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ABSTRACT
SEED AND SEEDLING ECOLOGY OF FOUR AGULHAS PROTEACEAE

July 1991
Penelope Jane Mustart: Botany Department, University of Cape

Town, Private Bag, Ronbebosch 7700, South Africa.

Serotinous (canopy-stored seed) Proteaceae, Protea obtusifolia
and Leucadendron meridianum occur on shallow, alkaline soils
overlying limestone, and P.susannae and L.coniferum on adjacent,
deep, weakly acidic sands, in fire-prone fynbos. Seed reciprocal
transplants were used to test whether regeneration niche
requirements were determinants of adult distributions. There
were no germination niche differences, but 1limestone species
~showed greater seedling mortality on the transplanted colluvial
sands than limestone. There were also greater relative growth
rates of seedlings on their own soil than counterparts on
transplanted soil.

Mechanisms of field emergence patterns (greater and less
variable (in space) emergence of all species on limestone than
colluvial sands; less variable emergence 1in Protea spp. than
Leucadendron spp. on colluvial sands) were investigated in
laboratory experiments. Seeds planted in 1limestone soil were
more adequately buffered against drying-induced, seed-imbibed
water loss, than those in colluvial sand, suggesting the role
of soil type in determining germination success. Protea spp.
lost less water than Leucadendron spp., suggesting that the
different genus-specific seed morphologdies influence
germination.

Laboratory determined seed germination rates showed that
older canopy-stored seed were slower 1in germinating than
current year seed. This was interpreted as a bet-hedging
strategy ensuring maximum post-fire germination in dry
environments. .

Within each genus seeds, and roots of seedlings, were larger
in species naturally occurring on the drier, less nutrient rich
colluvial sands than in those on the limestone, possibly leading
to adequate resource acquisition of the former species. The
greater root lengths of the Leucadendron than the Protea spp.
balanced the taxonomically linked smaller seed size of the

former.

Limestone soils, which had less volume than the deep
colluvial sands, supported smaller plants with associated lower
cone and seed numbers. There were no other soil-related
differences in reproductive traits (except seed size) among the
species. ,

Experimental inflorescence and infructescence tharvesting
resulted in seed bank depletion of up to 50%. Inflorescence
(sink) removal of Protea spp. showed no subsequent increase in
seed set in remaining infructescences, negating a nutrient-
1limiting hypothesis of low seed set.
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Section 1

1.0 INTRODUCTION

1.1 GENERAL BACKGROUND

The Agulhas Plain at the southern tip of Africa is in some
places quite bleak, and in others it is breathtakingly
beautiful. In similar faéhion, the vegetation can be either
monotones of cultivated wheatfields, or changing kaleidoscopes
of natural fynbos plant assemblages. This high turnover of
plants indicates a mu1titudé of plant processes in determining
chh variety. The p1ant commun{tiés (Cowling et al. 1988) and
" soil-plant associations (Thwaites & Cow]ing.1988) have been
described and happed, thus laying the foundation for research at
a finer scale.

The flora of the south-western Cape Province of South Africa,
of which the Agulhas Plain is a part, is extra-ordinarily rich
in species (Taylor 1978, Bond 1983, Bond & Go1d§1att 1984). Much
of this -variety in species is due to high levels of beta
(between habitat) and gamma (within landscape) diversity
(Kruger & Taylor 1979, Linder 1985, Cowling 1990),‘a feature
shared with other species rich floras such as south-western
~Australia kwongan (Bond & Goldblatt 1984, Lamont, Hopkins &
Hnatiuk 1984), Californian chaparra]I(Cody 1986 a) and tropical
rainforests (Gentry 1988). What causes such high species
turnover ? The Agulhas Plain fynbos vegetation has high Tlevels
of edaphic endemism (Cowling &.Ho1mes, in press) and soil-
related beta-diversity (Cowling 1890). This indicates strong
relationships between plant distributions and soil type.

The distinct distribution of two closely-~-related Agulhas
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Plain Proteaceae species-pairs on adjacent, different soil types
is a representative cameo of this beta-diversity pattern, and
forms the basis of this study. Throughout this thesis there is a
constant theme - the role of the soil environment, and that of
phylogeny, in determining seed, seedling and adult
.characteristics, and the subsequent influence in adult
distribution patterns. Since the soils are adjacent to each
other, the effect of mesoclimate and fire regime wou]d be
similar for all species. Since each of the pairs of species is
closely related (putative sister taxa), the role of ecological
factors in shaping plant traits can be investigated without the

constraints of phylogeny (Wanntorp et al. 1990).

1.2 STUDY SPECIES AND STUDY AREA

The species studied were Protea obtusifolia BeGk ex Meisn. and

Leucadendron meridianum I.Williams, occurring 1in shallow

pockets (0 to 30 cm deep) of alkaline soil derived from Mio-
Pliocene l1imestone bedrock of the Bredasdorp Formation (Thwaites

. & Cowling 1988). The other species, P.susannae Phill. and

L.coniferum (L.) Meisn., occur on the adjacent, uniformly deep

(> m), weakly acidic colluvial sands. The former soils have

higher topsoil nutrient concentrations (nitrogen, available

phosphorus and organic carbon) and have a.higher proportion of

clay than the latter (Thwaites & Cowling 1988). The two Protea
I

spp. (Rourke 1980) and the two Leucadendron spp. (Williams 1972)

are both closely related sister taxa.
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Figure 1.1. Map showing the location of the study sites at

Hagelkraal and Kleiheuwel on the Agulhas Plain, South Africa.
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These Proteaceae species are dominant, woody shrubs (1.5 to
3.0 m tall)' in the fire-prone Proteoid Fynbos vegetation. The
seed are achenes and are stored on thé canopy (serotiny) 1in
wobdy infructescenées (hereafter called "cones"). Seed of the

hermaphroditic Protea spp. are born on flattish, $1ight1y convex

receptacles, and in the djoecious Leucadendron spp. 1in cones
where a woody bract protects each seed. The plants are killed byv
fire, usually in the dry summer season. This leads to seed
release and is followed by large-scale germination during the
wet winter season. Seed released between fire do not develop
into seedlings, and this_1eads to even-aged popuiations.

Two areas were chosen for study sites (Figure 1.1). The
Hagelkraal site (34© 41’S, 19° 33’E) was used for seed
reciprocal transplants in post-fire soil, five weeks after the
mature vegetation had been burnt (Section 2). The 18 year-old
vegetation at the second study site at Kleiheuwel was used to
investigate adult plant reproductive traits (Section 6), and the
effect of experimental harvesting on seedbanks‘(Section 7). |

The climate is mediterranean with 65% of the annual rainfal
occurring between April and September. Annual rainfall is 546

mm at Hagelkraal and 452 mm at Kleiheuwel (see Figure 1.2).

1.3 SOIL REGIME IN RELATION TO SEEDS, SEEDLINGS AND ADULTS

At different stages of plant development from seed to adult, the
relationship between soil and the p1aht differs as size
relationships between the two change. For example, the limestone

soil represents a more nutrient rich micro-environment for

seeds and seedlings than the colluvial sands, whereas due to the
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very much smaller soil vo1ume of the former (shallow pockets)
than the. latter (>1 m deep), the reverse would probably hold for

the larger adults.

1.3.1 Soil regime, seeds and seedlings

Thé importance of investigating seed ecology in order to'fu11y
understand adult plant density énd distribution patterns is
stressed by many authors (Harper, Williams & Sagar 1965, Mayer &
Poljakoff-Mayber 1975, Grubb‘1977). Seed of serotinous fynbos
piants that are killed by fire are the sole 1link between
generations. It follows that it is important to understand the
factors affecting seed germination and estab1ishment in order to
understand post—fire fynbos recruitment patterns.v

Post-fire recruitment patterns of fynbos Proteaceae are
usua11y'exp1ained in terms of post-dispersal séed predation
levels (Bond 1984) and little work has been done on individual
species seed and seedling biology. In addition, numefous studies
on South Afrfcan.Proteaceae germination requirements (van Staden
1966, Brown & van Staden 1971, 1973, 1975, Brown & Dix 1985)
have been performed with the aim of uhderstanding germination
per se and not in order to understand ecological recruitment
patterns. I have investigated aspects of seed and seedling
ecology in order to explain recruitment and adult population
patterns. |

I have performed both field and 1aborgtory experiments. In
the latter, I haye where possible, tried to simulate field
'conditions, or at least plan and interpret the experiment within

an ecological framework. The relevance of laboratory experiments
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in explaining field processes is questioned by many as bearing
1ittle relevance to field processes (Grubb 1977, Norton 1987).
Although this may be valid, laboratory experiments are ofteh £he
only way in which to attempt the unravelling of comb]ex field
events. Laboratory experiments perform a function in botanical
research as much as, for example, mathematical modelling does.
The latter approach, with all its assumptions, and hence
restricted explanatory power (Shhida & Ellner 1984, Caswell

1988, Fagerstrdm 1988), is as limiting as 1laboratory

~experiments are with their laboratory-imposed conditions. Yet,

both approaches are valuable. In this study I have used field
and laboratory experiments to complement each other.

wWhat determines the distinct distribution patterns of the

study species? Classical niche theory (Gause 1934) predicts that

plants have a particular subset of habitat conditions to which
they are suited, ar adapted. Grubb (1977) developed the concept
that regeneration attributes (or niches) are 1important in
determining adult distfibution patterns. In addition to abiotic
factors determining plant habitat patterns, biotic inter-plant
competitive effects are suggested to be important in determining
community structure (Cody 1986 b). The relative fmportance of
abiotic (soil nutrients and moisture) and biotic factors is
determining selected Agulhas Proteaceae distributions 1in
currently under investigation (M.D. Richards, in preparation). I
have excluded competitive effects, and have investjgated the
role of the regeneration niche (seed germination a;d seedling

establishment) in order to understand the determinants of the
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study species characteristic distributions.

The calcicole and'ca1cifuge p1aht taxa occukring on
calcareous and acid soils have been widely studied in
Continental Europe (eg. Gigon 1971), England (eg. Grubb, Green
& Merrifield 1969, Etherington 1981) and North America (eg.
Wentworth 1981). Experimenta1 evidence éuggests that seedling
stages are determinants of these adult distributions (Jefferies
& Willis 1964, Rorison 1967, Grime 1965, Gigon 1971). in order
to investigatevthe role of thehrégeneration niche in the Agulhas
Plain study species distribUtions, seed reciprocal transplants
were performed in the field (Section 2) and seed1ing emergence
and estab1ishment’was monitored. The hypothesis that the species
have germination and/or seedling requirements that Timit them to
their respective soil types, is tested.

Temperature requirements for seed germination, and
germination rates of different ages of canopy-stored seed were
investigated in controlled environment growth chambers (Section
3). |

The importance of different levels of water availabilty in
determining germinétion success is widely accepted (Bewley &
Black 1978). The emergence patterns linked to microhabitat
variability (Harper, Williams & Sagar 1965, Reader & Buck 1986,
Hamrick & Lee 1987,AFow1er 1988) have been suggésted to be
caused by small scale differences in water availabilty. Since
soil is the basic source of water for p1ahts, and since soils
with different textures have different water-retention
properties (Karamos 1981), it follows that it is important to

relate field seed germination to such soil water properties.
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Seedling emergence has been shown experimentally to be linked to

the availabilty of water in soils of different particle sizes
(Keddy & Constabel 1986). Seed germination is the outcome of
water gained and water_1ost-(Mayer &.Po1jakoff—Mayber 1975).
Thus an 1mpoftant factor leading to seed germination is the
ability of seed to retain imbibed water in the face of the’
strong opposing evaporatiVe drying power of the atmosphere.
Since seed of serotinous Proteaceae species are released on to
the denuded post-fire soils, seed imbibed @ater retention would
be a major determinant of eventual germination. Studies have
investigated the ability of seed to imbibe and retain water on
artificial substrates (Harper & Benton 1966, Hegarty 1977), but
there have been no studies investigating the process‘of seed -
imbibed water retention in relation to the actual soil water
properties. I have investigated thé relationship of soil type
and seed morphology with seed-imbibed water retention in
laboratory experiments (Section 4) in order to explain the
different emergenée patterns found on the different soil types
in the reciproca1_transp1ants.(Section 2). |

The role of environmental factors in determining seed size
has been extensivé1y investigated {n surveys that correlate
habitat characteristics with seed size ( Baker 1972, Salisbury
1974, Foster 1986, Mazer 1987): Taxonomic factors have also
been shown to account for much seed size variation (Hodgson
1989, Mazer 1987). The idea that soil nutrients and moisture act
as a selective force in determining seed size was exp]ored-in

relation to the phylogenetic constraints of the two species-

10
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pairs (Section 5). Laboratory-determined root:shoot ratios and
seedling relative growth retes were determined and used to
explain how the species of two genera co-exist on each soil
type.

In the General Discussion I pull together these aspects of
seed and seedling behaviour and I highlight the value of
obtaining this autecological knowledge in order to explain

post-fire population recruitment patterns (Section 8).

1.83.2 Soil fegime and adult plants

The soi]svthat.fynbos plants grow in are; in general, nutrient-
poor (Taylor 1978). Trade-offs between the different plant
functions of vegetative growth, defenee'and reproduction are
reported to occur -  (Harper 1977, Bazzaz et al. 1987, Ronsheim
1988). Since Proteaceae have seeds with highly concentrated
nutrients (van Staden & Brown 1977, Pate et g1411985), and since
the study species occur on soil habitats with different nutrient
concentrations, it can be anticipated that there will be
differences in patterns of cone and seed accumulation according
to soil type. Selected reproductive traits were quantified and

interpreted in this light (Sectﬂon 6).

1.4 . HARVESTING IMPACTS

A wide variety of Proteaceae species are extensively harvested
for their commercially valuable cones and inflorescences. The .
impact of such harvesting on seed banke is not knewn, and is
considered important in order to predict the effect of

harvesting on post—fire‘recruitment (Cowling, Lamont & Pierce

11
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1986, Van Wilgen & Lamb 1985). I investigated this by studying
the relationship between cone numbers and canopy volume in
harvested and unharvested populations. Controlled harvesting on
previously unharvested populations was performedv in order to
ascertain the effect of such harvesting on future cone
production, and, in the two Protea spp., on seed set (Section

7).

1.5 THESIS LAYOUT

The thesis sections were originally prepafed-fbr submission to
different journals and this has resulted in each having a
slightly different formats. Whilst I have attempted to make the

thesis more Uniform, there will remain some discrepancies. The>
study site and species description given ih this introduction is
repeated in each section as is relevant to the particular
topic. Thus thefe exists a measure of repetition in this

respect. _

In order to obtain a brief overview of the thesis I suggest
the following are read: the Introduction (Section 1), abstracts
of Sections 2 to 7, and the General Discussion (Section 8). This

could be followed by a detailed reading of Sections 2 to 7.

12
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2.1 ABSTRACT
The control of the distinct, natural distributions of two

species-pairs was investigated. Protea obtusifolia and

Leucadendron meridianum occur on shallow soils overlying

1imestone, and P.susannae and L.coniferum on the adjacent, deep,
weakly acidic colluvial sands. The hypothesis that reéeneration
niche regquirements at the seed germination, and/or seedling
establishment stages determine the adult distribution patterns,
was tested. Seed recipfoca] transplants Qere performed in the
field. Seed1ing_emergence, establishment and mortality, as well
as soil temperature and moisture, were monitored over two
‘summers. Iron, aluminium, calcium and magnesium contents of one
year-old shoots were determined. Mid-summer water stress
measurements of seedlings were obtained. There was higher
seedling emergence of seed of all species on the limestone
soils, negating the idea that seed had germinatjon fequirements
epecific to their natural soil types. This higher emergence was
suggested to be related to the higher moieture contents of the

iimestone soils. Protea obtusifolia and Leucadendron meridianum

seedlings performed better on their own soil type. By the end of
the second summer they had increased seedling mortality on the
colluvial sands, and overall increased survival (taking into

account seed germination and seedling establishment) on their

own soil type. Protea susannae and Leucadendron coniferum
seedlings, on the other hand, had slightly increased seedling
mortality, and overall less survivorship on their own soil type.
Despite this, seedlings of these two species growing on the

colluvial sands were larger than their counterparts on the
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limestone soils. There were both more, and 1érger seedlings than

those of P.obtusifolia and L.meridianum on the colluvial sands.

It is predicted that under crowded seedling conditions, the .
former would outcompete the latter. These results showed that
the adult distributions could partly be explained by seedling
requirements. Niche parameters of these seedlings were not

defined, though so0il nutrients and moisture contents were

discussed.

24



Section 2

2.2 INTRODUCTION
Dominant, overstorey Proteaceae shrubs in the fire-prone fynbos
vegetation of the Agulhas Plain, South Africa are often

edaphically restricted (Cowling et al. 1988). Protea obtusifolia

Beuk ex Meisn. and Leucadendron meridianum I.Williams grow on

the shallow, alkaline soils overlying limestone, whilst

P.susannae Phill. and L.coniferum Meisn. grow on adjacent,.

deep, weakly acidic co11uvia1$ sands derived from limestone
(Thwaites & Cowling 1988). Individuals of these two species-
pairs are rarely found hixed in the field, 1ndicating strong
edaphic specificity.

What controls these distributions? 1In cultivation mature

plants grow well on a wide range of soil types. For example,

P.obtusifolia, P.suéannae and L.coniferum are successfully

cultivated on highly acid soils (Vogts 1982). This suggests tHat
the adult distribution may be determined by processes operating
in the seed and seedling stages i.e. during feéeneration. Wiens
(1976) and Grubb (1877) emphasise the importance of edaphic and
microclimatic conditions at the germination and seedling
establishment stages in determining adult plant population
patterns. In iaboratory trials Jefferies & Willis (1964) showed
that Cé1cico1e seedlings were more vigorous at higher calcium
concentratiohs, and Rorison (1967) found that calcicole species
failed to germinate and establish on acid soils. Other workers
(Gross 1980, Goldberg 1985, de Jong & Klinkhamer 1988, Collins
1990) have shown that events at seedling establishment
determiné adu1t-distribution of species occurring in a variety

of habitats.
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The soils on which these species-pairs of proéeoid shrubs
occur are different with respect to texture, pH and .nutrients
(Thwaites & Cowling 1988). Preliminary observations indicate
that the limestone soils have higher soil moiéture contents than
the adjacent colluvial sands. We suggest that these differences
would have an effect on both seed germination and seedling
establishnent. Germination regquirements are often specific
(Harper, Williams & Sagar 1965, Mayer & Poljakof-Mayber 1975). A
study of two fynbos Proteaceae showed that they had different
germinatﬁon_temberature requirements, corresponding to ‘the
eco]ogica] conditions in which they grow (Brits 1986). It is
possible that the stUdy species have germination reqdirements
corresbonding to the conditions of the soils on which they
occur. |

Edaphic differences would also affect seedling establishment.
The so]ubi]ity of heavy metals such as iron, aluminium, calcium
and magnesium decreases with increasing pH (Jéffrey 1987,
Epstein 1972), and it has been suggested that species tolerant
of alkaline soils have efficient iron absorption or utilisation
mechaniéms (Brown & Jolley 1989). Seedlings not adapted to
alkaline soils would develop nutritional deficiencies and suffer
high mortality. In addition, nitrogen occurs in different forms
according to soii pH (ammonium-N in acid , and nitrate-N in
- alkaline soils), and it has been shown that ammoniuh-N adversely
affects seedling growth of a calcicole grass species (Rorison

1985).

Investigation into the causes of distribupion of calcicole
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and calcifuge species in Britain and Europe has concentrated on
grass species and other herbaceous plants (Jefferies & Willis
1964, RoriSon 1967, Hutchinson 1968, Grubb, Green & Merrifield
1969, Gigon 13971). Our study differs from this in that it
investigates the distibution of dominant, overstorey woody
proteoid shrubs. |

In this study I tested the hypothesis that the distribution

"of these proteoid shrubs would be a result of differences in

their regeneration requirements. Field trials were used since
there is often poor correlation of laboratory germination with
field emergence (Grubb 1977, Norton 1987). I monitored soil
temperature and moisture, seedling emergence, establishment and
mortality of all species on their owh and adjacent soil types,
over two summers. In order to understand the processes
associated with differential mortality patterns; I determined
mid-summer water stress levels of the seedlings on both soil

types, and investigated for nutritional deficiencies of the

_seed]ings by analysing shoots for iron, aluminium, calcium and

magnesium,

2.3 METHODS

2.3.1 Study species and site description

The proteoid (1.5 - 3.0m high) shrubs studied here regenerate
after fire from seed stored in woody cones on the plant canopy
(serotiny). Seed re]easéd after fire germinate en mass during

the following rainy winter period.

The study was performed on post-fire soils overlying Mio-

"Pliocene limestone of the Bredasdorp Formation, and the
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juxtaposed deep, limestone-derived colluvial sands, at
Hagelkraal on the Agulhas Plain (34° 41’ s, 19°9 33’ 'E ). The
soils overlying limestone are variably shallow (up to 30cm) and
often occur in pockets in the eroded limestone bedrock. The
1imest6ne soils have higher clay and silt contents, pH, total
nitrogen, combustible carbon, and total phosphorus levels, than
.the colluvial sands. They also have higher sodium, potassium,
calcium, magnesium, 1iron and aluminium concentrations (Table
2.1).

The climate of the area is mediterranean with 69% of the

mean annual rainfall (546 mm) occuring between April and

September.

2.3.2 Seed planting

Seed was obtained from cones collected during late summer
1987 from plants of all four study species grow}ng in the study
area . Cones were'oven-dried at 40°C to promote seed release.
Seed was planted- to a depth of 2mm in reciprocal transplants
during early May 1987; five weeks after the mature vegetation
had been burnt. In each of ten plots on both the 1imestone and
adjacent colluvial sands, sixteen seed per species were planted
in rows such that seed within and between rows was about five ch
apart. These spacings were chosen to avoid seedling
interactions. Plots were randomly pos{tioned within an area of
approximately 20m x 10m on each soil type. Wire mesh enclosures
were erected to prevent seed and seedling predation by

vertebrates.
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Table 2.1. Post-fire topsoi] characteristics of 1limestone and
co]1uvia1 sands supporting different Proteofd Fynbos communities
at the study site on the Agulhas Plain. Analyses were berformed
by the Soil Science Section of the Winter Rajnfa11 Region,

Department of Agriculture and Marketing. Data are means (SE).

n=10
Soil type Limestone _ Colluvial

: sands
Dominant proteoid Protea obtusifolia - Protea susannae
shrubs Leucadendron meridianum Leucadendron coniferum
Clay (%) 4.8 (0.8) 0
Silt (%) R 7.8 (0.6) 1.0 (0)

Fine sand (%) 52.0 (3.2) | 57.8 (2.6)
Medium sand (%) 29.9 (3.4) 40.5 (2.6)
Coarse sand (%) 5.5 (0.7) 0.7 (0.2)
pH . ' 8.0 (0.03) 6.3 (0.2)
Total phospﬁorus_ -
(mg/kg). ~ 168.9 (26.7) 12.5 (4.2)
Organic carbon (%) 4.9 (0.4) | 1.3 (0.2)
Nitrogen (%) 0.21 (0f03) 0.03 (0.00)
Sodium (mg/Kg) | 36.8 (13.8) ' 4.6 (0.9)
Potaséium (mg/Kg) 46.9 (7.8) 15.6 (3.9)

' Calcium (mg/Kg) 4588.0 (668.0) ~ 476.0 (48.0)
Magnesium (mg/Kg)  228.1 (61.0) 45.1 (3.7)
Iron (mg/kg) | 1136.0 (135.0) 90.0 (16.0)
Aluminium (mg/kg) 1999.0 (121.0) 167.0 (56.0)
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2.3.3 Soil temperatures and moisture levels

An MCS 120-02 environmental data logger (MCS, Cape Town,’
South Africa) was used to monitor soil surfaée temperature_and
moisture levels in each soil type during the first winter when
germination occurred. Subsequently moisture probes were buried
between 10 and 15 cm beTow the‘soi1 surface in order to monitor
the moisture levels encountered by the grqwing seedling roots.
The MCS Nylon Soil Moisturg sensofs were calibrated to give.
water content measurements by inserting the sensors in soil
samples of the two soil types in trays in the 1aboratofy. The
soi1s were saturated and sensor readings were taken as tﬁe soi 1

dried to known water contents.

2.3.4 Seedling monitoring

Cumulative seedling emergence was duantified at two to four
weekly interva1s}unti1 November 1987. Thereafter, and until
Februafy 1989, seedling mortality and seedling heights were
honitored at one to three monthly intervals.

Ten shoots of one-year old seedlings of each species on each
soil type were cut off at ground 1eve1,vair dried at 80°C. for
three days, and weighed. Iron, calcium, magnesium and aluminium
concentrations of all shoots were determined by by atomic
absorption on a hydrochloric acid digestate of the shaot ashes.

The water status of all seedlings was quantified in February
(late summer) 1989. Pre—daWﬁ and mid-day xylem pressure
potentials were determined using a pressure chamber (PMC
Instrument Co. Oregon, USA). Mid-day leaf stomatal conductances

and transpiration rétes were determined using an LI-1600 steady

30



Section 2

state porometer (LI-COR, Inc. Nebraska, USA).

2.3.5 Statistical analyses

!

Two-way analysis of variance was performedron seedling
emergence, shoot heights and dry weights, leaf conductances and
transpiration rates, ;n order to determine the influence of soil’
type and species on these properties. Percentages were
transformed by the arcsine of the square root. For eéch species,
Students t-tests were used to determine the effect of soil type
on shoot metal concentrations. Because samb1e sizes were small,
non-parametric two-way analysis of variance (Zar 1984) was
pe;formed on summer-stressed seedlings in order to gauée the
effect of soil type and species on pre-dawn (n=4) and mid-day
(n=8) watef potentia1s.l Statgraphics software (Statgraphics

1987, Inc, USA) was used.

2.4 RESULTS

2.4.1 Seedling emergence

Seedlings bégan_to emerge aboqt forty days after planting in
May. Most emergence occurred between mid-June and the end of
July, with a few additional seedlings appearing until the end of
August. There was significantly higher emergence on the
limestone soils than on the colluvial sands, with each species
having about 20% more seedlings emerging per plot than on the
colluvial sand (Table 2.2). The significant species effect is
\moét likely due to the greater emergence of Protea susannae

seedlings on both soil types. The mean weekly soil surface
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Table 2.2. Relationship between soil type and seedling emergence

in reciprocal transplants of seeds of Protea susannae,

P.obtusifolia, Leucadendron coniferum and L.meridianum. Seed of

all species were planted during May, five weeks after fire, in
wire-protected enclosures in two soil types: colluvial sands, and
1imestone (16 seed per species per enclosure ; 10 enclosures per
soil type). After six months, total numbers of emérged seedlings
in each enclosure were expressed as a pekCent of seed planted.

Data are mean percentages (SE). Q=1O'enc1osures.

Protea Protea ' Leucadendron Leucadendron
susannae obtusifolia coniferum meridianum
Colluvial 59.4 (8.3) 48.8 (7.4) 46.3 (10.3) 45.6 (10.6)
sands
Limestone 79.4 (4.3) 73.8 (3.1) 66.9 (1.6) 68.1 (5.4)

Two-way analysis of variance on effects of soil type and species
on seedling emergence. Plots were nested within soil type.

Percentages were transformed ( arcsine of the square root ).

Source of variatfon dF ‘ E P
Soil type _ 1 34.4 <0.001
Species 3 4.1 <0.05
Interaction _

soil x species 3 0.1 NS

- — - ———— ———— i ——— i —— — =" G S W AL S T N D M e G SRS GED SN D SNV S S M GE GEN MG NS TP TR G L G G e een G S GRS A S W W e ——

NS=Not significant:
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moisture content throughout the emergence period was 2% (g
water/100g dry soil) on the colluvial sands, and between 13.5
and 16% on limestone (Figure 2.1a). During this same time, the
mean weekly minimum daily temperatures were similar on both soil
types, with a ranée of 7.3 to 9.9°9C (Figure 2.1b). Daily maximum
temperatures on the colluvials sands (18.9 to 21.0°C) were‘one
" to two degrees higher than limestone soils (17.2 to 19.1°C)

during this period.

2.4.2 Seedling growth and mortality

Seedlings of all species were initially taller on limestone
than on the colluvial sands, but this trend altered with time
(Figure 2.2). Two-way analysis of variance showed that in June
'1988 the mean combined seedling heights of all one year-old
seed11ngs érowing on the limestone soils were significantly
higher ( P<0.001 ) than on the colluvial sands. Five months
‘later (November 1988) the. mean seedling height of seventeen
month-old seedlings on the colluvial sands was higher (P<0.05)
“than that oﬁ limestone. The soil x species interaction at this
latter time was also significant (P<0.001). Seedlings of both

Protea susannae and Leucadendron coniferum were taller on their

own soil type than on the limestone. By January 1989 this

difference had increased. In November 1988 P. obtusifolia and

L.meridianum were also taller .on their own limestone soils than
on the colluvial sands. By January 1989 there were no surviving

L.meridianum seedlings on the colluvial sands and the few

remaining P.obtusifblia plants on this soil were similar in

height to their codnterparts on the limestone soils.
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Dry shoot»mass, a better indicator of plant performance,
a1so'showed é significant soil x species interaction in two-way
analysis of variance of 17 month-old seedlings, with each
species having greater shoot mass on its own soil type (Table
2.3). There was no ovéra11 effect of soil type on seedling
weight.

For all four species there were more seedling deaths on the
colluvial sands than on the limestone by the end of the
establishment period (November 1987) (Figure 2.3). Until the end
of the following summer (March 1988), approximately equal

numbers (ranging from 9 to 13) of seedlings of Protea susannae

and Leucadendron coniferum died on both soil types. In contrast,

28 seedlings of P.obtusifolia seedlings and 41 of L.meridianum

d{ed on the colluvial sands, giving a mortality 4.7 and 7.0
times higher, respect{ve1y, than that on the Tlimestone. Very
1ittle rain fell during the following summer fNovember 1988 -
7mm; December 1988 - 26mm; January 1989 - 5mm; February 1989 -
9mm), and this trend of increased mortality on the colluvial
sands continued in the two last mentioned species. This dry

summer also resulted in ‘a trebling of seedling deaths of

P.susannae (from 11 to 35) and L.coniferum (12 to 38) on their

own soil types, whereas total number of deaths on the

~transplanted limestone soils rose only 1.7 fold in P.susannae

and remained unchanged in L.coniferum. By the end of the trial,

P.obtusifolia and L.meridianum each had four to five times

increased mortality on the transplanted colluvial sands. In

contrast, P.susannae and L.coniferum showed no increased

mortality on the limestone soil, and, in fact, had slightly
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Table 2.3. Dry shoot mass (g) of sevenﬁeen month-old seedlings of

Protea susannae, P.obtusifolia, Leucadendron coniferum and

L.meridianum 1in reciprocal transplants on two soil types:

colluvial sands and limestone. Data are means (SE). n=10.

Protea Protea Leucadendron Leucadendron
~susannae obtusifolia coniferum meridianum

Colluvial 0.55 (0.09) . 0.23 (0.05) 0.39 (0.06) 0.19 (0.02)
sands :

Limestone 0.32 (0.02) 0.35 (0.03) 0.20 (0.02) 0.27 (0.05)

Two-way analysis of variance on effects of soil type and species

on dry shoot mass of one year old seedlings.

Source of variation dF E P
Soil type 1 2,87: NS
Species 3 6.50 <0.001
Interaction

soil x species 3 7.03 <0.001

NS=Not significant
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higher mortality (1.3 and 2.2 times respectively) on their own
soil typee

Overall survival (the number of seedlings survaing as a
percentage of planted seed) at the end ef the experiment in

February 1989 showed that Protea obtusifolia had 7.4 times

higher survjva1 on its own soil type, and Leucadendron
meridianum did not survive at all on the colluvial sands (Table
2.4). On the other hand, on their own soil type, survival of

P.susannae was half, and L.coniferum one third that of their

survival on limestone. However, survival of P.susannae (30.0%)

and L.coniferum (17.3%) was higher than P.obtusifolia (8.5%) and

L.meridianum (0%) on the colluvial sands. Survival of all

species on the limestone soils was similar, ranging between 53.3
and 64.0%. | | |

Between December 1988 and February 1989 the soil moisture
contents of the colluvial sands (15 cm depth) ranged from <1 to
2% (Figure 2.4). Moisture contents of the limestone soils (10 cm
depth) ranged from 3 to 12%, at all times higher than the
colluvial sands. During the hottest months January and February,
~the mean (SE) maximum daily air temperatures were 30.2 (0.5) and
29.3 (0.5)°C respectively. The mean maximum (SE) daily soil
surface temperature on the colluvial sands in January was 48.6
(0.8), and in February 43.9 (1.5)°C. Cemperab1e readings on the
1imestone soils were 48.5 (0.7) and 43.5 (1.2)°cC.

Shoot analyses showed that there was no qifference-iﬁ iron
and aluminium concehtrations in seedlings grown on either soil

“type (Table 2.5). On .the limestone soils calcium concentrations
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Table 2.4. Sqrviva1 of Protea susannae, P.obtusifolia, -

Leucadendron coniferum and L.meridianum twenty months after

planting in reciprocal transplants on two soil types: colluvial
sands, and limestone. Data are seedlings surviving in February

1989, expressed as a pefcentage of seed planted in May 1987.

Protea Protea Leucadendron Leucadendron
susannae " obtusifolia coniferum meridianum
Colluvial - 30.0 8.6 17.3 0
sands '
Limestone 61.3 64.0 53.3 57.3

- —— — A - ———————— T = ————— . T —————— A T e — ——— e W e ——— S — - - o me o e —

were significantly higher in seedlings of all four species than

when growing on the colluvial sands. Protea susannae and

Leucadendron coniferum seedlings had significantly higher

concentrations of magnesium on the limestone.

There was no significant difference in water potentials of
seedlings measured in late summer (February 1989) on the two
soil types at either pre-dawn or mid-day (Table 2.6). There
were, however, significant diffefences between species, Wwith
Leucadendron coniferum éeed1ings having higher (1éss stressed)
pre-dawn and midday water potentials than the other two épecies.

P.obtusifolia seedlings had the lowest water pétentia1s at mid-

" day. All species showed a drop in water potential at mid-day, on
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Section 2

Table 2.5. Iron, calcium, magnesium amd aluminium concentrations (mg/g dry

weight) of one year-old shoots of Protea susannae, P.obtuéifo]iaL Leucadendron
coniferum and L.meridianum in reciprocal transplants on two soil types: colluvial
sands and limestone. Data are means (SE). n=10. The effect of soil type on metal

concentrations was determined by Student’s t-tests.

~ Protea Protea Leucadendron Leucadendron
susannae obtusifolia coniferum meridianum
Iron Cs 0.09 (0.02) 0.26 (0.10) 0.17 (0.02) 0.19 (0.03)
Li 0.10 (0.02) 0.07 (0.02) 0.16 (0.02 0.16 (0.02)
P NS NS NS NS
Calcium Cs 10.09 (0.97) 7.00 (0.54) 11.49 (0.95) 19.42 (0.70)
: Li  15.82 (0.97) 16.34 (1.68) 34.27 (2.20) 25.84 (3.095)
P <0.001 <0.001 <0.001 <0.001 -
Magnesium Cs 1.31 (0.13) 1.53 (0.13) 3.46 (0.32) 3.83 (0.25)
L1 1.89 (0.14) 1.50 (0.13) 4.64 (0.20) 4.44 (0.33)
P <0.01 NS <0.01 NS
Aluminium Cs 0.25 (0.09) 0.51 (0.26) 0.82 (0.36) 0.58 (0.16)
L1 0.57 (0.20) 0.33 (0.12) 0.60 (0.14) 0.70 (0.20)
P NS NS NS NS

NS=Not significant, Cs=Colluvial sands, Li=Limestone

42



Section 2

both soil types, except for P.susannae on the colluvial sands.
There were no significant differences in leaf conductances or
transpiration rates for seedlings of all three species on the

two soil types (Table 2.7).

2.5 DISCUSSION

2.5.1 Seed germination and seedling emergence

There was no support for the hypothesis that each species would
have germination requirements 1ead1ng‘to preferential
gérmination and seedling emergence on its own soil type: all
four species had higher emergence on the 1imestone sqi1s. This
was probably due to the higher s0i1 moisture contents of this
soil type throughout the emergence period - water availability
being the major determinant for germination (Mayer & Poljakoff-
Mayber 1975). The high moisture contents of these limestone
soils would be a consequence of their higher clay, silt and
organic matter components. In additioh, the limestone rock is
porous, retaining up to twenty percent of its weightlin water
(unpublished ‘data), thus acting as a water reservoir. Keddy &
Constabel (1986) also found increased germination in the more
moiét, finely grained soils along a shoreline gradient,
concluding that differential germination réquiremenps were not
the cause of vegetation zonation.

| Laboratory trials have shown that low temperature (10°¢)
Stimu1ates'germination of these sbecies (Section 3). Since both
soil types had similar low minimum temperature ranges of between

7.7 and 9.5°C, the poséibi]ity that a specific low temperature
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Table 2.6. Ré]ationship between soil type and summer seedling

water potentials in reciprocal transp]ants of Protea susannae,

P.obtusifolia and Leucadendron coniferum (no surviving

L.meridianum seedlings on the colluvial sands at this time).

Seed of all species were planted in winter 1987 on two soil
types: colluvial sands, and limestone. Pre-dawn (n =4) and mid-
day (n=8) water potentials (MPa) were measured in February 19889,

Data are means (SE).

Colluvial sands Limestone soils
Pre-dawn Mid-day | Pre-dawn Mid-day
Protea -2.83 (1.04) -2.84 (0.21) -2.45 (0.43) -3.79 (0.43)
susannae .
Protea -2.78 (0.17) -4.18 (0.50) -3.13 (0.27) -4.01 (0.14)
obtusifolia _ : v
Leucadendron -1.42 (0.17) =-2.38 (0.17) -1.13 (0.31) -2.33 (0.26)
coniferum : v
Non-parametric two-way analysis of variance on effects of soil
type and species on summer stressed seedling water potentials.
Pre-dawn Mid-day

Source of variation dF H P H P
Soil type R ~ 0.03 NS 1.2 NS
Species _ 2 ' 10.8 <0.001 21.9 <0.001
Interaction _
so0il x species 2 0.6 NS 1.6 NS

G - —— T " e A e . - —— o ——— D — —— ————— o ————— ——

NS=Not significant
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Table 2.7. tLeaf conductances and transpiration rates of 19 month

old seedlings of Protea susannae, P.obtusifolia and Leucadendron

coniferum in reciprocal transplants on two soil types: colluvial
sands and 1limestone. Measurements were taken at midday during
late summer (February 1989). Data are means (SE). n=10, except

where otherwise indicated.

——— . —  ————— ——— —— ———— o t— ———— ——— ——_———— i ———_—— — — i~ — — . ———— ——— > ——— —— T~ — .

Protea Protea Leucadendron
susannae obtusifolia coniferum

a) Conductance (mm/s)

Colluvial 7.28 (1.63) 6.61 (1.21) 12.19 (2.71)

sands
Limestone 8.08 (1.30) 8.09 (1.43) 9.10 (0.52)
soils (n = 4)

b) Transpiration (mmol/mZs)

Colluvial 0.63 (0.11) 0.58 (0.09) - 0.91 (0.16)
sands

Limestone 0.83 (0.12) 0.83 (0.12) - 0.95 (0.07)
' : (n = 4)

Two-way analysis of variance on effects of soil type and species

on leaf conductances and transpiration rates of seedlings.

Conductance Transpiration
’Source of variation dF E P dF E
Soil type 1 0.02 NS 1 3.04 NS
- Species 2 2.58 NS 2 2.1 NS
Interaction 2 0.71 NS 2 Q.26 NS

soil x species

——— . — . —— —— —— - ——— - ——— — ————  —— . — g i T S S —— G- —— ——— —— T —— T —————

NS=Not significant
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encountered on the limestone soils led to increased germination

is eliminated.

2.5.2 Seedling performance and survival

A second hypothesis, that seedling performance and survival
of specieé would be better on its own than on a transplanted
>sbi1 type, 1is partially upheld. The 17 month-o1d seedlings of

éach species were both taller, and had greater dry shoot weights
on their own soils than seedlings of the same species on the
transplanted soil type. Laboratory pot-experiments showed that
'bné year-old Proteaceae calcifuge seedlings had lower weights
when grown in limestone soils than when grown in acid sands
"(Newton, Cowling & Lewis, in press). Calcicole Proteaceae
seedlings, however, showed no weight differences when grown on
either soil type.

The hypothesis is further upheld f§r the limestone endemics,

Protea obtusifolia and Leucadendron meridianum, which had

increased seedling mortality on the colluvial sands and overall
. increased survival (taking into account both seed germination
and seedling estab1ishment) on their own soil type.

L.meridianum suffered total mortality on the transplanted sands,

and only 8.6% of P.obtusifolia seeds planted on the colluvial

sands survived to the seedling stage after two summers.

Protea susannae and Leucadendron coniferum, on the other

hand, had slightly increased seedling mortality on their own
soil type and, overall, less survivorship by the end of the
tfia1. The performance of these species was not consistent

" with the prediction of better seedling survivorship on their
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own s0il type. Yet, more of these seedlings survived on the
colluvial sands, and they were larger (taller and greater p]ant

biomass) than those of P.obtusifolia and L.meridianum

(eliminated after the second summer). They were a1sov1arger on
the colluvial sands than when they grew oh the limestone. 1In
these trials there were no observed competitive effects between
seedlings. Nearest neighbour ana1y$es of seedling heights
regressed against nearest neighbour heights, were either weakly

negative or positive, ranging from -0.02 to 0.82 (unpublished

data). . With crowded seedlings, as normally occurs after fire,

it is expected that P,susannae and L.coniferum would be the sole
éurvivors on the colluvial sands. '

A1l seedlings growing on the limestone soils had enhanced
'surviva1 - possibly due to the higher moisture levels during the

summer growing season. However, since P.susannae and L.coniferum

have slightly smaller seedlings than P.obtusifolia and

L.meridianum respectively, and since there were indications of

ch1qrosis (many P.susannae seedlings on the limestone soils
became yellowed during the last year of the trial (pers.
observatjon), it could well be that the_formér pair are
eventually outcompeted by the latter in later stages of éeed]ihg
deve1opment. small differences in re1ative growth raté may
translate into a major competitive effect (Givnish 1986).
Reciprocal transp1ants of alpine calcicole and calcifuge grass
species by Gigon (1971) on ca1¢éreous and acid soils showed less
vigorous, chlorotic growth of ﬁhe calcifuge grass on the former
soil than on the latter. However, Gigon’s results differed from

this study in that the calcicole grass grew equally well on both
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soils, and it was suggested that the more vigorous calcifuge

species would u1timate1y outcompete the former on acid soils.

‘Even without competitive effects, Protea obtusifolia and

Leucadendron meridianum had very 1low, or no, survival on the

colluvial sands. This difference between the two studies could
be explained by different moisture regimes on the alpine and
Agulhas so1"|sT The alpine calcareous sof1 are more xeric than
the acid soils, contrary to the Agulhas limestone soil having

highér moisture contents than the colluvial sands.

2.5.3 Causes of differential seedling performance

Laboratory trials of seedlings grown in acid-washed sand show

that the root weights and lengths of Protea obtusifolia and

Leucadendron meridianum are less than those of P.susannae and

L.coniferum respectively (see Table 5.4). If extrapolated to a

fie]d situation this could result in the former two species
being unable to obtain sufficientAmoisture from the drier
colluvial sands during the summer months, explaining their high
mortality on ﬁhis soil type. Since the pre-dawn and mid-day
water poténtia1s, as well as stomatal conductances and
transpiration rates, of the summér stressed seedlings of

P.obtusifolia were the same on both soil types, it would appear

that water stress was not the major factor causing mortality of

this species on the colluvial sands. There were no surviving

L.meridianum seedlings to sampie. Since no measurements had at
any time during the trial been taken on any of the seedlings
that had syccumbed, and the few survivors would have been the

successful ones anyway, this idea cannot be totally discounted.
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Soil surface temperatures during summer were similar on the two
soil types, discounting differential heat-induced mortality.
Improved seedling growth of the study species on their own
soil types could be due to nutritional adaptations. 1In
laboratory experiments calcicole seedlings were most vigorous at
high calcium levels, whereas calcifuge species grew well only at
Jow concentrations (Jefferies & Willis 1864). Iron;induced
chlorosis at alkaline pH levels is well known, and it is
suggested that calcicoles have efficient iron absorption or
utilisation mechanisms (Jeffrey 1987). This t;ia1 showed no
djfferences in iron concentrations of the seedling shoots'of

the four study species on the two environments. However, the.

slightly higher magnesium levels of shoots of Protea susannae

and Leucadendron coniferum on the limestone soils, relative to

their own soil types, could reflect some metabolic difference.

The yellowing of leaves of P.susannae indicate calcium-induced

chlorosis. High bicarbonate concentrations in moist calcareous
soils haQe been shown to interfere with rodt iron metabé]ism,
resulting in decreased chlorophyll synthesis (Hutchison 1968).
In génera], thevrangé of calcium and magnesium levels of these
seedling shoots fell within the range of values reported by

walters (1980) for leaves of mature plants of 116 Proteaceae

species, where no correlation between soil type and plant

contents of these two cations was found.
Further investigation is needed to provide answers explaining
these differential seed]ing performances on the two soil types.

An extreme view suggests that seedlings are unlikely to have
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adaptatibns other than phenotypic variability enabling a few
seedlings to survive the many factors causing mortality (Fenner

1987). However, the seedlings of the species in this study do
appear to have adaptationsb(as evidenced by differential

seed11ng>growth and mortality) to their own soil types.

2.5.4 Conclusions

I have found that the distinct distributions of the two
specieé pairs in this study can partly be explained by
regeneration niche requirements. whilst seed of all species had
‘no germination niche specific to their own soil types, Protea

obtusifolia and Leucadendron meridianum seedlings were either

unable, or.poorTy able to survive off their own soil type. On

the other hand, seedlings of P.susannae and L.coniferum, whi1st
being taller and having greater'biomass on their own soil type
than on the transplanted one, had better survival on the
limestone soils than on their own soil type. Since their

seedlings on the limestone soils were smaller than those of

P.obtusifolia and L.meridianum, it is predicted that they would

eventually be outcompeted by the latter.
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3.1 ABSTRACT

Seeds of Protea susannae, P.obtusifo]ia, Leucadendron coniferum

and L.meridianum were tested for their ability to germinate at

different temperatures in the laboratory. Current year seed of
all species had more than 90% germination at 10/20°C and

10/10°. At 15/30°C germination was negligible (1-3%) in all

species except Leucadendron coniferum where it was 44%. This

could enable L.coniferum to germinate in response to warm

season rains after spring burns. In all species canopy-stored
seed of 1increasing age had similarly high germination levels
(>89%) . Germination rates of older seeds were slower, however,
than those of younger seeds, lagging between 2.5 to 6 days
behind. This is interpreted as a bet-hedging strategy in

responée to dry spells after seed release.
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3.2 INTRODUCTION

Seedling emergence in fynbos 1is largely confined to the first
winter after fire. Laboratory studies on the germination
requiréments of Proteaceae seeds have included the effect of
inhibitors, promotors, oxygen, hormones and scarification
treatments (van Staden 1966, Brown and van Staden 1971, 1973,
1975, van Staden and Brown 1977, Brown and Dix 1985). The above
studies were not carried out in an ecological context (e.g. as
part of a syndrome of myrmecochory or serotiny) in that the
results did not aim to describe processes which explain
behaviour in the field.

Recently, laboratory trials have shown a close relationship
beﬁween the oxygen ahd temperature Fequirements of the nut-like
seeds of myrmecochorous Proteaceae, and their environments
(Brits 1986a & b, Brits 1987). Brits (1986 b) showed that the

daily temperature fluctuations required for gernmination of seeds

of the myrmecochorous species Leucospermum cordifolium

( 99¢/24°C ) and Serruria florida (7°¢/20°C ) closely resembled

the post-fire soil temperatures in their respective habitats.
The importance of 1low temperatures for thevsuccessfu1
germination of seeds of serotinous species has been suggested by
Bond (1984). Corroborative evidence shows that in the field
germination ocdurs in the cold winter months (Bond 1984, Midgley
1989). Deall and Brown (1981) found that low temperature (5°¢)
incubation significantly improved the germination of Protea
magnifica seeds, and Brown and van Staden (1971) f&tnd that in

three out of five Proteaceae species, higher levels of

58



Section 3

germination occurred at 15/20°C than at 20/30°C.

Since much ecological importance 1is attached tb the
serotinous habit (Lamont et al. 1991), it is important to know
the deve1s of viability of djfferent ages of canopy-stored
seeds.'Bond (1985)_and de]ing et al. (1986) found varying
patterﬁs of viability with increasing age of canopy-stored seed
for South African and Australian Proteaceae respectively. Le
Maitre (1990) found that although germination success of canopy-
stored seed did not decline with age, germination rates did.

In this stUdy I performed laboratory tests to investigate

germination characteristics of four Agulhas Plain Proteaceae:

Protea susannae Phill., P.obtusifolia Beuk ex Meisn.,

Leucadendron coniferum (L.) Meisn. and L.meridianum I.Williams.

I tested whe£her low temperatures alone, or daily fluctuating
temperatures, are necessary for germination by incubating seed
at 10/20°c, 10/10°C and 15/30°C. I also investigated the
viability and germination rates of different ages of caﬁopy—

stored seed. The results are interpreted ecologically.

3.3 MATERIALS AND METHODS

3.3.1 Study species

The §tudy species 'are. all ndn—sprouting, serotinous proteoid
shrubs. Their achené-type fruits are commonly referred to as
"seed”. The species occur as dominants in Proteoid Fynbos of the
coastal lowlands of the Agulhas Plain (Cowling et al. 1988).

Protea obtusifolia and Leucadendron meridianum co-occur on the

soils overlying limestone, and P.susannae and L.coniferum co-

occur on the adjacent colluvial sands. Seed used in this study
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was collected from 30 plants per species in 18 year o1d

populations growing in the Heuningrug area, south of Bredasdorp

(34° 35/ s, 19° 55/ E).

3.3.2 Methods

seed of different ages was obtained from cones collected during

March 1987. Cones aged 0-1 (current), 2,3,4 years and older for

Protea spp., and 0-1, 2,3,4 and 5 years and older for

Leucadendron spp., were oven dried at 40°C for 48 hours to

promote seed release. THe apparently viable (plump and heavy), -
aborted and predated seed were sorted by hand. In order to
assess germination at different temperature regimes, one hundred
apparently viable purrent seeds (10 seeds in ten petri-dishes)
were incubated on fiIter paper with 3 ml water containing 0.075%
Berilate (fungicide), simulating optimum moisture conditions.
Moisture levels were maintained by the addition of water. The
use of fungicide is recommended by Benic & Knokx-Davies f1983).
Petri-dishes were placed in'contro11ed environment growth
cabinets under the following alternating temperature regimes:
10/20°Cc, 10/10°C and 15/30°C, all under alternating dark/light
for 14/10 hours. Germination of different aged seed was
determined at 10/20°C. Germination was taken as the émergence of
the radicle. In order to investigate the relationship between
germination rate and seed age, the number of germinated . seeds
was noted at intervals of about four days; After 40 days
ungerminated seeds were cut open to establish the presence of an
ehbryo. Germination success was calculated as the ézta1 number

of seeds germinated as a percentage of apparént1y viable seeds
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that had full embryos.

3.3.3 Statistical analyses

One-way analyis of variance was performed on the arcsine of the
square root transformations (Zar 1984) of the percent
germination data. Two-way analysis of variance was used to
determine the effect of ihcreasing age of canopy stored seed of
each Of the four species, on the time taken to germinate.
'Statgraphics software. (Statistical Graphics Corporation) ‘was
used for these analyses. The Kolmogorov-Smirnoff two-sample test
(Siegel 1956) was used to determine differences in the
cumulative germination distributions over time, of seed of

increasing age.

3.4 RESULTS

Cdrrent seéd of all four species had equally high (>90%)
germination. success at both the 10/20°Cvand 10/106C temperature
regimes (Table 3.1). At the higher temperatures of 15/30°C,
germination was negligible in all species except for

Leucadendron coniferum when 44.4% of the seed germinated.

Within each species, canopy-stored seed of all age categories

also had equally high (>90%) germination, with the exception of

four year-old seed of Protea obtusifolia which had significantly
lower germination (89%) than the younger age categories (Table
3.2). Despite these similarities in finail gefmination
percentages, there were differences between age categories in
cumulative germination distributions over time, with older seed
generally 1a§ging behind younger seed by 2.5 to 6 days. Currént

seed germination of P.susannae had a significantly different
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Table 3.1. Percent germination of the current year'’'s seed of

Protea susannae, P.obtusifolia, Leucadendron coniferum and

L.meridianum at different temperature regimes. One hundred seed

of each species were incubated on moistened filter paper in petri
dishes (10 seed per dish) in controlled environment growth
chambers at the following alternating temperatures at a 14 hr
dark/10 hr light regime: 10/2600, 10/10°C and 15/30°C. Data are
mean (SE) percent seed germinating per petri dish. Significant
differences between species at each temperature regime were
determined by one-way analysis of variance. Data were
‘transfofmed to the arcsiﬁe of the square root. Different-
letters (a,b,é,d) indicate significant differencés according to

Tukéys multiple range test. n = 10 petridishes.

10/20°¢ 10/10°¢ 15/3o°c
P.susannae 93.9 (3.1) 95.0 (3.1)2ab 1.0 (1.0)2
P.obtusifolia 99.0 (1.0)  98.0 (1.3)3 3.0 (1.5)2
L.coniferum 96.0 (1.6) 99.0 (1.0)P  44.4 (5.0)P
L.meridianum 92.6 (2.6) 90.6 (2.8)2 2.0 (1.3)2
| NS | x KX

——— . —— i ————— ———— — —— - ———— ————————— " ——— - —— — T —————————————————————————

NS = not significant
x = P<0.05
XKk = R<0.001
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Table 3.2. Percent germination of canopy-stored seed of

increasing age of Protea susannae, P.obtusifolia, Leucadendron

coniferum and L.meridianum. One hundred seed of each species were

" incubated on moistened filter paper in petri dishes (10 seed per
dish) in controlled environment growth chahbers at a 10/20°C:14
hr dark/10hr 1ight, regime. Data are mean (SE) bercent seeds
germinating per petri dish. For each species signfficant
differences beﬁween years were determined by one-way analysis of
variance. Data were transformed to the arcsine of the square
root. Different letters (a,b) indicate significant differences

according to Tukey’s multiple range test. n = 10 petridishes.

Time stored ' P.susannaev P.obtusifolia L.coniferum L.meridianum

on plant

(years)

________________________________________________ i e e i e o ———— —

0 -1 7 93.9 (3.1)° 99.0 (1.0)a 96.0 (1.6) 92.8 (2.6)
2 - 97.0 (1.5) 99.0 (1.0)2 98.0 (1.3) 95.0 (2.2)
3 99.0 (1.0) 99.0 (1.0)a 93.9 (2.2) 91.3 (4.1)
4 | 97.0 (1.5) 89.0 (2.8)b 96.0 (1.6)  94.4 (2.4)
>4 - , - 96.0 (2.2) 95.9 (1.7)

NS %Kk NS NS

—— T —————— — T —— ————— A AR PWm M e ——— ————— — ——— - Y T —— ——— —_—————— — ———— —— T —

not significant
P<0.001

NS
xKK
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distribution in time from its four year old seed (Table 3.3).

Germination rates of current seed of P.obtusifolia differed

significantly from those of older seed categories, and

Leucadendron coniferum current seed differed from its three,

four and five year old seed. There were also different
distributions between two year, and both four and five year old
seed, as well as between four and five year old seed in

L.meridianum. In all these instances, seed within older age

vcategories took longer to germinate than the younger seed. This
is reflected in the time taken for fifty percent of seeds to
germinate (Table 3.4). Theré were highly significant differences
between age categories of the combined species, with the three
and four year o0ld seed taking 1oﬁger than the younger current

and two year old seed. Both Leucadendron spp. had significantly

faster germination times than the Protea spp. The interaction

between age classes and species was also highly significant.

3.5 DISCUSSION

Unlike the daily fluctuating temperatures needed for the
germination of two myrmecochorous Proteaceae (Brits 1986a), alil
. four species in this study had eqqally high germination at a
constant level of 10°C, as when incubated at temperatures
fluctuating between 10 and 20°C. This fits the suggestion that,
as a drought-avoiding mechanism, only low temperature is
required for serotinous Proteaceae to germinate (Bond 1984).
Since seeds of sero;inous'species‘are not stored in the soil,

there is no selection for the recognition of a specific post-
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.

Table 3.3. Differences in cumulative germination distributions

over time of canopy—stoked seed of different ages of Protea

susannae, P.obtusifolia, Leucadendron coniferum and'L.meridianum.
One hundred seed of each species were incubated on moistened
filter paper jn petri dishes (10 seed per dish) in controlled
environment growth chambers at a 10/209C:14 hr dark/10hr 1light,
regime. n = 10 petridishes. The Ko]mogorov-Sm{rnoff test was used
to test for differences between distributions. Only significant

relationships are given.

Protea Protea Leucadendron Leucadendron
susannae obtusifolia coniferum meridianum

Yr 1: yr 4 *xx  Yr 1: yr 2 *Xx Yr 1: yr 3 Xxx Yr 2: yr 3 Xxx
: Yr 1: yr 3 %xXx Yr 1: yr 4 *xxx Yr 2: yr 5 Xxx
Yr 1: yr 4 xxx Yr 1: yr 5 *xx Yr 4: yr 5§ *xx

- —— ——————————— - ———— —— T~ ———————————— " — o ————— - - ————— ————— o

*xxXx = P<0.001
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Table 3.4. Germination rates of increasing ages of canopy-stored
seed of Protea susannae, P.obtusifolia, Leucadendron coniferum
and L.meridianum. Data are times (days) (SE) taken for fifty
percent of a test sample to germinate. One hundred seed of each
species were incubated on moistened filter paper in petri dishes
(10 seed per dish) in controlled environment growth chambers at
a 10/20°C:14 hr dark/10hr 1light, regime. n = 10 petri dishes.
The effect of seed age and species on germinaton rates was
determined by two-way analysis of variance. Different Jletters
(a,b,c) indicate significant differences between increasing ages
of canopy-stored seed for combined species, and between species
for combined years, according to Tukey’s multiple range test.

Time stored Protea Protea Leucadendron Leucadendron

on plant susannae P obtusifolia © coniferum? meridianum 2
(years) '
o - 12 20.9 (0.5) 25,1 (0.2) 16.9 (0.4) 18.1 (0.5)
2 @ 20.1 (0.4) 29.3 (0.7) 16.9 (0.3)  16.8 (0.5)
3 b 20.9 (0.6) 30.3 (0.5) 19.5 (0.5) 19.4 (0.5)
a b 23.5 (0.3) 31.1 (0.7) 18.7 (0.3) 16.3 (0.3)
>4 - - 19.9 (0.4) 19.2 (0.4)
Two-way analysis of variance on the effects of age (0 - 4 years)

of canopy-stored seed, and species, on the time taken for fifty
percent of seed to germinate.

Source of variation dF - E P

Age of canopy.
stored seed 3 : 24.2 <0.001

Species 3 504.3 <0.001

Age of canopy stored
seed X species 9 11.8 <0.001

f'ad
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3

fire signal (fluctuating temperatures) as is the éase for
myrmocochoron species (Brits 1986a). In d separaté'study
(Section 2, Figure 2.1b ), field monitoring of the post-fire.
environments in which seed of these study ' species were
planted, showed that seedling emergence occurred within é period
when soil surface daily minimum temperatures ranged between 7
and 10°cC (June to August), suggesting good agreement between

laboratory and field germination trials.

Almost half the seeds of Leucadendron coniferum had less
strict dormancy breaking requirements and germinated at a higher
temperature regime (15/30°C). If it is assumed that it is the
‘minimum (15°C) temperatures that are contro]jing germination,
then it can be predicted that this species will be able to
germinate in the field over longer periods than the other
species in this study, providing sufficient moisture 1is
available. Minimum soil temperatures are rarely greater than
150C throughout the wHo1e Year, though max i mum temperatures are
often greater than 30°C from late spring to early autumn
(unpublished data). I predict that this species would be‘better
able to survive after spring burns than the others, since some
gefmination and seed1ihg establishment could occur during the
relatively wet spring months. Seeds would thus not be exposed
to bdth heat (Cowling et al 1986) and prédation (Bond 1984) over
the summer months. The existence of pure popu1atfons of this
species in certain areas of the Agu1has-P1ain, when co-existence
with Protea susannae is more common, could be explained by a
history of spring burning. It would be necessary to monitor

seedling emergence after a spring burn to confirm this.
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It can be problematic to extrapolate the significance of
laboratory fﬁndings to germination behaviour in the field.
However, of interest was thét not only were there differences in
gefmination requirements between species, but there were also
differences fn germination behaviour within species. The latter
was evident in the seed age-specific germination rates, with
o1deé seeds generally taking betweenv2.5 to 6 days 1longer to
germinate. This time lag would enable the older seéds in the
seed bank to remain in the early passive imbibition stages,
prior to the later drought sensitive growth stages (Hillel
1972). These "slower"” seeds would be immune to subsgquent
desiccation. Variable seed germination (seed‘po1ymorphisms, or
heterocarpy) has- been described as a bet-hedging sﬁrategy in
variable and unpredictable environments (Cohen 1968, Harper
1977). The need for bet-hedging in arid areas with sporadic rain
is easily understood, and is well documented for many species
(Mayer and Poljakoff-Mayber,1975). There might appear to be
little .need of a bet-hedging straﬁegy for Proteaceae species
growing in areas with reliable winter rainfall. However, fynbos
Proteaceae that are killed by fire are vulnerable to germination
setbacks since they rely totally on their seed for re-
establishment of pést—?ire populations. Since seed lie on, or
near to, the soil surface, any temperature, wind or drainage'
induced micro-habitat changes in moisture would have important
consequences for the imbibing seed. A spread of germination in
time, acting as a bet-hedge against this would optimise

germination. Zammit and Westoby (1987) found that seeds of the
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obligate reseeder Banksia ericifolia germinated over twice the

time than that taken by the resprouter B.oblongifolia, and

suggest that this is a risk-spreading mechanism to reduce
subsequent seedling mortality in areas where rainfall is
unpredictable. Since it is the older seed of these proteoid
species that has the longer germination times, I propose that_

_the strategy_df seed retention of these older seed on the canopy
in Proteaceae is a strategy to maximise post-fire germination in
" drier, more variable environments where 1itt19 or no inter-fire
recruitment occurs. Both Bohd (1985) and Cowling and Lamont
(1985) have observed a higher degree of serotiny in xeric than
in mesic areas for fyhbos and south-western Australian

Proteaceae respectively.
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SEEDS, SOIL AND WATER: WHERE IT ALL BEGINS

4.1 ABSTRACT
Factors responsible for the seedling emergence patterns of

Protea susannae, Leucadendron coniferum, P.obtusifolia and

L.meridianum observed in the field, were investigated 1in

laboratory experiments. The field patterns showed Tlower, more
variable (in space) emergence in all four species in colluvial
sands than in the adjaceht iimestone soil type (higher clay,
silt, organic cafbon and moisture contents than the colluvial
sands). In the colluvial sands both Protéa-spp. showed less

variable emergence than the Leucadendron spp. In the laboratory,

seed of all four species was planted in each of the two soil
types at the fié]d water—capacities of each soil. After
imbibition, a éhort drying period showed that in all four
species less imbibed water was lost in the 1limestone soi]bthan
in the colluvial sands soil. This indicates that the former soil
acts as a better buffer to atmospheric drying than the latter
soil, and would explain the field emergence patterns. The
limestone soil has a higher water—binding capacity than the
colluvial sands at similar matric potentials.

Air-dryingrexpekiments of imbibed seeds showed that both

Protea spp. retained more water than the Leucadendron spp. after
two and a half days. This'correIates with the higher
pericarp:embryo ratios of the former than the latter, suggesting
that the relatively thicker pericarps of the Protea spp..he1ps
to Minimfse water loss. In addition, seeds of the Protea spp.

are obconical and have hairs, characteristics known to aid
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water-retention, compared to the vf]attened; glabrous

Leucadendron seeds. The higher and less variable field emergence

of the Protea spp. than the Leucadendron spp. could be explained

by seed water-retention properties determined by different seed

morphologies.

Wetting/drying cycles imposed on Protea susannae and

Leucadendron coniferum in laboratory experiments (on filter

péper in petri-dishes) showed that a drying cycle imposed after
a short imbibition period (4 days) resulted in equally high
. (>90%) germination . of both‘Current year and Q]d canopy-stored
seed of the two species. In contrast, drying after a long (11
day) Tmbibition period resulted in high germination of both

categories of P.susannae seed (>90%), and lower germination of

L.coniferum séed (9.7% for current year, and 38% for old canopy-

stored seed). These results could also be attributed to their
seed morphology-related water-loss characteristics. The

increased germination success of older than current year canopy-

stored seéd of L.coniferum strengthens the interpretation that

differences in germination rates of different ages of canopy-
stored seed 1is a bet-hédging strategy ensuring maximal

germination.

Adult distribution patterns are discussed in relation to

these seed and early seedling emergence characteristics.
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4.2 INTRODUCTION
"At the sca]é of size of a seed the physica] environment is
exceedingly heterogenous” (Harper 1977). Germination is stressed
by many as a key process in determining plant distribution
(Harper, Williams & Sagar 1965, Grubb 1977, Bewley & Black 1978,
Symonides, Silvertown & Andreason 1986). Since adult plant
requirements differ from those of seed, an understanding of seed
ecology is often needed to fully understand adult plant density
and distibution patterns. |

Water 1is a basic requirement for seed germination (Mayer &

Poljakoff-Mayber 1875, Bew]éy & Black 1978). Since soils with
different textures have different water-binding properties we
would expect such different soil types to have different effects
on seed germination. Thére is evidence that differences in soil
microtopography effecq_seed germination through modifying seed-

-waﬁer retations (Harper, Williams & Sagar 1965, Keddy &
Constabel 1986, Hamrick & Lee 1987, Fowler 1988). The size énd
shape of seeds is also suggested to influence water uptake and
retention (Harper & Benton 1966, Harper, Lovell & Moore 1970,

' Winn 1985).

Field reciproca] transplants. of seed of four Proteaceae

species, Protea susannae, P.obtusifolia, Leucudendron coniferum

and L.meridianum, have shown different emergence patterns on

soils with different soil textures and water contents (Section

2, Table 2.2). There were also differences in emergence between

the Protea spp. and the Leucadendron spp.. The seed of these two
genera have different morphologies. This suggests that

different soil-water characteristics of these two "soils, and
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differences in seed morphology, influence germination.

Seeds are believed to have a critical hydration level at
which germination begins, with subsequent desiccation resulting
in loss of viability: prior to reaching these hydration levels
seeds can withstand drying (Hillel 1972). Laboratory exberiments
of these four Proteaceae species éhowed that different ageé of
canopy-stored seedslhad differenﬁ germination rates (Section
3). In general seed stored on the canopy for 1onger-periods
germinated more slowly than current year seed. Seeds germinating
more slowly would be buffered for a longer period against this
drying-induced mortality. This has been suggested to be a bet-
hedging strategy to ensure maximal germination in response to
dry spells after seéd release (Section 3). |

This study relates these observed field emergencé patterns to
water-binding characteristics of the soil types, and seed
morphology of the different species. Laboratory experiments are
used to investigate the hypothesis that soil type and seed
morphology b]ay a role in buffering the loss of seed-imbibed
water during subsequent drying, and by implication also affect
germination. Seed planted in the two soil types at their
respective field water-capacties are given a drying treatment in
order to determine the amount of seed-imbibed water retained. In
addition, the dr}ing rates of imbibed seeds~are determined to
test for differences that could be attributed to the different
seed structures of the species{

The api1ity of different ages of canopy-stored seed to

germinate after wetting/ drying cycles is also investigated. The
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hypothesis that drying following a short imbibition périod will
subsequently lead to higher germination success after re-
wetting, than drying aftek a long imbibition period, is tested.

This will be investigated on current yéar and ol1ld canopy-stored

Seed of Protea susannae and Leucadendron coniferum to
investigate whether older-stored seed will show highe}'
germination succesé after the latter treatment (desiccation
after long imbibition period) than current year seed.

The findings are related to adult plant distribution patterns.

4.3 MATERIALS AND METHODS

4,3.1 Study species and study area

The Proteaceae SDecies_studied are two closely related
spepies—pairs with different seed morphologies growing on
adjacent, different soil types. They are dominant, overstorey

shrubs in fhe fire-prone fynbos vegetation of the Agulhas Plain,

South Africa (34°403S, 19°4B’E). Protea obtusifolia and

Leucadendron meridianum grow on the soils overlying 1limestone,

and P.susannae and L.coniferum on the adjacent, colluvial sands

(Cowling et al. 1988). The seed (achenes) of the Protea spp. are

obconica[_and pubescent (Rourke 1980), and of the Leuéadendrbn
spp. flattened and glabrous with winged périmeters‘(Wi]]iams
1972). A1l species retain seed onvthe canopy (Serotiny) until
released by fire, usually in the dry summer period. Germination
occurs during the wet winter season. Seed released between fires

do not develop into seed]ingé: populations are even-aged.
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Figure 4.1, erquency of -rain-free periods (1 - 20 days) between
May and August. Data were obtained from the Danger Point weather

station recbrds from 1982 - '1990.
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The climate bf the area is mediterranean with 60% of the mean
annual rainfall (546 mm) occurring between April and September.
During the rainy season when,gérmination occurs (May to August),
there are an average of 11 days per month with rain (0.1 mm )
(data obtained from Danger Point and Cape Agulhas weather
stations over the period 1882 - 1984). Figure 4.1 shows the
frequency of rain-free periods of 1 to 20 days. The median rain-
free period is five days.

Table 4.1 shows the seedling emergence charécteristics of the
species. Emergence was highér, and less variab1e in space (lower
coefficients of variation) on the limestone soil thanvon thé
colluvial sands. In addition, on the colluvial sands emergence

was more variable in the Protea spp. than the Leucadendron spp.

(Table 4.1b).

4,3.2 Soil texture and soil-water properties

Soil samples were collected from the top 10 cm of soil four
months after a February (late summer) fire, and analysed for
texture (sand, silt and clay) and organic carbon by the Soil
Science Section of the Winter Rainfa11\Region, Department of
Agriculture and Marketing. Soi1 water contents (g water/ 100g
soil) at decreaéing matric potentials (-1 to -100 kPa)‘were
determined by the Department of Soil Science, University of

Stellenbosch.

4.3.3 Seed weights
Fifty intact seeds, and fifty embryos excised from their
pericarps, were weighéd. The ratios of pericarp:embryo weights

were determined.
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Table 4.1. Field emergence characteristics of seed reciprocal

i

transplants of Protea susahnaeL P.obtusifolia, Leucadendron

coniferum and L.meridianum. Seed of all species .were planted

during May,'five weeks after fire, in wire-protected énc1osures
over an area of 20 x'10 cm in two soil types: colluvial sands,
‘and limestone (16 seed per species per enclosure ; 10 enclosures

per soil type). After six months,‘tota1 numbers of emerged

seedlings in each enclosure were expressed as a percent of seed

planted. n=10 enc]osures (from Section 2, Table 2}2).

T —— i —— - ———— —— ——— - ——— — > - ————— —— —— —— o ———— —— ——————————— ————— — — - — ——

Protea Protea Leucadendron Leucadendron
susannae obtusifolia coniferum meridianum

a) Mean percent emergence per enclosure (SE)

Colluvial 59.4 (8.3) 48.8 (7.4) 46.3 (10.3) 45.6 (10.6)
sands ,

Limestone 79.4 (4.3) 73.8 (3.1) . 66.9 (1.6) 68.1 (5.4)

b) Coefficient of variation of emergence (%)*

Colluvial A 44 : 48 67 70
sands
Limestone 15 13 7 24

Xcalculated from the average and standard deviation of numbers of .

seed emerging per species per enclosure.
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4.3.4 Laboratory trials

Thesé trials were performed under conditions approximating the
post-fire soil surface conditions found in the field during
winter. A1l growth chamber incubations in experiments ta, 1b and
2 were done at 10/20°C under alternating dark/light for 14/10
hours, conditions found. to be optimum for the germination of the
species (section 3).

The following questions were asked:

1a. Do seeds imbibed in limestone soil retain more water on

subsequent drying in this soil, than those planted in colluvial

sands soil? Do ﬁrotea spp. retain more water than the

Leucadendron spp.?

Colluvial sands and limestone 56113 were collected from the
field, put through a 2mm sieve, and autoclaved. Each soil type
was mixed with distilled water to its own winter field capacity
of 3.8 and 16.0% respectively. Approximately 4.0g of soil was
put into each of the wells of a mjcrotitre plate. Seeds of a11.
four species were weiéhed, and one seed p1anﬁed per well. The
covered microtitre plates were placed in a growth chamber. Two
treatments were performed (Q=24 seeds per treatment) as follows:

4. Control treatment with seeds covered for five days.

iji. Drying treatment with the 1id removed after three days for

24 hours, and then replaced for one day.

A1l seeds were then removed from their soil wells, and reweighed
after removing adhering soil. In order to account for différent

- seed sizes, the weight of water imbibed was standardised by
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expressing weight increase as a percent of original seed
weight. Soil water contents at the end of the experiment were
obtained by determining weight loss after heating at 80°C

for 12 hours.

1b. Do seed of species in the different genera have different

drying rates?

Ten intact seeds of each species were weighed,'imbibed between
.wet filter paper for two days, and reweighed. Drying rates of
the intact seeds were obtained by placing on plastic trays, and
drying in a growth chamber. Seeds were weighed at one to two
hourly intervals for the first.ten hours, and then at daily
intervals for one and a half to two days. Weight changes were

expressed as a percent of original seed weight.

2. What is the effect of short or 1ong'imbibitioh periods,

followed by drying, on germination of current year and older

canopy-stored seed of Protea susannae and Leucadendron

coniferum?

Current year and old seeds (stored on the canopy for more than.

four years) of Protea susannae and Leucadendron coniferuh were
tested for ability to gefminate (judged by radical emergence),
or, if seeds had germinated prior to final desiccation, by the
ability of the radicles to re-expand and.re—continue growing in
the final wetting stage after imbibition, on filter paper

impregnated with 3 ml 0.75% Benlate (fungicide) solution in
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petri-dishes incubated in a growth chamber. The following
treatments were applied to 80 seeds of each species (4 x 20 per

petri-dish):

i, Control treatment ( normal imbibition in covered petri-

dishes).

ii. Drying treatment after short imbibition period: (4 days
imbibition in covered petri-dishes followed by 10 days drying in
uncovered dishes) - repeated once - followed by normal

imbibition.

iii. Drying treatment after long imbibition per{od: (11 days*
imbibition in covered petri-dishes followed by 10 days drying in
uncovered dishes) - rgpéated once. - fo]]owéd by normal
imbibition. | |

(*there was a lag of 16 and 17 days in Protea susannae and

Leucadendron coniferum respectively, before germination began in

control laboratory trials (unpublished data))

4.3.5 Statistical analyses

Three-way‘ana1ysis of variance was used to determine the
siénificance of soil type, drying treatment and species on
waﬁer imbibition by seeds, as well as to determine the effect of
seed age, drying treatment and species on germination.
Germination bercentages weré transformed to the arcéine of the

square root.
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4.4 RESULTS

-

4.4.1 Soil texture and soil-water properties

Table 4.2 shows that the limestone soils have higher clay, silt
and organic matter contehts'than the c§11uvia1 sands. The two
soil types have markedly different water holding properties,
with\the limestone soils retaining more water at -5kPa and

below, than the colluvial sands (Fig. 4.2).

4.4.2 Seed weights
The Protea spp. had greater seed and embryo weights, as well as

pericarp:embryo ratios than the Leucadendron spp. (Table 4.3).

4.4.3 Laboratory trials

la. Do seeds imbibed in limestone soil retain more water on

subsequent drying in this soil, than those planted in colluvial

sands so0il? Do Protea spp. retain more water than the

Leucadendron spp.?

There were significant differences in the amount of seed-imbibed

Water between soil type, drying treatment and species (Table

4.4). Protea susannae had higher amounts of imbibed water than

the other species in all categories. Both Protea spp. imbibed

more water than the Leucadendron spp. in both soil types before
drying treatment. Within soj1 types the effect of drying was
significantly different, with less imbibed watef in the seeds in
the colluvial sand after drying than those in the 1imestone
soils (significant soil type X drying treatment). There was a1s6

a significant drying treatment x species effect. Mean percent
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Figure 4.2. Soil water properties of colluvial sands (O~---O) and.
limestone soil (@—@). Soil water contents (g watér/100 g soil)
at decreasing matric potentials (kPa) were determined by the
Department of'Soi1 Science, Univérsity of Stellenbosch. Data are

means. Vertical bars represent standard errors. n=5.
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Table 4.2. Soil texture and organic carbon contents in colluvial
sands and limestone soil (0 - 10 cm topsoil). Analyses were
performed by the Soil Science Section of the Winter Rainfall

Region, Department of Agriculture and Marketing. Data are means

(SE). n=10
Colluvial ~ Limestone
sands ‘

Clay (%) 0 L 4.8 (0.8)
Silt (%) 1.0 (0) 7.8 (0.6)
Fine sand (%) 57.8 (2.6) | 52.0 (3.2)
_Medium sand (%)  40.5 (2.6) 29.9 (3.4)
Coarse sand (%) 0.7 (0.2) | 5.5 (0.7)
Organic carboh (%) 1.3 (0.2) 4.9 (0.4)

Table 4.3. Seed and embryo weights (mg) (n=50), and

pericarp:embryo weight ratios (g:éo) of Protea susannae,

P.obtusifolia, Leucadendron coniferum and L.meridianum. Data are

means (SE).

i ———— — ——— —————— —————— T ——————————————— - ——— ] ——————— —— T —————

Protea Protea Leucadendron Leucadendron
susannae obtusifolia coniferum meridianum
Seed weighﬁ 36.4 (9.5) 23.2 (0.6) 12.6 (0.3) 9.0 (0.2)
Embryo weight 16.8 (0.3) 12.0 (0.4) 9.3 (0.3) 6.1 (0.3)
Periéarp: 1.24 (0.04) 1.01 (0.05) 0.35 (0.01) 0.45 (0.02)

embryo ratio
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Table 4.4. Differences in seed weight (standardised to - a
percentage of dry seed weight) of Protea susannae, P.obtusifolia,
Leucadendron coniferum and L.meridianum incubated in different
soils at field water capacities for three days followed by a
drying treatment. The experiment was performed in a growth
chamber at a 10/20°C :14 hr dark/ 10 hr light, regime. Data are
mean percentages (SE). n=24.

Protea Protea Leucadendron Leucadendron
susannae obtusifolia coniferum meridianum
- Colluvial -
sands
1¥ 5018(1.0) 42.0(1.0) 31.0(1.3) 36.1(1.6)
o# 25.2(1.0) 17.3(1.2) 17.1(0.7) 23;0(1.3)
Limestone
soils v '
1¥ 49.8(1.1) 40.7(1.3) 30.5(0.9) 35.7(1.5)
o# 34.8(0.7) . 23.0(0.8) 23.2(0.6) 23.6(0.9)

Three-way analysis of variance on effects of soil type, drying
treatment and species on seed weight increase due to water
imbibition. :

Source of

variation S . DFE E P
Soil type : 1 17.4 <O.601
Drying ) 1 846.8 <0.001
treatment :
Species 3 126.1  <0.001
2-Way 1nteractions
Soil type x drying treatment 1 32.0 . <0.001
Soil type x species - i 3 2.4 NS
Drying treatment x species 3 23.4 <0.001

Xcontrol treatment with seeds incubated in soil in micro-titre
lates covered with lids for five days.
Drying treatment with seeds incubated in soil in micro-titre
plates covered with 1ids for three days, uncovered for one day,
and covered again for one day. '
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soil water per 100g dry soil (SE) determinations at the eﬁd of

the experiment showed that the colluvial sands 1lost
prqportiona11y more water thaq the limestone soil (co]]uvié]
sands changed from the init1a1 3;8 % to 1.0 (0.1)% ; limestone

soil from 16.0% to 6.9 (0.2)% ).

1b. Do the seed of the different genera have different drying

The loss of water during the first six hours was rapid in all

species (Figure 4.3). Thereafter both Protea spp. retained more

water throughout the experiment than the Leucadendron spp..

2. What is the effect of short or long imbibition periods,

fo110wed by drying, on germination of current year and older

canopy-stored sded of Protea susannae and Leucadendron

coniferum?

Whereas Protea susannae had equally high germination in all

categories tested, Leucadendron coniferum had lower germination

after the drying-treatment imposed after the 1long 1imbibition
period,'than in the other treatments (significant species x
drying treatment interaction) (Table 4.5). .01d canopy-stored
seed of the latter had higher germination than current season
seed (significant species x seed age interaction).

In the category where the drying treatmént was imposed after
a long imbibitioh pekiod, some of the seeds had germinated prior
to the second drying. In Pfotea susannae the number of seeds

germinated at this stage rangéd from 3 to 9. After desiccation
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Figure 4.3. Drying rates of imbibed seed of Protea susannae (0),

P.obtusifolia (®), Leucadendron coniferum (O) and L.meridianum (m).

- Seeds were imbibed between wet filter paper for two days, placed

on plastic trays and dried at 20/10°C for 10/14 hours. Seed-
imbibed water was standardised by expressing it as a percent of
original seed weight. Different letters ( a, b ) indicate
significant differences' (P<0.001; Tukeys multiple range test
between species after one and a ha1f7to two days drying). |
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Table 4.5. Differences in germination of seed of Protea susannae
and Leucadendron coniferum due to canopy-stored seed age and
wetting/drying treatments. Seed were incubated on moistened
filter paper in petri-dishes at a 10/20°C : 14 hrs dark/ 10 hrs
light, regime. Data are means (SE). n=4 petri-dishes (20 seed per
dish).

- ———y ——————— - —— . ——_—— o ——— Y ————— T —— a—— ——— — — ——— " —— T — - ——— " ———— — g — — —

Wetting/ drying treatment

Controlt ' short$ | Long?
Protea susannae
Current seed* 98.8 (1.3) 98.7 (1.3) 96.1 (2.5)
0ld seed¥ . 94.9 (0.1)  94.8 (2.1)  94.8 (2.1)
Leucadendron coniferum 7
Current seed* ©98.7 (1.3) 98.6 (1.4) 9.7 (5.7)
0ld seed* 98.5 (1.6) 98.5 (1.5) 38.0 (8.3)

Three-way analysis of variance on effects of species, seed age
and drying treatment on germination.,

Source of

variation DF E P
Species 1 41.3  <0.001
Seed age . - - 0.1 " NS
Drying treatment 2 82.8 <0.001
'2—Way interactions. ,
Species X seed age 1 131 <0.001
Species x drying treatment 2 - 78.8 "<0.001
. Seed age x drying treatment = 2 5.5 <0.01

————— ———————— ——— — ———— - " ————————————— - ———— ——— —————— T —— - - —~ ———— ——— ——

*Seed of current season ,

#seed stored on the canopy for >4 years.
*Inubated in covered petri-dishes.
$short imbibition period followed by drying ( 4 days 1mb1b1t1on
in covered petri-dishes followed by 10 days drying in uncovered
dishes) ~ repeated once.
gLong imbibition period followed by drying ( 11 days imbibition
in covered petri-~-dishes followed by 10 days drying in uncovered
dishes) -~ repeated once.
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A

and rehydration these newly emerged radicles re-expanded and
_continued'to grow from 2mm to about 2.0 cm. The low germination

obtained by Leucadendron coniferum in this category was largely

_due to the loss of viability of seeds that had germinated (13 to
19 current seed; 6 to 12 old seed) prior to the second drying.
Whereas most of the remaining seeds that had not germinated at
this stage, germinated after rehydration,lthe already emerged
radicles of the former did nbt regain turgidity, and no further
- regrowth océurred, contributing largely to the low germination

values obtained for this spécies at the end of the experiment.

4.5 DISCUSSION

4.5.1 So0il type, seed morphology and seed-imbibed water

A seed imbibing water on or near the soil surface competes with
the drying power of the atmosphere in ordér to retain sufficient
water for germination. This study shows that soil type diffefs
in its effect on buffering seed-imbibed water against drying.
Each species imbibed equal amounts of waterbfrom the two soils
types, yet lost different amounts of water on dfying. Each
species, except Leucaggndrdh meridianhm, retained more water
when planted in the limestone soils than in the colluvial sands
1ndicating that the.former soil buffers seed?imbibed water loss.
The colluvial sandsvhave lTower levels of clay, silt andforganic
carbon compared to the 1imestone 56115, and it 1is these
texture-related differences in pofe-size and organ%c carbon that

would lead to the differences in water-holding properties

N
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between these two soils (Simpson'1981, "Hillel 1982, Jeffrey
1987). The large pore sizes of the colluvial sands lead to rapid
drainage. At decreasing, (more negative) matric potentials “the
water contents of the colluvial sands decrease rapidly tQ_1ess_
than 2%. The soil water contents at the end of the seed:soil
experiment showed that wiﬁh the sahe level of drying (10)20°C
for 14/10 hours) the 6011uvié1 sands qecreased 3.8-fold tb
1.0%, whereas the limestone soil diminished two-fold to 6.9%.

Extrapolated to field qonditions where rainless periods are
frequently longer than the one day used in tHe experiment
(Figure 4.1), this tkend found in the laboratory would be
enhanced. Simi1ér1y, wind, and temperatures greater than 20°C
would also strengthen this trend. The finding that field
emergence was lower and more variable on the colluvial sands
than on the limestone (Sectiop 2) could bé explainedbby the
lower water-binding properties of the former soil type than the
latter at‘simi1ar matric potentials. Small chandes in
microtopography that provide wind and sun shelter or exposure
would have major consequences for the retention or loss of water
_respective1y from the surface of this soil, and hence on 1eve1s
of seed-imbibed water and ultimately on germination.
Limestone soils which retain more water than the colluvial sands
at similar matric potentia1s,‘wou1d be less affected by these
factofs.

Thé 1aboratory finding that Protea spp. retain more water

éfter drying than Leucadendron spp. would explain the 1ess

variable emergence patterns of former than the latter on the
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- colluvial sands. These differences 1in water-retention patterns

correlate with the higher pericarp:embryo ratios of the Protea

spp. than the Leucadendron spp., suggesting that the thicker
pericarp of the former moderates water loss. In particular,

P.susannae with the highest ratio has the highest emergence

levels on the colluvial sands. In addition, the Protea spp. have
other seed characteristics that would help minimise water 1loss
on desiccation. They are round (lower surface area:volume ratio)

and have hairs, compared to the flattened (higher surface

area:volume ratio), glabrous Leucadendron seed. Flat seeds are
particularly éensitive to drying (Harper & Benton 1966).

Under field conditions, where naturally dispersed seed might
be only partially covered by soil, the soil effect would be
lessened and the seed morphology characteristics might be of

relatively greater importance.

Other 1important factors to be considered .in seed-soil water
relations are soil hydraulic conductivity, especially important
in coarsely-textured soils, as well as the soil particle contact
with the seed surface (Bewley & Black 1978). However, 1aboratory.

experiments cannot fully simulate or explain field conditions

that influence seed-water relations (Hillel (1972);

4.5.2 The effect of wetting/drying cycles on seed germination

of current year and older seed of Protea susannae and

Leucadendron coniferum.
It appears that the early imbibition stages are resistant to
desiccation, and the results indicate that at a critical late

stage drying results in loss of viability. Seed of both species
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had high germination success when subjected to 'drying cycles

after short imbibition periods. This contrasts with the loss of

viability of Leucadendron coniferum that had germinated before
the final drying cycle imposed with the longer imbibition

periods. Germinated Protea susannae seeds in this category

resumed growth on re-wetting. Seeds that had not germinated at
this stage germinated successfully on re-wetting in both
species. This difference between the two speciee could be
.aﬁtributed to the different seed morphology-related water-loss

characteristics discussed above, suggesting that P.susannae

seeds are buffered from excess water loss. Alternatively, since

L.coniferum germinates quicker than P.susannae (see Section 3,

Table 3.4) seedling emergence would have proceeded to a slightly
more advanced stege in the former, with the possibi]tyvof
increased susceptibility to desiccation. These findings that
failure to germinate is associated with failure of early post-
emergenee rather than with pre-germination is' highlighted by
others (Hegarty 1977, Matthews & Powell 1986). The increased
germination suceess of the older canopy-stored seed of

L.coniferUm after the long imbibition/ drying treatment, re-

enforces the interpretation that differences in germination'
rates of different ages of canopy-stored seed could be a bet-

hedging strategy to ensure maximum recrui;ment (Section 3).

4.5.3 Seed ecology and adult distribution

There are many factors contributing to adult plant distribution

patterns. I have shown elsewhere that seedling establishment,
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and‘not germination requirements, 1is important in determining
the distinctive dfstributions of these species-pairs on their
respective soil types (Section 2). However, rain-free periods
co-inciding with critical stages of early seedling emergence

would cause large-scale recruitment failure of Leucadendron

coniferum, and would be a possible cause of variability of

population size. Although Protea susannae was shown to be

" resistant to emergence failure at this stage,_it is possib1e
that the experimental timing of the drying cycle was
fortuitous, and if impdsed at a slightly later stage of
emergence . this species wouid also be adversely effected.vThe
bet-hedging strategy offered by different ages of canopy-stored
seed would buffer this susceptibility to emergence failure.
Fenner (1987) stressés that the vulnerability of this early
post-germination stage is underestimated in demographic studies.

Limits to species distributions can on1y‘be explained with
full knowledge of germination, establishment énd reproductive
requirements (Clarke & Durley f981). The distribution of

Leucadendron spp. with different seed morphologies has been

suggested to be linked fo the amount of annual Eainfa11
(Williams 1972). Increasing concentratiohé of species with
flat, thin-coated fruits, such as those of the study species
(séction A]atbsperma),uobcur in areas with higher rainfa1i than
areas where greater numbers of species having biconvex,_hard—
coated, nut-like achenes (section'Leucadéndrdn) occur (déta in
Williams 1972). This fits the suggestion that round seed and a
B thick_pericarp'protect seed from water loss. Protea spp. sharing

these latter seed characteristics are more widespread in dry.
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fynbos éreas than flat, thin-coated Leucadendron spp..
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5.1 ABSTRACT

I studied seed size, seed nutrient étatus and seedling growth of
two closely related fynbos Proteaceae Species—pairs growing on
Juxtaposed soils of different nutrient and moisture status.
Seeds had a greater mass and higher phosphorus and nitrogen
contents for species occurring on limestone (higher nutrient and
moisture contents) than those on the colluvial sands (lower
nutrients and moisture). This trend was found within, but not
across genera, stressing the importance of'phy1ogeny in
interpreting adaptations. It would be difficult td test
separately for the_effects of either nutrients or moisture,
since the same advantage of enhanced seedling size, and hence
~survival in a stressed environment, applies to both factors. I
suggest that soil nutrients and mdisture aré a selective force
determining seed size, and discuss the allometric consequences.
The increased root:shoot ratios (using lengths) of the

Leucadendron spp. relative to the Protea spp. are interpreted as

an attempt to overcome a phylogenetic constraint that results in

smaller seed size in the former genus.
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5.2 INTRODUCTION

Seed size of flowering plants varies over ten orders bf
magnitude (Hafper, 1977). To some extent seed size variation
between  species can be attributed to allometry, 1n that big
plants produce big seeds ( Thompson & Rabinowitz, 1989)f
However, there ,are corre1at1ons between seed size (mass) and
environmental var1at1on, and it is suggested that differences in
seed mass and number are .adaptive, resulting from compromises
between se1ection:f0r the successful seedliing establishment
conferred by larger seeds; and the 1n¢reased dispersabi]ity of
smaller seeds (Baker, 1972; Harper, 1977). Seed mass 1is
positivé1y correlated with seedling sizé (Fenner, 1983; Wulff,
1986; Stock, Pate & Delfs, 1990). Large seed11ngs_perform better
than smaller saed11ngs under density stress ( Harper, Lovell &
Moore, 1970; Salisbury, 1974; Foster, 1986; Thompson, 1987), and
conditibns'of drought stress ( Baker, 1972; Salisbury,1974;
Wulff, 1986; Werner & Platt, 1976). This implies selection for
large seed size in later successional vegetatioh, and 1n.dry
environments.

It'has been proposed that soil nutrients play a ro1evin
determining seed size in Proteaceae (Kuo,-Hocking & Pate, 1982;
Lamont Collins & Cow11ng, 1985), with selection for 1arge seeds
containing suff1c1ent nutrient -reserves for adequate seedling

growth in nutrient-poor soils. Esler et gl;, (1989) and Stock et

al., (1989) have extended this to suggest that the cost of

producing large, seeds is offset by producing lower numbers of

seed. A similar argument would hold for low soil moisture
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contents acting as a selective force - increased nutrient
reserves of large. seeds would result in 1argé root systems
enabling seedlings to obtain sufficient water for survival.
south African Fynbos Proteaceae grow on a wide spectrum of
soil types, and their natural distributions are often
edaphically restricted (éow]ing, 1990). This allows
1nvestigatidn of the role of soil type in determining
regeneration characteristics of seed and seedling size. This
study investigates the hypothésis that soil hutrients and
moisture contents are se1ective forgés on seed size in four
Proteaceae occurring on soil types with different nutrient and
moisture characteristics. Since phylogenetic. constaints can be a
factor determining seed size, I have used two closely related
fynbos Proteaceae species-pairs on juxtaposed soils. Seed size‘
(mass), phosphorus and nitrogen contents, as well as Taboratory-
grown seedling root:shoot ratios and re1ativ§ growth rates,
were determined and interpreted in the 1ight of this hypothesis.

The allometric implications of seed size are discussed.

5.3 MATERIALS AND METHODS

5.3.1 Study species and sqi1 environments

The study species are dominant shrubs in fire-prone Proteoid
Fynbos communities (Cowling et al., 1988) on the Agulhas P1a{n,
South Africa (34040’8, 19040'E). seed (achenes) are retained on
the canopy until released by fire, usually in the dry summer
period. Germination occurs during the following wet winter

season. Protea obtusifolia Beuk ex meisn. and Leucadendron

meridianum I.Williams occur on the shallow soils overlying Mio-
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pliocene limestone of the Bredasdorp Formation, and P.susanhnae

Phill. and L.coniferum Meisn. on the adjacent, 1imestone-derived

colluvial sands (Thwaites & Cowling, 1988). The Timestone
topoils are richer in nutrients, organic material, clay and silt
components (Table 5.1), and have higher moiéture contents
throughout the year, than the colluvial sands (Figure 5.1).
Soil water contents at deeper levels (10 to 15 cm) during the
warm season, October to February, are also higher in the
limestone soils (range: 3 - 15%) than the colluvial sands
(range: 0.5 - 2.5%). The two Protea spp. (Rourke, 1980), and

Leucadendron spp. (Williams, 1972) are both closely related in

that they occur in the same section of their respective genera.
Phylogenetic analyses are lacking, but indications are that they -

are sister taxa.

5.3.2 Seed collection and mass determinations

s

current year cones of all four species were collected during
March 1987. These were oven-dried at 40°C for 48 hours to
release the seeds. Fifty intact seeds, and fifty excised embryos

of each species were weighed.

5.3.3 Phosphorus and nitrogen determinations

Total phosphorus was determined by the digestidn method of
Jackson (1958) and colour determination of Murphy & Riley
(1962). Total nitrogen was determined by the Kjeldahl method

(Smith, 1980).
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Table 5.1. Characteristics of limestone and,co11uvia1 sands (O
- 10 cm topsoil) supporting Proteoid Fynbos communities on
different soil tybes on the Agulhas Plain. Soils were collected
aftér a.fire in May 1987. Texture and nutrient ana1yse§ were
performéd by the 5011 Science Section of the Winter Rainfall
Region, Department of Agriculture and Marketing. For soil

nutrients and téxture, data are means (SE). n=10.

————— Ty G —— - VIS > —— — A i —— Y T S S — S A S M W TR G S G e e S e WA G S W S Swm e S e R e e e e

Soil type Limestone ' Colluvial

| sands
Dominant proteoid Protea obtusifolia Protea susannae
shrubs : Leucadendron meridianum Leucadendron coniferum
Clay (%) 4.8 (0.8) , 0
Silt (%) 7.8 (0.6) 1.0 (0)
Fine sand (%) 52.0 (3.2) . 57.8 (2.6)
Medium sand (%) ~29.9 (3.4) . 40.5 (2.6)
Coarse sand (%) 5.5 (0.7) 0.7 (0.2)_
Total phosphorus . A
(mg/kg) 168.9 (26.7) | 12.5 (4.2)
Organic carbon (%) 4.9 (0.4) 1.3 (0.2)
Nitrogen (%) 0.21 (0.03) 0.03 (0.00)

— v am — —— A - T~ —— ——— —— > I T S - — . > T = M S e e . e e ———— g —— g S M S S S S WS S SRS e S5 S
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(o water /| 100g dry soil)

"SOIL MOISTURE

Figure 5.1. SeasonaT water contents (g water/100g dry soil) of
topsoil (1 - 2 cm depth) of limestore (@) and colluvial sands (O).
Measurements were obtained using'MCS‘Ny1on Soil Moisture sensors
positioned in the field, 1logging data on an MCS 120-2
environﬁenta] weather station. Field capacity of soils over1ying

limestone was 14.5% and colluvial sands 2.0%.
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5.3.4 Root and shoot measurements, and relative growth rates

determinations.

Seed were germinated in petri-dishes at 100¢/20°C, and used for

transplantation into rooting boxes when the cotyledons had

emerged. Rootingvboxes (340 cm in depth, and tapering from 120

x 180 cm at the top, to 120 x 80 cm at the bottom), positioned

in a greenhouse, were filled with fine, acid-washed sand,
saturated with distilled water and allowed to draih overnight.
Seed11ngs (six per species) were randomly allocated one to a
box, and planted. during August 1988. Equal amounts of water
were added to all boxes at regular intervals for £he duration
of the experiment. Sixteen weeks later (1ate‘November) seedlings
were harvested, and roots were washed free of sand. Root and
shoot lengths were measured. Seedlings were subsequeht]y dried
at 50°C for 5 days, and roots and shoots were weighed.

Relative growth rates were calculated as g seed1ing_dry
weight/ g emﬁryo/ week according to Hunt (1978) as follows:- |

(loge seedling mass - l0ge embryo mass) /number of weeks.

5.3.5 Cone, stem and leaf size determinations.

Thirty empty cones used for seed collection, and thirty current
year, mature leaves collected from several plants all Species
were dried at 60° for three days and weighed. Stem diameters at

the point of attachment to the cone were measured.

5.3.6 Statistica1 analyses
Two-way analysis of variance was used to determine the
Significance of seed and embryo mass differences between genera,

and between soil types. Kruskal-Wallis analysis was used to test
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for significant differences between species for seed nutrients,
seedling root and shoot measurements, and root:shoot ratios.
Wilcoxon's paired—samb]e test was used to determine the
significance of differences between root and shoot relative

growth rates.

5.4 RESULTS

5.4.1 Seed mass and nutr1ents

Seed mass (both whole seeds and embryos) d1ffered s1gn1f1cant1y

with values of the Leucadendron spp. being lower than the Protea

spp., and species growing on limestone being lower than those on
the colluvial sands (Table 5.2). Whereas there were.nQ
significant differences between species for phosphorgs and
nitrogen concentrations, the total seed contents were different,
with the larger seeds having significantly bigher nutrient

contents (Table 5.3).

5.4.2 Seedling root and shoot measurements, root:shoot ratios, .

and relative growth rates.

There was a positive relationship between seed and seedling mass
(Figure 5.2).,Rodt dimensions of the four species were

significantly different, with Leucadendron spp. having longer

roots of lower mass than the Protea spp. (Table 5.4). Whilst
there was no difference between shoot lengths, shoot mass was

significantly different. Using mass, the root:shoot ratios were

significantly higher in the Protea spp. than the Leucadendron

spp. The reverse was found using‘1ength measurements, with



Section 5

Table 5.2. Differences in a) seed and b) embryo weight between genera

(combined Protea spp.

and combined Leucadendron spp.);

soil

types

(P.obtusifolia and L.meridianum combined, P.susannae and L.coniferﬁm

combined); and interactions between genué and soil type, by two-way

analysis of variance.

Cs = Colluvial sands.

Data are means (SE). n = 50.

Li = Limestone soil.

Genus

a. Seed weight (mg)

Protea v 29.8 (0.8)
Leucadendron 10.8 (0.3)
E 1000.0

XXX

b. Embryo weighi (mg)

Protea 14.4 (0.3)
Leucadendron 7.7 (0.2)
E 558. 1

XXX

Li
.Cs

Li~

Cs

Soi1 typé

16.1 (0.8)
24.5 (1.2)

408.6
X%

w O
[ =]
—~~
(e =]

. 200.2
3 2

Genhus X s

.obtusifolia

. susannae
.meridianum

— |~ |00

L.coniferum

.obtusifolia

oil type

W N
N OO W
- - &
DO N
NSNS~
[oNeNoNe)

—

131.3
£33

12.0 (0.

L
~

P.susannae
.meridianum

— i |00

L.coniferum

16.8 (0.
6.1 (0.
9.3 (0.

8‘3
X%

- ¥¥pc0.01, **¥p<0.001

112

.6)
.5)
.2)
.3)

4)
3)
2)
3)



Section

Table 5.3. Seed phosphorus and nitrogen contents and concentrations of

Protea obtusifolia, Leucadendron meridianum (1imestone) and P.susannae,

L.coniferum (co]]uvié] sands). Data are means. Significance of

differences between species was determined by Kruskal-wallis analysis.

n=10 (Protea spp.) and n=5 (Leucadendron spp.). dm=Dry mass

Protea Protea Leucadendron - Leucadendron
obtusifolia susannae meridianum coniferum

P content .0.12 0.17 0.07 0.07

(mg P per seed)

P concentration 10.7 10.9 ' 12.2 9.0

(mg P g~! dm)

N content 1.29 2.05 0.60 0.93

(mg N per seed) ' '

N concentration 0.12 0.12 0.10 . 0.10

(g N per g~1 dm)

NS, Not significant. ***P<0.001
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Figure 5.2. Relationship betwéen seed and seedling mass (mg) of

Protea obtusifolia (@), Leucadendron meridianum (A) (1imestone)

and P.susannae (O), L.coniferum (A) (colluvial sands) 16 weeks

after growing in root boxes under greenhouse conditions.
Horizontal and vertical bars represent standard errors. n=6

(P.susannae and L.coniferum) and n=5 (P.obtusifolia ahd

L.meridianum).
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Table §.4. Seedling root and shoot measurements (length and mass ), and

ratios of Protea obtusifolia, Leucadendron meridianum (limestone), and

P.susannae, L.coniferum (colluvial sands). Seedlings were grown in root-

-boxes under greenhouse conditions for 16 weeks after germination. Data are
means. Significance of differences between species was determined by

Kruskal-wallis analysis. n=6 (P.susannae and L.coniferum) and n=5

(P.obtusifolia and L.meridianum)

Protea Protea Leucadendron Leucadendron

obtusifolia susannae meridianum coniferum
Root length (mm) 101.7 145.3 156.7 174.2 x
Shoot length (mm) 71.7 87.5 69.2 . 83.3 NS
Root mass (g) 72.9 . 109.1 34.3 43.7 L33
Shoot mass (g) 73.2 125.3 56.7 78.0 x
Root : shoot 1.42 1.73 2.34 ' 2.08 NS
(lengths)
Root : shoot 1.02 0.90 0.62 0.56 XX
(mass)

NS,Not significant. *P<0.05, **P<0.01
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ratios being higher in the Leucadendron spp. than the former
(though not significant).

Relative gkowth rates of the whole seedling (1;e. root énd
shoot mass combined) with respect to seed mass, were similar in
all species (n0151gnificant difference, Kruska1—Wa11is analysis)

(Table 5.5). Root relative growth rates in each of the two

Leucadendron spp. were significantly lower than their respective
shoot relative growth rates. Relative growth rates of roots and

shoots were similar in the Protea spp.

' 5.4.3 Cone, stem and leaf size

Protea obtusifolia and Leucadendron meridianum had greater cone

and leaf mass, and stem diameters than P.susannae and

L.coniferum respectively (Table 5.6).

‘5.5 DISCUSSION

«

The trend for increased seed size on the 6011uv1a1 sands - both
species having hjgher_mass than their sister taxa 6n the
limestone - can be interpreted as convergent selection for

larger seed, thus enabling successful seedling establishment on
soils of both lower nutrient status and soil water status. The

same argument holds for both factors. Since 1arge seeds produce.

large seedlings, the enhanced root systems of the latter would

enable seedlings to maximise both nutrient and water uptake from

the soil. The lower seed mass of both Leucadéndron spp. than the

Protea species, irrespective of soil type, indicates that a

factor other than the soil environment is also operating. This

could be a.phy1ogenetic constraint acting on seed size in
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Table 5.5. Relative growth rates (g g~! week™1) of seedlings and

their componént roots and shoots of Protea obtusifolia,

Leucadendron meridianum (limestone) and P.susannae, L.coniferum

(colluvial sands). Seedlings were grown in root boxes under
greenhouse conditions for 16 weeks after germination. Data are
mean values. Significance of differences between root and shoot

relative growth rates was determined using Wilcoxon’s paired-

sample test. n=6 (P.susannae and L.coniferum) and n=5

(P.obtusifolia and L.meridianum).

Protea Protea Leucadendron Leucadendron
obtusifolia susannae meridianum coniferum
whole 0.585 0.593 0.600 0.589
seedling -
Root 0.543 0.546 0.539 0.525
Shoot 0.542 0.553 0.570 0.562
NS NS . x x

—— - —— Y — ————— Y  ———— —— ———— . — T T S —— T — — - TN S A GEn . S ——

NS=Not significant. *P<0.05.
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Table 5.6. Cone (without seeds),_étem and leaf size of Protea

obtusifolia, Leucadendron meridianum (1limestone) and P.susannaé,

L.coniferum (colluvial sands). Date are means (SE). n=30.

Protea Protea Leucadendron -Leucadendron

obtusifolia susannae meridianum coniferum

Cone mass (g)! 16.2 (0.7) 9.9 (0.2) 4.5 (0.1) . 9.7 (0.3)
~ Stem _ ' ‘ | :

diameter (mm)2 10.7 (0.2) . 8.4 (0.2) 3.0 (0.1) 4.9 (0.2)

Leaf mass (g)! 1.18 (0.06) 0.45 (0.03) 0.05 (0.01) 0.10 (0.01)

'Dry weight

2Measured at base of cone

——— —— o ——————————— " —— ", —— — —————————— — — 1 —— — " o~ ————_——— O " — O am. un - —— ——

Leuacdendroﬁ'spp; A phylogenetic bése for adaptional
explanations {s stressed by Wanntorp et al. 1990, and for
interpreting the ecological basis of seed size optimization 1in
particular by Hodgson & Mackey (1986) and Mazer (1990). I héve
"found that within genera itvappearé that environménta1 selection
has écted on seed size. Inter-generic comparisons do.not show
this same trend. A correlation of incfeased seed weight with
deéreasing soil fertility was aisq found in 12 closely-related
gfass species of the genus ChionochIoa-(Lee & Fenner 1989). In
contrast, an Australian s;udy showed no differences jn seed
mass of species.occurring on feriiIevand infertile soil-sites

(Westoby, Rice & Howell 1990). The Iattervstudy, however, was
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fertile seeds buffered amongst many infertile seeds on an open

receptacle (Coetzee & Giliomee 1987; P.J.Mustart, M.G. Wright &

R.M.Cowling, in preparation) from Leucadendron spp. (closed
cones, with a woody bract enclosing each seed). Insect predation

is higher in P.obtusifolia than P.susannae (higher proportions

of predated cones and seed in the former) (Section 6) and I
propose that selection for improved protection against insect

predation in P.obtusifolia has resulted in high numbers of

infertile seed , and hence large infructescences.

Overall, relative growth rates with respect to seed mass were
the same in all species, and fall within the range of low
relative growth rates reported by Grime & Hunt (1975) for
seedlings of "stress—to1erant" plants. A v1ow relative growth
rate is believed to a1iow for sustained growth in a low nutrient

regime (Chapin, 1982). The lower Leucadendron root relative

growth rates with respect to their shoot ra%es suggest that
this smaller-seeded genus is at a disadvantage in obtaining
water and nutrients compared to the large-seeded Protea spp.,
which have similar root and shoot relative growth rates. Whereas

Leucadendron roots weighed less than Protea roots, they were

longer. Using mass to determine root:shoot ratigs, Leucadendron

spp. had lower ratios than the Protea spp. Using lengths the

reverse holds. Since the adult Protea - Leucadendron pairs co-
exist, I can presume that at this early seed]ing stage there is
no competitive exclusion of either genus, despite the larger
root . systems of the former. Cody (1986) provides evidence of
root niche differentiation in adult desert plant species,

suggesting that this mediates their co-existence. It appears
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that seedlings of these two genera also fill different root
niches. The Protea spp. have larger (greater mass), though
shorter root systems which enable water and nutrient uptake

‘from the upper soil layers, whilst the Leucadendronh spp, have

smaller (less mass), though longer root systems in order to
reach water and nutrients at greater depths.

The finding that concentrations of phosphorus and nitrogen
were similar in the different seed sizes of all four study
species agrees with the findings of Esler et al. (1989), but
differs from those of Pate et al. (1986) who found a trend of
increased nutrient concentration with decreasing Proteaceae seed
size. In the species used on this study, and that of Esler et
al. (1989), increased seed nhutrient cbntents occurs with
increasing seed size. However, unlike the latter study where a
trade-off between seed size and number was found, this did not

occur here. Mature 17 year-old plants of the-smaller-seeded

Leucadendron meridianum produce 965 current year seed, whereas

similar-aged L.coniferum have correspondingly 9387 current year
seeds - a ten-fold difference (Section 6, Table 6.6). Similarly,

mature P.obtusifolia plants have an annual seed crop of 819, and

P.susannae, with 1its larger seeds produces 753 seeds, with no

indication of a trade-off resulting in decreased numbers. This
‘indicates that seed numbers in these species are not nutrient
1imited.

In conclusion, I have shown increased seed size 1inh species
occurring on a lower hutrient and drier soil environment, and

suggest that both soil nutrients and moisture contents could be
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a selective force determining seed size. This trend was within,
but not across genera stressing the importance of considering
phylogenetic constraints when investigating adaptations. It
would be difficult to test separately for the effects of either

nutriehts or soil water contents on seed size, since the samel
arguments hold for both. The increased root:shoot ratios (using
length méasurements) of the Leucadendron spp. is interpretted as
an attempt to overcome the phy1ogenetiga11y imposed smaller seed

size of this species than that found in the Protea spp.
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6.1 ABSTRACT

High levels of edaphic endemfsm and soij—re1ated_betardiversity
in Agulhas P1ain.fynbos communitieg led to the idea that
reproductive traits of plants ghowing on these generé11y
nUtrient-poor fynbos soils would be related to differences in
nutrient regime. Two closely related Proteéceae species-pairs
growing on adjacent, different soil types were investigated for

differences 1in reproductive traits. The species were Protea

obtusifolia and Leucadendron meridianum occurring in shallow

pockets of 1limestone-derived soils (higher nutrient

concentratipns); and P.susannae and L.coniférum on the adjécent,
uniformly deep colluvial sands (lower nutrient concentrations).
The results showed that specfes growing on the limestone soil
‘were smaller, with fewer cones and seed per b1ant, than species
on the colluvial sands. This suggesté thét the small soil
bockets of limestone soil limit plant size, in turn limiting the
number of reproductive structures. Annual variation in
réproductive output'wés the same in all species. The higher cone
and seed predation levels of both limestone species than the
colluvial sands species were ascribed to the higher plant
densi;ies of the former leading to lower insect search times.
There were no consistent trends in degree of serotiny, or
vfemale/ma1e function. It was éoncluded that there were no
overall patterns in reproductive traits that could be ascribed
to differences in soil regimes, and that these fynbos species
had evolved traits sustainable by the nutrient regimes of their

soil types, but not directly related to them other than through
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size-related effects. Fire régime has almost certainly played a
more 1important role than nutrients in determining reproductive

traits.
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6.2 INTRODUCTION
Since pjants are unable to move 1in order to acquire resources,
they respond or adapt to the environment by developing different
patterns of vegetative and reproductive growth (Silvertown &
Rabinowitz 1985). Resources vare partitioned within 1individual
plants, and it i1s belijeved tHat reproduction, growth and defense
compete for limited resources (Bazzaz et al. 1987, Chapin et al.
1987). This concept would be ré1evant for South African fire_
disfurbed heathlands (fyhbos) growing on nutrient-poor soils
(Taylor 1978), and particularly re]evant for Proteaceae which
concentrate nutrients in their seeds (van'Stadeh & Brown 1977,
Pate et al. 1985, Jongens-Roberts & Mitchell 1986). For example,
the lower seed set of Proteaceae in Australia than in South
Africa has been attributed to the lower soil nutrients and
moisture 1eve1$ in the former region (Lamont, Collins & Cowﬁing
1985). |

The Agulhas Plain lowland fynbos communities have high levels
of edaphic endemiém and species turnover along soil FertiIity
gradients (Cowling 1990). The-distinct distribution of bo—

occdrring dominant fynbos species Protea obtusifolia and

Leucadendron meridianum on limestone derived soils, and

P.susannae and L.coniferum on adjacent, colluvial sanqs led to

the idea of investigating the relatjonship between soil-type and
reproductive traits. The higher nutrient and water
concentrations of. the 1imestone soil than the colluvial sands
has been shown to have conséquences on seed size, and seedling
emergence and establishment patterns in these species (Sections

2,3,5). However, adult plant requirements differ from those of
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these early stages. Since the limestone soils occur in shallow
pockets (0-30 cm) in the limestone bedrock, in contrast to the
uniformly deep (>1 m) colluvial sands, it 1is 1likely that the
-differencesbin concentration would be offset by differences in
the absolute amounts of soil resources. This is likely to make
the former haSitat more resource-limiting than the latter to
large, woody édu1t plants.

Since'the two Protea spp. and Leacadendron spp. are both

closely related épecies—pairs, this provides an opportunity to
study thé effect of the soil regime on plant reproductive
traits, without the constraints of phylogeny (Wanntorp et al.
1990). A trend occuring between the two species of each genus
can be attributed to an enyironmenta]‘association, and no
taxonomic explanation need be invoked. Since the species-pairs
occur on adjacent habitats, the effects'of meéocjimate and fire
regimes are similar for all species.

Selected reproductive traits of these speciés‘were
quantified. Parallel reproductive trends within each of the two
species-pairs (i.e. across soil types) would indicate a
response to different edaphic environments. Non-parallel trends
between speéies—pairs would indicate a response to some other
factor. The following rebrdective traits were investigated:
“juvenile period, annual outputs of cone and seed, number of seed
per cone and seeds per p1ant,.and degree of serotiny. Female to
male function (female:male plant ratios in the dioecious
Leucadendron spp., and fertile seed:infertile seed ratios in the

hermaphrodite Protea spp.) was also investigated.
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6.3 MATERIALS AND METHODS

6.3.1 Study site and study species

The study site was situated in the coastal 16w1ands of the
Agulhas Plain ( 34° 35 s, 199 55  E) in the south-western
fynbos biome (Mo11 et gl: 1984). The region has a mediterranean
. c11mate. The hean annual rainfa11 is 452 mm of which 65% falls
between April and September. The soils are derived ffom the Mio-
P1iocené limestone of the Bredasdorp.Formation ( Thwaites &
Cow1in§ 1988). Whereas no soil moisture determinations were -
performed at the study site, measurements obtained from similar
soil types on the Agulhas Plain showed that ﬁhr&ughout the year
soil surface (2 to 15 cm) moisture contents were higher in
"limestone soi1s.(October to March: 3 to 11% ; April to
September: 7 to 16% ) than colluvial sands (<1 to 2% ; and 2%
respéctive1y) (see Section 2).

The Protea spp. are hermaphroditic and bear seeds on an open,

,slightly convex receptacle. The Leucadendron spp. are dioecious
‘and female p1énts have éeed borne in cones. All are killed by
fire and regeherate solé]y from $eed. They aFe oversﬁorey
dqminant,shrubs 1n the Proteoid Fynbos vegetation (Cowling et

al. 1988).

6.3.2 Soil analyses

Five randbm1y.chosen samples were taken from the top 100 mm of
soil in both habitats. Analyses of soil pH, texture and

nutrients were performed by the Soil Science Section of the
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Winter Rainfall Region, Department of Agriculture. A perchloric
acid extract was read on a Beckman DC Emissioﬁ spectrophotometer
to give concentrations of total phosphorus, exchangeable cations
(Na, K, Ca and Mg), iron and aluminium. Oxidizable carbon gave a
measure of organic carbon and nitrogen was determined by
Kjeldahl digéstion. Bulk density was determined by weighing a

known volume of soil after-paésing through a 2 mm sieve.

6.3.3 ~Structural characteristics

In each habitat the number of individuals of each species was

counted (in the Leucadendron spp. the sex was noted) in ten
randomly chosen 10 x10 m2 b1ots.,Height and canopy diameter were
measured. Canopy volume was calculated as the volume of an

ellipsoid (4/3.pi.rq.(rs)2, where rizheight/2; ro=diameter/2).
1 2 1 2

6.3.4 Patterns of cone and seed production .

During March 1987, 30 individuals of eaeh species were randomTy
chosen. Cones (mature infructéscences) were aged by node counts
(Bond 1985). The number of cones in the age classes 1, 2, 3
and 4 years and older for the Protea spp.,and 1, 2, 3, 4 and 5
years and older for the Leucadendron spp., were counted. Since
node counting beyond 4 to 5 years was difficult, numbers of
cones in these older categoriesvwere lumped. Five cones per age
class were removed from each individda] for seed analysis and
..were oven—dried at-40°beor 48 hours to facilitate seed release.

Cones were examined for evidence of insect predation (frass or
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holes). Seeds were counted after sorting by feel and weigﬁing
into. fertile (fertile, lembryo-fi11ed seeds felt plumper, and
were heavier than infertife seeds), infertile and predated
categories. The age of first reproduction was determined by node

counting to the earliest appearance of cones.

6.3.5 Statistical analyses

Differences in cone and seed numbers, according to species
within genera; 'species within so6il type; and sbeéiesﬁthemse1Ves,
was -assessed by two-way analysis of variance of the square root
of eata; When zero values were present in a data set, 0.5 was
added prior to squarev root transfoEMation (Zar 1984). Annual’
variation in cone and seed numbers fits a random b1ocked'design
(cones or seeds were counted from different years on the same
plant), and fo eliminate individual plant variabf1ity two-way
analysis was performed. In seed number analyses, the mean of
five values was used (five cenes per individual per year were
samp]ed)T

Significance of the correlation between annual numbers of
cones or seeds with time was assessed by Spearmans rank
correlation. Two-way chi-squared analysis of frequencies was
performed to establish differences beﬁQeen frequencies of female
and male Leucadendron plants, and between frequencies of ferti1e
and infertile seed in the Protea spp.; Statgraphics seftware
”(Stetistica1 Graphics Corporation, Inc.) was used for all

analyses.
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6.4 RESULTS

6.4.1 Soil analyses:

Whilst both soil types consisted of more than S0 percent-sand,
the 1imestqne soils contained a higher proportion of finer
particles than the coarsér deep sands (Table 6.1). The latter
soil Had greater bulk density (1.4 g/cm3) than the former (1.1
g/cm3). The limestone soils were more alkaline, and had higher
concentrations of carbon, nitrogen and calcium. Phosphorus
levels were similar in both soil types. However, values obtained
from independent analyses of similar soil types supporting the
same Proteaceae spp. in the séme and separate areas in the
Agulhas Plain showed that limestone soils had on the who]é
higher total phosphorus concentrations, as well as more
pronounced differences in pH and carbon, nitrogen and calcium

concentrations (Table 6.2).

6.4.2 Stand characteristics:

At the time of sampling, populations of all species were 17-18
years old (time since last fire). Age of first reproduction was

- at about 7-8 years for all species.

The limestone species, Protea obtusifolia and Leucadendron

meridianum, were shorter, with smaller canopy volumes, and

occurred at higher densities than the colluvial sands species,

P.susannae and L.coniferum (Table 6.3). There was no significant

difference between the frequencies of female and male plants of

each of L.coniferum and L.meridianum. Whilst plant height did
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Table 6.1. Topsoil characteristics of Proteoid Fynbos communities

at the study site on the Agulhas Plain. Data are means (SE). n=5

Dominant proteéid. Protea obtusifolia/ Protea susannae/
shrubs ‘ Leucadendron meridianum Leucadendron coniferum
Soil type : Shallow sand on - Deep colluvial
1imestone | sands

Clay (%) 0.0 0.0

Silt (%) ' - 4.6 (1.0) ' 3.4(0.6)
Fine sand (%) 61.4 (4.4) 49.2 (3.8)
Medium sand (%) 33.0 (4.2) 42.4 (4.3)
Coarse sand (%) 1.0 (0) 5.0 (0.7)
- pH | 6.3 (0.1) 5.3 (0.1)
Total phosphorus :

(mg/kg) 45.5 (5.7) _ 53.0_(3.4)
Organic _ '

carbon (%) 3.2 (0.4) 2.1 (0.2)
Nitrogen (%) 0.09 (0.01) . 0.06 (o;oos)
Sodium (mg/kg) 34.5 (6.9) 25.3 (2.3)
Potassium (mg/kg) 39.1 (1.@) : 46.9 (3.5)
Calcium (mg/kg) | 1660.0 (230.0) 684.0 (40.0)
Magnesium (mg/kg)  79.3 (11.0) o 68.3 (3.7)
Iron (mg/kg) 1508 (217) 1503 (150)
Aluminium (mg/kg) 2356 (158) 2545 (220)
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Table 6.2. Soi1 characteristics of Proteoid Fynbos communities
at different areés in the AguThas Plain. Data are means and were
compiled from Witkowski & Mitchell (1987), ThQaites & Cowling
(1988), Esler et al. (1989) and P.J.Mustart & R.M.Cowling,
unpublished data. Significance of differences between communities

was determined using the Mann-Whitney U test.

Dominant proteoid Protea obtusifolia/ Protea susannae/ _
shrubs Leucadendron meridianum Leucadendron coniferum
Soil type Shallow soil ' Deep colluvial
on limestone sands
Mean Number Mean Number
of sites of sites

pH . 1.2 8 5.6* 3
Total phosphorus 157.5 4 33.0¥ 2
(mg/kg)
Organic
carbon (%) 5.5 8 - 1.6% 4
Nitrogen (%) 0.24 8 0.05*** 4
Calcium (mg/kg) 1960.0 6 580.0% 3

*P¢0.05, ***p¢0.001, NS=Not significant

¥Insufficient replicates for statistical analysis.
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Table 6.3. Selected structural characteristics of Protea

susanhnae, P.obtusifolia, Leucadendron coniferum and

L.meridianum plants at the study site. Data are means (SE).

Significance of differences between species of stand density
(n=10), plant height and canopy volume (n=30), was obtained by
one - way analysis of variance. Different letters ( a,b,c,d )

indicate significance according to Tukey’s multiple range test.

Protea Protea Leucadendron Leucadendron
susannhae obtusifolia coniferum meridianum

a. Stand density (plants per 100 m2)

é.s (1.es)avb 19.4 (2.0)¢ 4.5 (1.6)2 13.8 (2.4)bc
| 2.0 (0.6)% 6.5 (1.4)%
b. Plant height (m)
2.4 (0.04)C 1.3 (0.02)a8 2.5 (0.05)C ¥ 1.7 (0.03)b,#
c. Canopy volume (m3)
14.7 (1.6)C 2.7 (0.2)a 9.9 (0.9)b,# 2.0 (0.2)a#

**Xpc0.001, NS=Not significant

#Female plant data
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not vary much within each species ( coefficients of variation
for each species ranged from 9.7% to 10.2%), there was greater
variation in canopy volumes (coefficiehts of variation ranged

from 47.9% to 60.2%).

6.4.3 Cone and seed production:

i. Genus and soil type patterns (Table 6.4).

Overall generic or soil type trends of cone and seed pronction
in the two-way ana1ysié of variance showed that when species
were combined into genera there were significantly higher total
cone, and total fertile seed numbers, but lower predated seed,

per plant in the (female) Leucadendron individuals than in those

of the Protea individuals. Similarly, combined colluvial sands

species ( P.susannae with L.coniferum) had significantly more

cones, and fertile seed per plant than the combined 1limestone

soil species (P.obtusifolia and L.meridianum). There was no

difference in total predated seed numbers per plant between
species from the two soil types.

The differences in cone production were consistent (no
significant interaétion between genus and soil type), with

L.coniferum producing 2.3 times more cones per plant than

L.meridianum, and P.susannae 2.7 times more cones than

P.obtusifolia. Similarly jhdividua1s of L.coniferum had 3.2

times more cones than those of P.susannae, and individuals of

L.meridianum 3.9 times those of P.obtusifolia. However,

L.coniferum had disproportionately more fertile seed per plant

than L. meridianum (9x) and P.susannae (8x), while P.susannae
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Table 6.4. Differences in a) total cones per plant, b) total fertile seed per
plant, and c¢) total predated seed per plant between genefa (combined Protea spp.
and combined (fémale) Leucadendron spb.); soil types (P.susannae and L.coniferum

combined, P.obtusifolia and L.meridianum combined); and interactions between

genus and soil type, by two—way analysis of variance on the square root
transformations of data. Data are means (SE). n = 30 plants per species. Cs =

Colluvial sands. Li = Limestone soil.

Genus Soil type Genus x soil type

a. Total cones per plant

Protea 172.5 (19.0) Cs 535.5 (58.4) P,susannae 252.6 (31.5)
Leucadendron 590.8 (55.4) Li 227.9 (26.7) P.obtusifolia 92.4 (6.6)

‘ L.coniferum 818.3 (85.8)
L.meridianum 363.4 (39.9)

112.5 55.5 3.2
E 33 33 o NS

g

b. Total fertile séed per plant

Protea 2390.0 (304) Cs 13601.0 (2116) P.susannae 3178.0 (523)
Leucadendron 13287.0 (2136) Li 2076.0 (235) P.obtusifolia 1602.0 (242)
L.coniferum 24024.0 (3234)

L.meridianum 2550.0 (389)

82.2 : 96.2 54.2
33 33 33

(]

c. Total predated seed per plant

Protea 3710.0 (384.0) Cs 2004;0 (368.0) P.susannae 3634.0 (604.0)
Leucadendron 412.0 (47.0) L1 2118.0 (326.0) P.obtusifolia 3784.0 (486.0)

L.coniferum 373.0 (62.0)
L.meridianum 451.0 (71.0)

130.5 0.5 ' 0
kX x v NS : NS

=

¥*¥p¢0.001, NS=Not significant.
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plant seed numbers were only twice that of P.obtusifo1ia,'and

L.meridianum individuals 1.5 times those of P.obtusifolia

(significant genus x soil type interaction).

wWhereas both Protea susannae and P.obtusifolia had similar

numbers of predated seed per plant, as did Leucadendron

coniferum and L.meridianum, when predated seed numbers were

related to fertile seed numbers, different patterns were
evident. Protea species had higher predated:fertile seed ratios

than Leucadendron species, and, within genera, the 1limestone

species had higher ratios than their colluvial sands

counterparts ( P.susannae 1.2';P.obtusifo1ia 2.4 ; L.coniferum

0.02 ;'L.meridianum_0.18). A similar trend was found if predated

seed was expressed as a percentage of total seed (fertile +

infertile + predated) as follows:- P.susannae 15.9%;

P.obtusifolia 28.8%; L.coniferum 1.4%;and L.meridianum 7.2%.

s

ii. Annual variability.

In all species, annual numbers of cones, numbers of fertile
seeds per>cone, and total numbers of fertile seed varied
significantly (Table 6.5). Numbers of predated éeeds per cone,

and total predated seed numbers also showed significant

variation, with the exception of Leucadendron coniferum where no
significant annual variation occurred. Comparing F values with
similar degrees of freedom showed that annual numbers of cones,
seeds per cone, and total fertile seed per plant, varied more in

L.coniferum than L.meridianum. Not shown in the table was the

significant individual plant variation for all species, in each

category (a to e).
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«

Table 6.5. F values obtained by two-way analysis of variance
(random blocked design of cone and seed nuhbers counted from ‘
different years on the same pltant enabled individual plant
variability td be eliminated, see 6.3.5) of annué1 numbers of a)

cones, b) fertile seeds per cone, c) total fertile seed, d)

predated seeds per cone, and e) total predated seed over four

years for Protea susannae, P.obtusifolia, Leucadendron coniferum

and L.meridianum. n=30. Data used were .square root
transformations.
Protea Protea Leucadendron Leucadendron
susannae obtusifolia coniferum meridianum

a. Cones per year

*xxkx 6,5% xxx 7, 4% *kx28. 8% *xxx 7,7¥%

”

b; Fertile seed per cone per year

xxk14,2% x*%25 . 5+ xxx38. 4%  xxx19.3¥

c. Total fertile seed per year

*xxx13, 7% kK191t - *xx50, 9% *xxkk17 ., 8%

d. Predated seed per cone per year

**%19 4% xx%x10,0% NS 2.6% ~ xx 5,g¥

e. Total predated seed per year

- = — — o - o . G T — . ——— - > - - - - —— - - G D - — L S T . e D e —— . - — -

*P¢0.05,**P<0.01,***P¢0.001, NSz=Not significant.

*pf=3,87; $Df=3,83; *Df=3,61.
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The coefficients of variation for annual cone production

(years 1 - 4) was; Protea susannae 85.7% ; P.obtusifolia 60.2%;

L.coniferum 93.3% ; and L.meridianum 71.3%.

iii. Contributions from years of increasing cone age.

During the four years prior to this study, Leucadendron

coniferum had . increasing numbers of cones in each successive
year (significant negative cofre]atioh bf cone numbér and.cone
age, Table 6.6)..In the other species the corre]aﬁions were
either low or non-significant. On the other hand, in all species

except Protea susannae which had relatively .1ow numbers of seeds

from the most recent cones , there was a significant decrease in
the contribution of fertile seed from cones of increasing age.

Predated seed numbers increased significantly in Protea

susannae with increasing cone age (Table -6.6). P.obtusifolia
predated seed numbers were generally high in all age classes
showing no significant increase wih increasing cone age. There

were low annual numbers of predated seed in both Leucadendron

coniferum (no correlation with cone age) and L.meridianum (low

correlation with cone age). These low values are not likely to

reflect real predation levels since older cones of Leucadendron
species, especially those bored into by inse@t predators; open
and release their seedA(pers. observation) thus precluding the
quantification of predaﬁed seed numbers. The flat receptacles of
'tﬁe Protea species retain seed in older cones allowing a more

accurate indication of seed predation 1eye1s.

The proportion of predated cones also had a pdsitive

correlation with cone age_(Figure'6.1) in all species except

145



Section 6

Table 6.6. Annual contributions of a) cones , and b) total

fertile seed , and c) fertile seed as a percent of the total seed

bank of: Protea susannae, P.obtusifolia, Leucadendron coniferum

and L.meridianum. Data are mean (SE).-Q = 30‘1ndiv1dua1s.>£ =

Spearman’s rank correlation with cones égé (1 - 4 or 5 years).

Cone age Protea Protea Leucadendron Leucadendron
(years) susannae obtusifolia coniferum = meridianum

a. Cones per year

1 35.7 (6.9) 19.0 (1.8) 220.0 (31.5) 1 74.0 (11.4)
2 "46.7 (6.3) 18.2 (1.8) 203.8 (32.6) 58.9 (6.7)
3 ' 46.5 (6.7) 11.2 (1.4) 118.5 (13.3) 61.6 (7.3)
4 29.6 (4.2)  15.6 (1.7) 73.2 (9.2) 51.0 (5.1)
5 31.1 (4.8) 3.9 (1.3) 35.4 (4.7) 42.8 (4.3)
r 0.003 NS -0.2 ¥ -0.48%*X* -0.13 NS
b. Fertile seed per year
1 753 (181) 819 (110) 9387 (1337) 965 (190)
2 1162 (219) 570 (143) 8446 (1367) 643 (115)
3 3996 (162) 342 (99) 4091 (536) 562 (91)
4 367 (67) 178 (52) 1775 (329) 244 (44)
5 - - 324 (75) 135 (36)
-0.12 NS -0.58%%x -0.59%*X —0.4%%*
c. Predated seed per year
1 492 (151) 820 (132) 75 (26) 69 (20.5)
2 929 (223) 1617 (198) 130 (32) 144 (26.9)
3 887 (197) 1079 (142) 79 (18) 121 (22.4)
4 1438 (256) 1460 (323) 65 (16) 102 (27.7)
5 - - 22 (7) 139 (4.8)
0.33%%x 0.14 NS . -0.02 NS -0.06 NS

~d. Annual fertile seed as a percent of total seed bank (%).

1 21.8 50.8 40.0 38.4
2 33.9 28.4 : 35.0 25.2
3 33.0 13.0 17.0 21.3
>3 . 11.3 7.8 8.0 15.1

o . - — - A D D e e ——— — - A . D S S e CE M AN D W W TS W S S G e S ST M D S G ST G M S e e e e e e s

* P<0.05, **P<0.01,***P<0.001. NS = Not significant
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Figure 6.1. Percent predated cones ( cones containing

predated seed, or evidence of predation such as frass and insect
holes ) stored on the canopy for increasing times, of Protea

susannae (0), P.obtusifolia ( ®), Leucadendron coniferum (o) and.

L.meridianum ( ®). n=30 plants per specieé {(up to 5 cones per age

class). ***p(o.001, NS=Not significant, using Spearmans rank

correlation of percent predated cones with cones age.
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Leucadendron meridianum which showed a trend reversal in years
three and four. This was most likely due to the large number of

empty cones with no apparent signs of predation. In all age

.categories there were higher percentages of predated cones in

Protea obtusifolia than P.susannae. Similarly L.meridianum had

higher percentages than L.coniferum, except in the 4 year-old

category where it was slightly higher in the latter species.

iv. Serotiny.
Strongly serotinous species have relatively low proportions of

the total seed bank contributed by the most recent crop. Protea

susannae was the most serotinous having only 21.8% of the total

seed crop in current year cones (Table 6.6). P.obtusifolia, the

least serotinous, had 50% of the seed bank.in the most recent

cones. Both Leucadendron species had intermediate values of

about 40%. In all species the contribution from cones of three

years and older was 15 percent or less.

v. Seed set per cone.

Seed set per cone was lower in the Protea species than in the

Leucadendron species (Table 6.7). There was a significant

difference between the frequencies of numbérs of fertile seed
(successful female function) and infertile seed (unsuccessful

female function) between P.susannae and P.obtusifolia, with the

latter having a higher female to male frequency than the former

(P<0.001; two-way chi-squared analysis of frequency).
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Table 6.7. Seed set per cone in Protea susahnae, P.obtusifolia,

Leucadendron coniferum and L.meridianum.

Protea
susannae

- Seed set (%)¥ 12.7

cv (%)% 59.4

Number of 54
cones analysed

¥Mean values (fertile

Protea Leucadendron Leucadendron
obtusifolia coniferum meridianum
19.5 87.1 54.7
62.1 ' 13.3 : 52.9

52 130 119

seeds expressed as a percentage of totaT

fertile plus infertile seeds) calculated from year one unpredaﬁed

- cones.

$coefficient of variation of percent seed set per cone.
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6.5 DISCUSSION

6.5.1 Soil regimes

Proteaceae have dense root clusters (proteoid roots)
concentrated 1n the top 10 cm of soil, maximising nutrient
uptake during the wet season (Lamont 1982). It can thus be
assumed that topsoi1 nutrient characteristics only are needed 1in
assessing the ecological importance to the study species.

Apart‘from calcium, there is very little difference in
nutrient concentrations between the limestone soils and the
colluvial sandS'af the study site. The slightly higher nitfogen
and carbon concentrations of the former than the latter would,
in terms of soil volume availabilty, be offset by the higher
bulk density of the latter. These nutrient levels differ from
independent analyses of both the same and sim11§r soil types fn
separate areas where limestone sbi]s have greater concentrations
of phosphorus, carbon and nitrogen than colluvial sands (Table
6.2).

Despite these discrepanciés, the basic difference in soil
volume would be overriding, making the uniformly deep colluvial
sands potentially less nutrient limiting than the smaller
pockets of limestone soil.

Soil moisture regimes are more difficult to define. The
surface moisture determinations might be of no relevance to
plants with deep réots. Proteaceae roots on thé limestone can
penetrate cracks for several metres (pers. observation). Mid-

summer pre-dawn water potentials, an indication of the soi?l
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water status, were sﬁmilar_in all four study species

(unpublished data).

6.5.2‘ Parallel trends within both species-pairs.

Both limestone species were shorter, and had smaller canopy
volumes than the colluvial sand species. These are most likely

related to the volume of soil available. Protea obtusifo]ia'when

occasiqna11y found growing on the colluvial sands is larger than
counterparts on the limestone (pers observation). A relation
between soil depth and plant height has also been suggested for
the South African Proteaceae by Midgley (1986).

A1l species reached reproductjve maturity at 7-8 years.
There was with no delayed reproduction which would enable
limited resources to be used at earlier stages for vegetative
growth, in time leading to ﬁncreésed size-related reproductive
effort (Begon, Harper & Townsend 1986). The similar Jjuvenile
beriods of all species is likely to have been determined by a
fire regime where frequencies occurred at intervals greater than
-this peridd (Gi11 & Groves 1881).

- There were also parallel differences within genera in numbers
of cones and seed per individual. The colluvial sands species;

p.susannae and L.coniferum, had more cones and fertile seed per

plant than P.obtusifolia and L.meridianum'respective1y. These

reproductive outputs were, in the main, size related,
stressing the importance of relationships between reproductive
effort and plant size (samson & Werk 1986). teucadendron

coniferum stands out in having disproportionately more seed than

’
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1

P.susannae despite having a smaller mean canopy volume. There is

likely to be a demographic explanation for this (see Section
8.2). It appears that concentrations of soil nutrients do not
1imit cone or seed numbers. It is suggested that smaller plants
on the limestone soils produce fewer cones and seeds as function
of size, than their ﬁatched taxa on the co11uy1a1 sands.
Annua1' varigtion of reproductive effort on either soil type
was similar in all species, with significant variétion of cone
numbers, fertile seed per cone, and total fertile seed numbers.

Of all the species the greatest variability of cones and total

fertile §eed per year occurred in Leucadendron coniferum. This
was largely due to a general 1ncreése with time - the onjy
species to have a highly significant correlation of cone numbers
with decreasing cone age - i.e. increasing plant age - rather

than annual variability.
There were soil-related trends trends in predation levels

within both genera. The limestone species, P. obtusifolia and

L.meridianum had higher predation levels (percentage predated
cones, and seed, as well as predated seed : fertile seed
ratios) fhan their respective colluvial sands generic
counterparts. These higher predation levels were notAre1ated‘to
higher plant seed numbers (a reliable food source) of the former
than the latter. Both 1imestone specieé'have smaller seeds than.

P.susannae and L.coniferum respectively, and all have similar

nutrient concentrations (Section 5, Table 5.3). Why there are
these differences is not known. There is a relation between

predation 1eye1s and variation of cone production. w{thin
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genera, the coefficient of variation of cone numbers of the

limestone species was lower than the colluvial species (Protea

susannae 85.7% : P.obtusifolia 60.2% ; L.coniferum 93.3% ; and

L.meridianum 71.3%). It 1is possible that both the higher

predictability of food supply resulting from this lower
variability, and the higher stand densities of the 1limestone
plants, would lead to decreased insect search time (Root 1973,

~Forcella 1980), thus increasing the likelihood of predation.

6.5.3 Non-parallel trends within species-pairs

There was no consistent trend in degree of serotiny in the two

genera. Protea susannae had a lower proportion of seeds in

current year cones (21.8%) than P.obtusifolia (50.8%). The

corresponding proportions in the Leucadendron spp. were similar

(40.0%, 38.4%). Serotiny has been suggested to be a mechanism
dampening the fluctuations in reproductive output (Lamont et al.
1991), but I found no relationship between variability of cone
or fertile seed production and degree of serotiny. A similar
conclusion was reached by Cowling et al. (1986) for Austré1{an
vBanksia spp. (Proteaceae). |

There was also no consistent trend in female/male function.
There were similar frequencies of female and male plants of the
diocoecious Leucadendron spp. on both soil types. If female

<

reproductive effort is resource limited (Goldman & Willson 1986,

Sutherland 1986, Devin 1988), then these results indicate
neither soil habitat to be limiting. On the other hand

P;ogtusifo11a had higher female (fertile seed numbers) to male

(infertile seed numbers) function than P.susannae, suggesting a
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relation between high soi1 nutrient concentrations and
increased féma1e function. This 1is, hoWever, based on the
assumption that infertile seeds are functionally andromonoeciqus
(Bawa and ‘Beach 1981, Rebelo & Rourke 1986). Since there are
alternate e*p1anations for the large infertile seéd component in
Protea spp. (flower or seed predation, pollen limitation,
genetically based mortality and predator avoidance (Ayre &
Whelan 1989)), a resource-controlled explanation would not have

much weight in this context.

6.5.4 Conclusion

This study shows no clear, overall pattern in reproductive
traits, other than size-related effects, that can be ascribed to
differences in soil regimes. Plants growing on infertile sof1sl
have low growth rates and 1luxury consumption of nutrients
(plant-tissue accumulation of nutrients during pulses of
availability, for re-distribution within the plant at times of
low nutrient avai1abi1ity) (Chabin 1982). This 1mp1iesvan
overall plant adaptatjon to low soil nutrﬁenﬁs,_and could app1y
to fynbos species. Deshite the differénces in nutrient
concentrations in these soil types, they are both 10& ré1ative
to non—fynbos soil types»(Witkowski & Mitchell 1987, Thwaites &
Cowling 1988). It appears that these fynbos Proteaceae have
evolved reproductive traits sustainable by the nutrient regimes
of their soil types, yet not directly related to them, other
than through size-related effects. ”

The recurrent fires to which these obligate reseeding fynbos

species are subjected are likely to have played a major role in
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determining reproductive traits that will maximise the post-fire
perpetuation of each species (Gill 1981, Lamont et al. 1991).
It is possible that adaptations to achieve .this.purpose are

overriding to any soil nutrient determined reproductive trait.
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7.1 ABSTRACT

Inf]oréscénces and cones of serotinous (canopy-stored seed)
Proteaceae are extensively harvested from natural stands in
fynbos of the Cape Province, South Africa. This study
investigates the impacts of harvesting on seed bankv size and

seed sét of two Protea spp. and two Leucadendron spp. In all

cases- harvesting was found to deplete seed banks by up to 50%,
and to reduce the following season’s cone production. Remaining
current year cones of. the harvested Protea spp. had increased
insectvpredation levels and unaltered or lower seed set,
relative to unharvested plants. The 1»atter is not consistent
with the hypothesis that seed numbers are nutrient_]imited,

since inflorescence harvesting represents a sink removal, and

increased nutrients remaining in the plant would be available

for increased seed set. Harvesting levels of not more than fifty
percent of current inflorescences or cones, in a1ternate years,

are recommended.
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7.2 INTRODUCTION

Cape fynbos, which is a fire-prone shrubland confined to
nutrient poor soils (Kruger 1979), is often dominated by shrubs
relying on canopy-stored seed reserves (serotiny) for post—fire‘
regeneration (Bond 1985).'Fynbos communities on the Agulhas
E]ain (Thwaites & Cowling 1988) include many species which are
economically valuable as cut flowers. Vast quantities of
inflorescences and infructescences (cones) of many serotinous

Proteaceae species are picked by an expanding wildflower

industry. Since seed is a sine gua non fpr post-fire population
replacement of plants that are killed by fire, an understanding
of harvesting impacts on éeed banks and seed biology is needed
to predict the effect of this harvesting on post-fire
regeneration (Cowling, Lamont & Pierce 1986, van Wilgen & Lamb
1985).

Flower harvesting not only removes seeds, but also the
nutrients they ¢ontain. Since both fynbos and south-western
Australian Proteaceae grow on nutrient poér soils, and produce
seeds rich in nutrients (Patevgg al. 1985), it has been
suggested that seed numbers are limited by nutrient availability
(Lamont, Collins & CoQ]ing 1985, Cowling, Lamont & Pierce 1986,
Stock et al. 1989). Stock et al. (1989) found that inflorescence
removal reduced subsequent inflorescence abortion in Banksia
laricina (Proteaceae), and attributed this to increased within
plant nutrient availability. Leucospermum parile (Proteaceae)
takes up nutrients in winter and stores them in tap roots and
above ground plant parts. Phosphorus and nitrogen are later

translocated from these reserves and concentrated in the
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maturing seeds (Jongens - Roberts & Mitchell 1986). Esler et

al.(1989) also found that the increase in phosphorus and
, / . . .

nitrogen 1in maturing seeds came from extra - floral nutrient

stores. It can therefore be inferred that harvesting of

Proteaceae inflorescences prior to seed maturation 1leads to a

relative increase in nutrients in the extra-floral plant
reserves. If seed numbers are nutrient limited, then the
remaining inflorescences would have increased seed numbers.

This study investigates the effect of harvesting on aspects
of the seed eco]ogy of proteaceous shrubs with a yiew to
improving sustainable harvesting practices. Controlled
harvesting was performed on previously unharvested popu]ationé

of four serotinous species: Protea susannae Phill.,

P.obtusifolia Beuk ex Meisn., Leucadendron coniferum (L.) Meisn.

and L.meridian@m I.Williams. Al1l are widely used by the

wi]df]ower'industry. The effect of inflorescence or cone-
harvesting on vegetative regrowth and on the following year’s
cone production was investigated for all species. Harvesting
effects on seed set and seed predation levels was investigated
zfor the Protea spp. only. The hypothesis that harvesting of the
two Protea spp. at the immature inflorescence stage would resu]ﬁ
.in increased seed set in the remaining infructescences due to
"increased within plant nutrient'avai1ab%1ity, was tested. _Thé
relationship between toté] cone number and caéopy volume was

compared between harvested and unharvested populations of all

species except L.meridianum. Harvesting 1impacts on seed bank

size were determined, and guidelines for harvesting management
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are discussed.

7.3 MATERIALS AND METHODS

7.3.1 Study area and study species

The study site fs situated»on the coastal lowlands of the
Agulhas Plain ( 349 35/ s, 199 55/ E), séu;h Africa. Sampling
was carried out in 18 year-old Proteoid Fynbos (Cowling et al.
1988) growing on soils derived from the Mio -.P1iocene 1imestone
of the Bredasdorp qumation ( Thwaites & Cowling 1988). The
climate of the area is mediterranean with 65% of the mean annual
rainfall (452 mm) occurring between April and September.

The éﬁudy species aré seed-regenerating proteoid shrubs 1.5

to 3.0 m tall. Protea obtusifolia and Leucadendron meridianum

co-occur on shallow, alkaline sands overlying limestone, and

P.susannae and L.coniferum co-occur on the adjacent 1imestone-

derived, deep, moderately acid, colluvial sands. The Protea
spp. are monoecious, and inflorescences are picked between June
and Septembef, prior'to seed maturation (Table 7.1). Female
plants of the dioecious Leucadendron spp. are harvested in
early autumn when inf1oreécencés have matured.iﬁnto
fnfructescences (cones). Table 7.1 also shows the seasons of
flowering, seed maturation times, and the proportion of the

total seed bank occurring in cones of different ages.
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"Table 7.1. Harvesting seasons and selected reproductive attributes of Agulhas

Plain Proteaceae shrubs.

Protea Protea Leucadendron Leucadendron
susannae obtusifolia : coniferum meridianum
Harvesting June-Sept July-Sept March March
season ‘
Flowering April-August July-September late August early August
season .
. seed 5 4 | 3.5 - 3.5
maturation ‘
time (months)¥®
Season when Sept-Jan Nov-Jan mid-Dec mid-Nov
current seed
is mature
Contribution to
seed bank (%)% :
Year 1 ' 22 51 40 38
Year 2 34 28 35 25
> Yr 2 44 21 - 25 37

¥seed collected at intervals after flowering were considered mature when 90%
of a test sample (75 seeds) germinated at 10°C: dark: 10hrs/20°C: light: 14hrs

'(unpub1ished data)

tAnnual viable seed contribution as a percent of total seed bank (see Table 6.6)
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7.3.2 The effect of experimental harvesting on cone production.

Thirty p]ants of each species were randomly chosen, labelled
and experimentally harvested in ways similar to those practised

by the wildflower industry:

i) Protea spp.

During the 1987 flowering season the number of current
inflorescences was counted on all chosen individuals. Fifteen
plants were left as controls, and fifteen were experimentally
stem-harvested (cut 15-20 cm below the inf]brescence) such that
approximately 70% of  the infTorescénces were removed. The
number of inflorescences produced in the flowering season after
harvesting (1988) was counted.

'ii). Leucadendron spp.

Durfng March 1987 the number of current year cones was
counted on all the chosen individuals. Each §pecies was then
divided into three groups of ten plants each - one left as a
control, one for cone-harvesting ( 70% of current mature cones
harvested immediately below the cones), and one for stem -
harvesting ( 70% of current mature cones removed by cutting off

the stem 15 - 20 cm below the cones). Leucadendron harvesting

was done in March, 1987, The number of cones produced in the

season after harvesting was determined in March 1988.

7.3.2 Size-dependent reproduction in harvested and unharvested

populations.

In.the'unharvested populations all the cbnés onh thirty plants

per species were counted. Height and canopy diameter were

167



Section 7

measured, and canopy volumes were calculated as the volume of an
ellipsoid (4/3.pi.ry.(r5)2), where r1=height/2; r2=diametef/2).
In similar aged vegetation in a neighbouring area where plants
had been commercially harvested over the past five years,
measurements of total cones‘and canopy volume were obtained for

Protea susannae, P.obtusifolia and Leucadendron coniferum.

Harvested L. meridianum plants were unavailable since this

species had not been harvested for the past four years.

7.3.3 Effect of experimental harvesting on seed set and seed

predation 1eve1s in Protea Spp.

For each species five current cones per plant (15 harvested
and 15 unharvested plants) were harvested in April 1988. The
number of apparently viable (embryo-filled and plump), aborted,
and predated seeds were counted. The viable and predated seed
categories were 9ach calculated as a percentage of the total
(viable + aborted + predated) seed number.

7.3.4 Harvesting impacts on seed banks.

Annual contributions of viable seed to the seed bank of
previously unharvested plants (Table 7.1) were used to calculate
harvesting impacts on seed banks. Reduction in cone number due
to harvesting , as well as the decrease in cone number in the.
season after harvesting, were incorporated in calculations of
seed bank sizes in the year after harvesting. These were

expressed as a pefcentage of the unharvested seed bank

7.3.5 Statistical analyses.

In order to determine the effect of flower and coné
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.harvesting on future cone production, ﬁhe annual 1ndi;1dua1
plant variation was accounted for by using the difference
(change) for each plant between cone numbers of the pre- and
post-harvest seasons. Student’s t-tests were performed on these
changes to investigate the significance of differences between
stem-harvested and control plants. Mann Whitney tests were used
to assess differences between proportions of viable and predated
seed in unharvested and hérvested plants.

Least squares regression analysis was used to determine the
‘relationship bétwéen canopy volume and cone number 1in the‘
harvested and unhérvested populations. For all species canopy
volumes An-the two populations overlapped extensively.
Differences in the slopes and elevations of regression for

~different population were determined using a t-test (Zar 1984).

7.4 RESULTS.

7.4.1 The effect of experimental harvesting on cone production.

There was no vegetative regrowth below the cut stems of any of

the four species. In both Leucadendron coniferum and

L.meridianum, cone-harvesting did not result in decreased cone

production the fo11owing year (Table 7.2). Stem-harvesting,

however, resulted in a significant decrease in cone numbers.

Harvested Protea obtusifolia plants produced significantly less
cones the season after picking. The decrease in cone production

of P.susannae was greater in harvested plants, but this

difference was not signhificant.
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Table 7.2. The effect of inflorescence harvesting of Protea
susannae and P.obtusifolia, and cone harvesting of Leucadendron
coniferum and L.meridianum, on cone production the following
year. Cone numbers of the current year’'s crop were determined
immediately before (March 1987) and the year after (March 1988)
experimental harvesting. Cone numbers of unharvested controls

were determined at the same time. Plant populations had
previously never been harvested. Data are means (SE). n = 15
plants for Protea spp.; n = 10 for Leucadendron spp. Significance

of differences in cone numbers between controls and stem-
harvested plants in the year after harvesting was determined by
t-tests on the change in cone number between 1987 and 1988.

e ——— - ——— a ————— . ——————————————————————- - — o ————— —— —— — ————— T ————— o =

Cone numbers Change$
1987 ,season 1988 season :
Protea
susannae : : _
Unharvested 54,7 (12.2) 36.8 (7.1) -17.9 (32.6)
Stem-harvested® 65.1 (12.4) 32.5 (6.6) -32.5 (35.8)N.s.'
Protea
obtusifolia
Unharvested 8.1 (2.0) 4.7 (1.5) -3.4 (4.8)
Stem-harvested¥ 14,5 (2.6) 1.3 (0.6) -13.2 (10.0)*
Leucadendron _ |
coniferum _
Unharvested 198.9 (34.0) 245.8 (72.8) 46.9 (171.8)
Cone-harvestedt 238.0 (78.8) 271.0 (75.1) 33.0 (65.2)
Stem-harvested# 223.1 (46.2) 120.8 (36.2) -~-102.3 (145.8)*
Leucadendron
meridianum v
Unharvested 70.7 (13.7) 116.9 (19.4) 46.2 (38.7)
Cone-harvestedt 99,9 (28.4) 136.9 (37.3) 37.0 (54.2)
Stem—harVested# 68.6 (12.1) 56.8 (21.9) -11.8 (49.7)*

———————— - ——— ————— —— — ————————— — — O S ———— ————————— ————— T ————— = ——————

#stems cut 15cm below inflorescences such that seventy percent
of inflorescences removed

*seventy percent of current cones harvested

s(1988 Cone numbers) - (1987 Cone numbers)

N.S.,Not significant. *P<0.05 '
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'Figure 7.1. Relationships between total cone numbers per plant,

and canopy volumes (m3) in harvested and unharvested populations

of Protea susannae, P.obtusifolia and Leucadendron coniferum.

Harvested plants had been stem-harvested over the past 5 years.
® = harvested plants, = unharvested plants
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7.4.2 Size-dependent reproduction in harvested and unharvested

populations.

Harvested shrubs had fewer cones than eguivalent sized
unharvested shrubs (Figure 7.1). The slopes 6f the regressions
of harvested and unharvested were plants were significantly

different'for Leucadendron coniferum (P<0.001), but not for

Protea susannae and P.obtusifolia. The elevations of regression

for harvested and unharvested plants of the Protéa sSpp. were
significantly different (P<0.05 and P<0.001 respectively). The

coefficients of determination, ;2, for harvested P.susannae and

unharvested P.obtusifoloa were both low (less than 50%).

7.4.3 Effect of experimental harvesting on seed set and seed

predation levels in Protea spp.

Whereas there was no difference in percent viab]é seed per
cone (seed set) between harvested and unharvested plants of
Protea obtusifolia, harvested P.susannae had a slightly lower
(though statistically significant) proportion of seeds per cone
than thosé of unharvested plants (Table 7.3). In both species
there was an increase in predated seed in the cones of harvested
_individua1s, although this change.was not significant 1in

P.susannae. The viable seed component of this increased

predation in harvested plants (mean increase of 10.3% for

P.obtusifolia and 14.3% for P.susannae) would be approximately

1.7% and 1.5% per cone respectivé]y,’assuming viable seed is
indiscriminately eaten in proportion to mean percentages of

viable seed present (unpublished data). Total viable seed of the
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Table 7.3. Percent a) yiab1e seeds and b) predated seeds per
current cone of unharvested and remaining current cones of

experimentally harvested plants of Protea susannae and

P.obtusifolia. Plants were harvested such that seventy percent of

current inflorescences were removed during their respéctive
flowering seasons. Mqture cones of the following seaéon were
analysed for viable, non-viable and predated seed components.
Data are means (SE). Significance of differences between

unharvested and harvested values was determined by Mann-Whitney

tests.

— . - ——————— V- —— —— - — i — —— —— - - ——_—— - — T ——————— i —— -

Protea susannae Protea obtusifolia

a) Percent viable seeds per cone

Unharvested 13.3 (2.1) 13.4 (3.1)
(n = 15) ' (n = 13)
Harvested 1.1 (2.6)* 11.7 (2.6)N.S.
. (n = 14) (n = 14)
b) Percent predated seeds per cone
Unharvested o 13.5 (2.2) 23.3 (3.5)
| (n = 15) (n = 13)
Harvested ' 27.8 (3.5)% . 33.6 (5.0)N.S.
' (n = 14) (n = 14)

n = number of plants (up to 5 cones per plant).

N.S., not significant. *P<0.05
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Table 7.4. Proportion of unharvested seed bank remaining in the
year after experimental harvesting. Post-harvest seed bank sizes
are expressed as a percentage of unharvested seed bank sizes, and

are mean values. n = 30.

Protea Protea Leucadendron Leucadendron
susannae obtusifolia coniferum meridianum
70% current 75 ' 57 65 62
cones removed ’
70% current 61 44 53 54

& 50% year 1
cones removed

harvested plants wou1d then rise to 13.4% and 12.6%

respectively.

7.4.4 Harvesting impacts on seed banks.

The most st?ong1y serotinous specie§ (i.e. those speciés
which have the lowest contribution of current year’s crop to the
total seed bank) (Table 7.1) have seed banks which were least
impacted by 70% harvesting of current inflorescences and cones
(Tab1e 7.4). For example, Protea susannae,‘re1ying on its

current seed crop for only 22% of its seed stores, had its seed

bank reduced to 75%, whereas P.obtusifolia with 50% in current
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cones, was reduced to 57%. Additional removal of fifty percent
one year-old cones reduces seed banks of all species to about

half, or less, their original value.

7.5 DISCUSSION

These results show that not only does harvesting reduce the
standing crop of canopy-stored seed, but also that this
reduction can be qarried over into the fo1iowing season due to
the subsequent lowered cone production that occurs after stem—‘
harvesting. ‘In all species inflorescences are termina11y
produced and there was no vegetative regrowth below the cut
stems.‘Therefore, it can be assumed that the post—harvest cone
reduétion is a consequence of the removal of vegetative
modules containing future growth points, resulting in reduced
canopy volume. Rebelo & Holmes (1988) surveyed unexploited and
commercially-exploited populations of a serotinous fynbos shrub,

Brunia albiflora, and found that harvested plants bore fewer

infructescences. than unharvested plants of the same size. This
study also found fewer cones on plants in commercially

harvested populations of Protea susannae, P.obtusifolia and

Leucadendron coniferum than those on similar sized unharvested

plants (Figure 7.1). This is also likely to be due to the
repeated annual removal of terminal growth points. Canopy volume
is reduced by repeated stem-harvesting (pers. observation), and
these smaller sized plants have fewer cones than similar-sized
unharvested plants. Whereas harvested plants of the Protea SPP.

had a constant number of cones less than similar-sized,
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unharvested plants (similar slopes), the difference increased

significantly with increasing canopy volume in L.coniferum.

This cou]d be related to high picking intensities of the larger,
prolific cone-bearing plants of the latter species. It is also
possible that older cones fall off the plant (harvesting of
current cones would lead to a greater proportion of the total
‘cone number comprising older cones). Whatever the cause, the
vu]nerabi1ity of this species to stem-harvesting is heightened
by this phenomenon. This relationship _of plant size to
reproductive output could be used as a gﬁide11ne for recommended
stem- Harvesting intensities. Plants could be pruned to a
certain minimum size pre-chosen as that bearing an adequate
number of cones (i.e. containing.sufficient seed for post-fire
regeneration). Samson & Werk (1986) stress'this approach of
noting size-dependent effects on reproduction.

If vjab1e seed number is determined by available nutrients,
it would be expected that seed set per cone in remaining cones
of harvested Protea spp. would be higher than those of
unharvested control plants. Experimentally harvested plants

had seed set per cone either similar to (P.obtusifolia), or

lower than (P.susannae) those of unharvested plants (in both

cases effectively resulting in Jlower current seed numbers per
harvested plant, since cone numbers are less). The estimated
viable seed compbngnt of increased seed predation found in
harvested plants would not changé this result. Inflorescence
harvesting represents a nutrient sink removal, and this did not
result in an increase the number of viable seed forming in the

fewer remaining inflorescences. This is not consistent with the
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hypothesis that seed numbers are determined by nutrient 1e;e1s
in these two species. It is, however, poésib1e that in
evolutionary time, low soil nutrients have fixed a 1imit to seed
number. These conclusions differ from those of Stock et al
(1989) who found that experimental removal of inflorescences 1in

Banksia laricina led to decreased abortion levels of the

remaining blooms, resulting in unaltered seed numbers per plant,
compared to unharvested contro1s. Infloresence abortion 1in our
two Protea spp. is minimal, so mechanisms for altering seed
numbers‘per plant (if, in fact, they do exist) would be
different, with possible change being affected at the level of
number of seed per cone rather than 1in numbers of
infructescences per p1ant. Ayre & Whelan (1989) have suggested
that there are independently operating mechanisms for
controlling fruit set via excess flowers per inflorescence and
excess inflorescences per b1ant . Alternative explanations for
the Tow seed set in Pfoteaceae include po11eh orvpo111nator
limitation, lack of space, high insect predation levels, or
post-zygotic abortion to produce high quality seeds in an
outcrossing system (Bierzychudek 1981, Collins & Rebelo 1987,
Zimmerman & Pyke. 1988, Ayre & Whelan 1989, Wallace & O’'Dowd
1989). Low seed set in Protea spp. has also been suggested.to be
an anti-predation strategy (Coetzee & Giliomee 1987).

Protea obtusifolia seed predation levels were higher in the

remaining cones of harvested plants, than in those of
unharvested controls. The same trend (though not significant)

was found for P.susannae. It is possible that insect predators
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of low mobility emerging from older cones on the same plants
would concentrate on the lower numbers of cones. This finding is
in contrast to the decreased predation that has been reported to
occur with successive annual harvesting of populations of Protea
repens over fi?e years, when the number of predated blooms
decréased from eighty to fifteen percent (A.Gray, pers. comm.).
This finding can be attrfbutedvto the removal of sources of
insect infestation in that there are fewer old cones. Thfs

phenomenon has been also been feported in harvested P.magnfica

(= barbigera) plants ( Myburgh, Starke & Rust 1974).

In serotinous épecies, such as those 1in this study, the
5roportion of'seed banks removed by flower or curreht cone
'harvésting depends on the extent of older stored seed reserves
(ie the degree of serotiny).vIt has been shown that canopy-
stored seed remains viable for at least four to five years %n
cones (Section 3, Table3.2). The size of these reserves depend
in turn on the intensity and frequency of harvesting in ear1ief
years. In this study, with controlled harvesting on previously
Unharvested'p1ants of known patterns of annual seed storage }
seed loss has been ca1cu1éted. éinCe harvesﬁing by the wild
flower industry 1is repeated in éuccessive years, thus altering
thesé patterns . of éeed storage, it is more difficult to make
Qenera1isations about the extent of seed bank depletion.
waever, it was shown that seed bank reductions .can be severé in
weék1y serotinous species, with seed banks beingvdecreased by
»about fdrty percent when harvested for the first time ( seVenty
percent of current cones removed). Additional removal of older

cones (fifty percent of one year-old cones) further reduced
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their seed banks to half, or_1ess, their ofigina1 size. Repeated
annual-harvesting could thus result in serious seed bank

depletion. Protea susannae could be more resilient to harvesting

since it relies on current seed production to a lesser extent
(twenty two percent of seed bank) than the other species (thirty

eight to fifty one percent). In additibn, this species is not in

high demand, unlike the co-occurring Leucadehdron coniferum. The
latter species retains only twent} five percent of 1£s seed bank
{n cones older than 2 yéars, and the possibility of a severe
harvesting—fnduced reduction in seed bank exists. According tq
Wottery model theories seeds rahdom1y occupy post—fire space,
and co-existence is mediated by reproductive similarity, such as

similar seed numbers (Fagerstroém 1988). In harvested

populations such a post-fire lottery would favour P.susannae.

Similarly, sustained harvesting of P.obtusifolia would reduce

its ability to compete for estab1ishment_sites with the

unharvested L.meridianum. The increasing numerical advantage of

P.susannae and L.meridianum seedlings over several post-fire

regeneration events would lead to the eventual elimination of

L.coniferum and P.obtusifolia respectively, in harvested areas.

There is evidence of a decline in post-fire recruitment of

L.coniferum in mixed stands with P.susannae (R.I.Yeaton &
R.M.Cowling, unpublished data)

It is not known how many seeds are required for adequaté
post-firg regeneration. There is much variability in Proteaceae

post-fire seedling : pre-fire parent ratios. This variability is

. largely unexplained (Midgley 1989), though some has been

~
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attributed to season of burn (Bond, Vlok & Viviers 1984, van
Wilgen & Viviers, 1985). The species in this study can have
severaj thousand canopy-stored seed per plant, yet only one
successful seedﬂiﬁg is needed for plant replacement. It is
possible that seed not lost through harvesting would be lost in
density dependent éeed]ing interactions. At the other éxtreme,
poor estab]ishment.under adverse conditions couid lead to 1local
extiﬁction. It is suggested that seed bank sizes should not be
‘decreased by more than fifty percenﬁ. This approxfmates the
" maximum degreev(22% tov51%, for these species) by which
unhar&ested éeed banks would be reduced in the event of an
unseasonable fire in late spring/early summer, before the
current seed has matured (Table 7.1). Harvesting levels of not
more than fifty percent of current inflorescences or cones are
recommended. In light of the subsequent 10wered cone production
in. the bost:harvest year, ft is further suggested that stem-
harvesting be berformed in alternate years. This would allow.
some measure of vegetative and subéeduent reproductive

restoration.

180



Section 7

7.6 REFERENCES
Ayre, D.A. & Whelan, R.J. (1989). Factors controlling fruit set

in hermaphroditic plants: studies with the Australian

Proteaceae. Trends in Ecology and Evolution 4, 267-272.

Bierzychudek, P. (1981). Pollinator limitation of plant

reproductive effort. American Naturalist, 117, 838-840.

Bond, W.J., Vlok, J. & Viviers,M. (1984). variation 1n seedling

recruitment of Cape Proteaceae after firé. Journal of

Ecology 72, 209 - 221.

Bond, W.J. (1985). Canopy stored seed reserves (serotiny) 1in

Cape Proteaceae. South African Journal of Botany, 51, 181-186.

Coetzee, J.H. & Giliomee, J.H. (1987). Seed predation and

survival in the 1infructescences of Protea repens

(Proteaceae). South African Journal of Botany 53, 61-64.

Collins,B.G. & Rebelo,T. (1987). Po11ination Biology of the

Proteaceae in Australia and southern Africa. Australian

Journal of EcoiogyL 12, 387-422,

Cowling, R.M., Lamont, B.B. & Pierce, S.M. (1986{. Seed bank

dynamics of four co-occurring Banksia species. Journal of

Ecology, 75, 289 - 302.

181



Section 7

Cowling, R.M., Campbell, B.M., Mustart, P.J., McDonald, D.J.,
Jarman, M.L. & Moll, E,J. (1988). Vegetation classification

in a floristically complex area: the Agulhas Plain. Journal

of South African Botany, 54, 290—300.

Esler, K.J., Cowling R.M., Witkowski E.T.F. & Mustart P.J.
(1989). Reproductive traits and “accumulation of nitrogen
and phosphorus during the development of fruits of Protea

éomgacta R.Br. (Calcifuge) and Protea obtusifolia Beuk. ex

Meisn. (Calcicole). New Phytologist, 112, 109 - 115.

‘Fagerstrdém, T. (1988). Lotteries in communities of sessile

- organisms. Trends igiEco1ogx and Evolution, 3, 303-306.

!

Jongens - Roberts, S.M. & Mitchell, D.T. (1986). The

distribution of dry mass in an évergreen fynbos shrub

species Leucadendron parile (Sa]iébury ex J. Knight) Sweet
(Proteaceae), at different'stages of development. New

Phytologist, 103, 669-683.

Kruger,F.J. (1979). South African heathlands. In: Specht,

R.L.(ed), Ecosystems of the world. Vol 9A, Heathlands and

related shrublands: Descriptive studies. Elsevier,

Amsterdam, 19—80,

Lamont, B.B., Collins,B.G. & Cowling, R.M. (1985). Reproductive

bioiogy of the Proteaceae in Australia and South Africa.

182



. Section 7

Proceedings of the Ecological Society of South Africa 14,

213-224.

Midgley, J.J. (1989). Season of burn of serotinous Proteaceae:

A critical review and further data. South African Journal of

Botany 55, 165 - 170.

' Myburgh, A.C., Starke,L.C. & Rust,D.J. (1974). Destructive

5

insects in the seed heads of Protea barbigera. Journal

the Entomological Society of South Africa, 37, 23-29.
2 ‘
Pate, J.S., Rasins, E., Rullo, J. & Kuo, J. (1985). Seed
nutrient reserves of Proteaceae with special reference to

protein bodies and their inclusions. Annals gj.Botany. 57,

747 - 750.

Rebelo, A.G & Holmes, P.M. (1988). Commercial exploitation of

Brunia albiflora (Bruniaceae) in South Africa. Biological

Conservation, 45, 195-207.

Samson, D.A. & Werk, K.S. (1986). Size dependent effects in the
analysis of reproductive effort in plants. American

Naturalist 127, 667 - 680.

Stock, W.D., Pate, J.S., Kuo,J & Hansen, A.P. (1989). Resource
control of seed set in Banksia laricina C.Gardner

(Proteaceae). Functional Ecology 3, 453 - 460.

183



Section 7

Thwaites, R.N. & Cowling, R.M. (1988). Landscape - vegetation
relationships on the Agulhas Plain, South Africa. Catena

15, 333 - 345.

van Wilgen, B.M. & Lamb, A.J. (1985). The wildflower picking
industry in relation to mountain catchment in the fynbos.

Acta Horticulturae 185, 181 - 187.

van Wilgen, B.W. & Viviers, M. (1985). The effects of season of
fire on serotinous Proteaceae and the implications for fynbos

management. South African Forestry Journal 133, 49 - 53.

wWallace, D.D. & O’Dowd, D.J. (1989). The effects of nutrients
and inflorescence damage by insects on fruit set by Banksia

spinulosa. Oecologia 79, 482-488.

Zar, J.H. (1984). Biostatistical Analysis. Prentice-Hall Inc.

Zimmerman, M. & Pyke, G.H. (1988). Reproduction in Polemonium:

assessing the factors limiting seed set. American Naturalist

131, 723-738.

184




,Section 8

GENERAL DISCUSSION

.1 Soil and phylogenetic effects

8.1.1 Soil regime, seeds and seedlings

- 8.1.2 Soil regime and adult plants

.2 The relevance of seed and seedling biology for

understanding fynbos population structure

.3 Harvesting impacts
.4 Limitations of this study

.5 Further research

185



Section 8

8.1 SOIL AND PHYLOGENETIC EFFECTS

The underlying theme of investigating the effect of soil fegimé
in each of the two species-pairs, without the constraints of .
phylogeny, revealed a diChotomy betWeen'the young (seed and

seedling) and the mature plant stages.

8.1.1 Soil regime, seeds and seedlings

Studiés attempting to determine thé ecoiogica1 basis for seed
ﬁize optimisation have’shown that there is much inter- and
intra- specific variation (Si1vertqwn 1989). A large study
investigating the eCo]ogica] and 'taxonomic.corre1ates of seed:
mass variation in 648 Indiana dune species showed that the
taxonomic component accounted for as much of the variation in
seed mass as did ecological factors (Mazer 1989). This study
also showed that at a geographic scale there was no relation
between seed size and any habitat-specific ecological attribute.
Lee & Fenner (1989) excluded taxonomic constraints by looking at
twelve closely related gréss species over a geographic range of
soil ferti]ities in New Zealand,'and found a negative
correlation between soil ferti}ity and seed size. This study has
excluded both taxonomic constraints and geographic range
variability by looking at ﬁwo pairs of sister taxa on adjacent,
diffefent habitats. Furthermore, instead of using broad-scale
descriptions of soil fertility and moisture, the soil surfage
nutrient and moisture regimes are clearly described at the
scale of seed size. I showed a relationship between soil regime
and seed size. Larger seeds within both genera on the colluvial

sands were interpreted as selection for successful establishment
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of the subsequent larger seedlings in this soil with its lower
nutrient and water concentrations than the 1limestone (Section
5). A putative phylogenetic constraint imposing smaller seed

size in the Leucadendron spp. is suggested to be countered by

their. increased root (relative to shoot) lengths than the
larger—-seed Protea spp. |

A relationship between soil regime and seedling establishment
was also found, and was interpreted as being important in
determining adult distribution patterns (Section 2). It was
shown that only the larger-seeded species grew into seedlings
able to survive on the drier colluvial sands, in contrast with
the high mortalities of the smaller-seeded 1imestone endemics on‘
these soils.

Species diversity patterns indicate that the turnover between
habitats is a major factor in determining landscape-level
species richness in South African fynbos (Krugetr & Taylor 1978,
Linder 1985, Cowling 1990), Australian kwongaﬁ ( Bond &
Goldblatt 1984, Lamont, Hopkins & Hnatiuk 1984) and tropical
rain forests (Gentry 1988). This study actually investigated
one of the processes determining beta diversity. Differences in
soil habitat (nutrients and/or moisture), leading to selection
for different seed sizes within taxonomic groups, would be
startiﬁg poigts for subsequent speciétion.

The relation between soil regime énd seed germination showed
a different pattern in that there was higher (Table 2.2) and
less variable (Table 4.1) seedling emergence of all four study

speéies on the limestone soil than on the colluvial sands. This
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was attributed to the higher moisture contents of the former
soil than the latter. 1In hindsight this is not surprising since
water is the major determinant in germination (Mayer &
Poljakoff-Mayber 1975). |

On the drier colluvial sands there were differences in
emergence patterhs between. generé with the Protea spp. having

less variable emergence patterns than the Leucadendron spp.

(Table 4.1). The low water-binding properties of the colluvial
sands are interpreted és 1éadjng to high micro-habitat
variabi1it§'in soil-surface water contents. Labofatory
experiments showed that whereas seeds planted in each soil
imbibed equal amounts of water, on drying the seeds in the
limestone soil lost less water than those in the colluvial sand
(see 3.4). Thus the colluvial sands appear to buffer seed-
imbibed water loss to the atmosphere 1less efficiently than the
limestone soil. Other studies have shown an experimenta]
relationship between micro-habitat variab}1ity and seed
germination (Harper, Williams & Sagar 1965, Hamrick & Lee 1987,
Fowler 1988). This study has shown how soil properties per se
can lead to differences in seed-imbibed water levels, that in
turn would influence germination. The more substantial pericarp
structure in relation to embryo size of the Protea spp. than the

Leucadendron spp. is suggested to account for the increased and

less variable emergence patterns of the former on the colluvial
sands. Of interest in this regard are preliminary findings
which showed that after five days imbibition the pericarp of

Protea susannae increased its dry weight by 94% compared to the

embryo which increased by 32%. Comparable data for P.obtusifolia
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were 44% and 43% respective]y. The function of the pericarp in
séed—water relations needs further investigation (see 8.5).
Pericarp mQrpho1ogy of Protea spp. has been investigated with
regard to dispersal properties only (Manders 5986, Bond 1988).
Seed coat ortpericarp structure in Protéacéae is.usua11y
cosidered in relation to dormancy (Brits 1986, van Staden &
Brown 1977). I suggest that pericarp:embryo size refationshjps
play a role in determining the seed imbibition and hence
germination success. Mazer (1989) has suggestedvthis to be
-genera1]y important for small seeds which have high seed coat

thickness relative to seed volume.

8.1.2 Soil regime and adult plants

Whereas the questions asked about the relationship between soil
regime and seeds and éeed]ings'were relatively well dgfined;
questions were more tentatively framed with regard to soil
Vregime-and adult traits. It was not known. whether the 1larger
volume of the colluvial sands would offset-its lower ﬁutrient
concentrations, making it potentially more resourcé—rich than
the highef nutrient cbncentrations ofvthe 1imestdne soil ‘which
occurs in pockets of small volume. In addition, the water regime
ét the rooting depths of ‘the adults is not known. Thus, 1in a
sense the plants growing on these soils were used as
phytometers. The question was asked whether the species
ref1ected any difference in their reproductive traits that could
be related to the differences in soil regime. It was found on

the colluvial sands that in both species-péirs the plants
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occurred at lower densities, were larger, and had greater
numbers of cones and seed per plant, than species on the
1imestone (Section 6). Apart from these size-related properties,
there were no consistent differences in reproductive traits. It
was concluded that the different soil regimes had no influence
onh the 1nvestigéted reproductive traits. However, soil regime
was shown to be related to seed size (Section 5), but this
relationship did not extend to other reproductive traits
investigated.

Another way of looking at the relationship between spi1
regime and reproductive'traits would be to determine whether

. trade-offs between vegetative and reproductive components (sensu

Si]vertown 1987) were different on the two soil types. If soil
nutrients .on either habitat were 1limiting, then the
nutritionally expensive reproductive processes would result in a
larger trade-off of decreased Vegetation on the more resource-
limiting soil. Assuming that the nitrogen- and phosphorus-rich
embryos (van Staden & Brown 1977, Pate et al. 1985, Jongens-
Roberts & Mitchell 1986) represent the main reproductive cost,
the gross mass of embryo produced per plant (i.e. including
seed that were lost to predators) was calculated, and related to
plant canopy volume (Table 8.1). Here, too, there was no
consistent trend within species-pairs across soils. Protea
susannae with potentially more available nutrients, showed
decreased reproduction per unit of canopy volume relative to

P.obtusifolia, indicating, perhaps, that the cost of exploring

large soil volumes in order to obtain nutrients in the colluvial

sands resulted in a trade-off in decreased reproduction.
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Table 8.1. Relationship of embryo, production to canopy volume of

co-occurring Protea susannae and Leucadendron coniferum; and

P.obtusifolia and L.meridianum.

Protea Leucadendron? Protea Leucadendron?
susannae coniferum obtusifolia meridianum
Canopy | 14.7 . 9.9 , 2.7 2.0
volume (mz)* ‘
Cones/plant¥ 252.0 818 92 363.0
Seed/cone$ ' 17.3 ' 40.7 7 42.6 11.3
Seed/p1ant+ ‘ : 4360 33293 3919 3803
Embryo - . 16.8 - 9.3 12.0 6.1
mass (mg)*
Embryo mass 69.8 309.6 47.0 23.2
per plant (g)@
Embryo mass/ 4.7 31.3 17.4 11.6

- canopy volume

(g/m2) :

#Means data (from Section 6.4)

$Mean seed number per cone in
unpredated, current cones (from Section 6.7)

*Means data (from Section 5.2)

+(Cones/plant) x (seed/cone)

i.e. gross seed production, exc1Uding seed predation
@(seed/plant) x embryo mass

PFemale data
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However, the reverse was shown in the Leucadendron spp.,
negating the strength of a soil regime-related explanation. The

high reproductive output of L.coniferum 1is most probably

related to demographic\se]ection (See 8.2). It is predicted that
"this cost be reflected in_high adult mor£a11ties of this
species.

The-1ack of increased seed set in remaining infructescences
of the two Protea spp. after 1nf16rescence sink remdva] (Section
7.4.3) is further indication of a lack of relationship between
soil nutrient régime and reproduction. The low seed.set of
hermabhrbditic Proteaceae in Australia and South Africa have
been reviewed by Ayre & Whelan (1989) who have identified both
‘proximate (ecoiogica1 and physiological) and u1timate (past
selection for high flower numbers) reasons for this. Proximate
causes inc1ude‘resource nutrient limitation, and this would be
particularly relevant for plants growing on the nutrient poor
soils of Australia and South Africa ( Lamont; Collins & Cowling
1985). Manipu]ative experiments on seed set in Australian
Proteaceae have shown support for the nutrient 1im1tatioh
'hypothesis-(Stock et gl; 19839), a different finding from this
study. The lack of any direct relationship between soil nutrient
status and reproductive traiﬁ (other than seed size) suggésts
that low soil nutrients might have been an u1£im$te cause of
Proteaceae reproductive traits, but that proximate relationships

are more likely to be determined by other factors (fire-related,

or demographic).
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‘8.2 THE RELEVANCE OF SEED AND SEEDLING BIOLOGY FOR

UNDERSTANDING FYNBOS POPULATION STRUCTURE

These differences found in the relationship between seed and
seedlings, and adult plants, to their soil environment, stress
the importance of understanding the bio1dgy of the regeneration
stages in order to fully understand adult population patterns
(Grubb 1977). It has been suggested that knowledge of pre-burn
seedbank sizes would be important for understanding and
predicting post-fire recruitment patterns ( Cowling, Lamont &
Pierce 1986, Lamont & Barker 1988, Cowling 1989). An
1ntégrated approach has beenvpreferred by others who examine
the end result only. Post-fire seedling:parent ratios are
determined in order to gauge the effect of season of burn (Bond,
Viok & Viviers 1984, van Wilgen & Viviers 1985, Midgley 1989)
and these studies have shown that winter and spring burns
generally lead to poor recruitment. Experinental évidence
suggests that successful recruitment aftér summer énd autumn
burns is due to a shortened period between seed release and
winter germination, aﬁd hence less seed predation, than would
occur after late winter or spring burns (Bond 1984). This
approach implies that post-burn factors are of more importance
than pre-burn ones, and discounts Jordaan’s (1949) suggestion
that variation in pre-burn seed numbers due to season of seed
maturation influences post-burn seedling numbers. However, a
collated data set on fynbos seasonal regeneration responses
shows that despite the above explanations there is still much

unexplained variation in seedling:parent ratios (Midgley 1989).
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In addition, Bond, Vliok & Viviers (1984), who found a dec1jne
in seed]ing:parent‘ ratios with 1increasing pre-burn plant
density, also found considerable fire to fire variation. This
led them to suggest that the size of pre-burn seed reserves, as

well as post-fire events, " could be determinants of recruitment

- SucCcess.

It has been shown that when conditions are adverse for
seedling establishment, a doubling of seed densities more than
doubles seedling numbers (Harper & Chance]]or'1959). In the
light of this , knowledge of seed bank sizes, together with.
phenology of seed maturation, is needed in areas wiﬁh high
summer seedling mortality in order to interpret the effect of
season of burn on post-fire regeneratﬁon. Summer mortality
during the often dry, windy summers can be high in this lowland
Agulhas area ( 40% mortality of two year-old seedlings on the
colluvial sands after a dry summer, (unpub1i$hed data)). Max imum
post-fire seed release, and hence seedling numbers would be
needed to buffer these high losses. This high summer drought
- mortality contrasts with the low vaiues (ca. 7%) reported for
Protéaceae seedlings 1in mountain’fynbos (Midgley 1988),
precluding the need for large seed banks in the latter areas{
Seed bank sizes of Proteaceae occurring in the. mountain fyﬁbos
are not known.

vPre—burn seed bank sizes, and the associated reproductive
strategies in achieving this, are not usually knéwn. The
results of this thesis show much variation amongst these four
species, both in size of canopy—seéd stbres, as well as in

strategies employed to reach them. The large individual plant
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Table 8.2. Seed bank characteristics of co-occurring Protea

susannae and Leucadendron coniferum; and P.obtusifolia and

L.meridianum.

Protea

susannae
Seed per 3178
plant
Plant 8.5
density
(plants/100 m2)¥
Population 2.7 x 106
seed numbers
per hectare
Proportion of 21.8

. seed bank in
current cones (%)%

¥Means data, from Section 6.4

Leucadendron

Protea Leucadendron

coniferum

24 024%

2.0*

4.8 x 106

40.0

obtusifolia meridianum

1602 . 2550%
19.4 . 13.8
- 6.5%
3.7 x 106 1.5 x 106
50.8 38.4

i.e. nett seed numbers, taking seed predation into account

*remale plant data
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seed stores of Leucadendron coniferum (24 000 per female plant,

or 10 677 per plant taking into account proportions of male and
female p]ants_of this dioecious species) compared to Protea
susannae (3 178) were offset by their different plant dens%ties
to give popu]atidn seed numbers (seeds per hectafe) of 4.8 x ibe
and 2.7 x 106 respectively (Table 8.2). Of these 40%. (L.

coniferum) and 21.8% (P. susannae) were contributed by year one

‘cones. The lower p1ant'density of L.coniferum than P.susannae,

considering the 3.3-fold differences in seed numbers per plant,
is in itself an indication of prior adverse recruitment of'thé
former species, and could be explained as follows. The current

seed crop of L.coniferum is mature_by'mid—December only, whereas

P.susannae with its prolonged flowering .season has a

substantia1‘proportion of its current seed crop mature by late.
September (Table 8.3). This, together with the higher degree of
serotiny of the latter, would result in seed numbers of

P.susannae being less affected by spring burns in late summer

(Sept. to Nov.) than L.coniferum. However, the ability of a

prOportion_of L.coniferum seed to germinate at 15/30°C,"

suggested to extend the germination period of this species into
the warmer monfhs more effectively than the other species (see
Section 3.5), would in some measure offset the 1impact of this
seed bank decrease.

In addition to such knowledge of seed banks and pheno]ogy-of
current seed maturation, oﬁher aspects of seed and seedling
ecology provide useful insight. Field germination trials of

planted seed showed that P.susannae had higher emergence than

L.coniferum (Table 8.4). Furthermore, L.coniferum has lower
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seed mass, and bonsequent]y lower seedling root ahd shoot dry

mass, than P.susannae. Field seedling mortality after two

summers was higher in the former (51.4%) than in the latter

. d— —— . — - ——— - ——————— - T — T — —_— —_— o ——————— - Al > —— S T " T w— —— i o -

Table 8.3. Phenology of flowering and seed maturation of co?

occurring Protea susannae and Leucadendron coniferum; and

P.obtusifolia and L.meridianum.

Protea - Leucadendron Protea Leucadendron
susannae coniferum obtusifolia meridianum -
Flowering April to late-August July to 'Early—August
season August . September '
Months for 5 3.5 4 3.5
seed to mature o
Period when September to Mid-December November to Mid-November
current seed January January

matures?*

#Monthly number of open inflorescences were calculated as a
percent of the maximum recorded number (n=20 individuals). Period
of flowering was taken when >10% such flowering occurred. Values
for Leucadendron spp. represent female data. ,

$seed were considered mature when >90% of a test sample (n=75
seeds) germinated at a 10/20°C alternating dark/light for 14/10
hours.
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Table 8.4. Seed and seedling characteristics of co-occurring

Protea susannae and Leucadendron coniferum; and P.obtusifolia and

L.meridianum.

Protea Leucadendron Protea Leucadendron

susannae coniferum obtusifolia meridianum
Seed mass? 36.5 12.6 23.2 9.0
(mg) ' .
'Root dry 109.1 43.7 72.9 34.3
mass (mg) : '
Shoot dry 125.3 78.0 73.2 56.7
mass (mg) v
Field shoot 0.55 0.39 0.35 - 0.27
dry mass (g)* : -
Seedling ' 59.4 46.3 48.8 45.6

emergence
(¥ of seed planted)*

Seedling - 36.5 51.4 10.3 12.4
mortality '

(% of emerged

seedlings)

- $Means data, from Section 5.4

#Means data of laboratory grown seedlings, from Section 5.4

*Means data of field emergence of P.susannae and L.coniferum on
colluvial sands, and P.obtusifolia and L.meridianum on limestone

soil, taken from Section 2.4
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(36.8%). Incorporating these results into a simple calculation
shows that the potential 3.3-fold advantage of the prolific seed

producer, L.coniferum,. is reduced to only 1.3 times that of

P.susannae. The large seed bank sizes of Leucadenron coniferum.

permit co-existence with its "superibr" seedling congener Protea
susannae. Since these species commonly co-exist, nett
recruitment would be the same for both. Co-existence of species
differing in regeneration niche attributes (Grubb i977) have
" been shown by modelling to occuf when the inferior species (in

this case L.coniferum with lower seedling emergence and higher

seedling morta11ty than P.susannae) can persist by being

superior in seed production (Fagerstrém & Agren 1979).

Long-term co-existence of these species-pairs would probably
be ensured by étochasticity in fire regime and post-fire
climatic cbnditions (Cheséon & Huntly 1989). However; in the
short-term, population fluctuations qou]d occur. For example,
the occurrence of very dry summers in the first few years after
a spring (Séptember to November) burn might lead to poor

recruitment of Leucadendron coniferum (current seed not mature

(Table 8.3) and greater seedling susceptibi]ity to summer .

" drought (Tab]e 8.4)), whereas Protea susannae (some current seed
mature, and lower seedling drought MOrta11ty) would have better
recruitment. At the other extreme, a cycle of less water-
stressed summers after an autumn burn (March to Apri]) would
result in favourable recruitment bf both species. Acéording to
1ottery theory (Fagerstrdm 1988) the random allocation of new
1nd1vfduaTs (in this case, seed) in (post-fire) space would

favour the prolific seed producer L.coniferum. Thus, shou]d the
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latter byc1e be repeated several times, population densities of

L.coniferum should increase to the point of excluding

P.susannae. A modelling approach to compute such effects of
fire regime and climate variations on post-fire recruitment, and
"on the co-existence of these species, would be useful.

The same arguments hold for co-occurring Protea obtusifolia

and Leucadendron meridianum. However, compared to the P.susannae

- L.coniferum pair, there is less of a discrepancy in seed

numbers per plant (2550 per female, or 1200 per plant taking

into account male and female plant proportions for L.meridianum;

1602 for P.obtusifolia) and degree of serotiny (Table 8.2),

‘greater synchrony in seed maturation timing (Table 8.3), as
wé11 as more similar seedling emergence and mortality (Tabfe
8.4). I thus predict that co-existence, as.we11 as plant
population densities, of these two species will be more stable,
irrespectivé of season of burn or summer drought patterns. This
would substiantiate lottery theory which predicts that co-
existing species should have similar reprodu;tive output
(Fagerstrdm 1988).

I conclude that knowledge of pre-burn seed stores, together
with aspects of post-burn seed and seedling ecology , can give
predictive insight into post-fire recruitment and co-existence
population patterns. These predictions could be tested using
.post—fire seedling:parent data, in relation to season of burn

and post-fire weather data.
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8.3 HARVESTING IMPACTS

Whilst the study quantified the impact that a selected level of
harvesting would have on seed banks, I could provide no absolute
answer as to what level, and frequency, of harvesting would be
detrimental to post-fire regeneration of the species concerned.
Since the answer to " how many seeds is enough” depends on other
factors, such as fire season, influencing recruitment, the level
of harvesting recommended would need follow-up asessment of
post-fire recruitment (seedling:parent data).

An aspect that needs to be considered is the effect of
harvesting on popu1ation genetic variability. Since the largest,
least predated inflorescences are usually harvested, this could
represent a selective removal of genes. As the post-fire
environment would vary after differenﬁ fire cycles and different
weather patterns, selection pressures would also vary. Max imum
offspring genotypic variability would be an advantage in these
situations (Frost 1984), and the effects of selective gene
removal could be noticed in the long-term only. Future research

is needed to investigate this.

8.4 LIMITATIONS

In the investigation into regeneratﬁon niche requirements, I
determined mid-summer éhbot water potentials (Table 2.6), and
leaf conductance and transpiration rates (Table 2.7) in order to
test whether water stfess was the cause of seedling mortality in
the field reciprocal transplants on the two soil types. These

were done during the second summer of establishment, and no
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differences were found.between seedlings on either soil. In a
sense this was‘akin to shutting the stable door after the horse
had escaped, in that the unsuccessful (possibly water-stressed)
seedlings would have been the ones that had died, thus
precluding measurements. An attempt to determine the water
status of seedlings during the first summer before most bf the
seedlings had died, was thwarted by heavy, unexpected rain, and
no subseguent dry periods before the winter. A further
limitation of this part of the study was the lack of root, as
well as shoot, mineral determinations. Root excavations would
have disturbed the remaining planted seedlings. Since roots are
important in iron metabolism (Brown & Jolley 1988), nutritional
deficiencies not picked up in shoots might'have been found -in
root measurements. I stress that ény eco-physiological.
investigations in this study were performed in order to
uﬁderstand ecological phenomena, and not in order to elucidate
detailed physio1ogica1.mechanisms.

In Section 4, I found differences in laboratory determined
germination rates of different ages of canopy-stored seed. These
were interbreted as a bet-hedging strategy which wQu1d ensure
maximal field germination and emergence. Additiona1 field
emergence studies of these seed categories would have provided
more definite evidence of the importance of this phenomenoh.
The investigation into adult plant reproductive strategies on
different soil types was based on the fact that similar 'soils
supporting the same Proteaceae spp. in the same and separate
areas of the Agulhas Plain, showed definite differences in soil

nutrient concentrations between limestone and colluvial sands
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(Table 6.2). The former had significant1y higher concentrations
of carbon, nitrogen and total phosphorus than the Tlatter.
Determinations performed on soils of my study site showed less
dramatic differences, and phosphorus concentrations were the
same in both soil types (Table 6.1). Repeat determinations‘gavé
the same results. Phosphorus determinations on 1limestone soil
sampled from the same study area a year earlier (Esler et al
1988) gave results that weré four times highér than my
determinations. I have no expianation for these descrepancies,
and continued with my interpretationsvon the assumption that the
colluvial sands had lower concentrations of soil nutrients than

the limestone soils.

8.5 FURTHER RESEARCH
The role of the periéarp in seed-water relations of Pfoteaceae
spp. is an area that needs further investigation. The anatomy of
different pericarp structures in relation té water-binding
properties could provide an answer as to why there is so much
variation in seed morphology in this widely distributed family.
Further investigation into aspects of seed germination and
early seedling emergehce ecology is required, especially for
species growing at the arid fringe of the fynbos along soil and
moisture gradients. This could provide answers to questions
relating to species and population distribution patterns in
these areas. If regeneration stages are sensitive to
temperature, and temperature-related moisture conditions, then

the predicted global warming and its associated climate changes

(Tyson 1991) would result in highly specialist species .being
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vu1nefab1e to such climatic change. Detailed investigations into.
seed and seedling ecology of these species would result in
predictions about vegetation changes undef different. climate
scenarios (Bond & Richardson 1990).

‘The selective harvesting of one of'phe species in either of
the co-occurring Protea - Leucadendron pairs was suggested to

A

have implications for co-existence (Section 7). Lottery ~theory

predicts co-existence as a result of .reproductive similarity
(Fagerstrdm 1988), such as seed.ﬁumbers. Excessive harvesting of
one species of a co-occurring pair, combined with unfavourable
fire season would led to se1ective} elimination of the species
concerned. A modelling approach to investigate these effecté
wéu]d be important in assessing such harvestiﬁg impacts on seed
bénks and continued co-existence 'of populations. The .
apbiicabi]ityvof lottery mdde]]ing for f;nbos sbecies has been
demohstratedv(Laurie & Cowling, in preparation).

The role of competition in determining seed]ing co-existence
has been mentioned in Sect{on 2.5.2. 1 prédicted that on both
the limestone and colluvial sands, the ultimate outcome'of.
species survival would be determined by compétitive effects, and
that species with 1ower.re1ative gréwth rates would be
eliminated. The iﬁportance of such competive effects needs
c]arifiation and is'current1y being investigated by M.B.
Richards (University of Cape Town). _

Throughout ﬁhis study, trends within each of the two closely
related species-pairs were correlated with s0i1l regime

differences. Further confirmation of trends such as seed size,
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fof example, could be tested for other téxa (eg. Rhamnaceae,
Rutaceae) which héve sister taxa on both soil types. |

During the (very) tedious task of sorting out and qounting
the~ferti1e and infertile seed of the Protea spp., I noticed
that the ferti]e seed appéared to occur "in smaj] clusters on
the receptacle. Since insects feed non-discriminate]y'on both
fertile and infertile seed, Tow seed set in the Protea spp. has
been suggested to be a means of reducing pre-dispersal predation
of serotinous species (Coetzée & Giliomee 1987). I am currently
testing the h&pothesis that seed are clustered, and not randomly
arranged, on'receptéc1es of Protea spp. in order to provide an

aggregated refuge for nutritionally expensive fertile seeds.
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