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ABSTRACT

Woodlands dominated by Eucalyptus salmonopnloia F. Muell, occur throughout the
fragmented landscape of the Western Australian wheatbelt. In most of these remnant
woodlands there is no regeneration of E. salmonophloia and this has become a concern for
the conservation of biodiversity in the region. The research reported in this thesis
contributes to solving this problem firstly by describing aspects of E. salmonophloia's life
history, and secondly by documenting the conditions under which recruitment has occurred

in unfragmented populations to the east of the Western Australian wheatbelt.

Pattern of flowering, seed production, seed viability, pattern of seed fall, post dispersal seed
predation, soil seed reserves and factors affecting germination and establishment were
investigated. These studies revealed that E. salmonophloia has a suite of life history
characteristics that are common to Eucalyptus spp. which recruit seedlings following fire. In
particular during inter-fire periods these include a canopy stored seed reserve; a light seed
rain from this reserve; high rates of seed predation by ants following dispersal; the absence
of a soil seed reserve; and a low probability of seedling establishment should a seed escape

predation and germinate.

Given the life history characteristics, the study examined the response of unfragmented
E. salmonophioia woodlands to the east of the wheatbell, to disturbance caused by fires
and also floods, windstorms and drought. Woodlands known to have experienced
disturbances of these types in the last 50 years were found to have cohoris of similar sized
E. salmonophloia saplings, this contrasted with undisturbed woodlands. Sites disturbed
either by fire, flood or wind storm during 1991/92 displayed adult tree mortality and extensive
seedling establishment:; although rates of establishment and survival varied between sites.
No regeneration was observed at equivalent undisturbed sites. These results indicate that

not only fire but several other types of large scale disturbance facilitate seedling recruitment
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in E. salmonophloia. Increases in resource availability in the post-disturbance environment
were measured and the processes responsible discussed. N is postulated that increased

resource availability is, at least in part, responsible for enhanced seedling recruitment.

This study suggests that large scale natural disturbances of several types are important
drivers of the dynamics of E. salmonophloia woodlands. The known lack of recruitment in
remnant woodlands is likely to be due to changes in the disturbance regime and/or changes
in the ability of E. salmonophloia to regenerate successfully following disturbance. The
effects of fragmentation and surrounding agricultural land use on these processes are

discussed. The implications of these findings for management of remnant woodlands are

considered and areas for further research are suggested.
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CHAPTER 1

INTRODUCTION

The fragmentation of natural ecosystems by human action is one of the major threats to
biodiversity worldwide. The fragmentation process reduces the area of native ecosystems
and leaves isolated remnants of native vegetation which are subject to species loss,

invasions by non-native species and changes in population and ecosystem processes

(Schater 1990; Saunders ef al. 1991; Bierregaard et al. 1992; Hobbs 1993).

The widespread and rapid clearance of mediterranean ecosystems in Australia for cereal
growing and its detrimental effect on biodiversity has received increasing attention over the
last ten years (Saunders ef al. 1987; Hobbs 1992; Saunders et al. 1993; Sivertsen 1994).
This thesis concerns itself with an aspect of this problem in the wheatbelt of Western

Australia. This region has a Dry Mediterranean climate characterized by hot dry summers and
cool wet winters (Details in Chapter 2).

The landscape in this region is gently undulating and generally of low relief, except where
occasional granite outcrops protrude. The soils are closely related to the landforms and have
developed through the differential erosion of an ancient laterised land surface; as a
consequence they generally have low concentrations of essential plant nutrients. Native
plant species in the region have evolved a wide array of mechanisms allowing them to grow
on depauperate soils in a climate with seasonal summer drought and high temperatures and

comprise of a complex mosaic of vegetation associations, their distribution determined by

rainfall, soils and landforms (Lamont 1984: Pate and Dell 1984; Pate et al. 1984; Beard 1990;
Groves and Hobbs 1992). Generally, Kwongan scrub heath grows on sandy lateritic upland

soils; maliee Eucalyptus woodlands on the duplex soils of upper valley slopes; Eucalyptus
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woodlands on the sandy loams, loams, and heavy loams found on mid to lower slopes and
valley floors; and finally halophytes on saline soils in valley floors and salt lakes. The
unweathered granite outcrops are generally surrounded by Eucalyptus woodlands growing

on grey sandy soils (Beard 1990).

Since European settlement 93% of the native vegetation in this region has been cleared,
resulting in the transformation of natural ecosystems to predominantly agricultural, producing
an entirely new landscape mosaic of agricultural land, salt pans and native vegetation
remnants (Saunders et al. 1993). What now exists is a highly fragmented landscape with
many small remnants of native vegetation (Hobbs 1992). For example, in a 1680 km? area
of the central wheatbelt Arnold and Weeldenberg (1991) mapped 459 patches of remnant
vegetation, 270 of these were less than 10 ha and 353 less than 20 ha; overall the remnants

ranged in size from 1 ha to 1030 ha.

It is in this assemblage of remnants that the regions remaining biodiversity exists (Saunders
et al. 1993). Clearly, this situation presents many problems for nature conservation. The
reduction and isolation of habitat, species extinctions and the introduction of feral animals
and exotic weeds have resulted in new biotic assemblages and changes to population and
ecosystem processes (Hobbs et al. 1992; Hobbs 1993; Saunders et al. 1993; Scougall et al.
1993). As a consequence many remnants of native vegetation are unlikely to persist in the
long term without efforts to ameliorate these changes (Main 1987; Hobbs and Hopkins

1990; Hobbs 1993; Lambeck and Saunders 1993; Saunders et al. 1993).

In response to this problem the national research organisation, CSIRO Division of Wildlife
and Ecology, commenced a study on the ecological dynamics of remnant vegetation in the
Western Australian wheatbelt. This was underiaken with a view to developing management
strategies that would contribute to the conservation of the region's biodiversity (Saunders et
al. 1998). Most of the research is being undertaken in a 1680 km?2 region of the central

wheatbelt north of the town Kellerberrin (Saunders et al. 1993) (Figure 1.1). The subject of

this thesis contributes to that programme.




Figure 1.1: The extent of the Western Australian Wheatbelt and location of the CSIRO
rer’nnam vegelation study area.
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prior 1o European settlement and the subsequent clearing, woodlands dominated by
Eucalyptus salmonophloia F. Muell. (salmon gum) or a mixture of E. salmonophloia and
other Eucalyptus spp. occurred extensively throughout the Western Australian wheatbelt
and extended into the adjacent goldfields region (Figure 1.2). These woodlands were
preferentially cleared for agriculture because they grew on the heavier more ferlile soils and
were considered indicators of good farmland (Burvill 1978). Beard and Sprenger (1984)
have estimated that in the wheatbelt 20% of the E. salmonophloia woodlands remain. In
some areas this may constitute only 0.4% of the landscape (Arnold and Weeldenberg 1991).
As a consequence, E. salmonophloia woodlands are relatively under represented in the
remaining vegetation and occur in isolated remnants or on road verges. Many of these are
degraded, and in most cases there is little or no regeneration of E. salmonophloia . Norton
et al. (1994) observed in the central wheatbelt that in 57% of salmon gum woodland
remnants there were no trees with a diameter at breast height (DBH) of less than 10 cm and

in 28% of remnants there were no trees with a DBH less than 20 cm.

Whilst it is difficult to speculate on the size class structure of E. sa/monophloia prior to
fragmentation, observations of unfragmented populations to the east of the wheatbelt
indicate that trees are unevenly distributed amongst size classes and cohorts of similar sized

saplings (< 10 cm DBH) occur in patches amongst older trees (Yates et al. 1994).

These observations of size class distributions suggest that the processes which underlie
recruitment in E. salmonophloia may have been upset by the impacts of agricultural
development. The absence of juvenile trees in many remnants of salmon gum woodland
has therefore become a concern for the conservation of biodiversity in the wheatbell.
Clearly, without recruitment remnant woodlands will disappear as mature trees die. This has
important implications for wildlife management as E. salmonophloia produces the majority of

habitat hollows in the region (Saunders 1979; Saunders et al. 1982; Saunders and Ingram

1987; Abensperg-Traun and Smith 1993).
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Figure 1.2: The distribution of E. saimonophloia woodlands.
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For recruitment to occur trees have to flower, the flowers have to be pollinated, and set and
disperse viable seed: the seed then has to escape predation so that it can be incorporated
into a soil seed bank where it must persist until the right conditions stimulate germination; the
young plant then has 1o survive and grow (Harper 1977). The conservation of any plant
species requires an understanding of the processes which regulate the movement of
individuals through these life cycle stages (Harper 1977; Auld 1990). Events which are rare
may be particularly important in this respect. For example E. salmonophloia is widely
distributed across a region with a seemingly reliable mediterranean climate. However, there
are events which can cause considerable deviations from this picture. These include
tornadoes and severe storms, associated with thunderstorms and intense cold fronts (Clarke
1962; Minor et al. 1980); heavy rain associated with thunderstorms and decaying tropical
cyclones (Pierrehumbert 1973; Lourenz 1981); drought, when annual rainfall is well below
average (Fitzpatrick 1970; Southern 1979); and lastly, fires which occur following certain
sequences of the above events. Main (1987) suggested that the above events, although
rare, may be amongst the most important processes driving the dynamics of native
ecosystems in the wheatbelt. Indeed this has been shown to be the case for many
ecosystems elsewhere. The literature on the physical disturbance of ecosystems by
episodic events is vast and has been reviewed by multiple authors in Pickett and White
(1985) and more recently by Attiwill (1994). In many plant species disturbance provides the

opportunity for seedling recruitment (Pickett and White 1985; Attiwill 1994).

Currently, little is known about the processes that underly seedling recruitment in
mediterranean climate Eucalyptus woodland species including E. salmonophloia . As a
consequence there are no scientific guidelines for managing the remaining wheatbelt

populations.

The research reporied in this thesis aims to understand the processes which underly
seedling recruitment in E. sa/monophloia and determine which of these processes has

been disrupted and therefore responsible for the lack of seedling recruitment in the remnant

woodlands.
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This. document is structured such that Chapter 2 investigates the pattern of flowering, seed
production and seed dispersal in E. salmonophloia to determine whether the availability of
viable seed is limiting recruitment in remnant woodlands. Following dispersal, seed has to
escape predation so that it may be incorporated into a soil seed bank. Chapter 3 looks at the
fate of E. salmonophioia seed once it has been dispersed and investigates whether seed
eating ants are responsible for the absence of recruitment in remnant woodlands. As
discussed earlier, uncommon natural events may drive native ecosystem dynamics
throughout E. salmonophloia’s distribution. Chapter 4 investigates the effects of large
scale natural disturbances on E. salmonophloia populations in unfragmented woodlands to
the east of the wheatbelt to determine the role of such events. Chapters 5, 6 and 7 examine
the conditions which influence the germination and establishment of E. salmonophloia.

Finally in Chapter 8 the findings of the research are synthesized and discussed.
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CHAPTER 2

PATTERN OF FLOWERING, SEED PRODUCTION AND SEED FALL

2.1 INTRODUCTION

As discussed in Chapter 1, there appears to be little or no recruitment of E. salmonophloia
seedlings in remnant woodlands throughout the Western Australian wheatbelt. It was
suggested that the effects of habitat fragmentation and impacts of surrounding agricultural
land use may have affected the population and ecosystem processes which sustain these
woodlands. The disruption of reproductive processes and the resultant lack of viable seeds
may be important in this respect. This chapter aims to determine if this is the case for
E. salmonophloia by examining, flowering, seed production, seed viability and seed

dispersal in remnant woodlands.
2.2 METHODS AND MATERIALS
2.2.1 STUDY SITES

The study was undertaken within a 1680 km? area north of Kellerberrin in the central
Western Australian wheatbelt approximately 200 km east of Perth (approximately 117°
45'E, 310 23'S) (Figure 1.1). This area has been the focus of research into the ecological
dynamics of remnant vegetation and its associated fauna (Saunders et al. 1993). The region
has a Dry Warm Mediterranean climate (Beard 1990) typical of the wheatbelt with a mean
annual rainfall of 384 mm which falls predominantly in the winter months between May and
September (Western Australian Bureau of Meteorology Records). Summer rainfall

associated with thunderstorms and decaying tropical cyclones occurs but is unpredictable.

, |



The annual rainfall variability is considered to be low to moderate and the mean number of
rainfall days is 75 (Southern 1979; Western Australian Bureau of Meteorology Records).
Mean maximum temperature ranges from approximately 34°C in January to 169C in July
(Western Australian Bureau of Meteorology Records). Evaporation exceeds rainfall in all
months and by 2000 mm over a whole year (McFarlane et al. 1992). The study area lies
approximately in the middle of E. salmonophioia’s distribution. Taking into consideration
that rainfall is higher on the western edge of the species distribution (approximately
450 mm) and lower on the eastern edge (between 200 and 250 mm) (Chippendale 1973),
the Kellerberrin study area's climate is representative of E. salmonophloia’s entire

distribution.

Salmon gum woodlands occupied 16% of the Kellerberrin study area prior to clearing (based
on estimates from soil types) but now comprise only 0.4% of the total area (Arnold and
Weeldenburg 1991). Salmon gum woodlands are found predominantly on the broad alluvial
valley floors on calcareous red earths but also occur to a lesser extent on different soil types
elsewhere in the landscape (McArthur 1991, 1992). Norton et al. (1994) found only 14
fragments and 14 roadside corridors of salmon gum woodland in the study area. The choice
of sites was therefore limited. Moreover the shape, size, extent of degradation, proximity to
other vegetation and position in the landscape of these remnants was highly variable and
therefore replication of sites with similar characteristics impossible. As a consequence, four
remnants with diverse characteristics were chosen to encompass the variation present
(Table 2.1). Remnants containing E. salmonophloia woodland were chosen in different
positions of the landscape. These included woodlands on valley floors with red duplex soils
and woodlands on an upper slope and adjacent to a granite outcrop on yellow duplex soils
(Northcote 1971; McAurthur 1992). The remnants contained other vegetation associations
adjacent to E. salmonophlioia woodland and varied in size from 20-150 ha. The area of

E. salmonophloia woodland in each remnant varied from 2.4-47 ha (Table 2.1).

At each site, in areas with similar tree densities, six 50 m transects spaced 5 m apar were

laid out and on each transect 11 points spaced 5 m apart were marked to create a 50 m x
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25 m grid with 66 locations. In each grid, the stem diameter at breast height was measured
for each E. salmonophloia individual and placed in a size class 0-10 cm, 11-20 cm, 21-
40 cm, 41-80 cm and >80 cm. E. salmonophloia was the only tree species present in the
grids and densities of between 72 -104 stems ha"! were recorded. Trees at each site were

mainly confined to the 21-40 cm size class and 41-80 ha size class. There were no trees in

the 0-10 cm size class (Table 2.2).

As an indication of the species associated with E. salmonophioia, the vascular plant species
were identified in the 25 m x 50 m grids at each site (Table 2.3 a, b, ¢, d). Species authors are

listed by Green (1985) and Marchant et al. (1987). Non-native annual species were present

at each site.

At four random locations on each grid, the percentage cover of shrubs and herbs were
assessed in 5 m by 5 m quadrats and a mean cover vaiue calculated (Table 2.1). Similarly, at
20 random locations on each grid, the percentage cover of litter was assessed in 50 cm x

50 cm quadrats and a mean cover value calculated (Table 2.1).

Three of the remnants, Moore's East, Minniberri Reserve and Huandanning Water Reserve,
are apparently healthy woodlands with an intact understorey and have a history of little or no
grazing by livestock (Table 2.1, Table 2.3 a, ¢, d). In contrast the fourth remnant, Gents Rd, is
frequently grazed by sheep, and as a consequence has a depleted understorey of

unpalatable shrubs, large areas of exposed soil and reduced litter cover, and is badly

degraded (Table 2.1, Table 2.3 b).

Rainfall at each site was recorded in storage rain gauges which were emptied at 2 month
intervals coinciding with surveys of flowering (see below). Rainfall al each site over the study

period was just below or above the long term average for Kellerberrin (Table 2.1).



Table 2.2: The frequency of E. salmonophloia
(DBH cm) at the four study sites in 1250 m2 sampling grids.
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individuale in stem diameter classes

Siles
Size class (DBH)  Moore's Easl Gents Rd Minniberri Huandanning
0-10cm 0 0 0 0
11-20 cm 0 0 1 1
21-40 cm 5 5 8 8
41-80 cm 5 4 4 1
>80 cm 1 0 0 1




BJRUILUNOE BIZ}iEA)
SapiowWayjue BiuiSin
edejiofeo uiyoolbi |

e|BjadoueAo suswAyoes |
SN9oe.Iv|0 SnNyoUoS,
snyjuessolb ojoeusg
BUBIUISSED BIUBOYIS
esewbAd syjuepoyy
sapjoieydeub esayjopod
ejjojisnbue eaayjopo4
suejjides sidajopo
Sapioie SSIyoSeIua,
WNuUNSapuUBIo WNULIBdsos)sQ,
Bljo4inua] Blojjipy
wnuyreisAio wnweyueliquissayy,
auuated wnijo,

Asipuyl erousime]
eiqe|b sueeyoodAH,
BUBIDIEBQq BIUBPOOL)
winioubAo wniposg
eiojybuoy euely3,

“ds uoBbodoyoiq

EJRI0[0D EINSSEID)
gjnpidsiy siojen
eipuedjod eiuupuees
BoeWele luLpuBE)
suegnu snwoug,

SNIpuBIp snwoig,
#uoyeuInoy} eoisselg,
lipuowiwinip eiodsouusjg
g[npue|es evsyjojoly.
wnsoutbiin sjqouoy

13

uobodjwey edjs
ewyss)uebse edys
B8pP|0n28doje suyorIinap
"ds eAieooxo7

Bsnyie eipuewio

‘ds ewJsdsopida’
Binjons. ejjaueiq
BSO)dsar9 ejuOYIUE(]
eleydesoiaeyds efiog
snufLes uobodydiuy

Hssiaid eipobeyy
uajjeniu eues|Q
EINfOABI BLESIO

eleue| euseiAyouy
BI[OJINESING BaBUOPO]
BIOjIXNq BIXAlY
BIOBULID BIOBOY
B8.1ENJOR BIORIY

elojydouowyes smdAjeon3

s|enuuy

snosoeqiay

sqnuys

saal)

‘8Aljeu-uou alre , Aq papeoeld saoadg ‘iseg S,8100| Je pub W g X W 5z auy} u) yussaid saiads jue|d JejnoseA 8y e £'Z s|qel




3
-

soinfAw eidinp,
wnaysee wnoju |,
'ds winijoy 4,
8/ejusLIO WniquiAsIg,
euifes euginbiads,
B]BO/dS ayjuepoy,
‘ds snjojiid
S8pPIOIE SISIyoseIua,
eeideo - sad siexp.
wruofypou wnweyueliquissayy,
winuiyeisAio wnwsyueliquissayy,
eiqelb suseyoodAH,
wnuuods| wnapioH,
BJeI0j0D BINSsein
ginpidsty siojen
eipueAjod eiuupueen
BaBLWEIE BIULPUEIEYD
suagni snuwiolg,
HuojauIno] eoisseig,
E[NPpUB|BO BOBY)0)OIY,
wnsouiByn sjoqouyoy

ewssiuebajs edys

Sugossulds BjoABRIS
snjjAyde sndieooxg
ejeue| eusejAyouy
E9JEBULIE BIOBIY
BLIENOE BIOROY

Blojydouowes smdAjeong

sjenuuy

snoaseqiay

sqniys

EEEM

"SAjBU-UOU Ble , Aq pepadaid saiedg py SiueD 1e pub W 0 X W Gz 8y} uj Jussaid sedads 1ue(d tenosen ay| :q £z a|qel



15

winjeao wnjAydobAz
wnoneb wnjiAydobAz
winsonoiny wnjjAydobAz
BJRUILLNDE BIZ}EM

EpU BlzllEM

WINAIIS8. WNojH | ,

'ds winjjoji],

sapiodjel essoifoidans
SN2oeIaI0 SNYOUOS,
snyjuessoib ojoauss
BJeoIds syjuBpoyH
sniginyeds sniojlid
snAyoejsAjod snjojid
SNsLIBso[oY SNojiid

‘ds obejueld,
WiNuiSepuEo Wnuedsoalsp,
wnujeisAin wnweyiuefiquiasayy,
Hufussoo sjuidn,
auualed wnjjo,

eiqeld susey20dAH,
wnuods| WnapioH,
BXSAUOD BIUBPOOL)
wnioubAo wnipoiz
smeipiyooib snyoneqg
Hpuowiwnip wnieldijeydan
SISudjijaw vaInejus?),
PORWELD BIULIPUBIED

‘ds sniuoug,

H1oaLINo} BoISSEIg,
S8pIOIXLIL}E BapLIBISY
E|NpuUs|ed BOB10JoIY,

BIqeos edis
ewijssjuebaje edys
ejnjora. eljaueiq
BS0j1dsaes eluoyjueqg
snjsapolu snjoiqgodied)

BJeoINs BiUO}8|dWa |
BLJUBOBID BUBE|0IS[0S
SuB2SsaUIdS BlOABEIS
WMeUILLNOe WNjejues
Hssie.id eipobeyy
Jipuowwinip eipobeyy
Bjeydao0ioiu eljailid
(ajjeniu eUEs|O

‘ds eueaiiepy

‘ds eueauepy
eia)doyoL] eueslep
ds wnioA7]

snyAyde sndiesox3
SBPIOUBEB[0IBIOS UOHLYO0LT
Huasap ejydowsig
suaidjosp ejydowaig
Bjeue| euaejAyoug
glAydowsau eissen
ds xsiduy

gijojixnq eixAly
ljfeuaLl eiopoy
sojajiLluay eioroy
$8pI01)8}|00 BIDEDY
gljesAiyo ejoeoy
BLIENOE EJOBJY

eiojydouowjes snjdAieon3

sjenuuy

snoaseqlaH

sqniys

sa91]

"8Afjeu-uou a1e , Aq pepedeid seioedg “liaqiuuipy 1e pub w 0g X W Sz ay) ul juasald saioads Jue|d JenoseA sy 10 £°Z 9jqel




BIBUILUNDE BIZliEp)
sonAw eidinp,

BlBUIO BuBLWwAyorL |
SN9seLs|0 SNYoLos,
Snyuessolf opauag
SapIOWBYIUR BIUISIf)
BULIO ByjuEpOYY
sepioyeydeub eosyjopod
sie|jideo sidsjopo
SOPIOIE SNSIyoSeIuUB
eibejsoipieo euelauey
wnuifeysiio wnweyueliquiassyy,
g|njeoundy obesipayy,

© wnpunjos wnipiday
A eiqelb sueeyoodAH,
wnjjsua] wnjjAydowasg
B}EI0j00 BINSSEl) ©lBOINS BIUO)B[dWS |
Bleuuld|q einjoo #1ss1aud eipobeyy
BInpidsiy sfiojen lipuowiwinip ejpobeyy
eiajiinuelb ejutpueies lissia.d eaxeH
eipuefjod gluupueien elJUBUO| BlIYdOLWBIg
EOELWIEIS BIULIPUBIRY suaidiosp ejiydowslg
suaqni snwoug, ejeue| euagiAyouz
SNIpUBIp snwoug, "ds xeyduy
HH0ojauIN0} BoISSELg, Buwssiuebsye edng S8/ajjLusl Bloroy
B[NpuUs|ea BI8Y]0}OlY, BSN9 BIpUBLLOT] BO0BULIB BIOBOY
winsoubin sjoqounoy Bsojidsaed eluoyjueQ BLIBNOE BIOROY eiojydouoLuies snjdAieong
sjenuuy SNo3oeqlaH sqniys saal]

‘8Alfeu-uou aue , Aq pepeoe.id seoadg “Bujuuepueny je pub W 0§ x W Gz ay) ul uasaid sejoads jue|d Jejnosea 3yl :p g2 aqel




i .;...,',_._ﬂw

.17

2.2.2 PATTERN OF FLOWERING AND SEED PRODUCTION

All trees (Table 2.2) within the 50 m x 25 m experimental grids were surveyed with binoculars
every 2 months from August 1991 until October 1993 and observations made on the

presence or absence of flowers.

In August 1991, ten sampling traps were located on the experimental grid at each site; five
beneath tree canopies and five in gaps between tree canopies. Each trap consisted of a
44 cm diameter (0.15 m2 opening) x 30 cm deep canvas cone attached to a steel ring
suspended 1 m above the ground on three metal posts, and secured at the bottom to
prevent the contents from being dislodged. Ants and other inveriebrates were excluded
from the traps by a "tangletrap" barrier at the base of each post. Canopy cover over seed
traps was assessed using a converse spherical densiometer and data were analysed using a

two-way analysis of variance to determine if differences existed between sites and trap

positions.

The contents of sampling traps were collected every 2 months until October 1993 and
opercula, flowers, immature and sterile fruits sorted. E. salmonophlioia belongs to the
subgenus Symphyomyrtus and therefore its floral buds have two opercula. Observations of
young E. salmonophloja floral buds indicated that the outer operculum, like in many other
Symphyomyrtus spp., is shed early in the buds development (Brooker and Kleinig 1990),
and because of its very small size was not detected in traps. By contrast the inner operculum
remains on the bud until flowering and is easily identified. Flowering abundance and
periodicity were measured by counting the number of these inner opercula; at flowering one
operculum falls from every flower (Ashton 1975a). Fruit set was estimated by subtracting the
total number of aborted flowers, sterile fruit and immature fruit from the total number of
opercula (Ashton 1975a). This figure was muitiplied by the mean number of seeds per fruit

(see section 2.2.3) to estimate seed production.
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2.2.3 CANOPY SEED STORES

At both Minniberri and Huandanning, two irees were chosen to estimate canopy seed
stores. Selection was restricted to trees with canopies that could be reached with 9 m pole
pruners. Salmon gum's canopy architecture is modular, and similar sized clumps of branches
and leaves are easily recognised. On each tree the number of these modules was counted.
Four of these were cut from different locations, determined from the cardinal points on the
compass, around each tree and the number of fruit on each counted. From each of these a
sub sample of 25 fruit was randomly selected and the number of seeds in each counted.

From these data canopy seed stores for each tree were estimated.

2.2.4 PATTERN OF SEED FALL

In most eucalypts, including E. salmonophioia, the proportion of seeds set is low relative to
ovule number (Brooker and Kleinig 1990). Fertile E. salmonophloia seeds were, however,
easily distinguished from infertile ovular structures and aborted embryos. Fertile seeds were

sorted from the contents of sampling traps every 2 months and counted to assess temporal

patterns of seed fall.

Total seed fall data were pooled across sites for traps both beneath canopies and in gaps
and analysed with an unpaired two tailed t - test (on log transformed data) to determine if

differences in seed fall existed between the two locations.

2.2.5 SEED VIABILITY

Germination tests were undertaken on seed collected from sampling traps. All of the seeds
collected were placed on paper germination pads in 9 cm petri dishes moistened with
25 mL of water. Petri dishes were placed on trays and enclosed in a plastic bag to reduce
water loss, and then placed in a controlled temperature room at 250C with constant light

(500 Ix). Dishes were checked once a week for 4 weeks and germinants counted and

L e
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removed. Seeds were counted as germinated when the radicle had emerged.

2.3 RESULTS

2.3.1 CANOPY COVER

At all sites, canopy cover was significantly higher surrounding traps beneath canopies than
traps in gaps (F =1.6, d.f.=1, 32, p <0.001). There were, however, no significant
ditferences in canopy cover surrounding sampling traps among the four study sites (F=1.6,

d.f.=8, 32, p >0.05). Similarly the interaction between site and trap position was not

significant (F=1.3, d.f.=3, 32, p > 0.05).

2.3.2 PATTERN OF FLOWERING AND SEED PRODUCTION

Trees were observed flowering from April to December 1992 at all four sites and in April and
October 1993 at Gents Rd (Figure 2.1). Individual trees flowered only once during this
period. At each site there was a peak in the number of individuals flowering synchronously.

This occurred in August 1992 at Minniberri, October 1992 at Gents Rd, and December 1992

at Huandanning and Moore's East (Figure 2.1).

Thirty six percent of trees at Moore's East, 33% of trees at Gents Rd, 15% of trees at
Minniberri and 9% of trees at Huandanning did not flower. Of these, single trees at
Minniberri, Huandanning and Moore's East, and two trees at Gents Rd had no flower buds or

fruits. In other cases flowering did not occur despite the trees being reproductive with floral

buds and fruit from previous years.

Generally the number of opercula found in sampling traps showed a similar pattern to the
number of trees flowering at each site (Figure 2.2). An exception to this occurred from April
to June 1992 when one tree at Huandanning flowered heavily resulting in a large number of

opercula being found in several traps. Flowering was heavier and there were more opercula

},_
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at Huandanning and Minniberri than at Gents Rd and Moore's East despite equivalent

canopy cover over the traps (Table 2.4).

The proportion of flowers which set fruit and estimales of seed production varied greatly

between sites (Table 2.5). At Moore's East only 1% of flowers set fruit whilst at Huandanning

61% of flowers set fruit.

2.3.3 CANOPY SEED STORES

Two crops of fruit were found in the canopies of sampled trees and observed in the canopies
of other trees at each site. Estimates of canopy seed stores ranged from approximately

60 000 to 420 000 seeds per tree (Table 2.6).

2.3.4 PATTERN OF SEED FALL

By contrast with flowering which exhibited strong peaks in seasonal activity, seed fall
occurred throughout the year but was generally lowest in the winter months (Figure 2.3).
Exceptions occurred at Huandanning and Gents Rd. At Huandanning maximum seed fall
(200 seeds m'2) occurred in the first summer following flowering and corresponded with a
large number of decapitated and dissected fruit in the sampling traps. Galahs (Cacalua
roseicapilla) and twenty - eight parrots (Barnardius zonarius) were frequently seen in the
canopy feeding on fruits; evidently the fruit is cracked open and the seed eaten, but in some
cases seeds escape predation and fall to the ground. Fruits damaged by predators were
also recorded but to a lesser extent at other sites throughout the study period. Seeds were
also found in sampling traps with mature open fruit; however, in many cases seeds were
recorded in sampling traps without predated or mature fruits. At Gents Rd no seeds were

found in sampling traps on four occasions.

Seed fall beneath canopies was double that in gaps and significantly different (1=1.982,

d.i.=38, p <0.05). The mean total number of seeds falling into traps beneath canopies over
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Table 2.4: Mean % canopy cover surrounding sampling traps beneath canopies and in gaps at
the four sites. Values are arithmetic means (S.E.) of five measurements,

Sile
Trap position Moore's East Genis Rd Minniberri Huandanning
Beneath canopy 87 (6) 78 (7) 88 (4) 90 (6)
In gap 52 (5) 38 (7) 32 (6) 40 (6)
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Table 2.5: The total number of opercula, aborted flowers and sterile fruit found in ten
sampling traps (total area = 1.5m2), and estimates of fruit set, flowering success and seed set at

the four sites from August 1991-October 1993. Seed production = No. of fruit set x mean

number of seeds per fruit.

Sites
Moore's East Gents Rd Minniberri Huandanning

No. of opercula 490 862 2033 5048

No. of aborted flowers 2 68 485 135

No. of sterile fruit 484 447 1102 1811

No. of fruit set 4 347 446 3102

% of flowers which set fruit 1 40 22 61
Estimated seed productionA 8 742 954 6638

A Calculated using mean of 2.14 seed per fruit (see Table 2.6).
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the 2 year study period was 233 seeds m™2 and into gaps 120 seeds m2. The viability of
seeds found in sampling traps at each site was high and ranged from 67% to 100% (Table

2.7).

2.4 DISCUSSION

E. salmonophloia flowered at each site during the 2 year study period, but no tree flowered
more than once and 23% of trees did not flower at all. The reasons for some trees not
flowering are unclear but at Minniberri and Huandanning some trees appeared to be
suppressed by larger individuals and had not reached reproductive maturity. At Moore's
East and Gents Rd, trees appeared 1o be recovering from crown damage possibly caused by
wind, phytophagous insect outbreaks and galahs and consequently consisted largely of
epicormic regrowth that had not reached reproductive maturity. In other cases (Moore's
East, Gents Rd and Minniberri) trees were reproductive and had floral buds but did not
flower. Ashton (1975a) found in Eucalyptus regnans that during poor flowering years some
trees flowered but others did not and attributed this to individuals having their own cycle of
bud production. Good flowering years occurred when there was a coincidence of phases
between individuals. Observations of E. salmonophloia canopies during this study
revealed that phytophagous insects stripped young leaves and inflorescence buds in some
trees but not in others. Losses of buds in some irees to insect predation and not in others

may also result in flowering not being synchronous between individuals in a population.

The intensity and success of flowering was highly variable between the four sites. Trees at
Huandanning had the heaviest flowering and set the most seed. Flowering at Minniberri was
much heavier than at Gents Rd. However, fruit set at Minniberri was considerably less than at
Gents Rd and as a consequence there was little difference in seed production between the
two siles. At Moore's East, only 1% of flowers set fruit. The reasons for this variation are
unknown, but clearly the relationship between flowering intensity and seed production in
these remnants is not a simple one. The amount of seed produced following flowering is

dependent on resource availability, pollinator abundance and pollen guality. Rainfall during
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the 2 year study period was just below or above the average at each of the study sites. Site
characteristics such as remnant area, population size, frequency of grazing and level of
degradation may affect the above factors. Unforiunately, the pattern of clearing in salmon
gum woodlands makes replication of remnants with the same characteristics impossible, and
it is therefore difficult to draw firm conclusions from the data about the impact of certain site
characters on seed production. Other studies have concluded that habitat fragmentation
can affect the processes which underlie seed production in plant populations. Plants in
small fragmented populations may receive fewer visitations from pollinators than plants in
unfragmented populations and as a consequence set less seed (Jennersien 1988).
Similarly, as population size declines, pollen quality may be reduced because pollen transfer
occurs more frequently between closely related neighbours (Lamont et al. 1993). These
factors can lead to a disproportionate decrease in seed production with declining population
size (Lamont et al. 1993). As a consequence the viabilities of populations may decrease with
a decline in their size (the Allee effect) (Allee 1949; Lamont et al. 1993). Thus in the present
study, the very low seed set observed at Moore's East may be due to reduced population

size since it was by far the smallest remnant of E. salmonophioia woodiand.

However, it should be noted that massive variation in flowering intensity and success has
also been observed for eucalypts in unfragmented populations (Ashton 1975a). Caution
therefore needs to be exercised in ascribing poor seed production from a single flowering
event to the effects of fragmeniation . Interestingly, in this study fruit set at Gents Rd, a small
remnant badly degraded by sheep grazing, was much higher than at Minniberri, one of the

largest and apparently least degraded sites in the region.

Although greal variation in seed production can occur, the estimaled seed set at
Huandanning (4400 seeds m-2) shows the potential of E. salmonophloia to form a
substantial seed store, and estimates of canopy seed reserves confirm this finding. Canopy
seed reserves are a characleristic of many tall open forest eucalypts (Grose 1957,1960;
Christensen 1971; Ashton 1975a; Cremer et al. 1978; Ashton 1981; O'Dowd and Gill 1984)

and mallee eucalypts (Wellington and Noble 1985a; Davies and Myerscough 1921). The
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length of time that seeds can be stored on the plant is variable. Christensen (1971) found
that in Eucalyptus diversicolor seeds fell mainly in the first two summers after maturation. In
E. regnans most seeds fell within 3 years of maturity and rarely did fruits remain alive on a
tree beyond 4 years although 6-7 year-old fruits were observed (Ashion 1975a). Grose
(1857, 1960) found that Eucalypius delegatensis shed most of its seed in the third and
fourth years after maturation. The length of time that seed can be stored on the plant in
E. salmonophloia is unknown; however, observations of two distinct crops of unopened
fruits in the canopy suggest thal seeds from two consecutive flowering seasons were
present. Individual trees flowered only once during the study which spanned three potential
flowering seasons. The oldest of the two fruit crops in the canopies must therefore have
arisen from a flowering event which occurred before the beginning of this study, indicating
that seed can be stored on the plant for at least 2 years. E, salmonophloia may therefore be

classed as being serotinous (Lamont et a/ . 1991b)

In E. salmonophloia, seeds are gradually released from the canopy seed reserve in three
ways; firstly when branches subtending the fruit die and capsules dry out; secondly when
unopened fruit are blown from the canopy and dry out on the ground; and thirdly when
cockatoos and parrots feed on seeds and some escape predalion and fall to the ground
freely or in dissected fruit. Not surprisingly, seed fall was heaviest beneath canopies but
seeds were also dispersed into gaps. Seed fall was at its lowest during the winter sampling
but generally seeds were found in sampling traps throughout the year even at Gents Rd
where seed fall was lowest overall. Moreover, with one exception, there was no period of
extremely heavy seed fall. The single exception was at Huandanning and was apparently
caused by birds feeding in the canopies during the summer of 1993 following a heavy

flowering evenl.

This chapter has demonstrated that, in a diverse range of remnant salmon gum woodlands,
viable E. salmonophloia seeds are being produced and dispersed. Whether these
populations are producing enough seeds to persist is unknown and depends on the fate of

seeds following dispersal. It is possible that the amount of seed produced in these remnants
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has declined due to the Allee affect. However, several studies of plant population dynamics
suggest that the relationship between seed production and population viability is not linear
(Bradstock 1991; Lamont et al. 1991a). Obviously in populations where seed production is
zero, extinction will occur unless the plants can reproduce vegetatively. However, in
populations where plants are producing viable seeds, the absolute number of seeds
required to maintain the population is hard to delermine. This is particularly evident in
species which rely on the co-occurrence of infrequent unrelated events for recruitment. In
these species, population numbers are not limited by seed reserves but by factors which
control germination and establishment (Bradstock 1991; Lamont et al. 1991a); in some
cases population size was reported to be more sensitive to these factors than a 50%

reduction in seed production (Bradstock 1991).

In conclusion it therefore seems unlikely that the availability of viable seed is responsible for
the lack of E. salmonophloia recruitment in the remnant woodlands studied. Clearly the
other processes which underly recruitment need to be examined. Subsequent chapters will

therefore consider the fate of seed following dispersal and the factors affecting germination

and establishment of seedlings.
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CHAPTER 3

POST-DISPERSAL SEED PREDATION AND SOIL SEED RESERVES

3.1 INTRODUCTION

Chapter 2 demonstrated that in the remnant woodlands studied, E. salmonophloia trees
were producing viable seeds which were stored in woody fruit held in the canopy for periods
of up to several years. Seeds were dispersed onto the soil surface when branches
subtending the fruit died and capsules dried; when unopened capsules were blown from
the canopy and subsequently dried on the ground; and finally when seeds escaped

predation and fell to the ground freely or in dissected fruit whilst cockatoos and parrots were

feeding.

In a wide variety of grasslands, heathlands, woodlands and forests throughout the world
seeds are an important resource for granivores including rodents, birds, ants, lygaeid bugs
and carabid beetles (Crawley 1992). The behaviour of post dispersal seed predators affects
the establishment of a soil seed reserve and therefore may affect seedling recruitment
(O'Dowd and Gill 1984; Andersen 1987; Andersen 1989; Crawley 1992; Samson et al.
1992). In Australian eucalypt communities, ants are the most important predators of eucalypt
seed following dispersal. Studies have reported ants removing seed of Eucalyptus spp. in
mallee woodlands (Andersen 1982; Wellington and Noble 1985a), woodlands {(Andersen
and Ashton 1985; Clayton-Greene and Ashton 1990), open forest (Majer 1980; O'Dowd and

Gill 1984; Abbott and van Huerck 1985) and tall open forest (Ashton 1979).
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This chapter aims to determine whether firstly, seed harvesting ants are active in remnant
E. salmonophloia woodlands; secondly whether E. salmonophloia forms a soil seed

reserve; and thirdly the length of time that E. salmonophloia seeds remain viable in the soil.

3.2 METHODS AND MATERIALS

3.2.1 STUDY SITES

The study was underiaken in the four remnant E. salmonophloia woodlands where surveys
of flowering, seed production and seed dynamics were conducted (Chapter 2). These have

been described in detail in Chapter 2.

3.2.2 SEED REMOVAL

Rates of seed removal were assessed by recording the loss of seeds from artificial baits
(Majer 1980; Andersen and Ashton 1985). Each bait consisted of a modified 5 cm plastic
petri dish glued to a 10 cm x 10 cm plywood board and contained ten E. salmonophloia
seeds. The dishes had lids and three 5 mm entrances spaced equidistantly in their sides

which allowed access to ants but excluded vertebrates.

A preliminary survey of seed removal was undertaken in February 1992 to establish the most
effective exposure time for the purpose of this study. Two seed baits were placed at each of
ten randomly chosen locations on experimental grids (Chapter 2) at the four sites. Ants had
access to one of the seed baits but were excluded from the other by a 'Tanglefoot' barrier
placed around the petri dish on the plywood board. The exclusion treatment acted as a
control to quantify the removal of seeds by wind and rain. Strong winds occur frequently in

the area and remnant salmon gum woodlands are very open and exposed. Baits were

exposed for 4 days and the number of seeds removed from each recorded every 24 hours.
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Following the preliminary survey a longer term study was undertaken at the four study sites.
Baits were placed on the experimental grids at 2 month intervals from April 1992 to February
1983. On each occasion two seed baits, as described above, were placed at ten randomly
chosen locations on the grids such that no location was duplicated in time. The number of
seeds removed from each bait were recorded after 24 hours; preliminary studies indicated
that estimales of seed removal by ants became less reliable with longer exposure (see

Section 3.3.1).

The effect of site, time of year and the interaction of these two factors on seed removal from
baits was tested with a generalised linear mode! using the statistical programme GLIM. This
analysis offers advantages over traditional regression analysis or analysis of variance as it
allows selection of the appropriate statistical distribution (e.g. binary, binomial, Poisson)
(McCullagh and Nelder 1989). The statistical model used was the binomial logit link model (or
logistic regression) which takes the form
log(p/1-p) = linear function of environmental variables

where p is the probability of seeds being removed from baits for that combination of
environmental variables (site, time of year). The analyses estimate the probability of seeds
being removed within each cell of a factor table, and also for various additive linear
combinations of the environmental variables. Each environmental variable and its
interactions account for a proportion of the deviance or total variability within the data, and
using a chi-square test the significance of the proportion of deviance that a variable accounts

for can be tested against the null hypotheses concerning the removal of seeds.

Ant activity at seed baits was observed throughout the study. On two occasions, July 1992
and February 1993, baits were monitored at Minniberri and Gents Rd at 3 hour intervals over
a 24 hour period. Ants observed removing seed were collected for identification and
assigned genus names with a species code number that relates to the Durrakoppin ant
collection deposited at the Schoo! of Environmental Biology, Curtin University, Western
Australia. Ant names are synonymous with those collected by van Schagen (1986), Lobry

de Bruyn (1990) and Scougall et al. (1993).




A i
T Y P s

35

3.2.3 SOIL SEED RESERVES

The ability of E. salmonophloia to form a soil seed reserve was assessed by means of a seed

burial-retrieval experiment.

In February (summer), Aprit (autumn), August (winter) and October (spring) 1992, 16 lots of
50 E. salmonophloia seeds were buried to a depth of 1 ¢cm in a 3 cm diameter area at

randomly selected locations on the experimental grid at Minniberri.

Four lots of seeds were retrieved either immediately, 2 months, 6 months or 12 months after
burial by taking a 9 cm diameter by 1.5 cm deep soil core. The presence of seeds in the
soil was assessed by spreading soil samples to a depth of no more than 10 mm on filter
paper covering 30 g of vermiculite (approx. 50 mm deep) watered to saturation, in 15 cm
diameter plastic containers. These were sealed in plastic bags to prevent moisture loss and
placed in a controlled temperature room for four weeks at the optimal temperature for
germination of E. salmonophloia, 25°C (Chapter 5). Emerged seedlings were counted and

removed weekly.

E. salmonophloia seed germinates readily under conditions of optimal temperature and
moisture (Chapter 5); the seed used in the experiment was 96% viable. Preliminary studies
using the above technique, where the number of seeds in the soil sample was known, found
that 5% of seeds had emerged after 28 days; thereafter the rate of seedling emergence

plateaued and by 84 days 75% of seeds had been detected.

Identical soil cores were collected adjacent 1o seed burial sites and treated in the same

manner to assess natural soil seed densities.
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Two monthly rainfall totals at Minniberri Reserve were measured in storage gauges when soil

samples were collected and surveys of flowering, seed production (Chapter 2) and post

:
i

dispersal seed predation were being undertaken.

The effect of season and duration of burial on the persistence of seed in the soil was
determined using a two way ANOVA. Assumptions of homogeneity of variance were

checked with residual plots and no transformations were required.

Germination data was pooled across treatments and regressed against cumulative rainfall for

the period that seeds were buried.

3.3 RESULTS

3.3.1 SEED REMOVAL - PRELIMINARY SURVEY

The percentage of seeds removed from baits increased with increasing exposure, but the
reliability of estimates declined (Table 3.1). The ratio of seed removal between baits to which
ants had access and control baits declined with increasing exposure from 14.5 after 1 day to
4.8 after 4 days, indicating that the probability of seed being removed by agents other than
ants increased with longer exposure. Seeds were seen to be blown from baits on several

occasions.

3.3.2 SEED REMOVAL - LONGER TERM SURVEY

The ant exclusion treatment was highly effective. Twenty one percent of the
E. salmonophloia seeds were removed after 24 hours from baits to which ants had access.

In contrast 0.25% of seeds were removed from the baits where ants were excluded.

Four species of ants were seen removing seeds from baits. Three species, Pheiodole sp D

9, Monomorium sp D 8 and Monomorium sp D132, were consistently seen removing seed

.—-M
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from baits during the day. The fourth species, Meranophus sp D132, was seen removing

seeds on two occasions at night. All species appeared to be recruit foragers and

45

o
A
. i‘.'..

Pheiodole sp D 9 and Monomorium sp D132 were very efficient; in some instances all of

HEN A

the seeds were removed from baits within ten minutes of being located on the experimental

PSSP

grid. Thus it was anticipated that the number of seeds removed from a dish at any site by
time of year combination would not follow a Binomial distribution. This is due to the fact that
once a bait has been discovered by ants it is likely that all seeds will be removed, and so
removal of seeds in the same dish is unlikely to be independent. Figure 3.1 shows the
distribution for the number of seeds removed from the baits over all 24 (= 4x6) site by month
combinations. The logistic regression model for the number of seeds removed from a dish
using site, time of year, and their interaction, resulted in a deviance of 1798 with 216
degrees of freedom. The extremely high significance of this result suggests that the
Binomial distribution is not appropriate for the number of seeds removed from a dish, and

: thus agrees with observations of the foraging behaviour of the ants.

The data was therefore analysed by considering the number of dishes at each of the 24 site
by month combinations where ant activity was detected. Ant aclivity at a dish was initially
interpreted as at least one seed being removed from the dish (see below). The resulting
analysis with logistic regression is summarised in Table 3.2. Note the significant interaction
effect between site and time of year (p <0.005). This suggests that the effect of lime of year
on seed removal rates was different at the different sites, and hence both site and month are

important in explaining seed removal. The pattern of this interaction is displayed in

Figure 3.2.

The above analysis considered the number of dishes where seeds were removed from baits
but it was observed that this could occur by wind or rain as well as by predation. On only {our
occasions were seeds removed {from the dishes in the ani exclusion treatment. Twice, one
seed was removed (Minniberri in April and Gents Rd in December) and twice, two seeds were
removed (Moore's East in December and February). The analysis was therefore repeated

with ant activity interpreted as more seeds removed than at the nearby exciusion treatment,

— I -




Figure 3.1: Frequency distribution of 240 observations (lour sites x six samplig periods x
10 replicates) of percentage seed removal from baits.
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more than 1 seed removed, and as more than 2 seeds removed. Similar resuits to those in
Table 3.2 were obtained in each case, although for the last two the significance of the

interaction was reduced to only being significant at the 5% level.
3.3.3 SOIL SEED RESERVES

Season of burial (F=8.25, d.f.=3,48, p <0.05), duration of buria (F =35.28, d.f.=3,48,

P <0.001) and their interaction (F=4.09, d.f.=9,48, p <0.001) had a significant effect on

the persistence of viable seeds in the soijl (Figure 3.3). However, with increasing duration of

burial, seedling emergence rates declined and in all seasons very few or no seeds emerged

after 12 months burial (Figure 3.3). Seeds buried in October persisted for longer than

seeds buried in February, April and August (Figure 3.3). The most rapid decline in the
recovery of buried seed occurred in sampling periods during winter when most rain falls in
the study region (Chapter 2) (Figure 3.8). The number of seeds detected was negatively
correlated with cumulative rainfall (r = 0.76, p <0.0001) (Figure 3.4). The relationship
between winter rainfall and the decline in soil seed reserves is very clear for seeds which
were buried in October at the end of winter. Similar numbers of these seeds were recovered

in the first 6 months following burial; this period occurred over Summer when very little rain

fell (Figure 3.3). By contrast no seeds were detected following the winter wet season

6 months later (Figure 3.3)

No E. salmonophioia seeds were detected in soijl samples collected adjacent to burial sites.

8.4 DIscussioN
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“Figore 3.3: . Mean numberot=seeds=gerected (emergent seedlings) after 0, 2, 6 and 12
months burial in February, April, August and October, and cumulative rainfall for

corresponding periods. Vertical bars represent S. E. of four replicates (50 seeds each).
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12 months versus cumulative rainfall for the period of burial.
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which entices ants to carry the seeds back to their nest where the elaiosome is eaten and the
seed discarded unharmed (Berg 1975; Westoby et al. 1991). Myrmecochores occur in a
large number of genera but have not been found in Eucalyptus (Berg 1975).
E. salmonophloia does not possess an elaiosome and it is therefore unlikely that its seeds
are dispersed by ants in this manner. Studies of seed harvesting in other eucalypt species
have found that the seeds are eaten either in situ (Wellington 1989) or stored in the nest and
eaten at a later date (Ashton 1979; Andersen and Yen 1985; Wellington and Noble 1985a).
Some of this seed stored in granaries germinates (Andersen and Yen 1985); however, many
species of harvesier ants do not maintain granaries within 15 cm of the soil surface
(Andersen 1982). E. salmonophloia has a very small seed (1 mm x 1 mm) which makes it
very ditficult for seeds to emerge from depth. Data presented in Chapter 5 demonstrates
that the emergence of E. salmonophloia seedlings declines with depth of seed burial, and
at a depth of 2 cm is almost zero. It therefore seems unlikely that E. salmonophloia seeds

harvested by ants and stored in granaries below ground are a source of seed for

regeneration.

These findings suggest that E. salmonophloia can establish a soil seed reserve only when
ants do not remove 100% of the seeds which fall from the canopy. Seeds are only likely to
escape predation if they are dispersed to a site where they cannot be detected by predators
or where there is consistently low predator activity (Andersen and Ashton 1985). Andersen
and Ashton (1985) observed that the presence of litter significantly reduced removal of
Eucalyptus baxteri seeds; Wellington and Noble (1985a) reported considerable spatial
variation in predator activity and observed sites where there was consistently lower removal
of Eucalyptus incrassata seeds. In the present study, ants removed 20% of seeds from
baits over a 24 hour period. However, seed removal was not evenly distributed across the
baits and in most cases either 100% of seeds were removed or no seeds were removed.
This pattern reflects the recruit foraging strategy whereby an ant locates seeds and signals
its find to other workers who then assist with removal. Seeds located in this manner were
removed rapidly from baits. In instances where seeds were not removed from baits,

exposure times may not have been sufficiently long for ants to locate the baits or alternatively
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baits were located in areas where there was low predator activity. Studies of post dispersal
seed predation in other Eucalyptus spp. where exposure times have been longer have
reported 60 1o 100% seed removal from baits (Ashton 1979; O'Dowd and Gill 1984;

Andersen and Ashton 1985; Wellington and Noble 1985a) and this is likely to be the case

with E. salmonophlioja.

Seed storage in the canopy of E. salmonophloia woodland can be enormous due to heavy
{lowering seasons and the accumulation of fruit crops (Chapter 2). Seed fall has been
reported to occur throughout the year when branches subtending the fruit die and capsules
dry out; when unopened fruit are blown from the canopy and dry out on the ground; and
when cockatoos and parrots feed on seeds and some escape predation and fall to the
ground freely or in dissected fruit (Chapter 2). Seed fall occurred throughout the study
period with up to 200 seeds per m2 falling every 2 months (Chapter 2). Despite this no
E. salmonophloia seeds were detected in the soil. This, together with observations of seed

removal from baits, indicates that ants remove a very high proportion of E. salmonophloia

seeds following dispersal from the canopy.

In instances where seeds do escape predation it is unlikely that they persist in the soil seed
bank for long. When an artificial soil seed reserve was established, the number of seeds that
were recovered declined with increasing exposure and very few seeds were detected after
12 months burial. This decline was correlated with cumulative rainfall. Observations of
germinants in burial-retrieval soil samples collected in winter suggest that most seeds
germinated with the onset of suitable climatic conditions in late autumn and winter

(germination physiology is explored in Chapter 5). Wellington and Noble (1985a) reported

similar findings in E. incrassala.

The results of this chapter and the previous chapter suggest that E. salmonophloia shares
life history characteristics with eucalypts that recruit seedlings following fire (O'dowd and Gill

1984; Wellington and Noble 1985a). These include canopy seed stores (Grose 19857,

1960; Christensen 1971; Ashton 1975; Cremer el al. 1978; Wellington and Noble 1985a;
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Davies and Myerscough 1991), heavy seed predation by ants (Ashton 1979, O'dowd and
Gill 1984; Andersen and Ashton 1985; Wellington and Noble 1985a) and the absence of a
persistent soil seed bank (Carol and Ashton 1965; Barbour and Lange 1967; Wellington and
Noble 1985a) . It has been observed that fire induces a massive and synchronous release of
all canopy stored seed (O'Dowd and Gill 1984; Andersen 1988; Burrows et al. 1990) which
causes a temporary satiation of seed eating ants, resulting in lower rates of seed predation
(O'dowd and Gill 1984; Wellington and Noble 1985a; Andersen 1988) and the
establishment of a soil seed bank. However, fire also increases the abundance of safe sites

for germination and establishment (O'Dowd and Gill 1984; Andersen 1987, 1989).

Andersen (1989) suggested that the impact of seed predation on recruitment of long lived
perennials was related to the abundance of safe sites for germination and establishment (for
Andersen's purposes seed predators do not influence the safeness of a site). It was zero
when safe sites were absent; negligible when safe sites were rare; and greatest when safe
sites were numerous enough for recruitment to be limited by seed supply (Andersen 1989).
Andersen (1987) observed that the elimination of ants increased the number of emergent
E. baxteri seedlings 15 fold in an unburnt woodland. However, all the seedlings
subsequently died and Andersen (1987) therefore concluded that seed losses to ants had
no impact on recruitment. Andersen (1989) suggested that in long lived perennials such as
E. baxteri which recruit seedling following fires, safe sites are absent or rare in interfire
periods and abundant after fires. In these species, seed predators might be important only if
they prevent the establishment of a soil seed bank capable of exploiting the post fire
abundance of safe sites. This is likely to occur only if seed supply is low; an event which is

rare in species which maintain large canopy seed reserves.

In conclusion this chapter has demonstrated that in remnant woodlands following dispersal
from the canopy, a large proportion of E. salmonophloia seeds are eaten by ants thereby
preventing the establishment of a soil seed reserve. However, studies of other Eucalyptus

Spp. would suggest that this factor is not necessarily responsible for the lack of recruitment in

remnant woodlands. These studies have shown that conditions suitable for germination and
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establishment only occur following disturbance by fire. In interfire periods when conditions
are unsuitable for germination and establishment, the removal of seeds by predators has no
impact on recruitment. The impact of seed predators on E. salmonophloia recruitment in
remnant woodlands therefore cannot be determined without an understanding of the

conditions necessary for germination and establishment; subsequent chapiers will look at

these factors.
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CHAPTER 4

RECRUITMENT OF E. SALMONOPHLOIA SEEDLINGS FOLLOWING

LANDSCAPE-SCALE DISTURBANCES IN UNFRAGMENTED WOODLANDS

4.1 INTRODUCTION

Little is known about the conditions necessary for the germination and establishment of
E. salmonophloia seedlings. Studies of other Eucalyptus spp. with life history
characteristics similar to those described for £. salmonophloia have documented seedling
recruitment following fire, but rarely during interfire periods (Ashton 1976, 1981; O'Dowd

and Gill 1984; Wellington and Noble 1985a,b; Burrows et al. 1990; Wellington 1989; Hopper

1993).

E. salmonophloia occurs throughout an environmenl where fire is not the only agent
responsible for large scale disturbance of native ecosystems. Also prevalent are tornadoes
and severe storms (Clarke 1962; Minor et al. 1980); floods brought about by heavy summer
rainfall associated with thunderstorms and decaying tropical cyclones (Pierrehumbert 1973;

Lourenz 1981); and droughts, when rainfall is below average (Fitzpatrick 1970; Southern

1979).

The impact of these disturbances on Eucalyptus population dynamics is not well
documented. Dexter (1978) and Bren (1993) have described seedling regeneration of
Eucalypius camaldulensis following flooding in riparian communities but there are no

studies describing the effects of severe storms and droughts. Studies of other plant taxa

and communities have, however, documented seed regeneration following these events.
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Hnatiuk and Hopkins (1980) described the effects of winter drought on Western Australian
kwongan vegetation. They found that droughi-affected species regenerated both
vegetatively and by seed and concluded that there were many similarities in the response of
the vegetation to both fire and drought. Similarly, wind related disturbances have been
found to be an important component of seed regeneration in temperate deciduous forests
(Runkle 1985), subtropical rainforests (Olsen and Lamb 1988) and tropical forests (Webb

1958; Brokaw 1985).

This chapter aims to determine whether fires, floods, severe storms and droughts initiate
seedling recruitment in E. salmonophloia and thereby provide a basis for understanding

the conditions necessary for germination and establishment.

4.2 METHODS AND MATERIALS

4.2.1 STUDY SITES

The study was undertaken at nine sites to the east of the agricultural wheatbelt where
extensive unfragmented E. salmonophioia woodlands still exist. This area corresponds
roughly to the region east of the 300 mm rainfall isohyet (Figure 4.1). Sites were chosen
with known disturbance histories determined from Department of Conservation and Land
Management records at Kalgoorlie. Table 4.1 describes the location, woodland type,

dominant tree species and type and date of disturbance at each of the study sites.

Sites 1-4, respectively, were located in woodlands where flood, fire, drought and a severe
storm had occurred in the last 50 years and apparently initiated seedling regeneration of
E. salmonophloia. Sites 5 and 6 were located in E. salmonophloia woodland where there
was no known history of disturbance in the last 50 years and were included for comparison
with the disturbed sites. Siles 7, 8 and 9, respectively, were located in woodlands where

fire, a severe storm and flooding had occurred in the last 3 years.
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4.2.2 SIZE CLASS STRUCTURE

At sites 1-6, @ 100 m x 100 m quadrat was established and the stem diameter at breast height

(DBH) was measured for each E. salmonophloia individual and placed in a size class 0-10

cm, 11-20 cm, 21-40 cm, 41-80 cm or 81-160 cm.

4.2.3 SEEDLING EMERGENCE AND SURVIVORSHIP

At sites 7-9, seedling emergence and survivorship were measured in transects consisting of

ten, 1 mZ contiguous quadrats. At site 7 (Peak Charles), two transects were established in

September 1991 in the first spring after the fire and resurveyed in October 1992. At site 8

(Gindalbie Station), transects were established beneath each of four windthrown tree

canopies in October 1992 and resurveyed in May 1993. At site 9 (Canegrass Lagoon), four

iransects were established in May 1993 in woodland where floodwaters had receded. Al

each site, equivalent numbers of control transects were established in adjacent or nearby

undisturbed woodland to monitor any seedling regeneration in the absence of disturbance.

At sites 7-9, observations of adult mortality following the disturbances were made.

4.3 RESULTS

4.3.1 SIZE CLASS STRUCTURE

Size class frequency data for E. salmonophloia in woodlands disturbed by flood, fire,

drought and a severe storm (sites 1 -4 respectively) showed & predominance of individuals

in the 0-10 cm size class and very few individuals in the larger size classes (Figure 4 2).

Many large standing and fallen dead trees, presumably killed by the disturbance, were

observed at these sites. In contrast, in undisturbed woodlands (sites 5 and 6), only one

individual occurred in the 0-10 ¢m size class with the majority of individuals in the larger size

rved at these siles.

classes. No standing dead trees were obse
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Relatively fewer E. salmonophloia were present in the 0-10 cm size class in drought and
severe storm affected woodlands than at the fire and flood affected woodlands. However,

differences in the composition of the iree species at each site made comparisons between

sites difficult (Table 4.1). At the drought and storm affected sites E. salmonophloia grew

with other Eucalyptus spp., and hence there were relatively fewer adult E. salmonophloia

i e

than at the fire and flood affected sites. The other Eucalyptus spp. (Eucalyptus salubris F.

Muell., Eucalyptus lesouefii Maiden and Eucalypius flockioniae Maiden) showed similar size

class distributions to E. salmonophloia (Table 4.2).

4.3.2 SEEDLING EMERGENCE AND SURVIVORSHIP

=
o de A s 3 Ui
A N A By BT AR =it T Z

Large numbers of seedlings were located in sites recently burnt (Site 7), subject to
windstorm (Site 8) and flooded (Site 9) (Table 4.3). Seedling densities varied with as many
as 60 seedlings present per square metre. No seedlings were located in unburnt woodland
near Site 7, or outside fallen canopies or in adjacent undisturbed woodland at Site 8. At Site

9, seedlings in the transects furthest from the receding waters edge were well established

b . . o AN o NG L o ) Vi

and larger than seedlings in transects where water had recently receded. In nearby

unflooded woodland, 16 E. salmonophloia seedlings were located in heavy litter in four

10 m2 control transects. Fifty two percent of the seedlings in the burned site and 99% in

----.n.-ou.h.. e

the storm-affected site had died during their first summer.

At sites 7 - 9, there was considerable adult mortality. The fire at Peak Charles (Site 7) was a

A et gt 4T b i

very intense canopy fire and crown scorch was 100%. By September 1991, 9 months after
the fire, few trees were sprouting epicormically. Surveys in the following spring in October
1992 revealed that only 50% of trees had survived the fire and were resprouting. At
Gindalbie Station (site 8), the storm passed through only a small area ot E. salmonophloia

woodland and it was difficult to identify its exact path and therefore difficult to determine what

percentage of the trees in the woodland had been affecled. However, it was estimated that
about 30% of the trees were uprooted. In May 1983, 14 months after the storm, only 1 tree

was resprouting from its base. At Cane Grass Lagoon (site 9) surveys of adult mortality were
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difficull because much of the area was still flooded. However, in the area surrounding the

quadrats there was 100 % mortality.
4.4 DISCUSSION

Germination of E. salmonophioia seedlings followed the recent fire at Peak Charles (site 7),
severe storm at Gindalbie Station (site 8) and flood at Canegrass Lagoon (site 9). Nearby
undisturbed woodlands at each location were devoid of seedlings except at Canegrass
Lagoon where a small number of seedlings were in heavy litter. The presence of seedlings
at the recently burni, flooded and storm damaged sites and their absence or low numbers in

nearby undisturbed woodlands indicates that these disturbances facilitated germination and

early growth of seedlings.

Rates of seedling mortality were lower at Peak Charles than at Gindalbije Station in the first
year after the fire and storm, respectively. Causes of seedling death were unknown, but
other studies of seedling regeneration in semi-arid Eucalyptus mallee communities
(Wellington and Noble 1985b) and other mediterranean scrub-heathland and woodlands
(Cowling et al. 1990) following fire have shown that seedling mortality is highest in the first
summer following the disturbance when prolonged dry periods with high temperatures
occur. Rainfall differences in the first summer (December - February) following the
disturbances may account for the observed differences in seedling survivorship at the two
sites. Rainfall in the first summer following the fire at Peak Charles was 178 mm, three times
the long term average, and 48% of the seedlings in the transects survived. By contrast,
rainfall in the first summer following the storm at Gindalbie Station was 51 mm, 13 mm below

the average and considerably less than at Peak Charles, and only 1% of seedlings in the

transects survived.

The presence of a large number of uniformly sized cohorts of saplings at Sites 1-4 in the 0-
10 cm size class in woodlands following flood, fire, drought and a severe storm in the

previous 16-44 years, indicate that successful establishment can follow these disturbances.
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Moreover, the. absence or low number of saplings in the 0-10 cm size class in woodland in

the Kambalda Timber Reserve where there was no evidence of these disturbances in the

last 50 years indicates that seedling recruitment in their absence is rare.

The poor survivorship of seedlings at Gindalbie Station following the storm suggests that
seedling recruitment following these disturbances does not always occur and may be
contingent upon a succession of above average rainfall years following the disturbance.
This has been shown in studies of other mediterranean climate taxa which recruit seedlings
following fire (Wellington and Noble 1985a,b; Enright and Lamont 1992a). Wellington and
Noble (1985a,b) showed that over a 15 year period, successful seedling recruitment of
mallee Eucalypius spp. occurred following 10% of fires. Enright and Lamont (1992a) have
calculated that the coincidence of fire and above average rainfall years suitable for seedling

establishment in some populations of Banksia attenuata may occur three times in the 300

year life span of an individual.

Large areas of E. salmonophloia woodlands around the gold mining centres of Coolgardie
and Kalgoorlie are regrowth following clearfelling to supply mining timber and fuelwood
(Kealley 1991). Exploitation began in 1890 and continued until 1960 (Kealley 1991).
Evidently seedling recruitment occurred following this massive disturbance with seed arising
from the remaining trees and canopy debris left after logging (Kealley 1991). However

regeneration was not always successful and some regrowth woodlands are very sparse

(Beard 1990).

In other Eucalyptus spp. which recruit seedlings following fire, studies of seed dynamics in
interfire periods have shown that firstly, several seasons of seed are stored in woody fruits
on the plant forming a substantial seed reserve; secondly, there is a constant seed rain from
the canopy and thirdly that ants eat most of this seed and prevent the establishment of a soil
seed bank (Ashton 1979; O'Dowd and Gill 1984; Andersen and Ashton 1985; Wellington

and Noble 1985a; Andersen 1987, 1988, 1989; Davies and Myerscough 1891). Evidently

fire interacts with these life history attributes to provide an environment suitable for seedling
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recruitment, firstly by causing a mass release of all canopy stored seeds, satiating predators,
and thereby facilitating the establishment of a soil seed bank (Ashton 1979; O'Dowd and Gill
1984; Wellington and Noble 1985a; Andersen 1987, 1988). Secondly, changes in soil
conditions following a fire can increase rates of germination and establishment (Wellington
and Noble 1985a: Burrows et al. 1990); this has been attributed to addition of nutrients from
ash and elimination of plant pathogens in the soil (Loneragan and Loneragan 1964;
Humphreys and Lambert 1965; Renbuss et 4/, 1973; Humphreys and Craig 1981; Walker et
al. 1986). Finally, there is an increase in seedling survivorship associated with an increase in

resource availability particularly in gaps created by the death of adult plants (Wellington

1984; Wellington and Noble 1985b).

The research documented in Chapters 2 and 3 indicates that E. salmonophloia shares
common life history attributes with Eucalyptus spp. that recruit seedlings following fire. The
research presented in this chapter indicates that E. salmonophloia also recruits seedlings
following fire. The above model describing the processes underlying seedling recruitment
therefore seems relevant to E. salmonophloia. However fire is not the only form of
disturbance that results in recruitment and the relevance of this mode| to flood, severe storm

and drought initiated recruitment needs further consideration.

The synchronous mass release of canopy stored seeds following fire results from the death
of the tree canopy. Flame residence times in paris of the canopy are brief enough not to
damage the seeds which are insulated and protected by clustered woody capsules (Judd
and Ashton 1991; Judd 1993). The death of the canopy results in the severance of water
Supply to capsules which subsequently dehisce and release their seed (Cremer 1965). This
also appears to be the case following floods, severe storms and droughts. Like fire, these
disturbances result in the death of tree canopies and therefore g subsequent synchronous

and mass release of canopy stored seed.

Seed harvesting by ants prevents the establishment of a soil seed reserve in

E. S&'/monophlo/a during inter-disturbance periods (Chapter 3). It would appear that, like
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fire, the synchronous mass seed fall induced by the death of adult trees following floods,
severe storms and droughts, satiates predators allowing the establishment of a soil seed

reserve.

The above model of seedling recruitment in Eucalyptus spp. following fire describes
changes in soil conditions which enhance rates of germination and establishment. Whether
this is the case for E. salmonophloia and other large scale disturbances which initiate
recruitment is unknown. The conditions necessary for the germination and early growth of
E. salmonophloia seedlings and the impact of large scale natural disturbances on these

processes will be considered in the following chapters.

It should be noted that the observations of large scale disturbance events that initiated
seedling recruitment are restricted to populations located towards the drier end of
E. salmonophloia‘s distribution (Section 2.2.1 describes the rainfall gradient) and may
possibly be of limited use in defining E. salmonophloia's regeneration niche. However, for
several reasons this is unlikely to be the case. Historical records of E. salmonophloia
recruitment in wheatbelt remnants following fire and anthropogenic disturbances (Norton et
al. in press) together with observations of similar regeneration patterns in wheatbelt (wetter)
and goldfields populations (drier) indicate that large scale natura! disturbances are an

important component of the species regeneration niche throughout its distribution.




CHAPTER 5

CONDITIONS NECESSARY FOR SEED GERMINATION IN

E. SALMONOPHLOIA

5.1 INTRODUCTION

Chapter 4 demonstrated that seedling recruitment in E. salmonophloia occurs following
large scale disturbances such as fire, severe storms, floods and droughts. Recruitment in
periods between these disturbances is evidently very rare. This may be due to conditions

being more favourable for germination and establishment of seedlings following these large

scale disturbances.

The objective of this chapter is to define the conditions necessary for the germination of
E. salmonophloia . Temperature and soil moisture availability are major factors affecting
germination (Mott and Groves 1981). These factors are influenced by climate and the seeds
of many plant species have evolved to maximise the likelihood of germination occurring
when conditions are most suitable for seedling establishment (Mott and Groves 1981).
Germination can also be affected by disturbance which may enhance the process by
breaking seed dormancy or through providing a more favourable seed bed (Gill 1975;

Keeley and Pizzorno 1986; Bell et al. 1987; Keeley and Keeley 1987, Portiock et al. 1990;

Keeley 1991; Brown et al. 1993).

In this chapter the effects of temperature, soil wetting/drying cycles (soil moisture), depth of
seed burial and post disturbance soil conditions on the germination of E. salmonophloia are
described to determine if there are any particular characteristics of the post disturbance

environment which enhance germination.
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52 METHODS AND MATERIALS
2.1 PLANT MATERIAL

‘Seeds used in germination experiments were supplied by a commercial seed supplier
(Vaughans Wildflower Seeds) and collected from remnant woodland on the western edge of

E. salmonophloia‘s distribution.
5.2.2 THE EFFECT OF TEMPERATURE ON GERMINATION

Forty replicates of 50 seeds were placed in 9 cm closed petri dishes on paper germination
pads (Whatman No. 4 filter paper on a ‘Wettex' disc) moistened with 25 mL of sterilised de-
ionised water. Ten petri dishes were randomly assigned to each of four temperature
treatments: 159C, 20°C, 259C and 30°C, placed on trays and sealed in a plastic bag to
reduce evaporation. Each tray was placed in a controlled environment chamber at the
appropriate temperature, with continuous light (2500 Ix) for 28 days. Germinants were
counted and removed twice a week; seeds were counted as germinated when the radicle
had emerged. After 28 days, five dishes from the 15°C and 30°C treatments were placed

at 25CC and the subsequent effect on germination monitored.

Cumulative germination percentages were calculated on the basis of total seed numbers.
Germination rates are expressed firstly as the initial germination speed (1/Tg_2¢,) where
Tp.2% is the time in days from sowing to germination of at least one seed in any replicate;
and secondly the median germination speed (1/T509,) where Ts50% is the time in days from
sowing to the germination of at least 50% of viable seeds (Lush et al. 1984). The effect of
temperature on germination capacity (% germination) was determined with a one way
ANOVA. Analysis was performed on the number of germinants after 28 days. Assumptions
of homogeneity of variance and normality were checked with residual plots and no

transformations were required. Post hoc comparisons of treatment means were made with a
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Tukey -Kramer Test (Zar 1984). The effect on germination of temperature transfer was

determined with paired two tailed t-tests.

5.2.3 THE EFFECT OF WETTING / DRYING REGIMES ON GERMINATION

Forty replicates of 50 seeds were placed on paper germination pads in petri dishes (as
described in 5.2.2). Ten replicates were assigned to each of the following wetting/drying
regimes: 4 days wet/2 days dry; 2 days wet/2 days dry; 1day wet/2 days dry; and a
control treatment (continually moist). Twenty five mL of sterilised de-ionised water was
added to petri dishes in each wetting/drying regime beginning with the 4 day wetting
treatment so that each wetting period finished simultaneously. During the wetting period
dishes were placed on trays sealed in plastic bags to prevent evaporative loss and placed in a
control temperature room with constant light (500 Ix), at 259C, the optimal temperature for
germination (see 5.3.1). At the end of the wet period the filter papers with seeds were
removed from the petri dishes and air dried in the constant temperature room for 48 hours
after which time filter papers and seeds had returned to their original air dry weight. The filter
papers and seeds were then returned to their petri dishes and rehydrated; 25 mL of water
was also added to control dishes at this time. Replicate dishes from each treatment were
placed on trays and sealed with plastic bags to reduce evaporative loss and incubated at
259C for 21 days. Dishes were checked twice a week and germinants counted and

removed. Seeds were counted as germinated when the radicle had emerged.

Cumulative germination percentages and germination rates were calculated as described in
section 5.2.1. The effect of wetting drying cycles on germination capacity (% germination)
was determined with a one way ANOVA. Analysis was performed on the number of

germinants after 21 days. Assumptions of homogeneity of variance and normality were

checked with residual plots and no transformations were required.
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5.2.4 THE EFFECT OF SEED BURIAL DEPTHON SEEDLING EMERGENCE

Surface soil (upper 5 cm) was collected from Minniberri Reserve (described in Chapter 2),
mixed thoroughly and placed into 50 dishes (9 cm diarneter x 2.5 cm deep). Each dish was
randomly assigned to one of five burial treatments: seeds on the soil surface, seeds buried

2 mm deep, 5 mm deep, 10 mm deep and 20 mm deep.

Fifty replicates of 50 seeds were randomly assigned to one of the five burial treatments (i.e.
ten replicates per treatment); seeds were carefully placed on the surface or buried at the
required depth. Forty mL of water was added to each dish. Replicates from each treatment
were placed on trays and sealed in plastic bags to prevent the soil drying out. Trays were
incubated at 250C with continuous light (500 Ix) for 6 weeks. Seedlings were counted and

removed after 1 week, 2 weeks, 3 weeks and 6 weeks; seedlings were counted when the

cotyledons were visible.

The effect of seed burial depth on seedling emergence was determined using a one way
ANOVA. Analysis was performed on the number of seedlings which had emerged after
42 days. Assumptions of homogeneity of variance and normality were checked with
residual plots and no transformations were required. Post hoc comparisons of treatment

means were made using the Tukey Kramer test (Zar 1984).

5.2.5 THE EFFECT OF SEEDBED CONDITIONS ON SEEDLING EMERGENCE AND

ESTABLISHMENT; FIELD EXPERIMENT

A tactorial experiment was conducted at Minniberri Reserve (see Chapter 2) using three
seedbed treatments and two watering treatments. The seedbed treatments were: exposed

soil, litter covered soil, and ashbed; the watering treatments were natural rainfall and

supplemented rainfall.
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The soil surface at the study site consists of patches of accumulated litter and exposed soil;
this pattern is a characteristic of E. salmonophloia woodlands and seeds can be dispersed

onto either substrate. This pattern determined the position of treatment quadrats; 30

guadrats (1 m2) were located in the woodland; 10 quadrats were placed on patches of
exposed soil and 20 quadrats on patches of litter, 10 of which were randomly selected for

ashbed treatments. Quadrats were at least 2 m apart but no more than 4 m apart.

Treatments were applied to the quadrats in the following manner.

SEEDBEDS
Exposed soil - The surface 5§ mm of soil was removed from the quadrat, half of this was

replaced; 2 g of seed and chaff (infertile ovular structures and aborted embryos) mixture

were spread evenly over the quadrat and buried with the remainder of the soil to a depth of

approximately 2 mm.

Litter - Litter was removed from the quadrat and 2 g of seed and chaff mixiure spread evenly

over the quadrat and the litter replaced.

Ashbed - Litter and vegetation together with the surface 5 mm of soil were removed from
the quadrat. The litter and vegetation fractions from each quadrat were bulked and burnt on
top of the bulked soil fraction in a 30 cm deep x 70 cm diameter steel ring. Soil
temperatures beneath the fire were measured with thermisters and reached 200°C. The
litter burnt completely producing a fine white ash and charcoal. This was weighed into ten
equal portions and combined with equal portions of the heated soil and this mixture spread
evenly over the quadrat. Two grams of seed and chaff mix were sown evenly over the

guadrat and buried to a depth of approximately 2 mm with a layer of ash and heated soil.

WATERING TREATMENTS
Natural rainfall - All the quadrats were exposed to natural rainfall which was recorded daily

approximately 2 km from the study site.

Supplemented rainfall - Natural rainfall was supplemented with 10 L of tap water (equivalent

to 10 mm of rainfall) on three occasions (30-4-1992; 19-5-1992; 20-5-1992) after seed was

sown (29-4-1992), before the beginning of the wet season.
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Following the.application of seedbed treatments all quadrats were treated with 'Ant Killer
Dust' at the recommended rate (Hortico, aclive constituent diazinon) to prevent harvesting of

seed.

Fences, 30 cm high constructed from 70% shade cloth were erected around each quadrat
to prevent treatments being blown or washed away. In addition a fence 1 m high
constructed from wire mesh (2 cm diameter) was erected around plots to prevent grazing by

rabbits, sheep or kangaroos.

Quadrats were inspected every 4 weeks and all newly emerged seedlings marked with
toothpicks and their survival monitored. Seedlings were recorded when cotyledons were

visible.

The effect of seed bed conditions and irrigation on seedling emergence was determined

using a two way ANOVA, Assumptions of homogeneity of variance and normality were

checked with residual plots and no transformations were required.

5.3 RESULTS

5.3.1 THE EFFECT OF TEMPERATURE ON GERMINATION

Germination commenced 2 - 7 days after sowing and reached a maximum 11 - 25 days after

T TTE—

sowing (Figure 5.1). Maximum germination ranged from 49% at 150C to 98% at 250C.
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Germination rate

4 The rate of initial germination (1/T g.29) increased with increasing temperature and reached

e
I

' H a plateau at 25°C (Figure 5.2a). The rate of median germination (1/T50%,) increased with

temperature to an optimum of 25°C and then declined (Figure 5.2b).

14
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Figure 5.1: Germination capacity after 28 days on moistened paper substrates at 15°C,
20°C, 25°C and 30°C. Values are means of ten replicates of 50 seeds.
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Figure 5.2: (a) initial germination rate (1/T0.2%). (b) median germination rate (1/T50%) and
(c) germination capacity after 28 days al 150C, 200C, 25°C and 30°C. Germination capacity
data was analysed with a one way ANOVA and in all cases significance was determined from
Tukey- Kramer test of multiple comparisons of means. Values with the same lefters are not

significantly different (p<0.05). Vertical bars represent standard errors.
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Germination capacity

Germination capacity after 28 days incubation was significantly affected by temperature
(F=84.12, d.1.=3, 36, p <0.0001). Mean germination capacity, like germination rate, was
highest at 25°C (98%) and significantly depressed at 15°C (49%) and 30°C (63%)(Figure

5.2c). By contrast, at 20°C germination capacity was the same as at 25°C whereas the rate

of germination was depressed.

The transfer of seeds from the 15°C cabinet to the 25°C cabinet had a significant effect on
germination (t=-9.04, d.f.=4, p <0.001). After 7 days at 259C, the mean number of
germinants in transferred dishes increased to 66% compared to 8% in dishes that remained
in the 150C cabinet (Figure 5.3a). Similarly, the transfer of seeds from the 30°C cabinet to
the 25°C cabinet had a significant effect on germination (t=-6.16, d.f.=4, p <0.01). After

7 days the mean number of germinants in transferred dishes was 78% compared to 17% in

dishes that remained in the 30°C cabinet (Figure 5.3b).
5.3.2 THE EFFECT OF WETTING / DRYING REGIMES ON GERMINATION

Germination profiles for the three wetting/drying treatments and control treatment are given

in Figure 5.4. Germination rates and capacities are discussed below.

Germination rate

The rate of initial germination (1/T g.29) was higher in wetting / drying treatments than in the

control treatment (Figure 5.5a). The rate of median germination (1/7 50<,) was not affected

by wetting / drying treatments (Figure 5.5b).
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Figure 5.3: Germination response after 7 days following transier of seeds from (a) 150C to
250C and (b) 30°C 10 25°C. Vertical bars represent standard errors.
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Figure 5.4: The effect of wetting and drying pre-treatments on germination capacity at

25CC. Values are means of ten replicates of 50 seeds.
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median germination rate and (c) germination capacity after 28 days.

Figure 5.5: The effect of wetting drying pre-treatments on (a) initial germination rate, (b)
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Germination capacity

Germination capacity was not affected by wetting drying treatments (F =0.89, d.f.=3, 36,
p >0.05). After 21 days incubation, mean germination capacity was 86% in the control
treatment, 92% in the 1 day wet / 2 day dry treatment, 91% in the 2 day wet / 2 day dry

treatment and 86% in the 4 day wet / 2 day dry treatment (Figure 5.5¢).

5.3.3 THE EFFECT OF SEED BURIAL DEPTH ON SEEDLING EMERGENCE

Seed burial at any depth depressed seedling emergence compared to unburied seed. With
increasing depth of seed burial the number of emerged seedlings declined (F =228.64,
df.=4, 45, p =0.0001). Mean % seedling emergence was 84% on the surface, 73% at

2 mm depth, 55% at 5 mm depth, 156% at 10 mm depth and 1% at 20 mm depth (Figure

5.6).

53.4 THE EFFECT OF SEEDBED CONDITIONS ON SEEDLING EMERGENCE AND

ESTABLISHMENT; FIELD EXPERIMENT

There was a significant interaction between seedbed and watering treatments on seedling
emergence (F=7.99, d.f.=2, 24, p <0.01). Mean seedling emergence on unwatered litter,
exposed soil and ashbed treatments was similar to watered litter and exposed soll treatments
(Figure 5.7). Seedling emergence on watered ashbeds, however, was considerably higher

than all other treatments (Figure 5.7) and this accounts for the significant interaction.

The greatest number of seedlings observed was in the first census on the 27-6-92;
seedlings were newly emerged and had cotyledons only. No new seedlings were observed
in subsequent surveys and all seedlings had died within 3 months. The causes of death
were unknown but many seedlings were wilted and desiccated. The fences erected to

prevent grazing were effective as no grazed seedlings were observed.
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Figure 5.6: Percentage seedling emergence after 28 days from seeds placed on the soil
surface or buried at 2 mm, 5 mm, 10 mm and 20 mm. Values are means of ten replicates of
50 seeds. Values with the same letters are not significantly different (p<0.05). Data was
analysed with one way ANOVA and in all cases significance was determined from Tukey-
Kramer test of multiple comparisons of means. Vertical bars represent standard errors.
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Figure 5.7: Seedling emergence in litter, exposed soil, and ashbeds under natural rainfall
and supplemented rainfall at Minniberri Reserve. Values are means of five replicates.
Supplemented rainfall treatments were watered prior 1o the beginning of the winter wet

season (see Fig. 5.8). Vertical bars represent standard errors.
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Rainfall during the experiment is shown in Figure 5.8 and was well below average in May,

about average in June, well below average in July and well above average in August and

September.

5.4 DISCUSSION

Germination commences with the imbibition of the seed and the establishment of
metabolism in its rehydrated tissues and ends with the protrusion of the embryonic root or
shoot through the seed coat (Mott and Groves 1981). This process involves a complex set
of metabolic reactions which are affected by external environmental influences such as
temperature and moisture availability. These factors are governed by climate, and seeds of
many plant species have mechanisms which ensure that germination occurs only when

conditions are likely to be suitable for seedling establishment (Mott and Groves 1981).

Seeds of many plant species, including eucalypts, germinate over a range of temperatures:
within this range there is an optimal temperature, below and above which germination is
delayed or depressed, but not prevented (Grose 1962; Mott and Groves 1981; Bellairs and
Bell 1990). In many cases, germination is cued by temperatures which occur when
conditions are most suitable for the subsequent survival of seedlings (Lodge 1981; Lodge
and Whalley 1981; Cowling and Lamont 1987; Bell ef al. 1993). In the mediterranean climate
of south western Australia this often corresponds with the winter rainiall period when
moisture conditions are optimal for seedling establishment (Cowling and Lamont 1987; Bell
et al. 1993). The above strategy has evolved in some Eucalyptus spp. which have
overlapping distributions with E. salmonophloia (Bell et al. 1993) but is not necessarily
general (Bellairs and Bell 1990). Bell et al. (1993) observed that the optimum temperature
range for germination in Eucalyptus wandoo was 150-200C and in Eucalyptus oleosa 10°-
200C; both ranges correspond to soil temperatures which are most likely to occur during the
winter rainfall period. However, the range of temperatures optimal for germination of
Eucalyptus spp. which have overlapping distributions with E. salmonophloia may not always

correspond to the winter rainfa!l period. Bellairs and Bell (1990) observed that
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Eucalyplus tetragona had similar levels of germination in the 10°-350C temperature range
and suggested that seeds of this species would germinate at any time of the year following

heavy rain.

In E. salmonophloia, germination rates and germination capacity displayed a distinct
temperature optimum in the range of 20-25°C. Either side of the optimum, at 15°C or 30°C,
germination was inhibited. However, when seeds were removed from 15°C and 30°C and
placed at 259C, levels of germination were similar to those achieved with continuous
exposure to the optimum temperature. Seed dormancy induced by temperatures above
and below the optimum have also been observed for other plant species from mediterranean
climates in south western Australia (Bellairs and Bell 1990). Similarly Wellington (1981)
observed in E. incrassata, a mallee species found in mediterranean climate regions of south
eastern Australia, that seeds exposed to temperatures above 30°C became temporarily

dormant. The above observations of E. salmonophioia's germination response to

temperature highlight several important characteristics of the species' germination

physiology. Firstly, germination is inhibited at temperatures above and below the optimum of
20-25°C; secondly, ungerminated seeds can survive in a moisture saturated environment at
159C and 30°C for at least 28 days; and thirdly, the ungerminated seeds kept at sub- and
super-optimal temperatures will germinate at a later date when exposed to optimal
temperatures. Mean monthly soil temperatures (1 cm depth) recorded at Merredin
approximately 40 km east of the study sites are given in Figure 5.9. These data match soil
surface temperatures at Minniberri Reserve (Norton and Hobbs unpublished data) for

February/March and June and therefore provide reliable estimates of all year round soil

temperatures at the study sites. Using the Merredin data it can be seen that scil temperature

ranges are most suitable for germination of E. salmonophloia in late April, May and early

S TV .

June (late autumn-early winter) and late August, September and October (late winter early

spring).

The ability of seeds to germinate, however, is affected not only by temperature but also by

moisture availability; seeds must achieve relative water contents sufficient for germination
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Figure 5.9: Mean monthly soil temperatures (1 cm depth) at Merredin, 40 km from study
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processes to occur. Relative rates of imbibition and drying are affected by seed contact with
the substrate, relative atmospheric humidity and soil matric potentials (Harper and Benton
1966:; Bachelard 1985; Battaglia 1993). Battaglia (1993) found that germination of
E. delegatensis, for example, was greatly retarded by low humidities and declining soil
métric potentials. Bachelard (1985) observed similar trends in Eucalyptus sieberi,
Eucalyptus pilularis and Eucalyptus maculata. Bachelard (1985) also observed that high
atmospheric humidities could overcome the effects of lower soil water potentials. In
E. salmonophloia, the minimum germination speed at the optimum temperature with 100%
humidity and a water saturated substrate was 2 days. The median germination speed was
8 days and 100% germination occurred after 25 days. Clearly, prolonged periods of high
humidity and soil moisture are needed for germination of E. salmonophloia to occur. The
Kellerberrin area has a Dry Mediterranean climate with wet winters and hot dry summers. Rain
falls mainly in the winter months between May and September when fronts associated with
mid latitude depressions move across south western Australia every 1-2 weeks (Gentilli
1972). Summer rainfall does occur but is erratic and is usually associated with localised
thunderstorm activity. Heavier more widespread rainfall occurs occasionally in summer when
tropical cyclones which have crossed the north west coast of Western Australia degenerate
into rain bearing low pressure systems and travel south east over the continent (Gentilli
1972). Soil moisture and atmospheric humidity are therefore most likely to be suitable for
germination in winter when rainfall and cloud cover are highest. The results presented
indicate that surface soil temperatures are most suitable for germination in early and late
winter. It therefore appears that E. salmonophloia will germinate most successiully in early
and late winter when the soil is still warm enough and soil moisture and atmospheric humidity
are frequently high with the passage of rain bearing depressions and cold fronts. By contrast
low rainfall and low humidity over summer generally make conditions unsuitable for
germination. However, on occasions when prolonged rainfall and high humidity occur, as in
the case of tropical rain bearing depressions, lower daily maxima may lower soil temperatures
and allow germination to occur. Parsons' (1968) observations of germination in two
mediterranean climate mallee species, E. incrassata and E. oleosa from south eastern

Australia support the conclusion that germination of E. salmonophioia is most likely to occur
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at the beginning of winter. Both of these species have a 2009-2590C optimum temperature
range for germination (Grose 1962) which is similar to E. salmonophloia. After sowing seed
of both species in a mallee woodland, Parsons (1968) found that germination occurred
throughout the period from May to July, the period of greatest soil moisture. Germination

was greatest in May when temperatures were warmer (Parsons 1968).

It was established in this chapter that emergence of E. salmonophloia seedlings under well
watered conditions was restricted to seeds which germinate in the surface 1 cm of soil. In
their natural habitat, E. salmonophloia seeds in this fraction are subject to cycles of soil
wetting and drying the length of which depend on the intensity, duration and frequency of
consecutive rainfall events. In E. sieberi progress towards germination is made in
successive wet periods and conserved during dry periods (Gibson and Bachelard 1986), a
process described as stop-go germination (Lush et al.1984). Gibson and Bachelard (1986)
suggest that stop-go germination is particularly advantageous for seeds on exposed
seedbeds subject to intermittent drying. Unlike E. sieberi, rates of germination in
E. salmonophloia did not increase following wetting periods; evidently E. salmonophloia
seeds are unable to shorten the time to germination by being primed in a preceding wet
period. Lush et al. (1984) suggest that stop-go germination is more likely to be frequent in

areas with sporadic rainfall rather than mediterranean climate areas, and the results of this

study support this conclusion.

In E. salmonophloia, wetting and drying did not affect seed viability except in instances
where seeds had ruptured their seed coats during a wetting period. In these cases, seed
death occurred in the subsequent drying period. Battaglia (1 993) reported similar findings
for E. delegatensis. The ability of E. salmonophloia seeds to withstand intermittent wetting
and drying is an important feature which prevents soil seed reserves from being destroyed
by light showers which occur sporadically in late spring, summer and early autumn, when
conditions are least suitable for seedling establishment. This is particularly important for

E. salmonophioia which only establishes temporary soil seed reserves following large scale

disturbances (Chapter 3 and 4).
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The first three experiments in this chapter examined the relationship between climate, soil
temperature and soil moisture, and determined when germination of E. salmonophioia is
most likely to occur. Germination, however, is also affected by seed bed characteristics and
this may be particularly important for plant species which recruit seedlings foliowing large
scale natural disturbances. These disturbances may bring about changes in the soil which
enhance germination. Studies of changes in seedbed conditions following large scale
disturbances have largely focussed on fire (Humphreys and Craig 1981; Walker et al. 1986 ).
Fire brings about changes in seedbed conditions in several ways; firstly through soil heating
and secondly through removal of biomass and input to the soil of ash and charcoal. These
processes destroy the soil-litter complex of micro-organisms inhibitory to plant growth
(Renbuss et al. 1973) and increase the availability of nutrients; the so called ash bed effect
(Humphreys and Lambert 1965). These changes may provide more suitable conditions for
germination. Wellington (1981) observed in E. incrassata that heating or adding ash to the
soil prior to sowing caused a two fold increase in germination and suggested that the
destruction of the soil litter micro-organism complex may have been responsible for this. Fire
may also stimulate germination in some plant species by breaking seed dormancy. This can
occur in several ways; firstly soil heating can crack the seed coat in hard seeded species and
allow germination to begin (Gill 1975; Bell et al. 1987; Portlock et al. 1990; Keeley 1991);
secondly, exudates from charred wood can stimulate germination (Keeley and Pizzorno
1986; Keeley and Keeley 1987; Keeley 1991); and lastly, exposure to smoke can overcome
seed dormancy (Brown et al. 1993). Clearly, in these cases fire creates a seed bed with
special characteristics that enhance or stimulate germination. This does not appear to be the
case in E. salmonophloia. Hobbs (1991) found no effect of elevated temperatures or
charcoal exudates on germination of E. salmonophloia. Furthermore observations of
substantial numbers of seedlings and saplings following not only fires but also severe
windstorms, floods and drought indicates that germination can occur on a variety of
seedbeds (Chapter 4) with quite different characteristics (e.g. ashbeds, litter beneath wind
thrown canopies and exposed soil). These results suggest that E. salmonophloia has no
special seedbed requirements and that germination will proceed on a variety of substrates

when suitable soil temperature and moisture conditions prevail.
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The results of the field germination experiment support this conclusion. Germination
occurred on a variety of seedbeds at the beginning of winter when suitable moisture
conditioris prevailed with the passage of several rainbearing depressions and cold fronts.
Similar levels of seedling emergence were recorded on exposed soil, litter and ashbed
treatments under a natural rainfall regime. However, when seed beds were watered prior 1o
the beginning of the winter wet season, significantly greater numbers of seedlings were
recorded on ashbeds. The processes responsible for this interaction are difficult to
determine. A possible explanation is that the irrigated ashbeds retained enough moisture
for germination to proceed during a dry period in May when soil temperatures were optimal.
This may have resulted in a greater number of seeds being closer to the completion of
germination with the onset of winter rains in June and more suitable soil moisture conditions.
In other treatments, germination may have ceased over the dry May period and not
recommenced until June. By this time soil temperatures would have fallen resulting in lower
rates of seedling emergence. All seedlings had died within 4 months of emergence despite
average or above average rainfall in most months. Studies of other mediterranean climate
Eucalyptus spp. and Banksia spp. which recruit seedlings following fires have also shown
that, like E. salmonophloia, germination will occur in unburnt woodlands but seedlings fail to
establish (Parsons 1968; Wellington and Noble 1985a,b; Cowling and Lamont 1987). Quite
clearly then, changes in the soil surface environment following large scale disturbances such

as fire, severe storms, floods and drought are not sufficient for establishment of

E. salmonophloia seedlings.

This chapter has shown that germination in E. salmonophloia has a temperature optimum
above and below which germination is retarded. Evidently seeds can remain moist at sub
optimal temperatures for prolonged periods without losing viability. Furthermore
E. salmonophloia seeds are capable of withstanding intermittent short cvcles of wetting and
drying. These characteristics minimise the chances of germination at times when the
probability of seedling establishment is low (e.g. summer). This is particularly important

because E. salmonophloia only establishes soil seed reserves following large scale

disturbances and therefore the opportunities for recruitment may be quite rare. Evidently
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E. salmonophloia has no specialised seed bed requirements and germination will occur on a
variety of substrates when suitable soil temperature and moisture conditions prevail. This is
most likely 1o occur at the beginning of the winter wet season when soil temperatures are still
suitable and soil moisture and atmospheric humidity are frequently high with the passage of

rain bearing depressions and cold fronts across south western Australia.

Previous chapters have shown, firstly, that E. salmonophloia forms a canopy seed reserve
(Chapter 2); secondly, that there is a gradual attrition of seeds from successive crops in this
store and that most of the seeds falling to the ground are eaten by ants (Chapter 3); and
thirdly, that post dispersal seed predation together with short term seed viability leads to the
absence of a persistent soil seed reserve (Chapter 3). These life history attributes are
characteristics of eucalypts which recruit seedlings following fire and this has been shown to
be the case in E. salmonophioia which also recruits seedlings following other large scale
disturbances like flood, severe storms and drought (Chapter 4). Other studies have shown
that fire induces a massive and synchronous release of canopy stored seed which causes a
temporary satiation of seed eating ants, resulting in lower rates of seed predation and the
establishment of a soil seed bank. Flooding, wind throw and drought also cause the death of
tree canopies and it was suggested in Chapter 4 that these disturbances also result in

massive seed fall, temporary predator satiation and establishment of a soil seed reserve.

Clearly disturbance plays a critical role in the establishment of a soil seed reserve. In this
study when ants were excluded and an artificial soil seed reserve established on a variety of
different seedbed types germination of E. salmonophloia occurred. However, no
seedlings survived, indicating that the establishment of a soil seed reserve alone and
suitable conditions for germination in the undisturbed woodland were not enough for
recruitment. Evidently the establishment of seedlings may be contingent upon other
changes which occur in woodlands following disturbances. The nature of these changes

and how they effect seedling establishment will be discussed in Chapters 6 and 7.
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CHAPTER 6

CHANGES IN RESOURCE AVAILABILITY FOLLOWING LANDSCAPE SCALE
DISTURBANCES AND THEIR POTENTIAL IMPACT ON THE

ESTABLISHMENT OF E. SALMONOPHLOIA SEEDLINGS

6.1 INTRODUCTION

Chapter 4 documented pasti and recent events which initiated regeneration of
E. salmonophloia and found that seedling recruitment occurred following large scale
disturbances such as fire, flood, severe storms and drought. The effect of these
disturbances on germination was considered in Chapter 5. Laboratory and field studies
showed, firstly, that if seeds escaped predation and were incorporated into a soil seed
reserve they germinated on a variety of seed beds with the onset of suitable temperature
and moisture conditions in early winter; and secondly, that seedlings which emerge in
undisturbed woodland are unlikely to survive their first summer. Moreover when the soil
surface conditions which follow large scale disturbances such as fire were created in an
undisturbed woodland, seedlings still died in their first summer following emergence. These
results suggest that soil surface conditions alone have no effect on establishment and that
competitive interactions with understorey and canopy species for limiting resources such as

water and nutrients may be important in this respect.

The climate throughout E. salmonophoia’s distribution is classilied as Dry Mediterranean or
Semi-Arid Mediterranean. Rain falls mainly in the winter months, and summers are generally
hot and dry; summer rainfall does occur but is unpredictable. In addition, class A pan
evaporation exceeds rainfall in every month (McFarlane et al. 1992) and droughts are

common (Chapter 1). In the central part of E. salmonophloia‘s distribution Farrington ef al.
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(1994) have -estimated that annual transpiration in woodlands is approximately 50% of
average annual rainfall. Transpiration rates and demand for water were highest in late spring
and summer when rainfall was lowest (Farrington et al. 1994). Several years of below
average rainfall together with the dry summers typical of the region can initiate considerable
stress in the vegetation and may result in widespread monrtality (Chapter 4; Hnatiuk and
Hopkins 1980). It is therefore likely that competition for soil water in E. salmonophloia
woodiands is high and may limit seedling establishment. Lamont (1985) has demonstrated
in woodlands dominated by E. wandoo, a species which has an overlapping distribution with
E. salmonophloia, that this is indeed the case. He observed that there was considerable
reduction in the abundance of shrubs around most trees. The existence of this suppression
zone was best explained by competition for water between the extensive lateral root system
of E. wandoo trees and the roots of adult shrubs (Lamont 1985). At the end of summer,
shrubs within and on the edge of the suppression zone had lower xylem pressure potentials
and were more stressed than shrubs outside of the zone (Lamont 1985). Evidently as trees
age, their extensive lateral root systems develop and come into contact with the roots of
established shrubs which cannot compete effectively and eventually die (Lamont 1985). In
addition, surface soil water availability in this zone during spring was less than in surrounding
scrub and there was an associated reduction in germination and establishment of perennial
species (Lamont 1985). Not only did competition for soil water limit perennial shrub species
but conditions were also unsuitable for the recruitment of E. wandoo seedlings. Quite
clearly then, competition for soil water is an important factor underlying vegetation dynamics
in Dry Mediterranean climates and unsuitable soil water conditions in established vegetation

may limit the recruitment of E. salmonophloia seedlings.

Many Australian soils have low concentrations of the essential plant nutrients, nitrogen and
phosphorus, and natural inputs are low (Bowen 1981; Walker et al. 1986). Eucalyptus spp.
found in forests and woodlands have evolved mechanisms which allow them to grow and
survive on these soils. These include, firstly, efficient extraction of nutrients at low
concentrations within the soil; secondly, an ability to compete effectively with other biota in

the exploitation of poorly accessible or transiently available nutrients from the litter and the
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soil; thirdly, low absolute requirements for nutrients within the plant; and lastly, an ability to
conserve and redeploy nutrients within the living plant, thereby minimising the loss of
nutrients from seasonal death of plant parts and environmental stress (Pate and Dell 1984,
Attiwill and Leeper1987). Nutrient cycling is therefore a conservative process within mature
eucalypt forests and woodlands with a large proportion of the nutrients available for plant
growth being conserved and cycled within the established vegetation. Competition for
scarce nutrients is therefore likely to be intense and this could possibly affect the
establishment of seedlings. E. salmonophloia has very small seeds (1 mm x 1 mm) and
stored food reserves are therefore very low. Seedling establishment and growth are likely to
rely on uptake of soil nutrients at a very early age. Limited soil nutrient availability and
competition from established vegetation may therefore limit the establishment of

E. salmonophloia seedlings in undisturbed woodlands.

Wellington and Noble (1985b) demonstrated that limitations in the availability of soil water
and nutrients were critical factors limiting the establishment of E. incrassata seediings in
mallee vegetation. They reported that watering and fertilising seediings in the first summer

following emergence significantly reduced seedling mortality.

Large scale disturbances such as fires, severe storms, floods and droughts can destroy large
areas of E. salmonophloia woodland and result in considerable tree death. The removal of
the established vegetation may lead to increases in soil water and nutrients and thereby
create a nursery environment suitable for the establishment of E. salmonophloia seedlings,
firstly through a temporary reduction in competition for soil water and nutrients and secondly

through a redistribution of these resources.

The objective of this chapter is to determine if soil water and nutrient availability increase in
E. salmonophloia woodlands following severe storms and flooding. Changes in these
resources following fire were not investigated as this is well documented for other eucalypt
communities and will be discussed from the literature. Changes in resource availability

following drought in E. salmonophloia woodlands were not investigated as no sites were
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available where a recent drought had initiated recruitment.

6.2 METHODS AND MATERIALS

6.2.1 STUDY SITES

The study was undertaken at two sites where a severe wind storm (Gindalbie Station) and
flooding (Canegrass Lagoon) recently initiated seedling regeneration of E. salmonophloia
(see Chapter 4). Seedling emergence and survivorship were measured in transects
consisting of ten, 1 m2 contiguous quadrats (see Chapter 4). At Gindalbie Station, one
transect was established beneath each of four wind thrown tree canopies. At Canegrass
Lagoon, four transects were established where floodwaters had receded. At each site,
equivalent numbers of control transects were established in adjacent undisturbed woodland
to monitor seedling regeneration in the absence of disturbance. Adjacent to each transect,

soil samples were collected for nutrient analysis and within each transect, soil samples were

collected for soil water analysis.

6.2.2 SOIL WATER

Sampling for soil water analysis was undertaken 2 weeks after the last widespread raintall
event in the region (Western Australian Bureau of Meteorology Kalgoorlie records). Five
samples from the upper 5 cm of soil were collected in alternate quadrats of each transect for
water content determination. Each soil sample was placed in a pre-weighed soil tin, weighed
and the tin sealed for transport back to the laboratory. The soil tins and their contents were
placed in an oven at 70°C and weighed regularly until there was no further decline in soil

weight. Percentage soil water was calculated as follows:

wet wi. of soil — dry wi. of soil x 100
dry wi. of soil

Soil water data were pooled for transects beneath wind thrown canopies and fer transects in
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undisturbed woodland; likewise in flooded and adjacent unflooded woedland. Pooled data

were analysed with an unpaired two tailed t - test to determine if differences in water contents

existed between the disturbed and undisturbed sites.

6.2.3 SOIL NUTRIENT ANALYSIS

Soil samples for nutrient analysis were collected at Gindalbie Station in May 1993
approximately 1 year after the storm. The time between recession of floodwaters and
collection of soil samples at Canegrass Lagoon is unknown. Department of Conservation
and Land Management records in Kalgoorlie indicate that the area where transects were
placed was beneath water in November 1992. Soil samples were collected in May 1993 and

therefore the time between sampling and recession of floodwaters was a maximum of 6

months.

At four locations adjacent to each of the four transects beneath wind thrown canopies and in
adjacent undisturbed woodland, soil in 25 cm x 25 cm square guadrats was sampled to a
depth of 1.5 cm, bulked and mixed thoroughly. Two sub-samples were taken from each of

the eight bulked samples and air dried for nutrient analysis.

The above sampling procedure was repeated at Canegrass Lagoon adjacent to flooded and

unflooded transecis, however only one sub-sample was taken from each of the eight bulked

soil samples for nutrient analysis.

Soils were analysed by CSBP and Farmers Ltd. Perth. Available phosphorus and potassium
were measured using the Colwell method; soils were tumbled with a 0.5 M sodium
bicarbonate solution adjusted to pH 8.5 for 16 hours at 250C using a soil/solution ratio of
1:100. The acidified extract was treated with ammonium molybdate-antimony trichloride
reagent and the concentration of phosphate measured colorimetrically at 880 nm. The
concentration of potassium was determined using a flame atomic absorption

spectrophotometer, at 766.5 nm. The ammonium and nitrate nitrogen were measured
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simultaneously using a Lachet flow injection analyser. Soils were tumbled with 1 M
potassium chloride for one hour at 25°C using a soil/solution ratio of 1:5. The concentration
of ammonium nitrogen was measured colorimetrically at 420 nm using the indo-phenol blue
reaction. The nitrate was reduced to nitrite through a copperized-cadmium column and the
concentration of nitrite measured colorimetrically at 520 nm. lron was extracted with 1 M
ammonium chloride at pH 7 and assayed by atomic absorption spectroscopy. Organic
carbon was determined by chromic acid digestion and measured colorimetrically at 600 nm.

Soil pH was determined on an extract from a 1:5 soil/deionised water suspension which had

been stirred for 1 hour at 25°C,

Soil nutrient concentration data were pooled for transects beneath wind thrown canopies
and for transects in undisturbed woodland; likewise in flooded and adjacent unflooded
woodland. Pooled data were analysed with an unpaired two tailed t-test to determine if

differences in nutrient concentrations existed between the disturbed and undisturbed sites.

6.2.4 FOLIAR NUTRIENT ANALYSIS

Leaves were collected for nutrient analysis from wind thrown canopies and living canopies in
adjacent undisturbed woodland 12 months after the storm at Gindalbie Station. Leaves were
collected at ten locations around the four wind thrown trees where seedling establishment
was being monitored and then bulked and mixed thoroughly. Similarly green leaves were
collected at ten locations around four standing trees adjacent to control transects. Sixteen
sub samples from each of the bulked samples were taken for nutrient analysis. Foliar
nutrients were analysed by CSBP and Farmers Ltd. Perth. Leaf material was finely ground
for all analyses. Nitrogen concentrations were measured using a Leco FP-428 Nitrogen
Analyser. Ground plant material is combusted at 950°C in oxygen and the released nitrogen
from the sampie measured as it passes through a thermal conductivity cell. Phosphorus was
measured colorimetrically with vanado-molybdate reagent. Polassium was measured by

atomic absorption spectroscopy. Ground leaf material for phosphorus and potassium

analysis was digested in 9:1 nitric and perchloric acid.




92

Nutrient concentrations from leaves in wind thrown canopies and from green leaves in living
canopies were analysed with an unpaired two tailed t-test to determine if differences in

nutrient concentrations existed between the disturbed and undisturbed sites.

6.3 RESULTS

i3 6.3.1 SOIL WATER

Two weeks after the last rainfall event, percentage soil water beneath wind thrown canopies
was significantly greater (t=5.05, d.f.=38, p <0.001) and approximately double that in

adjacent undisturbed woodiand (Table 6.1).

Similarly at Canegrass Lagoon, percentage soil water in transects which had been flooded
3 was significantly greater (1=8.02, d.f.=38, p <0.001) and approximately ten times that in
transects which had not been flooded (Table 6.2). The high soil water content in transects

after floodwaters had receded, indicates that the perched water table in the area was still

having a significant influence on surface soil water.

6.3.2 SOIL NUTRIENT CONCENTRATIONS

ST P e g g,

Twelve months after the severe storm at Gindalbie Station, soil concentrations of available

s s b Wi

-* phosphorus beneath wind thrown canopies were significantly greater (t=5.84, d.f.=14,
p <0.0001) and approximately three times higher than in adjacent undisturbed woodland
(Table 6.1). Similarly soil concentrations of potassium beneath wind thrown canopies were
significantly higher (1=2.87, d.f.=14, p <0.01) than in adjacent undisturbed woodland
(Table 6.1). By contrast, % organic carbon in undisturbed woodland was significantly greater
(t=-3.54, d.f.=14, p <0.05) than beneath wind thrown canopies {Table 6.1). No significant
differences in nitrate - nitrogen, ammonium - nitrogen, iron and pH were found for soil

beneath wind thrown canopies and in undisturbed woodland (Table 6.1).
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Table 6.1: Arithmetic mean values of soil nutrient concentrations (n=16) and percentage

soil water (n=20) + SE beneath wind thrown canopies in woodland damaged by a severe
windstorm and in adjacent undisturbed woodland. Means followed by the same letter are not
significantly different (p < 0.05). Data were analysed with unpaired two tailed t-tests. Soil

samples were collected 12 months after the storm and their collection followed 2 weeks after
the last rainfall event.

Soil attribute Beneath wind thrown canopy Undisturbed woodland

BTN

NO3 (ppm) 3.38+1.05a 1.25+0.16 a

’ NH4 (ppm) 8.00 0.78 a 7.00+0.50 a

2 & P (ppm) 12.38+1.24 a 3.88+0.77 b
% K (ppm) 751+50a 560+ 43. b
ql Fe (ppm) 517+55a 506 + 44 a

Organic C (%) 1.290+0.18 a 213+0.15 b

pH 8.08+0.28a 7.95+0.10 a

: L HoO (%) 10.06 £ 0.70 & 5.16 £ 0.67 b

b sl d ot e A




Table 6.2: Arithmetic mean values of soil nutrient concentrations (n=8) and percentage
soil water (n=20) + SE in flood damaged woodland and adjacent undisturbed woodland.
Means followed by the same letter are not significantly different (p < 0.05). Data were
analysed with unpaired two tailed t-tests. Soil samples were collected after flood waters had

receded and their collection followed 2 weeks after the last widespread rainfall event.

Soil attribute Flooded woodland Undisturbed woodland
NO3 (ppm) 13.56+£3.07a 1.5+£029b
NH4 (ppm) 8.25+0.48a 575+ 0.48 b
P (ppm) 14.25+ 1.65 a 45+0.29b
K (ppm) 556 + 47 a 263+ 11 b
Fe (ppm) 1879+ 144 a 2681+ 12b
o o Organic C (%) 1.48+0.27 a 0.50+0.02b
8 pH 8.38+0.11a 8.00+0.01 b
H20 (%) 26.13+2.95a 2.42 £ 0.08 b

% S NI ML b

AU Dt b S
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Concentralions of all nutrients were significantly higher in soils which had been flooded than
in adjacent unflooded woodland (Table 6.2). However the magnitude of the difference
varied between nutrients; available phosphorus in soils which had been flooded was about
three times higher than in unflooded woodland (f=5.81, d.f.=6, p <0.001); nitrate -
nitrogen was approximately 13 times higher (1=3.89, d.f.=6, p <0.01); ammonium -
nitrogen approximately 1.5 times higher (t=3.69, d.f.=6, p <0.01); potassium
approximately double (t=6.02, d.f.=6, p <0.001); iron approximately 7 times higher

(t=11.13, d.f.=6, p <0.001); and percentage organic carbon approximately 3 times higher

(t=3.66, d.1.=6, p <0.01). Similarly there was an increase in soil pH (t=3.03, d.f.=6,

p <0.05) (Table 6.2).
6.3.3 FOLIAR NUTRIENT CONCENTRATIONS

Twelve months after the severe storm at Gindalbie Station, the concentration of phosphorus
l in green leaves from living canopies was significantly greater (1=6.16, d.f.=30, p <0.0001)

than leaves from wind thrown canopies (Table 6.3). Similarly concentrations of potassium in

green leaves from living canopies were significantly higher (t=9.73, d.f.=30, p <0.0001)

§

§{ than those from wind thrown canopies (Table 6.3). By contrast, total nitrogen in leaves from
i wind thrown canopies was significantly greater (¢t =-6.65, d.f.=30, p <0.001) than in green
’ leaves from living canopies (Table 6.3). No significant differences in nitrate - nitrogen were
%" found (Table 6.3).

i

|

6.4 DISCUSSION

Sl

There is a paucity of data on changes in soil water availability following the destruction of
established vegetation by fire. However, there is a general consensus that surface soil is
wetter than in unburnt areas. This conclusion has been arrived at indirectly through studies
of plant population dynamics in burnt and unburnt vegetation (Parsons 1968; Wellington

1984; Wellington and Noble 1985a,b; Cowling and Lamont 1987; Lamont et al. 1991a),

i
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Table 6.3: Arithmetic mean values of foliar nutrient concentrations (n=16) in green leaves
from living canopies and dead leaves from wind thrown canopies = SE. Means followed by
the same letter are not significantly different (p <0.05). Data were analysed with unpaired two

tailed t-tests. Leaves were collected for nutrient analysis 12 months after the severe storm at

Gindalbie Station.

LA e

Nutrient Green leaves from living canopy Dead leaves from windthrown canopy
N (% dry matter) 1.15+£0.02 a 1.45+0.04 b

NO3 (ppm) 458+22a 434+07a

P (% dry matter) 0.088 £ 0.004 a 0.061 £ 0.002 b

K (% dry matter) 0.752 + 0.063 a 0.124 + 0.003 b
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experimental:removal of vegetation (Robberecht et al. 1983; Stoneman et al. 1994) and

increases in stream flow following destruction of forests by logging and fire (Kuczera 1985

cited in Attiwill and Leeper 1987).

In mediterranean climates, studies of mallee Eucalyptus spp.and ofBanksia spp. which
recruit seedlings following fire have shown that, like E. salmonophloia (see Chapter 5),
germination occurred in unburnt vegetation but seedlings failed to establish (Parsons 1968;
Wellington and Noble 1985a,b; Cowling and Lamont 1987). These studies reported that
seedling mortality was highest in the first spring/summer following germination and this
coincided with the onset of dry soil conditions caused by high temperatures and low rainfall.
Wellington and Noble (1985b) showed that watering E. incrassata seedlings over the first

summer following emergence reduced mortality and Lamont et al. (1991a) made similar

observations in Banksia cuneata..

Zimmer (1940) suggested that the inability of mallee Eucalyptus spp. seedlings to establish
in unburnt vegetation could be attributed to a deficiency of water in the surface soil caused
by actively transpiring established vegetation. Furthermore, Zimmer (1940) suggested that
following a fire, soil water conditions were temporarily more suitable for seedling

establishment because of arrested evapotranspiration through the removal of established

vegetation.

The observations of Robberecht et al. (1983), Stoneman et al. (1994), Wellington (1984)

and Kuczera (1985 cited in Attiwill and Leeper 1987) confirm this hypothesis. Robberecht et
al. (1983) demonstrated that the removal of vegetation from experimental plots caused an

increase in soil water potential. Similarly Stoneman et al. (1994) observed that the removal of
the overstorey in Eucalyptus marginata forest resulted in lower soil water deficits and as a
consequence E. marginata seedlings had higher leaf water potentials and were less
stressed than seedlings growing on sites with the overstorey retained. Wellington (1984)
observed that the water status of E. incrassata seedlings and resprouting adults in recently

burnt areas was more favourable than for plants in long unburnt vegetation. Measurements
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in E. regnans forests show that for the first 5 years after large scale bushfires in 1939,
stream flow increased relative to that calculated from records for that forest prior to

destruction (Kuczera 1985 cited in Attiwill and Leeper 1987). All these observations indicate

that following removal of the established vegetation by fire, or any other large scale

disturbance, there is a temporary increase in soil water.

It was found in this study that 2 weeks after the last rainfall event, percentage soil water

beneath wind thrown canopies was significantly greater and approximately double that in

adjacent undisturbed woodland. Reduced evapotranspiration rates are unlikely to be the

only factor responsible for this difference. The soil beneath the wind thrown canopy is

probably far less exposed to drying winds and solar radiation than much of the soil surface in

the undisturbed woodland. As a consequence rates of evaporation from the soil surface

beneath the wind thrown canopy are likely to be less than in adjacent undisturbed woodland.

Similarly at Canegrass Lagoon where there was widespread tree death after flooding,

percentage soil water in transects which had been flooded was significantly greater and

approximately ten times that in transects which had not been flooded. The high soil water

content in transects after floodwaters had receded indicates that higher water tables

following flooding in the area were still having a significant influence on surface soil water.

Another process which may affect the availability of soil water 1o newly establishing

vegetation is a change in the distribution of rainfall brought about through the removal of

established vegetation by large scale disturbances. Nulsen et al. (1986) observed that

rainfall was intercepted by and redistributed in the canopy of mallee vegetation; stem flow

was directed to the base of the trees, where it entered the soil along the soil root interface.

Established vegetation therefore redistributes rainfall both within the canopy and on the soil

surface so that water infiltrates deeply into the soil profile at selected points, especially

around tree roots. The harvesting of limited rainfall therefore favours the established

vegetation and may preclude the establishment of seedlings . Removal of the canopy by

large scale disturbance would result in a more even distribution of rainfall at the soil surface.
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The changes in soil water availability in E. salmonophloia woodlands following fire, severe
storms and floods are therefore likely to be attributable to four processes; firstly reduced
competition for soil water through the removal of established vegetation; secondly, following
severe storms the establishment of a microclimate beneath windthrown trees which reduces
evaporation from the soil surface; thirdly, following flooding higher water tables influencing

surface water;and fourthly, through more even distribution of rainfall at the soil surface.

in addition to changes in soil water availability, changes in soil nutrient availability following fire
in a range of ecosystems are well documented. Fire has been reported to increase the
availability of nutrients for plant growth in the surface 1 to 2 cm of soil through changes
brought about by soil heating and the input of nutrient rich ash (Humphreys and Craig 1981;
Walker et al. 1986). Soil heating leads to an accumulation of NHg4 - nitrogen firstly through
the chemical oxidation of organic matter and secondly, though changes in soil microbial
populations and their organic nitrogen substrates (Russell et al. 1974; Walker et al. 1986;
Tomkins et al. 1991). The amount of NH4 - nitrogen released from chemical oxidation of
organic matter increases with soil heating for temperatures up to 400°C (Walker et al. 1986).
Concentrations of inorganic minerals may also increase. Humphreys and Lambert (1965)

noted an increase in available phosphorus when a sandy loam was heated to temperatures

between 200°C and 600°C.

The quantity and composition of ash produced during a fire depends on the fuel type and
degree of combustion. Ash produced from woody components is low in nutrients compared
with ash from non-woody components (Walker et al. 1986). The concentration of nutrients
are higher in fine white ash than in partially combusted material (Walker et al. 1986).
Concentrations of nutrients in ash ranging from 0.03 to 1.77% N, 0.11 to 3.1% P, 0.24 10

19.1% K, 2.8 to 34.9% Ca, and 0.7 to 15.4% Mg have been observed (Raison 1979).

The magnitude of the change in soil nutrient budgets depends on the amount of soil

heating and quantity and type of ash deposited (Walker et al. 1986; Tomkins et al. 1991).
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Soil heating is affected by fire intensity, fire residence time, initial soil temperature and
moisture, bulk density, pore size, soil heat capacity and thermal conductivity (Walker et al.
1986). Fuel type and degree of combustion determine the composition and amount of ash
produced (Walker ef al. 1986). Spatial heterogeneity in fuel types, fuel configurations, fuel
moisture, wind speeds, and soil conditions therefore produces variation in the amount of soil
heating and ash deposited (Hobbs and Atkins 1988; Atkins and Hobbs in press; Rice 1993).
Changes in soil nutrient budgets following fires in E. salmonophloia woodlands are also
likely to be spatially variable. These same processes would all be operative in
E. salmonophloia woodlands leading to changes in soil nutrient availability. The other
disturbance types which initiate recruitment of E. salmonophloia (Chapter 4) obviously do
not result in soil heating or deposition of ash but the results of this study show that they also

result in changes to nutrient availability. This may be relaled to the nature of nutrient cycling

within the genus.

Conservative internal or biochemical cycling of nutrients is a feature of Eucalypius spp. in
forest vegetation (Ashton 1975b; Attiwill et al. 1978; O'Connell et al. 1978; O'Connell and
Menage 1982) and mallee heath vegetation (Pate and Dell 1984). These studies have
shown that up to 80% of phosphorus, 65% of nitrogen and 50% of potassium is withdrawn
from leaves prior to senescence (Table 6.4). No data on biochemical cycling in
E. salmonophloia exist but the widespread occurrence of the process in the genus across
both soil and climatic gradients would suggest that a high proportion of nutrients are
withdrawn from leaves prior to senescence. The degree to which nutrient re-translocation
takes place has been reported to vary with climate and soil fertility; Ashton (1975b) and
O'Connell et al. (1978) have suggested that biochemical cycling is less important in wet
sclerophyli forests than dry sclerophyli forests since the latter grow on poorer and drier sites.
E. salmonophloia grows throughout the semi-arid region of south-western Australia and it
could therefore be expected that a relatively high degree of nutrient re-translocation occurs.
O'Connell et al. (1978) found that in E. marginata, which grows in the higher rainfall zone to
the west of E. salmonophloia, approximately 65% of nitrogen, 80% of phosphorus and 55%

of potassium are withdrawn from leaves prior to senescence; similar levels of nutrient
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retranslocation prior to leaf senescence might be expected in E. salmonophloia.

Disturbances which kill tree canopies may disrupt biochemical cycling and prevent the
withdrawal of nutrients prior 1o leaf senescence. O'Connell et al. (1979) suggested that
crown scorch by fire prevents the withdrawal of nutrients prior to senescence and that this
changes the chemical composition of the post fire litter. They observed that in the first year
following an intense fire leaf litter falling from scorched E. marginata crowns had
concentrations of nitrogen and phosphorus approximately double that of leaf litter falling
from crowns in unburnt forest. This, together with an increased weight of leaf litter falling
from the scorched canopy, resulted in a four fold increase in the accession of nitrogen and
phosphorus to the forest floor one year after the fire (O'Connell et al. 1979). They

concluded that the relatively higher concentration of nitrogen and phosphorus in post fire

litter could increase the subsequent rate of litter decomposition and therefore the cycling of

nutrients.

Other disturbances, such as severe storms, may also disrupt biochemical cycling, and leaf
litter following these disturbances may also have higher concentrations of nutrients. If this
were the case significantly higher levels of soil nutrients might be expected to occur beneath
wind thrown canopies, and this was indeed found to be the case in this study. The severe
storm which passed through salmon gum woodland at Gindalbie Station uprooted and killed
large adult trees up to 20 m high with trunk diameters up to 70 cm. The soil surface area
covered by the wind thrown canopies was up to 100 m? and within this area litter fall from
the dying canopy was substantially greater for ai ieast the first 12 months after the storm than
in adjacent undisturbed woodland. One year after the storm, bi-carbonate extractable
phosphorus and potassium were significantly greater in soil beneath wind thrown trees than
in adjacent undisturbed woodland. By contrast soil concentrations of the other major plant
nutrient, nitrogen, were not different. The changes observed are attributable to accession
of nutrients from the litter which developed beneath the fallen tree. Comparison of nutrient
concentrations in green leaves from standing canopies with those from wind thrown

canopies reflect the changes observed in the soil, as concentrations of phosphecrus and
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potassium were significantly lower in the disturbed canopies. The lower foliar concentrations
of phosphorus and potassium in wind thrown canopies and higher soil concentrations of
these nutrients beneath wind thrown canopies indicate that fractions of these nutrients in
the green leaf are soluble and readily leached following death of the tree canopy. Little
difference was observed in foliar nitrogen concentrations between living and wind thrown
canopies, and as might be expected, no difference in soil concentrations of these nutrients

were found suggesting that nitrogen is not readily leached from leaves in wind thrown

canopies.

Changes in soil nutrient concentrations were also observed in flood disturbed woodlands.
The concentrations of all nutrients were significantly greater in soils which had been flooded
compared to unflooded woodland. A number of processes may be responsible for this:
firstly, like fire and severe storms, litter falling from tree canopies which had been killed by the
flood may have higher concentrations of nutrients; secondly inputs of sediment rich in
organic matter and minerals transported by floodwaters may have enriched soil nutrients; and
thirdly, changes in the soil chemistry as a result of waterlogging may also be responsible.
The soils on which E. salmonophloia woodlands occur typically have a high concentration
of iron and aluminium oxides; phosphorus is strongly adsorbed by these minerals and
through this process it may become unavailable for uptake by plant roots. The significantly
higher concentrations of soluble iron and bicarbonate extractable phosphorus in soils which
had been flooded suggests that some of the phosphorus adsorbed to iron / aluminium

complexes may have been released by soil flooding (Sanchez 1976).

This chapter has demonstrated that in E. salmonophloia woodlands the availability of soil
water and nutrients increases following fires, severe storms and floods. The effect and

importance of these changes on the early growth and establishment of E. salmonophioia

seedlings will be examined in the next chapter.




i = i

N

104

CHAPTER 7

THE EFFECTS OF WATER AND NUTRIENT AVAILABILITY ON THE EARLY

GROWTH OF E. SALMONOPHLOIA SEEDLINGS

7.1 INTRODUCTION

Chapter 6 described increases in soil water and nutrient availability following large scale
natural disturbances in E. salmonophloia woodlands and discussed the implications of this
for seedling establishment. This chapter documents greenhouse experiments which

examined the effects of different soil water and nutrient regimes on the early growth of

E. salmonophloia seedlings.
7.2 METHODS AND MATERIALS

Soil for the study was collected from remnant E. salmonophloia woodland at Minniberri
Reserve. This site was chosen for the study because it contains remnant woodland on the
red duplex soil type on which E. salmonophloia most commonly occurs (Beard 1990).
These soils consist of a brown loamy surface soil and a red clay subsoil (McArthur 1991).
Two 20 m transects spaced 20 m apart were laid out in the woodland and at 2 m intervals
along each transect the uppermost 5 cm of soil was collected from four 25 cm X 25 cm
quadrats from which litter had been cleared. Soil samples were air dried and passed through
a 2 mm sieve to remove root material and then bulked and mixed thoroughly. Sixty four
plastic pots lined with polythene bags were each filled with 1500 g of the sieved and mixed
dry soil and placed in a greenhouse at Murdoch University. Fifteen E. salmonophloia seeds
were sown in each pot at a depth no greater than 2 mm. The undrained pots were watered

to field capacity daily for 3 weeks by which time seedling germination had ceased. Seedling
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emergence was variable amongst pots and as a consequence the number of seedlings per
pot after thinning ranged from one to five. Each pot was then randomly assigned to one of
eight factorial combinations of watering and nutrient treatments such that there were eight
replicates of each treatment combination. There were four watering treatments and two

nutrient treatments and these were applied to soils in the following manner:

WATERING TREATMENTS

Soils were watered with deionised water to field capacity by weight every day, every second

day, every fourth day and every sixth day.

NUTRIENT TREATMENTS

Ferilised pots - soils were fertilised using a combination of slow release and soluble
complete fertilisers applied to the soil surface at intervals throughout the experiment; 2.5 g
of slow release fertiliser 'Osmocote’ (N=17%, P=4.4%, K=10%, S=4.1%, Ca=0.2%) was
added to each pot at the beginning of the experiment and 30 mL of soluble fertiliser Thrive'
(N=27%, P=5.5%, K=9%, Mg=0.15%, S=0.22%, Cu=0.005%, Zn=0.02%, B=0.005%,
Mn=0.04%, Fe=0.18%, M0=0.002%) (3 gL"1) added on four occasions at 12 day

intervals thereafter.

Unfertilised pots - soils were not treated with fertiliser

Pots were randomly located on a bench in the glasshouse at the beginning of the

experiment in August 1993 and relocated daily to reduce any effects of bench position.

After 9 weeks of treatment application all pots were watered to field capacity and the shoots

of each plant harvested. The number of plants in each pot was recorded and the fresh shoot

weight and height of each measured.

Following harvest, two soil cores the depth of the pot and 2 cm in diameter were taken from
each pot. Cores from each combination of water and nutrient treatment were bulked

separately. Bulked samples were mixed thoroughly and two replicate samples taken from
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each for analysis of phosphorus, nitrate, ammonium and potassium concentrations. Soil

nutrient analyses were conducted by CSBP and Farmers Ltd; analytical methods are

described in section 6.2.3.

The effect on fresh shoot weight and shoot length of water and fertiliser treatments and their
interaction were determined using two way analysis of co-variance. The number of plants per
pot was included in the analyses as a covariate because there were unequal numbers of
seedlings in each treatmeni combination. The data was checked for assumptions of
normality and homogeneity of variance and no transformations were required. In cases

where main factors had a significant effect, data were pooled and post-hoc comparisons

were made of treatment means using a Tukey - Kramer test (Zar 1984).

The effect of fertiliser addition on soil nutrient concentrations was determined with an

unpaired two tailed t-test using data pooled across watering treatments.

7.3 RESULTS

The number of seedlings per pot had no significant effect on shoot fresh weight (F =2.47,
d.f.=1, 226, p >0.05) or shoot length (F =0.0005, d.f.=1, 226, p >0.05) and it is therefore

valid to treat individual plants as the experimental unit in the analyses.

Increased frequency of watering significantly increased shoot fresh weight (F =2.92, d.f.=3,
226, p <0.05) and shoot length (F =2.96, d.f.=3, 226, p <0.05). Mean shoot fresh weight
was 0.64 g for seedlings watered daily, 0.32 g for seedlings watered every second day,
0.11 g for seedlings watered every fourlh day and 0.08 g for seedlings watered every sixth
day (Table 7.1). Mean shoot length was 9.6 cm for seedlings watered daily, 6.1 cm for
seedlings watered every second day, 3.8 cm for seedlings watered every fourth day and

3.4 cm for seedlings watered every sixth day (Table 7.1).

Unlike increased frequency of watering, additional nutrients had no significant effect on
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shoot fresh weight (F =0.08, d.f.=1, 226, p >0.05) or on shoot length (F =0.08, d.f.=1,
226, p >0.05). Mean shoot fresh weight was 0.33 g for fertilised seedlings and 0.29 g for

unfertilised seedlings (Table 7.2). Mean shoot length was 5.9 cm for both fertilised

seedlings and unfertilised seedlings (Table 7.2).

Similarly there was no significant interaction between watering and nutrient treatments on

shoot fresh weight (F =0.47, d.f.=3, 226, p >0.05) or shoot length (F =0.37, d.f.=3, 226,

p >0.05) (Figure 7.1).

The addition of fertiliser significantly increased concentrations of soil nutrients (Table 7.3).

At the end of the experiment the mean nitrate concentration in fertilised pots was 405 ppm

(t=10.60, d.f.=14, p <0.001) compared to 38 ppm in unfertilised pots; mean ammonium

AR T e i

concentration in fertilised pots was 274 ppm (t =27.27, d.f.=14, p <0.001) compared to
4 ppm in unfertilised pots; the mean phosphorus concentration in fertilised pots was

63 ppm (t=11.99, d.f.=14, p <0.001) compared to 8 ppm in unfertilised pots; the mean

NP RS A AL et o)

potassium concentration in fertilised pots was 537 ppm (t=11.08, d.f.=14, p <0.001)

compared to 374 ppm in unfertilised pots.

The mean values for soil nutrient concentrations in fertilised and unfertilised pots were
calculated from pooled data across watering treatments. No clear trends in ammonium, bi-
carbonate extractable phosphorus and potassium concentrations were detected across
watering treatments (Table 7.4). By contrast, in unfertilised pots, nitrate concentrations at
the end of the experiment were approximately three times lower in pots watered daily

compared to pots watered every second day and as much 14 times lower than pots watered

every fourth day and every sixth day (Table 7.4).

7.4 DISCUSSION

Very few data on the factors limiting seedling establishment in Eucalyptus spp. from

mediterranean climates exist with which to compare the results of this experiment; research

‘——————_ —c—



¥
*
i

108

Table 7.2: Arithmetic mean values for shoot fresh weight and shoot length for fertilised

(n=988) and unfertilised seediings (n=144). Means followed by the same letter are not

significantly different as determined by analysis of variance (p < 0.05).

Fertilised Unfertilised
Shoot fresh weight (g/plant) 0.33 a 0.29 a
Shoot length (cm/plant) 5.9 a 59a
s et
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Figure 7.1: Arithmetic mean values = S.E. of (a) shoot fresh weight and (b) shoot length
for E. salmonophloia seedlings fertilised and watered to field capacity daity (n=35), every
second day (n=22), every fourth day (n=21) and every sixth day (n=20) and unfertilised

seedlings watered to field capacity daily (n=37), every second day (n=35), every fourth day

(n=36) and every sixth day (n=36).

B Watered daily

E Watered every 2nd day
E Watered every 4th day
Watered every 6th day
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Table 7.3: Arithmetic mean values of soil nutrient concentrations in fertilised and

unfertilised treatments at the end of the experiment. Values are means of eight samples
(two samples per watering treatment). Means followed by the same letter are not significantly

different (p < 0.001). Data was analysed with unpaired two tailed t-tests.

Nutrient Fertilised pots Unfertilised pots
NO3™ (ppm) 405 a 38 b
NH4* (ppm) 274 a 4b
P04 (ppm) 63 a 8b

K* (ppm) 537 a 374 b
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Table 7.4: Soil concentrations of (a) nitrate - nitrogen, (b) ammonium - nitrogen (c)

bicarbonate extractable phosphporus and (d) potassium for all combinations of nutrient and

watering treatments. Values are means of two samples.

Pots watered to field capacity

T I R T, 5

(a)
Every day Every second day  Every fourth day _ Every sixth day
Fertilised 273 395 472 482
Unfertilised 5 15 63 68
(b) Pots watered to field capacity
Every day Every second day  Every fourthday  Every sixth day
Fertilised 243 268 303 283
Unfertilised 4 4 4 6
(c) Pots watered to field capacity
Every day Every second day _ Every fourth day _ Every sixth day
Fertilised 65 59 79 51
Unfertilised 10 7 6 8
(d) Pots watered to field capacity
Every day Every second day __Every fourth day _Every sixth day
Fertilised 527 543 . 551 529
Unfertilised 382 363 372 478
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on seedling ‘establishment in eucalypts has mainly focussed on forest species with
: %:

E commercial timber value. In most cases these species occur in more temperate climates with
higher rainfall distributed evenly throughout the year; moisture availability is therefore less
limiting for plant growth. In the context of this experiment these studies are of limited value.

The work of Wellington and Noble (1985b) and Stoneman et al. (1 994) are the only studies

B i e

which document factors limiting the early growth and establishment of eucalypts in

T

mediterranean climates. Both studies emphasise the central role that water availability plays

in seedling establishment. Wellington and Noble (1 985b) observed for E. incrassata, a

e Tl

mallee species found in dry mediterranean and semi-arid climates, that mortality of seedlings

was restricted to summer when prolonged dry periods and high temperatures occurred.

st irpppron 2

. % Moreover the factors contributing to mortality were affected by topographic position;

g

seedling mortality was greatest at more elevated positions on sand dunes and least in dune
swales. They concluded that the observed patterns of seedling mortality were caused by
' i water availability and demonstrated this experimentally; rates of seedling mortality were

! reduced over the dry summer period by increasing soil water availability with irrigation.

Stoneman et al. (1994) documented for E. marginata, a mediterranean climate forest
species, that seedling mortality in the first two years after emergence was highest in summer

when soil water deficits developed and concluded that this was the major cause of seedling

mortality.

More comprehensive studies of factors limiting seediing recruitment in mediterranean
climates have been undertaken for Banksia spp. growing in kwongan scrub heath
vegetation. Seedlings of these species emerge during cool wet winter months, mortality
during this first winter is very low but increases sharply in late summer and appears to be
drought induced (Cowling and Lamont 1987; Enright and Lamont 1989: Lamont et al.
1991a; Enright and Lamont 1992a). More specifically, Enright and Lamont (1992b)
demonstrated that seedling mortality of Banksia spp. seedlings was highest at the time of
greatest soil moisture stress (summer to early autumn) when pre-dawn xylem pressure

potentials were lowest and seedlings most stressed.
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Lamont et al. (1991a) studied differences in seedling survivorship between different
microsites and topographic positions and observed in B. cuneata that seedlings in local
depressions, patticularly if shaded or amongst litter, were the last to die. In addition, seedling
survival and growth were greater in moister lower lying areas than on drier ridge sites.
Lamont et al. (1991a) concluded that these patterns of seedling growth and survival were
best explained by water avaitability. They tested this hypothesis experimentally and found
that the increase in seedling mortality associated with declining rainfall and higher

temperatures could be reversed by increasing water availability using irrigation.

The above studies demonstrated, firstly, that greatest seedling mortality occurs in the first
summer following germination; secondly, that rates of seedling mortality are reduced in
microsites and topographic positions that are inherently moister; and thirdly, that seedling
mortality can be reduced by watering over the dry summer. Clearly water availability is a major

factor affecting the establishment of Eucalyptus spp. and Banksia spp. seedlings in

mediterranean climates.

Water availability also appears to be an important factor limiting the establishment of
E. salmonophloia seedlings. In this experiment the early growth of seedlings was severely
inhibited by declining water availability. Increases in water availability brought about by large
scale disturbances (Chapter 6) which remove established vegetation are therefore likely to
favour the establishment of E. salmonophloia seediings. This point is well illustrated by
Stoneman et al. (1994). They found that mortality of E. marginata seedlings was lower on
sites where the forest overstorey had been removed compared {o sites where it had not
been removed. They attributed this to differences in water availability between the two sites;
soil water deficits were greater where the forest overstorey had not been removed. As a
consequence seedlings beneath the overstorey had greater leaf water deficits and were

more stressed than seedlings on sites where the overstorey had been removed (Stoneman

el al. 1994).
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In contrast to water availability, fresh shoot weight and shoot length were not effected by the
addition of nutrients despite concentrations being considerably higher in the experimental
treatment than those measured following disturbance of E. salmonophloia woodlands by
flooding and a severe storm (Chapter 6). No data on soil nutrient concentrations in
E. salmonophloia woodlands following fire exist but concentrations in the experiment were
above the range reported by Hester and Hobbs (1992) following fire in Eucalyptus
loxophleba woodlands which occur in the same region. Similarly concentrations were above

or within the range reported for ash beds created by the burning of logging debris in

eucalypt forests (Humphreys and Craig 1981).

In this experiment the application of fertiliser at intervals exposed seedlings to a range of
increasing nutrient concentrations. At no stage in the experiment did seedlings in fertilised
pots appear to suffer from nutrient deficiencies or toxicities. Similarly the seedlings grown on
unfertilised soils showed no signs of nutrient deficiency. Evidently the early growth of

E. salmonophloia seedlings on a brown loam is not limited by the availability of nutrients.

Other researchers have documented growth stimulation of some Eucalyptus spp. seedlings
in response to increased availability of nutrients (Loneragan and Loneragan 1964; Barrow
1977; Groves and Keraitis 1976). Seedlings were, however, grown for longer periods in
these experiments, and it is possible that nutrient availability may become more limiting for
the growth of E. salmonophloia seedlings as their demands increase. Wellington and Noble
(1985b) observed that the addition of fertiliser reduced mortality of E. incrassata seedlings.
In contrast Stoneman et al. (1994) found that the addition of fertiliser had no effect on

seedling survivorship. From the limited data it appears that the response of eucalypt

seedlings to increased nutrients is variable.

In conclusion the results of this experiment suggest that increased nutrient availability
following large scale natural disturbance (Chapter 6) has little effect on the early growth of
E. salmonophloia seedlings on red duplex soils. However, it should be noted that soil

nitrale concentrations in unfertilised pots were higher than anticipated and this may have
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influenced the outcome of the experiment. The mean concentration of nitrate in unfertilised
soils at the end of the experiment was 38 ppm but concentrations varied from 68 ppm in
pots which were watered every sixth day to 56 ppm in pots that were watered daily. This
relationship was inversely proportional to seedling growth and this trend may be accounted
for by the increased growth of seedlings in more frequently watered pots depleting soil
nitrate supplies. Soil nitrate concentrations are therefore likely to have been similar across
the range of watering treatments at the beginning of the experiment. These concentrations
(approximately 68 ppm) are considerably higher than those measured for the same soil in
situ. Kyeremeh (1894) measured a nitrate concentration of 2 ppm in a brown loam from
Minniberri Reserve. The reasons for this large increase in nitrate concentration are unknown
but it may be an artefact of soil preparation. Mixing, sieving and drying the soil may have
resulted in increased nitrification of organic matter and ammonium. The low concentrations
of nitrate in unfertilised pots watered daily (5 ppm) indicate that seedlings were close to
having utilised most of the nitrate. Had plants been allowed to grow for longer seedlings in
unfertilised, frequently watered treatments may have started to show signs of retarded
growth and nitrogen deficiency. Caution therefore needs to be exercised when
extrapolating the results of this experiment to the early growth of E. salmonophloia

seedlings in disturbed and undisturbed woodiands.

Mean phosphorus and potassium concentrations in unfertilised soils were similar to those
measured for the same soil in situ by Kyeremeh (1994). This, together with the fact that
nutrient concentrations did not change across watering treatments, would suggest that
levels of phosphorus and potassium in undisturbed woodland are adequate to sustain the

early growth of seedlings and therefore elevated levels of these nutrients following large

scale natural disturbance (Chapter 6) may be of little significance.

This chapter has shown that water availability is the most important factor limiting the early
growth of E. salmonophloia seediings. It can therefore be concluded that the probability of
E. salmonophloia seedlings establishing in the post disturbance environment will be greater

than in undisturbed woodlands due to increased soil water availability. Clearly further
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research into the nutrient requirements for the early growth and establishment of
E. salmonophloia seedlings needs to be undertaken. However, it should be noted that
glasshouse experiments may not be appropriate because of possible changes in soil

chemistry as a result of disturbance during collection.

o | 2 e MW TR

T W 41 ey




ANt A e v s N

e AR e .

118

CHAPTER 8
GENERAL DISCUSSION

Prior to this study little was known about the processes underlying the recruitment of
E. salmonophloia seedlings. This lack of knowledge posed a problem for conservation of
remnant E. salmonophloia woodlands in the Western Australian wheatbelt (Chapter 1). This
study contributes to solving this problem firstly by describing aspects of E. salmonophloia‘s
life history, and secondly by documenting the conditions under which recruitment has
occurred in unfragmented populations to the east of the Western Australian wheatbelt. This

chapter will describe the findings of the study and discuss reasons for the lack of recruitment

in remnant E. salmonophloia populations.

Large scale natural disturbances such as fires, floods, severe windstorms or tornadoes and
droughts are recurring events in E. salmonophloia woodlands (Chapter 4). These
disturbances together with seed predators, and soil water availability appear to have been
major selective forces in the evolution of E. salmonophloia's life history. Using the
classification of seed release syndromes described by Lamont et al. (1991b),
E. salmonophloia is best described as serotinous. Serotinous species are characterised by
delayed release of mature seeds resulting in the build up of a canopy stored seed reserve.
In E. salmonophloia, seeds from at least two consecutive flowering seasons are stored in
clusters of small woody fruit on the tree (Section 2.3.3). This can result in a large canopy
stored seed reserve and estimates of up to 420 000 seeds per tree were measured in this
study (Section 2.3.3; Table 2.6). The length of time that a seed is stored on the tree is
unknown but is at least two years (Section 2.4). During inter-disturbance periods, seeds are
released from the canopy reserve in three ways; firstly, when branches subtending the fruit

die and capsules dry out; secondly, when unopened fruit are blown from the canopy and dry
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out; and thirdly, when cockatoos and parrots feed on seeds and some escape predation and
fall to the ground freely or in dissected fruit (Section 2.3.4). Seed fall occurs throughout the
year and is slightly lower in the winter months. Generally the seed rain is light (up to 25 seeds
per m2 in a two month period, this is estimated to be less than 1 % of stored seed) but pulses
of heavier seed fall can occur when cockatoos and parrots are feeding on fruits and seeds
(Section 2.3.4; Figure 2.3). Interestingly, despite a steady seed rain E. salmonophloia does
not establish a soil seed reserve during inter-disturbance periods (Section 3.3.3). This is

attributable to the activity of seed harvesting ants (Section 3.3.2).

The study also documented characteristics of E. sa/monophloia's germination strategy
(Chapter 5). Germination proceeds with favourable soil temperature and moisture conditions
on a variety of substrates (Chapter 5). However, at temperatures above and below the
optimum for germination (25°C), enforced dormancy (Harper 1957) occurs and germination
is retarded (Section 5.3.1). In these situations dormancy is simply overcome when
temperatures return to optimum (Section 5.3.1). Soil temperatures suitable for germination
occur at the beginning of winter when soil water availability and atmospheric humidity are
high with the passage of rain bearing depressions and cold fronts across south-western
Australia (Section 5.4). E. salmonophloia's strategy ensures that germination occurs when
the probability of seedling establishment is greatest. Enforced dormancy at temperatures
above the optimum prevents germination from occurring in summer during rare periods
when soil water availability is sufficient for germination but the probability of follow up rains
and therefore seedling establishment is low. Interestingly and importantly, if seeds escape
predation and are incorporated into a soil seed reserve, germination occurs in the first winter

(Sections 8.3.3; 5.3.4) but seedling establishment is unlikely (Section 5.3.4).

In summary, during inter-disturbance periods, there is a light seed rain from canopy seed
reserves; ants harvest this seed and prevent the establishment of a soil seed reserve; and in
the unlikely event of a seed escaping predation germination will proceed with the onset of
favourable conditions in early winter, but seedling establishment is highly improbable.

Collectively these factors create a biological and physical resistance to seedling recruitment.




TR e i o

i

il e

12D

In other Eucalyptus spp. which display serotiny, seedling recruitment occurs following fire.
This is also the case in E. salmonophloia but this research has demonstrated that other large
scale natural disturbances also facilitate seedling recruitment (Chapter 4). Seedlings were
observed in unfragmented woodlands to the east of the wheatbelt in the first winter following
recent disturbance by fire, flooding and a severe windstorm, but no seedlings were found in
nearby undisturbed woodland (Section 4.3.2). Further evidence of the importance of
disturbance for seedling recruitment was provided by observations of uniformly sized
cohorts of saplings in unfragmented woodlands which had been disturbed by flooding, fire,
drought and a severe windstorm within the last fifty years (Section 4.3.1). Evidently these
disturbances initiate processes which overcome the biological and physical resistance to
seedling recruitment in E. salmonophioia woodlands. These processes have been
described in the literature for fire (Sections 3.4; 4.4 and 6.4) and it appears from this research

that other large scale disturbances interact with E. salmonophloia’s life history in a similar

manner.

The disturbances initiate seedling recruitment, firstly by providing seed for germination and
secondly, by creating an environment more suitable for the establishment of seedlings than
exists in an undisturbed woodiand. Disturbances have their effect by causing the death of
tree canopies which results in the synchronous mass release of canopy stored seed. This
satiates predators and thereby allows the establishment of a soil seed reserve. In addition,
disturbance results in increases in soil water and nutrient availability (Chapter 6). Common to
all of the disturbances is the removal of established vegetation which leads to reduced
competition for resources and reduced evapotranspirational demand. Other pathways,
specific to each disturbance type, also contribute to increased resource availability, for
example soil heating and ash deposition following fire; changes in rates of nutrient cycling
and increased soil water availability in the protected environment of a wind thrown canopy;
and changes to soil chemistry and soil water availability following flooding (Chapter 6). Not

surprisingly, given that E. salmonophloia occurs in a Dry Mediterranean climate, it was

demonsirated that soil water availability was the most important factor limiting the early growth
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of seedlings (Section 7.3). Therefore the increase in soil water availability which occurs in
the post disturbance environment clearly increases the probability of seedling
establishment. During inter-disturbance periods, in the unlikely event of a seed escaping
predation, germination will occur but seedling establishment is highly improbable because of
intense competition with established vegetation for limited soil water, particularly over dry

summer months (Sections 5.3.4 and Chapter 6).

It should be noted that although large scale natural disturbance plays a key role in the
recruitment of seedlings, success is also dependent upon the co-occurrence of favourable
rainfall in the first summer following germination (Section 4.4). As a consequence not all

disturbance events result in recruitment.

The research presented in this thesis has greatly enhanced the understanding of factors
contributing to the absence of E. salmonophioia seedlings in remnant woodlands. Given
the importance of large scale natural disturbance, declining E. salmonophioia populations in
the wheatbelt may be attributable to either changes in the overall disturbance regime and/or

changes in the ability of E. salmonophloia to regenerate successfully following disturbance.

Unfortunately, little is known about the disturbance regime in the wheatbelt prior to
European settlement. This, together with a lack of data on the current disturbance regime,
makes it difficult to determine if changed disturbance regimes are contributing to the lack of
E. salmonophloia recruitment; one can only speculate. It is possible that fragmentation of
woodlands into small isolated remnants surrounded by farmland may have affected the
spread of disturbances such as fire and thereby reduced the probability of a remnant
population being burnt. Indeed in urban-wildland mosaics, such as southern Californian
urban and chaparral lands, processes which maintain the native vegetation have been
altered by changed fire regimes brought about by fire suppression and habitat fragmentation
(Pickett et al. 1982). It should also be considered that aithough the frequency of
disturbance events such as severe storms and tornadoes are unlikely to have changed since

European settlement, the probability of a tornado occurring in E. salmonophloia woodland
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is now lower because the area of woodland is considerably smaller. As a consequence the
path of the disturbance in the fragmented wheatbelt landscape is more critical for the
persistence of E. salmonophloia than it would have been in the unfragmented landscape.
By analogy with ten pin bowling, a ball travelling down an alley is more likely to knock over a

skittle when there are ten grouped together compared to a skittle standing alone.

As to the second possible explanation for the lack of recruitment in the wheatbelt, the
fragmentation of E. salmonophloia woodlands into small isolated remnants and the
surrounding agricultural land use may have had an adverse effect on the ability of
E. salmonophloia to recruit seedlings following large scale natural disturbances. These
effects could be manifested, firstly, as changes in the ability of E. salmonophloia to form a

soil seed reserve following the disturbance and secondly, as changes in the probability of

seedlings establishing.

Several factors may affect the ability of E. salmonophloia to form a soil seed reserve
following disturbance. These include a lack of viable seed and changed seed predator
population size. Reduced production of viable seed may occur as fragmentation increases
and population size declines; this phenomenon is known as the Allee effect (Section 2.4).
In E. salmonophioia a decline in seed production may reduce a population’s ability to satiate
predators and establish a soil seed reserve following large scale disturbance. In this study
there was no clear relationship between remnant size and seed production and although the
Allee effect may be operative it is unlikely that reduced seed production is affecting the
ability of E. salmonophloia to form a soil seed reserve following disturbance. Canopy seed
reserves of up 1o 420 000 seeds were measured in individual trees (Table 2.6) and this
seems ample to form a soil seed reserve. Moreover visual estimates of canopy seed

reserves in unfragmented populations were similar to those in fragmented wheatbelt

populations.

Changes in the size of seed harvesting ant populations in remnant woodlands will also effect

the ability of E. salmonophloia to form a soil seed reserve following disturbance. Obviously
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increases in: the number of seed harvesting ants will reduce the probability of
E. salmonophloia forming a soil seed reserve and compound any reduction in seed
production. However, the converse situation may also exist where there has been a
reduction in the number of seed harvesting ants. This will increase the probability of a soil
seed reserve being formed and offset any reduction in seed production. Unfortunately, the
effects of habitat fragmentation and degradation on the population size of seed harvesting
ants has not been investigated elsewhere and was beyond the scope of this study. ltis
therefore unknown if changes to populations of seed harvesting ants have occurred in
remnant woodlands. As a consequence the possibility of increased numbers of seed
harvesting ants preventing the establishment of a soil seed reserve following disturbance

cannot be dismissed; this is a problem that requires further attention.

Clearly declines in seed production and changes in the numbers of seed harvesting ants
may affect E. salmonophloia's ability to estabiish a soil seed reserve following disturbance.
However, it is difficult to predict the absolute number of seeds needed in the soil seed
reserve to maintain a remnant E. salmonophloia population. This is because for recruitment
E. salmonophloia relies on the co-occurrence of large scale disturbance and favourable
rainfall in the first summer following germination. The co-occurrence of these events may be
quite infrequent (Section 4.4). As a consequence the relationship between the number of
seeds in the soil reserve and the number of recruits is not linear. Obviously in remnants
where no seed is incorporated into the soil seed reserve following a disturbance no
recruitment will occur. However, in cases where seed is incorporated into a soil seed reserve
the number of seedlings which establish may be more sensitive to rainfall patterns following
the disturbance and conditions within the remnant than to the number of seeds in the soil
seed reserve. A greater number of seeds in the soil reserve does not necessarily increase
the probability of seedling recruitment (Section 2.4). It would therefore appear that changes

in the size of the soil seed reserve would have to be enormous for this to be affecting

recruitment in the wheatbelt remnants.

A number of factors may reduce the probability of E. salmonophloia seedlings estabiishing
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in remnant woodlands following large scale disturbances. These include soil degradation,

loss of mycorrhizal symbioses, grazing by domestic livestock and feral rabbits and increased

competition from introduced annual plant species. These will be discussed individually

below.
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Livestock grazing and trampling in many remnant E. salmonophloia woodlands has resulted

in soil compaction (Norton and Hobbs, unpublished data). As a consequence penetration of

LN T T A

the soil by the roots of young seedlings may be impeded and their ability to utilise soil water

S

and nutrients at depths lower in the profile will be reduced (Passioura 1991). During dry

periods, when water in the surface soil is more limiting, seedlings with poorly developed root

T T

systems are therefore likely to be more stressed than seedlings with deeper, more well
E developed root systems. Soil compaction not only reduces the ability of the roots to provide
$ the shoot with water and nutrients but may also induce the roots to send hormonal signals to
the leaves which inhibit growth (Passioura 1991). Furthermore soil compaction reduces
f water infiltration rates; this is particularly noticeable in heavily grazed remnants during heavy

winter rain when water can be observed running across the soil surface in sheets. By
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contrast in remnants which are not degraded by grazing little run-off is observed and
infiltration rates are clearly higher. As a result of soil compaction, soil water recharge is likely

to be lower in heavily grazed, degraded woodlands and water availability may therefore be

more limiting. Water availability is the main factor limiting the early growth of
E. salmonophloia seedlings (Sections 7.3 and 7.4) and therefore any reduction in soil water
availability brought about by soil compaction will adversely affect seedling establishment.

Soil degradation is clearly a factor which may be preventing the establishment of

E. salmonophloia seedlings following disturbance.

PP AN

Mycorrhizal symbioses between roots and various fungi are common in Eucalyptus spp

gz

(Pryor 1956; Chilvers 1973; Malajczuk et al. 1975; Warcup 1975). The mycorrhizal symbiosis
is an alternative strategy to root growth which increases the uptake of poorly mobile soil
phosphorus by increasing the volume of soil explored and lowering the concentration at

which phosphorus is absorbed (Bowen 1981). The mycorrhizal symbiosis has not been
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studied in any detail for E. salmonophloia but observations of mycorrhizal roots on

E. salmonophloia seedlings grown in the glasshouse confirms that the symbiosis occurs

(Kyeremeh 1994). There have been no studies describing the effects of habitat
fragmentation and degradation or the impact of surrounding land use on mycorrhizal
populations in remnant Eucalyptus woodlands and forests. Negative impacts of these
factors on mycorrhizal populations will obviously lower the probability of E. salmonophloia
seedlings establishing. However, observations of mycorrhizal infection in approximately
40% of E. salmonophloia seedlings growing on soil collected from a limited sample of

remnant woodlands suggest that the loss of this symbiotic association is not responsible for

the lack of recruitment (Kyeremeh 1994). Clearly this is an important area for further

research.

Livestock grazing in remnant woodlands may not only affect the ability of E. salmonophloia
seedlings to establish following disturbance by changes to soil structure but also by direct
grazing of the seedlings. Changes in the abundance of natural herbivores and their
replacement with introduced herbivores has brought about a change in grazing regimes in
Australian native vegetation communities. Grazing and trampling by domestic sheep and
cattle has been shown to limit the recruitment of many woody perennial plant species
including Eucalyptus spp. (Bryant 1971; Crisp and Lange 1976; Crisp 1978; Chesterfield
and Parsons 1985; Gibson and Kirkpatrick 1989). Similarly it is well known that feral rabbits
prevent the recruitment of many woody perennial plant species (Johnston 1968; Crisp and
Lange 1976; Lange and Purdie 1976; Crisp 1978; Lange and Graham 1983; Cooke 1987;
Auld 1990). Observations of E. salmonophloia seedlings following disturbances in
unfragmented woodlands to the east of the wheatbelt indicate that recruitment can occur
under some grazing pressure from domestic livestock and rabbits. However, it should be
noted that the density of livestock and rabbits in these woodlands is a great deal less than in
remnant woodlands. Domestic livestock and rabbit grazing is therefore another factor which
may be preventing the establishment of E. salmonophloia seedlings in remnant woodlands

following disturbance and is an important area for further research.
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Finally the invasion of remnant E. salmonophloia woodlands by non-native annual plant
species is widespread and may have reduced the probability of E. salmonophloia seedlings
establishing following disturbance. These weeds have higher growth rates than woody
perennial species and compete more effectively for limited soil water and nutrients (Hobbs
and Atkins 1991). As a consequence they can prevent the establishment of native woody
species (Hobbs and Atkins 1991). The importance of this competition has been recognised
in Australia during attempts to re-establish woody species in degraded areas where non-
native annuals are abundant (Goss 1986; Venning 1988; Buchanan 1989; Bird et al. 1990;
Dalton 1990; Loney 1990). Increased competition with introduced annual piant species is
another factor which may be preventing the establishment of E. salmonophloia seedlings

following disturbance in remnant woodlands and is worthy of further research.

Clearly changes to the disturbance regime and/or changes in the ability of E. salmonophloia
to regenerate successfully following disturbance can account for the lack of recruitment in
remnant E. salmonophloia woodlands. Detining the relative importance of these factors is,

however, beyond the scope of this thesis and requires further research.

In conclusion, the research presented in this thesis has documented the life history of
E. salmonophloia and demonstrated that recruitment of seedlings occurs following large
scale natural disturbances such as fires, floods, severe windstorms and droughts;
recruitment in inter-disturbance periods is very rare. Prior to this investigation studies of
disturbance and Eucalyptus forest and woodland dynamics had largely focussed on fire but
the research presented here indicates that other forms of large scale natural disturbance are
also important drivers of mediterranean climate Eucalyptus woodland dynamics in south
western Australia. Evidently changes to the disturbance regime and/or changes in the ability
of E. salmonophloia 1o regenerate successfully following disturbance are responsible for
the lack of recruitment in remnant E. salmonophloia woodlands. Factors responsible for
changes to these processes were discussed but it remains for future research to elucidate
the relative importance of each. Experiments involving disturbance with and without

modification of potential limiting factors will be required.
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Managementof E. salmonophloia woodland remnants in the wheatbelt of Western Australia
must take into account the role of disturbance and include appropriate disturbance regimes
to initiate seed regeneration of the dominant tree species. However, this presents a
conundrum for conservation management as considerable adult mortality can occur but not
all disturbances will lead to seedling recruitment, firstly because the rainfall pattern following
the disturbance may not be favourable and secondly, because of changes in the ability of
E. salmonophloia to regenerate due to soil degradation, grazing and weed invasion.
Unfortunately it is not possible to predict when tfavourable rainfall will occur following a
disturbance, but the impact of poor recruitment and high adult mortality on population size
can be ameliorated by imposing disturbances at scales which do not endanger the whole
population. It remains to be seen whether large-scale disturbances can be translated into
smaller-scale management activities. The implications of the need for disturbance also need
to be viewed from the perspective of landowners and local community groups who may be
reluctant to lose adult trees in order to encourage seedling recruitment. The establishment
of successful demonstration areas is required so that the benefits in terms of recruitment can
be displayed. The changes in the ability of E. saimonophloia to recruit seedlings following
disturbances are more easily overcome and may be achieved by ameliorating the effects of
soil degradation, grazing and weed invasion. Clearly the development of cost effective
techniques to overcome these problems is an important area of further research which will
be of great benefit to the management of remnant E. salimonophloia woodlands and may
also be relevant to similar woodland types elsewhere.
Finé}lly, the understanding of E. salmonophloia woodland dynamics in the fragmented
landscape of the wheatbelt has been significantly improved by an examination of the
adjacent unfragmented system. Without such a comparison, the development of a clear
picture of the dynamics of the woodland ecosystem would be much more difficult, if not
impossible. In situations where an unfragmented system is no longer available as a
reference area, it must be questioned whether it is possible to identify the processes which

are important for the long term retention and management of the natural communities

present in the fragmented system.
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