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ABSTRACT

Restoringecosystems and habitats in hunsdiered landscapes challenging
wherereference sites to guide restoration can be linoteabsentThe currenshift in
restoration theoryo a dynamic reference alleviates some of this concern,
acknowledging systems are not statiowever,historicalreference are stilluseful as
restoration targets when relatively intdcapplied this prigiple here focusing orthe
limestone barrens of Newfoundlar@ehady an ecosystem thegpresenta
biodiversity hotspot anbdostsendemic plant speciges.g.the endangereBraya longii

human activities have degradisicritical habitat.

Historical arial photographs were useddepict landscape topograppsior to
substrate removal, andentify intactreference sitesddentified reference sites were
characterized in terms of substrate, nutrient and vegetation composition, and
topography through fld observations and measuremeifits test protocols to restore
the complex smaidbcale disturbance regime, substrate manipulation experiments were
constructed and monitored for frost heave and cyEbegerimentsvere also seeded
with native flora including B. longii to determine an effective means ofiméroduction

following restoration.

Limestone barrens occur sparsely on the landscape atop ancient beach ridges.
Low potential habitat (10%) was observed at the study site in D94&hich slightly
less han half was degraded by quarry activity and road construayid®95 Remnant
high quality habitat identified in aerial photos and described through field susveys i
characterized by frost heave asutting, high silt/clay and bare ground cover, kovd

organic contentDegraded sites and overburden material défiérom the reference



sitein terms of vegetation, substrate and nutrient compositicaddition, substrate
treatmentdo restore smaidcale disturbance that lackadded overburden material
demonstratedimilartiesto the reference site in terms of the average numiofeost
cycles and duratiosuggesting partial recovery of cedail processed he seeding
experiments with native flora, including the endangered end@ntongii, resultedn
low percent emergenckElowever, more seeds are expected to germinate in subsequent

years given germination syndromes

This thesis emphasizes the need for human intervention, rather than a non
intervention expecting regeneration givee absence of vegeitat and natural
disturbance recovetpwards limestone barrens$ alsorecommendthatoverburden
material not be used restore soil and substrate as it will hinder progression along the
targetlimestone barrensajectory Overall, the recommendations provide a baseline
methodology to rdsre limestone barrens habitat in degraded quarry sites, addressing
the Feder al Recovery Strategybds target

freezethaw disturbanceandB. longii within its historical range.
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CHAPTER 1
1 GENERAL INTRODUCTION

A decade ago,istorical landscapesereconsideredheideal reference
condition forthe assisted rehabilitation and recovergodlogical and ecosystem
function(Bradshaw, 1987; SER, 2008lewell & Arson 2013. Now, thesereference
no longer seemapplicableand are considered impractical and unrealistider rapidly
changing environmental conditions instigated by angbgenic activityfHobbs et al.,
2006, 2013). Recreating the past is no longhettargein restorationratherit is the
attempt tare-establishthe systenwithin the range ofheoriginal historical trajectory
prior to human activitiefClewell and Aronson, 201 Balaguer et al., 2034In many
cases this requirddending historical information with knowlgé predicting
environmental change due to climate and increased presence of exotic weed species
(Zedler et al., 201, Balaguer et al. 20)4reating the idea of @ynamico reference

(Hiers et al., 201;2see Appendix | for key term definitions

In highly degradedabitatswith alteredstructual compositions anéunctional
componentssuch as mines and quarridg creation of functional and diverse novel
or analogous ecosysterageproposedather than restoring the historical reference
given thresholds have been irreversibly crogstabbs et al., 2009; Lundholm and
Richardson, 2010; Zedler et al., 2QEXurel). Restoringhistoricalsite
characteristics withihighly altered systemis consideredinrealisticand often
unsuccessfugiven the rigorous manipulation and managemesburcesequiredto
maintain the desired systdiidobbs et al. 2009However, [abitas not irreversibly

altered to a novel state, aretainirg intacthistoricalbiotic/abioticcharacteristics in



combination with novetomponentsareconsidered hybrigHallet et &, 2013 Hobbs
et al., 2009; Figure)1Such hybrid systemsave beemestored withirthe range of
their historical trajectoryKoch, 2007) andhighlightthe continued use of historical
statedo guide restoratio(Balaguer et al., 2014)n particularthe applicationof
historical states to guide restoratiarglobally rare ecosystesimpacted by quarry

and mining activities.

Approximately two billion hectares of soilresowsce ( ~15% of t he
surface) have been degraded by anthropogenic actifdteest al., 2002)n particular,
suchactivities have threatened approximat@®b of endemicspecieéhabitas
globally (Myers et al., 2000Quarry and mining practicesntribute to this
degradationn Canada and aund the worlddegradingapproximately 1% of the
wor | dos |(Eaopek etaaly 20028Batlethese practices alténe landscape
geomorphology leadintp habitat loss, erosion, and disruption of the normal
disturbance and hydrological regimé&snger, 2001)Limestone quarrying and gravel
extractionare considered one of the primary threats to limestone restricted spaties
are challenging sites to rest@@entheir uniquegeological historyand

geomorphologyBirdLife/FFI/IUCN/WWF, 2014)

In many caseguarry and mining sitesre not rehabilitated following closure,
leaving derelict and uninhabitable sites lacking vital ecological components such as
soil and substrat@Bradshaw, 1987Clemente et al. 2004For example, lack of fire
grained material in cqarried areas reduces soil moisture, rooting potential, nutrient

retention, and alters the timing of heat influencing life history traits of native plant

Eart



speciegFirlotte and Staniforth, 199®joel, 200Q Greene, 2002)dentifying those
missing ecological components is a priority for the development of restoration

protocols and recovery of habitat structure and fundtidhese atisk degraded sites

Development ofestoration protocolshould dilize historical properties of an
emsystemas availableo determine structural and functional attributes that can-be re
establishegdsetting the system along the historical trajectaudyile also allowing for
the introduction of novel characteristicsassureachievable outcomdgZedler et al.,
2012 Balaguer et al. 2034This approaclacknowledgepast ecologicahttributes
andthesi t e 6 s cur r e ndns(Zedied et &l.u2012Balagudr et ahi2@)4 t
Furthermoreacceping that thereference model is not constriaig butserves as a
guide, givesrestoration a starig point withan operendpointwithin the natural range
of variation for that ecosyste(@lewell and Aronson, 201Balaguer et al., 20)4hus

is flexible to the dynamic nature etsystems

The hybrid systenapproactwasattempted on the Great Nbern Peninsula of
Newfoundland Canady wherethe patchydistribution of aggregate and gravel
depositadealfor road developmentsultedn a large number of small borrow pits
(Ricketts and Vatcher, 199@)egraded sections of limestone barrens exiathybrid
state givenhe Izssof substrate and vegetationquarried areapresence ofdjacent
intact remnant areas aatisence of invasive specigtallet et al., 2013Figurel).
Incorporaing historical information in protocol developmeirt,conjunction with

defining site limitationswvill assist in the recovery d@inctioral and structural



componentso reducephysical fragmentatioand increase critical habitat this

globally atrisk limestone barrernscosystem

Limestongpavemerg are unique ecosystesglobally, nationallyand
provincially (The Wildlife Trusts, n.d.)Theyhave a mosaic compositipoonsisting
of open limestoneutcropsto areas of vegetated cover including heath, grasslands or
scrublandgCumbria Wildlife Trust, 2000; Wilson and Fernandez, 20LBpestone
pavements encompassbclasses of limestonalhitats including the alvars of southern
Ontario (Canad&)Catling and Brownell, 1995)helimestone pavements of the Burin
Peninsula (Ireland)Limestone Pavement Conservation, n.d.; Wilson and Fernandez,
2013) and the limestone barrens of Newfoundland (Can@ta)ironment Canada,
2012) Theselimestoneecosystemare similarly characterized ®xposed limestone
bedrock with minimal soil or substrate over bedrdagh pH, low nutrient
availability, are home to endemftoral speciesand have been impacted by quarrying
and/or gravel extractiomhis thesis focuses on the latter habitidie limestone

barrens of Newfoundlandghich has been degraded by gravel quarrying

In Newfoundlandthe limestone &rrensare located within th8trait of Belle Isle
Ecoregion on theorthwestern coast of the Great Northern Peninsula, malprigss
than 1% ofte i s | a (Ddnénmen, 29830=er the last 50 yearsnly 10% of
limestone barrens within the distribution of the endangBragia longii a limestone
barrens endemi@escribed belowhasremairedintact(Janes, 199Hermanutz et
al., 2009) highlighting the low predicted natural occurremédraya longiion the

landscape. ©this 10%,16%is considered high qualitimestone barrensabitat



(Greene, 2002)The limestone barrens is a biodiversity hotspot possessigge
geology, climate, disturbance regime aradive flora(Sutton et al., 2006)he only

endemic plants on the island of Newfoundland are fdward.

Open limestone barrens are patchily distributed atop plateaus and ancient beach
ridges below an elevation of 5® m and a@ss three bedrock formations: Eddies
Cove (ol dest); St . (Caeaetolp9g;eteane, 2002jtkin thea b | e
West Coast Lowland physiograpt8ubstrateare carbonateich, and characterized
by bare limestone bedrock, dolomite, frost shatteoe#l, limestone heath, and small
localized patches of glacial and marine sediment derived from glacial melt water and
marine sediment deposited during the inundation by sea (Raberts, 1983Grant,

1992. Such coarse and fine calcareous surficial geoldgies been shown fmossess
manyendemic specie®lative to oher surficial geologiefAnderon and Ferree,

2010) The unigue geology of the limestone barrens is an important consideration in
the development of restoration protocols; especialtlgmconsidering the influence on
complex smakscale disturbance regimesdthreatened and endangeiiehabitant

with narrow habitat requirements.

The limestone barrens fall within the Northern Peninsula Climatic Zone of
Newfoundland, primarily influenced by the Labrador Curf@anfield, 1983) The
area experiences short cool summers, long cold winters, apyaity 120 frosfree
days, and reduced growing degree d®aberts, 1983)This region of Newfoundland
is expected to see an increase in the number of frost freevithythe changing

climate(Slater, 2005; kbrt and Luoto, 2009; Finnis, 2013§early precipitation



rangingbetween 760 900 mm, with approximately 300 cm falling as sn@anfield,
1983) is also predicted tohangewith an increase of 2200mm of rain expected
during the summer and fdblater, 2005)Currentanbient conditionglirectly
influence weathering regimes, and further minimize nutrient release, decay of organic
materialand biological activity, thus slowing the process of soil development
(Billings, 1973; Campbell and Claridge, 1998pw the predicted increase of 4°C
within the next 65 yearSlater, 2005vill influence the future trajectory of the
limestone barrens, its unique flora and cold soil processasgedy unknown though
predictions can be mad€&or examplethe frequency of freezihaw cycling is
predicted to increaggljort and Luoto, 2009)andecosystem and bionmranges are
predicted to shifSlater, 205; Grimm et al., 2013Determining the influence of
climate change ooold soil processesill assist in understanding its affect on the

I i me st onsaliscale disturbanese regime

Naturally occurring disturbansgenerallyprovide heterogeneitgcross the
landscape at both a miecrand macrescale, creating patches of low and high
biodiversity(Thorpe and Stanley, 201Hreezethaw cyclingand frost sortingire
both characterized by the movement of stones and particles within the substrate during
ice lens formation and the exon of water horizontally and vertical{gergsten et
al., 2001; Geene, 2002; Matsuoka et al., 2003)ey are influenagby several abiotic
variables including substrate texture (1126 finegrained material has been
identified to effectively allow for needle ice development as finer material will hold
more water(Meentemeyer and Zippin, 1981; Bergsten et al., 20@0etation and

snow cover (insulated areas tend to experience fewer frost cff€iidsite and



Staniforth, 1996)soil water chemistry (presence of dissolved solids can suppress
freezing pointsjChantal et al., 2006)emperature (fluctuations above and below
0°C); and topography and aspect (north facing slopes experience cooler temperatures
thansouth slopes(Hjort and Luoto, 2009)Annually, the limestone barrehave
approximately 245 days of fro@anfield, 1983) Freezethaw cycling and frost

sorting are critical aspect of thaturaldisturbance regimef the limestone barrens of
Newfoundland maintaining open, newegetated areas across the landscape
(Anderson, 188; Figure?2), and creating hotspots for aretitpine seedling
recruitment(Sutton et al., 2006)These areas create open regions of low competition
for opportunistic species and primaglanizers(Sutton et al., 2006 his complex,
smaltscale disturbance is critical in providing sufficient disturbance to pioneering
species yet inhibstcompetitordJonasson,198®&oel, 2000 Greere, 2002; Hermanutz
et al., 2002 Understanding the development of skasalhle disturbance will promote

its incorporation into protocols to restore habitat function.

The interaction and cumulative effects of climate, geology and substrat
characteristics of the limestone barrens influence the native flora adapted to this area.
The limestone barrens ecosystem is dynamic, consisting of vegetated crowberry
(Empetrum nigrunt..) barrensand open limestone barrens habitétse plant
communities inhabitingthe region include the limestone he&tnpetretum
Salicestosum reticulataendPotentilleturaDryadetosum integrifolia@Meades, 1997)
These plants possedfmatically adaptedraits including low growth forms or
cushions to avoid desiccatidn]eratenutrient poor conditions, arftave structural

adaptations toatural disturbance such as robust tapr{®liss, 1971) For examplés.



longii is an endangered (G1, N1,;Ske Appendix | for abbreviationgndemic plant
species well adapted the limestone barrer@doccurswithin the area of the study
site in Sandy CoveH{gure3). Rangingm size from 1i 10 cm,B. longiiis a primary
colonizer possessing a stout contradtileroot, adapted for anatage in well drained,
open, and nowegetated sites with frost susceptible substi@fesdes, 1997;
Hermanutz et al., 2002putlining and re®ring habitat characteristigy to
supporting native floravill influence ecosystem development towards the desired

target trajectory.

Following the suggestion @edler et al(2012) this research takes a bottom up
approach to develop restoration protocols addressing the recovenysi and
degraded limestone ecosystems. More specifically, this thesis focuses on the limestone
barrens of Newfoundland. Using the historical landscape to guide restoration targets
within a hybrid context, this research determines what hasdsggaded and losind
what remains in terms of reference sites on the landscape. The main objectives of this
thesis are to: 1gevelop methodeegarding howo restore historicdandscape
topography and slope using aerial photographdsraadtreferences sites; 2jsing this
methodology characterizeference siteglentified inaerial photographis terms of
substrate, nutrient and vegetation composition, and topogridypbygh field
observations and measuremejgest protocols toestore the complex smaitale
disturbance regime via the construction of substrate manipulation experiments and
monitoring of fost heave and cycles; anddgterminean effective and efficient
means to réntroduce native flora, includinB. longiiand other native limestone

barrens flora, following restoration.



Currently, no protocoldhave been developed restoredegraded sdions of the
limestone barrens ecosystem withlewfoundlandRecommendations to inforthe
implementation ofustainable@estoration protocols are necessaryntréasdhe
amount of critical habitat fdB. longii, as thisis a key target identifiedinégh Long 6 s
brayaB.longi) and F er B.derndldi)dedbral Recavery Strategy

(Environment Canada, 201 2)nderscoring the importance of this research.
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Figure 1. The current state @necosystem depending on level aimandisturbance
and alteratiorof functionaland structuratomponentsThe star indicates the
classification of the degraded limestone barrens ecosybkigare modified from
Hobbs et al. (2009).

Figure 2. Sorted frost polygon with fine centre and coarse badrdeottom right hand
corner ofl x Imquadrat Photo taken at the Sandy Cove Ecological Reserve.

Figure 3. Sandy Cove study site, within curréhtlongii habitat.Map @nstructed
usingESRP ArcMAP™ version 10.1. Map of Newfoundland modified from
Environment Canada (201ahd water bodies extracted froawiRCAN (2012)
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CHAPTER 2

2 RECONSTRUCTING ECOLOGICAL MEMORY IN AN AT-
RISK ECOSYSTEM

2.1 Abstract
75% of Efeee sultiabeshasibeeegraded by human urbanizatidm.

restoring these sites, extent of degradatiovesive species and climate change have
challengedheuse ofhistorical referencein favaur of a novel ecosystem approach.
However, in natural and sematural ecosystems where structural and functional
thresholds have not been irreversibly crossed, hisderial photographgrovide a
novel meanso recreate the historicadpograply, differing from the use of the
surrounding landscape to inform site reconstruciaentify remnantreferencesites,
andprovide baselingargets.The limestone barrens of Newfoundland (Canada), a
globally threatened ecosystem with many rare plantsjgesuch an examplélere,
remnanteferencepatches guide the restoration of{weman modified landscape

topography to mimic historical beach ridge geomorphology key to habitat function

Historical aerial photographs pre948) and poshighway (19681995)
construction and associated quarrying were assessed to develop restoration protocols
for limestone quarries. Topography, land use change, limestone barrens loss, and
reference sites were identified to inform restoration. Reference sites and-human
degirded areas (quarry floor and overburden) were characterized using vegetation
transects (n=20), and soil and nutrient sampling (n=172). Additionally, to restore
landscape topography pheiman degradation, remnant natural area elevation points

were collecteqdn=336).
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Historical aeral photographs suggest that 4.9ha of thea>§tudy site contained
potential limestone barrens. After 47 ygalightly more than half (20@) remains
following road construction and quarrying. Further, only 1.9ha is actuallyduiglity
limestone barrens habitat; open, hagetated, and exhibiting complex srrsdhle
disturbance. Low natural occurrence on the landscape underscores conservation need,

and provides a restoration target.

Remnanbpenlimestone barrensubstratetiave low organic content, high percent
fine particles (silt/clay) and bare ground covargdhigh manganese (ppm), almv
phosphorus (ppm) concentratioiitiese aras are colonized predominately by
Juniperus horizontalisandErigeron hyssopifoliusdiffering from humandegraded
areas whicldisplay dissimilar vegetation communities suggesteNdpS

ordination though species apFedominatelynative.

Defining reference sites for restoration projects is challenging, however we provide
a broadly applicable appachusing a historical context develop restoration
protocols inhybrid ecosystems not irreversible altered using: i) remnant habitat
characteristics to define a baseline; and ii) historical aerial photographs to define
relevantreference habitat, histical landscape topography, and land use change. In
combination these stefil a currently acknowledgiegap, andassist indefininga

starting pointandprovidinga suitable foundation for further restoration.

Keywords: quarrying, Newfoundland, biodregy, freezethaw disturbance, beach
ridge geomorphologylimestone barrens, aerial photographs
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2.2 Introduction

Globally, anthropogenic activities have degraded approximately 75% of the
Eart hds i c €Eli$ eta.e2010)guard/inggandamaning having modified
approximately 0.3.% (Hooke and MartirDuque, 2012; Tropek et al., 201®&)aking
restoratiora more frequently used approachkeithestone extraction in the form of
hardrock quarries and gravel pits is a dominant industry globally, and is currently a
primary threat to restricted limestone species (BirdLife/FFI/ITUCN/W2WE4). Mines
and quarries can remain-oehabilitated following closure, leaving a derelict and
uninhabitable landscape, lacking vital ecological and functional components
(Bradshawl987 Clemente et al. 2004To improve ecological function of such
landscapes, restoration ecolajsives to mitigat@nthropogenic impacts on the
natural systems and habitéBociety for Ecological Restoration International Science
& Policy Working Group, 2004 Restaing these areasiggers the need to learn about
the past landscapenderstandinghe historical derivation from the regional geology,

hydrology, topographylimate and geographBalaguer et al., 2014)

However, in many cases thespacts, which are encompassed within the term
fiecological memony, are overlooked and is identified as a gap in the literature
(Balaguer et al., 2014[Ecological memoryefers topast environmental eventuich
as glaciationthat have shaped and/or restricted the existing habitat, ecosystem or
landscape characteristi@dremaina part ofthe landscapérhompson et al., 2001)
With rapidly changing environments and climates, urbanization, and introduction of
nortnative and invasive spies, the idea of using a historical reference as a taoget

restoratiorhas come under scrutinys validity and applicability recently debated
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(Seastedt et al., 2008; Hobbs et al., 2009; Reinhardt et al., 2010; Hiers et al., 2012)
Rather, novel targets incorporating projected climate change and coxasive

species to provide analogous functional and structural attributes, are proposed in
systems irreversibly beyond inherent thresh@itisbbs et al., 2013Pespite this shift

in thoughtJatentand activeecologicalmemory stored in the landscageconsidered

a fundamental componepivotal toredefiningthe historical referenceonceptand
restoringan ecasystem within its historical trajectofBalaguer et al., 2014\Videly
availableand frequently utilizederial photograph@ierman et al., 2005)n

combination with ground collecteaevation pointgrovide topographical information,
historical and current, to guide future landscape restoration and best priaategies

not readily utilized.

Quarry and mine sitgsrovidean opportunity toancorporatethe idea of
ecological memorymaintaning the historical reference agaideposto study habitat
and species recoverypcorporatehistorical topographwhichis often lacking
(Balaguer et al., 2014and explorgheinteracting facets of geomorphology and
ecology(Reinhardt et al., 2010; Raab et al., 20&tudies have incorporated the
surrounding topography to guide landscape aesfgabandoned quarries, stressing the
importance of restoring land topography and morphology to recover structure and
function(Martin-Duque et al., 203,Balaguer et al., 20}4In these systems, historical
references stiltepresent a baseline for restoration targeteffortsto guide the
systemwithin a range of theriginal stable stat@lackson & Hobbs 200®Balaguer et
al. 2014. The use onhistorically-derived targets to guide ecosystem and habitat

recoveryis important as these targets define restoration practice, separating it from
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others sah asecosystem design and engineering (Balaguer et al. 20&d,latent
ecological memoryn terms othistoric beach ridge geomorpholoigyexploredor its
use in the development pfotocols to restore ditsk ecosystems and speciesiak

critical habitat

For atrisk ecosystemghreatened species, habitat protection and restoration are
identified as fundamental components essential to the recovery pfCeessl et al.,
1996; Noss, 2000)Vith rapidly changing biotic and abiotic conditions, literature
identifying realistic targets to restore-ask habitats and species is very limited.
Systems ar@ot static, and shifting restoration perspectives to incorporate current and
future changes in biotic and abiotic conditions will be pivotal to project su(Chss
2007; Hobbs et al., 200%owever, the use of creative and novel approaches to
maintain desired systems, such as globallyskthabitats pushedto a hybrid state
andoutsicke the historical range of variability should be considefBdastedtHobbs &
Suding 2008 Landscapes surrounding quarries or mines can provide a baseline to
restore an aragous stable topography mimicking geomorphic characteristics
(Hancock, Loch & Willgoose 2003; MartiDuqueet al.201Q Balaguer et al. 20)4
mitigate human impact in environmentally sensitive areas, improve aesthetics and
restore natural halait(Koch, 2®7). This has been applied in particular to hard rock
guarriesand quarriesvith steep wallgYundt and Lowe, 2002)ncorporating
knowledge orhistorical,current and future change and novel appreachnovative
restoration protocols can be developed for recovery and conservation efforts targeting

rare atrisk habitats and speciesr&k (SER, 2009)
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The limestone barrens of Newfoundland are part of a globally rare ecosystem
defined by distinct geomorphology, complex srsalhle freez¢haw disturbance
regime, and high plant biodiversignvironment Canada 20;1Rigure4). Itis a
biodiversity hotspot for calciplas andarcticalpine like plant communitiess home
to the onlyendemic plant speci@s the island of Newfourand, and maksup less
than 1% of (Meades, 199@H0odever, overahe past 50 years the
ecosystem has been degraded by road construgt@velquarry activity and housing
developmentDegrading activities such as surface quarrying historically occurred
frequently within critical limestone barrens habitat of endangered endemics such as
Braya longii(BrassicaceagEnvironment Canada, 201Zjurrently, <10% of the
limestone barrens habitat occurring witkine habitat range d@. longii (18 km narrow
coastal span) is considersditablehabitat withopen, norvegetatedireasexhibiting
natural smatscale substrate disturbang¢ermanutz, 2001Greene, 2002Need for
habitat restoration protocol development in thisigk ecosystem, and for its
endangered endemics is explicitly outlined in Species at Risk Federal Recovery

StrategiegEnvironment Canada, 2012)

The goal of this researchtis outline globally applicableecommendations to
inform protocok that acknowledgecological memory to restore regional topography
and ecosystem function in degraded systems using-tiek éimestone barrens
ecosystem and its speciesigk as a case studyo address habitat restoration and
recovery targets for this-aisk ecosystem and its endemic flora includBidongii as
outlined in the Federal Recovery Stratégypvironment Canada, 2012)jistorical,

current, and future factors such as geomorphology, disturbance regime, sources of
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degradation, and climate need to be integrated to ensure tiséstent of natural

properties.

Using aerial photographfsom an era prior to, and after, largeale limesine
barrens change (i.e. 1948)e historic landscape topography was reconstructed to
definea historicallyderivedtargetand provide insight into agppropriate structural
foundation for subsequent restoration efforts. Study objectives included: 1) the use of
historical aerial photograph interpretatitmdepict limestondarrenshabitat loss and
landscape change through titoesetrestoration targei®) characterimg high quality
limestonebarrenshabitatto define a reference modmhdguide restoration efforig
terms of local topography, vegetative community, and nutrient and substrate
composition; and 3jreate awrface interpolation modeising historical aerial
photographsind remnant habitat patches to infaestoratiorof site topographyWe
predict thatreadily availableaerial photographwill provide important historical
information, outlining land usehange, critical habitat losand reference sitewhich
will enable usto define baseline restoration targets to expand critical habitat and

conserve atisk habitats and species.
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2.3 Methods
2.3.1 Site Description

The study site is located in the small community of Sandy Cove, Newfoundland
(Canadap1°21'17.43"N56°39'41.96"W Figure3), on the northwestern coast of the
Great Northern Peninsula within the Strait of Belle Isle Ecoregion. The site occurs
adjacent to the Sandy Cove Ecological Reserve

(http://lwww.env.gov.nl.ca/env/parks/wer/r scel/index.hti@limaticcharacteristics

include 768900mm of precipitations per year, approximately 120 ffos¢ days, and
daily average temperatures ranging frdh@°i 5.0°C (Banfield, 1983Roberts, 1983
Environment Canada, 2013Jhestudy site is approximately BBand consists of
overburden piles and pits resulting from quarrying, human exposed and naturally
occurrng limestone bedroclndlimestone and crowbertyarrens Overburden piles

are vegetated by nemative and opportunistic native weedy species, while pits and
guarryexposed bedrock areas remaonvegetatedNatural limestone and crowberry
barrensare pachy amongst humadegraded areas. All research was conducted under

appropriate government permits.

2.3.2 Aerial Photograph Interpretation and Surface Model Construction

A preliminary site assessment was conducted ussigrital aeriaphotographs
pre- (i.e. 1948) and post(i.e. 1968, 1979, 198and1995) roaddevelopment using a
stereoscope to assess landscape ch@ages, 1999%reene, 2002)dentified
landscape features included: huntiagradation including dwellings, roads,

overburden piles, and quarry pits; natural areas including potential limestone barrens
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habitat (i.e. open,an-vegetated areas characterized by high albeddGesene

(2002); and geological features including historic beach ridges. Features were traced
onto transparengyaper for each year to determine temporal land use change. Human
degraded and natural areas were differentiatedjugdiange over time, interpreting
elements such as texture (i.e. rough vs. smooth), tone (i.e. light vs. dark), linear
features, and hollowand peaks visualized by vertical and slope exaggeration. The
latter term occurs when the vertical scale becomes greater than the horizontal scale
allowing one to discern small topographic changes on a landégabms, 1978)
Perceived exaggeration is converted to real elevation values using flight height and
focal length of the len@Rosas, 2011)All aerial photographs and their respective
transparencies were orthorectified using PCl Geomatica 2012 Orthoengine® version
4.7.1. Transpareies wereheads p di gi ti zed using ESRIE

(AppendixIl; ESRI (2011).

The historical geomorpholggvas modeled using regularly sampled
geomorphology pointdModel creation, depicting the historical geomorphology, used
regularly sampled elevation poirtekenwithin remnant natural areasd not within
degraded aredsetween June and August 2013. Poivere sampled at 20m Universal
Transverse Mercator (UTM) grid intersections predetermin&siRI® ArcMAPE
version 10.1Predeterming points within the outlined %@ study site were
subsampled to include every other point freputh tonorth tomaximize the area
sampled within the study perio@iven the small amount of available remnant natural
area and gd points falling within these areas, opportunistic sampling occurred along

transects to increase the number of nafwoaits collected and minimizgap size in
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thesurface model. A total of 463 points were collected using a Trimble® GeoXH
handheld GPS witantennae unit and Trimble® Testy nc E s of t war e t
metre accuracy following posprocessing of data (ség@pendixll). Points were

groundtruthedbetween June and August 2ab3onfirm aerial interpretation.

The surfacenodelrecreatedhe study site usingemnant natural pates The
existence of remnaipiatches allowdfor interpolation providing coarse topographical
informationwherehumandegraded gapsurrently exist orthe study site. Uncertainty
with interpolation is acknowledged given increasing gap size increasesespte
sampling densityDoucette and Beard, 200®Iso, factors such as terrain complexity
influence this uncertainty where more complex terrains demonstrate greater error at
smaller gap sizeoucette and Beard, 200@helimestone barrens having a lew
moderate complexity. Aside from evaluating mean absolute error associated with
interpolated values, results can be further verified using advanced photogrammetry

techniquegButler et al., 1998)

Geostatistical and deterministic interpolations were used to model historical
landscape elevation and slope at the studymiter to substrate removalsing
collected points from remnant natural patches. All elevation points occurring on
humandegradedreas were removed, with 336 of the 463 points occurring within
remnant limestone barrens patches (i.e. crowlimrgenslimestone barrens or
bedrock). Surface interpolation is a common approach in predicting elevation values
across a landscaf€haplot et al., 2006houghdoes have inherent drawbacks

depending on sample density and gap azmentioned abov&he purpose of this
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stepwas not to create a high resolution surface, but rabhararséy depict the sis
historical topographto guidethe constructiorof a similarhistoricalconfiguration

Two surface interpolators were selectentdinary kriging and inverse distance
weighting (IDW)(Chaplot et al., 2006)The forme method was selected to attain a
measure of error around the elevation predict{&@®&RI1, 2004)and given its ability to
work wdl on data points that are spatially clustered and sparse (Doucette & Beard,
2000) The deterministic surface interpolator IDW was used for comparison to the
geostatistical met hod of kriging. The Geos

version 10.1 was used run interpolations.

2.3.2.1Statistical Analysis

Collected point data were assessed using exploratory spatial data analysis
(ESDA) for normality, spatial autocorrelation and tre(EiSRI, 2004)ESRI (2004)
'model training' protocols were thésllowed to validate model protocol selection.
This required random point selection to create a test subset (n=34) and training subset
(n=302). The latter subset was used to construct four ordinary kriging surface models
using the Exponential, Guassiaryaptic and Constant kernel functions, and one
deterministic model (IDW). The empirical semivariogram was modeled using the two
most common, Spherical and Exponential mo@&RI, 2004) Optimized model
parameters (i.e. nugget, range, and sill) were selected in all cases; instrument error was
set to 97.5% given that 2.5% of the ppsbcessed points using Trimble® GPS
Pathfinder® Ofice software (Version 4.10) were above 1 m accurgisgn the
historical beach ridge geomorphologyisotropy was selectéd accommodate the

unequakate of changbetweerthe northsouth and eastestdirections. The test
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subsetvas used to validatée five predicted surfaces. Tharface with unbiased
predictions, minimal difference between measured and predicted values, and a valid
assessment of uncertainty and variability was then sel@egfl, 2004) To

determine if measured elevation values differed significantly from predicted model

values a notparametric Kruskal Wallis test was used given-normal data.

2.3.3 Defining reference limestone barrens patches and current site
characteristics

Reference sites provide baseline targets, important structural and functional
habitat informationand benchmasdor project succes€urrent site features,
including natural and humastegaded, were defined using vegetation transects, and
substrate and nutrient sampling. A total of 20 transects (N=7 overburden; N=2
crowberry; N=3 limestone barrens; N=6 quarry fl{Dart, 2013), with equally
spaced 1m x 1m quadrats (n§Balong varying lengths were conducted mid to late
July of 2012 and 2013, given most native species flower eanydsummer Total
percent cover and cover of individual species vestanaed ineach quadrat to the
nearest 5%. Plant species covering <5%, were recorded as 1% (i.e. trace). Two
observers conducted sihg-side surveys on alternating plots (one observer per plot)
to reduce observer bias. Photos and voucher specimens were collectehimwvn

species for later identification.

Substrate samples were collectedhe same areas as the vegetation ffota
Sandy Cove (n=148) in June 2012, which occurs within habitat identified as limestone
barrendEnvironment Canada, 2012dr substrate and nutrient analysis. Substrate

samples (745 x 5 x 10 cm) were collected from overburden piles, classified as
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Young (Y, ~15yrs; n=12), Mid (M, ~25yrs; n=12), and OId (O, ~45yrs; n=18)
predeterminedrom aerial photographs, natural crowberry heath (n=6), limestone

barrens (n=8), and the quarry floor (n=D&rt, 2013. Samples werair driedand

then 50g weravet and dry fvedwith 0.5g/mL of Epsom salts to determine gravel,

sand and silt/clay percent compositi@dilen, 1975; Greene, 2002\utrient samples

were analged by the Newfoundland and Labrador (NL) Natural Resources
Geochemical | abor at or-grighit®nat 550°C fororgasic NL) us
material and total muHacid digestion, ICP determinati¢Rinch, 1998) Substrate

samples were additionally sorted to remove the >2mm fraction and assessed for pH. A
subsample of 10g was mixed with 25mL of distilledevatnd stirred for 0.5hrs
(Hendershotetal.,2008) A Fi sher Scientific E accumet E

pH/mV/°C Meter was used to measure pH, and wabreaid with three buffers

(pH=4, 7, 10) every 12 samples to maintain accufbi®ndershot et al., 2008)

Potential limestone barrens patches interpreted from aerial photographs were
assessed for optimal habitat quality defined3ngene (2002)The 14 observed
remnant limestone barrens patches were visually assessed for human or natural
disturbance level (i.e. high, medium, low), and coarse percent cover of substrate and
vegetation. The former was determined using acprestricted dichotomous key (see
Appendix I, TableAll.1), informed byprevious studie§lanes, 1999reene, 2002;
Rafuse, 2005)The key categorized patches as: hudegraded (low, medium, high
naturally disturbed (low, medium, high), or other (beach, crowlmmens
overburden). In addition, remnant habitat patches were assessed for substrate and

vegetation percent cover using 10 regularly sampled 0.5 x 0.5m quadrats along
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transects (n=b) running parallel to the ocean and ranging in lenf@R160m)

depending on patch shape and area8@@m?). In contrast to previous vegetation
transects, percent cover of individual species was not recordleel field butrather a
digital photograpt{Nikon CoolPix AW100) of each quadrat was takgren the main
interest in substrate coveXlso, these images will serve as a permanent record for
baseline monitoring of reference habitat patchissng Adobe® Photoshop Elements

12, percent cover was viglly assessed from photos and rounded to the nearest 5% for
each class. Bare ground was subdivided into: soil (dark organic material); fines
(particles <2mm; silt/clay, sands), gravels (2mm<256mm; granules, pebbles, cobbles);
boulders (256mm<4096mm); anddrock(Wentworth, 1922%imilar toRobinson

(2010)

2.3.3.1Statistical Analyses

Dissimilarity in spes compositions across the study area (i.e. quarry floor,
vegetated andonvegetatedverburden pilesandcrowberry and limestone barrens)
was determined using unconstrained-nugtric multidimensional scaling (NMDS)
using thefimetaMDS function in theVegan packagéOksanen, 2000)his method
was used given the interest in species compositions across the stucdyrdiileearity,
and the large number of zeros in the dadtaur et al., 2007)To ensure a global
minimum was reacheanddid not stalledata local minimuma loop with 1000
iterations was run using thgrevious.bestfunction in thefimetaMD® wrapper. A
second matrix containing explanatory abiotic variables was fit to the species ordination
usi ng Reavit@un@isn. To avoid clhinearity in abiotic variables, variation

inflat i on factors (VI F), an diordistep furectromwas el ect i o
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used to remove redundan@uur et al., 2009)VIF values obtained were below three
similar toZuur et al. (2009)as higher values suggest collinearity or variation in one
variable that is well explained by anoth&€he BrayCurtis semimetric distance was
used to rank species percent covaads the data violated the triangulation

assumptior{McCune et al., 2002)

Variability in identified remnant limestone barrens patches in terms of coarse
percent vegetation and substrate cover was a&sbessg the nonparametric
permutation based multivariate analysis of variance (PERMANOVA) adonis test. This
test is analogous to the parametric MANOVA to compare multiple response variables
(Oksanen, 2000)n this case cover classes, and was used given violation of normality.
Percent cover of each group (i.e. moss, other, fines, gravel, baanddoedrock) was
therespors variable, while the explanatory var.i
accordance with the dichotomous keyd on a scale from high human disturbar8g (
to high natural disturbance (3) with crowbebarreng0) acting as the midpoint. The
assumptonoh o mogenous group beta dispersion bet:
assessed ufbdatadigpfuhtctog.Allrdal/ses were conducted using R

Software version 3.0.2.
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2.4 Results

2.4.1 Historical aerial photograph interpretation depicts limestone barrens
habitat loss and landscape change through time setting restoration targets

Identifying remnant habitat patches is important for the selection of reference
sites, and the development of restoration protocols and targets. Historical aerial
photographs provided anie lapsed series of the study site from 1948 to 1995,
depicting how human activity has affected the area, and the portiomisk abtential
limestone barrens lost. Patches were identified as having high albedo, and low
vegetation cover (Greene 2002).1948 Sandy Covéiad minimal human
degradationa few trails, cleared forepatches and community dwellingdwellings
are situated within baybetweentwo halves othe Sandy Cove Ecological Reserve
(Figure4B). No potential limestone barrens were observed here, though presence prior
to inhabitation is unknowrDOpen imestone barrengrepatchywithin the study area
(Figure4B), historicallyoccuring on ancient beachdges, in close proximity to the
coast, and intermittent amongst the vegetation (i.e. crowberry barrens). Beach ridges
werea characteristic feature of the surrounding landscape given glacial retreat,
submergence and-mmergence historfGrant, 1992)creating a heterogeneous
landscape where beach ridges are separatemhblying bogs and pond¥he 5tha
study site, in 1948 consisted of 9.8% potential limestone barrens and 90.2% vegetation
and waterég ponds and bogskigure5A). These historical aerial photographs
outlinethatopenpotential limestonbéarrensarelikely rarewithin the bigger

landscape.
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The main source of habitat degradation and fragmentation at the study site was a
main highway (Viking Trail Highway, Route 430) constructed in the early 1950s; first
observed in th&96768 aerial photogaphs. The selected route for the highway was
along the coast, more specifically on the ancient beach ridges. Additionally, quarry
operations began around this time; road operations utilizing the easily accessible
materialat the surface or just below theowberrybarrenstargeing limestone barrens
patches given their degradation and loss observed in sequential photographs. The
aerial photographs provide evidence of linear features flanking the road suggesting
material was removed to build the highwahisTactivity at the study site resulted in a
2.3% loss of theutlined9.8% potential limestone barrerd®eplacing open limestone
barrens within the historical landscape er&d and quarry land uses. Road
construction was a precursor to subsequent detipadend loss of local site

topography and aisk limestone barrens.

Road construction and quarry activity degraded and destroyed potential
limestone barrens on the landscape, while the latter also altered landscape
geomorphology and topography. In 19@8arry activitywasthe most pronounced.

From its first occurrence in 1967/8, activitydexpanded northward. Overburden is
piled on site and limestone substrates have been removed to bedrock in some areas.
This pit and piling disrupted the uniform topaghy observed in 1948 and 1967/8.

The amount of quarry activity coincisleith highway upgradeand rerouting
approximately 761 southeastf the study site. After 1979, further quarry expansion

and change in potential limestone barreas minimal. From 189 to 1995, quarry

expansion and road upgrades led to an additional 1.9% loss of the remaining 7.5%
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potential limestone barrens observed in 1967/68 within the studygjte€5B).
Collectively, road and quarryctivity degraded 43% of the original 9.8% potential
limestone barrenand 23ha or 39% of the study site in toR&mnant potential

|l i mestone barrens patches are now mor e
open quarry floor, overburden piles, dnghway(Figure5B), highlighting the sites

hybrid stateWhat type ofimestonehabitat existed in thisenow degraded areas,

whether high or low quality, is unknown. Howevéggeoutlined areathat still
remainprovide reference sitékely possessing similar characteristgigsenthe

proximity, allowing for their use irsettingbaselinerestoratiortarges.

2.4.2 Surface interpolation model allows for original site topography
reconstruction and landscape restoratiorusing remnant reference habitat

Historical aerial photograph interpretation and collected elevation data inform
protocols to restore landscape topography, including elevation and slope, aimed
towards mimicking preoad and-quarry degradation using suré@amterpolation.

Using the test and training method, ordinary kriging with an exponential kernel and
stable function had the smallest mean difference between measured and predicted
values (0.0014m), which should be close to ZE8RI, 2004) Using this pre

determined protocol, the final interpolatibad a average mean difference between
measured and predicted values@D038mand a lower RMSE and variation between
predicted and measured values (RMSE=0.58m; Average SE=0.59) relative to the
validated model (see Appendint)li The model slightly overestimated measured values
(0.97m. In addition, pediction errors are highest inemswith noassociated point

data (i.e. degraded locations) and have an increased distance from the nearest
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neighbour, which was expected. The interpolated surface produediieisional
model <coarsely depicting t bhyFigureAld8s hi st or

which will guide the future restoration of site topography.

2.4.3 Characterizing optimal limestone barrens to define a reference model to
guide restoration efforts

The percent cover and species cosifpon of humardegraded and natural areas
is dissimilar. Limestone barrens and vegetated overburden piles differed with the latter
dominated byspecies not native tihelimestone barrenimcludingLeymus mollis
(Trin.) (Poaceae28-57+1-5%), Taraxacum sp. (Asteraceae3-9+1-2%), Vicia cracca
L. (Fabaceaed+2%) andEquisetum spEquisetacead-3+1-2%). The norvegetated
overburden and the quarry floor overlap and are both dominateativg limestone
barrens species includirsgdge sppR. maritima L. subspjuncoides(Lam.) Hultén
(Plantaginaceagjnoss sppRhodiola rosed.. (CrassulaceagdndAchillea
millefoliumL. subsplanulosa(Nutt.) Piper(Asteraceag(Figure6). In contrast,
naturallimestone barmes ae dominated by bare ground (624pandthe native
speciesDryas integrifoliaVahl. subsp.integrifolia (Rosaceae; 2(1%). In terms of
species composition and percent cover, the NMDS suggests open limestone barrens
aremore similar to crowberriparrensvhich isdominated byEmpetrum nigrunt.
(Empetraceae; 22%), D. integrifolia (18+2%), Salix reticulatal. subspreticulata
(Salicaceae; 18£8) andBetula pumilavar. glandulifera(Betulaceae; 183%) (Figure
6). Additionally, the variability in species found inhabiting hurdegraded i@as

relative to natural areas wa@reater given the spread of points in sgaggesting
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species assemblages are rangammal opportunisticolonization by thosepecies

arriving first

Variation in species compositions across the study site are in part attributed to
substrate particle size, bare cover and four geochemical properties. Vegetated
overburden (Treatments=Young, Mid and Old) and limestone barrens are polarized
alongthe first axis, the former being positively correlated with organic material (LOI)
and the latter with bare ground coyErgure 6).0n the second axis, vegetated
overburden is positively correlated with phosphorus, while both limestone and
crowberrybarrensare negatively correlated with phosphorus and positively correlated
with percent silt/clay and mangandgégure 6).Boththe quarry floorand limestone
barrensarepositively correlated with bare grounthe latter on average demonstrating
a higher percentee These results suggest that human alteration of limestone barrens
substrate and geochemical properties, particularly the increase in phosgitbrus

organic materialhas led to the observed dissimilarities in species composition.

Remnant limestone barre patches identified from aerial photographs are
visually heterogeneous in terms of disturbance level and ground cover. Human
modified site cover was dominated by bedrodB-85+0-5%) and gravel (3®0+5%)
(Figure7). In contrast, naturalidisturbed remnantsad high percent covers gfavel
(50-65+0-5%) and vegetatiorB0£0-5%) includingD. integrifoliaandJ. horizontalis
(Figure7). In terms of percent cover of soilfds, gravel and boulders, human
modified and naturadlisturbed sites were found to differ significanthgéudeF=5.07.

r’=0.13; p=0.001) Further, variability among intact remnant patcheggestsot all
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potential habitasitesidentified in aerial phaigraphsare high quality reference habitat
(open, norvegetated and heterogeneous substrate exhibiting natural substrate
disturbance), rather sites range on a scale from low to high q(icdiye Al l1.4).
However the low F valuesuggests another variable(s) aside fromstt@edevel of
disturbance remains unexplainddhose classified as high quality make up
approximately 67.8% (~3.8% of the study site) of the potential limestone barrens

habitat patches ideni#fd in aerial photographs.
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2.5 Discussion

This study provides a series of readily available tools to support restoration
effortsthat utilizea r e g i-existidgsframewak and existing ecological memory
The approach outlinelgereusinga series ohistorical aerial photographs creates a
foundation for subsequent restoration stépscknowledgesistorical geomorphic
structurewhich iskey to the recovery of habitat functioma hybrid systemand
facilitatesthreatened and-aisk ecosystems such a®bal limestone barrens with
intact reference sites along the target historical trajedbgpite loss of prexisting
site featureslue to gravel quarrying and road constructtbe interpretation of
historical aerial photographs prnd postroadcongruction providel a means to
identify and describical topography antelevantremnantopenlimestone barrens

reference habitat

More importantlyjt necessitates thaitical assesment comparinghe degraded
qguarry floorand stockpiled oveurden mateal to natural sitegn terms of absent or
abundant abiotic (g. geochemical, substrate) or biotigy(evegetation) components.
The previously smooth landscape depicted in historical aerial photographs and
remnant natural areas supports the removahaaling of overburden to restore
topography. Howevet, h e 0 v e disgsimitatyetoréfesence siteppoesits use
in the restoration of open limestone barrens hahgat would hinder the recovery of
habitat functionThis is in contrast witimanyprojectswhereavailable overburdeis a

source of organic material fill (Strohmayer, 1999Characterizing reference sites
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and the historical landscamndthe continued incorporation into restoration planning

is critical (Clewell and Aronson, 2018alaguer et al., 20}4

Characterizing reference habitat in termsopiography, andeochemical,
substrateand vegetative composition is important for determining the extent to which
habitats are degradedhether it exists in a historical, hybrid or novel si@tallet et
al., 2013)to definingrestoation targets, and setting benchmarks for restoration
succesgSociety for Ecological Restoration Int@ational Science & Policy Working
Group, 2004Clewell and Aronson, 20)3The method outlined here using historical
aerial photographsurface interpolatioand intact reference sitefentifies ancallows
for the incorporation ofopographyinto resteation protocad to mimic aspeasuch as
beach ridge geomorphologyroviding the foundation to revive dormant ecological
memory and initiate site developmeoivards the reference trajectqBalaguer et al.,

2014)in terms of functional and structural components

Geochemial and physical soil propertiesnd geomorphology can constrain
vegetation colonization and recolonizati@alik, 2000; Rab et al., 2012pand
influence disturbance regimé¥onasson, 1986for example, the only endemic plants
on the island of Newfoundland are found on the limestone barrens, which may in part
be due to the calcareous geology in combinatiith fine to coarse sediment
propertieghatare associated with higher incidences of endemic sp@aeerson and
Ferree, 2010)The high silt/clay fraction of intact remnant limestone barrens areas
have been similarly observed in other stud@&seene2002) while thelow

concentrations of phosphorus grefcent organic material are conducivéhefrost
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sorted substratexf the limestone barref®NAD, 1990)and arctiealpine regions
(Jonasson, 1986pbserved discrepanciestimeseproperties betweeneferencesites,
andoverburden and quarry flomsupport theshift in historicalhabitat function tahe
current hybrid statddowever, this baseline information also sets targets for

monitoring andoroperties that need to be restofedcolonization of native flora

Previous studies have suggested the lack of observedraumeed silt/clay
material in humamodified limestone barrens substrate limits moisture retention and
frost susceptibilit Greene, 2002)Further, laclof gravel pitreamlonizationwithin
northernclimates habeen attributed to low moisture retention and nutrient availability
given lack of organic and fine mater{&lirlotte and Staniforth, 1996The quarry floor
within this study remained largehonvegetated~67% bare ground cover), and has
demonstrated minimal naé speciese-colonization within the last5 yeardMason,
2014) similar to other limestone quarri@dopper and Bonner, 2003)egatingthe
benefitof spontaneous regeneratidespite iteffectiveness observea other
ecasystemgTomlinson et al., 2008However, he lack of colonization by invasive
species, and species not native to the limestone barrens on the quarry floors suggests a
structuralthreshold has notet been crosse®ather the current state is reversiage

those species that ameolonizng arenative(Mason, 2014)

To supplement quarry floors, adding organic and fine material utilizing existing
overburderhas beesuggestedFirlotte and Staniforth1996) However,increasing
organic material can negatively affect habitat development, including a reduction in

frost susceptibility, freezéhaw cycling(Chantal et al., 2006and promotion of
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woody and rhizomatous plant species colonizatlmmasson, 1986%uch plants can
alsoindirectly affect freez¢haw cycling and naturalubstrate disturban¢Peterson et
al., 2003 Hjort and Luoto, 2009)Acknowledging how degraded sites such as quarry
floors should be supplemented to improve native species recolonization and habitat

function will be key to deelopment along the target traject¢ifeneghan et al., 2008)

The importance of incorporating soil and substrate knowledge into restdmation
improve substrate properties and habitat develophenbeen emphasizeda
number of studies such Beneghan et al. (2008or exampleBallantyne (1996)
demonstrated the recoveryfobst sortingn transplantedirost susceptile substratéen
Scotland suggeshg substratgroperties rather than locatianeimportant forthis
smallscale disirbanceThis also supports the idea of ecological mentbay
remainedwithin this previouslyfrostsorted substrat&.hus, nanipulating these
propertiesn humandisturbed sitegHeneghan et al., 2008) revive latent ecological
memory andnimic the natural limestone barrens refeeassuggested breene
(2002)will be important tarestorecomposition,geochemical properties, frost
susceptibility and native calciphile-o®lonizationand pesistenceFurther it will
assist hybrid systems suchthe quarries observed withthe limestone barrens

ecosystemgowardstheir historical trajectory.

Overburden piles on site demonstrdissimilar characteristics to reference sites
includinga reducd percent silt/clay, calcium and magnesium, increased organic
materialand the nomative rhizomatous speciesymus molli@ndVicia cracca The

presence of these species suggest a lack of frost disturbance &sdheybe absent
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from frost sorted grauds(Jonasson, 1986] he colonization of ruderal and nowtive

species on overburden is not uncommon and hasdiedarly observed in other

limestone quarriefHopper and Bonner, 2008hd coal minegDos Santos et al.,

2008) Thebenefit of usingtored overburden material restorationis dependent on

the restoration targetsluse $ apparent, thoughetan hi nder téne syst emod
along the target trajectargerhaps even pushiranecasystem past a structural or

functional thresholdAcknowledging these differences allows for its appropriate use or

lack thereof in restoratioas suggested here

Historical aerial photograptee an important tool readily used to identify
landscapehange through tim@ierman et al., 2005)n Estonia, patches of alvar
grasslands were identifietsing detailed maps outlining vegetation caoiiéelm et al.,
2006)and historical aerial photograp(iartel et al., 1999 hese authors depaxtthe
reduction in their distribution and area over time due to human activiees,a
similar means was used fpre- and postroadto identify habitat loss and landscape
change, but also toutline thedistribution of remnanlimestone barrenseference sites
to assist in setting restoration targéterial photographs depicted a scatteyetl
connectedlistribution of limestondarrens patches within the study site, making up
approximately 10% of the study area-wenan degradatio@ndsupporting its
inherently low prevalence on the landscape. Similar to the stugistoniathe
fragmentation of original patchésad to the obkervation oimoresmallerdisconnected

patchesover time
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A key point in the conservation afany ecosystems includirige limestone
barrensandemphasizedhy Helm, Hanski & Pérte(2006) is connectivity between
these fragmented patches for the trajectory of future community compoBdich
size and distribution on the landscape are well kntmagontribute to species
persistence, where isolation can lead to a genetic isolation and inbreeding depression
(Turner, 1989) ThoughB. longiimay not be hindered by the latgven it is sek
fertilized (Parsons and Hemmnutz, 2006; Environment Canada, 2Q01B¢ fragmented
habitat may impede its ability to move with the changing climate doxenlispersal
capabilitieg(<50 cn) (Tilley, 2003)and naturally sparse distribution of high quality
habitat(Greene, 2002)Acknowledging the historical and current extent and
distribution of habitat patches on the landscapelweilimportant for reconnecting
patches, restoring speciasrisk into their historic habitat range as outlined in Federal
Recovery StrategigEnvironment Canada, 201@pdprioritizing areas for restorian

to createstepping stone habitag3ump and Pefiuelas, 2005)

In this studysurface interpolation wassed to recreate the historical landscape
that existegrior to substrate removal, providiagcoarse model for historical
landscape restationto be applied in high priority area®ata deficient or quarried
regions had high prediction errors on the study site, though the presence of remnant
natural areas allowed for the surface to be cre&ékdplotet al, (2006)showed that
ordinary kriging using high point spacing on a relatively smooth landscape in France
was an appropriate and accurate method. In cases where LIDAR data are available, it
would providemore accurate microhabitistformation(Questad et al., 2018)pt

provided in ground collected datad aerial photographs. Despite areas for
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improvement, th approachdevelopedereis simple,flexible and can accommodate
for differences in landscape topography if aerial photographsipran modification
and remnant patches are present, making it gk to the broaddield of

restoration.

Merging historic and current site information vgliidethe restoration of
topography, historical geomorphology, and critical habitéyilorid systems with
intact reference sitabatlack nornative and invase® colonization and retain
historical characteristict is important to note that this ispaoposednethod toguide
the system along thastoricaltrajectory However like manyrestored systems the
end results openendedassystems are constantly dvimg, especially under
conditions of environmental chang&'e can only incorporate whstknown or best
predictedto assist in restoring a system to within its historical ramgelemening

adaptive management strategies in the future to maintafavinared trajectory.

2.6 Recommendations

Identifying reference limestone barrens patches sets a baseline and benchmark
for the quantity and distribution of habitat on the landscape, vegetation recovery, and
for monitoring habitat restoration. Within theidy aea, a minimum of 10% (5h@)
should be restored to limestone barrens given the exister@e88b prior to human
modification of the study sit&.he reduced amount of habitat remaining, and
dissimilarity of humarmodified locations from reference sites drapizes the

ecosystems hybrid staté should be acknowledgebat the ecosystem can be guided
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within the historical rangehowevelthe endpoinalong thistrajectory is unknowand

will likely still possess hybrid characteristics

These recommendatiossould be implemented in high priority areasrgprove
the |l andscape matrix, creating O6stepping s
theoretically allowing the adaptation and expansion of native and endangered species
in the face of a changing climatgump and Pefuelas, 2005; SER, 2088yh priority
areas will require geochemical and substnatelifications if dissimilar from the
reference site to allow for testablishment of the native disturbance regime and floral
community. Furthermore, overburden piles with high quantities of organic material
and phosphorus should be removed from thetgiteduce nomative limestone
barrens species colonization and seed input, allow for fithe@xe cycling and restore
site topography. Restoring the abiotic foundation in terms of landscape topagtaphy
latent ecological memorgnd morphology will beritical in guidingecasystens
towardtheirtarget trajectoryThis study outlines such an approach to achieve this
foundation, combining these of historical, current, and future site information for

hybridecosystems such as Neewd. oundl andds | i mes:H
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Figure 4. Limestone barrens (i.e. Limestone habitBtack) ofthe Great Northern
Peninsula, Newfoundland (Canada).Locations of limestone barrens on the Great
Northern Peninsuld&igure modified from Maunder (2010pé Environment Canada
(2012); B)1948Aerial photograpl{Department of Natural Resources, 1948a, 1948b)
of Sandy Covéecological Reserve and open limestone barrens present inNM8g8.
created using ESRIE ArcMAPE version 10.

Figure 5. Aerial photograpttime series depicting limestohabitat(grey polygons)
loss in the outlined study sitiote that polygons are overlain on a 1967 aerial image
(Department of Natural Resources, 1968a, 1968k@n the poor resolution of the
1948 imageA) 1948;B) 1995 Map created usingSRI® ArcMAPE version 10.1

Figure 6. NMDS ordination displaying species compositions across the Sandy Cove
study site. Stress is 0.16 after 8294 tries using previousAieetic factors with VIF

less than three are fit to the species ordinafitbleVeganpackagé metaMDS and
envfit functionsin R software version 3.0.2ekeused to run analysis and create plot.
Abbreviations: NV=Norvegetated.

Figure 7. Average percent cover of moss, other vegetation including woody and
herbaceous cover, soil, fines, gravel, bewsdand bedrock across hurrandified and
natural sites. Both sites range in level of disturbance from low to high.

55



Figure 4.

Burnt Cape
Ecological Reserve

Bedrock with some Anchor Point J
Limestone and Dolomite  Black Duck Cove "i’

Limestone Bedrock
(mostly forest-covered)

I Limestone Barren

Port au Choix
National Historic
Site

Table Point >
Ecological Reserve

1948 Open Limestone

STRAIT OF BELLE ISLE

-

|Kilometers

42

56



Figure 5.
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