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Abstract A native to Europe, Poa annua now has a

cosmopolitan distribution and is invasive in the sub-

Antarctic. As a major weed in temperate turf, there has

been considerable investment in research of the species,

but little is known about its ecology in the sub-

Antarctic, particularly its reproductive ecology and

population dynamics. We characterised the seed bank

of this invasive species in the sub-Antarctic, by

quantifying seed density, depth, persistence and viabil-

ity. Poa annua seed bank density was correlated with

elevation, animal disturbance, soil wetness and soil

depth, but most strongly with P. annua cover. Seed

bank density was greatest (132,000 seeds m-2) at low

altitude coastal sites where P. annua is abundant but

declined with increasing altitude to\2600 seeds m2.

Seed was most abundant within the top 3 cm of the soil

and decreased with soil depth. Seed viability declined

over time, from an initial viability of 81 to\3 % after

2 years in the soil. This study demonstrates that whilst

P. annua seed banks can be dense, the seed bank is

shallow (\10 cm) with low persistence and viability.

This first detailed study on the in situ seed bank profile

ofP. annua in the sub-Antarctic helps us understand the

distribution and persistence of this invasive weed and is

essential information for the development and imple-

mentation of future management. These findings, such

as lowseedbankpersistence, challenge current thinking

about eradication or control feasibility in the region.
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Introduction

Current legislation and management plans call for the

eradication and control of invasive species in the sub-

Antarctic andAntarctic (deVilliers et al. 2006; Parks and

WildlifeService 2006;HughesandConvey2012).There

has been a number of successful eradications across the

regionover the last 30 years; however, these havemostly

targeted vertebrate pests (Convey and Lebouvier 2009;

Terauds et al. 2014). Only five non-native plant species

have been successfully eradicated from sub-Antarctic

islands (McGeoch et al. 2015) and 11 non-native plant

species from Antarctica (see Hughes et al. 2015). All of

these incursions were either a single plant or very small

populations with restricted distributions, and for most

there was no sign of flowering or seed production
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(Hughes et al. 2015). Typically most of these eradica-

tions were undertaken on an opportunistic or ad hoc

basis. There have been several failed and numerous

ongoing eradication attempts for non-native plants on

sub-Antarctic islands (Shaw 2013) and in Antarctica

(Hughes et al. 2015; Molina-Montenegro et al. 2015). In

many of these cases ongoing seedling emergence from

the seed bank has prevented successful eradication

(Cooper et al. 2011; Shaw 2013; Molina-Montenegro

et al. 2015). The recent attempted eradication of Poa

pratensis inAntarctica (Hughes et al. 2015) is likely to be

a success because the small population has never

produced fertile seed and therefore has no seed bank

(Pertierra et al. 2013).

It is essential to have some ecological knowledge of

established non-native plants, in particular their phe-

nological strategies and physiological capacities,

when designing eradication strategies (Hughes et al.

2015). Seed bank dynamics are particularly important

as they drive regeneration, based on seed density,

persistence and viability. It is essential to determine if

removal of above ground material and exhaustion of

the seed bank are realistic, as well as the timeframe

required for such management initiatives (Vranjic

et al. 2000; Grundy and Jones 2002; Panetta and

Timmins 2004; Gioria and Osborne 2010).

Poa annua is the most widespread non-native plant

in the sub-Antarctic, occurring on all major islands

(Frenot et al. 2005; Shaw et al. 2010; McGeoch et al.

2015) and also growing in the Antarctic Peninsula

(Convey et al. 2006; Hughes et al. 2010; Wódkiewicz

et al. 2014; Chwedorzewska et al. 2015). Poa annua is

native to Europe but it now has a cosmopolitan

distribution (Heide 2001) and occurs within most

climates with the exception of arid zones (Beard

1970). It is well studied in temperate areas, where it is

a major weed of turf grass (Wu et al. 1987; Christians

2006; Lush 1988). Across the sub-Antarctic, P. annua

is thought to have been introduced and spread by

humans, given its occurrence around sites of human

activity (Frenot et al. 1999, 2005). Poa annua is a

primary coloniser of disturbed sites (Frenot et al.

1997) and competes with (Molina-Montenegro et al.

2012, 2016) and displaces native species (Frenot et al.

2001, 2005; Scott and Kirkpatrick 2008). The species

is a successful invader globally as it has a wide

ecological amplitude, reproduces under a wide variety

of environmental conditions, has high fecundity,

displays a range of biotypes (Walton 1975; Beard

et al. 1978; Mitich 1998; Heide 2001) and has the

capacity for rapid evolution of variable life history

traits (Till-Bottraud et al. 1990). Poa annua can be

perennial or annual, although it is widely assumed that

most populations of P. annua in the Antarctic and sub-

Antarctic are perennial (Ellis et al. 1971;Walton 1975;

Selkirk et al. 1990; Frenot et al. 2005).

Poa annua reproduces primarily by seed (Beard

1970). In temperate, watered, fertilized sites (such as

turf grass) the soil seed bank can contain up to 210,000

seeds m-2 (Lush 1988). In Antarctic terrestrial com-

munities, such as the South Shetland Islands, the seed

bank density is 5,000 (Wódkiewicz et al. 2013) to

10,000 seeds m-2 (Wódkiewicz et al. 2014). While

there has been no quantification of seed bank density in

the sub-Antarctic, P. annua on Iles Kerguelen produces

11 fertile non-dormant seeds per plant (Frenot et al.

1997). Poa annua seed viability is high (Hutchinson

and Seymour 1982) and seeds can be viable for up to

four years (Warwick 1979). Perennial biotypes do not

generally exhibit seed dormancy, while dormancy may

be several years in annual biotypes (Warwick 1979;

Callahan and McDonald 1992; Breuninger 1993).

It is important to determine where in the soil profile

seed is buried, as this influences seed viability,

recruitment and species persistence (Benvenuti et al.

2001; Grundy et al. 2003). There is little information

available on the vertical distribution of the P. annua

seed bank. In temperate areas, it is reported to be

concentrated in the top soil horizon (0–4 cm) (Graham

and Hutchings 1988) and seed has been found to be

more dominant in the thatch than the soil (Lush 1988),

but can also be found deeper in the soil profile

(Akinola et al. 1998). Dynamic soil processes influ-

ence seed burial and therefore influence population

persistence (Chambers and MacMahon 1994).

On sub-Antarctic Macquarie Island (54�300 S,

158�570 E), P. annua is the most common and

widespread non-native plant (Copson 1984; Scott

and Kirkpatrick 2008; Williams et al. 2013). The

island is of high conservation value due to its abundant

wildlife and unique geology. It consists of an

elongated plateau 200–300 m high, surrounded by

steep coastal slopes. Forty two native vascular plant

species have been recorded and seven non-native

vascular species (de Salas and Baker 2015). Most non-

natives have been removed (Copson and Whinam

2001; DPIPWE unpublished data), however Ceras-

tium fontanum, Stellaria media and P. annua remain
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widespread. The distribution of P. annua expanded

with the invasive rabbit population due to its ability to

tolerate grazing and the reduced competition from

heavily grazed, native plants (Bergstrom et al. 2009;

Scott and Kirkpatrick 2013; Whinam et al. 2014).

Immediately after the eradication of rabbits on Mac-

quarie Island (Terauds et al. 2014), changes in the

vegetation dynamics occurred (Shaw et al. 2011), but

the long term response of P. annua and consequent

effects on native species are not known. There is an

increasing interest by managers across the Antarctic

and sub-Antarctic region to eradicate and/or control

invasive species (McGeoch et al. 2015), in particular

P. annua (Commonwealth of Australia 2014; Hughes

et al. 2015) given its prevalence and potential impacts

(Molina-Montenegro et al. 2012) on these high

conservation ecosystems.

To understand the invasion success of P. annua in the

region, it is essential to quantify the species’ seed bank

dynamics specifically in the Macquarie Island ecosys-

tem. Globally, seed bank density, depth distribution,

persistence and viability of P. annua can vary signifi-

cantly and studies have shown that seed banks can vary

across small spatial scales, i.e. within a site (Lush 1988),

including Antarctic populations (Wódkiewicz et al.

2014). Altitude drives vegetation composition and plant

growth onMacquarie Island. Given the altitudinal range,

associated vegetation, variable topography and the

dynamic nature of soils on Macquarie Island (Selkirk

et al. 1990; Selkirk-Bell and Selkirk 2013) we aim to

understand how the density, depth distribution, persis-

tence and viability of seed of P. annua will vary across

the island in response to changing environmental

characteristics. Information presented here is essential

to understand the invasion biology of P. annua and to

determine effective control methods (Vranjic et al. 2000;

Grundy and Jones 2002; Panetta and Timmins 2004;

Gioria and Osborne 2010). This information will inform

future management, given that previous non-native plant

management in the region has failed because of the

persistent seed banks (see Shaw 2013).

Materials and methods

Study sites

Six sites were located across an altitudinal and P.

annua density gradient on Ma cquarie Island (Fig. 1).

Two sites, Bauer Bay Beach and Tractor Rock, were

selected at low altitude (\50 m above sea level) with

high P. annua cover ([60 %). Two sites, Bauer Bay

Slope and Doctor’s Track, were selected at mid

altitude (100–150 m above sea level) with medium P.

annua cover (15–50 %). Two sites, Lower Boot Hill

and Upper Boot Hill were selected at high altitude

([250 m above sea level) with low P. annua cover

(\10 %). Poa annua residence time was greater than

35 years across all sites (Copson 1984).

Environmental characteristics varied across the six

study sites. Location, elevation and aspect were

determined by handheld GPS (Garmin GPSMap 78)

(Table 1). Soil depth was measured ten times at each

site by inserting a graduated steel rod into the soil to

bedrock or a depth that was greater than the length of

the rod (85 cm). Animal disturbance (i.e. old rabbit

burrowing, trampling by wildlife) was visually esti-

mated and determined as low—soil and vegetation

intact (value of 1); medium—some soil and vegetation

disturbance (value of 2) or high—much of the soil and

vegetation heavily disturbed (value of 3). Exposure

was inferred based on conditions experienced, pre-

vailing winds and topography and was determined to

be low—sheltered from prevailing winds (value of 1);

medium—some exposure to prevailing winds (value

of 2) or high—exposure to much of the prevailing

winds (value of 3). Wetness was visually estimated as

low—site dry, no surface water (value of 1);

medium—soil slightly waterlogged (value of 2) or

high—soil saturated, surface water visible (value of

3). Soil type was broadly determined in the field.

Variation in site characteristics can be seen in Fig. 2

and Table 1.

Seed bank density

In February 2013 ten 1 m 9 1 m plots were randomly

located at each site. Within each plot, vegetation was

assessed. The species present, percentage of the plot

area covered by each species, and maximum heights of

three individual plants of each species were recorded.

The number of reproductive tillers was counted for 20

random plants at each site to give a mean tiller

density/plant/site. A single P. annua plant was

collected from the centre of each plot, rinsed of soil,

oven dried and the dry weight recorded. A soil core

(50 mm diameter and 100 mm depth) was collected
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from the centre of each plot for seed bank measure-

ments using a stainless-steel corer. Core locations

were determined by handheld GPS. Cores were then

stored in zip lock bags and refrigerated at 4 �C. An
additional ten cores were collected from the same

locations in February 2014 to investigate inter-annual

variability.

Cores collected in 2013 were analysed in October/

November 2013 (9 months after collection) and those

collected in 2014 were analysed in February/March

Fig. 1 Inset Location of Macquarie Island in the Southern Ocean (Australian Antarctic Data Centre 2005); and location of seed bank

study sites on Macquarie Island
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2014 (\1 month after collection). Each core was

sectioned sequentially into ten 1 cm deep subsamples,

excluding cores collected at one high altitude site

which, due to gravel content, did not remain intact.

Each sub-sample was placed in a petri dish with a

small amount of distilled water and the number of

intact seeds of P. annua counted using a dissection

microscope at 109 magnification. Seed counts were

combined for 0–3, 3–7 and 7–10 cm depth subsamples

for statistical analysis.

Seed persistence and viability

Ripe seeds of P. annua were collected in late January

2013 from dispersing seed heads at a variety of sites on

Macquarie Island, air dried, mixed well and used for

the 2013–2014 assessment of persistence and viabil-

ity. Seeds that appeared plump, hard and brown under

a magnifying lens were selected for burial and a subset

tested for viability. Viability was determined by

soaking three replicates of 50 seeds in water overnight,

slicing them longitudinally through the embryo, and

immersing them in a 1 % solution of triphenyltetra-

zolium chloride in covered petri dishes for at least 20 h

(Peters 2000). Seeds were then assessed under a

binocular microscope to determine viability (indicated

by red/pink staining of the embryo). In instances

where some seed staining occurred but the whole

embryo was not stained, seeds were not considered

viable. This viability testing gave an indication of the

initial viability of the buried P. annua seed. Twenty

five fresh P. annua seeds were placed between two

disks (70 mm diameter and 5 mm thick) of sandy-peat

soil sourced from Razor West on Macquarie Island

(Fig. 1) and placed in one hundred seed burial bags

(100 mm 9 100 mm made of Nitex 500 lm 38 %

open nylon mesh). The Razor West soil had been

sterilised with steam at 115 �C for 2 h to kill any

resident seeds. Twenty bags were buried at each site—

Bauer Bay Beach, Bauer Bay Slope, Doctor’s Track,

Tractor Rock and Lower Boot Hill—in a 4 9 5 grid

pattern 0.5 m apart, each in a 15 cm square, 10 cm

deep hole that was refilled with soil.

In January 2014 seed was collected and viability

tested using the same method as in 2013. However

soil used in burial bags was collected from each

proposed seed burial site in this experiment, to include

all site differences in the treatments. Soil was oven

dried at 40 �C and any seed removed and then

approximately 15 cm3 mixed with 25 fresh seeds and

placed inside the nylon bag. Bags were buried at

Bauer Bay Beach, Bauer Bay Slope, Doctor’s Track,

Lower Boot Hill, Tractor Rock and Upper Boot Hill in

a 4 9 5 cm grid pattern with 10 bags at each of 1 and

5 cm depths.

Table 1 Environmental characteristics of seed bank study sites on Macquarie Island

Characteristic Tractor

Rock

Bauer Bay

Beach

Doctor’s

Track

Bauer Bay

Slope

Lower Boot

Hill

Upper Boot

Hill

Latitude (�) -54.5106 -54.5548 -54.5061 -54.5481 -54.5192 -54.5204

Longitude (�) 158.9326 158.8786 158.9278 158.8803 158.9152 158.9151

Elevation (m) 21 24 115 136 258 278

Aspect (� from N) 45 (NE) 225 (SW) 45 (NE) 135 (SE) 45 (NE) 45 (NE)

Wetness 1 2 2 2 2.5 3

Animal disturbance 2 3 1 1 1 1

Exposure 2 2 1.5 2 2 3

Soil type Sand Sand Peaty sand Peaty sand Peat Peaty gravel

Average soil depth (cm) [85 83 [85 63 56 9

Mean P. annua dry weight/plant (g) 19.2 10.9 12.1 4.9 1.8 1.1

Mean no. reproductive tillers/P.

annua plant

28.0 23.9 12.2 8.6 5.1 3.2

Mean % bare ground 2.8 10.8 0 0.7 8.8 79.9

Elevation of sites increased from left to right
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In January 2014, at each site, 10 of the seed bags

buried in 2013 were exhumed and remaining seed

counted to give an indication of persistence, and seed

viability tested using the method described above. In

April 2015 the remaining seed bags buried in 2013 and

all seed bags buried in 2014 were exhumed and

remaining seeds counted and viability tested. A subset

of the seeds present in the seed bank soil cores

collected in 2014 was also tested for viability using the

method above to give an indication of the viability of

the soil seed bank at the time of core collection. Poa

annua seeds from depths 0–2, 4–6 and 8–10 cm were

grouped together and 3 replicates of 5 or more seeds

from samples where there was sufficient seed present

(n C 20) were viability tested.

Data analysis

Statistical analyses were carried out using R version

3.1.1 (R Core Team 2014). All results, with the

exception of the relationship between seed bank

density and percentage cover were analysed using

analysis of variance (ANOVA). Variances were

checked by plotting residual versus fitted values to

confirm the homogeneity of the data and normality

was checked by quantile–quantile comparison plots.

Fig. 2 Study sites on Macquarie Island: a Tractor Rock; b Bauer Bay Beach; cDoctor’s Track; d Bauer Bay Slope; e Lower Boot Hill;
f Upper Boot Hill
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Significant means were separated using Tukey’s

highest significant difference test. Data were trans-

formed to account for non-normal distribution. Seed

bank density, P. annua cover and seed viability data

were square root transformed. Seed bank depth data

were log transformed.

Non-linear regression was used to determine the

relationship between P. annua seed bank density and

percentage cover of P. annua. AMitscherlich function

was fitted: Y = a 9 (1 - exp(-b 9 X)), where Y is

the cover, X is the seed bank density, a is the upper

asymptote and b is the slope parameter. Bivariate

linear regression was used to investigate the relation-

ships between seed bank and environmental charac-

teristics where significance was indicated by a P value

less than 0.05.

Results

Seed bank density

There was no significant difference in the seed bank

density of cores collected in 2013 and 2014 (P[ 0.05)

so the average of the 2 years is presented. Seed bank

density did differ significantly between sites

(P\ 0.001) (Table 2). Tractor Rock had a signifi-

cantly higher seed bank density than all other sites,

with approximately 132,000 seeds m-2. The seed bank

density at Bauer Bay Beach was much lower, with

around 37,000 seeds m-2. Seed bank densities at

Bauer Bay Slope, Doctor’s Track and Lower Boot Hill

were around 15,000, 10,000 and 2,000 seeds m-2,

respectively. No seed was observed at Upper Boot

Hill, despite the presence of a small number of

reproducing P. annua plants, therefore it was removed

from the statistical analyses.

Bivariate linear regression (Table 3) indicated that

(higher) seed bank density was negatively correlated

with increasing elevation (P\ 0.001, R2 = 0.382)

and wetness (P\ 0.001, R2 = 0.537) and positively

correlated with increasing P. annua cover (P\ 0.001,

R2 = 0.512), animal disturbance (P = 0.001, R2 =

0.177) and soil depth (P = 0.001, R2 = 0.199). Poa

annua cover and wetness showed a stronger correla-

tion with seed bank density than other variables. Seed

bank density was not significantly related to aspect

(P = 0.857, R2 = 0.001) or exposure (P = 0.267,

R2 = 0.022).

Further investigation into the correlation between

seed bank density and P. annua cover in the form of

non-linear regression analysis indicated a significant

relationship of increasing P. annua seed bank density

with increasing P. annua cover (P\ 0.001,

R2 = 0.670) (Fig. 3). The trend was largely attributed

to the variation in cover and seed bank density at

Tractor Rock. Percentage P. annua cover was well

correlated with site altitude (Table 2). The low

altitude, coastal site of Tractor Rock (seed bank

density of 132,000 seeds m-2), had a high percentage

cover of P. annua (70–80 %; Table 2). The mid

altitude sites of Bauer Bay Slope and Doctor’s Track

which had an intermediate seed bank size

(10,000–15,000 seeds m-2) had moderate cover of

P. annua (14–21 %) while the high altitude Lower

Boot Hill and Upper Boot Hill sites had small or non-

existent seed bank densities (\2,600 seeds m-2) and a

low cover of P. annua (\5 %). Although low altitude

Bauer Bay Beach had a relatively high cover of P.

annua (48–67 %), seed bank density was only mod-

erate (37,000 seeds m-2). Poa annua cover was lower

in the second year (2014) at all sites (P B 0.001). The

mean dry weight and number of reproductive tillers

per P. annua plant also varied between sites. Low

altitude plants were large and had a high number of

reproductive tillers (Table 1) while high altitude

plants were considerably smaller with few reproduc-

tive tillers per plant. Plants at mid altitude were

intermediate in size and reproductive capacity

(Table 1).

Seed bank vertical distribution

Seed density varied significantly with site and depth

(P\ 0.001) but not with year (P = 0.059) (Table 2).

In 2013, all sites except Tractor Rock had significantly

higher seed densities in the top 3 cm of the soil than in

the bottom 3 cm (P B 0.001). For Tractor Rock, seed

density was higher in the top 3 cm than in the bottom

3 cm, but due to high variation in the data there was no

statistical significance.

In 2014, Bauer Bay Slope and Doctor’s Track had

significantly more seed in the surface soil depths than

the lower soil depths (P\ 0.05) but there was no

statistically significant difference in the seed densities

between the top and bottom soil depths at Tractor

Rock, Bauer Bay Beach and Lower Boot Hill

(P[ 0.05). Seed density was generally greater in the
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top few centimetres of the soil at all sites and declined

with depth but high variation in the data often resulted

in no significance between consecutive depths. Tractor

Rock and Bauer Bay Beach had a high proportion of

seed in the mid layers in comparison with the other

sites.

Seed persistence and viability

The amount of buried seed remaining (persistence)

was significantly lower after 2 years than after

1 year (P\ 0.001) (Table 2). After a year of burial,

the percentage of seed remaining had declined to

Table 2 Seed density, persistence (total seed remaining), viability (viable seed remaining) and cover of P. annua at sites on

Macquarie Island

Parameter Tractor Rock Bauer Bay

Beach

Doctor’s Track Bauer Bay Slope Lower Boot

Hill

Upper

Boot Hill

Seed density (m-2)

Total 131,722 ± 43,907 37,088 ± 17,370 10,302 ± 6,276 14,608 ± 20,065 2,581 ± 3,626 0 ± 0

0–3 cm 65,932 ± 46,277 21,930 ± 20,633 8,797 ± 8,578 13,442 ± 14,031 2,486 ± 6,074 –

3–7 cm 48,733 ± 54,128 13,940 ± 16,677 1,351 ± 1,572 947 ± 1,853 64 ± 255 –

7–10 cm 17,057 ± 39,198 1,218 ± 2,387 153 ± 291 219 ± 434 32 ± 127 –

Total seed remaining

(%)

1 cm depth (1 year

burial)

49 ± 25 64 ± 14 43 ± 6 39 ± 19 41 ± 18 –

5 cm depth (1 year

burial)

33 ± 20 77 ± 14 37 ± 13 53 ± 13 63 ± 18 –

10 cm depth (1 year

burial)

45 ± 25 61 ± 21 50 ± 29 81 ± 16 70 ± 16 –

10 cm depth (2 years

burial)

25 ± 25 33 ± 28 40 ± 23 52 ± 20 42 ± 26 –

Viable seed remaining

(%)

1 cm depth (1 year

burial)

3 ± 3 6 ± 6 2 ± 4 0.8 ± 2 2 ± 4 –

5 cm depth (1 year

burial)

5 ± 5 8 ± 7 0.5 ± 1 5 ± 4 1 ± 2 –

10 cm depth (1 year

burial)

3 ± 4 14 ± 0.5 2 ± 4 28 ± 17 14 ± 11 –

10 cm depth (2 years

burial)

0 ± 0 0.5 ± 1 0 ± 0 0.5 ± 1 2 ± 6 –

Poa annua cover (%)

2013 78 ± 22 67 ± 19 21 ± 8 18 ± 4 3 ± 3 0.5 ± 1

2014 72 ± 30 48 ± 24 14 ± 10 14 ± 14 2 ± 3 0.5 ± 0.5

Mean ± SD. Elevation of sites increased from left to right

Table 3 Bivariate linear regression of seed bank density and

various environmental variables

Variable Slope P value of slope R2

Poa annua cover (%) 0.996 \0.001 0.512

Elevation (m) -0.380 \0.001 0.382

Aspect (� from N) -0.018 0.857 0.001

Wetness -60.528 \0.001 0.537

Animal disturbance 27.221 0.001 0.177

Exposure -16.887 0.267 0.022

Soil texture -54.085 \0.001 0.327

Soil depth (cm) 0.805 0.001 0.199
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approximately 80 % or less and after 2 years of

burial had declined to approximately 50 % or less.

Although there was a decline in the number of

seeds found between 1 and 2 years of burial at each

site, the difference was not significant (P[ 0.05) at

any site. Although ANOVA showed the percentage

of seed remaining was significantly different

between sites (P = 0.001), this was mainly deter-

mined by the data for Bauer Bay Slope which had

significantly higher seed persistence than Tractor

Rock (P\ 0.001) and Doctor’s Track (P = 0.035)

over both years.

Initial viability of seeds buried in 2013 was

81.5 ± 1.5 %. This declined after 1 year (2014) to

less than 15 % at all sites, except Bauer Bay Slope

(28 ± 17 %) (Table 2). After 2 years (2015) viability

had declined to less than 3 % at all sites. There were

some significant differences in the seed viability

between sites (P\ 0.001). Seed at Bauer Bay Beach

and Bauer Bay Slope had significantly higher post-

burial viability than Tractor Rock (P = 0.027 and

0.001, respectively) and Doctor’s Track (P\ 0.001

and\0.001, respectively), but was similar to that at

Lower Boot Hill (P[ 0.05). Seed at Lower Boot Hill

had significantly higher viability than Doctor’s Track

(P = 0.004) but was similar to that at Tractor Rock

(P[ 0.05). Seed at Tractor Rock and Doctor’s Track

had similarly low viability (P[ 0.05).

The persistence of P. annua seed in the soil after

1 year (2014) of burial was assessed at different depths

(Table 2). Although persistence and viability of seed

at 10 cm depth could not be statistically compared to

seed at 1 and 5 cm depths due to slight differences in

the burial method, given that initial seed viabilities

were similar in both experiments, and that seasonal

differences are small in the maritime climate of

Macquarie Island, it is reasonable to compare (non-

statistically) all three burial depths. There was no

significant difference in the percentage of seed

remaining between 1 and 5 cm burial depths at any

site (P[ 0.05) and only Bauer Bay Beach was

significantly different to the other sites having a

higher percentage of seed remaining than at all other

sites (P\ 0.05). There was a similar proportion of

seed remaining at 10 cm burial depth to 1 and 5 cm for

all sites.

The viability of seed buried for 12 months (at 1 and

5 cm depth) decreased from initial viability of

89.7 ± 1.5 % to below 15 % at all sites and burial

depths (Table 2). There was no significant difference

in seed viability between 1 cm and 5 cm depth

(P = 0.148), however site was a significant contrib-

utor to differences in the percentage of viable seed.

Bauer Bay Beach had a significantly higher proportion

of viable seed than Doctor’s Track and Lower Boot

Hill (P\ 0.01) and Upper Boot Hill had significantly

higher seed viability than Tractor Rock, Doctor’s

Track, Bauer Bay Slope and Lower Boot Hill

(P\ 0.01). A higher proportion of seed remained

viable at 10 cm depth than 1 or 5 cm.

The viability of P. annua seed in the soil cores was

variable. Seed collected from Lower Boot Hill had the

highest mean viability at 50 ± 70 %. Seed collected

from Tractor Rock had amean viability of 15 ± 30 %.

Bauer Bay Beach, Bauer Bay Slope and Doctor’s

Track had lower seed viabilities of less than

7 ± 16 %. However variance was high and so there

was no significant difference between sites

(P[ 0.05).

Discussion

Poa annua is a successful invader of the sub-Antarctic.

Successful invaders typically display characteristics

such as high fecundity, efficient dispersal, high

physiological tolerance, high phenotypic plasticity,

Fig. 3 Non-linear regression (Mitscherlich function) of P.

annua seed bank density and P. annua cover. Fitted

curve ± one (dark grey) and two (light grey) standard errors

shown with raw data (filled circles)
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relatively high growth rates, an ability to evade natural

enemies, fitness homeostasis, high competitive ability,

vegetative reproduction, short juvenile period and

short intervals between abundant seed production

(Rejmanek and Richardson 1996; Pyšek and Richard-

son 2008; Moravcova et al. 2015).

Poa annua on Macquarie Island has been shown to

be an early coloniser, have efficient dispersal (Copson

1984) and tolerate disturbance (Scott and Kirkpatrick

1994) and grazing by responding with rapid growth

rates (Copson 1984; Taylor 1955; Whinam et al.

2014). Further to this we have now quantified that (on

Macquarie Island) plants show high fecundity, pro-

ducing dense, somewhat persistent seed banks. We

also show that P. annua has high plasticity in growth

form and can grow and reproduce across a range of

environmental gradients, all of which drives its

success as an invader.

Seed bank density and vertical distribution

Poa annua can produce dense seed banks (Mengistu

1999). Even in Antarctica, P. annua seed bank density

has been recorded up to 10,000 m-2 (Wódkiewicz

et al. 2014). In this study on Macquarie Island, seed

bank densities varied mainly in response to P. annua

cover. Where there was high P. annua cover, seed

bank densities were high (up to 132,000 seeds m-2),

and conversely where P. annua cover was low, seed

bank density was low.

Seed bank densities were reduced at the high

elevation sites due to reduced plant growth and

reproductive performance which is typical of high

altitude areas (Hunter and Grant 1971; Arroyo et al.

1999; Barcikowski et al. 1999; Hautier et al. 2009).

Plants at high altitude were smaller with few repro-

ductive tillers in comparison with plants at low

altitude. High altitude sites were also characterised

by shallow gravely soil which hinders seed entrapment

(Chambers et al. 1991; Chambers and MacMahon

1994) and elevated soil moisture which can reduce

seed viability (Schafer and Chilcote 1970; Fenner

2000). These sites are also exposed to the prevailing

winds and experience much higher wind speeds than

other sites (Tweedie and Bergstrom 2000). Low

vegetation cover reduces the opportunity for seed to

be trapped (Nelson and Chew 1977; van Tooren 1988;

Aguiar and Sala 1994; Wódkiewicz et al. 2014).

Cryoturbation is also common at high altitude sites

(Bergstrom and Selkirk 1999). While this can aid in

the incorporation of seed into the seed bank (van

Tooren 1988; Grundy and Jones 2002), the low seed

production and strong winds blowing seeds away at

these sites discount the role of cryoturbation at these

sites. Conversely, at low altitude coastal sites, distur-

bance promotes growth and reproduction of P. annua

(Walton 1975; Hutchinson and Seymour 1982; Ersk-

ine et al. 1998; Molina-Montenegro et al. 2014) in

addition to greater drainage, lower exposure and

denser vegetation cover enhancing seed burial at these

sites (Nelson and Chew 1977; van Tooren 1988;

Chambers et al. 1991; Aguiar and Sala 1994; Cham-

bers and MacMahon 1994; Fenner 2000; Wódkiewicz

et al. 2014).

It is well documented (Moore and Wein 1977;

Fenner 1985; Guo et al. 1998; Chang et al. 2001; Reuss

et al. 2001; Holmes 2002) that seed of many species

are generally concentrated in the top few centimetres

of the soil and density declines with depth. In a chalk

grassland in the United Kingdom, seed of P. annua

was found to be concentrated within the top 4 cm of

the soil (Graham and Hutchings 1988). This was also

observed for mid and high altitude sites on Macquarie

Island where soils were typically peat/gravel mixtures.

However, at low altitude coastal sites less aggregated

sandy soils enable seeds to move deeper down the soil

profile (Chambers et al. 1991; Guo et al. 1998). The

dynamic nature of the coastal soils driving seed to

reach deeper depths (Fenner 2000) can likewise bring

seeds to the surface where they can germinate.

Seed persistence and viability

After 2 years in the soil seed bank, the majority of seed

was non-viable. While this does not indicate lack of

dormancy of the seed per se, the perennial biotype of

P. annua does not have dormant seed (Warwick 1979;

Lush 1988; Callahan and McDonald 1992) and plants

on sub-Antarctic Kerguelen do not exhibit seed

dormancy (Frenot and Gloaguen 1994). Persistence

and viability of P. annua seed was enhanced deeper in

the soil profile, as is typical for many species (Dawson

and Bruns 1975; Egley and Chandler 1978, 1983;

Zorner et al. 1984; Gleichsner and Appleby 1989;

Miller and Nalewaja 1990; Mennan and Zandstra

2006). However for management purposes it is vital to

acknowledge that even after 2 years some seed

remained viable.
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Implications

Poa annua plants on Macquarie Island possess many

of the characteristics that are common to invasive

species, explaining its success in the sub-Antarctic.

Our research also suggests that non-native species

with similar characteristics to P. annua—high fecun-

dity, wide tolerance, high plasticity—will also show

potential to be invasive in the sub-Antarctic.

Information on the seed bank dynamics of an

invasive species informs the impact of the species on

native biota. High density seed banks of invasive

species, similar to P. annua at coastal sites on

Macquarie Island, impact both on native seed banks

and standing plant communities (Hejda et al. 2009;

Vila et al. 2011; Gioria et al. 2014). Poa annua has

been documented to germinate at lower temperatures

than native grasses, giving it a competitive advantage

(Frenot and Gloaguen 1994). Poa annua also com-

petes with species native to the Antarctic Peninsula

(Molina-Montenegro et al. 2012).

For any future management of P. annua in the sub-

Antarctic, or indeed Antarctica, information on the

seed bank dynamics of P. annua is valuable. For

example, if single attempts are made to remove above

ground P. annua with the aim of preventing further

seed set, a residual seed bank will still remain.

However, viability is low and only a small proportion

will be viable after several years, so efforts should

focus on ongoing control of the emergent seedlings for

at least two subsequent years. The depth and density of

the seed bank will also influence whether chemical or

non-chemical control methods are more appropriate

(Hobbs and Humphries 1995; Steinke and Stier 2002;

Visser et al. 2010).

Further research should focus on in situ and ex situ

management to further inform control of this highly

invasive species in the sub-Antarctic and broader

region. There are several cases of failed plant eradi-

cation and control attempts in the sub-Antarctic due to

seed bank persistence. Information on seed bank

dynamics would increase the success of control

programs. Findings such as low persistence of viable

seeds challenge current thinking about eradication or

control feasibility in the region and allowmanagement

programs to be carefully tailored to specific seed bank

dynamics and achieving more successful and efficient

control. The characteristics of P. annua seed banks

contribute to its success as an island wide invader on

Macquarie Island, and more broadly throughout the

sub-Antarctic and Antarctic.
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