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Information Sheet for MATHI1005 Statistics

Web Site
I is important that you regularly check both the Junior Mathematics web site

http://www.maths.usyd. edu.au/u/UG/IM/
and the MATH1005 web site
http://www_ maths usyd.edu.aw/u/UG/IM/MATHI00G

Lectures
There are 3 different lecture streams. You should attend one stream {(that is, two lectures per week), as
shown on your personal timetable.

Times Location Lecturer
8 am Mon & Tue | E Ave Aud | Dr § Mueller, Carslaw 820
11 am Mon & Tue | E Ave Aud | Dr D Warren, Carslaw 527
1 pm Mon & Tue | E Ave Aud | Dr M Stewart, Carslaw 818

Lectures run for 13 weeks. The first lecture will be on Monday 30 July. The last lecture will be on
Tuesday 30 October.

Consultation times
Lecturers are avatlable for consultation as follows:

e Samuel Mueller (Weeks 2-13): Mondays at 12 noon in Carslaw 820
» Di Warren {Weeks 2-13): to be advised
o Michael Stewart (Weeks 2-13): to be advised

Duty tutors will also be available. Check the MATHI005 webpage.

Tutorials o
Tutorials (one per week) start in Week 2. You should attend the tutorial given on your personal timetable.
Attendance at tutorials will be recorded. Your attendance will not be recorded unless you attend the
tutorial in which you are enrolled.

Tatorial sheets

The tutorial sheets for a given week will be available by the Friday of the previous week. You must
take the current week’s sheet to your tutorial. The sheet must be printed from the web.
Solutions to tuterial exercises for week n will usually be posted on the web by the afternoon of the Friday
of week n.



Assessment
Your final raw mark for this unit will be calculated as follows:

65%: Exam at end of semester 2.
30%: Quiz mark.
5%: Assignment mark.

Final grades are returned within one of the following bands:

High Distinction (HD), 85-100: representing complete or close to complete mastery of
the material; Distinction (D), 75-84: representing excellence, but substantially less than
complete mastery, Credit (CR), 65-T4: representing a creditable performance that goes
beyond routine knowledge and understanding, but less than excellence; Pass (P), 50-64:
representing at least routine knowledge and understanding over a spectrum of topics and
important ideas and concepts in the course. ‘

A student with a passing or higher grade should be well prepared to undertake further studies in math-
ematics and statistics on which this unit of study depends.

Examination
There is one examination of 1.5 hours’ duration during the examination period at the end of semester 2.
Further information ahout the exam will be made available at a later date.

Quizzes
There are two quizzes, each worth 15% of your final raw mark. Quizzes are held during tutorials, in

Week 8 (beginning 17 September) and Week 12 (beginning 22 October}.

You should put those dates in your diary now! You must sit for the quiz during the tutorial in which you
are enrolled. Your quiz mark will not be recorded if you sit for the quiz in a tutorial in which you are
not enrolled (unless you have made an arrangement with the Mathematics Student Office). If you miss
a quiz, then you must go to the Mathematics Student Office as soon as possible afterwards.

Assignments

One assignment will be marked, and will be worth 5% of your final raw mark. The assignment will be
due on Thursday 6 September. Please see page 26 of the Junior Mathematics Handbook for details
relating to the submission of assignments. :

Text book ,
M C Phipps and M P Quine. A Primer of Statistics. Prentice Hall, Sydney, NSW, Australia, {fourth
edition) 2001.

Any questions?
Before you contact us with any enquiry, please check the FAQ page:

htsp://www.maths.usyd.edu.an/u/UG/IM/FAQ. html

Where to go for help

For administrative matters, go to the Mathematics Student Office, Carslaw 520.

For help with statistics, see your lecturer, your tutor or a duty tutor. Lecturers guarantee to be available
during their indicated office hour, but may well be available at other times as well.

If you are having difficulties with statistics due to insufficient background, you should go to the Mathe-
matics Learning Centre {Carslaw 441}.



Objectives
This unit aims:

L 2

to introduce techniques for summarising experimental univariate and bivariate data, such as that
ob- tained in various branches of science, medicine, commerce etc, by means of elementary statistics
and diagrams;

t0 use probability theory to provide a mathematical framework for real life data modelling;

to introduce statistical inference and show how statistical tests can provide evidence for or against
a scientic question.

Cutcomes
Students who successfully complete this unit should be able to:

explain univariate and bivariate data by means of the five number summary, mean, variance and
standard deviation, correlation coecient, boxplot, histogram and scatterplot;

find the least squares regression line as a way of describing a linear relationship in bivariate dats;

use methods derived from the three axioms of probability to calculate the probabiiities of simple
events;

understand the concept of a random variable and the meaning of the expected value and variance;
apply the Binomial distribution as a model for discrete data;

use the Normal distribution as a model for continuous data;

understand the central imit theorem;

understand the concept of hypotheses tests and P-values for finding evidence for or against simple
null hypotheses, in particular using the binomial test for testing proportions, one- or two-sided z-,
- or sign-test for making inference about the population mean;

understand the concept of a confidence interval;
use the Chi-squared test for simple goodness of fit problems;

use the R statistical computing environment to obtain numerical and graphical summaries of data,
and for performing various statistical calculations.



‘Week-by-week outline

Week Topics Pages
1 Introduction. Type of data. -8
Histograms. Rounding down/off. Stem-leaf displays. 8-12
2 S.number summaries. Boxplots. Distribution shapes. 13-19
Revision of summasion notation. Summary statistics (mean and sd). 20-24
3 - Computer summaries. Correlation. 25-27
Linear regression. Computer output. Residual plots. 28-32
4 Classical probability. Counting. Sampling without replacement. 48-47
Rel freq. Mut. excl. and indep. events. Probability rules. 47-51
5 Integer-valued rv’s. Binomial. 56-57
Binomial tables. Mean. 58-59
6 Expectation. Mean and variance. 60-61
Discussion of cts rve. Normal rvs and use of tables. 66-68
7 More on the normal. TO-73
The Central Limit Theorem. 7375
2] Normal approximation to the Binomial. Notion of sampling distributions. | 75-77
Hypothesis testing. P-values. 84-87
9 Tests for proportions. 88-91
Sign tests. 91-93
- M-I-D-8-E-M-E-§-T-E-R—B-R-E-A-K
10 More on P-values. Z-test. 96-97
11 t- tables and one sample {-tests. 98-80
Paired t-test. Paired sign test (revision). 100
12 Two sample i-tests. Discussion of comparative studies. 101-102
Confidence intervals {u). 103-105
13 Confidence intervals (p). Further topics {e.g. Chi-squared tests.). 105
Revision.

Tutorials commence in week 2
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It is recommended that you bring the textbook “A Primer of Statistics” to both tutorials and lectures.
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Disruption of recruitment in two endemic palms
on Lord Howe Island by invasive rats

Tony D. Auld « Ian Huatton - Mark K. J. Ooi -
Andrew J. Denham

Received: 12 November 2009/ Accepted: 15 February 2010
@ Springer Science+Business Media B.V. 2010

Abstract. Invasive species may have (negative:

impacts on many narrow range endemics and species
_restricted to oceanic islands. .Predicting recent
| impacts of invasive species on long-lived trees is
difficult because the presence of adult planits may
¢ mask ‘population changes. We examined the impact
~of introduced black rats (Rattus rattus) on two
. palm species restricted to cloud forests and endemic
‘to Lord Howe Island, a small oceanic island in
the southern Pacific, We combined estimates of the
\ standing .size distribution of these palms with the
© proximal impacts of rats on fruil>survival in areas

 baited to control rats and in unbaited-areas. Thesize.

“distribution of palms with trunks was comparable
across baited and unbaited sites.. Small juvenile palms
lacking a trunk (<50 cm tall) were abundant-in baited
areas, but rare in unbaited sites for Lepidorrhachis
mooreana, and tare or absent in 3 out of 4 unbaited
Hedyscepe canterburyana sites. All ripe fruits were

% lost-to rats in the small fruited L. mooreana. Fruit

T. D. Auld (B4) - A. 1. Denham

Climate Change Science, Department of Environment,
Ciimate Change and Water {NSW), PO Box 1967,
Hurstvitle, NSW 2220, Australia

e-mail; tony.auld @environment.nsw,gov.an

L. Hutton
PO Box 157, Lord Howe Island, NSW 2898, Australia

M. K. J. Ooi

Department of Animal and Plant Sciences, University
of Sheffield, Sheffield $10 2TN, UK

Published onfine: 66 March 2010

removal was. widespread but less (20-54%) in
H. canterburyana. Both paims showed evidence of
a reduced capacity- to maintain a juvenile bank of
palms through regular recruitment as a consequence
of over 90 years of rat impact, This will limit the -
ability of these species to take advantage of episodic
canopy gaps. Baiting for rat control reduced fruit
Josses and resulted in the re-establishment of a

juvenile palm bank. Conservation of both endemic
palms necessitates control (or eradication) of rat
populations on the unique cloud forest summits of the
island. -

Keywords Seed predation - Lord Howe Island -
Australia - Paims - Black rat Rartus rattus

Introduction

Invasive species disrupt a range of ecological habitats
via direct impacts on individuals (either as adults or
juveniles) or by altering habitats, ecological pro-
cesses (Soule 1990; Lonsdale 1999) or disturbance
regimes (Mack and D’Antonio 1998). Invasive spe-
cies are generally competitors, predators, herbivores
or pathogens. Endemic populations of plants and
animals on oceanic islands often comprise few
individuals, occupy highly restricted areas or specia-
lised habitats and cannot recolonise from other
areas. These populations are particularly sensitive to

@ Springer
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T. D, Auid et al.

declines or extinction caused by invasive species
{Sakai et al. 2002; Coote and Loeve 2003; Wiles et al.
2003; Blackburn et al. 2004; Towns et al. 2006
Trevino et al. 2007), often in combination with loss
of habitat (Hunt 2007; Athens 2009).

In parts of the Pacific, much of the flora and fauna
have evolved in the absence of mammalian predators
and grazers. The subsequent introduction of such
predators, including humans, has led to a number of
serious declines or extinctions of species, including
birds (Hindwood 1940; Holdaway 1989; Blackburn
et al. 2004; Cheke 20006), invertebrates (Priddel et al.
20403; Coote and Loeve 2003; Towns et al. 2006) and
plants (Duncan and Young 2000; Campbell and
Atkinson 2002). For long-lived plants, extinctions
caused by introduced species have rarely been
recorded (Prebble and Dowe 2008), and in some
cases the life span of individual plants may be longer
than the period since the introduction of particular
weeds, predators or pathogens. For such plants,
continuing impacts may result in population declines,
even if these declines are hard to detect. Janzen
{1986) described such situations as blurry catastro-
phes and such species may be candidates for the
“living dead” (sensu Janzen 198¢) where a key part
of the life history has been disrupted and successful
reproduction has ceased. To identify recent impacts
of invasive species on long-lived plants we need to
determine if reproduction is sufficient to maintain a
stable population.

Past changes to population dynamics in plant
species have been inferred using paeleoenvironmen-
tal records (Hunt 2007; Athens 2009) or standing size
distributions across a range of plant communities
from arid shrublands (Crisp and Lange 1970; Walker
et al. 1986) to rainforests (Ogden 1985), including
palms (Baright 1985) and other species on oceanic
islands (Allen et al. 1994). To successfully apply
these techmiques, an understanding of proximal
population dynamics is also needed. Assumptions
about growth rates or turnover in size or stage classes
must be made or estimated from direct observation
(Enright 1985; Ogden 1985). Proximate factors
limiting fecundity and survival, and the life or size
stages at which they act, need to be understood to
permit effective conservation management.

In this paper, we assess the impact of introduced
black rats (Rartus raffus) on two highly restricted
endemic palm species (Arecaceae) from Lord Howe

@ Springer

Island in the southern Pacific Ocean. Palms are a
usefui study group as they are readlly counted .
and % age classes may be inferred from leaf scars~
{Tomlinson 1979). We inferred past lmpacts on
populations by examining standing size structures in
combination with some limited data on leaf produc-
tion. Concurrently, we estimated the proximal impact
of seed predation by rats across habitats either baited
(to reduce rat numbers) or unbaited. We applied
selective caging experiments to exclude vertebrates
from gaining access to seeds on the ground. Finally,
we combined these two approaches to infer the
conservation kmplication of the invasion of rats on the
endemic palm populations and the likely response of
these species to rat removal,

Methods
Study site

Lord Howe Island (31°3(YS, 159°05'E) is a small
oceanic island (0.3-2.8 km wide and Il km long,
1,455 ha) formed from volcanic activity 6.3~7 million
years ago {[utton et al. 2007). It is situated ~ 570 km
from the east coast of Australia, 1,350 km from New
Zealand and 1,250 km from New Caledonia (Pickard
1983a). Almost 80% of ihe island is protected in a
permanent park preserve (Davey 1986). It has been a
UNESCO World Heritage Area since 1982 (Depart-
ment of Environment and Climate Change NSW
2007}, Topography on the island is dominated by its
two southern mountains (Mt Lidgbird at 777 m and
Mt Gower at 875 m). Both mountains are basaltic in
origin and Mt Gower is considered to be an eroded
caldera (MicDougali et al. 1981),

The Lord Howe Island climate is humid-subtrop-
ical. It has a mean annual temperature of 19.2°C,
ranging from 17 to 25°C in December—February to
14-18°C in June—August {(Mueller-Dumbois and
Fosberg 1998). Average annual rainfall in the low-
lands is 1,645 mm (Australian Bureau of Meterology),
although rainfall in the southern mountains is likely
to be much higher (Department of Environment and
Climate Change NSW 2007). Rainfall is unevenly
distributed throughout the year, with the driest period
in late summer (February, average of 100 mm)
and the wettest in winter (June/July average of
200 mm;).
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Disruption of recruitment in two endemic palms on Lord Howe Islaad

The island was originally free of mammals (except
for small insectivorous bats) when first encountered by
humans in 1788 and first setiled in 1834 (Hutton [986),
It now has a resident population of about 300 people
(Hutton et al. 2007). There is no archaeological
evidence of Polynesian occupation of the island prior
to 1788 (Anderson 2003) and the Pacific rat (Rattus
exulans) is not considered to have ever reached the
istand. Black rats (Rarmus rattus) were accidentally
introduced when a steamship ran aground in 1913
{Billing and Harden 2000). Rat control measures have
been sporadic until 1986 when a number of baited
areas were established and ongoing baiting was
maintained (Biliing and Harden 2000). Approximately
8% of the island is currently baited (Billing 2{(K)0). This
rat comtrol program is now part of an integrated
management plan for bicdiversity conservation on
Lord Howe Island (Department of Environment and
Clitnate Change NSW 2007). The primary aim of the
baiting has been to reduce seed predation by rats upon
the two species.of the endemic lowland palm genus
Howea, especially H. forsteriana which forms the
basis of a commercial seedling export enterprise on the
island for horticultural trade (Pickard 1980). The
baiting program also benefits other species, including
seabirds (McAllan et al. 2004), inveriebrates (Depart-
ment of Environment and Climate Change NSW 26G7)
and plants (Auld and Hutton 2004),

Stody species and habitat

We sampled the two endemic mountain palm species
from Lord Howe Island.. Lepidorrhachis mooreana
(F. Muell) OF. Cook (Arecoideae: Areceae;
Dransfield et al. 2008) is a small palm (trunks
generally up to 3 m) restricted to the cloud forest
vegetation (Pickard 1983a; Harris et al. 2005; Baker
and Hutton 2006) on the 27 Ha summit plateau of Mt
Gower (about 700-873 m in elevation). It has also
been reported from the very small summit of Mt
Lidgbird, but this requires confirmation. The species
is considered to be rare on Lord Howe Island (Pickard
1983h), with introduced rats and climate change
considered to threaten the cloud forest habitat of the
species (Baker and Hutton 2006)..Hedyscepe; canter-
buryana (C. Moore and F. Muell.) H Wend. & Drude
has a trunk of up to 6 m and is generally confined to
the higher elevations (600-875 m) of the southern
mountains, although on sheltered slopes it can be
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found down to 300 m. It is listed as vulnerable under
the JUCN red list of threatened trees. It co-occurs
with L. mooreana on the summit of Mt Gower, but
also occurs at lower elevations in forests on several
extensive ledges below the summits of both Mt
Gower and Mt Lidgbird (Pickard 1983a). Since the
two palm species belong to monospecific genera we
hereafter refer to them as Hedyscepe and
Lepidorrhachis.
The size and dry weight (air dried at room
temperalure) of fruits of the species are very differ-
. Lepidorrhachis. froits are globular drupes
~1 3 cm in diameter, weighing an average of
1.4 £ 004 g (n = 20 fruits). Fruits ofﬁﬂﬁdyscepe\
are large and ovoid, ~3 x 4.4 cm, weighing 24.8
+ 0.5 g (n = 30 fruits).

Standing size structure

We sampled the sizé structure of stands of the two
species in cloud forest on the Mount Gower plateau.
We stratified the sampling between areas that have
been baited by the Lord Howe Island Board to control
rat numbers and those that have never been baited.

«.Baitifig currently involves placement of poison every)

3 months at fixed stations throughout the baited area.;
Baiting has been conducted on Mt Gower for the iastl
20 years (Billing 204%). Only a small proporuon,
(~7%) of the eastern area of the summit has beens
baited (1.9 ha of a total 27 ha) and not all the baitedi
or unbaited habitat' is occupied by the study species.j
Although both mountain palms occur actoss the
summit plateau and Hedyscepe and Lepidorrhachis
co-oceur in places, there is a tendency for Hedyscepe
to occupy more sheltered sites and guliy slopes while
Lepidorrhachis is more common on small ridge tops.
In each of the baited and unbaited areas we sampled
three separate plots for each palm species (12 plots
overail). At each plot, we established a 5 m wide
transect across the site and sampled @all' individual
palms within the transect. The transects were sampled
untif we had encountered a minimum of 30 Hedy-
scepe or 50 Lepidorrhachis individuals with an
.emergent trunk. Hence, the number of juvenile plants
without a trunk that were sampled varied between
plots. Transects ran for a minimum of 20 m up to
35 m, but occasionally to obtain sufficient numbers
of plants with trunks we had to sample additional

trunked plants beyond this length, These latter plants

;:_5,‘7_.:. j?



T. D, Auld et al,

were not included in our estimates of plant densities.
We measured canopy-height (=leaf height in plants
lacking a trunk) for all individuals. For plants with
emergetit-trunks, we also scored. floweringor fruiting
and measured two additional plant size attributes:

1. .trunk heighit.to the base of the leaf sheaths; and
2. the number of leaf scars on the trunk.

Qccasionally, trunks were covered in mosses and
lichens and it was not possible to count the number of
leaf scars on the entire trunk. Where this occurred,
mainly in Hedyscepe, we counted a section of the
trunk and extrapolated\to the length of the trunk. This
assumed even rates of growth between leaf scars. In
Hedyscepe and Lepidorrhachis, there was a pattern of
larger intervals between leaf scars at the base of
trunks and smaller intervals at the top (after the plants
had matured). Consequently, where we had (0
subsample a trunk, we chose a section that included
the transition between smaller and larger intervals
between leaf scars. We also calculated the average
leaf scar interval per trunked plant from the stem
length divided by number of leaf scars.

We additionally sampled one population of Hedy-
scepe at the summit of Mt Lidgbird. The summit of
this mountain is very narrow and there is little
available habitat. The habitat of Hedyscepe palms on
this mousntain top has not been subject to rat baiting.
Sufficient habitat was available to sample one plot,
where we ran a 5 m transect along the undulating
summit and sampled as per above. It was not passible
to sample Lepidorrhachis on Mt Lidgbird as no plants
could be Iocated.

Hedyscepe also occurs on large ledges below the
summits of Mt Lidgbird and Mt Gower. However, to
ensure that all our samples were confined to compa-
rable habitat on the mountain summits in cloud forest
vegetation, we did not sample in these areas.

Inferring plant age or growth rates

For Lepidorrhachis, we tagged leaf bases on 10
mature trunked plants to determine the rate of
production of leaf scars over a 31 month period.
The length of time a palm had a trunk was then
inferred from the mean number of leaves produced
per year times the number of leaf scars. All plants
sampled were on ridges on the summit of Mt Gower
across the gradient in elevation. Loss of tags from
toted © wriated,
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Hedyscepe plants prevented a similar estimation in
that species.

Impact of rats on fruit survival

To examine the direct proximal impacts of rats on the
palms we established seed preciauon exclusion-exper-
iments on Mt Gower. We ran the expériments on
2 occasions in 2006 (winter-July; and late spring-
November). This replication allowed us to examine
temporal variation in seed predation ratesactoss the
long period of fruit maturation. For both replicate
trials, there were developmg and ripe friits available
on mature plants of both species. For Lepzdorrhachzs,
there were considerably more ripe fruits in July than
November, while for: Hedyscepe, slightly more ripe
fruits were available in November. At each time, we
sampled 4 sites per species, 2 in rat baited and 2 in
unbaited areas. At each site, we established 10
randomised plots of treatments, with the location of
each plot constrained by being under a palm with a
fruiting infructescence, but such plants were chosen
randomly from those available at the site. For Hedy:
scepe, at each chosen palm, we set up 2 batches of 10
mature fruits in a cache, one caged and one uncaged.
The caged fruits were covered with a 1 em? wire mesh
cage that was held into place by wire stakes. This
excluded rodents and birds. We followed the fates of
fruits over a 2 week period. For.Lepidorrhachis, we
observed that green fruits were eaten by rats. In some
baited areas, fruits, in which the red fleshy outer layer
{the mesocarp and exocarp) had been removed or worn
off, persisted on the forest fioor {leaving only the seed
and endocarp). So for Lepidorrhachis, we used caged
and uncaged ripe red fruits along with two additional
uncaged fruit categories at each plot. These categories
were large green fruit and endocarp-only fruit. We
observed Lord Howe currawongs (Strepera graculing
crissalis, a diurnal corvid) remove ripe fruits from
infructescences of Lepidorrhachis and regurgitate
endocarps. As this bird may have removed fruits in
our exclusion trials, the inclusion of endocarp-only
fruits in the experiment allowed us to compare
removal rates for fruits that were attractive to these
birds (ripe red fruits) and fruits that were not (endo-
carp-only). The Lord Howe currawongs may occa-
sionally handle the much larger fruits of Hedyscepe
(Hutton pers observ.), but no endocarp-only fruits
were available on the summit plateau.

: \ ;
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Disruption of recruitment in two endemic palms on Lord Howe Island

In the July trial, the experiments were checked
overnight and again at ~2 weeks after establishment,
with the final data point used in the analyses. In the
November trial, we checked removal and fruit loss at
plots overnight, at 3-3.5 days and after 2 weeks. We
used these temporal sampling data to examine the early
rates of fruit loss.

To infer the fates of fruits we explored several
possibilities. We spent time observing fruit caches in
the day and night to monitor removal agents. We also
examined the pattern of fruit mesocarp removal and
fruit consumption in situ to infer likely agents.

Data analysis

We compared the population size structure in stands of
each palm across baited and unbaited areas. For each
species, we used nested 2 Factor ANOVAs (fixed
factor rat baiting, with sites nested in rat baiting) to
compare each size attribute in trunked plants. Species
were not included as a factor as Hedyscepe is much
larger than Lepidorrhachis and as we were interested in
the nested site effect within a species. Cochran’s Test
was used to test for homogeneity of variances. Where
heterogeneous variances were detected, the data were
log transformed (Underwood 1997). Where ANOVAs
were significant, individual means were compared
using Student-Newman—Keuls tests (Zar 1974).

For the predator exclusion experiment, for each
species, we compared the magnitude of fruit removal/
loss across the treatment plots. We used a GLIM with
four factors—time of experiment, rat baiting, caging
treatment and sites (nested) with a binomial error
structure, Removal from a plot was scored if there
had been any seed removal as the plot was the unit of
replication. In the November trial, we used a failure-
time analysis (Fox 2001) to compare the rates of seed
removal between baited and unbaited areas and
different caging treatments, pooling data across plots
and sites.

Results
Standing size structure
In trunked palms of both Hedyscepe and Lepidorrhachis,

there was no significant difference between baited and
unbaited areas for all size attributes, but there was

variation among study sites (Table 1). In Hedyscepe, &

there was a significant difference in crown sizes
(F4'135 B 33, P = 001), trunk lengths (F4,177 = 54,
P < 0.001) and the number of leaf scars per trunk
(Fay70 = 2.7, P = 0.03) across sites (Table 1}. In
Lepidorrhachis, there was significant variation among
sites in crown sizes (Fyo1 = 3.5, P = 0.001) and
trunk lengths (Fy 04 = 2.8, P = 0.025).

The size distribution of trunked plants was broadly (3

similar across sites, although in Hedyscepe there were
relatively more individuals in the largest size classes
than in Lep:dorrhachw (Figs. 1,
dlfferences between the popuiation structures in the
rat baited versus unbaited arveas (Figs. 1,
juvenile palms (<25 cm) were only present in areas
that were baited, with the exception of one Hedyscepe

site (H2rat; Fig. 1). Large juveniles that did not yet *¥./

have an aerial trunk and plants with a trunk that had
clearly not yet flowered were present at all sites,
although they were very scarce at one Hedyscepe site
where rats were not baited (Hlrat, Table 2). The
Hedyscepe site from the summit of Mt Lidgbird was
comparable to the unbaited Mt Gower sites as there
were few plants without a trunk (Table 2). Densities
of mature (0.06-0.4 m™?) and juvenile plants (0.05-
8.3 m™?) varied across sites (Table 2).

Trunked Lepidorrhachis plants produced an aver-|
age of 2.6 (4:0.8) leaves each year (range 2. 3-3.1).;
To infer an estimate of the time spent as a truniceds
Lepidorrhachis palm, we assumed plants producedl
between 2 and 3 leaf scars per year. This would |

) ‘When plants 5

2). Smail 7.

suggest that each site contains a few very old
individuals that have had trunks for 100-200 years |
(cf. Fig. 2). Most of the plants are estimated to have .‘

had trunks for less than 70 years.

Impact of rats on fruit survival

Fruit loss varied markedly between baited and
unbaited areas. For Hedyscepe, there was no signif-
jcant difference between the replicate experiment
times and no significant interactions involving this
term. No fruits were consumed in situ in this species.
There were significant differences between baited and
untbaited areas and between caging treatments, along
with significant site variation. Some fruits were
removed from all plots at one of the unbaited sites

@ Springer
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Table 1 Summary size measurements for trunked palms sampled on Lord Howe Island

Species Site Baited for rats Trunk Length (m) Mean plant {-SE)
Crown size {(m) Leaf scars Leaf scar
intervai {cm)

Hedyscepe Hlrat No 4.01(0.34) 2.08(0.1%) 193(26) 2.7(0.3)
H2rat No 2.73(0.33) 1.98(0.10) 138(32) 3.4(0.3)
Hirat No 2.03(0.27) 2.38(0.10) 87(22) 4.2(0.5}
H4 Yes 2.63(0.33) 2.43(0.10% 115(25) 4,1(0.4)
HS Yes 2.39(0.35) 2.38(0.13) 148(34) 4.5{0.5)
H6 Yes 3.03¢0.32) 2.03(0.09) 208(39) 3104
HLrat No 2.79(0.21) 1.89(0.07) 170(14) 2.3(0.2)

Lepidorrhachis Lirat No 1.37€0.14) 1.73(0.05) 75(9) 2.1(0.2)
L2rat No 1.67(0.15) 1.85{(0.08) 68(9) 2.5(0.2)
L3rat No 1.59(0.12) 1.63(5.07) 70(8) 2.4(0.1)
14 Yes 1.73(0.12) 2.02(0.06) 76(9) 2.8(0.2)
L5 Yes 1.21(0.13) 1.95(0.08) 53 2.9(0.3)
L6 Yes 146(0.11) 1.80(0.05) T5(9) 2.3(0.1)

For each size measurement 30 Hedyscpe or 50 Lepidorrhachis tranked plants were sampled

(a total 54% of individual fruits removed) and from
85% of plots at the other unbaited site (a total 20% of
individual fruits removed). One of the baited sites
also had some fruit removed from 85% of plots
(a total 22% of individual fruits removed), while the
second baited site had removal from 45% of plots
(a total 7% of individual fruits removed). There was
evidence of rats scraping away the thin mesocarp and
trying to remove the fibrous endocarp. Nocturnal
observations revealed that rats dragged fruits away
from the experimental plots. It is likely that fruits
were consumed in caches and such caches with eaten
fruits were observed in the habitat.

In Lepidorrhachis, there was a significant two way
interaction between caging treatment and date of
sampling (July or November), along with a signifi-
cant difference between baited and unbaited areas
and a significant nested site effect. In the unbaited
areas, uncaged fruits were removed in all plots,
except for 2 plots of green fruits. All red fruits and
those with the flesh removed (endocarp-only) were
taken in both July and November sampling. The
removal of green fruits varied from 98% in July to
17% in November. Evidence that rats consumed
fruits was indicated by the presence of chewed pieces
of pericarps in situ, the presence of fresh rat scats in
the plots and our nocturnal observations of rats
feeding on fruits. While some ripe red fruits may

@ Springer

have been taken and dispersed by Lord Howe
currawongs, it is likely that rats are consuming fruits
since there was 2 loss of both ripe red fruits and
endocarp-only fruits in all the unbaited sites. Fruits
with the mesccarp removed should not be attractive
to currawongs. At these unbaited sites, no adult plants
had ripe fruits on infructescences and no fruits with
the mesocarp removed (endocarp-only) were present
on the ground. In contrast, ripe fruits were common
both on infructescences and on the ground in the
baited areas. In baited areas, we found that there was
some removal of ripe red fruits in all plots in
November (a total 64-94% of individual fruits
removed across sites) and in 85% of plots in July
(a total 35-40% of individual fruits removed across
sites). For fruits with only an endocarp, there was
more variation between the two sampling seasons,
with removal in 95% of plots in November (a total
24-96% of individval fruits removed across sites)
compared to only 30% of plots in July (a total 6% of
individual fruits removed across sites). Removal of
green froits was comparable across sampling seasons,
65% of plots in November (a total 14-25% of
individual fruits removed across sites) and 55% of
plots in July (a total 12-13% of individual fruits
removed across sites). The losses in November at one
baited site were directly attributed to rats as evi-
denced by large amounts of fruit remains in situ. This
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may reflect re-colonisation of this site by rats at the
time.

In the November trial, there was some initial
(overnight) rapid removal of ripe fruits of Hedyscepe
in unbaited areas and then a slow rate of removal in
both baited and unbaited areas (Fig. 3). In Lep-
idorrhachis, loss of ripe red fruits was rapid where
rats were not baited (Fig. 4), with some 90% fruits
lost within a day and all fruits gone within 3 days.
Most of these fruits were consumed in situ by rats
over the first night of the experiment, again support-
ing the conclusion that consuymption by rats rather
than fruit removal and dispersal by Lord Howe
currawongs explains fruit losses. The loss of all
endocarp-only fruits within 3 days was also likely

due fto rat predation since these fruits are not
attractive to currawongs (Fig. 4).

Discussion

The introduction of rats (Ratfus rattus) to the oceanic
Lord Howe Istand is likely to have increased the risk
of extinction for the two endemic mountain palms.
This is a consequence of rat predation of fruits which
has the potential to litnit recruitment in both palm
species. Past observations highlight the lack of ripe
fruits on Lepidorrhachis plants unless mesh caging
was applied to exclude rats from developing fruits
(Moore 1966; Pickard 1980). The paucity of small
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juvenile plants in areas which have not been baited
for rat control, both in our study plots and more
generally throughout this unbaited area, supports the
more general contention that the introduction of rats
affects plant recruitment in a range of island ecosys-
tems (Campbell and Atkinson 2002; Delgado Garcia
2002; Towns et al, 2006; Meyer and Butaud 2009;
Traveset et al. 2009). It is possible that rats also
reduce seedling and juvenile growth as they have
been observed eating palm leaf sheaths and causing
leaf fall in both juvenile and adult palms consistent
with similar damage observed on planis elsewhere
(Traveset et al, 2009), The impact of rats is preatest in
Lepidorrhachis, where fruit losses reached 100% and
small juvenile plants (<50 cm) were extremely rare

&) Springer

in the presence of rats. Any possible seed escape in
Lepidorrhachis via dispersal by the Lord Howe
currawong is negated by the loss of endocarp-only
fruits (matching regurgitated fruits) in unbaited areas.
For Hedyscepe, observed fruit losses were less (total
of 20-54%), and while some seed escape may be
occurring, only one out of four sites sampled on the
mountain tops has an appreciable number of small
juveniles (<50 cm; Table 2). Differences between
the two palm species may relate to the fact that the
fruits of Hedyscepe ate up to 18 times bigger than
Lepidorrhachis and rats may have more difficulty
eating into Hedyscepe fruits as they have a thicker
and very fibrous endocarp wall. Neither palm species
can be considered the “living dead” (sensu Janzen
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Table 2 Plant densities across sampled plots for Lepidorrhachis mooreana and Hedyscepe canterburyana

Species Site Baited for rats Density (™)
Trunked plants Juveniles with no trunks
Mature Juv Height {m)
<0.5 0.5-1 >1
Hedyscepe Hlrat No 0.10 0.02 0 0.01 0.01
H2rat No 0.13 0.02 0.85 0.01 0.03
Hb3rat No 0.1% 0.14 0.03 0.03 0.18
B4 Yes T 0.14 0.07 402 0.56 0.19
H5 Yes 0.06 0.09 1.52 0.07 0.06
H6 Yes 0.08 0.03 2.91 0.11 0.03
HLrat No 0.40 0.11 0.01 0.02 0.04
Lepidorrhachis Lirat No 0.34 0.06 0.04 0.09 0.10
L2rat No 0.24 0.06 0.01 0.09 (.15
L3rat No 0.35 0.04 0.01 0.04 0.11
L4 Yes 0.19 0 8.13 0.13 0.08
L5 Yes 0.12 0.10 2.38 0.19 0.11
L6 Yes 0.25 0.04 5.41 0.28 0.14
All sites on Mt Gower, except Hlrat from Mt Lidgbird
0.5
0.4
o3 o
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Fig, 3 Rate of fruit loss in Hedyscepe canterburyana, pooled
across sites. Data are 1-(Kaplan-Meier estimates) with
standard errors. Filled symbols are sites with no rat baiting,
symbols are sites with rat baiting. Vertical bars are standard
errors. Treatments are: Cage (circle); uncaged ripe fruit
{trigngle). No fruits were removed in the caged treatment

1986) as there are juvenile plants over 50 cm in
height at all sites, independent of the current rat
baiting program on the island. Some episodic
recruitment may occur as a result of sporadic seed
escape from rats, possibly in relation to natural
fluctuations of abundance within the rat population.

Fig, 4 Rate of fruit loss in Lepidorrhachis mooreana, pooled
across sites. Data are I-{(Kaplan-Meier estimates) with
stapdard errors. Filled symbols are sites with no rat baiting,
open symbols are sites with rat baiting. Vertical bars are
standard errors. Treatments are: Cage (circle); uncaged ripe
fruit (triangle); uncaged green fruit (digmond) uncaged
endocarp-onty froit (sguare)

Rats reached Lord Howe Island some 90 years
prior to this study and are reported to have spread
rapidly (Billing and Harden 2000). Consequently, rat
predation could have affected palm recruitment for a
number of decades. Is this reflected in the estimated
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age stracture of Lepidorrhachis? Plant age in palms
has been inferred by the number of leaf scars
(Sarukhdn 19%0; Enright and Watson 1992). In
Lepidorrhachis, there were few plants (~6% of the
population) with more than 120 leaf scars (Fig. 2).
This represents some 40-60 years of trunk growth.
The remainder of the trunked palms are more or less
evenly distributed up to 100 or 120 leaf scars (Fig. 2).
If individual mortality was constant across these size
classes then this would suggest a declining population
and may reflect a long term impact of rats on
recruitment. Estimating plant age requires additional
data on the time required for juvenile plants to grow
large enough to produce a trunk, and this may vary
with habitat quality and disturbance regime. This pre-
trunk period typically takes decades in some palm
species (e.g. 35-60 years, Enright [985; Enright and
Watson 1992), but is carrently unknown for Lep-
idorrhachis. Further data on juvenile survival and
growth are needed to clarify the age structure of the
population.

Recovery of vegetation following removal of rats
is not always straightforward (Mulder et al. 2009;
Towns 2009). Rats may impact on nutrient cycling
(through impacts on seabirds, Mulder et al. 2000) and
the impacts of mice may increase if rats alone are
removed (Angel et al. 2009}, In our study area on Mt
Gower, there has only been limited rat control in the
last 20 years. There is a lack of small juveniles in
unbaited areas at all sampled Lepidorrhachis sites
and at 75% of the Hedyscepe sites. Baited areas are
distinguished by the abundance of young juvenile
paims, implying a restoration of plant recruitment
and a re-establishment of the juvenile bank of
palms (sensu Silvertown 1982). Successful growth
to matarity of juvenile palms will probably be
influenced by local canopy gap formation after tree
death or tree fall in storms.

Long-term conservation of the endemic palm
genera in this study may be compromised by a
reduced capacity to establish a juvenile bank and to
adapt to a changing climate. Both species occur in the
unique cloud forests on the istand (Harris et al. 2005)
and changes to moisture regimes (e.g. through a
reduction in cloud cover) with a changing climate

__may limit establishment opportunities in the future.
* Targeted control, or eradication of rats*is essential to

maximise the potential for long-term conservation of

_ these species.

Lo
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