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ABSTRACT

Context. Melaleuca quinquenervia is a widespread, keystone species of eastern Australian coastal
forested wetlands. Populations of M. quinquenervia in the fringes of Myall Lakes, New South Wales,
Australia exhibit low numbers of juveniles, infrequent recruitment and a dominance of mature
individuals, raising concerns about stand replacement from conservation managers. In contrast,
M. quinquenervia often recruits in large numbers and is highly invasive in wetlands around the
world. Aims. To explore factors that limit recruitment of M. quinquenervia within its native
range. Methods. Field deployed seed traps; soil-core sampling; a burial longevity trial and depth
of emergence experiment; laboratory temperature, salinity and light germination experiments; a
transplantation experiment; monitoring of field germination; and a litter/leachate experiment.
Key results. Low seed viability (5-26%) is offset by high canopy seed loads (250 000 to 120 million
seeds per tree) released continuously throughout the year with a peak fall in summer (2000 to 5000
viable seeds per m? per month), coinciding with optimal germination temperatures. Seedling emergence
is reduced below 5 mm soil depth, there is a very low soil seedbank reserve, and germination is light-
dependant. M. quinquenervia exhibited reduced germination percentage and rate as well as reduced
survival of seedlings at salinities higher than |5 dS m™ EC (electrical conductivity). The most
favourable sites for seedling establishment are permanently moist with low salinity, protected from
wave action via sedge vegetation, and sheltered from prevailing winds. There is an inhibitory effect
of Casuarina leachate on germination. Conclusions. Germination in the field is episodic, and tied to
specific environmental conditions. Highest losses occur at the seedling establishment phase.
Implications. Future research avenues and management recommendations are provided.

Keywords: allelopathy, Casuarina glauca, coastal communities, Melaleuca, salinity, seed germination,
seedling growth, transplantation experiment, wetlands, viability.

Introduction

The native Australian plant species Melaleuca quinquenervia (Cav.) S.T.Blake (broad-leaved
paperbark tree) is a weed of global significance (Global Invasive Species Database 2021).
Listed as noxious in Asia, Central and South America, South Africa and the Pacific (Dray
et al. 2006; van Kleunen et al. 2015; van Wyk and Jacobs 2015), the species has proven
to be an invasive coloniser and difficult to eradicate (Bodle et al. 1994; Tipping et al.
2016; Martin et al. 2019; Tipping et al. 2021). In the Florida Everglades, for example,
where M. quinquenervia was first introduced from Sydney in 1886 to drain swamps and
increase agricultural land (Turner et al. 1997; Dray et al. 2006), it now infests and
outcompetes native plants due to its ability to release seeds in high numbers (Myers
1983), to resprout following fire (Cronk and Siobhan-Fenessey 2001) and to tolerate
submergence following flooding (Serbesoff-King 2003).

By contrast, M. quinquenervia in Australia exhibits infrequent recruitment in the
field, and environmental parameters to germination and seedling survival are unknown.
As far back as 1939 at the Myall Lakes in New South Wales (NSW), low numbers of
seedlings, infrequent recruitment, ‘marked stepping’ of size classes and population profiles
dominated by mature to old individuals, have been noted (Osborn and Robertson 1939;
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Myerscough and Carolin 1986; Martin 2002; Baumann 2008).
However, recruitment at the Myall Lakes does not appear tied
to fire events (Baumann 2008), with fire frequencies in the
Myall Lakes National Park of between 5 and 15 years (NSW
National Parks and Wildlife Service 2002; Mooney and
Maltby 2006; NSW Department of Planning Infrastructure
and Environment 2021). The conditions around its occa-
sional, episodic regeneration at the Myall Lakes, and its
feared loss as older trees senesce, were the focus of this study.

Melaleuca quinquenervia is a keystone species of several
Australian coastal wetland plant communities, including
threatened ‘Swamp Sclerophyll Forest on Coastal Floodplains
of the NSW North Coast, Sydney Basin and South East Corner
bioregions’ (Keith 2004; NSW Scientific Committee 2012). It
provides food and shelter for native aquatic and terrestrial
fauna, with particular importance as a flowering food
source for flying foxes (Pteropus sp.) that are wide-ranging
pollinators and seed dispersers of many native plant species
(Eby and Lunney 2002; Welbergen et al. 2020). Coastal
wetland communities in Australia have been extensively
affected by land-clearing, levee construction, drainage work
and filling for agriculture and urbanisation (Zoete and
Davie 2000; NSW Office of Environment and Heritage
2012). At the Myall Lakes in NSW, where acid-sulfate soils
are largely unsuitable for agriculture and protection has been
provided in the National Parks Estate (NSW National Parks
and Wildlife Service 2002; Great Lakes Council 2009), swamp

sclerophyll forest persists and M. quinquenervia fringes the
lakeshore of some 8000 hectares of fresh to brackish water.

Given the distribution of M. quinquenervia around and at
the lakes edge in both fresh and brackish areas, it was
deemed ecologically important to determine the effect of
fluctuating salinity on seed germination and subsequent
establishment. Van der Moezel and Bell (1987) reported
decreased percentage and rate of germination of Australian
Melaleuca species with an increasing salinity, and little
germination at 200 mM NaCl (~20 dS m™!). However, the
study did not include M. quinquenervia.

The effects of temperature, natural light versus dark, and
burial depth on germination and seedling emergence of
M. quinquenervia were also investigated and reported as
factors long considered among the most important influences
on these processes (Harper 1977; Bewley et al. 2013). An
examination of the effects of seed desiccation on germina-
tion success is also reported, because seeds on the foreshores
and fringing forests of the Myall Lakes are subjected to
repeated wetting or drying owing to the ever-changing lake
and water table levels.

The influence of litter and leachates of M. quinquenervia,
and that of co-occurring plants such as Casuarina glauca
Sieber and Zostera capricorni Asch. on germination success,
were investigated in pot experiments. Three hypotheses
tested were as follows: (a) germination percentage is reduced
by litter cover; (b) seedling emergence percentage is reduced
by litter cover; and (c) germination of M. quinquenervia is
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influenced by leachate from its own species or from
Casuarina glauca, either positively or negatively.

Two field-based studies were conducted to address know-
ledge gaps concerning seedling establishment and recruitment
in the field. First, the fate of seedlings from an unanticipated
opportune natural germination event was observed and
documented for 1 year to inform knowledge of conditions
for successful seedling establishment. Second, a translocation
experiment was conducted to study field survival of trans-
planted glasshouse-grown seedlings to investigate the many
physical and biological factors that determine the most
favourable environments for juvenile establishment.

This study aims to explore key processes involved in
regeneration of M. quinquenervia within the fringing forests
of the Myall Lakes and to determine the factors most likely
to limit these processes in its native range. The study is, thus,
useful to conservation efforts in Australia and potentially
informative to ongoing work internationally, where the
focus is firmly on suppression.

The study aimed to quantify the number and viability of
seeds within the canopy available for germination on the
foreshores of the Myall Lakes. The quantity and timing of
seed fall and the quantity, depth and longevity of a soil
seedbank were also investigated for the first time in Australia.

Materials and methods

Study species

Melaleuca quinquenervia (Fig. 1) is a small-medium-sized tree
that is naturally distributed in a thin belt along the eastern
coast of Australia from Botany Bay in Sydney to near
Rockhampton in Queensland, beyond which it extends
more sparsely to the tip of Cape York, southern New Guinea,
adjacent parts of Indonesia and New Caledonia (Jacobs and
Pickard 1981; Boland et al. 2006; Brophy et al. 2013). It
occurs in coastal wetlands within about 40 km of the coast,
generally between 0 and 100 m above sea level, in warm
subhumid to hot-humid climates with an annual rainfall of
900-1400 mm over neutral to acid, deep sandy soils stained
black with humus and a pH range of 2.5-6.5 (Marcar et al.
1995; Benson and McDougall 1998; Boland et al. 2006;
NSW Scientific Committee 2012).

Study area

Myall Lakes National Park (32°26'S, 152°24'E) (Fig. 2) is a
Ramsar-listed coastal lake system in NSW, Australia, made
up of three inter-connecting, shallow (2.4-3.7 m depth) fresh,
brackish and saline water bodies over ~10 000 ha (NSW
National Parks and Wildlife Service 2002; Ramsar 2021).
The lakes drain a catchment of ~78000 ha of mainly
agricultural land, flowing from the Upper Myall River, and
Nerong and Boolambayte creeks (Mid Coast Council 2018).



www.publish.csiro.au/bt

Australian Journal of Botany

Fig. 1. Melaleuca quinquenervia growing on the lake fringe in Myall Lakes National Park, NSWV, Australia.

Photograph by A. Baumann.
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Freshwater also enters the lakes via groundwater drainage
from the sand mass of the eastern shoreline (Atkinson et al.
1981) and from rainfall. Water exits the lakes via the Lower
Myall River flowing 20 km south into Port Stephens (Palmer
et al. 2000).

The lake fringing forest of M. quinquenervia trees at Myall
Lakes extends back from the lakeshore up to a distance of
20-150 m. This area has a high water table and soils and lake
silts of high nutrient and organic content as well as areas of
low nutrient, wave washed sands (Myerscough and Carolin
1986). Thirteen study sites were sampled around the lake
shore; these sites were largely chosen because of their
accessibility by vehicle (Table 1, Fig. 2).

Estimation of Melaleuca quinquenervia canopy
seed loads

Canopy seed load was estimated from three sites (two mature
trees per site were selected as being typical of each location in
terms of size and vigour) (Table 1). Fruit load per tree was first
estimated by multiplying the average number of capsules per

Table I.

infructescence (the mean of five replicate infructescences) by
the average number of infructescences per branch (the mean
of five typical branches) by the number of branches on the
tree. Binoculars were used, and infructescences and branches
were selected randomly. Canopy seed load was derived by
multiplying the fruit load per tree by the average number
of seeds per fruit (capsule; 250-300). Seeds per capsule
were estimated from a random sample of 18 capsules (three
per mature tree per site). Individual capsules were left for
4 weeks on a bench and seeds passively expelled or were
dislodged with a small brush. Tree heights (estimated by
eye) and diameter at breast height (dbh) were recorded.

Melaleuca quinquenervia seed viability

Seed capsules were collected from 12 trees (four per age class
of young, mature and over-mature) on the northern side of
Casuarina Picnic Area (Table 1). Trees were allocated to
age class by measuring their trunk diameter at breast height
(dbh) and by observing developmental patterns characteristic
of the species. Capsules were stored in paper bags, allowed to

Myall Lakes sites used in studies of Melaleuca quinquenervia recruitment in respect of canopy seed load (CS), seed rain (SR), seed viability

(SV), soil seedbank (SB), seed burial longevity (BL), depth of emergence (DE), effects on germination of temperature (GT), light (GL) and salinity
(GSa), tracking of a natural recruitment event (NR), seed-desiccation experiment (SD), litter/leachate experiment (Le), and a seedling transplantation

experiment (Trans).

Site/location point Location (lat, long)

Features

Date of most recent Study/experimental

within Myall Lakes fire prior to study type

I. Mayers Point —32.39326, Shallow headland soil, southerly winds October 2005 CS, SR, Trans
152.34573

2. Neranie Sands —32.41259, Lake sands, south-westerly and westerly winds October 2001 CS, SR, SB, GT, NR
152.45620

3. One Horse Sands —32.44315, Dune sands, westerly winds 1997-98 CS, SR, SB, GT, NR, Trans
152.43592

4. West Legges —32.51140, Sandy loam, southerly and north-easterly winds 1980-81 SR, Trans
152.29094

5. Korsemans Landing —32.47660, Eucalypt forest, Sandy loam, north-easterly winds 1979-80 SR, GT, GL, GSa
152.28587

6. Casuarina Picnic Area —32.50980, Remnant dune sands, westerly winds 1994-95 SV, NR, DE
152.31825

7. Paperbark Picnic Area —32.50762, Remnant dune sands, westerly winds 1994-95 Trans
152.31649

8. Angophora Picnic Area —32.50554, Remnant dune sands, westerly winds 1968-69 NR, SD
152.31317

9. Neranie —32.40932, Lake sands, south-westerly and westerly winds Oct 2001 NR

(Little Beach) 152.45304

10. Myall Shores —32.50790, Sandy loam, southerly and north-easterly winds 1979-80 Le, DE
152.30356

1. The Wells —32.52514, Remnant dune sands, westerly winds 1991-92 SB, Le
152.32212

12. Mungo Brush —32.54237, Remnant dune sands, westerly winds 1991-92 SR, GT, GL, GSa, BL
152.30962

13. Shelley Beach —32.45556, Dune sands, westerly winds October 2000 GT, GL, GSa
152.37801
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dry for 3 weeks on a laboratory bench and then gently tapped
or brushed to expel contents. Five replicates of 100 seeds per
tree were sown over moistened filter paper in Petri dishes. The
60 petri dishes were arranged randomly into a germination
room at 26°C, with constant irradiance by fluorescent light.
The number of seeds germinated was recorded. Remaining
seeds were tested for viability by soaking in 0.5% 2,3,5
tetrazolium chloride for 6 days at 25°C, then cutting with a
scalpel to observe internal stain uptake of tetrazolium
chloride (TTC; International Seed Testing Association 2000).

Seed rain

The mass and timing of seed fall over 12 months was
estimated from one trap per site at six sites throughout the
fringing forest (Table 1). Traps were constructed from green
Ripstop® nylon, with a polar fleece section in the middle (to
allow drainage) and suspended with rope from four steel posts
driven into the ground to a height of approximately 1 m. Each
trap formed an upside-down pyramid with base measurements
400 mm x 400 mm, and a central peak weighed down by a
large fishing sinker. The design proved durable and effective
in ground that was intermittently wet or dry, depending on
lake water levels and an often windy environment. Traps
were installed under the outer third of the tree canopy and
contents were collected and replaced at near monthly intervals,
and, hence, a total of 11 times over 12 months.

Trap contents were sieved and the larger litter items such
as leaves, capsules and flowering parts were removed. The
remaining fine material was hand-aspirated using a threshing
tray down to seed only. Seed fall was calculated as g m~2. Four
samples of 0.05 g from each trap each month were spread
on agar (7 g L™!) in 9-mm Petri dishes and placed into a
germination room at 25°C with constant irradiance by
fluorescent light. The numbers of seeds that germinated (as
indicated by radicle emergence) were counted, the total
number of viable seeds per collection was calculated and
converted to the number of viable seeds per m? per location.

Quantification of the soil seedbank

Twenty soil cores (50 mm in diameter and 80 mm in depth)
were taken under and around the canopy of one
M. quinquenervia at each of three sites (four samples in
each of five directions extending outward from the trunk in
1 m steps) (Table 1). Mature trees were selected that were
more than 10 m from any other M. quinquenervia trees.
Cores were kept moist while being transported back to the
laboratory, then spread evenly onto trays containing wet
vermiculite with the surface soil at one end of the tray and
the 80 mm depth at the other. Trays were kept in a micro-
climate with 25-18°C alternating day-night temperatures
(conditions ideal for germination — see later). Germinants of
M. quinquenervia were identified and recorded at the three-
to four-leaf stage when they display a distinctive leaf shape,

parallel venation, and a strong smell of ‘tea tree’ oil on pinching
the leaves, enabling their discrimination from other species.

Seed-burial longevity trial

Seed longevity in the soil was tested over 12 months by
burying 12 parcels each of 50 potentially viable or ‘full’
seeds at a depth of 20 mm (the maximum depth at which
seeds were found in the soil-core study). Burial was under a
mature M. quinquenervia canopy in the sandy foreshore soil
at Mungo Brush in April 2006 (the experimental site chosen
because of its location in a fenced exclusion zone, unlikely
to be disturbed).

Parcels were made from nylon-mesh stocking material
(Van et al. 2005), their positions being marked with a peg.
Each month, one parcel was removed from the soil, returned
to the lab and opened. The seeds were examined under a
microscope, germination or deterioration was recorded, then
seeds were placed onto moist filter paper in a Petri dish and
put in the seed-germination room at 25°C with constant
irradiance by fluorescent light for 21 days. The remaining,
ungerminated seeds were tested for viability with TTC per
methods outlined above.

Effect of temperature on germination

Seeds from five foreshore sites (Table 1) were collected and
mixed together in equal proportions (provenance was not
being tested). Twenty-five seeds were sown per Petri dish
half-filled with agar at 7 g L7}, sealed with parafilm and
placed into growth chambers at six constant temperatures of
5°C, 10°C, 15°C, 20°C, 25°C and 30°C and three alternat-
ing (night/day) temperatures: 5°C/20°C, 12°C/27°C and
18°C/33°C each with a 12:12 h fluorescent light:dark photo-
period cycle. Each treatment (Petri dish of 25 seeds) was
replicated eight times. The three alternating temperature
regimes were selected to simulate temperatures occurring
at the Myall Lakes in summer (18°C/33°C), winter (5°C/20°C),
and spring and autumn (12°C/27°C) (nearest weather station
data from Bulahdelah).

Germination was recorded every day for the first 2 weeks
and then three times a week until there was no further
germination for 2 weeks. The 5°C and 10°C treatments were
transferred into the 25°C cabinet after showing no germina-
tion at Day 54. Mean germination percentage was recorded
along with the speed of germination as time to 85% of the
final germination achieved (Tgs).

Effect of light versus dark on germination

Seeds were germinated either in the light or in the dark in two
replicate experiments. In each, there were six Petri dishes
with 200 M. quinquenervia seeds per dish. Seeds were placed
on filter paper and moistened to glistening with distilled
water and the Petri dishes were wrapped in clear Parafilm.
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Experiment 1 was set up and kept under natural light
conditions filtered through white plastic in a microclimate
room at 25°C and a 12:12 h light:dark photoperiod cycle.
Experiment 2 was set up and inspected in a dark room under
green ‘safelight’, the Petri dishes were additionally wrapped
in black plastic followed by aluminium foil then placed into
a lightproof box lined with black plastic before being moved
to the microclimate room.

Seeds exposed to the light were checked for germination
every few days. Seeds in the dark were checked under a
green ‘safe’ light in the dark room at Day 20 and Day 63.
On Day 63, the seeds that were in the dark were transferred
into the light. At the end of the trial (Day 80), remaining
ungerminated seeds were tested for viability with TTC.

Effect of depth of planting on germination

Five replicates, each of 25 seeds, were sown at five different
depths (0, 5, 10, 20 and 30 mm), into pots of 95 mm width,
100 mm depth containing medium-fine nutrient-poor sand
from the Myall Lakes foreshore zone. Sand was first inundated
with water, allowed to settle and the surface was levelled
before a piece of filter paper was placed on the surface
and seeds sown into small pinholes in the paper. Seeds
were covered to the required depth, pots were labelled and
placed randomly within trays in a glasshouse at 18°C/25°C
alternating night/day temperature and filtered daylight, and
were watered from the bottom up with tap water. Pots were
checked daily for seedling emergence.

Effect of salinity on germination

Artificial seawater was made to a modified formula from
McLean and Ivimey Cook (1941), then diluted to achieve
the desired electrical conductivities (EC). Two experiments
were conducted in a germination room at 25°C. (1) Five
replicates of 25 seeds were sown over filter paper in Petri
dishes at seven levels of salinity (2, 6, 7, 10, 15.5, 20 and
28 dS m™! to cover the naturally occurring range at the Myall
Lakes) plus a control of deionised water. Germinants were
recorded daily for 14 days. (2) Five replicates of 25 seeds
were sown over an 18 mm depth of sand sourced from the
Myall Lakes foreshore zone in Petri dishes watered with
artificial seawater diluted to six levels of salinity (2, 5, 10,
15, 20 and 25 dS m™) plus a control of deionised water.
Germinants were recorded daily for 22 days. After 22 days,
seedlings were transplanted into pots by carefully transferring
the entire contents of the Petri dish onto a pot of foreshore
zone sand. These pots were put on trays in a microclimate
of 18°C/25°C alternating night/day temperature under
natural lighting and watered from the bottom up with the
corresponding strengths of artificial seawater. Final survival
percentage was calculated at 8 weeks.
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Seed-desiccation experiment

Four replicates of 25 potentially viable seeds from Angophora
Picnic Area (Table 1) were sown onto filter paper in Petri
dishes that had been watered with 12 mL of deionised
water. The dishes were sealed with parafilm and placed in
an incubation room at 25°C (+1°C), and the seeds were
allowed to imbibe for nine increasing lengths of time: 1,
1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5 days. After their specified
imbibition period, the seeds were dried out for 5 days
by removing the lid of the Petri dish (Ren and Tao 2003)
and then left in the incubation room where humidity
ranged from 39% to 40%. Dishes were re-watered with
deionised water and resealed after 5 days allowing the seeds
to re-imbibe. Germination numbers and observations were
recorded for 20 days after the drying and re-wetting periods.
Ungerminated seeds were then tested for viability by staining
with TTC.

Litter/leachate experiment

Casuarina glauca cladodes, M. quinquenervia leaves and
Zostera capricorni stems and leaves (herein referred to as
litter) were collected from the foreshore areas at the Myall
Lakes. Casuarina and Melaleuca leachate was made by
soaking litter in water for 10 days at a ratio of 1:5 (v/v) dry
litter to water.

Pots (95 mm in diameter, 100 mm deep) were filled with
washed medium-grade sand and sown with 75 seeds of
M. quinquenervia from Myall Shores and The Wells. There
were the following eight treatments, each replicated four
times: (1) Melaleuca leachate; (2) Melaleuca litter plus
leachate; (3) Casuarina leachate; (4) Casuarina litter plus
leachate; (5) Melaleuca litter; (6) Casuarina litter; (7) Zostera
capricorni litter; and (8) control (no leachate or litter). Litter
cover was observed to be a range of thicknesses in the field.
A minimum thickness of 15 mm of M. quinquenervia leaves
(about four layers) was considered the minimum amount to
completely cover the surface of the pot with no gaps
between the leaves. Casuarina litter and seagrass treatment
pots were covered to the same thickness. Pots were watered
from below with the treatment leachate or with tap water if
the treatment prescribed no leachate. Numbers germinated
(radicle emergence) were recorded and final germination
percentage was calculated on Day 39 along with days taken
to reach 50% of the final germination percentage (Tsg).

Survival and mortality from a natural
germination event

In January/February 2006, a natural germination event
occurred on the Myall Lakes foreshore. Bands and patches
of seedlings 10-50 mm tall with seedling numbers estimated
to be in the thousands were noted on wet sand exposed by a
receding lake level. Five sites with different aspects around
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the lake were selected for monitoring the growth and survival
of seedlings — three on the Myall Lake (Neranie Sands, Neranie
(Little Beach) and One Horse Sands), and two on the Bombah
Broadwater (Angophora Picnic Area and Casuarina Picnic
Area) (Table 1).

A 1-m? quadrat subdivided into four 0.25 m? subquadrats
was pegged out with wooden stakes within the seedling zone
at each site in April 2006. Seedlings growing within each
quadrat were plotted using a thin nylon grid and their position
and height were recorded. Foreshore sites were visited on or
near monthly for 15 months. At each visit, seedling numbers
and heights were recorded, photographs taken, and lake
levels (depth to the water table using a hand-auger and tape
measure) and lake salinity (using an electrical conductivity
(EC) meter (Salttestr EC11)) were recorded. General observa-
tions were documented, such as the presence of lake foam, salt
spray, tannins in the water or seagrass washing over quadrats.
Germinant survival, growth, mortality and new germination
events were derived from these data and survival curves
were constructed.

Seedling transplantation experiment

Melaleuca seed was collected from four sites (Paperbark
Picnic Area, West Legges, Mayers Point and One Horse Sands;
Table 1) and kept separately to prevent mixing of prove-
nances. Seeds were mixed with sand, sieved and sprinkled
into labelled propagating cells containing pasteurised seed-
raising mix (Stewart and Stewart 1995), then kept in trays
in a glasshouse with alternating night/day temperatures of
18°C/25°C under natural light. A version of the wetland/
bog method (Ralph 2003) was employed, with cells watered
from the bottom up. Seedlings were thinned to one per cell at
the two- to three-leaf stage. At the four- to five-leaf stage, the
cells were transplanted into 125 mm forestry tubes containing
pasteurised potting mix to prevent any introduction of
pathogens to the National Park.

Seedlings were grown in the glasshouse for 3 months and
then hardened-off (acclimated to outside conditions) on a
raised bench. When seedlings were 6 months old and approxi-
mately 200-250 mm tall, the 24 most uniform in height
from each provenance were selected for transplanting.
Transplantation took place in late April 2006 when air tem-
peratures were cooling down, but soil temperatures were
expected to remain warm with autumn rains anticipated.

Seedlings were transported in trays to their respective sites
of origin and planted directly into the lake fringe vegetation
along a transect perpendicular to the shoreline. Distances
between the 24 seedlings differed by up to a factor of two
(0.75-1.5 m apart) owing to the varying width of the paper-
bark fringe, e.g. steeper rocky headlands tended to have a
narrower fringe of M. quinquenervia than lower, flatter,
lake shore areas). Seedlings were watered once at planting
with freshwater carried to the site.

Seedlings were protected initially with green tree bags that
were removed 7 months after planting. The heights of each
seedling were recorded at the time of planting (27 April
2006) then every 2 or 3 months for 10 months and again at
15 months. Seedling growth was measured as the difference
in height at 6 months and 15 months from the height at
planting. Depth to water table was measured several times
during the experiment and salinity of the water table and
lake water was measured as per the seedling survival
investigation above.

Data analysis

Data with respect to seed viability were analysed by a two-
factor ANOVA (trees nested within maturity class). Data for
mean percentage germination and Tgs in the temperature
experiment, mean percentage germination in the light experi-
ments, emergence percentage in the depth of planting
experiment, mean percentage germination and Tso in the
salinity experiment and the litter/leachate experiment were
analysed via series of one-way ANOVA, by using the statistical
package Genstat (7th edn, https://vsni.co.uk/software/
genstat). Heteroscedasticity was assessed using Levene’s
test, and percentage data were arcsine transformed as
required. Post hoc comparisons of means were made using
Fishers protected least significant differences (Isds) at
P = 0.05 (Clewer and Scarisbrick 2013). Graphs were
constructed in SigmaPlot (V7).

For the transplantation experiment, diary notes and
photographs were reviewed alongside Bureau of Meteorology
(BOM) weather data, lake level records by Manly Hydraulics
(Government Water Engineers) and our own lake salinity
data. Survival curves were constructed and transplant height
was graphed against distance from shore at each site after 6
and 15 months (see Baumann 2008).

Results

Canopy seed load

There was a 500-fold variation in the number of seeds held
within the canopies of trees, each tree holding from several
hundred thousand to over one hundred million seeds (Table 2).
The number of seeds in the trees at Mayers Point were fewer,
corresponding to the generally smaller size of the trees
than those at the other sites (Table 2).

Seed viability

Seed viability from individual trees at Casuarina Picnic Area
ranged from 5% to 26%. Germination percentages were equal
to viability, with no remaining viable seeds that did not
germinate during the experiment. The effect of plant maturity
(size) was found to be highly significant (Fp59 = 59.43,
P < 0.001), with the young plant class having a
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Table 2. Estimated seed loads held within the canopy of six trees at three sites in the Myall Lakes coastal wetland.
Site Tree Ht Dbh (cm) Est. number Est. number of Average number of capsules Est. seed
number (m) of branches infructescences per branch per infructescence load
Mayers Point | I 20 15 50 15 2812500
Mayers Point 2 10 18 10 10 10 250000
Neranie Sands | 18 80 90 180 30 121 500 000
Neranie Sands 2 18 30 70 120 30 63 000 000
One Horse Sands | 18 105 23 280 15 24150000
One Horse Sands 2 18 5 trunks of 27 150 20 20250000
40 cm each

significantly higher mean seed viability of 18.25% than for
seeds produced by the mature and over mature plant classes
(8.9-10.65%), which themselves did not significantly
(P > 0.05) differ from one another.

Seed rain

The mean number of viable seeds falling per square metre
across sites was higher in the warmer months, with a clear
decrease during autumn/winter (Fig. 3). Seed fall followed
a similar trend at all locations, except Mayers Point, which
decreased after an October peak and never recovered.

Quantification of soil seedbanks

Nil to eight seeds germinated per soil core, with an average of
1.1-3 viable seeds per soil core per site, resulting in estimates
of 560-1528 viable seeds per square metre in the soil across

5000

the sites. None of the core samples showed any viable seeds
below a depth of 20 mm.

Seed-burial longevity trial

There was no decline in seed survival after 2 months of burial,
with 100% germination in retrieved seed (Fig. 4). Viability
remained high after 6 months of burial (91.5%), but was notice-
ably reduced after 7 months (52%) and further reduced to
36% at 12 months (Fig. 4). Observation of the seeds each month
did not show any signs of insect damage or disintegration, seeds
appeared black and still intact. A polynomial curve fitted to the
data gave the best fit (R2 = 0.84) leading to a prediction of
complete loss of viable seed by about 15 months (Fig. 4).

Effect of temperature on germination

The fastest germination was at 18°C/33°C (P = 0.05), with
85% germination by Day 4, followed by constant 30°C and
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Fig. 4. Seed-survival curve for 12 months following burial in soil at Mungo Brush, Myall Lakes National

Park (May 2006 to May 2007); the polynomial curve (R? = 0.84) predicts complete loss of viability by
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then 25°C (Fig. 5). The remaining temperatures had little or
no germination effect at this time. By Day 20 the 18°C/33°C,
30°C, 25°C, 20°C and 12°C/27°C treatments had reached near
to 100% germination, with no significant differences among
them (Fig. 5). By Day 54, the 5°C and 10°C treatments still had
little or no effect on germination (Table 3).

The three fastest rates of germination were at 25°C, 30°C
and 18°C/33°C, with no significant difference in time taken
to 85% germination (Fig. 5). However, they were signifi-
cantly more favourable than the remaining temperature
treatments. The 5°C/20°C treatment along with 15°C had
the slowest germination rate, with an average Tgs of 20 and

100 - e,
o4 L /K5 /T
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>~ 0
°c Gy 0 L @ 10°C
S 607 --v-- 15°C
"§ —_——A . 2000
€ 404 —-8— 25°C
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"""" A 18/33°C
0+ ©
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Fig. 5. Mean germination percentage of M. quinquenervia at different temperatures. Note that 5°C and

10°C lines and markers overlap.
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Table 3. Final germination percentage (Day 54) and average time to
85% germination (days; P = 0.05) at different temperature regimes.

Treatment Final germination Average number of days
% (Day 54) to 85% germination
5°C 0 =
10°C 32 -
15°C 98a 21.9¢ (+1.81)
20°C 100a I1.3¢(£0.77)
25°C 100a 5.4% (+0.18)
30°C 100a 5.6* (+0.32)
5°C/20°C 100a 20.0¢ (+0.57)
12°C/27°C 99.5a 8.5 (+0.42)
18°C/33°C 100a 4.1* (=/-0.64)

Standard errors are in parentheses. Values followed by the same letters are not
significantly different (at P = 0.05).

22 days respectively, and neither 5°C nor 10°C reached 85%
within the duration of the experiment (54 days; Fig. 5). After
54 days, when the remaining ungerminated seeds in the
coldest 5°C and 10°C cabinets were transferred to the 25°C
cabinet, they commenced rapid germination, with an average
germination by Day 3 of 17% (the 5°C treatment) and 72.3%
(the 10°C treatment).

Effect of light versus dark on germination

Melaleuca quinquenervia had a significantly greater germina-
tion percentage in the light treatment than in dark
(F1,11 = 335.12, P < 0.001), with no seeds having
germinated by Day 20 in the dark treatments, and only
11.1% by Day 63. In contrast, seeds kept in light conditions
germinated from Day 6 (average = 72%) onward and four
of five dishes had reached 100% germination by Day 12.
Once exposed to light, seeds that had been kept in the dark
germinated rapidly, reaching 100% within 7 days.

Effect of depth of planting on germination

Emergence from 5 mm was significantly reduced compared
with that of surface-sown seed (F; o = 47.04, P < 0.001).
There was no emergence of seedlings from the depths of
10, 20, 25 or 30 mm by 80 days.

Emergence of the surface-sown seeds (0 mm) had a time to
50% emergence averaging 20.6 days. On further investigation
at the end of the trial, it was found that seeds as deep as 30 mm
had germinated, but after 16 weeks none was able to reach or
penetrate the surface of the soil and the experiment was
terminated. The ungerminated seeds were retrieved from
several pots and put on moist filter paper in a Petri dish and
incubated at 27°C. Within 2 days, the majority had
germinated.
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Effect of salinity on germination

Germination on filter paper

Increasing salinity up to 10 dS m™! was found to have little
effect on final germination percentages, which was 97.6%
(Table 4). There was a significant decrease in germina-
tion with an increasing salinity from 10 to 28 dS m
(F7.30 = 313.08, P < 0.001); at the highest salinity strength
tested (i.e. 28 dS m™), no seeds germinated. Thus, it appears
the limit for germination occurs somewhere between 20 and
28 dS m™! (Table 4).

Germination on sand substrate

Final percentage germination was not significantly
affected by salinity up to 10 dS m™! (Table 5). Final percent-
age germination was significantly lower at 15 dS m™ (84%)
and was substantially and significantly lower again at
25dSm™! (down to 6.4%; F 34 = 72.64, P < 0.05). The median
germination rate (1/Tso) was unaffected up to 5 dS m™, after
which it decreased at a constant rate with an increasing
salinity (Table 5).

Table 4. Mean proportion of M. quinquenervia seeds germinated by
Day 14 over filter paper at eight salinities.

Salinity (dS m™) Final germination (%)

Control 99.2a (+0.8)
2.0 97.6a (+1.6)
6.4 97.6a (+1.6)
7.0 97.6a (+1.6)
10.0 97.6a (+1.6)
15.5 90.5b (+2.0)
20.0 44.0c (+4.4)
28.0 0d (+0)

Percentages followed by the same letter are not significantly different at P = 0.05.
Standard error in parentheses.

Table 5. Mean proportion of M. quinquenervia seeds germinated by
Day 14 in sandy substrate at seven salinities.

Salinity Final Median Seedling survival at
(dS m™) germination germination Week 8 (% of sown
(%) (Day 22) rate (1/Tso0%)) seed)

Control 97.6a (+1.6) 0.33a 93.5a (+4.5)

2 98.4a (+1.5) 0.33a 95.9a (+1.3)

5 96.8a (+1.5) 0.33a 95.9a (+0.1)

10 96.0a (+0) 0.27b 91.7a (+2.3)

15 84.0b (+3.6) 0.17c 78.0b (+4.4)

20 73.6b (+5.2) 0.11d 9.8c (x1.8)

25 6.4c (+2.0) Oe 0d (+0)

Percentages followed by the same letter are not significantly different at P = 0.05.
Standard error in parentheses. Ts, average time to 50% emergence.
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Survival percentage for the transplanted seedlings
decreased with an increasing salinity. The level of tolerance
for survival of 8-week-old seedlings showed a significant
reduction from 15 dS m~! (78% survival) and another signifi-
cant reduction at 20 dS m™! (10% survival), with no survival at
25 dSm™. Morphological differences were also observed from
10 dS m™! onward, these being a reduction in the number of
leaves developed and increasingly broader and shorter leaves.
Some roots were exposed at the sand surface and grey in
colour, progressing to black at 20 dS m™'.

Seed-desiccation experiment

Increasing periods of imbibition prior to imposing desiccation
saw increasing numbers of seeds germinate and concomitant
decreasing numbers of germinants surviving desiccation
(Table 6). Imbibition for 1 and 1.5 days resulted in no germi-
nation prior to desiccation. Once being re-wet, the majority of
these seeds germinated. Imbibition for 2.5 days or longer
resulted in the majority of seeds germinating, with few of
them surviving subsequent desiccation (Table 6). ANOVA
found no significant difference in final mean germination
percentage among imbibition periods (Fg 35 = 0.9, P = 0.53).

Litter/leachate experiment

Leachate-only treatments

The first signs of germination were seen on Day 8. On Day
14, when seedlings were checked under the microscope, the
roots in both leachate treatments but not the control showed
some signs of reaction to toxicity, i.e. browning of roots,
necrosis of root tips and loss of geotropism (roots turning
away from sand surface and pointing upward). There was

Table 6. Fate of seedlings after initial wetting period of seed and again
on re-wetting after 5 days of desiccation.
Initial Number germinated Number of Number
wetting of 100 during initial previously germinated
period wetting period germinated in after
(days initial wetting rewetting
imbibed) period and
revived on
rewetting
| 0 = 97
1.5 0 - 98
2 134 2 80
25 74 4 20
3 83 | 13
35 87 | 7
4 95 0 3
4.5 96 0 0
5 98 0 |

ANumber germinated of 98.

no significant difference in final germination at Day 39
between the control and the M. quinquenervia leachate
treatments (Fig. 6). However, germination percentage in
the C. glauca leachate was significantly lower than in the
M. quinquenervia leachate and the control (Fo;; = 8.27,
P = 0.009). treatments. Tsy, was not significantly different
between either of the leachate treatments or the control. By
Day 25, all three treatments averaged over 80% germination
(Fig. 6) and the seedlings were at cotyledon stage,

Litter treatments

By Day 32, seedlings of M. quinquenervia were visibly
observed emerging through the C. glauca cladodes. No
seedlings emerged through the M. quinquenervia leaves, or
the seagrass, which had formed a dense mat. On Day 32,
the litter was carefully lifted to determine whether seeds had
germinated underneath. Germination had occurred under all
litter-cover treatments, including the seagrass; however,
because of an uncommon occurrence of cutworm infestation
(moth larvae) under all the litter types, exact numbers could
not be counted. Seedlings that had not emerged and were still
present and intact among the moth larvae infestations were
observed to have elongated hypocotyls, little or no root
development and a lack of colour. Some seedlings under
the Casuarina litter treatments were healthier in appearance,
with green cotyledons.

Survival and mortality from a natural
germination event

One hundred per cent mortality was recorded in all quadrats
at One Horse Sands by 2 June 2006, at Little Neranie by 3 July
2006, at Angophora Picnic Area on 4 July 2006, and at
Casuarina Picnic Area on 31 July 2006. All seedlings in the
locations more broadly (outside of the quadrats established)
were also noted to have died. Only seedlings at the fifth
site, Neranie Sands, survived through until 11 February
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Fig. 6. Seed germination of M. quinquenervia in different leachates

without litter cover.
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Table 7. Naturally germinated seedling numbers tracked over |0
months in | m? quadrats at Neranie Sands.
Date Number of seedlings per Total
quarter of quadrat (0.25 m?) in | m?
Qi Q: Q; Q4
6 April 2006 26 44 13 12 95
31 May 2006 17 12 2 13 44
3 July 2006 R o 2 2 2
31 July 2006 17 9 5 12 43
2 September 2006 17 10 | 8 36
6 October 2006 7 6 0 8 21
9 November 2006 a & 2 R R
9 December 2006 10 6 | 6 23
9 January 2007 9 9 I 5 24
I'l February 2007 43 6l 2 13 19

Water had risen and was flooding the quadrat to a depth of 5 cm. Waves were
substantial and seedlings could not be measured as they were covered by foam.
ANot able to be counted.

2007, with two prolific germination events recorded there
on 9 December 2006 and 11 February 2007 (Table 7). With
rising lake levels in winter, seedling mortality was much
higher for small seedlings (1-50 mm tall) than for larger
size classes (see site-level survival curves in Baumann 2008).

Seedling transplantation experiment

Survival of the 6-month-old transplanted seedlings was
consistently high at all four sites for the first 6 months (Fig. 7).

This was despite the fact that rainfall through autumn and
into late winter was unusually low compared with normal
monthly averages. After 9 months (6 January), between
two and three seedlings had died at each site and after
15 months (7 July), there was a significant reduction
in numbers at Paperbark Picnic Area and Mayers Point,
and a slight drop at One Horse Sands and West Legges
(Fig. 7).

Once the tree bags were removed (after 7 months),
seedling growth was noted to be affected by herbivory and
insect attack at all four sites. Leaves were chewed and growth
tips removed. Some seedlings showed the ability to withstand
a certain amount of herbivory by developing new shoots at the
point where the tip was removed; others developed epicormic
shoots towards the base.

There were no obvious similarities or trends in transplant
growth among the four sites in relation to distance from the
shoreline. Growth differed at each site and was more subtly
affected by lake levels, groundwater and lake salinity
(as well as damage from herbivory).

Discussion

This series of controlled laboratory experiments, glasshouse
and field investigations and the opportune monitoring of
seedling survival from a natural germination event, has
enabled us to confirm the key environmental parameters
required for the episodic recruitment of M. quinquenervia in
the fringing forest at the Myall Lakes in NSW, Australia.
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Fig.7. Proportion of seedlings of M. quinquenervia surviving over time at four different transplantation sites
in Myall Lakes.
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Canopy seed load

Canopy seed loads of several hundred thousand to over one
hundred million seeds per tree were substantially higher
than seed-load estimates reported from congeners, such as,
for example, M. styphelioides at 25, 638 per tree, M. nodosa
106, 099 per shrub and M. deanei 28, 783 per shrub
(Hewitt et al. 2014). The wide range in numbers of seeds
held within the canopies of individual M. quinquenervia
trees reflects the combined factors of capsule numbers and
the size and density of canopies, and would also vary with
a plant’s vigour, pollinator activity and insect infestation
(Jenkins et al. 2010). It is also noted that this study was
conducted in winter when flowering had finished and
immature fruits were forming on top of a previous year’s
fruit load. Melaleuca quinquenervia appear to be highly
fecund and the size of its canopy seedbank in the fringing
forests of the Myall Lakes is large and unlikely to be a
limiting factor to recruitment of the plant.

Seed viability

The low seed viability found in this study (5-26%) is
comparable with that in earlier work by Meskimen (1962)
who found viability rates of between 3% and 28% for
M. quinquenervia, and Rayachhetry et al. (1998) who reported
that an average 15% of canopy-stored seeds of M. quinquenervia
contained embryos and were, therefore, potentially viable;
both studies were conducted in the species’ invaded range
of eastern USA.

Low seed viability appears typical of the genus more
widely, with consistent reports of low viability (filled seed
as a proportion of chaff), but high germinability from viable
seed (see Hewitt et al. 2014, and references therein). Low seed
viability can reflect a number of factors such as failed seed set
or abortion by self-pollen, pollinator limitation, resource
limitation or pre-dispersal seed predation (Sutherland 1986;
Fenner et al. 2005). Low seed viability in M. quinquenervia
would appear to be more than offset by the high seed numbers
produced each year by mature trees.

Seed rain

Seed rain was high and continuous all year, albeit with a peak
during summer approximately 10 times that of winter.
A likely explanation for the lower seed fall at one site than
at others in this study is a previous mass release of seed
(although with no resultant seedling survival) triggered by
a fire, which occurred at that site in the October, preceding
trap installation (Table 1). The seasonal pattern to seed fall
indicates that conditions are most suitable for seed release
over summer when generous numbers of seeds fall and are
potentially available for germination.

Presence of a soil seedbank

This study has shown the minor role played by the soil
seedbank for M. quinquenervia in its regeneration, and that
most of the seeds in soil are located at or within the first
few millimetres of the soil surface. Despite surface seeds being
more vulnerable to predation and environmental extremes
than are more deeply buried seeds (Van et al. 2005), not
being buried at great depth is likely to be advantageous for
M. quinquenervia because the seeds lack a large food reserve
for germinating seedlings to draw on during emergence to the
soil surface and prior to the first leaves being photosynthet-
ically active (Baskin and Baskin 1998). Shallow soil-burial
depth also ensures seeds' access to light, which was found
to be a germination requirement for M. quinquenervia.

Seed-burial longevity trial

Melaleuca quinquenervia appears to have a shorter longevity
in the soil than do other Australian species that have a
persistent soil seedbanks, such as the fire-prone myrtaceaous
species Kunzea ambigua and K. capitata (Auld et al. 2000).
These species were found to have seed half lives in the soil
greater than 2 years. Although the canopy is a consistent
source of new seeds, for M. quinquenervia, the soil seedbank
study at the Myall Lakes will suggest a complete loss of
viability by 15 months. The implication of the finding for
conservation indicates the importance of tree retention,
particularly of older trees with their much larger seed output.
In contrast, in invaded regions, control may be best focused on
tree removal prior to the next seasons fruiting to reduce
propagule pressures, with only a 1-year follow-up needed to
target removal of new seedling recruits. This assertion is
consistent with recent work by Matthys et al. (2022) who
reported similar seedbanking strategies in another invasive
Australian melaleuca, M. rugolusa, in South Africa.

Seed survival is no doubt influenced by the environment in
which it is buried. Van et al. (2005) found the rate of loss of
viability appeared to depend on the moisture content of the
soil, with M. quinquenervia seeds buried at wet sites losing
viability much faster than those buried in dry sites. Expected
seed survival would depend, therefore, on the frequency of
inundation in the area. Soil type is also a factor, with Van
et al. (2005) finding that M. quinquenervia seed survived
longer in sandier soils (up to 2.3 years). Studies on seed
survival and germinability in different soil types would be
especially interesting, given the high recruitment reported
from overseas studies. Soil properties such as oxygen content,
density and chemical composition, would also be worth
investigating in relation to longevity of seed.

Consistent with previous germination studies in
M. quinquenervia (Rayachhetry et al. 1998; Van et al. 2005),
and the genus more broadly (Robinson et al. 2006; Hewitt
et al. 2015), this study showed little difference between
germination figures and viability figures.
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Effect of temperature on germination

The optimum constant temperature for the germination of M.
quinquenervia seeds in this study was 25°C, which is in
agreement with Ralph (2003) and Myers (1975, cited in
Myers 1983). The alternating temperature of 18°C/33°C
had a faster germination rate and was, therefore, the optimum
in this experiment, indicating summer as the likely best time
for germination. It is well known that fluctuating temperatures
can have a stimulatory effect on germination (Thompson and
Grime 1983), the physiological mechanisms apparently tied
to increased levels of specific germination promoting
hormones and enzymes (Ozden et al. 2021). The 18°C/33°C
regime had a significantly faster rate of germination than
did the 12°C/27°C regime. This may be due to the warmer
night temperature (18°C) rather than the warmer day
temperature (33°C), as suggested by the more rapid rate of
germination at 25°C than at 30°C. It is unlikely to be due to
any difference in the size of temperature fluctuation, as
they both differed by 15°C. The increased germination at
warmer temperatures suggests that maximum germination
in the field would occur over summer, with 4-9 days required
for natural seed fall to obtain ~85% germination.

The slow germination in the cooler temperature treatments
suggests that germination is unlikely to occur during winter
when optimum conditions would need to be maintained for
20-60 days for natural seed fall to obtain ~85% germina-
tion, on the basis of a continuous number of days experiencing
the same temperatures. However, the cold temperatures did
not appear to have any detrimental effect on the seeds’ ability
to achieve 100% germination once they were returned to
optimum temperatures.

Effect of light versus dark on germination

Melaleuca quinquenervia has a clear dependence on light for
germination, which contrasts with the report of White (1988)
that germination was not stimulated by light. The stringent
methods used in this experiment to exclude light from treat-
ments via the use of a green ‘safe’ light (Withrow and Price
1957) in a dark room may account for this discrepancy. This
is not to say that germination cannot occur in shaded condi-
tions, as was observed by Meskimen (1962). The wavelength
required for germination in these situations requires further
study. However, it is clear that the complete absence of light
prevents germination, with seed subsequently moved to the
light germinating within days.

Effect of depth of planting on germination

Seed germination and emergence were significantly higher
from the soil surface, suggesting that in the field even if seeds
do lodge deeper down the soil profile, the few that might
germinate would have little or no chance of emerging. The
fact that seeds germinated to a depth of 30 mm in the
experiment indicated that enough light was available at this
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depth in lakeshore sand for germination; however, the seeds
did not have enough resources to reach the surface. The
insulating effects of burial below a few centimetres might
also mute the stimulatory effects of temperature fluctuations
on germination, as reported by Probert (2000).

Effect of salinity on germination

This study confirmed the importance of freshwater for
germination of M. quinquenervia seeds, with no reduction
in final percentage in salinities up to 10 dS m™ and a
significant reduction at salinities from 15 to 20 dS m™.
These higher salt concentrations are typical during low water
levels at the Myall lakes, with the Bombah Broadwater area
record being as high as 21.8 dS m™ during this period of
study. The lack of germination at 28 dS m™ on the filter
paper, and the extremely low germination at 25 dS m™ on
sand, suggest that the limit for germination lies somewhere
between these two salinities. This is comparable to the
tolerance level reported for the germination of M. ericifolia
that is completely inhibited at 25 dS m™ (Ladiges et al.
1981; Robinson et al. 2006).

Seed-desiccation experiment

It is clear from this study that M. quinquenervia seeds have the
ability to withstand desiccation of at least once during the
critical development stage of the disapore, in this case prior
to radicle protrusion. This is not an unusual response for
pioneer tree species with no ability of the young seedling to
withstand desiccation, and germination after the critical
stage being always fatal (Daws et al. 2007). The results of
this experiment are similar to those of Battaglia’s (1993)
study of Eucalyptus delagatensis in that once seeds begin to
rupture their seedcoats, the effects of dehydration were
usually fatal.

The most important factor in ecological terms, and as
determined from this experiment, is that for germination
and initial seedling establishment to be successful, it is
crucial that the supply of moisture is continual throughout
this period. An interruption can be tolerated within the first
few days of water uptake, prior to radicle protrusion, but no
later. Optimum conditions for establishment, therefore, would
be those that are continually moist. This could generally be
satisfied in summer in the fringing forests of the Myall Lakes
when the peak summer seed fall corresponds with the time of
highest rainfall; the wettest months being late summer and
early autumn, thereby ensuring ideal warm, moist conditions
for recruitment.

Litter/leachate experiment

This study has suggested that the presence and amount of
litter in the field is a likely determinant of both emergence
and survival of M. quinquenervia seedlings. Germination is
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possible under litter from both M. quinquenervia and C. glauca
and also under seagrass (Zostera sp.), provided litter density is
low enough to allow light to penetrate. However, emergence
was greatly suppressed under M. quinquenervia leaves and
appeared impossible through the thick, matted layer of
seagrass. The implication of these results is that recruit-
ment is more likely to be successful at a site where the
M. quinquenervia leaf litter has been cleared, for example,
by fire or flood, or perhaps disturbed by the activities of
foraging birds and animals, and where stranded seagrass
does not accumulate.

However, the layer of Casuarina cladodes did not prevent
M. quinquenervia seedling emergence, because the cladodes
both let in more light and provided gaps for the seedling to
push through. Hence, there was general association of the
two species.

The small but significant reduction in germination under
C. glauca leachate versus M. quinquenervia leachate and control
pots suggests that there is an inhibitory effect produced by the
Casuarina leachate. Allelopathy, or the release of compounds
that affect the growth or germination of neighbouring species,
involves chemicals such as phenolic acids, flavonoids,
terpenoids, alkaloids and tannins (Kruse et al. 2000; Singh
et al. 2003). Hachani et al. (2019) reported significantly
decreased rates of germination, delayed root and shoot
elongation and a significant negative correlation between dry
mass accumulation in Triticum durum seedlings and increased
leachate concentrations from C. glauca. Jacob and Nair
(1999) also noticed an inhibitory effect of leaf extract from
Casuarina on germination and growth behaviour of rice and
cowpea. Such an inhibitory effect may be the explanation for
the noticeably reduced understorey vegetation found under
Casuarina trees in general. An analysis of leachate content
to identify the allelopathic compounds therein and the con-
centrations at which those compounds become inhibitory,
could be promising for areas where M. quinquenervia is a
noxious weed.

Survival and mortality from a natural
germination event

Many factors were seen to prevent seedling survival up to
12 months following a large natural germination event along
the eastern Broadwater in 2006. The main factors causing
death were derived from the detailed diary and photographs.
These included (1) wave action and rising lake levels washing
away seedlings, (2) the effects of salinity, including both
inundation and salt spray, and (3) complete burial of seedlings
under dense strandlines of seagrass that was dumped onto
the lake shore as lake levels rose, mostly in the more saline
Broadwater. These three factors combined tended to kill
seedlings closest to the water’s edge.

The only area found to be suitable for both germination
and seedling establishment was within the sedge vegetation
on the sand flats at Neranie Sands. Areas of reed vegetation

with their deep, tough rhizomes binding the sands dissipated
the strongest forces of incoming waves, thereby protecting the
seedlings. The characteristics of the site appear to have been
as follows: (1) salinities, although quite high at times, were
lower than in other areas of the lakes; (2) a sheltered
position, away from the prevailing north-easterly winds
during summer when seedlings were young and sensitive to
desiccation; (3) a flat terrain that was permanently moist;
and (4) sedge vegetation offering some protection from
destructive wave action and debris.

Results are consistent with work by Zacks et al. (2018) who
reported greater seedling survival and growth of wetland
species M. squarrosa and Leptospermum lanigerum under
moist but not permanently flooded conditions in both glasshouse
experiments and field studies at the Yellingbo wetlands of
south-eastern Australia.

Seedling transplantation experiment

In contrast to previous plant translocation studies by de Jong
(2000), Howard (1973), Jusaitis (2005) and Osunkoya and
Creese (1997), this onsite seedling establishment experi-
ment was not limited to a small number of selected microsites.
The establishment of a transect across the entire width of the
foreshore zone of four widely separated sites across the
National Park, subjected the seedling transplants to a
greater range of topographic and environmental conditions,
enabling an investigation of a range of factors influencing
seedling establishment, growth and survival. Several factors
stood out as being important in seedling establishment of
M. quinquenervia. These were (1) the availability of moisture,
(2) the ability to withstand the physical forces of a lake side,
such as wave wash and burial by seagrass, (3) the level
of salinity and effects of salt spray, (4) the frequency
and duration of inundation, and (5) herbivory and insect
attack.

The transect experiment showed clearly that 6 m from the
lakes edge at each site is a zone of high mortality, with
6-month-old seedlings planted here exhibiting a low chance
of survival. The submergence of seedlings in this zone
tended to cause leaf abscission and discolouration, which,
when combined with insect attack and herbivory above the
water line, retarded growth and, in many cases, was the
apparent cause of death. At all sites, the ‘frontline’ seedlings
suffered damage and, mostly, eventual death. Salt spray,
physical damage to stems and dislodgement by wave action
or complete plant burial under a heavy, 200 mm or thicker,
strandline layer of seagrass also caused mortality.

Although seedling survival further than 6 m from the lakes
edge was generally higher, mortality occurred up to a further
7.2 m at Paperbark Picnic Area and 4.5 m at West Legges
where plants were exposed to both higher salinity (up to
17.4 dS m™! and 21.8 dS m™! respectively) and choppy wave
action owing to south westerly winds. At one site only
(Mayers Point), the seedling closest to shore survived,
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possibly owing to a lower salinity at that site (up to 8.3dSm™)
and/or the tempering of destructive wave action by the
presence of reed vegetation (Phragmites australis and Typha
orientalis).

The fastest seedling growth occurred in the areas that
experienced intermittent soaking of the soil, but not perma-
nent inundation with salty water, i.e. Mayers Point and the
low-lying swampland at West Legges. This is in agreement
with Myers (1983) and (White 1988) who found significantly
greater plant heights in saturated soil than in well drained
soil, but that submergence of seedlings retards growth and
eventually causes death. Studies on the success of revegeta-
tion with M. ericifolia at wetlands in Victoria, Australia, found
significantly lower rates of seedling survival in waterlogged
sites, with the best results being obtained from plantings
into raised hummocks combined with more mature plantings
(Raulings et al. 2007).

The seedlings that survived the inundation in our study
were generally taller, with more leaves extending above
the water line. van der Moezel et al. (1991) also found the
combined effects of salinity and submergence to be detri-
mental to M. quinquenervia seedling survival, however,
they used very high salinity (up to 63 dS m™) compared
with those recorded in our study. A study by White (1988)
investigated the influence of salinity on the distribution of
M. quinquenervia seedlings and found that increasing salinity
inhibited growth, with a marked decrease in seedling height
at salinity above 16 dS m™.

Of note, at Paperbark Picnic Area and One Horse Sands, the
foreshore zone is backed by remnant dunes that have a deep
sandy profile. Rainfall accumulating in the dune sand would
create an underlying, freshwater table in the foreshore zone
with a considerable amount of downward pressure towards
the lake, as described by Stratford et al. (2013) and Abesser
et al. (2017). Hence, it was often the case that when the lake
water was quite saline here, the underlying groundwater,
often right up to the water’s edge, remained quite fresh.
This was no doubt an important factor for initial survival of
the foreshore seedlings.

These observations, combined with experimental results
from this study, suggest that favourable conditions for
seedling establishment could be met, by a receding lake
level, for an extended period, such as during a drought, long
enough to allow growth of seedlings to a stage where
they are able to withstand a subsequent rise in lake level.
Alternatively, a severely wet period causing a flood, followed
by receding lake levels, may provide suitable conditions for
germination on the wet soil, cleared of litter, during draw-
down. This would have to coincide with high temperatures
suitable for germination. Indeed, this restriction in time and
space for seed release and germination during warm
periods of wetland drawdown is consistent with studies of
other wetland species such as Taxodium distichum (Middleton
2000) and M. ericifolia (Hamilton-Brown et al. 2009).
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Conclusions and management recommendations

We have shown that survival during seedling establishment
appears to be the limiting process in the recruitment of
M. quinquenervia in the fringing forest at the Myall Lakes
in NSW, Australia. Whereas germination depends on the
synchronisation of warm summer temperatures and peak
summer seed supply falling from parent trees, subsequent
seedling establishment is likely to occur only where seed
lodges in wet surface locations that do not dry out, at least
until roots can access groundwater. In addition, seedlings
require protection from wave wash, complete inundation
and seagrass coverage in the foreshore zone, and lower
salinity (<15 dS m™) are crucial for seedling survival.

Key management recommendations for natural-area
managers on the basis of this study are as follows:

1. Maintaining a reduction of wave wash from recreational
boating activities near sensitive shoreline areas and
establishment of No Wash Zones that exclude powerboats
would offer some protection, with buffering vegetation
such as sedges and reeds providing suitable microsites
for germination.

2. Increasing public awareness of the presence of fragile
seedlings may prevent the unnecessary trampling or
disturbance of young seedlings on foreshore areas, such
as Neranie Sands, where there is evidence of watercraft
entering the sedge flats. More visible policing by boating
authorities to restrict boating access to some foreshore
areas would also assist regeneration.

3. Some public amenities may need to be relocated away
from older trees to ensure public safety and conservation
of more fecund mature trees.

4. In the cases where existing older trees have been removed
for public safety, park management may decide to employ
more speedy methods of establishment, rather than
relying on natural recruitment. In this case, moderate-
scale plantings of local provenance seedlings may be
appropriate in the zones where survival was found to be
highest. Where sandy, reedy flats do not exist, the ideal
planting zone would be in the area back from the edge
of the lake, away from the salt spray zone. Consideration
should be given to the presence of underlying freshwater
tables as a means of moisture supply when selecting
locations for newly planted seedlings. If the seedlings
were likely to be subject to inundation, chances of survival
would increase if they were planted at a fairly established
size such as 1 m whips (young trees up to 2 years old).

5. Protection of young seedlings with tree guards, bags or
fences is recommended as herbivory from mammals and
insects was found to be a major cause of mortality in these
studies.

6. In the event of receding floodwaters during summer, it
may be possible to find more areas where germination
has occurred. These may benefit from protective fencing
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if they are located within high public-use camping or
recreational zones.

7. Continued monitoring of sapling recruitment, lake
levels and salinity would add to our understanding of
M. quinquenervia requirements and provide useful infor-
mation for future ecological studies.
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