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Abstract

Invasive plant species that have the potential to alter fire regimes have significant impacts
on native gcosystems. Concern that pine invasions in the Southern Hemisphere will increase fire
activity and'severity and subsequently promote further pine invasion prompted us itoeetkeem
potential for feedbacks betwePmus contorta invasions and fire in Patagonia and New
Zealand. We-determined how fuel loads and fire effects were altefecdcbgtorta invasion. We
also examinedpodire plant communitiesaoss invasion gradien& a subset of sites to assess
how invasion alters the post-fire vegetation trajectory. We found that fuks el soil heating
during simulated fire increase with increasihgontorta invasion age or densigt all sites
However, P. contorta density dd not always increase pefite. In the largest fireR. contorta
densityenly-inereased significantly pdse where the prdire P. contorta density was above an
invasion threshold. Below this threshdRl,contorta did not dominate after fire and plant
communities responded to fire in a similar manner as uninvaded communities. ifive pos
feedback observed at high densities is caused by the accumulation of fuel thatesulisnm
greater soll heating during és and highiP. contorta density posfire. Therefore, a positive
feedback may form betweéh contorta invasions and fire, but only above an invasion density
threshold. -Fhese results suggest that management of pine invasions beforadhdlyere
invasionsdensity threshold is important for reducing fire risk and preventing ditnamns an

alternaté"ecosystem state dominated by pines and novel understory plant cagsmuniti

Keywords: Biological invasion, fire, fuel load, invasion impaictyasion thrghold,pine

invasion,Pinuscontorta, positive feedback
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I ntroduction

Invasive plants can lead to abrupt shifts in fire regimes that increase the potential for
invasions to impact native ecosystems (Brooks et al. 2004, Pausas and Keeley 201dnsinvas
that alter fire regimes may endanger native plants that are well adapted to one fire regime but
may be threatépned in another (Keeley et al. 2011). Invasive plants can influemegifites by
altering fuelrleads+(Dibble and Rees 2005, Pauchard etG8) 2ire frequency (Balch et al.

2013), fire;spread (Balch et al. 2013), fire intensity (van Wilgen and Richardson 1985, Stevens
and Beckage 2009, Setterfield et al. 2010), and flammability (Dibble et al. 2007). lmpacts
woody invasive plants on fuel loads are ygéariable (Mandle et al. 20)5uggesting that it is
necessary to'examine each species or group of species orbg-case basis to fully

understand the potential effects of woody invasions on fire regimes.

Invasion/impacts on native commities can be exacerbated when invasive plants create
positive feedbacks with fire, altering fire regimes in ways that promote their own success over
native plantss=PRositive feedbacks can cause rapid shifts in the frequency and severity of fire
activity. Hence, identifying invasive species capable of causing positive feedbacks is essential to
predict which species will be high impact invaders and to prioritize management efforts
(Gaertner et'al,2014). For example, the gfaisssycle is a well describgghenomenon in
which non-native grasses increase fine fuel loads and/or fine fuel continuity dnustimg more
frequent, largeror more intense fires (Setterfield et al. 20Balch et al. 2013, Wagner and
Fraterrigo-2015), which in turn promote their own dominance over native plants (D'Antonio and
Vitousek 1992). Feedbacks between woody invasive plants and fire are less well stiddiad a
either promote or discourage fire (Pauchard et al. 2008, Stevens and Beckage 2009).

There is concern that invas®by fireadapted pine species (gerRisus) may increase
fuel loadsfand.overall landscape flammability, promoting a more fire-pronecplamunity to
the detriment ef native specieSithberloff et al. 2010, Veblen et al. 20 Raffaele et al. 2016
However, eventhough pine invasions are widespread across the Southern Hemisphere due to
pine intreduction for forestry (Richardson and Higgins )988v studies have examined
evidence for the formation of a positive feedback between pines anfifius contorta
(lodgepole pine) is one of the most invasive pine species (Rekmand Richardson 1996), and
is rapidly invading the Patagonian steppe (Langdon et al. 2010, Taylor et al. 2016a), Chilean
Araucaria forests (Pefia et al. 2008, Taylor et al. 2016a), and both North and South Island, New
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92 Zealand (Ledgard 2001, Taylor et al. 2016a). WRileontorta is known to accumulate high
93 fuel loads in its native range (Baker 2009), it grows faster in its introduced than native range
94 (Taylor et al. 2016a) thus potentially resultingniore rapidfuel accumulation. Furthermore,
95 fire is widely considered to enhanecontorta regeneration investern North Americay
96 causing prolific recolonization of burned areas, even in non-serotinous populations (Baker 2009)
97 Although evidence suggests a positive feedback between fire and pine invasiodsathis i
98 has not'been'well tested with empirical data. To our knowledge, only one study has examined
99 changes infuelloads due to pine invasions. CAobar-Carranza et al. (2014) found tbetsted f
100 ecosystem fuel quantities did not change Withontorta invasion but fueltsucture was altered
101 causing apotential switch from a surfattecanopyfire dominated regime. Several studies have
102 looked at regeneration and other pins-effects in areas with and without exotic pine species. In
103 South Africa, sail properties under burned pine canopies and native fynbos suggesied that f
104 severity was higher in pine plantations than in fynbos (Scott and Van Wyk 1990). In Pgtagonia
105 postfire Pinus ponderosa plantations created novel conditions that prevented regrowth of native
106 matorial (shrubland), despite the fact that matorral is well adapted to surface fire (Nufiez and
107 Raffaele 2007) Whether the pdse vegetation trajectories differed due to-fire species
108 compositien,or changes in fire severity in this stiglynclearIn the Argentine pampas and the
109 South Afriean fynbos, fire caused a rapid expansion of introdBicew halepensis (Richardson
110 1988, Zalba et al. 2008).
111 Postfire successional trajectories can be altered by exotic piatthie mechanisms
112 causing the"obserdechanges in community structure and function are still poorly understood.
113 The goal ofithis study is to better understand the relationship beRveemtorta invasions and
114 fire activity in locations wher®. contorta has invaded open habitat (grasslands and shrublands)
115 inthe Southern Hemisphere. We addressed this objective by first, assessing changes in fuel loads
116 across &..contorta invasion gradient at fowgitesin three countries ithe introduced range
117 (Argentina, Chile and New Zealand). Specifigale determined if the abundance of each type
118 of fuel waselated to pine invasion age or invasion density. Second, we used our fuel data from
119 across the'invasion gradient to model soil heating during a simulated fire. Thadsessed the
120 response of the vegetation and, in particl®acontorta to fire in a subsetfeites that had recent
121 fires. We expected that increasing pine density would be associated with increasing fuel loads
122 and thus greater soil heating during fire, which in turn may redeosegy of some native

This article is protected by copyright. All rights reserved



Taylor et al.

123 species. We hypothesized thatgs would dominate burned ared@ke results of our study
124  provide new information about the mechanisms that may cause changes in fire regimes as a

125 result of pine invasions in Southern Hemisphere plamtrounities.
126 Methods

127 Sudy Stes

128 Sampling occurred at four sites in Argentina (AR) (1), Chile (CL) (1g,New Zealand
129 (NZ) (2) (Appendix S1Table S1). Each of these sites has been invad&ddmntorta over the

130 past 24 t0/53 year3 he sites were eithelominated by native and introduced grasses (CL, first
131 NZ site) or native shrubs (AR, second NZ site). The site in Bariloche, Argentina (AR) was a
132  shrub steppe community (dominatedNdylinum spinosum, Acaena spp., andtipa spp.) TheP.

133 contorta plantatbns at ARwereon average 34 years old. An area of the study site (plantations
134 and nativessteppe) burned at moderate to high severity in a 300 ha bansaak-fire in

135 December 2006T'he Chilean site, located in Coyhaique Alto, was a grass steppe community
136 (Festuca spp.; Langdon et al. 201®inus contorta plantations at CL were an average of 24

137 years old. A7 ha humaraused fire burned at modés to high severity through a patch of

138 Nothofagusspp=and dense shrubs at this site in November J0iELtwo NZ sites were in the
139 Canterburyegion on the South Island. NZ1 was dominated by introduced grasses and forbs (e.g.
140 Agrostiscapillaris, Hieracium spp.) and nativEestuca novae-zelandiae. The more diverse

141 Craigieburn Forest Park site (NZ2) contained areas dominated by introdusselsgrad forbs,
142 native grasses, the tall shrub manukgp{ospermum scoparium), and shorter shrub®{scaria

143 toumatou). At NZ2 there was a very small (1 ha) huneaused fire in 1986, that appeared to
144  have killedsalkshrubs at the sitghfubs have since begun to regener&@ntations were

145 originally-planted 45 years ago at NZ1 and 53 years ago at NZ2. New Zeatsndesie

146 sampledin“January and February 2013 and Patagonian sites in January and February 2014.
147  Fuel Loads

148 To collect fuel data across the gradient of invasion let@lsn wide transectsere

149 randomlyplaced athe edgef P. contorta plantations and ran perpendicular to the plantation
150 edge into natural vegetatiofiransects started at least 50 m from other trandeatsto different
151 invasion ages and topographic and anthropogenic barriers, transects were noetlemgth at
152 all sites At NZ1 transects were 3.5 km, at AR 2 km, at CL 800 m, and at NZ2 Q@@6At

153 NZ2, 2 additional 200 m transects were added at random start points along the 1986 fire
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154  boundary that crossed the fire and continued for 100 m into adjacent unburned vegetation. Due to
155 thefire’s small size these transects started 25 m from each other but ended 200 SBaamale.

156 fuel plots were randomly selected £ 1-5 every 100 m) for a total of 44 plots at AR, 3%t

157 73 at NZ1 and 128 at NZ2. Within each plot, basafter, diameter at breast height, height to
158 crown basegand height were measured for Pacbntorta individual. Age of each tree was

159 estimatedased on whorl counts or tree cores. One thousaodfuel loads were also collected
160  within the'entire 100 fplot. In four one-risubplots, one hour, ten hour, 100 hour, herbaceous,
161 and shrubfuels'were recorded using the Photoload method and averaged for d&efapéot

162 and Dickinson 2007). All of the biomass in 12 subplots at AR and 17 subplots at NZ2 was
163 clipped, sortedhinto fuel typ@ne hour, ten hour, 100 hour, herbaceous, and shrub fuels), dried,
164 and weighed to calibrate field Photoload estimatpsctes composition délte two New Zealand
165 sites and the two Patagonian sites was similar (besides ggeatbrdominance at AR and NZ2)
166 so the calibratiom from NZ2 and AR were also applied to NZ1 and CL, respectively. Two

167 measurements of litter and duff depth were takench sabplotPercent litter cover and litter

168 type (e.g.grass, pine, shritpthofagus spp.) were also recordeSlamples of eaclitter type

169 were collected; dried, and weighed to determine the bulk density of each type. Deptlndover
170 bulk density,valuesvere used to determine éttfuel loads in each subpl@inus contorta

171 biomass.was calculated using separate allometric equations for trees with heights > 1.37 m
172 (Jenkins et al. 2004) and < 1.37 m (Turner et al. 2004pntorta biomass < 2 m in height was
173 added to the shrub stratum fuel loads (which includes all live woody biomass < 2 m ij. height
174 To examine the relationship betwdercontorta and fuel loads, total fuel and fuel of

175 each fuel typeswere modelled with multiple linear regression as a furétione since invasion
176 of the plot (TSI; age of oldest tree in plot) ddontorta density. AtNZ2, the model included

177 management as a predictor because some plots were in areas where pines had been cut or hand
178 pulled and. left.on the site in the past y&&here necessary, fuel loads were-tcansformed to

179 meet normality;assumptionall statistical analysis was performed in(R Core Team, 2014).

180 Fire Effects

181 The‘impact ofP. contorta invasion orsoil heatingvas determined with the First Order
182 Fire Effects Model (FOFEMReinhardt 2003)FOFEM assumes that &lerbaceous arldter

183 fuels will be consumed and uses the Burnup model to consume woody fuels in eaélbpiot (
184 & Reinhardt, 1997). Solil heating is modeled as a function of fire intensity, duration, and soill
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properties. Although this model was created in North America, it uses actliakii® for each
fuel type to simulate fire rather thanedetermined “fuel models” specific to North America so
we feel it is appropriate to use in a different settfgel data for each plot were input into the
batch processing function of FOFEM. Laognsformed soil temperature was modeled using
linear regession as a function of T, contorta density and management (at NZ2)
Plant Community Response to Fire
Weexamined the responsePRbfcontorta to fire (e.g., regeneration density) and the effect
of invasion on‘the response of the rest of the vegetation community to fire (e.g., composition,
abundance) at a subset of sites with recent firgigctWe determinedP. contorta density
continuously im10 x 10 m plots along the transects described above at AR, CL, and NZ2 where
the transects passed throughent burns (CL burned in 2011; AR in 2006; NZ2 burned in
1986). Where the plots were burned at AR and CL, we recorded the density of triées pre-
most of which died during the firandlive regeneration density. We only recorded live
regeneration desity at NZ2 because the fire was older and we could not reliabiyt prefire
density. Wewsed the densities from these burned plots and all unburned plots on the transect
that were within 100 m of the fire edde,control for environmental variabilityn the
comparisen,0P. contorta invasion density in burned versus unburned plots (n=347 at AR; n=68
at CL; n=27"at NZ2). We modeled density in the selected plots as a function pfdire
vegetation type (shrub or grass dominated), and their interaction using a negativialbimnged
model to account for overdispersion and spatial autocorrelation (Fournier et al. 20l eSha
2013). Wherewegetation type was not signific&#0(05) it was not included in the final model.
Correlogramssshogd that the maximum distance of diy correlaton was 50 m. Including 50
m clusters as a random effect in the model significantly reduced the spatial autocorrelation.
Further analysis was conducted for the AR site given the larger extent of the fire and the
variety of vegetation types that burnéd ¢ontorta plantationspP. contorta invaded areas,
uninvaded. steppe). At AR, we plotted the densitl.afontorta that had colonized burned plots
as a function'of the number of dead, burRedontorta in each plot to determine the invasion
level at whiehPR. contorta density is higher after fire than befoféhis relationship was non-
linear and suggested a threshold (1000 trees/ha) above whidir@&steontorta density was
much higher than prére density (Fig. 1).We dividedthe prefire invasion level for each
density plot into categories (low invasion burned, high invasion burned) based on this éhreshol
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and then modeled the density data from AR as a function of the fire-invasion category
(unburned, uninvaded burned, low invasion burned, high invasion burned) using a negative
binomial mxed model as described aboVée could not repeat this process at CL because only
two plots were invaded Wy. contorta prior to burning.

In order. to furtherxamineP. contorta and understory plant community response to fire
at AR, we surveyed the species composition of burned and unburned plots located iompsantat
invaded areas‘(invaded piiee), and uninvaded areas. Hereafter, we refer to these diffmeas
of samplingas™conditions” which include the six categories: uninvaded unburned, uninvaded
burned, invaded unburned, invaded burned, plantation unburned, and plantation burned. We
randomly placed five plots in each category except the plantation burned category, which ha
plots (32 pletsitotal). The plots were 5 x 5 m and in each we recordpdrttent cover of all
species and the numberffcontorta individuals and their ages, as well as t&®tatontorta
cover. We used principal coordinates analysis based on Mélistadistances between plots to
examine differences in species composition (excluBirgpntorta) between plotsWe used
permutationalrmultivariate analysis of variance (PERMANOVA) to determine if plot condition
affected plot leviespecies compositiofDksanen et al. 2013)Ve also modeled total nativéapt
cover andilog transformed exotic plant cover as a function oftcamaith linear regression.

Results

Changesin Fuel Loads

P. contorta invasion was associated with increased aNéuels at all sites (Fig.,2
Appendix'S1: Fig. S1, antiablel). Metrics ofP. contorta invasion explained more of the
variation infuekloads at the grassland sites (CL, NZ1) than tiublsimd sites (AR, NZ2; Table
1). Timessineesinvasion (TSI; oldest tree in plot) was generally more importar® tbantorta
density inexplaining fuel loads at CL, NZ1 and NZ2, while invasion density was more amiport
than TSI at AR (Tabl&). In all cases except onie significant relationships between invasion
age or density and fuel loads were positive.
Changesin Fire Effects

Overall, simulated soil heating increased most with invasion into-gaesated sites
CL and NZ1, and TSI and/&. contorta invasion density generally explained more of variation
in these responses than at the skdaiminated AR and NZ2 sites &blel). TSI was generally
the best predictor of simulated soil temperatures, although there was somenvhyiaiie and
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247 response (Tablg). At NZ2, including management in the models improved their explanatory
248 power (e.g. Rof 0.28 versus 0.03 for dace temperature, with and witht management

249 respectively)Management resulted in a steeper increase in soihgeaith increasing TSI (Fig.
250 3D). At CL1, soil heating appears to have a threshold (aro8hd0yeard below which soil

251 temperaturglid.na change with increasing invasion age and after which there is a rapid increase
252 in soil temperatures (Fig. 3A).

253  Pinus contorta’Responseto Fire

254 At AR;"P! contorta density depended on fire-invasion class (high invasiofifgglow

255 invasion pre-firé, no invasion pffére, unburned; y* = 32.2, df = 3P<0.0001). Density was much
256 higher in burned plots withre-fire invasion densities above the 1000 trees/ha threshold than in
257 any other category (Fig. 4A), although there wstedistically significant diffeneces P<0.05 for
258 pairwise comparisons) between all groups except the unburned and low-invadios jpias

259 At CL, we sampled 32 plots in the 2011 burn, of which only twoFhadntorta trees

260 growing inithe plot and these trees had survived the fire. No other plots in the burniealdarea
261 been invadedwprior to the fire. Consequently, plots in the burned area had sigpifmaet/P.

262  contorta density‘than unburned plots at this site ()(2 =15.7, df = 1P<0.0001; Fig. 4B

263 AtNZ2, thee was asignificant vegetation bfire interaction (x° = 8.7, df = 1P =

264 0.0031) whereby there was no differenc@imontorta density between burned and unburned
265 plots in grasslands; however, unburned shrublands had significantlyRoeatorta density

266 thanburned shrublands (Fig. 4C).

267 Plant Community Response to Fire at AR

268 At AR;-we found that fire altered plant species composition in uninvaded and lightly
269 invaded sites but that in plantations and highly invaded sites (greater than 508 Pre-

270 contorta cover or 800 trees/ha), plant composititiarged little with fire (Fig5). The principal
271 coordinates,analysis identified three main groups of plots: (1) plots that hadtegtotP.

272 contorta beforeor after fire (Figh, dashdot line circle), (2) plts that burned and were either
273 uninvaded.erhad low densitiesfcontorta (<200trees/harefire; Fig. 5, dashed line circle),
274 and (3) plots that were unburned and either uninvaded or very lightly invaded (Fig. 5, solid line
275 circle).Condition (uninvadd unburned, uninvaded burned, invaded unburned, invaded burned,
276 plantation unburned, plantation burned) was a significant predictor of species cangési:

277 =3.5,P=0.001) with an Rof 0.40.
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Condition was also a significant predictor of totaiveplant cover (E2s= 9.6,
P<0.001, B= 0.65) and total exotic plant cover (not includPgontorta; Fs.c= 5.6,P =
0.001, R= 0.52) at ARThere was no difference in native plant cover between uninvaded
unburned and uninvaded burned plats {1.0, d.f. = 26P = 0.31); however, plots in all other
conditions had, significantly lower native plant covex.05 for all pairwise comparisons) than
uninvadediunburned plots. Exotic cover was higher in invaded burned plots (mean = 1£14%,
2.4, d.f/=26P= 0.03) and lower in plantation unburned plots (mean = 0.02%2.4, d.f.= 26,
P = 0.02) than'in the uninvaded unburned plots (mean = 0.66%).

Discussion

Our results highlight the potential fBr contorta invasions to modifyire regmes. Fuel
loads andssimulated fire effects were altered by invasion at all Gieanalysisof changes in
postfire P=econtorta density and plant communitias AR demonstratethat invasive plant
impacts can have nonlinear threshold responses thditiresegime shiftsThe nonlinear
increase in fuel loads &Z1, NZ2, and Clsuggest that threshold responses are also possible at
these sites. We suggest thateP. contorta invasions cross a density threshadositive
feedback-with-fie is likelyto develop (Fig. 6). The positive feedback at Higlkontorta
densities is created by the accumulation of high fuel loads that in turn result in greater soil
heating during the fire and thus altered plant communities andPhigimtorta density posfire.

As expected, overall fuel loads increased with increaBimgntorta invasion age or
density. This increase in fuels likely has serious consequénda® activity and behavior.

Other studies have also found fuel loads to increase with woody is\&uleile and Rees 2005,
Pauchard et-al=2008), which can lead to increased fire intensity (van Wilgen andigbohar
1985). bead-weody and duff fuel loads were low, due to the young age of the invasions but we
expect both types of fuel tncrease over time with litter accumulation and standtbeihing.

Our results suggest that changes in fire behavior, and not just changefiri pleait
composition, likely contribute to differences in péist-regeneration success. More seveie s
heating'with increasing levels of invasion may explain the differentfppegstajectories seen in
sites dominated by pines compared to native-dominated sites in our study an¢Huilees et
al. 2000, Nufiez and Raffaele 2007, Zalba et al. 2008). If seedbanks and resprootsngrela
destroyed by fire, then native regeneration is more dependent on distance to aedrestisce.

In invaded shrublands and grasslands, pines may have the advantage in seed dispersal over
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native shrubs and forbs because their greater height and winged seeds readityr &logy
distance dispersélLedgard 2001). We expect that soil heating wiltdmeemore intense in older
invasions once a duff layer and 1000-hour fuel loads develop, as smoldering of these types of
fuels contributes greatly to soil heating (Baker 2009).

Soil_heating also intensifieat NZ2 wherenanagement practicesittreesand leftthem
on site. Overall'fuel loads were lower in managed plots but the distribution ofeilsgdowned
dead woodyversus standing live woody fuels) affected soil he&imgarly, in South Africa
cutting and'leaving invasive pines on site followed by burning led to more negative impacts on
native plant communities compared with strategies that burned standing pskkiebedue to
sterilization ofthe uppesoil layers(Holmes et al. 2000). Managers should consider the impact
of control actions on potential fire behavior to avoid undesirable vegetation triege tostfire.

Overall, we saw more impaof P. contorta invasionon fuel loads and fire effexin
grasslands than shrublands. Shrublands had higher live woody and litter biomass prior to
invasion. Some shrublands already have enough fuel present to burn at moderate to high
severities withQuP. contorta invasion, such as manuka in NZ (Perry et al. 2014) and tall
shrublandstad:N. antarctica stands in Patagon{#lermoz et al. 2005). Identifying combinations
of plant lifeforms and ecosystems most likely to result in a regime shift is important to predict
highimpaetinvaderg¢Gaertner et al. 2014YVe suggest thatees invading into grasslands are
most likely to significantly alter fire severity andgtdire vegetation comunities

The.changes that we observed in fuel loads and simulated fire effects likeliatentii
the differentpostire trajectories of plant communities in areas with different levels of
contorta invasion.At AR, P. contorta density increased after fires in areas that were highly
invaded (31000 trees/ha) or plantatiopsdr to fire). Conversely, in some sites, fire in low-
density invaded. plots actually resulted in lowecontorta density.This threshold response
supports the theoretical model of Buckley e{(2007)who posit that there is a tension between
disturbance premoting invasion and disturbance killing the seed source necasssagsion.
Native plant=communities at AR also appeared to have a thregspldnse to fire based on the
level of P. contorta invasion. Plant community composition in areas without dénsentorta
invasion at AR shifted after fire compared with the compaosition in unburned plotsyéowe
postfire plant communities were stidlominated by native species in uninvaded as well as in

lightly invaded plots. Highly invaded plo¢s800 trees/haat AR had a different species
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composition than uninvaded burned or unburned plots, and this compoditioot &ihift after

fire (Fig. 5) The maintenance of similar species composition in burned and unburned highly
invaded plots, as well as the creation of Hgleontorta densities postire, suggest that dense
invasions lead to a new and relatively stable state that is resistant to disturbances such as fire.
Thus, these:highly invaded communities exhibit “unhelpful resilience” (Standash2t14),

which maintains them in an undesirable invaded statee communities cross tdensity

threshold itis‘unlikely that they will return to a natideminated state without significant
managementiintervention (Cuevas and Zalba 2018exefore management of pine invasions
before they reach this threshold is necessary to prevent a new fire regime and vegetation state
that may be undesirable.

Theobservethreshold effecat AR could resulfrom differences in native arfel
contorta propagule supply due both to differences in pre-fire plant abundanceftaneraies in
fire behavior caused by high fuels in older aedskr invasions. The more severe fires could
hamper herbaceous or shrub regeneration by harming native plant seeds or reproductive organs
(Holmesetsal=2000, Zalba et al. 2008)heread°. contorta regenerates well after severe surface
fire (Baker2009 and has seeds that are resisto higher temperatures than two native
Patagonianree speciefCébar-Carranza et al. 2015). AdditionaB®,contorta seedlings do not
compete.well with gragd.edgard 2006and thus more severe fires may create favorable
conditions for seedling survival and growth by reducing herbaceous competition. Furthermore,
highly invaded areas have lower nativenpleover and species richness than uninvaded areas
prefire (Ledgard and Paul 2008, Taylor et al. 2016b), resultidgvirer native plants to
contribute ta.the seedbank or to resprout after fire.

Although the nature of the studied fires prevented us from thoroughly investigating if a
threshold response exists at CL and NZ2, several results are consistent with the potential for a
threshold at.these sites as well. First, fire did not result in an increase in invasion density in either
site. At CL,.the/burned area was largely uninvaded prior to fire and thus below aapotent
invasion threshold. Given the older age of the fire at NZ2, the pre-fire invasion density i
unknown, hewever the lack of downed déadontorta trees at this site suggests that the area
was not dominated by a dense mafareontorta stand prior to burning ansasthus likely
below a potential invasion threshold. Second, fuel loads and soil heating generadlgedarea
nondinear fashion at all sites, highlighg the potential for abrupt changes in fire behavior and,
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consequentlyR. contorta density and plant community composition post-fire. Further study is
necessary to determiifethe threshold for a positive feedback between pine invasion and fire
indeedexists at other sitehow it varies between ecosystems with different historical fire
regimes and plant communities, and if it depends on fire properties (e.g. season, duration).
Overall.our study shows the strong potential for invasive pines to alter fuel loads, f
effects and, post-fire plant communities, particularly when invasion densities crasshdlu
and where'woody species represent a novel life form. Although it has been suggested that a
positive feedback between pines and fire is inevitable, our data suggest that there is a threshold
density below which a positive feedback is unlikely. Above this threshold, firekkety be
more intensesanchayfacilitate a conversion to pine dominati@iven the widespread nature of
pine invasionsrand the tendency of these invasions to create dense stands in openatabitat t
exceed the threshold identified here (Appendix S1: Fig. S2), the interaction betmeen pi
invasions and fire will be significant in the future. The implications for manageareclear, in
areas vulnerable to pine invasions (especially grasslands and sparse shrubland/steppe), the
removal ofsproepagule pressure is likely necessary to prevent invading pineedeingiti

crossing thresholds at which increased fuel loads lead tofiresqgone landscapes.
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Table 1. Ceefficients-values and the variation explained by the best model (éttlgantorta

density and‘time since invasion (TSI) or only one explanatory variable wheréénasatot
significant) for fuel overall, each fuel class, and simulated soil temperatures at each site. Density
was included in NZ2 models but was not significant in ai8}.signifies the coefficient for time

since invasion, Den for tot&l. contorta density, and Mgt for management at NZ2.signifies

no significanterelationship betweeretpredictor and response variable (fuel loads or soil

heating).
Dead Surface 2cm
All Shrub  Herb Litter _ _
woody soll soil
fuel fuel fuel fuel _ .
fuel heating heating
AR -
Den 0.01 0.02 - 0.07 - - -
shrubland
Pden 0.02 <0.01 - 0.06 - - -
TSI - - - - - - -
P TSI - - - - - - -
R 012 017 - 0.09 - - -
CL -
Den - - -0.001 - - - -
grassland
P.Den - - 0.02 - - - -
TSI 0.2 0.32 - 0.18 - 0.13 0.07
PTSI <0.01 <0.01 - <0.01 - <0.01 <0.01
R? 0.55 0.66 0.15 0.30 - 0.47 0.53
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NZ1 -
grassland Den - - - - - - 0.004
P Den - - - - - - 0.03
TSI 0.26 0.38 0.13 0.24 - 0.11 0.07
R.TSI <0.01 <0.01 <0.01 <0.01 - <0.01 <0.01
R? 0.49 0.34 0.29 0.29 - 0.28 0.65
NZ2 -
<hrubland Mgt -0.76 - - -0.67 -2.11 -0.78 -0.37
P Mgt <0.01 - - <0.01 <0.01 <0.01 0.01
TSI 0.26 0.63 - 0.14 0.28 -0.09 0.05
PTSI <0.01 <0.01 - <0.01 <0.01 <0.01 o0.01
Mgt*TSI - - - - 0.54 0.28 0.07
PMgt*TSI - - - - <0.01 <0.01 0.03
R 0.43 0.26 - 0.18 0.55 0.28 0.24
533
534
535
536

537 Figure 1.Rostfire Pinus contorta density (trees/ha) versus giee P. contorta density (trees/ha)
538 at the AR sitdor all burned 100 fplots sampled. The dashed line shows the 1:1 line where
539 postfire density equals density pfiee. The vertical line shows the threshold of 1,000 trees/ha
540 above whiechsposfire P. contorta density was higher than pfiee P. contorta density for all

541 plotsmeasured:

542

543  Figure 2. Total fuel (kg/A) as a function of time since invasion (CL, A; NZ2, D; NZ1, C) and
544  Pinus contorta (P1ICO) density (AR, B) with the fitted line from the models of each site and the
545 95% confidence interval shown. The grayscale of the points represents the pettoehotad

546 fuel load that was accounted for Bycontorta biomass (Percent PICO), withrétar points

547 having a higher percent Bf contorta biomass relative to other types of fuels.

548
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Figure 3. Simulated soil temperature at 2 cm depth as a function of time sincenr{ygswath

the fitted line from the models of each site and the 95% confidence interval shown. The
grayscaleof the points represents the percent of the total fuel load that was accounted for by
Pinus contorta biomass (Percent PICO), with darker points having a higher percent of

contorta biomass relative to other types of aie

Figure "4 Pinuseontorta density (trees/ha) in burned (gray fill) and unburned (white fill) 160 m
plots at AR(A),"CL (B), and NZ2 (C HIB = high invasion burned, LIB = low invasion burned,
NIB = notlinvaded burned“Grass” and “shrub” in (Crefer to whether the plot was dominated
by grass or shrub priee at NZ2 The older age of the fire at NZ2 prevented us from classifying
predfire invasion level at this site. Vegetation type was not a significant predidiocomtorta

density at AR or CL and thus is not shown.

Figure 5.Principal coordinates analysis of understory plant communities based on tiséaMori
Horn distancesbetween species compositions of each plot. Filled points nejased plots
and hollow"points represent unburned plots. Triangles are plantation pl@sesqre invaded
plots, andwcircles are uninvaded plots. Dash-dot line encircles plots that had higbf&nas
contorta before or after fire, dashed line encircles plots that burned and were eithexdad or
had lowP. contorta densities (a maxinm of 200P. contorta individuals per hectare pifege as
judged by'dead stems and aerial photos), and the solid line encircles plots thathuered
and eitheruninvaded or very lightly invadéd ¢ontorta cover 6 to 12%). The point not in a

circle wastuninvaded and burned and still hadmaontorta when sampled after fire.

Figure 6. Conceptual diagram demonstrating the effed®nab contorta invasion and fire on

native plant.communities, based on data collected in Bariloche, Argentina {AiRpercent

cover of each plant type in each ecosystem state is shown in the pie charts (data are means from
5x5 m vegetation plots). Invasion level increases going down through the diagram ancethe dott

line represents the invasion threshold.PAsontorta invasion increases, fuel loads also increase.
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