


determininginvasionpotential,asrecentstudiesof non-nativeplantsin borealhabitatssuggest
thatdisturbancesby fire canfacilitateinvasion[2, 5]. Specifically,fire consumptionof thesoil
organiclayerin blackspruceforestsdramaticallyaltersseedlingrecruitmentsuccess[6] and
couldfacilitatethecolonizationandspreadof non-nativespecies.Firesthat removethecanopy
andcausewarmingof thesoilsdueto increasedsolarradiation[7] mayalsofacilitatecoloniza-
tion bynon-nativeplantsintolerantof coldersoils.Furthermore,firesareknownto increase
soilnutrient availability[6] andincreaseratesof abovegroundproductivity [7], whichin turn
supportnon-nativeplantestablishment.

On aglobalscale,thespreadof non-nativeplantscanhavenegativeeconomic[8] andenvi-
ronmental[9] impacts.Forexample,non-nativeplantscansignificantlyimpactecosystem
functioning,bydisplacingnativespecies,alteringsoilnutrient cyclesandhydrology,changing
localfire regimes,andreducingnativebiodiversity[10].Economically,theimpactsandcontrol
of non-nativeplantshavebeenestimatedto costapproximately$35billion annuallyin the
United States[8]. Previoussurveysconductedthroughoutinterior Alaskahavefoundhigh
occurrencesof non-nativeplantson roadsides[5, 11].Theroadsidepresenceof non-native
plantscouldenabledispersalinto recentlyburnedforest,whichmaynegativelyaffectecosys-
temstructureandfunction if theyareableto establishandpersistin theborealforest[4].

Hereweusedacombinationof observationalandexperimentalfield studiesto examinethe
effectsof fire on currentdistributionsandpotentialrecruitmentof non-nativeplantsin Alas-
kanblackspruceforests.Asfire activityin borealregionsisexpectedto increasein responseto
climatechange[12], it is important to understandtherole that fire playsin non-nativeplant
colonizationto manageanddirecteffortsto control non-nativeplantsin borealforests.

Materials and methods

Study area

Our studyareawaslocatedin interior Alaska,anareaof borealforestboundedby theBrooks
Rangeto thenorth (~67ÊN)andtheAlaskaRangeto thesouth(~63ÊN).Interior Alaskaexpe-
riencesacontinentalclimatewith largeannualtemperaturefluctuationsandisunderlainby
discontinuouspermafrost[13]. Blackspruce(Picea mariana (Mill.) B.S.P.)is thedominant
foresttypeandischaracterizedbyextensivemosscover,asparselayerof tall shrubs,awell-
developedlayerof low shrubs,andacanopyof blacksprucetrees[1]. Fireis theprimary dis-
turbanceagentin theseforests,andincreasesin fire frequency,extent,severity,andfire season
lengthhavealreadyoccurredandareexpectedto continuein responseto warminganddrying
climaticconditions[12,14].

Seeding experiment

Weconductedseedingtrials in 2012in arecentlyburned(2004)blackspruceforestin theCar-
ibou-PokerCreeksResearchWatershed(CPCRW),locatedapproximately50kilometersnorth
of Fairbanks,AlaskaalongtheSteeseHighway(65.14230ÊN,147.46828ÊW).TheBonanza
CreekLTERprovidedpermissionto conductseedingtrialsatCPCRW.Threeinvasiveplants
commonlyfound in interior Alaskawerechosenfor theseedingexperiment:Vicia cracca L.
(bird vetch),Melilotus officinalis (sweetclover),andTaraxacum officinale G.H.WeberexWig-
gers(commondandelion).Eachof thespecieschosencouldpotentiallyaffectborealecosystem
structureandfunction andareof concernbasedon theinvasivenessrankingsystemfor non-
nativeplantsin Alaska[15]. BothM. officinalis andV. cracca arenitrogen-fixingandtherefore
haveahighpotentialfor alteringsoilconditionsandnutrient cycling[2, 16,17]and/or facili-
tatingtheestablishmentof otherinvasivespecies[2, 18].T. officinale ishighlycompetitivein
early-successionalcommunitiesandcanleadto areductionof nativespeciesor individuals
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[15,19].Furthermore,thesespeciesrangein seedsize(estimatedin thelabfrom theweightof
100seeds),invasiveness,andlife-historystrategies,all of whichmight impacttheir ability to
germinateandestablishin apost-fireenvironment.Specifically,weexpectedlargersized
seeds,with their greatercarbohydratereserves,to haveabroadertoleranceof seedbedcondi-
tionsandhighergerminationratesin thefield [20].

Seedswerecollectedin September2011from establishedpopulationsin Fairbanks,Alaska,
andstoredin afreezerprior to seeding.Weconductedlaboratorytrialswith twentyseedsof
eachspeciesto determineif scarificationtreatmentswouldmaximizegermination.Weapplied
mechanicalscarificationto M. officinalis bygentlyrubbingseedsbetweentwo piecesof sand
paper[21] asthismaximizedgermination(65%viability).Percussivescarificationmaximized
germinationof V. cracca (65%viability) andwasappliedbyshakingseedsin anErlenmeyer
flask[21]. Germinationof T. officinale (60%viability) seedwasunaffectedbyscarification
treatmentsandwerethereforeleft untreated.

Weestablished10experimentalblocks,locatedat10m intervalsalonga100m transect.
Eachblockconsistedof threesubstratetreatments(plot size= 15x 15cm)), representingthe
commonpost-fireseedbedsof: regeneratingmoss(largelyCeratodon purpureus (Hedw.)Brid
andPolytrichum juniperinum Hedw.),charredorganiclayer,andexposedmineralsoil.As
therewasno exposedmineralsoil in theburnedforestat thetime of theexperiment,we
removedsurfaceorganicmaterialbyhandto createmineralsoilplots.Weremovedall shrubs
andregeneratingtreesaplingswithin 50cmof theplotsto betteremulateearlypost-firecondi-
tionsandcontrol for potentialeffectsof shading.Wecoveredeachplot with ameshcageof gal-
vanizedmetal(meshsize= 0.5cm) to preventsmallanimalsfrom removingseedsor seedlings.
Tenseedsof V. cracca (0.012g�seed-1), M. officinalis (0.0018g�seed-1), andT. officinale (0.00081
g�seed-1) weresprinkledon thesurfaceof eachplot on 4June2012,to simulatenaturaldis-
persal.Wecountedtotalgerminateson 30July2012,andremovedall seedlings,visibleseeds,
andthesurfacesubstratefrom thesiteto ensurethatno non-nativepropagulesremained.

Non-native plant survey

In July2012wesurveyednon-nativeplantsin recentlyburned(6±8yearssincefire) and
mature(>60yearssincefire) blackspruceforestslocatedalongtwo major roadwaysin interior
Alaska.Fifty sites(25burned,25mature)weresurveyedadjacentto theDaltonhighwaynorth
of theYukonRiver(burn year2004),and16(8 burned,8 mature)sitesweresurveyedadjacent
to theParkshighwaysouthof Nenana(burn year2006)(seeS1andS2Tablesfor sitelocations
of burnedandmaturesites,respectively).Wefirst identifiedall areaswith non-nativeplant
speciesalongtheroad,thusrestrictingour surveysto areasthatwecouldbeconfidenthada
propagulesourcein theroadcorridor. Transectlocationsfor surveysof adjacentburnedor
matureforestwerethenrandomlyselectedfrom theseareaswith aminimum distanceof 100
m betweenlocationsalongtheroad.

At theroadsideof eachtransect,a1m2 plot adjacentto theroadwasusedto visuallyesti-
matenon-nativeplantabundances.Non-nativeplantswererecordedashavingzero(0
individuals/m2), low (<25individuals/m2), medium(25±50individuals/m2), or high (>50
individuals/m2) presence.Theseestimatesof abundancewereusedasanindicatorof propa-
gulepressure.Wethenran a100x 2m belt transectperpendicularfrom theforestedgeinto
theforest.Theforestedgewaslocatedbyvisuallyassessingashift from thedisturbedroadside
to typicalforestunderstoryplantcommunities.Abundanceof all non-nativeplantswithin the
belt transectwasrecordedanddistanceinto theforeststandwasrecordedfor sitesalongthe
DaltonHighway.Althoughnot reportedhere,environmental,understory,andseedlingdata
werealsocollectedateachtransect[22].
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Statistical analysis

All dataanalyseswereperformedusingtheRstatisticalpackageversion3.0.2[23]. Rcodeand
theassociatedrawdatasetsareavailablein S1FileandS3±S5Tables,andarepartof thedata
archivedfor thisprojectin theLTERdatabase(http://www.lter.uaf.edu/data/data-detail/id/587
andhttp://www.lter.uaf.edu/data/data-detail/id/588).Toassesstheeffectof substratetypeon
seedgerminationcountsfrom theseedingexperimentweusedaKruskal-Wallisrank sumtest.
This testranksthedataandis thereforemorerobustto smallsamplesandthenon-normally
distributednatureof our datathantheparametricalternative[24]. If differencesweredetected
betweensubstratetypes,weusedapairwiseWilcoxonranksumtestwith aBonferroniadjust-
mentto compareseedgerminationamongsubstratetypeswithin theburnedforestfor eachof
thethreeseededspecies.

Basedon non-nativeplantsurveyswecalculatedthefrequencyof non-nativeplantoccur-
rencesfor roadsidesandtransectsin burnedandmatureforesttransects.Weusedpresence
andabsenceof non-nativeplantsanddeterminedif theprobabilityof encounteringanon-
nativespeciesis thesamewhetherin anunburnedforesttransect,aburnedforesttransect,or
on theroadsidesurveysadjacentto theunburnedandburnedstandsusingaFisher'sexact
test.Wethenusedapairwisepost-hocFisher'stestin thepackageªfiferº [25] to completepair-
wisecomparisonsbetweensurveyedareas.To testif thedispersaldistribution of non-native
plantsin theburnedstandswasevenlydistributedalongtransectswith increasingroadsidedis-
tance,wecalculatedthefrequencyof non-nativeplantpresencewithin four distancecategories
(0±25,25±50,50±75,and75±100metersfrom theroadedge).Wethencompletedachi-square
testof thesefrequenciescomparedto anevenfrequencydistribution.Thisanalysislargely
testedthedistribution of T. officinale, giventhelow abundanceof otherspecies.Whennon-
nativeplantswerepresent,weassumedthatdispersalwasfrom theroadsideandcalculatedthe
meandensityanddistanceinto theforestthat theplanthaddispersed.

Results

Seeding experiment

Germinationof all threeseededspecieswereaffectedbysubstratetype(p<0.001).Germina-
tion wasconsistentlyhigheston mineralsoil (Fig1andTable1),andno specieshadsuccessful
germinationon residual,charredorganicsoil (Fig1).V. cracca, whichhadthelargestseedsof
thethreespecies,hadthehighestgerminationrateson bothmossandexposedmineralsoil
(Fig1 andTable1).

Non-native plant survey

Wefound roadsideoccurrencesof eightnon-nativespecies(M. officinalis, T. officinale, andV.
cracca, aswellasCrepis tectorum, Hordeum jubatum, Plantago major, Matricaria discoidea, and
Chenopodium album alongtheDaltonandParksHighwayadjacentto bothburnedandmature
foreststands(Table2).M. officinalis, andT. officinale wereencounteredoftenalongtheroad-
side,whileall otherspecieswereinfrequentlyencounteredin theroadside,andwerenever
observedcolonizingburnedstandsin thisstudy.Theprobabilityof encounteringaninvasive
plantwassignificantlydifferentamongburnedforest,unburnedforest,androadsidesadjacent
to burnedandunburnedforests(p<0.001).Non-nativeplantswerenot observedin anyof the
33matureforeststandsandobservedin 11of the33surveyedburnedstands(eightin theDal-
ton highwaystudyregion,threein theParkshighwaystudyregion).M. officinalis waspresent
alongtheroadsidefor all sitessurveyed,howeverit wasonly observedin oneof theburned
standsalongtheDaltonhighway.C. tectorum wasobservedin oneburnedsitealongthe
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Daltonhighwaydespitebeingabsentfrom theroadsideadjacentto thissite,andwasseldom
encounteredon theroadside.Of all thenon-nativespecies,T. officinale hadthehighestoccur-
rencein burnedstandsandwaspresentin eightsites(33%)on theDaltonHighwayandthree
(37.5%)alongtheParkshighway.Along theDaltonhighway,non-nativeplants,specificallyT.
officinale, wasevenlydistributedwith distancealongthe100m transects(X2 = 3.23,df = 3,
p = 0.361)with 26%,19%,20%and35%of its occurrencesfoundat0±25,25±50,50±75,and
75±100m from theroadside,respectively.WhenpresentT. officinale hadameandistanceof
47.26m (±2.50SE)into burnedstandsanddensityof 4.26(±0.52SE)individuals/m2.Other
speciesthatareconsideredto beinvasiveplantsof concernin Alaska[15], suchasV. cracca, H.
jubatum, M. discoidea, C. album, andP. major wereinfrequentlyencounteredin theroadside,
andwereneverobservedcolonizingburnedstandsin thisstudy.

Fig 1. Seedling counts of V.cracca, T.officinale, and M.officinalis from germination trials on charred organic, moss, and mineral soil substrates

within a burned forest (n = 10 plots). Each plot was seeded with 10 seeds of the assigned species. Note points are slightly offset for visualization.

doi:10.1371/journal.pone.0171599.g001

Table 1. Results of Kruskal-Wallis rank sum test and pairwise Wilcoxon rank sum test between substrate types for germination trials of V.cracca,

T.officinale, and M.officinalis on charred organic, moss, and mineral soil substrates within a burned forest (n = 10). Bold text indicates significant

results.

V.cracca T.officinale M.officinalis

Kruskal-Wallis rank sum test X2 = 20.63, p<0.001 X2 = 11.53, p<0.005 X2 = 21.39, p<0.001

Charred Organic vs. Moss p = 0.044 NA� p = 0.232

Charred Organic vs. Mineral Soil p<0.001 p = 0.029 p<0.001

Moss vs. Mineral Soil p = 0.007 p = 0.029 p<0.005

�Unable to calculate exact p-value for ties.

doi:10.1371/journal.pone.0171599.t001
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Discussion

Thisstudyprovidesevidencethat fire disturbancehasnot facilitatedaggressivenon-native
plantcolonizationin blackspruceforestin interior Alaska.Wefoundno non-nativeplantsin
matureblackspruceforestsandonly athird of therecentlyburnedforestsexaminedwerecol-
onizedby T. officinale despitehigh roadsidepresenceof non-nativeplantsalongbothDalton
andParksHighways.However,in our seedingexperiment,surfaceorganiclayersandtheir
effecton seedbedconditionswerekeyfactorsinfluencingseedingsuccess.Thus,it ispossible
that fire disturbancesthat removetheorganiclayercouldfacilitatetheinvasionof non-native
plantsproviding thereisaviableseedsourceanddispersalvector.

In our seedingexperiment,germinationrateswereconsistentlyhigheron exposedmineral
soil thanon charredorganiclayeror moss.Theseresultsareconsistentwith otherstudiesin
theborealforest,wheredisturbancesthat removethesurfaceorganiclayerandexposemineral
soil favorthecolonizationof non-nativeplants[26] andrecruitmentof nativetreeseedlings
[6]. Independentof substratetype,V. cracca hadhighergerminationrates(on aperseedbasis)
thaneitherT. officinale or M. officinalis, whichis likely dueto variationsin seedcharacteristics.
T. officinale andM. officinalis producealargevolumeof smallseeds[27,28],whereasV. cracca
producesfewer,largerseeds[29]. ThesmallseededT. officinale andM. officinalis maynot
havehadsufficientcarbohydratereservesto establishfrom seedwhenmossandlitter provide
shadeandpreventrapid root penetrationinto mineralsoil,comparedto thelargeseededV.
cracca. Thissupportstheconceptthat large-seededplantshaveabroadertoleranceof seedbed
conditionsthatpermit seedlingestablishment[1, 20].

In our non-nativeplantsurveys,T. officinale wasthedominantinvadingnon-nativespecies,
despitethehigherroadsideoccurrenceof M. officinalis andhigherexperimentalgermination
ratesof V. cracca. Thepresenceof T. officinale in burnedstandsmaybeattributedto small,
wind dispersedseedsthatcandisperseseveralhundredmetersfrom thesource[19,30,31],

Table 2. Proportion of road survey transects with absent, low, medium, and high roadside densities of non-native plants adjacent to burned and

unburned transects along the Dalton and Parks Highways.

Forest

type

Highway Density Taraxacum

officinale

Melilotus

officinalis

Crepis

tectorum

Hordeum

jubatum

Mastricia

discoidea

Chenopodium

album

Plantago

major

Vicia

cracca

Burned Dalton

(n = 25)

Absent 0.080 0 0.840 0.960 0.960 0.960 0.960 0.960

Low 0.640 0.280 0.160 0.040 0.040 0.040 0.040 0.040

Medium 0.240 0.400 0 0 0 0 0 0

High 0.040 0.320 0 0 0 0 0 0

Parks

(n = 8)

Absent 0.500 0 1 1 1 1 0.875 1

Low 0.500 0.875 0 0 0 0 0.125 0

Medium 0 0.125 0 0 0 0 0 0

High 0 0 0 0 0 0 0 0

Unburned Dalton

(n = 25)

Absent 0 0 0.840 0.760 1 1 0.920 0.800

Low 0.60 0.240 0.160 0.160 0 0 0.080 0.120

Medium 0.280 0.400 0 0.080 0 0 0 0

High 0.120 0.360 0 0 0 0 0 0.080

Parks

(n = 8)

Absent 0.500 0 1 1 1 1 0.875 1

Low 0.500 0.875 0 0 0 0 0.125 0

Medium 0 0.125 0 0 0 0 0 0

High 0 0 0 0 0 0 0 0

Note: Density categories are: low ��25 individuals/m2; medium 25–50 individuals/m2, high �!50 individuals/m2

doi:10.1371/journal.pone.0171599.t002
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increasingpotentialcolonizationof preferredsubstratetypeswith lessresidualorganiclayer
cover[22]. Indeed,T. officinale requiresopendisturbedsoil to establish[30], suchasthosecre-
atedfollowingseverefires[30]. In contrast,V. cracca dispersesbyexplosivepodsor rhizomes
andrelieson animalvectorsfor longdistancedispersal[15,29,30,32].

Largeseedsandlow dispersalcapacitymayexplaintherarepresenceof V. cracca in our
roadsidesurveysandits absencefrom burnedstands.In contrast,M. officinalis wasabundant
alongroadsidesandisknown to dispersewellbywaterandhumanvectorsin disturbedhabi-
tatsassociatedwith roadsandrivers[2].Althoughtheroadsidepresenceof M. officinalis was
high in our surveys,theoccurrenceof M. officinalis into burnedareaswaslow (<4%)on the
DaltonHighwayandabsentalongtheParksHighway.M officinalis iseasilydispersedby
water,andgrowsbeston welldrainedexposedmineralsoilsthatarealkalineto slightlyacidic
[2, 15,16,19].Thesecharacteristicscorrespondto thoseof roadsidesandroadsideditches,
whicharemostlymadefrom sandandgravelfrom floodplainsor rock quarries[2]. Upland
blacksprucesoilsin interior Alaskaareacidic(pH 3.8±4.5)[1] evenfollowingaseverefire
[33], which ismuchlowerthantheoptimum pH for M. officinalis growth[2]. Dispersallimita-
tions,in associationwith alackof suitableseedbedfor colonization,mayexplaintheabsence
of M. officinalis in burnedstandsdespitethehigh roadsidepropagulepressure.Theseresults
highlight theroleof dispersalin shapingpatternsof non-nativespeciesestablishment,aswe
observedthewind-dispersedT. officinale colonizingmorenewterritory whileotherspecies
with higherpotentialgermination,suchasM. officinalis andV. cracca, remainedlargelyabsent
from burnedandunburnedstands.

Thisstudysupportsthegeneralobservationthatnon-nativeplantestablishmentremains
low in naturalborealforests[12,29].Evenin disturbedforests,wefound limited spreadof
non-nativeplantspeciesinto recentlyburnedareasalongboth theDaltonandParksHigh-
ways,despiteabundantroadsidepopulationsof T. officinale andM. officinalis. Moreover,the
diversityof non-nativeplantsfoundalongtheroadwayswaslow,andotherspeciessuchasV.
cracca, H. jubatum, M. discoidea, C. album, andP. major wererarelyencounteredin our sur-
veys.Current low densitiesof non-nativespeciesin Alaskanborealforestsarelikely main-
tainedbyacombinationof low propagulepressureawayfrom humanpopulationcentersand
poorseedbedsthat restrictcolonizationof burnedandmatureforests.Our seedingexperi-
mentsindicatethat fire disturbancesthat removetheorganiclayercouldfacilitatetheinvasion
of non-nativeplantsproviding thereisadispersalvectorfor viableseeds.Strategicmonitoring
of non-nativeplantspreadcouldbenefitfrom mappingof fire severityandotherdisturbances
thatmayremovethesoilorganiclayerin blackspruceforests,especiallyin thoseareaswhere
propagulepressureishigh.
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