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Abstract

Poa annuds a cosmopolitan weed in turf grass. It is a witead non-native species in the subantarctic asal al
occurs in the Antarctic Peninsula. It has highlgialle morphology, longevity and reproductive capeacross
both its invaded and native range. Little is knatrout the ecology d®. annuain the subantarctic, particularly its
longevity, morphological variation across smalltigdascales and competitive ability. We monitoradividual P.
annuaplants on subantarctic Macquarie Island to as$esslbngevity; quantified morphology and biomass
allocation across environmental gradients; andsassecommunity diversity indices in areas of vayy#inannua
density. We show th&. annuaplants on Macquarie Island are perennial, and therphology varies with
elevation, animal disturbance and soil properti¢dow altitude, coastal sites with high animaltdidance and
deep, sandy soil®,. annuaplants are larger and native plant diversity is.|I@@nversely, at high altitude sitBs
annuaplants are smaller and the diversity of native sg®eis not reduced. This new information informspih
annuais the most successful plant invader in the subbetitzand quantifies some key characteristics englan
invasive species to function well beyond its ndttaage. Community ecology theory can also expjeitierns in

the ecology oP. annuaon Macquarie Island.

Highlights

* Poa annugpopulations on Macquarie Island are commonly paiedn

* morphology is highly variable, even with fine-$&&0il and environmental changes

* successful at low altitude disturbed sites witked, sandy soils

* biomass predominantly allocated to persistenaghigh reproductive output can be achieved

* traits likely to increase competitiveness, esplgiunder climate change

Keywords: alien, Antarctic region, wintergrass, weed, peralityi
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Introduction
Poa annual.. is a cosmopolitan weed (Heide 2001). Its introdueedje extends to the Arctic (Warwick 1979),

Antarctic Peninsula (Chwedorzewska et al. 2015)<sarimhntarctic (Frenot et al. 2005; Williamisal. 2013,
McGeochet al 2015) (Fig. 1). It is the only introduced planthvan established, reproducing population in the
Antarctic (Chwedorzewska et al. 2015), and ismiust widespread non-native plant in the subanta(btcGeoch
et al. 2015). The longevity, morphology and repicttve capacity oP. annuavaries greatly across its secondary
and native range, largely in response to envirotai@onditions (Warwick 1979, SoredgPeterson 2012Poa
annuaplants in the Antarctic and subantarctic diffetheir ecology from populations elsewhere (Galeral et
2015). On subantarctic Macquarie IslaRdannuawas accidentally introduced by seal hunters neiblyyears
ago. It is now widespread on the island, found framastal tussock vegetation to the wind-swept faldniSelkirk

et al. 1990), and appears to differ considerablysimorphology and reproductive output.

The ecology and population dynamicsRofannuahave been well studied in temperate turf grass evttes species
is a particular management problem (Begtrdl 1978, Wuet al 1987, Mitich 1998, Heide 2001). In turf grass
systemsP. annuatolerates disturbance and nutrient enrichment @&878, Heide 2001), has very high seed bank
densities (e.g. 210 000 seed$)rfLush 1988) and competes with sown turf grassispgBeard et all978). Some
research on the ecology and population dynamiés ahnuahas been undertaken in the subantarBti@ annuas
widespread in the subantarctic, occurring on alntajor island groups and is highly tolerant okzgrg by
introduced herbivores, wildlife disturbance, nuttienrichment and trampling (Copson 1984, Bergstgo8mith
1990, Scott & Kirkpatrick 1994, 2013, Hausmannlef@13, Whinam et al. 2014). It is also an eadioaiser of
bare ground, deglaciated areas and landslips (Fegrad. 1997, 1998). Other aspects of the ecotddd: annua,
such as longevity, morphology and competitive bdre less well understood. Given the variabgiggn inP.
annuaelsewhere, aspects of its ecology are likely téedifoth between the subantarctic islands and wigiands

in response to differing environmental variables.

Longevity is an important and variable plant tiaftuencing population dynamics, often closely akg with a
plant’'s morphology. Field observations suggestdtee annual and perennial population® oinnuain the
subantarctic (Frenat al. 2005). Tussocks in the Antarctic have bduseoved to be perennial (Chwedorzewska et

al. 2015), and the Macquarie Island populationehz®en suggested to be perennial ([Elflial 1971, Selkirlet al.
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1990). However, to the best of our knowledge, tdmgevity of individualP. annuaplants in the subantarctic has

never been quantifieid situ.

The morphology oP. annuaplants can vary both within the Antarctic and suhbectic region and is largely
attributed to environmental factofBoa annuglants growing in the Antarctic (South Shetlands) aubantarctic
Kerguelen and Crozet Islands are smaller and mmrgact due to the lower growing temperatures amdiand
snow damage than those from Poland, a likely sooeaion of the Antarcti®. annuapopulation (Frenot &
Gloaguen 1994; Galeet al. 2015). WhePR. annuaplants sourced from different populations arourewiorld
(including subantarctic Macquarie Island) were graymder common garden conditions, plants maintained
morphological differences in response to provenaaibeit for an unspecified time period (Ellis €t2071). Frenot
et al (1999) observed distinct morphological differenteB. annuabetween populations on subantarctic
Kerguelen and Crozet. Although plants were simiiagize, those from Kerguelen had higher reprodedertility,
possibly due to vertebrate enrichment (higher gigroand phosphorus) at the Kerguelen sites. Pddsusliffered in
morphology within each archipelago in responsemtdrenmental factors such as soil particle sizexet et al.
1999). Whilst the aforementioned research show= tisevariability in the morphology &. annuaacross the
Antarctic region, the variability if. annuamorphology across smaller spatial scales (i.e. eetwpopulations

within an island) and the drivers of this variati@mvironmental correlates) requires more research.

The competitive ability oP. annuaand its impacts on native plant communities inghleantarctic appear to vary
between sites. Some studies show that whilannuais an early coloniser of bare ground, it does nictadly

compete with native species but is outcompeted twer in established native vegetation (Scott &datrick

2008, 2013; Whinam et al. 2014). Other studies mgihat in the highly disturbed, nutrient-enriche@as around
seal haul outs?. annuaforms low grasslands and dominates the native aéiget(Frenot et al. 2001, Haussmann et
al. 2013). Pot trials witl. annuacollected from the Antarctic Peninsula, howevenvebd the speciesompetes
directly with native plants (Molina-Montenegro ¢t2012, 2016). Competitive ability therefore degeion specific

environmental factors.

As the most widespread invasive plant speciesdrsthbantarctic region, it is important to underdttoe ecology of
P. annuaas this has implications for management, consematnd invasion biology in the region and informs

invasive plant biology more broadly. Given thesewledge gaps we aimed to better understand theg@gohnd
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competitive ability and impact &. annuaon native species by: 1) quantifying the longewity?. annuaon
subantarctic Macquarie Island, 2) assessing itphaogical variation in response to fine-scale emwinental
variables, and 3) quantifying the community dynam€P. annuaWe hypothesised that: ) annuawould have a
perennial lifecycle on Macquarie Island in respotusthe colder, harsher conditions, 2) the varigbih the
morphology ofP. annuaacross the island would be explained by differenmeesvironmental variables and 3)

dense infestations &. annuamay suppress the diversity and growth of nativeigse

The explanation, prediction and management of biokd invasions remains difficult and satisfactexplanations
and predictions of invasive species is requireddreg al. 2013). Thus our study contributes toek@anation of
why and howP. annuais an effective weed on Macquarie Island, withia ttamework of community ecology

theory.

M aterials and methods
Study sites
Macquarie Island (54°30’ S, 158°57’ E) has a mearual temperature of 4 °C, precipitation of 980 ma wind

speed of 30 kmhwith little variation throughout the year (Austiaii Bureaeu of Meteorology 2016). The island
consists of an undulating plateau with an averdgeation of 200-300 m above sea level (a.s.l.)aurded by
escarpment or steep coastal slopes and thus higbkla Variable altitudinal range and topographytttietermines
vegetation and plant growth (Selkiek al. 1990). Megaherbs and tussock grasses damalatoastal and slope
vegetation at low altitudes; short grasses, hendssadges predominate in mid-altitude vegetatiod;tayophytes

and cushion plants dominate high altitudes (Teraads. 2014).

Six sites were established in the austral summa0®8 (Jan/Feb) in different plant communities asro
topographic, altitudinal anB. annuadensity gradients:

Bauer Bay and Tractor Rock - low altitude (< 50 s119 and highiP. annuacover (> 60%); Bauer Bay Slope and
Doctor’'s Track - mid altitude (100-150 m a.s.l.)eadiumP. annuacover (15-50%); Lower Boot Hill and Upper
Boot Hill - high altitude (> 250 m a.s.l.), IoR. annuacover (< 10%). An additional three sites were lggghed in
December 2013: The Nuggets — low altitude, Higlannuacover; Sawyer Creek - mid-altitude, medimannua

cover; Mount Power — high altitude, Id®% annuacover.
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At each site location, elevation and aspect (ofstbpe face) were determined by handheld GPS.depih was
measured at ten randomly selected points acrosssitachy inserting a graduated steel rod to a mari depth of
85 cm. Animal disturbance (i.e. old rabbit burrowsddlife trampling) was visually estimated: as lewsoil and
vegetation intact (value of 1); medium — some distace (2) or high — much of the soil and vegetatisturbed
(3). Exposure was inferred based on prevailing wiadd topography: low — sheltered from prevailingds (1);
medium — some exposure (2) or high — exposure throéithe prevailing winds (3). Two soil cores & mm
diameter and 200 mm depth were collected from glsirepresentative location at each site and starpthstic
bags under refrigerated conditions until transgbliack to Australia for analysis. Cores from eatd \were
homogenised, oven dried (40 °C) and sieved to 2aman to analysis. Soil pH and electrical conduityiwere
determined according to Rayment and Higginson (3,291 particle analysis using the pipette metfidedy 1965),
soluble sulphur using the method adopted from Biaal (1991) and absorbance using an inductively coupled
plasma optical emission spectrometer (ICP-OES)h&mgeable calcium (Ca), potassium (K), magnesiuw) @hd
sodium (Na) (measured in ammonium chloride at piti ICP-OES) (Rayment & Lyons 2011) and phosphorus
(P) (Colwell P method) (Rayment & Higginson 1992revdetermined. Samples were also ground to < thFan
% total nitrogen (N) and % total soil organic catf®OC) analysis (TruSpec Series Carbon and Nitrégelyser
— LECO). Soil water content was determined by drime replicates of 10 g of soil overnight at 1T Soil
particle analysis was not possible for The Nuggets Sawyer Creek due to high organic matter conTdra
environmental and soil characteristics of eachasiéeshown in Appendix 1 and were used to explaration of

plant morphological traits and species diversitlidges in the principle components analysis.

Longevity

In February 2013, 2B. annuaplants (where we define plant as a single rametpadbus vegetative and
reproductive stages were randomly tagged at eatfieddriginal six sites, resulting in 120 taggeanps. Only
plants that could be determined to be a single raveee tagged. Plants were marked and the numtdteos,
maximum tiller length (to tip of the longest leafiymber of generative tillers and plant stage
(vegetative/flowering/seeding) were recorded. Rlavtre photographed to document frost heave, er@sid sand

deposition. In December 2013, March 2014 and A4Bi5 plants were re-measured.
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Morphology

In February 2013, twenty 1 x 1m quadrats were rarigaelected within a 20 x 20 m area at each obtiginal six
sites. Ond>. annuaplant (or a 5 x 5 cm clump &f. annuawhen cover was dense) was collected from each quadr
(20 plants/site), except at Upper Boot Hill (sonuedrats contained rfe. annuaplants, so multiple plants were
collected from quadrats which did contain plan®ants (including roots) were extracted to a deypth5 cm and
rinsed of soil using a pressurised hose. The nuwibidiers, maximum tiller length, maximum rootigth, plant
stage and number of generative tillers were reacbrlants were sectioned into reproductive paotstsrand tillers,

dried at 80 °C for 48 hours and weighed to givénaiication of reproductive and vegetative biomass.

Community structure

Vegetation was assessed within twenty 1 x 1 m cuiadit all 9 study sites in Jan/Feb 2014. The spqmiesent
(richness) and percentage canopy cover of eaclespeere recorded. Species diversity of each sit® estimated
using Simpson diversity (calculated as 1-D) (Lah€i80) to capture both species abundance and tlenearof the
species’ abundance distribution. Simpson diversdg not calculated at Upper Boot Hill due to masadyats

having no or little plant cover.

Data analysis

All statistical analyses were conducted in R versgddl.3 (R Core Team 2014). Longevity data, pleaitd, biomass
allocation, diversity indices arfel annuacover were analysed using mixed models (‘Ime’ fiorctn the Ime4
package) with site as a fixed effect and samplesrasdom effect. Whefevalues were significant (< 0.05), means
were separated using 95% confidence intervals ubiméeffect’ function in the effects package. Laneegression
(‘Im’ function with F tests) was used to assessealations between plant traits and diversity indja@nd

environmental and soil characteristics.

PCA was used to evaluate the combined interactetween plant traits/diversity indices and envirental and
soil characteristics. Non-significant variablesnfrthe linear regressions were not included as fapdi
Environmental variables that were strongly coredatith plant traits or diversity indiceB4(> 0.25) were selected
as loadings. Strongly correlated soil variableg.(eations) were included as a single variable. @4 carried out

using the ‘princomp’ function in the stats packédgenables & Ripley 2002).
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Results
Longevity
Most of the tagge®. annuaplants at each site (50-100%) survived for at I&dstnonths (Fig. 2). At least 20% of

the tagged plants persisted at each site for 2thmepahowing the population exhibits perennial@wnly five plants
(of 120) were recorded as dead. Plant losses weiteuded to dynamic landscape processes suchdslips
(Bauer Bay Slope, Tractor Rock — early 2015), sandement (Bauer Bay Beach), frost heave (Lowerldppler

Boot Hill — winter 2013/14) or abundant growth @ighbouring plants (Bauer Bay Beach, Tractor Ro2k14/15).

Morphology

The morphological traits d?. annuaplants varied between sites (Table 1). Plantsght &ltitude Lower Boot Hill
and Upper Boot Hill were smallest (mean of 1.8 aridg respectively), with the fewest tillers (153 12.5,
respectively). Plants at Upper Boot Hill had thersést (3.7 cm) and lowest number of generativersil(3.2) while
plants at Lower Boot Hill had the shortest roots.Qlcm). Conversely, the largest plants were faairithe low
altitude Tractor Rock and Bauer Bay Beach. TraBmeck had the largest plants (19.2 g, 85.4 till280 generative
sems and root length of 21.8 cm). Plants at BaagrBeach had the longest tillers (28.7 cm). Plahthe mid
altitude sites of Doctor’s Track and Bauer Bay ®legere intermediate in size. Most biomass was afiéatto roots
(60.8-80.0%), followed by tillers (18.3-31.6%), tviittle allocated to reproductive material (1.6%) (Table 1).
Morphological variation was greater within the laltitude populations of Tractor Rock and Bauer Bagch than

the higher altitude populations (as indicated keyspread of points, Fig. 3).

Environmental variables were strong drivers ofdi&erences in plant morphological traits betwegass(indicated
by the proximity of the arrow loadings in the PGAg. 3). Elevation, animal disturbance, soil degtid sand
content were the strongest drivers as indicategtgression analysis (Table 2). In general, largatgl (greater dry
weight, numerous tillers, long tillers, many genieatillers, long roots) occurred at low elevatisites which had
high P. annuacover, deep, sandy soils and high animal disturddéBauer Bay Beach, Tractor Rock). Medium-
sized plants were located at sites with high sailewcontent and low pH, low animal disturbance lamdsand
content (Bauer Bay Slope, Doctor’s Track). Smadinpé (low dry weight, few tillers, short tillerg&vii generative
tillers, short roots) were associated with higtvat®sn, high soil magnesium content, |®wannuacover, low
animal disturbance, shallow slope, low sand content pH and shallow soil (Lower Boot Hill, UppeoBt Hill)

(Fig. 3, Table 2).
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Community structure

Species richness and Simpson diversity varied letiee sites (Table 3). The three low altitudessi{Bauer Bay
Beach, Tractor Rock, The Nuggets) had the lowestmspecies richness per sample (< 3.2). The htghd#d site
Upper Boot Hill had similar species richness (3v)le Lower Boot Hill, also at high altitude, hauketgreatest
species richness (8.0). The other sites showethiediate species richness. Two of the low altitsities, Tractor
Rock and The Nuggets, had the lowest mean Simpgtexi(< 0.4) whilst the high altitude sites LowerdB Hill
and Mount Power had the greatest Simpson inde¥. Buer Bay Beach and the mid altitude sites lmad a

intermediate Simpson index.

In general, sites which had the lowest speciesx@sh and lowest Simpson index (Bauer Bay Beacletdr&ock,
The Nuggets) were very strongly associated with laigimal disturbance and high annuacover. They were also
associated, but less strongly, with low soil waientent, low potassium and low exposure (indicétethe
closeness of the arrow loadings in the PCA, Fig-ahversely, sites with increased species richapdsSimpson
index (all other sites) were found at higher elmrat with increased exposure, greater soil watetesd and soil
potassium, low animal disturbance and Bwannuacover. Regression analysis revealed thaannuacover was
the strongest driver of the variation in speciebmess® < 0.01,”R* = 0.61) and Simpson indeR € 0.01,R? =
0.89), with highP. annuacover associated with lower species richness amg&in index (Table 4).

Discussion

Longevity

Previous researchers have suggested®thahnuapopulations can be annual in the subantarctic (Wal975,
Bergstrom et al. 1997, Frenot et al. 2005) buteun@iP. annuaplants to be perennial on Macquarie Island. Most
plants in the subantarctic, both native and noivast are perennial (Convey al. 2006a). Perennial plants are
better suited to the harsh Antarctic climate dugreater investment in survival mechanisms allovtivem to
withstand the harsh winter and quickly regrow t8land roots when the short growing season befilis ét al.
1971, Frenoet al. 2001, Convegt al 2006b). This provides an advantage over annuaisp&hich need to
quickly germinate, emerge and grow to avoid contipetifrom established perennial species (Billiggslooney
1968, Billings 1974), particularly if the level disturbance is not maintained. The perennial nattifre annua
enables it to compete with other plant species aedyarie Island. It would be difficult fé. annuato establish

each season without continuous disturbance asutdame outcompeted by the longer-lived, taller vespecies.
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Morphology

Here we show tha®. annuamorphology is highly variable across very smalltgdacales on Macquarie Island.
Variability within a population can be attributegitioth phenotypic plasticity and genetic variatiGiven few
individuals ofP. annuawere introduced to Macquarie Island, it has beesgnt for only 140 years, it is widely
distributed, it is wind-pollinated and Macquariéatsd is one of the windiest environments in theldat is
unlikely that population partitioning is occurriagd genetic variance is responsible for the vditgbindeed
phenotypic plasticity is responsible for the morplgical variability ofP. annuaelsewhere in temperate regions
(Beard 1996, Varga& Turgeon 2004) as well as the subantarctic andafatic (Galeraet al. 2015, Molina-
Montenegreet al. 2016). We attributed the morphological Vaitity of P. annuaacross Macquarie Island to

environmental gradients, with greater intra-popatawariability at low altitude sites.

Altitude is the most important driver of morphologi variation ofP. annuaon Macquarie Island. At the low
altitude coastal sites, the warmer, more protectextlitions enhance plant growth. Conversely, at higjitude sites
plant growth is restricted by the strong winds aaliler temperatures (Hautiet al 2009). Animal-derived

disturbance and associated nutrient enrichmeritrggertant drivers oP. annuaabundance in the subantarctic
(Walton 1975, Ryan et al. 2003, Haussmahal 2013) Here we have identified that animal-derived digé&mce is

also a key correlate &f. annuamorphological variation on Macquarie Island. Anirdarived nutrient enrichment
occurs at coastal sites but is largely absentgit aititude sites. We did not identify nutrientsagsey driver of
growth, despite the presence of large plants @$ siith high animal-derived distrubance and higtrient inputs.
Most likely, nutrients are leached to deeper septtis than those sampled yet the constant supplytaénts
allows accessibility by plants (Lehma&rSchroth 2003). Elsewhere on subantarctic Kerguelariation ofP.
annuaplants between sites was attributed to differeimeasils, with a more vigorous form growing at teswith
greater fine particle content which was associati¢idl higher nutrients (Frenot et al. 1999). Hereskew that on
Macquarie Island soil characteristics such as depthand water content are also associated witlphwogical

variation ofP. annua

Previous research shows tiratannuaon Macquarie Island can produce very dense sed banks up to 100 000
seeds M which can persist for several years (Williamsle2816) and that this process is drivenfbyannuacover

and soil wetness and to a lesser degree, elevatndmal disturbance and soil depth. These densklsetks are
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likely to enhance the persistence of the specigt®island. Here we show that f8r annuaplants biomass
allocation was consistent across all sites, degpitéronmental differences. Plants allocated carsioly more to

root biomass than to reproductive structures adbas found on Kerguelen (Frenot et al. 1997). Tthescommon
survival strategy for plants growing in colder, $tegr conditions (Hautieat al. 2009) and it may also enable them to
quickly recover from the winter (Scait Billings 1964). On Kergueler?. annuaalso had very little reproductive
biomass (8%), with the majority of the biomass cosgd of tillers (53%) rather than roots (such aMacquarie).
This may be due to the contrast in soils betweenwlo islands with shallow, infertile glacial sofksstricting root
growth on Kerguelen (Frenet al. 1997). On Macquarie Islarfel, annués high biomass allocation to roots is likely
to aid persistence in established perennial néliiva and may enable plants to access nutriergseatter depths

(Ericsson 1995).

Community structure

Vegetation assemblages throughout the subantar&idriven by environmental variables such as mst
exposure, soil material, salt spray, altitude, slapck cover, and particularly nutrient enrichmand disturbance
by wildlife (Smith& Steenkamp 2001; Ryast al. 2003; Frenadt al. 2005; Scot Kirkpatrick 2005). On
Macquarie Island, environmental and soil charastes also drive plant community diversity. HowewehereP.
annuaoccurs at high densities, the diversity and abucdarf native species is lower compared to areds laiter
P. annuacover. This contrasts with much of the previougaesh regarding the competitive ability®@fannuain
the subantarctic. Long term monitoring studies fidiacquarie Island suggest that in established eatdgetation,
with no on-going disturbance, native species oufmeteP. annuaover time (Scot& Kirkpatrick 2008, 2013;
Whinamet al. 2014). Other authors suggest iaannuadoes not directly compete with native species ratiter
colonises the open ground created by disturbanfoeebether species can establish (Frenot et all 286ott &
Kirkpatrick 2005; Olech & Chwedorzewska 2011). Witle eradication of invasive rabbits from Macquésiand
in 2014 and the cessation of the associated végetgtazing, community structure will greatly chanyVe show
that on Macquarie Island at low altitiudes wherer¢his high animal disturbande, annuaoccurs at very high

densities and may be supressing the diversity tiWesegetation.

Application to ecological theory
Community ecology theory is an important framewtbrit can be used to understand biological invasidhs

concept of niches and niche opportunity presemé&hea and Chesson (2002) can be applied totiidy sf P.
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annuaon Macquarie Island. The two defining aspects obrganism’s niche are 1) how a species responds to
resources, natural enemies and the physical emaah (which determines its ability to invade) andHe effects
of the species on the invaded locality (Chesso®R0rhe effects and responses of the native spatibe invaded
community determines whether the community provigigsortunities for invasion (‘niche opportunitie§ghea &
Chesson 2002). On Macquarie Island, resource oppities exist folP. annuaAt coastal sites, nitrogen is in
abundance and disturbed ground is plentP@a annuahas a high tolerance of elevated nutrient levetsraquires
disturbed ground to establish (Scott & Kirkpatrik®94, 2013, Frenot et al. 1997, 1998, Hausmanh 2043),
providing the species with a distinct advantage onaive species that do not tolerate these carditas well.
Following the eradication of rabbits on Macquaskhd and the release of grazing pressuie.@nnuaTerauds et
al. 2014),P. annuano longer has any natural enemies on the islatalyialg it to grow and flourish unrestrictedly.
In response to the physical environment on Macguaftand,P. annuahas a perennial lifespan, providing a greater
advantage in the cold, harsh conditions thanvifag an annual as elsewhere in the wad?lsh annuaalso responds
differently to the physical environment across dreedles on Macquarie Island. The largest plargs/grt low
altitudes where there is high wildlife disturbarzcel deep, sandy soils. At these sites, diversitatize species is
low. At the more exposed high altitude sites withamimal disturbance and shallow, gravelly sdtlsannuaplants
are small and the diversity of native species é&atgr. Thus at low altitudes on Macquarie Islatiek community
provides greater opportunities for invasion thahigh altitude, helping to explain the variatiomiorphology ofP.

annuaacross environmental gradients on Macquarie Island.

Conclusion

Poa annuahas many traits which make it a successful invaddrin the subantarctic — a high tolerance of adim
derived disturbance, grazing by introduced mamraatsa high reproductive output. Here we quantifie
ecological drivers oP. annuaand its persistence on Macquarie Island. We naowkit is perennial and highly
plastic in its morphology, and this variability agvs to be in response to fine-scale changes liausoi
environmental factors. The species allocates mfdgs biomass to persistence, but is also ableamtain high
reproductive output on a per area basis, as ingtiday high seed bank density at certain sites. 8 tra#s are likely
to lead to increased competition with the perennéive flora of Macquarie Island. These newly gifeed traits
give us a better understandingrofannuaas the most widespread and abundant non-nativéespaet Macquarie

Island and help explain how it is a successful d@ran the subantarctic. The niche opportunity thdelps to
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308
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310

311

312

313
314

315

316

317

318

319

320

321

322

323

324

325

326

327

explain the distribution and morphological variatiof P. annuaon Macquarie Island, whereby the specific
environmental variables and vegetation communétdew elevations provides a greater opportunityifioasion

compared to high elevation areas.
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441

442  Figurecaptions

443  Fig. 1. Distribution ofPoa annueaon the main sub-Antarctic islands and the AntarBgninsula, as indicated by

444  grey circles. Modified from Australian Antarctic aCentre 2005.

445  Fig. 2. Number of tagge®oa annuglants remaining at Tractor Rock); Bauer Bay Beachd); Bauer Bay Slope
446  (A); Doctor’s Track [d); Lower Boot Hill (x) and Upper Boot Hill (+) afte® (February 2013), 11 (December

447  2013), 14 (March 2014) and 27 (April 2015) months.

448  Fig. 3. Principal component analysis Bba annuacover (Poa); plant morphological traits (dry weiglei;

449  number of tillers - Til; Tiller length - Til.l; Numer of reproductive tillers - R.til; Root lengtiR:len) and

450  environmental characteristics (Animal disturban€ss; Elevation - Ele; Soil magnesium - Mag; Slefo; Soil
451  depth - S.Dep; Soil pH - pH; Soil sand contentn;Zad Water content — Whc) according to the finst

452  components. Study sites: low elevation - TractockR@>), Bauer Bay Beachl); mid elevation - Doctor’s Track

453 (), Bauer Bay SlopeA); high elevation - Lower Boot Hill (x);and Uppeo8t Hill (+).

454  Fig. 4. Principal component analysis Bba annuacover (Poa), community indices (species richndgis -

455  Simpson'’s diversity — SiD) and various environménteracteristics (Animal disturbance - Dis; Elégat- Ele;
456  Exposure - Exp; Potassium - Pot; Sulphur - Sul;&Vebntent — Whc) according to the first two comgrus. Study
457  sites: low elevation - Tractor Rock>), The Nuggets 4 ), Bauer Bay BeachQ); mid elevation - Sawyer Creek
458  (m), Doctor’s Track(d), Bauer Bay SlopeA); high elevation - Lower Boot Hill (x); Mt Powes);and Upper Boot

459  Hill (+).

460

461
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461 Tables

462  Table l. Morphological characteristics (mean + 95% confkemtervals) of plants at study sites; significant

463  differences P < 0.05) are between sites and shown by differetieis, * Galerat al (2015).

Site Tractor Bauer Doctor’s Bauer Lower Upper Antarctica*
Rock Bay Beach Track Bay Slope Boot Hill Boot Hill
Total dry weight (g) 19.2 +2%8 109+2.8 12.1+2.8 49+28 18+28 1.1+28 30£1.0
% shoots 225+ 63 31.6+6.% 18.3+6.8 31.2+6.8 20.3+6.58° 23.6+6.58°
% roots 758+ 7% 60.8+7.6°° 80.0x7.0 65.7+7.6"° 743706 740%7.0
% reproductive 1.7+33 7.6+3.3 1.6+3.3 3.1+33 54+33 24+33
No. tillers 85.4+93 58.0+9.8 46.6+9.8 423+9.8 15.3+9.8 125+9.8 76+6.7
Tiller length (cm) 21.4+4% 28.7+4.1% 14.7 4.8 19.2+4.2 9.1+4.1 3.7+4.1¢
No. reproductive tillers 28.0+£0 23.9+4.0 12.2+4.6 8.6 £ 4.0° 5.1+4.06° 3.2+40 40+£3.3
% of total tillers 32.8 41.2 26.0 20.3 329 5.2
Root length (cm) 21.8 + 177 15.1+1.7 14.8+1.7 13.0+1.7° 11.0+1.7 13.0 +1.7°
464
465
466
467
468
469
470
471
472
473
474
475
476
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477  Table2. P andR? values of linear regressions®ba annuamorphological traits againt annuacover and
478  environmental and soil characteristics; symbolsrackets indicate the direction of the relationship
Statistic Degrees Poa annuacover Total dry weight No. tillers Tiller length oNreproductive Root length
of tillers
freedom
P R P R P R P P R
Poa annua ns - 0.028 (+) 0.68 0.015(+) 0.75 0.002 (+) -
cover
Animal 1,118 0.002 (+) 0.92 ns - ns - ns - 0.004 ns -
disturbance
Aspect 1,118 ns - ns - ns - ns - ns ns -
Elevation 1,110 0.011() 0.80 0.020() 0.72 @09 0.87 0.007(-) 0.83 0.007 () ns -
Exposure 1, 118 ns - ns - ns - ns - ns ns -
Soil
Calcium 1,118 ns - ns - ns - ns - ns ns -
Carbon 1,118 ns - ns - ns - ns < ns ns -
Depth 1,117 ns - ns - ns - ns - ns ns -
Electrical 1,118 ns - ns - ns - ns - ns ns -
conductivity
Magnesium 1,118 ns - ns - ns - ns - ns ns -
Nitrogen 1,118 ns - ns - ns - ns - ns ns -
pH 1,118 ns - ns - ns - ns - ns ns -
Phosphorus 1,118 ns - ns - ns - ns - ns ns -
Potassium 1,118 ns - ns - ns = ns - ns ns -
Sand content 1,118 0.019 (+) 0.731 ns - ns - ns - 0.023 (+) ns -
Sodium 1,118 ns - ns - ns - ns - ns ns -
Sulphur 1,118 ns - ns - ns - ns - ns ns -
Water content 1,118 ns - 0.010(-) 0.80 0.0p3( 0.90 ns - 0.030 (-) 0.028 (-) 0.67
479
480
481
482
483
484
485
486
487
488
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489

490

491

492

493

494

495

496

497

498

499

500

501

502

Table 3. Mean species richness per sample and mean Sinmdena (£ 95% confidence intervals) for each site.

Different letters indicate significant differendastween sitesq< 0.05), determined by separating means using 95%

confidence intervals using the ‘effect’ functionthre effects package of R.

Site S 1D

Tractor Rock 25 +0.6° 0.3+0.F

The Nuggets 15406 0.2+0.1
Bauer Bay Beach 32+0.6 06+0.7
Sawyer Creek 6.0 +0.6 07+0.P
Doctor's Track 79406 0.8+0.F
Bauer Bay Slope 6.3+0.8 0.8+0.F
Lower Boot Hill 80+06 0.9+0.F
Upper BootHill 54, 5« Not calculated
Mount Power 6.4+ 0.8 0.9+0.F
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503

504

505

506

507

508

509

510

511

512

513

514

515

516

Table4. Linear regressions of community indices agalR@s annuacover and environmental and soil

characteristics; symbols indicate the directiothef relationship.

) Degrees of Species Simpson’s
Variables Freedom richness diversity
P P

Poa annuacover 1,149 <0.01 0.61 (-) <0.01 0.89 (-)

Animal disturbance 1,149 <0.01 0.47 (-) <0.01 480-)

Aspect 1, 149 ns - ns -

Elevation 1,149 <0.01 0.08 (+) <0.01 0.44 (+)

Exposure 1,149 <0.05 0.03 (+) <0.01 0.32 (+)

Slope 1,149 <0.01 0.23 () ns -

Soil
Calcium 1,149 ns - <0.01 0.07 (+)
Carbon 1,149 ns - <0.01 0.09 (+)
Depth ns - <0.01 0.20 ()
Electrical conductivity 1,149 <0.01 0.09 (+) 005 0.03 (+)
Magnesium 1,149 ns - <0.01 0.11 (+)
Nitrogen 1,149 ns - <0.01 0.09 (-)
pH 1,149 <0.01 0.05 (-) ns -
Phosphorus 1,149 <0.01 0.15 (+) <0.05 0.03 (+)
Potassium 1,149 <0.01 0.20 (+) <0.01 0.24 (+)
Sand content 1,109 <0.01 0.32 (1) <0.01 0:B9 (
Sodium 1,149 ns - ns -
Sulphur 1,149 <0.01 0.08 (-) <0.01 0.29 (-)
Water content 1,149 <0.01 0.54 (+) <0.01 @28
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Appendix 1. Environmental and soil characteristics of studgssith Macquarie Island, DL = detection limit.

Characteristic Tractor The Bauer Sawyer Doctor's Bauer Lower Upper Mount
Rock Nuggets Bay Beach Creek Track Bay Slope Boot Hill Boot Hill Power

Latitude °© -54.5106 -54.5281 -54.5548 -54.6417 -54.5061 -54.5481 -54.5192 -54.5204 -54.5428
Longitude ° 158.9326 158.9313 158.8786 158.9003 ReI%e73] 158.8803 158.9152 158.9151 158.9108
Elevation (m) 2 23 24 109 115 136 258 278 338
Aspect (°) 90 (E) 45 (NE) 225 (SW) 260 (W) 45 (NE) 135 (SE) 45 (NE) 90 (E) 45 (NE)
Animal disturbance 2 3 3 1 1 1 1 1 1
Exposure 2 1 2 2 15 2 2.5 3 3
ﬁ:‘:ﬁ)rage sl aEgin g > 85 83 > 85 > 85 63 56 9 > 85
SOIL

Carbon (%) 0.2+0.0 61.2+0.8 0.3+0.1 48.2+0.1 44.0+1.0 13.2+0.2 7.6+0.4 0.5+0.0 9.6+04

Nitrogen (%) <DL 51+15 <DL 42+0.0 3.7140 1.2+0.0 0.6+£0.0 <DL 0.6+0.0

Phosphorus 453+15 8.8=%x0.2 90.7+17.6 1545+23. 8151.8+274Et 2440+100 481+32z 247%06 39.6+25¢

(ng g

Sulphur 16.2+0.9 123.2+21 9.8%0.2 50.5+£1.0 4358k 498+1.8 6.5+0.1 24+0.1 4.4+0.1

(g g)

Exchangeable 0.3+x0.0 0.3 0.4+0.2 0.9+0.2 1.4+0.0 1.0+£0.1 04+0.1 1.0+£0.2 04+0.2

potassium

(cmol” kg?)

Exchangeable 26+0.0 8.1 1.9+0.1 7.8+0.2 8.7+0.1 186.3 29+0.0 179+0.2 26+0.1

calcium

(cmol kg

Exchangeable 1.4+0.0 7.6 16.4+£0.1 9.8+0.2 10.6 £ 0.5 16.4+£0.3 43+0.1 29.1+£0.7 25+0.1

magnesium

(cmol” kg?)

Exchangeable 0.6+0.0 2.7 2.6+0.2 29+0.0 3.0+£0.0 260 0.8+0.0 20+£0.2 1.0+0.2

sodium

(cmol kgl

pH (1:5 HO) 6.9+1.7 4.8+0.3 8.2+0.1 49+0.3 51+0.1 48+0.1 55+0.0 6.2+0.0 7.6+0.0

Electrical 595+21 356.3+81.3 43.0+1.0 482.7 £5.7 37911.8 558.7 £ 8.6 58.4+24 55.3+2.8 10511

conductivity(.:s)

(us cn)

Sand content (%) 99.3 n/a 99.1 n/a 70.5 64.1 77.0 72.5 80.9

Clay content (%) 0.2 n/a 0.3 n/a 14.8 15.8 12.9 411 9.8

Silt content (%) 0.5 n/a 0.6 n/a 14.7 20.1 10.1 13.4 9.3

Water content (%) 5.1+0.7 88.9+0.3 72+ 05 85.7+0.2 69.7.¢ 5 64.5+4.8 52.9+9.0 247+45 66.7 £2.3
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