


Impacts of fire on non-native plant recruitment in black spruce forests of interior Alaska

determininginvasionpotential,asrecentstudiesof non-nativeplantsin borealhabitatssuggest
thatdisturbancedy fire canfacilitateinvasion[2, 5]. Specificallyfire consumptionof the soil
organiclayerin blackspruceforestsdramaticallyaltersseedlingecruitmentsuccesg] and
couldfacilitatethe colonizationand spreadof non-nativespecies-iresthat removethe canopy
andcausevarmingof the soilsdueto increasedsolarradiation[7] mayalsofacilitatecoloniza-
tion by non-nativeplantsintolerantof coldersoils.Furthermore firesareknownto increase
soil nutrient availability[6] andincreaseatesof aboveground productivity [7], whichin turn
supportnon-nativeplant establishment.

On aglobalscalethe spreadbf non-nativeplantscanhavenegativeeconomid8] andenvi-
ronmental[9] impacts For examplenon-nativeplantscansignificantlyimpactecosystem
functioning, by displacingnativespeciesalteringsoil nutrient cyclesand hydrology,changing
localfire regimesandreducingnativebiodiversity[10]. Economicallytheimpactsandcontrol
of non-nativeplantshavebeenestimatedo costapproximately$35billion annuallyin the
United Stateg8]. Previoussurveysonductedhroughoutinterior Alaskahavefound high
occurrence®f non-nativeplantson roadsideg5, 11]. Theroadsidepresencef non-native
plantscouldenabledispersainto recentlyburnedforest,which maynegativelyaffectecosys-
temstructureandfunction if theyareableto establistand persistin the borealforest[4].

Hereweusedacombinationof observationahnd experimentafield studieso examinethe
effectf fire on currentdistributionsand potentialrecruitmentof non-nativeplantsin Alas-
kanblackspruceforests Asfire activityin borealregionsis expectedo increasen responséo
climatechangd12], it isimportant to understandherole thatfire playsin non-nativeplant
colonizationto manageanddirecteffortsto control non-nativeplantsin borealforests.

Materials and methods
Study area

Our studyareawaslocatedin interior Alaskaanareaof borealforestboundedby the Brooks
Rangeto the north (~67EN)andthe AlaskaRangeo the south(~63EN) Interior Alaskaexpe-
riencesacontinentalclimatewith largeannualtemperaturefluctuationsandis underlainby
discontinuouspermafrosf13]. Blackspruce(Picea mariana (Mill.) B.S.P.)sthedominant
foresttypeandis characterizedby extensivenosscover,asparsdayerof tall shrubs awell-
developedayerof low shrubs andacanopyof blacksprucetreeq1]. Fireisthe primary dis-
turbanceagentin theseforestsandincreasedn fire frequencyextent,severity andfire season
lengthhavealreadyoccurredandareexpectedo continuein responséo warminganddrying
climaticconditions[12,14].

Seeding experiment

We conductedseedingrialsin 2012in arecentlyburned(2004)blackspruceforestin the Car-
ibou-PokerCreeksResearchVatershed CPCRW) locatedapproximatelysOkilometersnorth
of FairbanksAlaskaalongthe Steesélighway(65.1423EN,147.4682&W).TheBonanza
CreekLTERprovidedpermissionto conductseedingrials at CPCRW.Threeinvasiveplants
commonlyfoundin interior Alaskawerechoserfor the seedingexperimentVicia cracca L.
(bird vetch),Melilotus officinalis (sweetlover),and Taraxacum officinale G.H. WeberexWig-
gers(commondandelion).Eachof the specieghosercould potentiallyaffectborealecosystem
structureandfunction andareof concernbasedn theinvasivenesganking systenfor non-
nativeplantsin Alaska[15]. Both M. officinalis and V. cracca arenitrogen-fixingandtherefore
havea high potentialfor alteringsoil conditionsand nutrient cycling[2, 16,17] and/or facili-
tating the establishmenbf otherinvasivespecie$2, 18]. T. officinale is highly competitivein
early-successionabmmunitiesand canleadto areductionof nativespecie®r individuals
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[15,19]. Furthermore thesespeciesangein seedsize(estimatedn thelabfrom theweightof
100seeds)invasivenessndlife-history strategiesall of which might impacttheir ability to
germinateandestablishn apost-fireenvironment.Specificallyye expectedargersized
seedswith their greatercarbohydrateeservesp haveabroadertoleranceof seedbedondi-
tionsandhighergerminationratesin thefield [20].

Seedsverecollectedn SeptembeR011from establishegopulationsin FairbanksAlaska,
andstoredin afreezerprior to seedingWe conductedaboratorytrials with twenty seed®f
eachspecies$o determineif scarificationtreatmentsvould maximizegermination.We applied
mechanicabcarificationto M. officinalis by gentlyrubbing seedbetweertwo piecesof sand
paper[21] asthis maximizedgermination(65%viability). Percussivecarificationmaximized
germinationof V. cracca (65%viability) and wasappliedby shakingseedsn an Erlenmeyer
flask[21]. Germinationof T. officinale (60%viability) seedvasunaffectecby scarification
treatmentsaandwerethereforeleft untreated.

We established 0experimentablocks,Jocatedat 10m intervalsalonga 100m transect.
Eachblock consistef threesubstratdreatmentqplot size= 15x 15¢cm)), representinghe
commonpost-fireseedbedsf: regeneratingnoss(largelyCeratodon purpureus (Hedw.)Brid
andPolytrichum juniperinum Hedw.),charredorganiclayer,andexposednineralsoil. As
therewasno exposednineralsoilin the burnedforestat the time of the experimentwe
removedsurfaceorganicmaterialby handto createmineral soil plots.We removedall shrubs
andregeneratindgreesaplingswithin 50cm of the plotsto betteremulateearlypost-firecondi-
tionsandcontrol for potentialeffectsof shading We coveredeachplot with ameshcageof gal-
vanizedmetal(meshsize= 0.5cm) to preventsmallanimalsfrom removingseed®r seedlings.
Tenseed®f V. cracca (0.012g-seed), M. officinalis (0.0018y-seed), and T. officinale (0.00081
g-seed) weresprinkledon the surfaceof eachplot on 4 June2012 o simulatenaturaldis-
persal We countedtotal germinatesn 30July2012 andremovedall seedlingsyisibleseeds,
andthe surfacesubstratdrom the siteto ensurethat no non-nativepropagulesemained.

Non-native plant survey

In July2012we surveyechon-nativeplantsin recentlyburned(6+8yearssincefire) and
mature(>60yearssincefire) blackspruceforestdocatedalongtwo major roadwaysn interior
AlaskaFifty sites(25burned,25mature)weresurveyedadjacento the Dalton highwaynorth
of the Yukon River(burn year2004),and 16 (8 burned,8 mature)sitesweresurveyeddjacent
to the Parkshighwaysouthof Nenana(burn year2006)(seeS1and S2Tabledor sitelocations
of burnedand maturesitesrespectively)Wefirst identified all areaswvith non-nativeplant
specieslongtheroad,thusrestrictingour surveygo areaghatwe couldbeconfidenthada
propagulesourcein theroadcorridor. Transeciocationsfor surveyof adjacenburnedor
matureforestwerethenrandomlyselectedrom theseareasvith aminimum distanceof 100
m betweerlocationsalongtheroad.

At theroadsideof eachtransecta 1 m? plot adjacento the roadwasusedto visuallyesti-
matenon-nativeplantabundancedNon-nativeplantswererecordedashavingzero(0O
individuals/n?), low (<25individuals/n), medium (25+50individuals/n¥), or high (>50
individuals/n?) presenceTheseestimate®f abundancevereusedasanindicator of propa-
gulepressureWethenran a100x 2 m belttransectperpendiculafrom theforestedgento
theforest. Theforestedgewaslocatedby visuallyassessingshift from the disturbedroadside
to typicalforestunderstoryplant communities Abundanceof all non-nativeplantswithin the
belttransectwasrecordedanddistancento theforeststandwasrecordedfor sitesalongthe
Dalton Highway.Althoughnot reportedhere environmentalunderstory andseedlingdata
werealsocollectedat eachtransec{22].
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Statistical analysis

All dataanalysesvereperformedusingthe R statisticabackageversion3.0.2[23]. R codeand
theassociatedaw datasetsireavailablén S1Fileand S3xSTablesandarepart of thedata
archivedfor this projectin the LTERdatabasénttp://www.lter.uaf.edldata/data-detail/id/587
andhttp://www.lter.uaf.edu/datalata-detail/id/588). T@ssesthe effectof substratéypeon
seedgerminationcountsfrom the seedingexperimentwe useda Kruskal-Wallisrank sumtest.
Thistestranksthe dataandis thereforemorerobustto smallsamplesandthe non-normally
distributednatureof our datathanthe parametricalternativeg[24]. If differencesveredetected
betweersubstrataypesweuseda pairwiseWilcoxon rank sumtestwith a Bonferroniadjust-
mentto compareseedjerminationamongsubstrateaypeswithin the burnedforestfor eachof
thethreeseededpecies.

Basedn non-nativeplant surveyswve calculatedhe frequencyof non-nativeplant occur-
rencedor roadsidesandtransectsn burnedand matureforesttransectsWe usedpresence
andabsencef non-nativeplantsand determinedif the probability of encounteringanon-
nativespeciess the samewhetherin anunburnedforesttransectaburnedforesttransectpor
on theroadsidesurveysadjacento the unburnedandburnedstandsusinga Fisher'sexact
test.We thenuseda pairwisepost-hocFisher'sestin the packagéfifer® [25] to completepair-
wisecomparisondetweersurveyedareasTo testif the dispersabistribution of non-native
plantsin the burnedstandswvasevenlydistributedalongtransectavith increasingoadsidedis-
tance wecalculatedhe frequencyof non-nativeplant presenceavithin four distancecategories
(0£25,25+5050+75and 75+100metersfrom theroad edge) We thencompleteda chi-square
testof thesefrequenciegsomparedo anevenfrequencydistribution. This analysidargely
testedthe distribution of T. officinale, giventhelow abundancef otherspecieswhennon-
nativeplantswerepresentweassumedhat dispersalvasfrom theroadsideand calculatedhe
meandensityanddistancento the forestthat the planthaddispersed.

Results
Seeding experiment

Germinationof all threeseededpeciesvereaffectedoy substratdype (p<0.001) Germina-
tion wasconsistenthyhigheston mineralsoil (Fig 1 and Tablel),andno specie®iadsuccessful
germinationon residual charredorganicsoil (Fig 1). V. cracca, which hadthelargestseed®f
thethreespecieshadthe highestgerminationrateson both mossand exposednineral soil
(FiglandTablel).

Non-native plant survey

We found roadsideoccurrence®f eightnon-nativespeciegM. officinalis, T. officinale, and V.
cracca, aswellasCrepis tectorum, Hordeum jubatum, Plantago major, Matricaria discoidea, and
Chenopodium album alongthe Dalton and ParksHighwayadjacento both burnedand mature
foreststandgTable2). M. officinalis, and T. officinale wereencounteredftenalongtheroad-
side,while all other speciesvereinfrequentlyencounteredn theroadsideandwerenever
observecolonizingburnedstandsn this study.The probability of encounteringaninvasive
plantwassignificantlydifferentamongburnedforest,unburnedforest,androadsidesdjacent
to burnedandunburnedforests(p<0.001) Non-nativeplantswerenot observedn anyof the
33matureforeststandsand observedn 11of the 33surveyedurnedstandgeightin the Dal-
ton highwaystudyregion,threein the Parkshighwaystudyregion).M. officinalis waspresent
alongtheroadsidefor all sitessurveyedhowevetit wasonly observedn oneof theburned
standsalongthe Dalton highway.C. tectorum wasobservedn oneburnedsitealongthe
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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:10.131/journal.pon®171599.g001

Dalton highwaydespitebeingabsenfrom the roadsideadjacento this site,andwasseldom
encounteredn theroadside Of all the non-nativespeciesT. officinale hadthe highestoccur-
rencein burnedstandsandwaspresentn eightsites(33%)on the Dalton Highwayandthree
(37.5%)longthe Parkshighway.Along the Dalton highway nhon-nativeplants,specificallyT.
officinale, wasevenlydistributedwith distancealongthe 100m transect{X” = 3.23,df = 3,

p = 0.361)with 26%,19%20%and 35%of its occurrence$ound at 0+25,25+5050+75and
75+100m from theroadsiderespectivelyWhenpresentT. officinale hadameandistanceof
47.26m (+2.50SE)into burnedstandsand densityof 4.26(+0.52SE)individuals/nt.Other
specieshatareconsideredo beinvasiveplantsof concernin Alaska[15], suchasV. cracca, H.
jubatum, M. discoidea, C. album, and P. major wereinfrequentlyencounteredn theroadside,
andwereneverobserveaolonizingburnedstandsn this study.

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.

Kruskal-Wallis rank sum test
Charred Organic vs. Moss
Charred Organic vs. Mineral Soil
Moss vs. Mineral Soil

Unable to calculate exact p-value for ties.

doi:10.137/journal.pon®171599001

V.cracca T.officinale M.officinalis
X?=20.63, p<0.001 X2=11.53, p<0.005 X2 = 21.39, p<0.001
p=0.044 NA p=0.232
p<0.001 p=0.029 p<0.001
p=0.007 p=0.029 p<0.005
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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 Highway | Density | Taraxacum Melilotus Crepis Hordeum Mastricia Chenopodium | Plantago Vicia
type officinale officinalis tectorum jubatum discoidea album major cracca

Burned Dalton Absent 0.080 0 0.840 0.960 0.960 0.960 0.960 0.960
(n=25) 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

Parks Absent 0.500 0 1 1 1 1 0.875 1

(n=8) ' 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 Absent 0 0 0.840 0.760 1 1 0.920 0.800
(n=25) 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 Absent 0.500 0 1 1 1 1 0.875 1

(n=8) ' 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/m?; medium 25-50 individuals/m?, high 150 individuals/m?

doi:10.137/journal.pon€171599002

Discussion

This studyprovidesevidencehatfire disturbancehasnot facilitatedaggressivaon-native
plantcolonizationin blackspruceforestin interior AlaskaWe found no non-nativeplantsin
matureblackspruceforestsandonly athird of the recentlyburnedforestsexaminedwerecol-
onizedby T. officinale despitehigh roadsidepresencef non-nativeplantsalongboth Dalton
andParksHighwaysHowever in our seedingexperimentsurfaceorganiclayersandtheir
effecton seedbedonditionswerekeyfactorsinfluencingseedingsuccesslhus,it is possible
thatfire disturbanceshatremovethe organiclayercouldfacilitatethe invasionof non-native
plantsproviding thereis aviableseedsourceanddispersatector.

In our seedingexperimentgerminationrateswereconsistentlyhigheron exposednineral
soilthanon charredorganiclayeror moss.Theseresultsareconsistenwith otherstudiesn
the borealforest,wheredisturbanceshat removethe surfaceorganiclayerand exposeamineral
soilfavorthe colonizationof non-nativeplants[26] andrecruitmentof nativetreeseedlings
[6]. Independenbf substrataype, V. cracca hadhighergerminationrates(on aperseedasis)
thaneitherT. officinale or M. officinalis, whichis likely dueto variationsin seedcharacteristics.
T. officinale and M. officinalis producealargevolumeof smallseed$27, 28], whereas/. cracca
producedewer largerseed$29]. Thesmallseeded. officinale and M. officinalis maynot
havehadsufficientcarbohydrateeserveso establisHrom seedvhenmossandlitter provide
shadeand preventrapid root penetrationinto mineralsoil, comparedo the largeseeded’.
cracca. Thissupportsthe concepthatlarge-seedeplantshaveabroadertoleranceof seedbed
conditionsthat permit seedlingestablishmenil, 20].

In our non-nativeplantsurveysT. officinale wasthe dominantinvadingnon-nativespecies,
despitethe higherroadsideoccurrenceof M. officinalis and higherexperimentagjermination
ratesof V. cracca. Thepresencef T. officinale in burnedstandsmaybeattributedto small,
wind dispersedeedshat candisperseseverahundredmetersfrom the sourceg[19,30,31],
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increasingpotentialcolonizationof preferredsubstrataypeswith lessresidualorganiclayer
cover[22]. Indeed,T. officinale requiresopendisturbedsoil to establis{30], suchasthosecre-
atedfollowing severdires[30]. In contrast,V. cracca dispersedy explosivepodsor rhizomes
andrelieson animalvectorsfor long distancedispersa[15,29,30,32].

Largeseedsindlow dispersatapacitymayexplaintherarepresencef V. cracca in our
roadsidesurveysandits absencérom burnedstandsin contrast,M. officinalis wasabundant
alongroadsidesandis known to dispersevell by waterandhumanvectorsin disturbedhabi-
tatsassociatewvith roadsandrivers[2].Althoughtheroadsidepresencef M. officinalis was
highin our surveysthe occurrenceof M. officinalis into burnedareasvaslow (<4%)on the
Dalton Highwayandabsentlongthe ParksHighway.M officinalis is easilydispersedy
water,andgrowsbeston welldrainedexposednineral soilsthat arealkalineto slightlyacidic
[2,15,16,19]. Thesecharacteristicsorrespondo thoseof roadsidegndroadsideditches,
whicharemostlymadefrom sandandgravelfrom floodplainsor rock quarries[2]. Upland
blacksprucesoilsin interior Alaskaareacidic(pH 3.8+4.5]1] evenfollowing aseverdire
[33], whichis muchlowerthanthe optimum pH for M. officinalis growth[2]. Dispersalimita-
tions,in associatiomith alackof suitableseedbedor colonization,mayexplainthe absence
of M. officinalis in burnedstandsdespitethe high roadsidepropagulepressureTheseresults
highlighttherole of dispersaln shapingpatternsof non-nativespeciegstablishmeniaswe
observedhewind-dispersedr. officinale colonizingmore newterritory while otherspecies
with higherpotentialgermination,suchasM. officinalis and V. cracca, remainedargelyabsent
from burnedandunburnedstands.

This studysupportsthe generabbservatiorthat non-nativeplant establishmentemains
low in naturalborealforestq12,29]. Evenin disturbedforestswefound limited spreadof
non-nativeplant speciesnto recentlyburnedareasalongboth the Dalton and ParksHigh-
ways despiteabundantroadsidepopulationsof T. officinale and M. officinalis. Moreover the
diversityof non-nativeplantsfound alongthe roadwaysvaslow, andother speciesuchasV.
cracca, H. jubatum, M. discoidea, C. album, and P. major wererarelyencounteredn our sur-
veysCurrentlow densitief non-nativespeciesn Alaskanborealforestsarelikely main-
tainedby acombinationof low propagulepressureawayfrom humanpopulationcentersand
poor seedbedthatrestrictcolonizationof burnedand matureforests Our seedingexperi-
mentsindicatethatfire disturbanceshatremovethe organiclayercouldfacilitatetheinvasion
of non-nativeplantsproviding thereis adispersalrectorfor viableseedsStrategianonitoring
of non-nativeplant spreadcould benefitfrom mappingof fire severityand otherdisturbances
thatmayremovethe soil organiclayerin blackspruceforestsgspeciallyn thoseareasvhere
propagulepressuras high.

Supporting information

S1 File. R code for data analysis of seeding experiment and non-native plant survey data.
(DOCX)

S1 Table. Survey site coordinates for burned stands adjacent to the Dalton (DC) and Parks
(NE) highways.
(DOCX)

S2 Table. Survey site coordinates for mature stands (>60years since fire) adjacent to the
Dalton (DC) and Parks (NE) highways.
(DOCX)
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S3 Table. Presence of Taraxacum officinale (TAOF), Crepis tectorum (CRTE), and Melilotus
officinalis (MEOF) associated with distance (0-100 meters) from the highway for each site.
(TXT)

$4 Table. Roadside presence (high, medium, or low) or absence of Taraxacum officinale
(TAOF), Melilotus officinalis (MEOF), Crepis tectorum (CRTE), and Hordeum jubatum
(HOJU), Mastricia discoidea (MADI), Chenopodium album (CHAL), Plantago major
(PLMA), and Vicia cracca (VICR) for each site along each highway (DC = Dalton,

NE = Parks) and stand type (BU = burned, UB = unburned).

(TXT)

S5 Table. Experiment seeding counts of Vicia cracca (VICR), Taraxacum officinale
(TAOF), and Melilotus officinalis (MEOF) for each of the applied treatment categories.
(TXT)
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