human removal of
plant biomass disrupts local nutrient cycling with the potential for impactsiahed@r

landscape extents.

The biogeochemical cycles of elements are coupled and are dependent on eagsb ather
disruption in the cycling of one element alters the cycles of many other elg/@eissinger et
al. 2011) Nitrogen is vital for plant growth and protein synthéSigerner and Elser 200apd
can often be a limiting nutriefoster and Bhatti 2005)Nitrogen in the sib occurs ininorganic
(e.g.,ammoniaNHa), nitrite (NO2), and nitratgNOs)) and organic€.g.,nitrogen that originated
from living material)forms. Although plants can access both forms of nitrogee review in
Schimel and Bennett 20Q4horganic nitrogen ithe most accessible form for plants to uptake.
Organic nitrogen must undergo mineralization to be transformed into the more accessible

inorganic nitrogen (but sekchimel and Bennett 20Q4jor example, atudy observing the
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thawing of permafrost in sub arctic peatlands found plant biomass production increased when the
rate of nitrogen mineralizatioméreasedKeuper et al. 2017Nitrogen mineralization is one of

the most important stages of thi'ogen cycle. Aspects such as climate warnfldguper et al.

2017) increases indl temperature and moistu(gnoepp and Swank 20023nddecreasgin

plant species richnegsleier and Bowman 200&gause aincreasen the rate of nitrogen
mineralization. Arguably the most important factoirifluencing the rate afitrogen

minerdization is the microbial communithat mediatethis stage belovground(Li et al. 2019)

1.2. Soil as an essential component of ecosystem function

When walking in the woods or park, one readily notices the visual aspects of the area, such as
plants and animals. While these aspects are crucial to terrestrial ecosystem ftiresoi,

below your €&et is the foundation of ecosystem functioning, yet due to its inconspicuous nature,
it is easy to overlook. Like an abegeound ecosystem, soil composition is not homogeneous
and varies at local, regional, and global extents. An ecosystem's soil issamhgdrhorizons

with mineralandorganic materiatompositionthat have unique characteristics based on
surrounding abiotic and biotic factgiSoil Classification Working Group 1998; Wardle et al.
2004; Bardgett and Wardle 2010here are generalfjve main soil horizons (O, A, E, Band

C) each with a different general composition and rOleyanic horinns (O horizoni.e., first soll
horizon) tend to have higher relative C content, while mineral horizons (A,E,B, and C horizon
i.e., second and consecutive soil horijzbave lower relative C conte(Boil Classification

Working Group 1998Pennock et al. 2015)owever, & ecosystem's soil is not always

comprised of alfive horizons. The uppermosbil horizonin an ecosystens the organic

horizon whichhas the highest rate piitrient turnover anthe highest microbial diversity of any

horizon(Fierer, Schimel, and Holden 2008pr exampleFierer, Schimel, and Holden (2003)
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usedsoil trenches to expose soildalepth of 2n andfound that deeper soils had an increase in
two phospholipid fatty acid ratios (cyclopropyl/ monoenoic precursors, and total saturated/total
monounsaturated) that are indiga of microbial nutritional stress and suggest that these
microbial communities are carbon limitatidepth Soil composition and conditiorsve

impactson both aboveground and belovground processe$he relationship between sqils

plants, microbes,ra animals is not unidirectional but rather subject to feedbacks which create
the cycling of organic materials into inorganic forms. These interactions provide context on an

ecosystem's interconnected nature that helps it support ecosystem functionsieesl se

Plants are rooted in the soil for stability and access to some of the 25 elements that are
required for life and plant growitSterner and Elser 2002; Keuper et al. 20A7)lecline in
nutrient availability within the soil can decrease abgk@und productivitybut the recycling of
plant material (e.g., plant leaf senescence) is essential for nutrient cycling and to shade and
protect soilsA reduction in the return of plant biomass to the soil (e.g., via forest harvesting) can
reduce resourcedor microbial communities and lowers the rate of nutrient cydMidola and
Setéla 1998; Siemann et al. 1998; Knops et al. 199@)ddition, he opening of canopies
created by disturbances suchH@®st fire windthrow or insecbutbreakscan create hotter and
wetter soil conditions that impact the soil organisms that can live witfiaiteiro and Koske
1992)increasingcertain aspects of nutrient cycling, such as nitrogen mineralizdtiorepp and
Swank 2002)For exampleMatson and Vitousekl981)found that cleacuttingin Hoosier
National Forest, Indiana, USAecreasedptake ofitrogen by plantsvhichincreased nitrifying
bacteria population and the rate of nitrogen mineraliza@werall, changes inod conditions

are often inextricably linked to changes in the abgraind plant community.
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Many insects anchicrobial communities inhabit the soil amdthin these communities,
there is a broad diversity of organisms that perform specific funcmilsorganism diversity is
composed o& multitude ofinsect and microbial communities that have a wide range of
functions that include aspects such as eatriurnover, degradation of natural polymers, and
consumption oplants and other organisrfideyer 1994; lancu, Sahleaand Purcarea 2016; Li
et al. 2019)For example, some insect and bacterial communities, lidwe ty and
protobacteria, are essential for carrion decomposfiechal et al. 2013; lancu, Sahlean, and
Purcarea 200)6nd some fungal communities, like mycorrhizal fufigim a symbiosisvith
plants through their roots texchangenutrients for carbofBennett 201Q)For exampleHestrin
etal. 2019found that plants with mycorrhizal connections uptake two times more nitrogen from
organic matter than plants grown with no mycorrhizal connecti®aseria are the most active
and common microbial community within the soil compared to fthmafi are less active but
often have a higher biomass within the soil due to their large(idieger 1994) Ecosystem type
has an impact on ¢hratio of fungi to bacteria present, with higher ratios being recorded in
forests when compared to grasslaisrer et al. 2009)nsect and microbial communities are
alsosensitive to changes aboveground and belovground conditionsAbove-ground abiotic
disturbances such as fires and forestry, significantly decieseset abundanggnops et al.
1999)andsoil microbial biomass(Holden and Treseder 201R)ke other ecosystem
components, elevated soil organism commuadimpositionand diversityis typically found at
lower latitudes due to increase in plant productivity and more favorable soil biotic condlitions

et al. 2018)
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1.3. Above-ground and belowground connections: animals, plants, and microbes
Ecosystems are comprised of multitudes of shared abiotic and biotic interactiodgethand
indirectinteractions between abiotic conditions and biotic diversity of an ecosystem are crucial
in maintaining ecosystem succession and nutrient cy@otden and Treseder 2013; Barrio et

al. 2016; Andriuzzi and Wall 2017; Ellis and Leroux 201 direct impact is when an organism
interacts specifically with another part of an ecosystem (biotic or abiotic), while an indirect
impact occurs when an organism interacts with a part of an ecosystem (biotic or abiotic) via a
shared biotic or abiotic component. Each interaction createsraaff@oth direct and indirect
impacts that can alter ecosystem funaigkbiotic factors, such as climate warming, can impact
the persistence of biotic components of ecosys{étaklen and Teseder 2013; Keuper et al.
2017)while biotic factors, such as a removal or introduction of species, can in turn, impact the
food web and nutrient cycling within ecosystef@shmitz and Leroux 2020 onsequently, we
must consider the feedbackstWween abiotic and biotic factors in order to predict changes to

ecosystem dynamics.

Inclusion of animakpecific abiotic and biotic interactions and impacts is not often
represented in most current global change modévaggal et al. 2017; Schmitz and Leroux
2020) However, there is growing evidence that animals impact many facets of their ecosystem,
including nutrient cyclingdsee recent reviews in Schmitz et al. 2014; Bernes et al. 2018; Forbes
et al. 2019; Schmitz and Leroux 202Bpr exampleSubalusky et al. (201 demonstrated that
themass drownings of wildebeest during their annual migration in the Serbadetth short
(e.g., soft tissue decomposition) and I¢agy., bone decompositiot@rminfluences on nutrient
cycling and food webs from carcass decomposition. ZoogeochelfsistryuSchmitz et al.

2018)is the emerging study of how animals directly and indirectly impact nutriehbgy
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Animals can move throughout ecosystems and such movement makes it challenging to pinpoint
the extent of animal impactslammalian lerbivory is an important disturbance type in many
ecosystems and as sutlammalian herbivoresan act as an agent dfange linking above

ground and belovground systemdvlammalian herbivores most directly impact their ecosystem
through trampling and the consumption and defecation of plant material. Trampling compacts
soil and decreases vegetation cover and soil microbramunitiegTuomi et al. 2021)The

process of herbivorintroduces nutrients into animal food webs while removing plant nutrients
that may otherwise senesce and return to th€\&itdle et al. 2001)n contrast to consumption
and trampling, the defecation of digested plant material creates an influx of nutrients to the soil
(Leslie et al. 1989%hat can promote plant growtim @ local scal¢Steinauer and Collins 1995)
Herbivores are linked to their ecosystems nutrient cycling thrtheghemoval andeallocation

of nutrientsthrough their many mechanisms. Otiere removal of plant material reduces plant
litter return to the soilPastor et al. 1988; Dewey et al. 1993; Hobbs 1996; Liu et al. 2015;
Peschel et al. 2015; Ellis and Leroux 20&hjch reducesarbon and nitrogen availability

within the soil(Dewey et al. 1993; Frank 2008; Gass and Binkley 2(Hé&)bivores also interact
with other animals within their ecosystem and these interactionsseatl to understanding

zoogeochemistry.

Predatoiprey relationships are a key component in an ecosystiemd web and media
trophic cascadgsee reviews in Shurin et al. 2002; Borer et al. 200Bgre are many predator
assemblagesithin an ecosystem that have different interactions and prey preferences based on
trophic compositiorfFinke and Denno 2005Herbivores are often th@imary prey to the
predators in many ecosystems and therefore predator effects are mediated through herbivores

(Schmitz 2010)Human explo#tionof large animals, particularly top predatfEstes et al.
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2011) throughharvestingand introductiosindirectly changesutrient cycling within an
ecosystenfWardle et al. 2011; Schmitz et al. 2018he absence of predators reduces pressure
on herbivores allowing their abundance and impsxsurgéBeschta and Ripple 20Q%or
exampleEllis and Leroux (2017)bserved strong impacts of abundant mooseemneasing the
height ofpalatableplants ina boreakcosystemvithout naturalpredators. Decreases in soil
nutrient availability then decreases the nutrient content of plant material, requiring large
herbivores to consume higher quantities of plant b&sta achieve their nutrient requirements
(Olff, Ritchie, and Prins 2002Yhe abiotic and biotic intactions of animalseviewed above

create a complex web of interactions that tie into algpeend and belovground functions.

1.4. Moose as a nomative agent of change on the island of Newfoundland,

Canada
Newfoundland is a Canadian island off the east codsbof t h Amer i ca. Newfound
ecosystem is comprised of southern, middle, and northern boreal(Batiez002) Only half of
the twentysix mammalian species that inhabit the island are né&ireng and Leroux 2014)
Woodland caribouRangifer tarandusare the only native large herbivore; however, they are not
the most prevaleningulate Originally two moose were brought to Newfoundland in 1878tbut
wa s n’ four mooseiwere brought from New Brunswick in 1904 that the moose population
was establishefPimlott 1953) The moose papation increased rapidly as there was little
competition with other large herbivores and the main predator, wdDasi€ lupuswas
extirpated on the island ~ 198dcLaren et al. 2004 Moose densities have exceeded 4
moose/kn (>1,00kg/kn?) in many ecoregions around the islgtLaren et al. 2004yhich is

some of the highest densities of moose across their circumboreal distribution. The rate at which
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moose have flourished on Newfoundland has led to drastic changes tof o u nfblesa nd’ s

ecosystems.

The interconnected nature of ecosystems makes it crucial to understand the extent of
impacts caused by narative species. Moose are large ungulate brswsbo prefer nitrogen
rich woody shrubs and shoots. Classical studiesazfseon Isle Royale, USAPastor et al.
1988; Pastor and Naima®92), and Swede(Danell, Edenius, and Lundberg 1991; Persson et
al. 2005)showmoose significantly impact their native ecosystems. For example, long term
exclosures experiments of moose on Isle Royale, ,W&®e found that moose shift boreal forest
ecosystems to open forests and moose savéhithsnes et al. 1992; Rotter and Rebertus 2015)
The nonnative status and abundance of moose on the island of Newfoundland makes
Newfoundland an ideal place to understand moose impacts. By foragpreferred, low C:N
ratio foliageover timemoose can cause a shift in plant communitiatier and more abundant
nonpreferred plants with foliaggnat has aelatively high C:N ratioA larger proportion of a

pl ant ' sisldeated bebowysound inlow productive ecosystems (e.g., boreal forests, arctic
tundra)making a shifin plant community compositiotiue to herbivory slower than higher
productive ecosysteniMilchunas and Lauenroth 1993; Osem, Perevolotsky, agel R002)

Low productiveecasystems may be more resilient to a shift in plant community composition;
however, thedwer nutrient availability and primagroductivity of boreal forests strengthtire
effects of large herbivores on abegeund community height and resilien@astor and

Naiman 1992)The apparent nature of moastects aboveground are known; however, it is

unclear the extent to which these ab@reund effects trickle belosgroundimpacting soil

composition and conditions
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Previous studies of moose impmict NewfoundlandMcLaren et al. 2004; McLaren,
Taylor, and Luke 2009; Gosse et al. 2011; Ellis and Leroux 2tav@ primarily focused on
aboveground changes. Recently, the importance of looking beyond visual,-gbmwed
changedo understand the breadth of large ungulate browsers impacts on ecosystems has
emerged. Plant litter that is easily decomposable (i.e., low C:N ratio) is often the most nutrient
rich and is most heavily consumed by mo@3astor and Naiman 1992)ecrease in plant litter
guality returning to the soil impacts nutrient return and creation of soil organic material. Many
studies have linked moose directly to changing soil nutrient avaijafiastor et al. 1988;

Dewey et al. 1938), composition(Ellis and Leroux 2017; Kolstad et al. 2018hd microbial
communitiegPastor et al. 1988However, it is imprtant to understand that in most cases

moose are not directly interacting with belgwound aspects. It is also important to include
disturbance history of an ecosystem (e.g., insect outbreak, forest disturbance) when studying the
extent of ungulate imp#xon forestgMacSween|eroux, and Oakes 2019; Leroux, Wiersma,

and Vander Wal 2020Moose effects are mediated by disturbance type and intensity. Over a

five year periodNuttle et al. (2013jound that the positive impact ife and canopy gaps on
promoting understory plant community composition was no longer apparent due to herbivore
browsing. Redirecting our way of identifying moose impacts bajosund must include above

ground belowground connections.

1.5. Thesis overview

The aim of my thesis is to explore and understand moose ingabisreal ecosystenti®th
aboveground and belovground. The island of Newfoundland provides a unique opportunity to
study the vast impacts of norative herbivores in the absence of predat&yncomprehensively

looking at aboveground and belovground components, we aimed to understand moose impacts
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through both direct and indirect pathways. In Chapter Zgpert ona field study using eleven
22-25 year old paired exclosugee., fencedjandcontrol plots in eastern Newfoundland, Canada.
In this field study we tested the general hypothesis that moose have both direct and indirect
impacts on abovground and belovground functioning (see Chapter 2 for specific predictions).
We measured aboxggound components such as plant community hegglaciesand cover.

We also measured beleground components such as $mtizon depthtemperature, moisture,
percent plant material, and organismal commuctyiposition We found that moose had very
prevalent impacts on aboyground plant communities and cascading impacts on microbial C:N
ratio in the first soil horizofli.e., organic horizon)ut we observed no cascading effects on the
second soil horizon. We conclude th#thoughmoose impacts in Newfoundland can reach
belowground and affect soil composition and organismal commurmitiesrficial soils these

effects are still weak
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CHAPTER 2: Indirect impacts of a non-native ungulate browser on
soil ecosystem function is variale across soil horizons in the boreal
forests of Newfoundland, Canada

2.1. Introduction

Ecosystems are a collection of organisms interacting with each other and their abiotic
environmen{Tansley 1935)Interactionsamongorganisms and their environment often have
cascading effects on ecosystem functions, such as elemental ¢irclibgs et al. 2019%tudies

of consuner organisms (herbivores, predators, omnivores, detritivores) across biomes
demonstrate that organisms at higher trophic levels play crucial roles in ecosifstamgz et

al. 2018) Consumption of plant material by herbivores serves as a connection between below
ground nutrienteindanimal food web throughthe uptakeof nutrients from soildy plants

which thenreallocaé theminto above and belowground biomaséWardle et al. 2004; Peschel et
al. 2015) Mammalian herbivory in particular has been studied in a variety of ecosystem types
such as grasslan@§hrift, Mosley, and Mosley 2013; Cline et al. 20,13avannagMcNaughton
1988; Frank 2008)and forest§Dewey et al. 1993; Ellis ahLeroux 2017)Often mammalian
herbivore interactions are characterized based on visual changes to the ecosystem, such as
vegetation heighfLiu et al. 2015)r shifts inplantspecies compositiofiFrank et al. 2011; Ellis
and Leroux 2017)However, herbivore effects that may be conspisuaboveground can be

linked to a suite of effects belewr ound, and such eivisatas "can
to decipher. By identifying the beleground effects of abowvground herbivores, we can get a

better idea of how herbivoqgant ineractions can influence ecosystem function.
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There are two main types of mammalian herbivores: grazers and browsers. Grazers tend
to consume low laying vegetation, such as gra$3es $p), whereas browsers prefer the shoots,
andleaves of woodyree andshrubspecies such as bircBdtula sp. and aspenRopulus sp.

Grazers, such as eliCérvus canadensgiswildebeestConnochaetes sp.and reindeerRangifer
tarandug, tend to live in ecosystems with abundant grass to consume such as savanna or tundra
ecosystemgPastor, Cohen, and Hobbs 2006; J. Sitters et al. 2Bi®ysers such as giraffes
(Giraffa camelopardalis moose Alces alce and deer@docoileus sp.tend to be distributed

in forest ecosystems such as the tropical, temperate, and boreal (lPassts, Cohen, and

Hobbs 2006) The interaction between grazers or browsers and ecosystem functions have been
widely studied Andriuzzi and WalR017; Bernes et al. 2018; Forbes et al. 2019; Zhou et al.
2019) Elk grazing and trampling, for example, can increase bulk density in(Gaits and

Binkley 2011; Thrift, Mosley, and Mosley 2013yhich, may contribute to an observable
decrease isoil microbial activity(Peschel et al. 2015; Cline et al. 201dkewise, preferential
browsing of palatable, highuality forage (i.e., low C:N ratio) by moose can shift plant species
composition in forests to plants with lequality foliage and litter (i.e., high C:N ratiBastor et

al. 1988; Dewey et al. 1993; Ellis and Leroux 20Hfwever, sich cascading effectd grazers

and browserare not universallhere is great interest in identifying key predictors of the

strength oindirect effects of grazers and browsers in diverse ecosyg$leromi et al. 2021,

Leroux, Wiersma, and Vander Wal 2020)

Grazer and brows@mpacts on ecosystem functions all stem from three main direct
impacts; trampling, foraging, and defecat{@ewey et al. 1993; Judith Sitters and Venterink
2015; Ellis and Leroux 2017; Forbes et al. 20D8ject interactions are where an organism

interacts specifically with another part of an ecosystem (biotic or abiotic). However, indirect
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interactions occur when an organism interacts with a part of an ecosystem (biotic or abiotic) via a
shared biotic oabiotic component. The indirect impacts of herbivores can cause a chain reaction
that crosses the abogeound and belovground ecotone and therefore be difficult to decipher
through visual inspection (Figure 2.0hanges to abowvground plant communitgomposition

or cover can contribute substantial changes to soil horizon compositisient turnoverand

the rate of microbial process@3uideau et al. 2001; Vancampenhout et al. 200&) example,
Peschel et a(2015) observed that elk grazimgthe sagebrush steppe of Wyoming, UBAd a

direct negative effect on shrub biomass and this direct effect was cortelateéddirect

decrease isoil microbial respiration and community richneBglow-ground systems are not

only sensitive to abovground changes, but also changes within the belmund system itself.

For example, decreases in soil C:N ratieassociated with lower soil deptNatelhoffer and

Fry 1988) lowerfungi: bacteria ratio§Grosso, Baath, and De Nicola 2016; M. N. Hogberg,
Hogberg, and Myrold 2007and increased net N mineralization rgsoth, Stark, and

Rastetter 2005)ndeed, recent studies have documented changes in soil compasiion
processesfter herbivore exclusion in a variety of habitat types and among browsers and grazers
(Table 2.1) Evidence from these studiesggestghat herbivores can have positive, negative, or
neutral effects on soil features such as soil nutrients, microbiaityacand soil moisture (Table

2.1).

While herbivore type (grazer or browser) is an important predictor of these effects, even
within one herbivore type there is substantial variability in the strength of indirect cascading
effects of herbivores on ecadgm function (Table 2.1). For example, classic studies of moose
effects on boreal ecosystems observed an increase in soil C and N concentrations mediated by

moose exclusiofDewey et al. 1993)ut more recent research at other boreal sites observed no
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effect of moose on soil N availability and soil C:N rgfidlis and Leroux 2017; Kolstad et al.
2018) A reason for this disparity may be that most ungtgatesystem studies amt have
universalsoil standards and often process soil samples asrmuhg@ut see Kolstad et al. 201,8)
including all horizonssothe resultsnay depend on the diversity of soil sampling procedumes
addition, soil samples often are collected at varying depths and can create another reason for
discrepancies within soil studiesn ecosystens soil is not homogeneous, instead made up

of layers called horizons theaachhavea unique compositiothatis dependent oaspects such
asdepth and abovgroundplantcommunity compositiofQuideau et al. 2001; Fierer, Schimel,
and Holden 2003Each horizon is primarily composed of onewb soiltypes, organic and
mineral and each horizon differs golor, type, and depth that can alter the level at which
impacts are detectab{8oil Classification Working Group 1998pue to the unique composition

of each soil horizon, when exposed, horizons are often visually distinct and run in layers parallel
to the soil surfacelhe first and uppermost soil horizomiginly an aganic horizorandtherate

of soil processes are most heavily impactethie\abovegroundconditions and plant
community(Vanhala et al. 2008; Bhattarai, Bhattarai, and Pandey 20h&)second horizon
andthosebelow are typicallymineral horizonandwith aboveground disturbancdsking

longerto impact these deeper horizofi$e differences between organic and mineral horizons
are not only compositional but also functional as the organic haypically has a higher

percent carbon content (>17% total C) angfaater C and N mineralization rat@gsiganiere et

al. 2015; Liu et al. 2015)or examplea study done on moose impacts on the boreal forests of
Norwayby Kolstad et al. (2018) found soil C and N concentrations decreased as soils descend

from organic to minerdiorizons We surmise that studying changesnimeralization rate,
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nutrientcontentand microbiakommunitycomposition along soil horizons may help reconcile

contextdependent results across studies of ungulate effects on ecosystems.

We examined the direct and indirect effects of moose on both -@vouad and below
ground boreal ecosystem funct®isinglong-term (22 to 25 yeargairedmoose exclosure
(i.e., fencedpndcontrol plots to test a suite of predictiams the ecosystem influences of moose
browsing Specifically, we predict that areas where moose are excludedihiave taller and
more abundant tree communities and lower shrub d&hes and Leroux 2017; Bernes et al.
2018) (ii) have a lower soil temperature, soil moisture, and soilfyeink et al. 2011; Gass and
Binkley 2011; Cline et al. 2017; Ellis and Leroux 2017; Kolstad et al. 2Qiighave deeper
first soil horizon with more nodecompose plant materia(Kolstad et al. 2018)iv) have
higher soil N(Pastor et al. 1988; Dewey et al. 1993; Gass and Binkley 2011, Ellis and Leroux
2017) and C(Dewey et al. 1993; Frank et al. 2011; Gass and Binkley 2011; Peschel et al. 2015;
Ellis and Leroux 2017¢oncentrationgVv) higher microbial ad macreorganism community
diversity (Pestiel et al. 2015; Cline et al. 201 @nd(vi) highernetN mineralization rates
(Frank 2008)than areas with moose present (Table 2.1). Overall, we hypothesize that moose
impacts on soil function will be stronger within the first soil horigiom, organic horizon)

compared to the next visually distirsgcondsoil horizon(i.e., mineral horizon)

2.2. Methods

Study Area

We conducted this study in the centealst coast maritime boreal forests of Newfoundland with
9 sites in Terra Nova National Park (TNNP), a
Fox Mar sh; Figure 2. 2arepadditNemiddielmbredBecorggians with Co v

black spruceRicea mariang, balsam fir Abies balsameéawhite birch Betula papyrifery and
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trembling aspenRopulus tremuloidgsdominated forest@ell 2002) Fox Marsh is part of the

southern boreal ecoregions with balsam fir, andembirch dominated fores{8ell 2002)

Although moose are native to most boreal faest Ne wf oundl and’ s moose po
the introduction of two moose in 1878 and four moose in 1B0WIott 1953) Thereafterthe

moose population increased rapidly as there was little competition with other large herbivores

and no natural predators on the island after the extirpation of waeesi§ lupukin ~ 19305

(McLaren et al. 2004Moose prefer nitrogerich shoots, leaves, and shrubs with individuals
consuming roughly 3008000kg of dry matter each ye@ewey et al. 1993Woodland caribou
(Rangifer tarandusarethe only other ungulate on the island\Ewfoundlandputtheyare

rarely observed in the proximity of the experimental siétes with mired exclosure and
controlplotswer e established in TNNP in 1998 and in
Sites have four different disturbance histories; no recent distweljarc2), spruce budworm

outbreak in 19@-80s(n = 2), spruce budworm outbreak in 089 = 5), and cleacut (n = 2).
Exclosures measure 35m x 35m in TNNP and Buny
Exclosures are tall enough (~3m) to exclude alldaagimals, with the lower portion open to

allow small animals (e.g., snowshoe hdrepus americany¥to access the area. We did not

sample within 5m of the inside border of each excloftigure 2.3) Control plots were located

within ~10-20 metersof their paired exclosurand had the same dimensions. We established

four subplots in each exclosure and control (Figure 2r8) conducted field data collection

from July 20" to September"® 2020. We ensured that data was collected in a standardized way;

for example, we aimed to have the same number of days between sampling times and lab

processing for each site (Table A.1, Table A.2). For example, if site X was sampled first for
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component Y, then we would return to site X first for component Z. If reétonenwas 30 days

for site X, then we also aimed for a return time of ~ 30 days for all other sites (see below).

Plant Community

To test prediction (i)hat exclosures will have higher tree height and abundandewadshrub

coverthan controlswe surveyed the plant community between July 20 and August 2.

Specifically, we surveyed each splot to identify trees, shrubs, and ground cover. Trees above

3 meters were counted and categorized by coniferous or deciduous and by spéoeew/iiole

subplot (4m x 4m). Similarly, we identified all tree saplin@ge., <3m) by coniferous or

deci duous, species, and measur e-plot.¥ea idemtifiedn di v i d

all shrubs to species and then measured the perogrtaioshrubs for the whole sydbot.

Soil Temperature and Moisture

To test the soil temperature and moisture portion of predictiothéi)exclosures will have

lower soil temperature and moistuh&an controlswe placed one Meter Environment Teros 11
temperature/moisture probe in each of our exclosure and control plot (i.e., two probes per site)
between July 20 and August 2. The probes at each site were linked to one Meter Environment
ZL6 data logger. We did not place probes in emdh tsebplet andat 2 of our sitebecause of

cost restrictions (Ocher Hill and Bread Cove). At each plot, the probes were placed in an area
which had a plant community that was representative of the whole plot. Specifically, we dug a
hole the length of the probe and sulbgsel the prongs horizontally into the first soil horizon, and
then we filled the hole with soil. Probes collected soil temperaiGjeagd water content

(m*mq) data every 6hr for approximately one month (see Table A.1). Soil gravimetric moisture

was alsacalculated by drying wet prepared samples to constant mas€at-@8hr see below
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Soil percent moisture was calculated by subtradtiedpefore and after weights then dividing by

thebefore weight and lastipultiplying it by 100(((beforeafter)before) *100)))

Macro-organisms

To test the macrmvertebrate portion of prediction (that exclosures will have higheracre

organism community diversityan controlswe placed a pitfall trap near a location with
representative plant community amdrgin in the center of each splot between July 20 and

August 2 Pitfall trapshave a selection bias that favors the collection of insects that live on and
travel across the soil surfad® ensure continuity between plots, pitfall traps were all

estabished in a consistent mann&e dug a small hole and placed a 160z plastic collection cup
with a rim diameter of 8.9ctto fit snugly with the rim slightly elevated from the ground. The

cup was filled 1/3 of the way with afftieeze to preserve and kill mr@-organisms and covered
with a plastic “roof” to p35daysqsed TabletA.lf,weom r ai n
carefully poured out excess afrieeze into a waste container and placed all specimens in a 20ml
vial filled with 70% ethanol. We repted the ethanol in each vial four times to clean and remove
small debris. We processed spibt vials one at a time in the lab to identify, clean, separate, and
count specimens. Initially, we poured each vial into a small 8lags and worms were

measued for length (mm) and replaced into the original vial and covered in 90% ethanol to
preserve. All remaining specimens in the small tray were placed on a larger tray and grouped by
morphospecies and dried for 24hr. After drying, specimens greater thanv8rerweighed and

all similar specimens were grouped together. Specimens less than 3mm were viewed under a
dissecting microscope and split between flies and others. All others less than 3mm were counted
and grouped with similar specimens. Flies were couted the number of different

morphospecies was counted. All flies were placed in a vial filled with 70% ethanol and labeled
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with their subplot label. Like specimens between all quibts were grouped together and were
placed in community vials filled wit70% ethanol. After all suplot vials were separate,

morphospecies were identified to order.

Soil Cores

To test portions of predictions (i#)Vi), we collected two soil cores at each corner of each sub

plot (n = 8 soil cores per syfot; Figure 2.3petween July 20 and August 2. The initial core

was collected to be taken back to the lab (hereto referred to as the initial core). The second core
was taken adjacent to the initial core and was placed in a Ziploc bag, buried, and left to measure
netnitrogen mineralization (hereto referred to as the secondary core, see below). We used a
25.4cm x 6.4cm soil corer to take a 25cm core or until we hit rock. Ttheekbrizon depth

portion ofprediction(iii) that exclosures will have deeper first soil horitioan controlswe

measured each soil horizon present in the initial core and recorded the color of the second soil
horizon. We then separated the initial cores@a at the lines of soil horizon bredbnly the first

and secondisually distinctsoil horizons were separated from the core and placed in separate
sealed bags (n=2 soil horizons, n=4 bags per soil horizon pg@iahereto known as corner
samples). We visually classified a soil horizoncoyor, composition, and lines bbrizonbreak

(Soil Classification Working Group 1998 our boreakcasystenthe first and second soil

horizors are generally organic and mineral matetalrizons respectivelyandare typically

visually distinct Hereafter, we refer to thgppermost and mostly organic horizon as the first soil
horizon and the horizon belavat whichtypically hasa higher mineral makeup #s second

soil horizon.Percent carbon is a common way to differentiate organic and mineral horizons in
boreal podzols witlorganichorizons having > 17% C and mineral horizons having < 17% C

composition(Soil Classification Working Group 199Bennock et al. 2015)Ve classified our
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soil horizons as the first and second soil horizon because despite being the first two visually
distinct horizons, not all samples met their corresponding total percequiteraents to be

classified as organic and mineral horizdnscases where our visual assessments did not agree
with lab-based measures of horizons (i.e., using the 17% C threshold), we ran our structural
eguation models (see below) on the full data asabset of the data that met the %C criterion.

We processed all initial cores in the lab after all sites were visited and cores collected. We
processed them in the order of collection to ensure they were treated similarly (i.e., they spent
the same amoumif time in the fridge at'€; Table A.2). For each syflot sample (n=4 corner
samples per horizon), we sieved each corner sample through 2 different sized sieves (no.5 and
no.10). Additionally to testthe horizon percent plant material portiompoédiction (iii) that
exclosures will have a higher first soil horizon percent plant matheal controlswe weighed

each corner sample for the first soil horizon before and after sieving to identify tpewoen
decomposed material. Using a scale,combinedcequal amounts of each corner sample to create
7501009 of soil to homogenize sythot samples for future measures (n=4 combined to n=1 per
subplot). Soil needed for lab processes was weighed to thardmeeded and separated by
placing in either 1.5ml, 15ml, or 50ml tubes
used to create prepared samples for DNA extraction (0.5g) and Chloroform fumigation (20g dry
weight, split into two 10g) askept fresh and refrigerated '@). Soil used to create prepared
samples fonetnitrogen mineralization (~40g) and pH (~5g) was frozen. Lastly, soil used to

create prepared samples for total C and N28§) was dried at 6G until constant mass.
Soil pH

To testthe soil pH portion of prediction (ithat exclosures will have lower soil ghlan controls

we transferred the ~ 5g prepared sample (see above) to a refrigerator to thaw 24hr before
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measuring pH. We made the prepared soil sample into a slurry using2téml in cases with
low soil content) distilled water. The slurry was left to sit for 30 minutes to let it acclimate to the
air. After acclimating, we submerged a calibrated electronic pH sensor (Acumet AE150

Benchtop pH Meter) and took a pH reading otieereading was stabler 10 seconds

Nitrogen and Carbon Content

To test prediction (iv)hat exclosures will have higher total soil N anth@n controlswe dried

wet prepared samples to constant mass ‘& e&48hr). Once dried, the prepared samplese
weighed, and that weight was subtracted from the initial weight to quantify the gravimetric
moisture of the sample (data on moisture will be useddibpercent moisture arahloroform
fumigation as well). Approximatel§g of the dried soil was transferred to a 20ml glass vial and
kept in a sealed bag with silica packets. Vials were sent to the Agriculture & Food Laboratory at
the University of Guelph. There each dried sample was tested for percent C and N content using
alLeco CN828 instrument. This instrument uses catalytic combustiofQ@@0separate C and

N from foreign gases and analyzes them using thermal conductivity detection amddnfra

detection.
Microbial community biomass and diversity

To test the soil micitaial component of prediction (¥hat exclosures will have higher microbial
community diversitythan controlswe used chloroform fumigation and DNA extraction to
measureaspects of microbial communities directly within the soil, suamiasobial biomass
and species presence and abundance, respec@abdroform fumigation was done on two

prepared samples containing wet soil whose weight was relative to 10g dry (using standard
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methodsBrookes et al. 1985; Beck et al. 199Chloroform fumigation is a common method
used to lyse microbial cells in order to measure microbial bio(F@s®r, Schimel, and Holden
2003) The first samie (fumigated sample)nderwent chloroform fumigation aibSQu

extraction, while the second @nmigatedsamplg only hadK>SQy extraction. We fumigated

the firstprepared samples (n=16) for each site together in order of site collection (Table A.2).
Thefirst prepared samples were placed in 50ml beakers and placed in a glass vacuum desiccator.
A 50ml beaker containing 30ml chloroform was placed in the center of the desiccator with six
boiling chips. A vacuum was made until chloroform boiled three timils,the vacuum being
released and boiling chips replaced for the first two times. For thetithedwe sealed the
desiccator, covered it with a black bag to help keep chloroform from breaking down, and left it
to sit for three dayér2hr). After three ays, the samples were removed from the desiccator. The
fumigated and nofumigated samples both underw&aSQ, extraction on the same day. For
K2SOy extraction, we placed each soil sample into a 300ml shaker bottle and addé<bSQ@ml

We placed the santgs on a shaker table for 1hr at a speed of 200. Samples were then filtered
through Whatman No. 1 paper to remove soil. We then placed the liquid extract into 15ml or

50ml vials depending on volume and froze ther2&iC. The noAfumigated samplacted as

our “before” containing only dissolved C and

as our after containing both soil and micro
Laboratoire de chimie organique et inorganique oMivd@stére deg-oréts, Quebec. A

Shimadzu TO&V CPN Total Organic Analyzer equipped with a TNIMT otal Nitrogen unit was

used to analyze samples for TC and TN. Standards for this analyzer is 3 mg/L Ne{(amNO

HCI 0.05% from a multelement commercial standaiccuSPEC, SCP Science). Results were

given in units of mg/L and were converted to mg/g soil ((mg/L *5®)/g soil) and then
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divided by a standard to account for typically extraction error (C: 0.45 (Beck et al., 1997) and N:
0.54 (Brookes er al., 1985)To find the C and N attributed to microbial biomass we subtracted

before and after concentrations for each sample.

We used FastDNATM Soil Spin Kits (MP Biomedicals) to isolate DNA from a .59
prepared soil sample f ol |l eprocesged praparad Eampléesinr er ' s
the order that the sites were visited, and soil cores were obtained, but individual samples (i.e.,
subplot) within each sitevere chosen randomly (Table A.1). We stored the extracted DNA at
80C to preserve it. DNA was test in a spectrometer testquality and quantity to assist with
PCR. DNA was sent to the Agriculture & Food Laboratory at the University of Guelph for PCR
and sequencing. PCR was competed to target the V3 region of the 16s rRNA gene (primers:
Eub338F andEub518R Fierer et al. 2005{pr bacteria and ITS regiopiimers: ITS1f and 5.8S
Gardes and Bruns 1993; Vilgalys and Hester 18®0fungi. Sequencing was completed using a
MiSeq sequencer with a MiSeq v2 reagent kit (illuahiand 2x250 paireeénd cycles.

Taxonomic assessments were made using the Greer(@a&antis et al. 200@nd UNITE

(Kdljalg et al. 2013patabases for bacteria and fungi, respectively.
NetNitrogen Mineralization

To test prediction (vi)hat exclosures will have higher net N mineralization rétas controls

we compared DINontentfrom the initial cores to the secondary core (retrieved between August
19" and September9). Secondary cores from each corner were kept intact and feleede

freezer bags (26.8x27.3 cm) and replaced into the hole they came from, so each soil horizon was
returned to its initial placement. We incubated the soil cores in situ30rdays (Table A.1).

When retrieved, we separated the coresitmat the line of soil horizon break, taking only the

first and second visibly distinct soil horizon, the same as the initial core. The first and second soil
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horizons were placed in separagaled bags (n=4 bags per soil horizon, n=2 pepkibn=8

bags total per plot). Soil processing was completed the same as the initial soil samples. Prepared
samples of approximately 20g were made from both the initial core and incubated secondary

core and placed in 50ml vials. Prepared samples were sent to the Agriculture & Food Laboratory

at the University of Guelph, where Ammonium (NN and Nitrate (NO3N) concentrations

were calculated. They extracted each soil sample with 2M KCL and analyzedttiact using

the Sea; AQ2 discrete analyzer. The initial c

acted as our after” Ammonium and Nitrate con
amount of nitrogen potentially mineralized over 80-day field incubation period: Netn
Mineralized=[(Nitrate atter + AMmoniumater)-(Nitrate gefore+ Ammoniumeerore}/Days Incubated

(Robertson et al. 1999)

Statistical Analysis

Structural equation model of cascading impacts of moose in marhibreal forests

To test our predictions on the direct and indirect impacts of disturbance and moose en above
ground and belovground maritime boreal forest ecosystems, we fit two piecewise structural
eqguation models (SEMs): one for the first soil hamifice., O horizon) and one for the second

soil horizon(i.e., mineral horizonShipley 2000; 2009; Lefcheck 201&Ye did not fit SEMs to

all our data but rather to the subset of kgyriori pathways that capture the main effects while

not resulting in overfit models (Figure 2.4). To this end, we incorporated our predictions into the
SEMSs as response variables (pe&dns i, v, vi) and as cwariates (predictions i, iii, iv, v). The

SEMs were created using one generalized linear mixed model with a Poisson error structure and
a logit link with adult tree count as response, and four linear mixed models with height of

palatable saplings, shrub percent cover, soil microbial C:N ratio, angesbilmineralization as
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response variables. We also included fivevadates for some of our response variables.
Specifically, we included soil percent moisture, mean depthedfitst soil horizon, and first soil
horizon percent plant material asariates in the understory plant models (i.e., height of
palatable saplings and shrub percent cover) and microbial C:N ratio model, and we included soill
total percent C and N as caiaes in the soihetN mineralization model. Disturbance and

moose exclusion are measured at the site and plot level, respectively, while all other variables are
measured on the syidot level (Table 2.2). Moose exclusion (categorical variable; excl@sute
control) is the main predictor variable in our SEMs. We included disturbance as a secondary
predictor variable because recent evidence in boreal (see re\iegranx, Wiersma, and

Vander Wal 2020and other ecosystems (e.g., tempefarest,Nuttle et al. 2013)iemonstrates

that large ungulate effects can be medi&e disturbance history. Empirical evidence in our

study system (e.gCharron and Hermanutz 2017; Leroux et al. 2G2jgests that canopy

opening size created by disturbance is a good measure of disturbance effects. Conseguently
model disturbance as a categorical variable with three levels: open, partial, and closed. Sites are
classified as a random intercept in each model to account for the paired design and spatial
autocorrelation between exclosure and control plots atstechVhile the abovground

variables are consistent in our two SEMs, the bajosund variables (soil microbial C:N ratio,

soil netN mineralization, soil percent moisture, and soil total percent C and N) were collected
for the first and second soil hpons and used in the first soil horizon and second soil horizon
SEM, respectively. We removed data for 13 first horizon and 16 second horizplosithat

were impacted by animals (e.g., rodent digging up soil bag) or where chemical analysis was not
sucessful. Due to differences in spibtsusedfor the first and second horizoB&Msabove

ground SEM coefficients vary slightly.
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We evaluated conditional independence amon

directed separation (i.e.;Sgp test) t@nsure that there are no missing relationships without

paths in our SEMs. This test showed that the SEMs did not meet the assumption of conditional
independence with eight missing relationships for the first soil horizon and five for the second
soil horizon model. Two paths that appeared highly related were moose exclusion on total adult
tree count, and height of palatable saplings on shrub percent cover. We added these two paths to
both SEMs as they capture key ecological relationships. Specifically2a{&5 years of moose
exclusion, we might expect a direct impact of moose on adult trees to be enftgjiragen,

Taylor, and Luke 2009; Gosse et al. 20444l we expect a negative effect of saplings on shrub
percent cover because of competition and sha@adanandan Nambiar and Sands 1993;
Kneeshaw and Bergeron 199@omparing the Fisher Galue against the clsiquared

distribution showed that the addition of these two pathways allowed both horizons to pass the
Fisher C threshold ¢palue > 0.05). However, theskp test showed that first soil horizon SEM

and second soil horizon SEM werdlstiissing two and three relationships, respectively.
Consequently, we added paths between height of palatable saplings and soil total percent carbon,
and soilnetN mineralization and percent soil moisture, to the first soil horizon SEM, and
between aduliree count and soil total percent carbon, setlN mineralization and soil percent
moisture, and soiletN mineralization and soil first horizalepth to the second soil horizon

SEM as correlated errofsefcheck 2016)We conducted visual assessment of the residual plots
for each model included in the SEM and we report the marginal and conditfosad R
standardize@oefficient estimates for each model (Figure 2.5, Table 2.3, Table 2.4). WR used
v.4.0.3 (R Core Team, 2020) to complete analyses along with the patkag¢Bates et al.

2021)for mixed models, andsem(Lefcheck 2016jor SEMs.
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Linear mixed models of moose impacts on maritime boreal forests and soils

We fit additional inear mixed models to test predictions related to moose effects on soill
conditions, composition, nutrient content, and organism communitieszénanot included as
response variables in our SEMs (predictions i, iii, iv, v). Specifically, we fit 13 linear mixed
models with soil temperature and water content over one month, soil pH, soil first hoepbn

soll first horizon percent plant materiabil total percent C and N, fungi: bacteria abundance
ratio, and insect diversity as response variables and moose exclusion as the explanatory variable.
Soil temperature angater contenbver one month and insect diversity are measured at the plot
and subplot level, respectively, while all other variables are measured on thaatubvel for
specific soil horizons (Table 2.2). Sites were classified as a random intercept in each model to
account for the paired exclosure and control design at each siteoMducted visual assessment
of the residual plots and computed marginal and conditiohfdrRach linear mixed model

(Table 2.5). Additionally, microbial phyla distribution was estimated using the median percent
abundance of each bacterial and fundgli@ identified from soil DNA extraction and analysis.

We report median percent abundance of each bacterial and fungalqrtedah plot type. We

also report Wwich plot had the highest median percent abundémasach bacterial and fungal
phylaandhow many times largethat median percent abundance waa iomparisorto its

paired plotfor both soil horizons (Table A.5, Table A.6).

2.3. Results

Structural equation model of cascading impacts of moose in maritime boreal forests

The SEM models for the firgte., organic horizonand secondi.e., mineral horizon}koil
horizons provided a good f it de=@p=0T08;sedamnd a (f i r

horizon:F i s hG=36.5&-42, p=0.707). Thergverenine and eight statistically significant (p<
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0.05) pathways for the first and second soil horizon, respectively (Figure. 2.5). We found strong
direct relationships between disturbance and moose exclusion and thegednaoveé components

of the two modelsKigure 2.6). Aboveground coefficients for the first and second horis&Ms

varied slightly due to differences in syflot removal(see methods for detaij$)owever, the
relationshipsvereconsistent between horizons. Sites with open and partially @gpepies from
disturbance on averagadimore adult trees than closed canopy sites (Table 2.3, Table 2.4; mean
number adult trees per siplot in open: 4.28, partial: 4.18, closed:1.75). Thveeeealsoon

averagemore adult trees in moose exclos(ire., moose not presenpjots compared to control

(i.e., moose presenplots (Table 2.3, Table 2.4; mean number adult trees in excl@Gug:

control: 1.39. Moose exclusion ftha strong positive effect on the mean height of palatable

saplings ané negativeeffect on shrub percent cover (Table 2.3, Tablera&an height of

palatable saplings in exclosure: 86.30cm, control: 60.60cm; mean shrub percent cover in

exclosure: 46.5%, control: 70.4%Contrary to our predictions, adult tree courd ha

significanteffect on the mean height of palatable saplings but did have a negative effect on shrub
percent cover (standardi zed-02% gecordharizoad25).c o e f f i
Height of palatable saplingsalsod®a negati ve effect on shr-ub per
0.22, second horizor0.27). The last consistent relationship seen in both soil horizon 8BMs

a positive effect of the first horizon percent plant material on the height of palatable sapling =

first horizon: 0.32, second horizon: 0.29).

Therewerethree significant relationships thaerenot consistent between the first and
second soil horizon SEMs and primarily deal with befgnaund connections (Figure 2.7). The
SEM for the first soihorizon showed a positive relationship between palatable saplings height

( B= 0 .sdlmigrob@lrC:N ratio. The first soil horizon SEM also showed a negative
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rel ationship bet we e .44 animicrobmleC:Ncragiow The 8EMifas theu r e
second soil horizon showed a negative relationship between soil percent moisture and shrub
per cent -088 bueno relatrships linking abegeound plants tgoil microbial C:N

ratio. Finally, both SEMs did not reveal any cascading impacts ofermosetN mineralization

rates (Tables 2.3, Table 2.4). A few of our visually classified first and second soil horizons did
not fit the classic definition of a organic and mineral horizon based off percent carbon content
(organic: >17%, mineral:<17%oil Classification Working Group 199Bennock et al. 2015).
Consequently, we compared our initial SEM results to a second set of SEMs where we removed
12 and 15 suiplots where théirst soil horizon had less than 17% C and second soil horizon had
more than 17% C, respectively (Figure A.1). The SEM fit to this revised data set showed
gualitatively similar results for the main effects in the first horizon with the addition of a/posit
relationship between first horizon percent plant material and microbial C:N ratio emiartieg

SEM for the revised first horizon dafaigure A.1, Table A.5). The SEM fit to the revised data

set for the second horizon showed qualitatively similaulte for the main effects except no
relationship between total adult tree count and shrub percent cover (Figure A. 1, Table A.6).
Also, two covariates that were significanttime SEM for thefull second horizodatasetvere

not significant in te SEMfit for the revised second horizon déta., no relationships between

first horizon percent plant material on height of palatable saplings and second horizon percent
moisture on shrub percent coyErgure A. 1, Table A.6)Given the majority of our resultse

similar for the original and revised data sets, we focus the discussion on the results for the full or

original data set.

Linear mixed models of moose impacts on maritime boreal forests and soils
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We fit 13 linear mixed models to evaluate our predins that went beyond our SEM (Table 2.5,

Table A.7).

Prediction iii soil temperature, moisture, and pH

We found very little evidence of moose impacts on soil temperatater contentmoisture,

and pH (marginal Rrange from <0.001 to 0.021 across models) but large variation in these soil
features across sites (condition&lrBnge from 0.185 to 0.754 across models; Table 2.5, Table
A.7). The median soil water content over one month was 1.1x larger in the exthasune the

control plots.

Prediction ii- first soil horizondepthand percent plant material

We found weak evidence of moose impacts on the first soil hodeptinand percent plant
material (marginal Rrange from 0.049 to 0.056 across models) buteraté variation in these
soil features across sites (conditionéir&ge from 0.351 to 0.376 across models; Figure 2.8,
Table 2.5, Table A.7). The first soil horizdepthand percent plant material in the exclosure

werel.2x and 1.05x higher than in thentrol, respectively.

Prediction iv soil total C and N

We found no evidence of moose impacts on soil total percent C and N (margiaabR from

<0.001 to 0.012 across models) but large variation in these soil features across sites (conditional
R? range from 0.553 to 0.667 across models; Table 2.5, Table A.7). Soil nitrogen was 1.14x
higher in the exclosure first soil horizon and the control plot second soil heviaem compared

to their respective horizon and pldthe first soil horizon had 1.77x @&id.69x more nitrogen

than the second soil horizon in the exclosure and control plot, respectively. The first soil horizon

had 1.81x more carbon than the second soil horizon in both plot types.
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Prediction v microbial and insect communities

We found veryittle evidence of moose impacts on microbial fungi: bacteria ratio and insect
diversity (marginal Rrange from <0.001 to 0.026 across models) but some variation in these
soil features across sites (conditionalr&ge from 0.047 to 0.119 across modelhI& 2.5,

Table A.7).There were 12 orders of maenoganisms identified from pitfall traps (Table A.8).
There were 28 phyla identified for both bacteria and fungi (bacteria: Table A.3, fungi: Table
A.4). Out of the 28 phyla, there were eight and three predoiriaateria and fungi phyla,
respectively (>1% median abundance). Three of the predominant dbglsiied median
abundances were highest in the exclosure plots when compared to control plots, Proteobacteria
(first horizon: 1.02x, second horizon: 1.09x), Bacteriodetes (first horizon: 1.15x, second horizon:
1.06x), and Thermotogae (first horizon: x38econd horizon: 1.57x), for the first and second

soil horizon. Two of the predominant bacterial phyla median abundances were highest in the
control plots when compared to exclosure plots, Actinobacteria (first horizon: 1.13x, second
horizon: 1.04x), anécidobacteria (first horizon: 1.06x, second horizon: 1.09x), for the first and
second soil horizon. In the first soil horizon, Firmicutes (first horizon: 1.12x), Fibrobacteres (first
horizon: 1.08x), and Plantctomycetes (first horizon: 1.04x) median ahoaderehigherin the
control plots, butn the second soil horizon (second horizon: 1.03x, 1.16x, and 1.06x,
respectively) their median abundamweashigher the exclosure plots than control plots. For the

first and second soil horizon one predominangfl phyla median abundance, Basidiomycota

(first horizon: 1.14x, second horizon: 1.14x), was highest in the exclosure plots, and one,
Ascomycota (first horizon: 1.02x, second horizon: 1.21x), was highest in control plots when

compared to exclosure plota.the first soil horizon, Mortierellomycota (first horizon: 1.05x),
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median abundance was higher the control plots, but for the second soil horizon (second horizon:

1.27x) their median abundance was higher the exclosure plots than control plots.

2.4. Discussion

Classic studies of iconic large ungulate systems (see review in Wardle et al. 2004) suggest the
prevalence of cascading indirect impacts of large ungulates on ecosystem f(IDeti@y et al.
1993; Pastor et al. 1988Recent work has called into question the generality of these earlier
findings (Ellis and Leroux 2017; Kolstad et al. 20E8)d attempts to explain wide context
dependency in findings acrosssystemgDaskin and Pringle 2016; Andriuzzi and Wall 2017)
The importance of looking beyond visual changes and descending-@edand to understand

the extent of large ungulate impactsamosystem functioning is emerging. We surmise that part
of the context dependency of this body of research may be driven by how seadsnmiedand
linked toungulateimpacts.Combining horizons that have different composgiand functims
cangreatlyreduce the resolutiost whichwe can identifyjungulatempactson ecosystemsn

our 2225 year experiment we measured abgk@und and belovground effects of moose on

two soil horizons. We found that moose have a significant impact on-giooved planh
communities and belowground soil conditions (soil percent moisture, first soil horidepth

and first soil horizon percent plant material). As we expected, our structural equation models
(SEMs)identified some evidence of cascading moose effect ofirsthsoil horizon(i.e., organic
horizon)but little evidence of such effects in the second soil horfzenmineral horizon)Our

path analysis and partitioning of potential moose impacts across two soil horizons provides a

holistic perspective on complex large ungueatesystem feedbacks.

The three direct interactions moose have with their surroundings, foraging, trampling,

and defecating, first impact abegeound functions leading to stroagd consisterdabove
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ground effect®bserved across study systefdswey et al. 1993; Ellis and Leroux 2017; Forbes

et al. 2019)Moose prefer foraging on nitrogeich shoots fromtreeand shrubmaking it harder

for nitrogenrich palatable species to grow to candgyel heights. As expected, through our

SEMs, we found evidence that moose excludiog., moose abséenhas a positive impact on the

total abundance of adulees anan theheight ofpalatablesapling communities (Figure 2.7).
Above-ground effects of large ungulate herbivores on palatable saplings is ubidGifiést al.

2014; Bernes et al. 2018nhd evident across ecosystem types such as [{Baéér and Rebertus
2015; Kolstad et al. 2018nd temperat@/Nardle et al. 2001; Nuttle et al. 2018)ests

However, after 2225 years of exclusion, and counter to other aamtisearch in oustudy
system(Gosse et al. 2011; Ellis and Leroux 2017; Leroux et al. 2024 )dentified a direct

impact of moose on the total count of adult trees. We also observed that not antyodiel

exclusion have a negative effect on shrub cover, but so did the count of adult trees and the height
of palatable saplings (Figure 2.5, Figure 2.6). Such tree community impacts may be explained by
adult and sapling trees creating shade and competificesources for shrulfSadanandan

Nambiar and Sands 1993; Kneeshaw and Bergeron 1B@®@yimarily foraging on preferred

plant species, browsers alter competition between species making it easierpoefeored

species to flourish. Almost adff our control(i.e., moose presenplotshad more noipreferred

shrub species compared tofereed species. When moose are present, fewer and shorter trees
are present, allowingonpreferredshrubs to prosper and have more extensive ground coverage.
Our model supports this finding via a negative effect of moose exclusion on shrub percent cover.
We also found that areas with higher disturbance (open and partial) had more adult trees.
Increase in adult tree count can be attributetie@pening of canopy by disturbance allowing

for more sapling trees to grow and reach adult h€lgbt.aren, Tajor, and Luke 2009; Gosse
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et al. 2011) Significant relationships between moose exclusion and afpo@uad response

variables are our first clues of moose indirect impacts on their surroundings.

Changes in abovground plant height and community compiosi can greatly alter soil
conditions and compositigiWardle et al. 2001; Bardgett andavdle 2010)For example, a
study in the boreal forest of Alaska, USA and western Canada fourdethdtious trees took up
over 25 times more available water than coniferous ttegsg snowmel{YoungRobertson et
al. 2016) Above-groundshadingalsodetermines the amount of sunlight and rain that reaches
exposed soil. As predicted, we found moose exclusion led to a decrease in soil temperature and
moisture (Figure 2.8; opposiggfect on soil water content) and this finding is consistent with a
recent mooséoreal forest study in Norwg¥olstad et al. 2019More specifically, we would
expect to record a greater impact of moose on the first soil horizbhassthe most direct
interaction with abowground aspects over the time frame of our experiment and is usually
recognizedashaving a higher percentage of organic material when compared to deeper mineral
horizons(Soil Classification Working Group 1998ennock et al. 2015). Soil organic matter's
chemistry and decomposition rate careffected by changes to plant litter composit{deier
and Bowman 2008; Koldt al. 2018) There is strong evidence that moose exclusion causes an
increase of nutrientich plant litter that is returned to the s@astor et al. 1988; Dewey et al.
1993; Hobbs 1996; Liu et al. 2015; Peschel et al. 2015; Ellis and Leroux ROdré)litter being
returned tahesoil increases plant material buildup in boreal f&regth slow decomposition
rates, leading to a quicker formation of the first horigtenny 1941)The composition of
organic horizons in cold climatesuch as the boreal foreskpsely mirror the composition of
litter being returned to the sgVancampenhout et al. 200%) support of our predictions, we

observed that moose exclusion was correlated with a deeper firsirhand greater amount of
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plant material within the first soil horizon (Figure 2.7). Changes to soil composition and
conditions due to moose can not only impact plant growth and nutrient turnover, kaffesso

soil organism community composition and atiance.

Changes in abovground and belovground biotic and abiotic conditions will impact soil
organisms such as microb{@arreiro and Koske 1992; Meier and Bowman 2G08) insect
(Knops et al. 1999; Bennett 2010; Oliver et al. 2Cd@hmunities. As expected, our SEM for the
first soil horizon showed the height of palatable saplings and soil pencésture had a positive
and negative impact aoil microbial C:N ratio, respectively (Figure 2.5, Figure 2.7).
Importantly, this effect is mediated via an indirect path linking moose to height of palatable
saplings and shrub percent cover to microbial . Moose herbivory causes a decraase
tree and shrub cover, which creates wetter and cooler soils (Kolstad et al. 2018w2dd9yan
make it difficult for some microbial communities to prosper in the area. In bereistems,
microbial C:N andungi: bacteria ratios are usually positively rela{€terner and Elser 2002)

A lower microbial C:N ratio would suggest a higher bacterial community, which is often
positively correlated wittN mineralization and turnovéM. N. Hogberg, Chen, and Hbégberg
2007) Counter to our expectatiphowever, we did not find an indirect arett path linking

moose tdungi: bacteria ratio onetN mineralization in oustudysystem in either soil horizons
(Figure 2.5, Figure 2.7). This suggests that indirect cascading infjyactsosemight be

relatively limited in ourstudysystem. In addition, we also found insect abundance and diversity
to be impacted by soil conditions but did not find any evidence of moose effects on these
features (Table 2.5). Insects often live within the sofesdureslike soil moisture and available
plant material for herbivore insects to consume are important to their su@lxadr et al.

2016)
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Understanding how different compositional soil horizons respond to impacts by agents of
change is crucial for disentainyj the potential indirect effects large ungulates have on
ecosystem functiofKolstad et al. 2018)Some othe context dependencies in studies looking at
ungulate impact on saitould be related to the differences in horizons and if they are accounted
for within the collection methods. By splitting the first and second soil horizons, we were able to
identify compositional differences that are associated with agowmend conditions and better
capture the extent of indirect impacts of moose instuglysystem. Our SEM found cascading
impacts of moose on microbial C:N ratios only in the first soil horizois ddnfirms thatmoose
arenot onlyhaving cascading impacts on belgnwound functioningbut also more strongly
impacting the firsbr organicsoil horizon In comparison, our SEM for the secamdmineral
soil horizon did not show any evidence of cascading effects of moose on soil functioning. This
finding is supported by the fact that the first soil horizon is typically composed of organic
material and has higher microbial activiBhattarai, Bhattarai, and Pandey 20M8pose effects
on soik arefairly limited meaning observed variatiomssoilsacross sitemay beattributed to
differences in soil types and compositiacross sites that may be linked to other facgursh as
topography, plant, and organismal communifikzsiny1941) We found that the first horizon
had significantly higher C and N content than the second honbha@h is supported by the fact
that e organic horizon typically contains at least 17%H@reas mineral horizons typically
contain lesshan17% C(Soil Classification Working Group 199Bennock et al. 2015Fhere
are many different ways of collecting soils, such as soil déiresmk 2008; Cline et al. 2017,
Kolstad et al. 20199nd stencil cut horizonkaganiére et al. 2015%o0il studies that do not take
soil horizons into account usually collecsample ¢ astandardlepthwithout considering the

proportion of each soil horizon in the sample. The lack of standards between studies may explain
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the variation between results in studies looking at herbivore impact on soils. We recommend a)
explicit documentatio and investigation of the impacts of soil sampling methods, and b)

standardized approaches to soil sampling in future work on large ungaiktenctioning.

The exclosures used in our studlgreestablished 22 to 25 years before we collected our
data.The age of exclosures of this study is both lorf{@erss and Binkley 2011; Ellis and Leroux
2017; Kolstad et al. 2019nd shorte(Pastor et al. 1993, Cline et al. 20W#)en compared to
the length of exclusion seen in related studies. Forbes et al. (2019) reported rieditre
length of wild large ungulate exclosure studies is 6 years, making an experiment of our length
rarely observed. However, moose were established in Newfoundland around 90 years before the
exclosures were bui{Pimlott 1953)and became abundant in and around our study area in the
1 9 8 (MclLsaren et al. 2004)The history of disturbance and large ungulate herbiviooy o
exclosures being erected is rarely reported in large unegtatey/stem studigteroux et al.

2021) We surmise, however, that site legacy could be critical to predicting large ungulate effects
on ecosystem@ eroux, Wiersma, and Vander Wal 2028pecifically, soils, particularly

mineral horizons, are®l to form as they are very dependent on many environmental factors

such as climate, organismal communities, pagraphy(Jenny 1941%0 they coud contain the

legacy of moose interaction. As age of exclosures increase, we recommend that future work track
the legacy and impacts of moose belgrwund. Continuing to track beleground impacts over

time will allow us to understand how the duration afase presence changes an ecosystem over

the time frame of forest community regeneration and soil formation.

Moose are not native to the island of Newfoundland and have become an agent of change
since their introduction over 100 years ago. Our study was able to capture the impacts of moose

on both abowground and belovground systems. By including interactiomsldevels of
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ecosystem function, we can better understand how moose impact their surroundings. We found
that they had a direct effect on abay®und plant community as well as belgwound soil

conditions and composition. Separating soil horizons allaveett tease apart and better identify
moose indirect impacts on soil and microbial communities. Moose had a cascading indirect
impact on microbial communities in the first soil horizon through soil moisture and sapling
palatable height. We suggest lookimgyond what is visually changing to truly understand the

extent of impacts happening within an ecosystem.
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Table 2.1:Literature summary of evidence in support (or not) for each concept that shows
diverse qualitative effects (+: PositiveNegative, 0: None) of ungulate herbivores on soil
ecosystems. Studies are from exclosure experimentiiext shows studies dirowsers (moose

specifically), andBlue text shows studies on grazer (a variety including elk and cows). We based

our predictions on this body of evidence.

Concept

Supporting Articles

Opposing articles

Soil moisture decreases in
exclosure

(-) Kolstad et al., 201&rank et
al., 2011; Gass and Binkley
2011; Cline et al., 2017

(+/0) Ellis and Leroux 2017

Soil temperature decreases in
exclosure

(-) Kolstad et al., 2018

Soil microbial activity (fungal
and bacteria richness) increase
in exclosure

(+) Peschel et al., 2015; Cline ¢
al., 2017

(-/0) Kolstad et al., 2018

Net Nitrogen mineralization
decreases in exclosure

(-) Frank 2008

(+/0) Dewey et al., 1993;
Peschel et al., 2015

Soil carbon increases in
exclosure

(+) Dewey et al., 1993; Ellis an
Leroux 2017Frank et al., 2011;
Gass and Binkley 2011; Pesch
et al., 2015

(-/0) Kolstad et al., 2018Fhrift
etal., 2013

Soil nitrogen incrases in
exclosure

(+) Pastor et al., 1988; Dewey {
al., 1993; Ellis and Leroux
2017;Gass and Binkley 2011

(-/0) Kolstad et al., 2018Fhrift
et al., 2013; Peschel et al., 201

Soil pH decreases in exclosure

(-) Ellis and Leroux 2017

(+/0) Peschel et 12015

Soil litter increases in exclosuré

(+) Pastor et al., 1988; Dewey {
al., 1993; Ellis and Leroux
2017;Hobbs 1996; Liu et al.,
2015; Peschel et al., 2015

Organic haorizon depth increase
in exclosure

(+) Kolstad et al., 2018

Bulk densitydecreased in
exclosure

(-) Kolstad et al., 20185ass
and Binkley 2011; Thrift et al.,

2013
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Table 2.2:Data collected from each method and the level at which they were collected for each

site.

Type of Data and Number of Points per Site Data Sets

Site (n=1) -Disturbance
Plot (n=2) -Moose Exclusion
Plot Multiple (many points taken over time) -Soil Temperature and Moisture (every 6hr for
~30 days)
SubPlot(n=8) -Insect data
>Count, Order Diversity, and Biomass
-Plant Data

>Adult Tree Count (>3m)

>Percent Canopy Cover

>Tree Sapling Count and Height (<3m)
>Shrub Count and Percent Cover
>Ground Cover

SubPlot split, two Horizons(n=16) -Total SoilN

-Total Soil C

-Soil Moisture %

_pH

-Net N Mineralization

-Microbial DNA

-Microbial Biomass

SubPlot One Horizons at each corner(n=16) | -First Horizon Depth

-First Horizon Percent Plant Material
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Table 2.3:Piecewise structural equation model results for the(fiest organic)oil horizon.

Results of the piecewise structural equation examining the direct and indirect impact of
disturbance and moose exclusionafroveground and belovground function in raritime

boreal forestsDisturbance is a categorical variable measured as canopy openness (i.e., open,
partial, closed) created by budworm or forest harvesting. Site was included as a random intercept
in each model. Standardized Estimate: standardizefia@ert estimate, Raw Estimate: non
standardized coefficient estimate, SE: standard error of coefficient estimate, avalye with

statistical significance shown as *** <0.001, ** <0.01, and * <.05.

Response Predictor Standardized Raw SE P
Estimate Estimate
Adult Tree Budworm disturbance Open 1.25 0.149 <0.001***
Count Budworm disturbance Partial 1.11 0.139  <0.001**
Budworm disturbance Closed 0.232 0.264 0.379
MooseExclusion = Exclosure 1.66 0.111 <0.0071***
Moose Exclusion = Control 0.066 0.167 0.695
Mean Height =~ MooseExclusion = Exclosure 79.5 0.88 <0.001 ***
of Palatable  Moose Exclusion = Control 70.6 9.69  <0.001***
Saplings Adult TreeCount 0.009 0.088  1.61 0.958
First Horizon Percent Moisture -0.014 -0.010 0.099 0.926
First Horizon Depth 0.092 7.13 10.6 0.528
First Horizon Percent Plant 0.323 1.65 0.659 0.024*
Material
Shrub Percent MooseExclusion = Exclosure 0.512 0.049 <0.001***
Coverage Moose Exclusion = Control 0.668 0.048 <0.001***
Mean Height of Palatable -0.221 -0.001 0.0005 0.026 *
Saplings
Adult TreeCount -0.292 -0.016 0.006 0.013*
First HorizonPercent Moisture -0.128 -0.0004 0.0004 0.357
First Horizon Depth -0.017 -0.006 0.042 0.884
First Horizon Percent Plant ~ 0.140 0.003 0.003 0.230
Material
Microbial C:N  Mean Height of Palatable 0.265 0.006 0.003 0.019*
Ratio Saplings
Shrub Percent Coverage 0.190 0.967 0.558 0.093
First Horizon Percent Moisture -0.440 -0.008  0.002 0.003**
First Horizon Depth 0.238 0.445 0.225 0.057
First Horizon Percent Plant ~ -0.213 -0.026  0.015 0.081
Material
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Net N Microbial C:N Ratio 0.032 0.073 0.288 0.807
Mineralization  First Horizon %C -0.145 -0.036  0.062 0.583
First Horizon %N 0.193 1.90 2.33 0.445

73



Table 2.4:Piecewise structural equation model results for the seg¢@dmineral)soil horizon.

Results of the piecewise structural equation examining the direct and indirect impact of
disturbance and moose exclusionatmoveground and belovground function immaritime

boreal forestsDisturbance is a categorical variable measured as canopy openness (i.e., open,
partial, closed) created by budworm or forest harvesting. Site was included as a random intercept
in each model. Standardized Estimate: standardizdticteet estimate, Raw Estimate: non
standardized coefficient estimate, SE: standard error of coefficient estimate, avalye with

statistical significance shown as *** <0.001, ** <0.01, and * <.05.

Response Predictor Standardized Raw SE p
Estimate Estimate
Adult Tree Budworm disturbance Open 1.18 0.184 <0.001***
Count Budworm disturbance Patrtial 1.13 0.166 <0.001***
Budworm disturbance Closed 0.575 0.294 0.050
MooseExclusion = Exclosure 1.70 0.130 <0.001***
Moose Exclusion = Control 0.224 0.176 0.205
Mean Height =~ MooseExclusion = Exclosure 82.9 9.62 <0.001 ***
of Palatable  Moose Exclusion = Control 66.7 9.61 <0.001***
Saplings Adult TreeCount 0.001 0.013  1.57 0.994
Second HorizoPercent -0.219 -0.216 0.123 0.122
Moisture 0.071 5.529 9.25 0.579
First Horizon Depth 0.292 1.448 0.597 0.026 *
First Horizon Percent Plant
Material
Shrub Percent MooseExclusion = Exclosure 0.481 0.049 <0.001***
Coverage Moose Exclusion = Control 0.650 0.048 <0.001***
Mean Height of Palatable -0.277 -0.001 0.001 0.010*
Saplings
Adult TreeCount -0.249 -0.014 0.007 0.037 *
SecondHorizon Percent -0.378 -0.002 0.001 0.010**
Moisture
First Horizon Depth 0.033 -0.013 0.041 0.765
First Horizon Percent Plant 0.172 0.004 0.003 0.126
Material
Microbial C:N  Mean Height of Palatable 0.003 0.0004 0.018 0.984
Ratio Saplings
Shrub Percent Coverage -0.099 -2.77 3.39 0.423
Second HorizoPercent -0.133 -0.018 0.022 0.436
Moisture
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Net N
Mineralization

First Horizon Depth

First Horizon Percent Plant
Material
Microbial C:N Ratio

Second Horizon %C
Second Horizon %N

75

-0.038
-0.052

0.0004
0.145
0.377

-0.417
-0.036

0.025
2.46

1.35 0.765
0.087 0.694

0.262 0.999
0.049 0.630
1.82 0.212



Table 2.5:Linear mixed modelasults for the firsfi.e., organicand secondi.e., mineral)soil
horizon. Results of the linear mixed models examining the direct impact of moose exclusion on
belowground function in maritime boreal fores&te was included as a random intercept in

each model. Standardized Estimate: standardized coefficientgstStandard Error: standard
error of coefficient estimate, and Marginal and ConditiorfapRrsentage of data attributed to

explanitory variable and both explanitory varible and site.

Response Prediction Standardized Standard Marginal and
Number Estimate Error Conditional
RZ
Soil pH- First Horizon j -0.054 0.065 0.002, 0.702
Second Horizon 0.073 0.064 0.004, 0.754
Soil Temperature over one month ii -0.550 0.080 0.021, 0.185
Soil Moisture over one month ii 0.003 0.003 <0.001, 0.469
First Soil Horizon Depth iii 0.294 0.112 0.049, 0.376
First Soil Horizon Percent Plant iii 0.304 0.113 0.056, 0.351
Material
Soil Total Percent G First Horizon jy -0.131 1.53 <0.001, 0.617
Second Horizon -2.178 1.22 0.012, 0.667
Soil Total Percent N First Horizon jy -0.001 0.044 <0.001, 0.553
Second Horizon -0.055 0.038 0.009, 0.641
Insect Diversity v -0.095 0.065 0.026, 0.047
Fungi: Bacteria Ratio-  First Horizon 0.010 0.127 <0.001, 0.056
Second Horizon -0.118 0.076 0.025, 0.119
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Direct Impacts —=—
Indirect Impacts

Defecation

Figure 2.1: Conceptual diagram depicting of how the three main direct impacts by a browser can
have fafreaching indirect impacts. Predicted direct impacts of a large ungulate browser are

shown in red and indirect impacts are shown in blue (see main text for details)
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Figure 2.2: Locations of the 11 paired exclosure/control plots used in our study. Located in the
eastern portion of Newfoundland, Canada, nine are in Terra Nova National Park, one in
Clarenville, and one in Fox MarsBue to close proximity, individual dots for BlualHVest

and Bl ue Hill East as well as OQOutport atTr ai l a

this resolution
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Plot (Control) Plot (Exclosures)

Figure 2.3: Exclosures in TNNP is 35mx35m (outside TNNP are a bit smaller). We left a 5m
buffer around the edge of the fence tak® sure there has been no moose impact within sub

plots. Four sampling suplots were established in the southwest corner of each plot. Soil cores
were collected from each corner of the-gldt. Note that the particular location of splots

(here showrin the lower diagonal of the plot) was not consistent at sites where moose had
recently breached the site to ensure we sampled the corner with the lowest moose impact (Ocher

Hill and Bread Cove in TNNP).
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Budworm/
Disturbance

Moose
Exclusion Random
- Site
Adult Tree
Count
Covariates
Soil %
- + - + Moisture
Height Shrub
Palatable Percent cover
Saplings First Horizon
Length
+ + First Horizon
Microbe C:N % Plant
Ratio Material
- Soil Total %N
+
Potential N

Mineralization Soil Total %C

Figure 2.4: Conceptual diagram showing predictftects of disturbance and moose exclusion

on components of maritime boreal fosebovegroundand belowground. The direction of

predicted effect are denoted with + (positive}-@dnegative) where the arrows join the boxes.
Co-variates are incorporateéd include relationships that are important but not modelled as
responses. This diagram acts as the blueprint for a piecewise structural equation model for both
the first(i.e., organicland secondi.e., mineral)soil horizon. See methods for further details on

model structure.

80



a) First Horizon b) Second Horizon
Budworm/ Budworm/
Disturbance Disturbance
Moose Exclusion Moose Exclusion
ok Hokok
v A 4
Adult Tree Count L Adult Tree Count L
(0.68,0.72) ok *ox (0.62,0.70) Ak *k
-0.29* -0.25%
First Horizon First Horizon second Second
% Molsture % Moisture Horizon % Horizon %
\ 4 Molsture \4 038 Moisture

First Horlzon Height Pglatab\e -0.22% Shrub First Horizon First Horizon Height Pglatab\e -0.27% Shrub First Horizon

Length Saplings —p- Percent Cover Length Length Saplings —p Percent cover Length
{0.12,0.16) (0.33,0.54) (0.16,0.20) (0.37,0.51)

FirstHorizon | /0 32% First Horizon First Horizon | /0 29% First Horizon
% Plant 0.27% % Plant % Plant % Plant
Material E— Material Material Second Material

% Moisture ik Harizan %
-0.44 Moisture
Microbe C:N Microbe C:N
First Horizon . First Horizon N
Length Ratio (First Horizon) Length Ratio (second Herizon)
{0.23,0.48) (0.02,033)
First Horizon First Horizon
% Plant % Plant
Material Material
First Horizon Second
Total®® | s Horizon
Potential N Potential N Tatal %N
Mineralization Mineralization
(First Horizon] First Horizon (second Horizan) Second
(0.01,0.18) Total %C ey Hostoon
Total %

Figure 2.5: Results of piecewise structural equation models examining the impact of disturbance
and moose exclusion on above and befipaund components of maritime boreal forest on jhe a
first (i.e., organicland b) secong.e., mineral)soil horizon. Black arrows and boxes denote
statistically significant relationships, and gray arrows and boxes denotgmiicant

relationships. Numbers on black errors are the standardized caféstimates with ***

<0.001, ** <0.01, and * < .05. Red boxes show covariates with coefficients that had a significant
relationship with a main dependent varible in the model. Values at the bottom of each main box

are the marginal and conditionat r each model response variable.
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Figure 2.6:a) Adult tree count, b) mean height of palatable saplings, c) percent shrub cover in
11 paired exclosure and control sites in Newfoundland, CaBgdabols are defined as follows:

- =Platters Coves=Blue Hill East,>=Blue Hill West,>=Outport Trail,v=Buny an’ s Cov e,
z=Blue Hill Center,,= Mi n c¢ F=eHalls 8eaches=0cher Hill, *=Bread Cove, ans=Fox

Marsh.
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Figure 2.7:Microbial C:N ratio in the a) first soil horizod) second soil horizon compared to
the mean height of palatable saplings. Microbial C:N ratio irb}Hiest soil horizong) second
soil horizon compared to percent shrub cover. Net N mineralization @) tinst soil horizonf)

second soil horizon copared microbial C:N ratio.
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Figure 2.8:a) First soil horizon percent moisture contentfiig} soil horizon percent plant
material,c) first soil horizon depthd) second soil horizon percent moisture in 11 paired
exclosure and control sites in Newfalland, Canada. Symbols are defined as follows:

- =Platters Coves=Blue Hill East,*=Blue Hill West,»=Outport Trai,lv=Buny an’ s
==Blue Hill Center,»= Mi n c r=eHalls 8eachs=0Ocher Hill, ==Bread Cove, an¢=Fox

Marsh.
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CHAPTER 3: Summary and conclusion

3.1. Impacts of moose on abowground and belowground systems

Large herbivore browsers, such as moose, play an active role in ecosystem functioning through
the coupling oiboveground and belovground systems through direct (e.g., trampling,

foraging, and defecating) and indirect (e.qg., a shift in plant community, increase in soil
temperature and moisture) impad$ant species with high relative N and P content experience
higher levels of herbivory as large herbivores selectively browse them because they require these
nutrients for growth and reproducti¢@lIff, Ritchie, and Prins 2002%electively browsing of N

rich woody plants by moog®ewey et al. 1993ndirectly shifts plant community composition
towards norpreferred species with a higher C:N ratio. Studies in Isle Royal, (@&#ey et al.

1993) Newfoundland, Canad&llis and Leroux 2017)ard Trgndelag County, Norway

(Kolstad et al. 2019found thatselective browing by mooseresults indecrease nutrient

content and return of plant littexwhich subsequently decreases the return and abundance of
nutrients within the saiResearch demonstrates tha browsing of platableplantspecies not

only decreases aboxggound abundance and nutrient contentrefgrred plants, but in turn,

limits nutrient and organic material retedto the soil(Dewey et al. 1993; Ellis and Leroux

2017; Kolstad et al. 2018)

Despite the evidence that large herbivores impact agouend systems, theeze
inconsistent results across studies and ecosystem types reporting strong, weak, or insignificant
impacts of moose on beleground systems. To better understand the reach of moose impacts
belowground, the inclusion of soil horizons and abgveund bebw-ground connections may
help in the identification of moose impacts. Understanding the reach of moose impacts on both
aboveground and belovground systems is even more pertinent in ecosystems wioergeare
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notnatveChanges i n an sepeadesqgospostionthsough humamnarediated
introduction (e.g., development of land and invasion) and removal (e.g., hunting and habitat loss)
of animal speciealsohas profound impacts that drive local and global ecosystem change
(Wardle et al. 2011)When consideringative and nomativemoose impacts, connectingoaie-
ground and belovground systems allows us to better understand the role large herbivore

browsers play in ecosystem function.

We aimed to identify the extent of moose impact on both abomend and belovground
systems in thenaritimeboreal forests of Newfoundland, Canada. Udiigpaired exclosure and
control plots, we tested a series of hypotheses based on previous studies that identify large
herbivore impacts abowground and belovground. The following results were in support af o

hypotheses:

1 Moose presence had agative effect on palatable sapling height and adult tree eodnt
a positive effect on shrub cover

1 Moose presendead a negative effect dhedepthand percent plant material content of
the first soil horizon

1 Moose pesencéhad a positive effect ospil temperature and moisture

1 Moose presence had ardirectnegativeimpacton soil microbial C:N raticand this

effect was only observed the first soil horizor{i.e., organic horizon)

The above results are consisteithvprevious research on large herbivore impact boreal
forestsandsoils EIl |l i s and Leroux (2017) found that Ne
decreased the overall height of both palatable anepatatable plant species and decreased first

soil horizondepth A study of moose browsing over a six year period inGhspésie Peninsula
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in Quebedy De Vriendt et al(2021)found that moose browsing decreased tree sapling density
and rate of saplings reaching canopy heiglgo, an eight year exclusion study in Norway by
(Kolstad et al. 2018pund that moose presence increased soil temperature and moisture and
decreased first soil nzon depth Our results align with previous studies that reveal moose have
impacts on abovground plant communities and some cascading impacts tggtmmd on soil

composition, conditions, and organismal communities.

We found moose had a direct impactpdant communities, and soil composition and
conditions and an indirect impact on microbial C:N ratio; however, the following results did not

support our hypotheses:

1 Moose presence had no effect atgntial nitrogen mineralization rates
1 Moose presence Hano effect onail percent C and N
1 Moose presence had no effect oil pH

1 Moose presence had no effect nsdct abundance and diversity

The above results are contradictory to previous research on large herbivore iFgacts.
exampleNiwa et al.(2008)found that when herbivore browsing intensity increased, N
mineralization rates decreed Classic studies of moose impacts on Isle RQyaA,
ecosystems demonstrated that moose had a negative effect mutigeilt availability(Pastor et
al. 1988; Dewey et al. 1993However, more recent research in other bareadystemsreport
limited impacts of moose @il nutrient availability(Ellis and Leroux 2017; Kolstad et al.

2018) We note that important methodological differencesampling and what was measured
among studies could attribute to the differences in findings between classical and more resent

research on herbivore impacts on sdiisaddition, previous studies have found that large
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herbivore presence increassoil pH (Ellis and Leroux 2017and decreased insect diversity

(Coté et al. 2014)

Moose abovground impacts are more apparent due to the heavy browsing of palatable
saplirgs decreasing overall sapling height and reducing the ambsaplingghat mature to
adult heightResearch across boreal study systems find variable indirect effects of moose on soill
ecosystemgDewey et al. 1993; Ellis andecoux 2017; Kolstad et al. 2018; 2018je found
moose impacts beloground were only observed themicrobial C:N ratios in thérst soil
horizon. By separating soils by lines of horizon break, we surmise that we were able to more
accurately isolatenoose impacts on soils. An eight year exclusion studydistad et al. (2018)
also separated soil horizons but found limited evidence that direct moose impacts had cascading
indirect impacts belovground.We were able to identify indirect impactsricrobial
communities which may be the first sign of moose impacts on soil functioning and nutrient
turnover.We surmise that the longekclusionlengthat our sites (2225 years)s approaching a
more consistent timeframe to capture the turnover of nutrients in the first soif l&érbr i en and
Stout 1978) Formation and turnover of soil horizons can take decades to celiReres,
Willis, and Hodge 19 adisdicated byiowdside abiotid dn&®it out 197
factors(Jenny 1941)Consequently, the length of our study gives us better infereertiify
potentialbelow-ground moose impacts whearapared to studiesver shorter time framegve
found that moose have strong direct impacts on algomend systems and haweak but
measurabléndirect impacts on beloyground systems in Newfoundlaoger a 2225 year
period.Our findings provide furtherontext to how the introduction of moose to Newfoundland

over 100 years ago is alteribhge wf o u n thriestenodystesms.
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3.2. Limitations and Implications

Globally,the direct and indirect impadisrge herbivores are documented on both algpeand

and belowground systemésee reviews in Wardle et al. 2004; Andriuzzi and Wall 2017; Forbes
et al. 2019) Contrary to our findings, there is strong support of large herbivore presence
decreasing soil (Dewey et al. 1993; Frank et al. 2011; Gass and Binkley 2011; Peschel et al.
2015)ard N (Pastor eal. 1988; Dewey et al. 1993; Gass and Binkley 2@bhfent and

potential N mineralization ratéBeschel et al. 2015pur evidence of weak too appareneffect
ofNewfoundl and’ s mo olelwgroana ooimpohents aiutrienncycling could be
attributed to foregprimary productivity andnooseexclusion timeThe maritime breal forests

of Newfoundlandand boreal forests more generatyae lower primary productvity than most
temperate and tropical forest ecosystemsddition, he low productivity and growth rate of
plants in Newfoundland may require a longer time to reveal moose impactsdrelond

(Osem, Perevolotsky, and Kigel 2002; Leroux, Wiersma, and Vander Wal. Fa2@xample, a
40 year exclusion study yewey et al(1993)in Isle Royale, Michigan, USAgvealed a

negative effect omoose browsingnnetsoil N mineralization ratesConsequently, it will be
important to continue to monitor the lotgym exclosureontrol sites we have measured to track

moose effects througlit forest regeneration.

It is important to note that few large herbivereosystem studies report the disturbance
history of their sitesChanges in an ecosystem can reroute normal ecosystem function; however,
changes take time to become detectibleos were introduced and established to the island of
Newfoundland inL904(Pimlott 1953)and now moosdensities on the islands are among th
highest reported acrofiseir circumboreal distributiofMcLaren et al. 2004)Exclosure sites

used in our study were established between
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Exclosures in Newfoundland were erectegragimately 90 years after the introduction of
moose(Pimlott 1953)and approximately 10 years after the most recent populatiorspetbdy

could still contairsomelegacyeffectsof moose interactiondicLaren et al. 208; Gosse et al.

2011; Leroux et al. 2021 uture studies should report the disturbance history and length of
exclusion to ensure these aspects are included when considering the strength of impacts reported.
By understanding the potential fategacy & mooseimpacts we can track the rate at whittre

legacy of moose impacts diminiskrer time after exclusion

Findings frommy study give us an understandioftheextent of moose impacts soil
functioningin NewfoundlandKnowing the current extenf moose impacts can help with future
conservation and pr matieeddareseocasysters EviNenae bfonoased | and’ s
significantly altering the natural boreal forest of Newfoundland supports the importance of
preserving and restoringewfoundland satural habitat§Gosse et al. 2011Many suggest that
a key to reestablishing natural boreal forests includes the mass planting of heawvggd
sapling speciefCharron and Hermanutz 2017; Noonan, Leroux, and Hermanutz. 2G21)
ensure the success of saplings, one must ensure soil conditioswlanudrient compositionvill
support sapling growt{Kardol et al. 2014)We re@mmend that restoration strategies integrate
soil and vegetation reintroduction in order to increase the chances of successful boreal forest
restorationHolden and Treseder 2013; Pec et al. 20®robial communities are integral for
maintaining and promoting many aspedtsatrient cycling and plant growilidogberg et al.

2017; Hestrin et al. 2019; Li et al. 2019; Pec et al. 204&jitionally, we recommend that
further research be done to catalog and understand th ekteoosempact on crucial

microbialspecies and the resulting potential impacts on ecosystem function.
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Plants in boreal forests hakigher percenbiomassn belowgroundootswhen
compared to other forest types (e.g., temperate and tropical), wit®8286f roots within the
top 30cm of soi(Jackson et al. 19967 he low productivity nature of boreal foreatsorequires
plants to have higher proportions of biomass bajpaund(Osem, Perevolotsky, and Kigel
2002) Areas with low productivity and a higher proportion of plant biomass bgtownd may
be moreresistanto s hi fts in plant community due to he
aboveground biomaséMilchunas and Lauenroth 1993)arge herbivores are known to have an
i mpact @ beloagroprid Aiontass. For example, a studyBagchi and Ritchie (2010)
found that large herbivore grazing in the Trifimalayan shrutsteppes decreased shrub below
ground biomass by 35%. Higher belgnound plant biomada turnmaintainsa higher
microbial biomasgFierer et al. 2009)A future direction for research on moose impacts in
Newfoundlandcould studythe impacts of moose presence and absence on plant¢eiand
biomass. Understanding how moose impacts plant bgtownd biomasmay help explain why
we see slower shifts in plant community and soil compositi@hconditions n Ne wf ound |l an

maritimeboreal forests.
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APPENDIX

Table A.1: Dates of initial and secondary visit for each site. Initial visit included plant survey,
soil temperature and moisture probe placement, pitfallgi@gement, initial and secondary core
collection, secondary core burial. Secondary visit included collection of soil temperature and

moisture probe, pitfall traps, and secondary core.

Site Initial Visit Secondary Visit
Platters Cove 7/20/2020 8/20/2020
Blue Hill East 7/21/2020 8/20/2020
Blue Hill West 7/22/2020 8/20/2020
Outport Trail 7/23/2020 8/21/2020
Bunyan’s Cove |7/25/2020 8/24/2020
Blue Hill Center 7/26/2020 8/25/2020
Mi nchin’ s tr ail7/28/2020 8/28/2020
Halls Beach 7/29/2020 9/2/2020
Ocher Hill 7/30/2020 8/28/2020
Bread Cove 7/31/2020 8/28/2020
Fox Marsh 8/2/2020 9/1/2020
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Table A.2: Dates soil processing and time sensitive lab procedures were completed for each site.

Site Soil Sifting Soil Sifting DNA Extraction | Chloroform
Initial Bag Secondary Bag Fumigation
Platters Cove 8/5/2020 and 9/4/2020 8/5/2020 and 9/11/2020
8/6/2020 8/6/2020
Blue Hill East 8/7/2020 and 9/8/2020 8/7/2020 and 9/14/2020
8/8/2020 8/8/2020 and
8/9/2020
Blue Hill West 8/9/2020 and 9/9/2020 8/9/2020 and 9/18/2020
8/12/2020 8/12/2020 and
8/13/2020
Outport Trail 8/12/2020 and 9/10/2020 8/14/2020 9/21/2020
8/13/2020
Bunyan' s|8/14/2020 and 9/14/2020 8/16/2020 and 9/25/2020
Center 8/16/2020 8/18/2020
Blue Hill Center | 8/18/2020 and 9/17/2020 8/26/2020 and 10/9/2020
8/19/2020 9/8/2020
Mi nchi n’ |8/19/2020 and 9/21/2020 8/26/2020 and 10/12/2020
8/20/2020 8/27/2020
Halls Beach 8/21/2020 and 9/25/2020 8/27/2020 10/16/2020
8/24/2020
Ocher Hill 8/25/2020 9/23/2020 8/27/2020 and 10/19/2020
9/4/2020
Bread Cove 8/26/2020 9/24/2020 9/8/2020 and 10/22/2020
9/9/2020
Fox Marsh 8/27/2020 and 9/28/2020 9/9/2020 and 10/26/2020
9/1/2020 9/10/2020
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Table A.3: Mean DNA percent abundance for edealtterial phyla identified for the firgte.,

organic)and secondi.e., mineral)soil horizon.

Phyla Median Median Median Median
Abundancei Abundance- Abundancei Abundancei
Exclosure Control First Exclosure Control
First Horizon | Horizon (%) Second Second
(%) Horizon (%) Horizon (%)
Proteobacteria 34.7 34.2 37.0 33.8
Actinobacteria 16.6 19.1 17.1 17.8
Acidobacteria 12.3 13.2 12.4 13.6
Bacteroidetes 7.87 6.67 4.36 4.09
Unknown 6.75 7.60 7.43 8.08
Firmicutes 3.28 3.73 4.85 4.71
Thermotogae 3.14 2.15 3.43 1.62
Fibrobacteres 2.85 3.10 5.32 4.47
Planctomycetes 2.60 2.72 3.37 3.16
Tenericutes 0.361 0.339 0.201 0.264
Thermodesulfobacteria 0.267 0.544 0.377 0.527
Nitrospirae 0.201 0.240 0.386 0.520
Verrucomicrobia 0.197 0.196 0.263 0.309
Gemmatimonadetes 0.189 0.198 0.258 0.265
Chloroflexi 0.179 0.107 0.356 0.243
Chlamydiae 0.166 0.202 0.251 0.251
Cyanobacteria 0.161 0.220 0.258 0.210
Lentisphaerae 0.128 0.099 0.115 0.088
Chlorobi 0.060 0.085 0.104 0.111
Thermi 0.058 0.054 0.040 0.047
Synergistetes 0.041 0.065 0.080 0.132
Armatimonadetes 0.031 0.039 0.026 0.032
Spirochaetes 0.026 0.025 0.055 0.037
Caldithrix 0.015 0.014 0.058 0.017
Fusobacteria 0.007 0.181 0.099 0.146
Chrysiogenetes 0.005 0.001 0.001 0.001
Deferribacteres 0.005 0.008 0.016 0.012
Elusimicrobia 0.004 0.005 0.003 0.003
Caldiserica 0.002 0.004 0.002 0.003
Euryarchaeota 0.001 0.002 0.002 0.002
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Table A.4: Mean DNA percent abundance for each phyla identffi@ah targeting the ITS

region which targest primarlly fugal pylés the first(i.e., organicland secondi.e., mineral)

soil horizon.
Phyla Median Median Median Median
Abundancefi Abundance- Abundancefi Abundancei
Exclosure Control First Exclosure Control
First Horizon | Horizon (%) Second Second
(%) Horizon (%) Horizon (%)
Basidiomycota 55.1 47.5 53.6 46.3
Ascomycota 35.6 44.6 35.4 44.6
Mortierellomycota 2.78 2.93 4.61 3.39
Unknown 2.42 2.64 2.58 2.47
Rozellomycota 0.233 0.290 0.515 0.395
Mucoromycota 0.118 0.084 0.396 0.147
Chytridiomycota 0.081 0.122 0.141 0.121
Entomophthoromycota 0.059 0.088 0.111 0.109
Streptophycophyta 0.055 0.079 0.104 0.083
Cercozoa 0.044 0.039 0.053 0.040
Glomeromycota 0.032 0.062 0.076 0.087
unidentified 0.021 0.028 0.043 0.032
GS19 0.017 0.007 0.005 0.019
Olpidiomycota 0.016 0.015 0.018 0.022
Arthropoda 0.014 0.013 0.006 0.006
Protozoa phy Incertae sed| 0.012 0.014 0.004 0.006
Zoopagomycota 0.010 0.015 0.145 0.012
Entorrhizomycota 0.008 0.008 0.010 0.005
Blastocladiomycota 0.007 0.012 0.007 0.013
Rotifera 0.007 0.008 0.007 0.007
Kickxellomycota 0.005 0.004 0.006 0.006
Monoblepharomycota 0.004 0.003 0.002 0.002
Neocallimastigomycota 0.003 0.002 0.002 0.002
Anthophyta 0.002 0.001 0.002 0.002
Chlorophyta 0.002 0.001 NA NA
Annelida 0.002 0.007 NA NA
Cnidaria 0.002 0.002 0.002 0.003
Calcarisporiellomycota 0.002 NA 0.002 0.004
Ochrophyta NA 0.002 NA NA
GS01 NA NA NA NA
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Table A.5: Piecewise structural equation model results for the(fiest organic)ksoil horizon

when we removed sutlots where the first horizon had < 17% C. Disturbance is a categorical

variable measured as canopy openness (i.e., open, partial, closed) created by budworm or forest

harvesting. Site was included as a random intercegd¢h model. Standardized Estimate:

standardized coefficient estimate, Raw Estimate:standardized coefficient estimate, SE:

standard error of coefficient estimate, and{pafue with statistical significance shown as ***

<0.001, ** <0.01, and * <.05.

Response

Adult Tree
Count

Mean Height
of Palatable
Saplings

Shrub Percent
Coverage

Microbial C:N
Ratio

Net N
Mineralization

Predictor

Budworm disturbance Open

Standardized
Estimate

Budworm disturbance Partial
Budworm disturbance Closed

MooseExclusion= Exclosure
Moose ExclusiorF Control

MooseExclusion = Exclosure

Moose Exclusion = Control

Adult TreeCount

-0.062

First Horizon Percent Moisture -0.015

First Horizon Depth

First Horizon Percerflant

Material

0.159
0.378

MooseExclusion = Exclosure

Moose Exclusion = Control
Mean Height of Palatable

Saplings
Adult TreeCount

-0.265

-0.317

First Horizon Percent Moisture -0.182

First Horizon Depth

First Horizon Percent Plant

Material

Mean Height of Palatable

Saplings

Shrub Percent Coverage

-0.016
0.145

0.320

0.147

First Horizon Percent Moisture -0.454

First Horizon Depth

First Horizon Percent Plant

Material
Microbial C:N Ratio

First Horizon %C

0.177
-0.271

0.065
-0.226
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Raw
Estimate
1.25

1.09
0.301
1.67

0.092
80.3

70.8
-0.725
-0.011
12.4
2.02

0.532
0.668
-0.001

-0.018
-0.0006
-0.006
0.004

0.007

0.710
-0.008
0.314
-0.033

0.161
-0.067

SE

0.152
0.150
0.267
0.116

0.174
12.1

11.2
1.70
0.122
11.7
0.779

0.052
0.049
0.0005

0.007
0.0005
0.047
0.003

0.003

0.578
0.003
0.232
0.016

0.348
0.067

P

<0.001***
<0.001***
0.251

<0.001***

0.594
<0.001***

<0.001***
0.680
0.932
0.317
0.015*

<0.001***
<0.001***
0.025 *

0.014 *
0.246
0.903
0.280

0.015*

0.235
0.007**
0.196
0.048

0.657
0.355



First Horizon %N 0.211 231 2.49 0.387
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Table A.6: Piecewise structural equation model results for the se@@xdmineral)soil horizon

when we removed sutlots where the second horizon had > 17% C. Disturbance is a categorical
variable measured as canopy openness (i.e., open, partial, closed) created by budworm or forest
harvesting. Site was included as a random intercegpach model. Standardized Estimate:
standardized coefficient estimate, Raw Estimate:standardized coefficient estimate, SE:

standard error of coefficient estimate, and{pafue with statistical significance shown as ***

<0.001, ** <0.01, and * <.05.

Response Predictor Standardized Raw SE p
Estimate Estimate
Adult Tree Budworm disturbance Open 1.15 0.208 <0.001***
Count Budworm disturbance Partial 1.09 0.176  <0.001***
Budworm disturbance Closed 0.045 0.476 0.924
MooseExclusion = Exclosure 1.56 0.185 <0.001**
Moose Exclusion = Control -0.038  0.232 0.872
Mean Height =~ MooseExclusion = Exclosure 93.1 115 <0.001***
of Palatable  Moose Exclusion = Control 68.7 112 <0.001**
Saplings Adult TreeCount -0.049 0538 176 0.771
Second HorizoPercent 0.103 0.192 0.278 0.528
Moisture -0.029 -2.48 12.0 0.847
First Horizon Depth 0.270 1.30 0.703 0.092
First HorizonPercent Plant
Material
Shrub Percent MooseExclusion = Exclosure 0.481 0.051 <0.001***
Coverage Moose Exclusion = Control 0.665 0.053 <0.001***
MeanHeight of Palatable -0.365 -0.002 0.0005 0.002 *
Saplings
Adult TreeCount -0.191 -0.010 0.007 0.138
Second HorizoPercent -0.184 -0.002 0.001 0.197
Moisture
First Horizon Depth 0.021 -0.009 0.047 0.856
First Horizon Percerflart 0.205 0.005 0.003 0.107
Material
Microbial C:N  Mean Height of Palatable 0.045 0.007 0.023 0.771
Ratio Saplings
Shrub Percent Coverage -0.065 -1.96 453 0.676
Second HorizofPercent -0.103 -0.029  0.045 0.547
Moisture
First Horizon Depth -0.046 -0.604 1.81 0.748
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Net N
Mineralization

First Horizon Percerflant
Material
Microbial C:N Ratio

Second Horizon %C
Second Horizon %N

-0.096

0.0215
-0.170
0.315
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-0.069

0.002
-0.036
1.46

0.109

0.013
0.063
1.39

0.545

0.889
0.603
0.328



Table A.7: Median for each sub analysis response varible. Plot times increase coloum reports

plot type with the higest meams and how much higher it is dispayed as how many times larger.

Response Prediction Exclosure  Control Plot Times
Number Median Median Increase
Soil pH- First Horizon ii 4.44 4.57 Control: 1.03x
Second Horizon 4.87 4.73 Exclosure: 1.03x
Soil Temperature over one month ii 14.8C 15.7C Control: 1.06x
Soil Moisture over one month i 0.239m¥m*  0.214m¥m* Exclosure: 1.10x
First Soil Horizon Depth iii 3.06in 2.44in Exclosure: 1.20x
First Soil Horizon Percent Plant iii 39.4% 27.6% Exclosure: 1.05x
Material
Soil Total Percent G First Horizon iv 20.3% 29.4% Control: 1.00x
Second Horizon 5.54% 5.34% Exclosure: 1.04x
Soil Total Percent N First Horizon iv 0.94% 0.81% Exclosure: 1.14x
Second Horizon 0.215% 0.25% Control: 1.14x
Insect Diversity v 1.25 1.34 Control: 1.06x
Fungi: Bacteria Ratio- FirstHorizon v 0.804 0.773 Exclosure: 1.04x
Second Horizon 0.810 0.789 Exclosure: 1.03x
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Table A.8: Percent abundance of each neagrganism order collected using pitfall traps for

both exclosure and control plots.

Order Exclosure  Control
Stylommatophora 13.9 17.6
Coleoptera A47.4 324
Araneae 3.0 4,91
Diptera 13.3 8.50
Hymenoptera 16.8 28.0
Lithobiomorpha 0.618 0.756
Opisthopora 1.65 1.64
Acari 0.772 0.378
Isopoda 1.60 3.46
Amphipoda 0.721 1.20
Lepidoptera 0.309 0.315
Orthoptera 0.051 0.819
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a) First Horizon (>17% TC)

Budworm/
Disturbance
Moose Exclusion
ok
v
Adult Tree Count L
(0.66,0.70) >k *
-0.32*
First Horizon
% Molsture '8
Frst Horizon Height Pglatab\e 0.26% Shrub
Length Saplings - Percent Cover
(0.16,0.20) (0.35,0.52)
First Horizon | /0 38%
% Plant 0.32%
Material First Horizon
% Moisture 0 45**
Microbe C:N

Figure A.1: Results of piecewisgtructural equation models examining the impact of

First Horizon

Ratio (First Horizon)

(0.30,0.52)

Length

First Horizon *
% Plant 0.27
Material

Potential N

Mineralization
(First Horizon)
(0.02,0.12)

First Horizon
Total %N

First Horizon
Total %C

b)Second Horizon (<17% TC)

First Horizon Second

% Molsture Horizon %
Molsture
First Horlzon First Horlzon
Length Length
First Horizon First Horizon
% Plant % Plant
Material Material

Budworm/
Disturbance

Moose Exclusion

Hdok
v
Adult Tree Count L
(0.67,0.75) EEE) ¥
L J
Height Palatable 0.37% Shrub
Saplings —p|  Percent cover
(0.15,0.170) (0.40,0.55)
Second
Horizon %
Moisture
; Microbe C:N
irst Horizon B
Length Ratio (second Horizon)
(0.02,027)
First Horizon
% Plant
Materlal
Second
Harizon
Potential N Total %N
Mineralization
{Second Horizan) Second
(0.03,0.09) Horizen
Total %

Second
Horizon %
Moisture

First Horlzon
Length

First Horizon
% Plant
Material

disturbance and moose exclusion on above and bglound components of maritime boreal

forest on the a) firgti.e., organicland b) second.e., mineral)soil horizon. For these models,

we removed suiplots where the first horizon had < 17% C and the second horizon had > 17% C.

Black arrows and boxes denote statistically significant relationships, and gray arrows and boxes

denote nossignificant relationships. Numbers on black arrors are the standaodie#atient

estimates with *** <0.001, ** <0.01, and * < .05. Red boxes show covariates with coefficients

that had a significant relationship with a main dependent varible in the model. Values at the

bottom of each main box are the marginal and conditi®hor each model response variable.
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