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Abstract

Perth’s Swan Coastal Sand Plain soils are typically nutrient impoverished, and the
native trees of the region are therefore adapted to maximise nutrient uptake.
Although the dune systems here are generally not known to be particularly saline or
alkaline, there are areas that susceptible to salinity, flooded and elevated pH,
especially those that have been modified by human activities. This study investigated
the seedlings growth of three Eucalyptus species (Corymbia calophylla, Eucalyptus
gomphocephala and E. marginata) to three environmental stress; salinity
waterlogging and alkalinity in a greenhouse at Curtin University to assess their
relative tolerance to these stressors, and hence understand more about their potential
use in landscape restoration and rehabilitation. Knowing the seedling growth and
physiological responses of three prominent Perth eucalypts to soil-induced stresses
provides us with invaluable knowledge for rehabilitating and restoring Perth’s urban
bushland.
For the salt tolerance experiment, seedlings of the three species were subjected to 81
days growing in potting mix watered weekly with either 0, 50, 100, 150, 250 mM
NaCl solutions. Measurements of relative plant growth, biomass allocation and leaf
water loss and seedling survival suggested that E. gomphocephala was the most
tolerant. Survival data suggests that E. gomphocephala seedlings have shown ability
to cope with a weekly dosage of NaCl solution much greater than 0.25 M, and at
least survived for more than 11 weeks under moderately saline conditions. Corymbia
calophylla, and E. marginata were the least tolerance with more than half the
seedlings succumbing to salt solutions > 250 mM NaCl.
A flooding experiment, caused by prolonged inundation of water, lasting for 70 days,
all three species grew most vigorously in well watered condition but when
waterlogged condition E. gomphocephala and E. marginata seedlings grew slowly
and became more water stressed compared to C. calophylla seedlings. These finding
suggest that although E. gomphocephala and E. marginata can occurs in wetter
areas of Perth’s Swan Coastal Plain they are not flood tolerant. C. calophylla is a
common tree species in the moderately wet lower south-west of Western Australia; it
is less common north of Perth where it is restricted to river valleys (Powell 2009).
This may explain Marri’s ability to physiologically tolerate seasonal flooding (i.e. no
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significant reduction in stomatal conductance or transpiration rate), despite a
reduction in seedling growth.
A liming experiment, was conducted with 20% w/w crushed and sifted Tomala
limestone add to potting mix to increase soil pH. The pot trial was conducted over
82 days. E. gomphocephala is restricted soils overlying limestone on Perth’s Swan
Coastal Plain, and according to total seedling dry weight data and calculated relative
growth rates coped best in a limestone-enriched soil. However, when examining all
the growth and physiological data collected C. calophylla appears to be the most
tolerant, with no significant difference in leaf allocation or leaf water loss between
the well-watered controls and the limestone-enriched treatments. E. marginata was
the least tolerant with a 14% reduction in stomatal conductance.
As seedlings, E. marginata was the least tolerant to the three soil-induced stresses
(i.e. flooding, salinity, alkalinity) imposed. The next most tolerant species, E.
gomphocephala wasn’t the most tolerant to an increase is soil alkalinity, although it
displayed the least change in seedling dry weight and relative growth rate. C.
calophylla was the most tolerant of the three eucalypts to the three stressors.
However soil-induced stresses will last for longer than the 70-80 days when plants
are growing in more natural environments than the seedlings were exposed to in
these experiments. By itself, these results will assist Perth’s urban land managers in
understanding how these tree species respond at the seedling stage to three important
soil-induced stressors, more work is required to understand how the observed
responses after seedling physiology and how long the seedlings can tolerate these
extreme changes in their growing environment.
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Chapter 1

General Introduction
Soil salinisation, waterlogged soils (flooding), and alkalinity (presence of limestone) are
common land degradation problems. For example, soil salinity influences about 7% of
the world's land region, or more than 900 million hectares (Szabolcs, 1994). greatly of
this areas are agricultural territory. In Australia, around 5.7 million hectares of soil has
potential to develop dry land salinity, which is expected to boost to 17 million ha by
2050 (Audit, 2001 in National Land and Water Resources). Salinisation, flooding and
alkalinity may natural be a result of climatic and geological history or human activities
such as irrigation practices, deforestation and replacement of native vegetation
(Greenwood et al., 1992). Waterlogging occurs in areas affected by salinity. The
majority of the salinity problem in Western Australia is correlated to rain-fed dry ground
agricultural areas, relatively than irrigated agriculture (Bari and Smettem, 2006).
Western Australian soils tend to be rich by calcium carbonate with elevated pH (Moore
2004).
Perth, the capital of Western Australia, is situated on a coastal sand plain (the Swan
Coastal Plain) that is approximately 30 km wide, bounded by the Gingin and Darling
Scarps to the east, and the Indian Ocean to the west (Davidson 1995). The Swan
Coastal Plain consists of three main dunal systems and alluvial plains roughly parallel to
the coast (Seddon 2004). Fringing the coastline is the Quindalup dunes that consist of
wind-blown lime and quartz sand. This flanks the Spearwood dunes of sand over
limestone. Both these dune systems occur with 10 m of the true beach. The Bassendean
dunes comprise the rest of Perth’s Swan Coastal Plain (except the clayey alluvial plains
at the base of the Darling Scarp).
The three common eucalypt species of Perth’s Swan Coastal Plain occupy different
habitats. Eucalyptus gomphocephala (common name ‘Tuart’) is restricted to the coastal
Spearwood dunes, on brown or yellow sand over limestone (Powell 1990). Eucalyptus
marginata (common name ‘Jarrah’) grows as a large tree on the lateritic soils of the
Darling Range and a smaller tree (approximately 15 m) on more porous sands of the
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Coastal Plain. It is a common species on the Plain, especially the better drained parts of
the Bassendean dunes and the alluvial Pinjarra Plains.

Jarrah invades the Tuart

woodlands on the deeper sandy soils (Seddon 2004). Corymbia calophylla, formerly
Eucalyptus calophylla (common name ‘Marri’), co-dominates the Darling Scarp
vegetation, and has a similar distribution to that of Jarrah, but is more common on
wetter, well drained soils (Seddon 2004). Southwestern Australian Eucalyptus species
tend to have a natural moderate to high tolerance to salinity and flooding events
(Benyon et al. 1999; Marcar et al. 1995, 2000).
Within south Western Australia the wettest regions on the more fertile soils are
dominated by eucalypt woodland and forests (Beard 1990). On the drier, sandier soils
this gives way to shrub-heath lands (Pate and Beard 1984). The eucalypts are the
dominant tall trees on the Swan Coastal Plain, and hence are important part of the local
ecosystems, supporting a range of invertebrate and bird life (Recher et al. 1996).
Declining eucalypt tree health in some of the dominant eucalypts of south western
Australia has been noticed since the 1970s, resulting mainly from fungal disease
(Phytophthora cinnamomi) (e.g. E. marginata, C. calophylla) (Robinson 2008), and in
combination with drought (e.g. E. gomphocephala) (Drake and Froend 2006). Little is
known about seedling responses to soil-induced stresses of Perth’s eucalypts, expect for
some work on flood and drought tolerance of E. marginata (Davison and Tay 1985,
Stoneman et al. 1994). Seedling tolerance of Eucalyptus to waterlogging and salinity
have been previously investigated by van der Moezel and co-workers (e.g. van der
Moezel et al. 1988, 1989, 1991), but these have been confined to eucalypts of Western
Australia’s dry and secondary salinisation prone agricultural regions.
Soil salinisation, waterlogging (=flooding) and alkalinity (=presence of limestone) are
the three most common soil-related environmental factors effecting plant growth,
survival and seedling establishment in Perth’s sandy soils. Species from the Swan
Coastal Plain have not been previously assessed for their tolerance to these soil-induced
stressors, and thus their suitability in rehabilitate disturbed environments is virtually
unknown. This theses focuses on the growth and ecophysiological responses of
seedlings from Perth’s three prominent eucalypts (Jarrah, Marri and Tuart) to short-term
2

exposure to these three soil-induced stresses to assess their relative tolerances. Knowing
the tolerances to these abiotic factors will assist in our understanding of optimal growth
environments for these species on Perth’s Swan Coastal Plain.
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Chapter 2

Seedling tolerance to short-term soil salinity

Introduction
Soil salinity may cause physiological dysfunction in plants, and hence influencing plant
growth, due to changes in cell osmotic potentials, tissue ion toxicity, or tissue nutrient
deficiencies (Munns and Terrmaat 1986, Yeo 1992).

Under saline conditions the

concentration of soluble salts increases in the rhizosphere, which influences root
pressure and hence soil water availability, decreasing the uptake of water and certain
soil nutrients (Kafkafi 1991). Sodium toxicity appears not to be widespread as chloride
toxicity, because of low Ca2+ attentiveness in the substrates or poor soil aeration
(Marschner 1995). Increasing salinity in the root medium interferes with uptake and
translocation of Ca2+ and K+ and sometimes excludes K+ (Kalaji and Pietkiewiez 1993).
Soil salt stress is a dominant factor influencing plant survival, growth and productivity
within the genus Eucalyptus (Sun and Dickinson 1995, Benyon et al. 1999). Different
species, and even provenances within species, differ in their ability to tolerate soil
salinity (Morabito et al. 1994, Prat and Fathi-Ettai 1990).
Salinity is one the major environmental issues affecting the Australian vegetation (Bell
1999; Macaulay and Mullen 2006, Vadez et al. 2007, Song et al. 2008) with an
estimated 5.6 million ha of salt affected land (Dale and Dieters 2005, Dunlop et al.
2007). Salinisation in Western Australia was in first observation reviewed by Wood
(1924) who was the first person to document that the decline in native plant species’
abundance was caused by increases in soil and stream salinity. About 77 percent of
Western Australia land has affected by salinity as well as risk of increasing secondary
dryland salinity (Marcar and Carwford 2004). Much of Perth’s Swan Coastal Plain has
groundwater salinity that rarely exceeds 1,000 mg/L total dissolved solids, with the
greatest salinities occurring where soils impede rainfall infiltration and have high
evaporation rates, or at salt water interfaces of rivers and deep aquifers (Davidson
4

1995). This low level of groundwater salinity is a type of ‘primary salinity’, resulting
from the presence of naturally high dissolved salt concentrations in the soil solution, or
marine incursions (Bennetts et al. 2005, Dunlop et al. 2007, van Dijk et al. 2007).
Agricultural lands experience ‘secondary salinisation’, caused by the removal of deeprooted, perennial native vegetation in favour of growing shallow-rooted, usually annual
crops or pasture land, or other land uses that causes underlying water tables to rise
(Kingsbury et al. 1984, Jain et al. 1985, Bell 1999; Bennetts et al. 2005, Kingwell and
John 2007).
In a natural system that has the potential to be impacted by increased salinity due to
anthropogenic interference, an understanding of how key components of the native flora
might respond to salt stress is important. Various studies have been conducted to assess
the suitablility of Eucalyptus tree species considered for potential planting in saltaffected landscaes (e.g. van der Moezel et al. 1988). Eucalyptus camaldulensis (River
Red Gum), the most widely distributed eucalypt along Australian river systems, is a tree
well know for its tolerant to salinity and waterlogging, having an >85% survival rate
under a variety of saline soil condition (Sandhu and Qureshi 1986), although E.
camaldulensis trees was second most tolerant to salt at 0.4% NaCl (out of 5 species),
grown for one year in pot experiment (Panchaban and Srisataporn 1989).

In

southwestern Australia the decline in C. calophylla and E. marginata populations
occurring in the 1960s and 1970s may have been a result of increased soil salinisation,
in combination with a declining rainfall, and the prevalence of ‘dieback’ – a root fungal
disease (Kimber 1981, Shearer 1992).
This chapter investigates the growth and physiological responses to increased levels of
soil salinity caused by the addition of sodium chloride solutions (up to 0.25 M) of three
common Eucalyptus species occurring within the Swan Coastal Plain, Western
Australia.
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Methods
Experimental Design
Seeds of the three eucalypt species were purchased from Nindethana Seed Service
(Albany, Western Australia) sourced from local seed provenances, and germinated in
shallow trays filled with white sand in a naturally lit glasshouse at Curtin University
(Western Australia). Trays were initially partly submerged in a larger tray of water
containing Previcur® fungicide (2 mL L-1) to minimize seedling death resulting from
fungal infection. Every 3-4 days the trays were rewatered. Seedlings remained in these
trays until they had obtained a height of approximately 3 cm.
A total of 120 seedlings of each species were than transplanted into individual pots (7cm
wide and 7cm long by 8cm deep) filled with soil at a ratio of four parts white sand to
two parts peat. Transplanted seedlings were carefully watered twice weekly until the
seedlings had 4-6 leaves or were approximately 6 cm tall. The day before applying the
salinity treatments, five seedlings of each species were randomly selected for harvesting,
with each seedling divided into stem, root and leaf components. Biomass of stem, root
and leaves were recorded after drying the samples in a drying oven at 80ºC for 48
hours, or until constant mass was achieved. The remaining seedlings were randomly
divided into five salinity treatments (0.00, 0.05, 0.10, 0.15 and 0.25 M NaCl) for each
species. Each treatment was watered with the appropriate salt solution, twice a week for
a total of 81 days. Solutions were poured onto the soil surface using a thin nozzle
watering can to avoid wetting the leaves. The total number of leaves and height was
recorded for each seedling prior to adding the salt solutions, and remeasured before the
final harvest.

Physiological and Growth Measurements
In the days leading up to the final harvest, about ten seedlings per treatment and species
were randomly chosen for chlorophyll and physiological measurements. Chlorophyll
content (SPAD-502 meter, Konica Minolta, Japan), and stomata conductance (steady
6

state porometer, LI-1600, Li-Cor, Nebraska, USA) were measured on the youngest fully
expanded leaf.

All measurements were recorded during the mid-morning in full

sunlight. Stomata conductance was measured a second time 14 days afterwards to
assess for physiological recovery after watering with tap water. Percentage relative
water content was measured on a different subset of seedlings as [(saturation weight –
dry weight)/(fresh weight – dry weight)] x 100 of the youngest fully expanded leaves.
Saturation weight was obtained by floating leaf discs in deionised water overnight in a
darkened container.
At the end of the experiment, seedling were harvested into stem, leaf and root
components. For each seedling all leaves were digitally scanned fresh and total leaf area
measured using the image J software (http://rsb.info.hih.gov/ij). All plant material was
oven dried at 80ºC for 48 hours, and the dry weights of each component recorded.
Various growth, biomass and leaf area allocation parameters were then calculated for
each treatment and species. These included relative growth rate (RGR), leaf area ration
(LAR), leaf weight ratio (LWR) and shoot to root ratio as defined by McGraw and
Garbutt (1990).

Statistical Analysis
Interaction between species and treatment was analysed by factorial ANOVA and
statistical difference between treatments within species was analysed by one-way
ANOVA using SPSS version 16.0 (SPSS inc. Chicago, USA). Homogeneity of
variances was assessed using Levene’s test and log transformed as required , with data
presented as untransformed means. Scheffe’s test was used for multiple comparisons of
means where significance level of 0.05 was found.
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Results
Survival
Both C. calophylla and E. marginata exhibited similar survival patterns with 34-42 of
the original 120 seedlings surviving after 11 weeks subjected to weekly watering of 0.15
M NaCl solution, and 11-15 seedlings surviving at 0.25 M solution (Table 2.1). For the
same solutions, E. gomphocephala had 70-82 seedlings survive compared to 99%
survival for the control treatment.
Salinity treatment had effect in leaf number, which increased at lower salt concentration
in all species, but decreased at higher salt concentration as compared with the control
(Table 2.2) where symptoms of leaf salt damage such as burned leaves of the plant was
noticed at concentrations > 0.1 M for both C. calophylla and E. marginata, but not as
obvious in E. gomphocephala.

Table 2.1 Percentage of surviving seedlings after 11 weeks growing in soils watered with NaCl solutions.
0 M solution is deionised water.

0M

0.05 M

0.10 M

0.15 M

0.25 M

C. calophylla

100

85

73

35

12

E. gomphocephala

99

90

84

68

58

E. marginata

99

80

68

28

9

8

Table 2.2 Mean (±SE) number of leaves per seedlings after 81 days growing in soils watered with NaCl
solutions. 0 M solution is deionised water. Similar letters indicate means that are not significantly
different as determined by Scheffe post-hoc tests. Means derived from data of 5 seedlings.

Treatments

C. calophylla

E. gomphocephala

E. marginata

0.00 M

a

15.66 ±1.45

13.33 ± 2.40

10.33 ±0.33 a

0.05 M

11.66 ±1.45a

14.66 ± 0.66

9.33 ±0.66a

0.10 M

10.66 ± 1.33a

12.00 ± 1.15

8.33 ±0.88a

0.15 M

9.66 ± 1.45a

12.66 ± 0.33

7.33 ± 1.33.a

0.25 M

8.00 ± 1.15b

12.00 ± 1.15

5.33 ± 0.66b

P value
*
NS
P values: * <0.05, ** <0.005, *** <0.0005, NS= not significant

*

Plant Growth
All three species produced significantly shorter seedlings at NaCl concentrations >0.15
M (Table 2.3). There was no significant difference in height between seedlings growing
in the control treatment (0 M) compared to the 0.05 and 0.10 M treatments, even though
the control C. calophylla seedlings were on average 12 cm taller (Table 2.3).
Photographs of the seedlings showed that an increase in salt concentration caused a
reduction in seedling height for all three species (Fig. 2.1) and supports the data
provided in Table 2.3.
All species had a lower relative growth rate (RGR) compared with the 0 M treatment
(Table 2.4), with E. gomphocephala having the highest RGR for every treatment. E.
gomphocephala RGR varied the least (between 41-47.3 mg g-1 day-1).

Both C.

calophylla and E. marginata had a 32 and 44% respective in RGR at 0.25 M compared
to the control, compared with 87% for E. gomphocephala (Table 2.4). Overall there was
a decrease in RGR with increasing salinity concentration, with the greatest decrease
occurring between the 0.15 and 0.25 M treatments. None of the three eucalypts
displayed any significant difference in shoot-to-root (StR) biomass ratios between
salinity treatments (Table 2.5).
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Table 2.3 Mean (± SE) seedling height to increasing salinity treatments after 81 days growing in soils
watered with NaCl solutions.

Similar letters indicate means that are not significantly different as

determined by Scheffe post-hoc tests.. Means derived from data of 5 seedlings.

Treatments

C. calophylla

E. gomphocephala

E. marginata

0.00 M

28.70 ±1.53a

15.00 ± 0.88a

10.50 ±1.10a

0.05 M

16.70 ±1.00a

10.40 ± 0.88a

10.30 ±0.76a

0.10 M

16.0 ± 0.71a

16.00 ± 1.14a

10.60 ±0.90a

0.15 M

11.2 ± 0.95b

10.80 ± 0.72b

4.30 ± 0.42b

0.25 M

9.70 ± 0.47b

5.80 ± 0.59b

3.30 ± 0.36b

P value

**

***

***

P values: * <0.05, ** <0.005, *** <0.0005, NS= not significant
Table 2.4 Relative seedling growth rate (mg g-1 day-1) to increasing salinity treatments after 81 days
growing in soils watered with NaCl solutions. Relative growth rate was calculated based on mean preexperiment and final harvest data and therefore no statistical analysis was undertaken.

Treatments

C. calophylla

E. gomphocephala

E. marginata

0.00 M

30.9

47.3

39

0. 05 M

28.4

46.0

36.9

0.10 M

20.9

42.5

35.2

0.15 M

18.5

43

20.11

0.25 M

9.96

41.3

17.3

Table 2.5 Mean (±SE) biomass partitioning (shoot-to-root ratio) after 81 days growing in soils watered
with NaCl solutions.. Similar letters indicate means that are not significantly different. Means derived
from data of 5 seedlings.

Treatments

C. calophylla

E. gomphocephala

E. marginata

0.0 M

5.84 ± 0.64

7.70 ± 1.46

13.74 ± 1.73

0.05 M

3.53 ± 0.07

4.41 ± 0.52

4.96 ± 1.38

0.10 M

3.20 ± 0.39

5.75 ± 0.94

11.50 ± 6.13

0.15 M

8.41 ±2.90

7.36 ± 1.74

6.30 ±1.95

0.25 M

7.15 ± 2.93

6.33 ± 1.36

3.02 ± 0.63

P value

NS

NS

NS

P values: NS= not significant
10

C. calophylla

E. gomphocephala

E. marginata

Fig. 2.1 Photographs showing relative heights of the three eucalypts species subjected to different salinity
treatments.
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Leaf Investment
Increased soil salinity had no significant effect on the relative biomass allocation in leaf
mass compared with the total plant mass (Leaf Weight Ratio) for any of the three
eucalypts species (Table 2.6), but did influence the Specific Leaf Area and Leaf Area
Ratio, at least for E. gomphocephala and E. marginata (Tables 2.7 and 2.8).
Table 2.6 Mean (± SE) leaf weight ratio (g g-1) after 81 days growing in soils watered with NaCl
solutions.. Similar letters indicate means that are not significantly different. Means derived from data of 5
seedlings.

Treatments

C. calophylla

E. gomphocephala

a

0.66 ± 0.02

E. marginata

a

0.73 ± 0.01 a

0.00 M

0.61 ± 0.01

0.05 M

0.51 ± 0.07 a

0.67 ± 0.04 a

0.66 ± 0.06 a

0.10 M

0.61 ± 0.02 a

0.65 ± 0.04 a

0.70 ±0.02 a

0.15 M

0.64 ± 0.03 a

0.76 ± 0.04 a

0.71 ± 0.03 a

0.25 M

0.49 ± 0.16 a

0.63 ± 0.18 a

0.69 ± 0.04 a

P value

NS

NS

NS

P values: NS= not significant

Table 2.7 Specific leaf area (m2 g-1) after 81 days growing in soils watered with NaCl solutions.. Similar
letters indicate means that are not significantly different. Means derived from data of 5 seedlings..

Treatments

C. calophylla
a

E. gomphocephala
185.9 ± 9.0

a

E. marginata
158.1 ± 6.9a

0.00 M

193.0 ± 17.1

0.05 M

120.7 ± 6.8 a

88.9 ± 8.6ab

98.2 ± 8.7b

0.10 M

127.8 ± 4.0 a

98.2 ± 30.8b

93.8 ± 1.8b

0.15 M

123.3 ± 6.8 a

111.5 ± 9.9b

104.8 ± 4.4b

0.25 M

159.2 ±15.1 a

117.2 ± 2.5b

103.6 ± 3.9b

P value

NS

**

**

P values: * <0.05, ** <0.005, *** <0.0005, NS= not significant
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Table 2.8 Mean (±SE) leaf area ratio (m2 g-1) after 81 days growing in soils watered with NaCl solutions..
Similar letters indicate means that are not significantly different. Means derived from data of 5 seedlings.

Treatments

C. calophylla

E. gomphocephala

E. marginata

0.00 M

119.1 ± 13.1 a

122.9 ± 6.5 a

115.7 ± 6.1 a

0.05 M

62.8 ± 10.3 a

60.1 ± 7.0 b

63.4 ± 2.8 b

0.10 M

78.8 ± 1.0 a

63.3 ± 19.6 b

66.2 ± 2.7 b

0.15 M

79.2 ± 4.8 a

84.7 ± 6.1 a

74.2 ± 1.8 b

0.25 M

109.0± 25.2 a

75.1 ± 12.1 b

72.1 ± 2.9 b

P value

NS

**

**

P values: * <0.05, ** <0.005, *** <0.0005, NS= not significant

Relative Chlorophyll Content
Increasing salt concentration had significant difference of relative chlorophyll content in
all Eucalypts species (E. calophylla, gomphocephala and marginata, all P< 0.001),
although increasing salinity treatment reduced relative chlorophyll content. E.
gomphocephala had the greater chlorophyll content in all treatment compared with other
species, and there is slightly different of chlorophyll content between control and other
treatment in this specie. E. calophylla chlorophyll content with 0.25 M having
approximately 40% (17.1 SPAD units) as the control (44.3 SPAD units). E. marginata
there is no great different of chlorophyll content between treatments up to 0.15 M, but
with 0.25 M the chlorophyll content having roughly 60% (28.8 SPAD units) as the
control (46.5 SPAD units) (Table 2.9).
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Table 2.9 Relative chlorophyll content (SPAD units) after 81 days growing in soils watered with NaCl
solutions.. Similar letters indicate means that are not significantly different. Means derived from data of 5
seedlings..

Treatments

C. calophylla

E. gomphocephala

E. marginata

0.00 M

44.3 ± 1.8 a

52.9 ± 1.6 a

46.5 ± 1.6 a

0.05 M

41.8 ± 2.1 a

56.8 ± 2.0 a

47.2 ± 3.1 a

0.10 M

38.1 ± 1.2 a

50.6 ± 1.9 a

48.1 ± 2.7 a

0.15 M

34.5 ± 2.6 a

52.4 ± 1.2 a

47.4 ± 2.7 a

0.25 M

17.1 ± 1.8 b

46.3 ± 1.4 a

28.8 ± 2.5 b

**

**

P value

***

P values: * <0.05, ** <0.005, *** <0.0005, NS= not significant

Relative Water Content
No data was obtained for C. calophylla and E. marginata with 0.15 and 0.25 M NaCl as
the plants died before measurements could be taken. Leaf relative water content
decreased with increasing salt concentration for all species, except C. calophylla (Table
2.10).
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Table 2.10 Relative water content (%)after 81 days growing in soils watered with NaCl solutions.. Similar
letters indicate means that are not significantly different. Means derived from data of 5 seedlings. of three
eucalypts species subjected to varying salinity regimes. Data were unavailable for C. calophylla and E.
marginata in the 0.15 and 0.25 M NaCl treatments.

Treatments

C. calophylla

E. gomphocephala

E. marginata

0.00 M

88.18 ± 3.88 a

81.60 ±6.48 a

82.54 ± 1.67 a

0.05 M

73.35 ± 15.15 a

82.27 ± 7.36 a

82.33 ± 8.87 a

0.10 M

61.86 ±17.2 a

78.40 ± 18.82 b

74.43 ± 6.73 ab

0.15 M

NA

76.20 ± 6.40 a

NA

0.25 M

NA

74.76 ± 16.44

P value

NS

*

a

NA
*

NA= not available,
P values:*<0.05, ** <0.005 , *** <0.0005, NS= not significant

Stomatal Conductance and Transpiration
No data is presented for C. calophylla and E. marginata for 0.15 and 0.25 M treatments
as plants died before measurements were taken.

Increasing salinity concentration

caused substantial decline of stomatal conductance in the three species (Table 2.11).
This decline was great from 0.05 M and above; however the difference between
treatments were significantly for E. gomphocephala and E. marginata; for C. calophylla
the difference between treatments was not significant.
The transpiration rates of E. gomphocephala and E. marginata were found to have been
significantly affected with increasing salinity treatment levels (Table 2.12), with the
maximum reduction occurring within E. gomphocephala seedlings with a 95% decrease
at 0.25 M with control treatment. In comparison seedling transpiration rates were less
impacted in E .marginata (85% decrease) and C. calophylla (65% decrease).
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Table 2.11 Stomatal conductance (mol m-2 s-1) after 81 days growing in soils watered with NaCl
solutions.. Similar letters indicate means that are not significantly different. Means derived from data of 5
seedlings. No data were presented for C. calophylla and E. marginata with 0.15 and 0.25 M NaCl
treatments.

Treatments

C. calophylla

E. gomphocephala

E .marginata

0.00 M

0.051 ± 0.01a

0.23 ± 0.08 a

0.33 ± 0.11 a

0.05 M

0.023 ± 0.01 a

0.05 ± 0.02 a

0.04 ± 0.00 a

0.10 M

0.020 ± 0.00 a

0.07 ± 0.00 a

0.05 ± 0.02ab

0.15 M

NA

0.02 ± 0.01 ab

NA

0.25 M

NA

ab

NA

P value

NS

0.02 ± 0.02
*

*

NA= not available,
P values:*<0.05, ** <0.005 , *** <0.0005, NS= not significant

Table 2.12 Transpiration (mmol m-2 s-1) after 81 days growing in soils watered with NaCl solutions..
Similar letters indicate means that are not significantly different. Means derived from data of 5 seedlings.
No data were presented for C. calophylla and E. marginata with 0.15 and 0.25 M treatments NaCl
treatments.

Treatments

C. calophylla

E. gomphocephala

E. marginata

0.00 M

1.57 ± 0.35 a

7.68 ± 2.68 a

9.95 ± 3.19 a

0.05 M

0.59 ± 0.32 a

1.56 ± 0.80 a

1.24 ± 0.19 a

0.10 M

0.83 ± 0.18 a

1.47 ± 0.46 a

1.14 ± 0.53 a

0.15 M

NA

0.67 ± 0.43a

NA

0.25 M

NA

b

0.34 ± 0.60

NA

P value

NS

*

*

NA= not available,
P values:*<0.05, ** <0.005 , *** <0.0005, NS= not significant
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Discussion
Kozlowski (1997) mentions that "salt tolerance of plants is difficult to quantify because
it varies appreciably with many environmental factors and plant factors". Comparisons
between the salt tolerance of our studied eucalypt species demonstrated that C.
calophylla was the least tolerant to soil salinity. Declining seedling growth began when
0.10 M NaCl solutions, or greater were provided. The next tolerant was E. marginata
and most tolerant E. gomphocephala. This was supported by a 68% (C. calophylla),
56% (E. marginata) and 13% (E. gomphocephala) reductions in relative growth rate
between the highest NaCl concentration (0.25 M) and the control (0 M). Although E.
gomphocephala relative growth rate declined with an increased salinity, it was always
greater than the other eucalypts.

Survival data suggests that E. gomphocephala

seedlings have shown ability to cope with a weekly dosage of NaCl solution much
greater than 0.25 M, and at least survived for more than 11 weeks under moderately
saline conditions.
As has been documented for other eucalypts, and indeed other plant species, growing
plants in every increasing saline soil will ultimately have a negative effect on seedling
growth, leaf biomass and leaf area allocation, with the amount of salinity tolerated
depending on species, provenance or genotype (van der Moezel and Bell 1990). In the
current experiment, it could be concluded that E. gomphocephala and E. marginata are
more likely to invest less leaf area (on both a total leaf dry mass and total dry plant mass
basis) at the same time as salinity levels increase, the long-term (i.e. greater than 11
weeks). Although, implications of growing these eucalypts under these stressful
conditions is unknown, particularly as a continue watering of NaCl solutions may
eventually cause soil salt levels to rise to toxic levels. Growth data appeared to have no
significant influence on seedling height in the 0.05 and 0.10 M treatments compared to
control treatment (0 M). This suggests continue cells elongation in plants under low
salinity concentrations and is similar to results obtained on other eucalypts (Qureshi et
al. 2000, Miyamoto et al. 2004). However, a decrease growth in high level of salinity is
mostly a result of decreasing cell turgor potential which has implications for cell
elongation and cell division (Ashraf and Khan 1994, Qureshi et al. 2000). A reduction in
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leaf production in response to increased salinity is due to a shortening of the length of
the leaf elongating zone and decreasing the growth intensity in its central and distal
portions (Lazof and Bernstein 1998;, Bernstein et al. 1993).
Little is known about the salt tolerance of E. gomphocephala, a species restricted to
coastal limestone soils. Salt tolerance of E. gomphocephala may be attributed to one, or
more, of the following: (1) salt exclusion; (2) osmotic effects (Bell 1999); (3) storage of
accumulated salts in mature leaves. Salt exclusion from the shoot has been described as
a vital mechanism of salt tolerance (van der Moezel et al. 1988; Kozlowski 1997; Bell
1999). Due to the energy demanding production of osmoregulators, an overall reduction
in growth is expected (van der Moezel et al. 1988). It has been described that salt
excluding species will generally have a lower overall growth rate than salt stressed nonexcluding species (van der Moezel et al. 1988, Bell 1999). The three species may have
the capacity for osmotic adjustment in saline environments. This involves the production
of various organic solutes in the cytoplasm, which help mitigate high salt concentrations
accumulating in the vacuole, yet have no adverse effect on enzyme and cell membrane
function (Kozlowski 1997). Generally however, salinity reduces vegetative growth of all
non-halophyte species (Kozlowski 1997) including those involved in the trial,
irrespective of potential mechanisms of avoiding or tolerating saline conditions.
Relative chlorophyll content significantly decreased in the three eucalypt investigated.
C. calophylla had the lowest relative chlorophyll content compared with the control
treatment, while E. gomphocephala had least reduction of chlorophyll content. Studies
have shown increasing salinity levels results in lower chlorophyll concentration (Chavan
and Karadge 1986) which has been discussed as being attributed to the disintegration of
chloroplasts due to increased chlorophylls activities (Kozlowski 1997, Rawat and
Banerjee 1998). A reduction in chlorophyll content reduces an individual's ability to
photosynthesize and effects overall plant growth (Muhammad et al. 2007).
Relative water content also decreased with increasing salt concentration especially in E.
marginata and E. gomphocephala, but not C. calophylla, despite C. calophylla being
overall the least tolerant. The results suggest that C. calophylla had the ability to avoid
the water stress induced by salinity than E. marginata and E. gomphocephala. With an
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increase in NaCl solution concentration, water uptaken by plants is slowed down
thereby causing a change in leaf RWC. Plant performance under stressful conditions is
a result of the sum of the species adaptive mechanisms, including changes in leaf
physiology. Stomatal conductance and transpiration in this study was found to decline
significantly with increasing salt concentration, except for C. calophylla, with E.
gomphocephala having the greater decrease. This may be due to an increase in abscisic
acid signalling from the roots in response to the resulting decline in soil water potentials
(Zhang and Davies 1991). Another reason for decreased stomatal conductance and
transpiration may be due to an increase in intercellular CO2 concentrations caused by an
increase in mesophyll salt concentration, resulting in a decreasing stomatal aperture
(Josefa et al. 2003).

19

Chapter 3

Seedling tolerance to a short-term flooding event
Introduction

Waterlogging causes the top soil to become saturated with water which the air space
between the soil particles generally replaced by water. This reduces the amount of
oxygen availably for the growing roots and adds subsequently affects the physiological
activates of the species (Marschner 1995). Anoxic conditions affects basic metabolic
and physiological processes eventually lead to a decline in plant growth (Kozlowski
1984), as well as waterlogging has been shown to impact some main physiological
functions (Smith and Moss 1998). A common physiological response to soil anoxia is
stomata closure and root-zone saturation (Heinrich 1990, McEvoy 1992, Marcar 1993)
because waterlogged plants are unable to uptake soil water and nutrients , resulting in a
type of water stress to occur. This then negatively impacts other physiological processes
that rely on leaf gas exchange, such as photosynthesis, resulting in a decline in
carbohydrate production and hence growth rates (Musgrave and Ding 1998). The
inability to uptake water, and hence soluble soil nutrients, will also reduce plant growth,
leaf chlorophyll content, abscission and cause early leaf senescence and a reduction in
leaf area (Bradford 1982, Huang et al. 1994).
In addition long-term waterlogging forces plants to switch from an aerobic to an
anaerobic-respiration pathway, leading to a decrease in photosynthesis and growth rates
(Kozlowski 1984, Bray et al. 2000). Shoot to root ratio is usually increased as a result of
flooding because the shoot tends to grows more than the root (Pezeshki 2001,
Kozlowski 1984). Flood tolerance and adventitious rooting are often correlated
(Kozlowski 1997). Adventitious roots usually grow at the base of the shoot, the
hypocotyl and the upper part of the tap root which allows them to reside closer to the
surface, usually near well aerated soil (Blom and Voesenek 1996). These new roots have
increased water absorption, can oxidize the rhizosphere and increase the flow of
gibberellins and cytokinins to leaves (Kozlowski 1997).
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Recent studies on the short term tree and seedling response to waterlogging and flooding
(Heinrich 1990, McEvoy 1992, Jolly and Walker 1996) of E. largiflorens, indicated that
stomatal closure does not occur until after 32 days of flooding. Low levels of oxygen in
the root zone trig root tips resulted in root death within a few days of waterlogging and
change in plant water availability because to the flood result. Thus no increase in tree
transpiration after flooding was observed (Jolly and Walker 1996). Flooding tolerance
differs between Eucalypts species (Clemens et al. 1978, van der Moezel et al. 1988),
and it has been documented that there is a negative effect on the growth of E. marginata
seedlings after three months of continual flooding stress (Davison and Tay 1985).
The three most common eucalypt species, (Corymbia calophylla, E. gomphocephala, E.
marginata) on Perth’s Swan Coastal Plain and adjacent Darling Scarp on a range of soil
types, some of which are prone to prolonged waterlogging (Powell 2009). This study
investigates the impact of 70 days of continuous waterlogging (flooding) on seedling
growth and physiology to determine their relative flood tolerance.

Methods
Experimental Design
Seedlings were grown from seed using the same procedures and soil mixture outlined in
the previous ‘Seedling tolerance to soil salinity’ chapter. In August 2009, about 85
germinated seeds per species were planted directly into individual square pots (7c m
wide and 7 cm long by 8 cm deep) filled with soil at a ratio of four parts white sand to
every two parts peat, each pot containing one seedling. Transplanted seedlings were
watered twice weekly using tap water until the seedlings had 4-6 leaves or were
approximately 6 cm tall. The day before applying the flooding treatment, five seedlings
of each species were randomly selected for harvesting, with each seedling divided into
stem, root and leaf components. Biomass of stem, root and leaves were recorded after
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drying the samples in a drying oven at 80ºC for 48 hours, or until constant mass was
achieved.
The flooding trial started on 8 August 2009 and finished 70 days later. Forty seedlings
per species (20 underwent flooding; 20 were controls) which placed in 60 L clear plastic
tubs. Flooding was achieved by filling the tubs with tap water so the water level was
approximately 1 cm above the soil surface. Another three tubs had the same method
except with drainage holes, were watered three times a week for the duration of the
flooding treatment, and used as control (C). After three weeks all the seedlings were
removed and all the tubs drained and cleaned with tap water to remove the algae which
constructed on the tub walls. Seedlings were than returned in to the tubs and refilled
with fresh tap water. Plants were allowed to establish in a glasshouse for 11 weeks prior
to the application treatments. Pots were randomly ordered within tubs.

Physiological and Growth Measurements
At the end of the experiment, approximately ten plants per species and treatment were
chosen randomly for chlorophyll and physiological measurements. Stomata conductance
(steady state porometer, LI-1600, Li-Cor, Nebraska, USA), measurements were made on
a youngest fully expanded leaf of each seedling. Since the tubs were located under
shading, all plants to be measured were moved into full sunlight for 15 minutes prior to
taking measurements Chlorophyll content (SPAD-502 meter, Konica Minolta, Japan),
and photochemical yield (modulated chlorophyll fuorometer), were measured on the
youngest fully expanded leaf. All measurements were recorded during the mid-morning
in full sunlight. Midday measurements of maximum photochemical efficiency of
photosystem II (Fv/Fm) were recorded after 10 min as leaf dark by leaf clips which are
attached to fluorometer manufacturer. The Fv/Fm ratio can be used as a comparable
measure of relative photosynthetic performance. Percentage relative water content was
measured on a different subset of seedlings as [(saturation weight – dry weight)/ (fresh
weight – dry weight)] x 100 of the youngest fully expanded leaves. Seedling height and
leaf number were measured in the end of the experiment.
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An additional 10 seedling per species and treatment were harvest at the end of the
experiment, each seedling was separated into stem, leaf and root components. For each
seedling all leaves were digitally scanned fresh and total leaf area measured using the
image J software (http://rsb.info.hih.gov/ij). All plant material was oven dried at 80ºC
for 48 hours, and the dry weights of each component recorded.

Various growth,

biomass and leaf area allocation parameters were then calculated for each treatment and
species. These included total dry weight, shoot to root ratio, leaf area ratio (LAR), leaf
weight ratio (LWR), specific leaf area (SLA), and relative growth rates (RGR), the latter
calculated as per McGraw and Garbutt (1990).

Statistical Analysis
The data collected from frequent measurements were summed and mean for each
individual seedling previous to any data analysis. If required, data transformations
(normalised) were applied to stabilise error variance. These data were then analysed
using independent t-tests with the statistical program SPSS with significances
determined at P values < 0.05

Results
Corymbia calophylla
Total seedling dry weight (P=0.0001) and plant height (P=0.002) was negatively
influenced by 70 days of flooding in C. calophylla (Table 3.1), with flood-affected
seedlings noticeably smaller than their well-watered counterparts (Fig. 3.1). At the end
of the experiment only 20% of the flooded seedlings had died. Despite no significant
difference between flood and control seedlings in all other growth parameters measured
(Table 3.1), C. calophylla seedlings subjected to flooding had a lower relative growth
rate than the well-watered controls. Flooded seedlings had significantly higher leaf
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chlorophyll content (P=0.0001) and photochemical efficiency (P=0.05) (Table 3.2) but
similar stomatal conductance and transpiration rates.

Table 3.1. Growth parameters of C. calophylla seedlings under well-watered (control) and 70 days of
inundation (flooded) conditions. Values are mean ± SE for 10 seedlings. LAR=leaf area ratio; LWR=leaf
weight ratio; SLA = specific leaf area and RGR= relative growth rate.

Control

Flooded

P (t-test)

Total dry weight (g)

2.35 ± 0.22

0.86 ± 0.08

**

Seedling height (cm)

30.2 ± 2.1

18.0 ± 1.1

***

LAR mm 2g-1)

119.1 ± 13.1

63.0 ± 10.3

NS

LWR(g g-1)

0.61 ± 0.01

0.60 ± 0.10

NS

SLA (mm 2g-1)

193.1 ±17.1

153.3 ±38.2

NS

Leaf number

15.7± 1.4

11.66 ± 0.9

NS

Root: shoot ratio (g g־¹)

5.8 ± 1.4

4.5 ± 1.0

NS

35.7

21.5

NA-

RGR (mg g־¹ day-1)

NA= not applicable,
P values:*<0.05, ** <0.005 , *** <0.0005, NS= not significant

Table 3.2. Physiological data for C. calophylla seedlings under well-watered (control) and 70 days of
inundation (flooded) conditions. Values are mean ± SE for 10 seedlings.

Control

Flooded

P (t-test)

Chlorophyll content (relative units)

45.3 ± 1.8

25.3 ± 2.2

***

Stomatal conductance (mol m-2 s-1)

0.07 ± 0.01

0.05 ± 0.01

NS

Transpiration (mmol m-2 s-1)

1.57 ± 0.35

1.43 ± 0.31

NS

Fv/Fm (relative units)

0.78 ± 0.01

0.70 ± 0.01

*

RWC (%)

88.8 ± 3.9

87.0 ±3.5

NS

P values: *<0.05, ** <0.005 , *** <0.0005, NS= not significant
24

control
flood
control
flood
control

C.calophylla

flood

E.gomphocephala

E.marginata

Fig 3.1. Seedling height comparison between control and flooded in the three Eucalyptus species.

Eucalyptus gomphocephala
After 70 days of flooding, the total dry weight and height of the seedlings were
significantly lower (P<0.005), than the well-watered seedlings 60 (Table 3.3, Fig. 3.1).
At the end of the experiment 65% of the flooded seedlings had died. Despite no
significant difference between flood and control seedlings in all other growth parameters
measured (Table 3.3), E. gomphocephala seedlings subjected to flooding had a 32%
decrease in relative growth rate than the well-watered controls. Flooded seedlings had
significantly higher leaf chlorophyll content (P=0.01), and lower stomatal conductance
and transpiration rates (Table 3.4).
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Table 3.3. Growth parameters of E. gomphocephala seedlings under control and flooding condition.
Values are mean ±SE for 10 seedlings. LAR=leaf area ratio; LWR=leaf weight ratio; SLA = specific leaf
area and RGR= relative growth ratio.

Control

Flooded

P (t-test)

Total dry weight (g)

0.39 ± 0.06

0.18 ± 0.02

**

Seedling height (cm)

16.6 ± 1.1

9.8 ± 0.7

***

LAR((mm 2g-1)

122.9 ± 6.5

131.2 ± 33.7

NS

LWR(g g-1)

0.66 ± 0.02

0.65 ± 0.02

NS

SLA (mm 2g-1)

185.9 ±9.0

200.4 ± 48.49

NS

Leaf number

13.3± 2.4

18.7 ± 1.8

NS

Root: shoot ratio (g g־¹)

7.7 ± 1.5

5.3 ± 0.7

NS

43.1

29.4

RGR (mg g־¹ day-1)

P values: *< 0.05, ** <0.005 , *** <0.0005 , NS= not significant

Table 3.4. Physiological data for E. gomphocephala seedlings under well-watered (control) and 70 days
of inundation (flooded) conditions. Values are mean ±SE for 10 seedlings.

Control

Flooded

P (t-test)

Chlorophyll content (relative units)

39.8 ± 1.3

19.2 ± 1.4

*

Stomatal conductance (mol m-2 s-1)

0.23 ± 0.08

0.08 ± 0.03

NS

Transpiration (mmol m s )

7.68 ± 2.68

2.64 ± 1.23

NS

Fv/Fm (relative units)

0.76 ± 0.01

0.72 ± 0.02

NS

RWC (%)

81.6 ± 6.5

68.9 ± 7.0

NS

-2

-1

P values: *< 0.05, ** <0.005 , *** <0.0005 , NS= not significant
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Eucalyptus marginata
For E. marginata seedlings, the total dry weight (P=0.005), plant height (P=0.001), leaf
number (P=0.012) were negatively influenced by 70 days of flooding (Table 3.5), with
flood-affected seedlings noticeably smaller than their well-watered counterparts (Figure
3.1). At the end of the experiment 90% of the flooded seedlings had died. Flooded
seedlings had a lower leaf area ratio (LAR) than the control seedlings, but did not differ
in their leaf weight ratio or specific leaf area (Table 3.5), with approximately half the
relative growth rate. Flooded seedlings had significantly higher leaf chlorophyll content
(P=0.0001) and photochemical efficiency (P=0.03) (Table 3.6) and substantial decreases
in stomatal conductance (97% decrease) and transpiration rate (95%) and relative water
content (20%).

Table 3.5. Growth parameters of E. marginata seedlings under control and flooding condition. Values are
mean ±SE for 10 seedlings. LAR=leaf area ratio; LWR=leaf weight ratio; SLA = specific leaf area and
RGR= relative growth ratio.

Control

Flooded

P (t-test)

Total dry weight (g)

0.49 ± 0.06

0.18 ± 0.02

**

Seedling height (cm)

13.2 ± 1.4

4.8 ± 0.5

**

LAR( mm 2g-1)

119.1 ± 13.2

83.3 ± 10.0

**

LWR(g g-1)

0.73 ± 0.02

0.60 ± 0.07

NS

SLA (mm 2g-1)

161.8 ±15.0

142.1 ± 34.4

NS

Leaf number

10.33± 0.33

4.33 ± 0.88

*

14.9 ± 3.2

3.5 ± 1.4

**

39.4

18.8

Root: shoot ratio (g g־¹)
RGR (mg g־¹g day-1)

P values: *< 0.05, ** <0.005 , *** <0.0005 , NS= not significant
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Table 3.6 Physiological data for E. marginata seedlings under well-watered (control) and 70 days of
inundation (flooded) conditions. Values are mean ±SE for 10 seedlings.

Control

Flooded

P (t-test)

Chlorophyll content (relative units)

43.6 ± 3.2

25.4 ± 2.1

***

Stomatal conductance (mol m-2 s-1)

0.33 ± 0.11

0.01 ± 0.00

*

Transpiration (mmol m-2 s-1)

9.95 ±3.19

0.47 ± 0.31

**

Fv/Fm (relative units)

0.78 ± 0.01

0.72 ± 0.01

*

RWC (%)

82.5 ± 1.7

65.3 ± 5.8

*

P values: *< 0.05, ** <0.005 , *** <0.0005 , NS= not significant

Discussion
According to survival, growth and physiology data of the three species examined, E.
marginata (Jarrah) seedlings were the least flood tolerant. This is not surprising as E.
marginata is known to be sensitive to waterlogging (Davison and Tay 1985) and
normally inhabits well-drained sites on Western Australia’s Darling Range and localised
pockets of Perth’s Swan Coastal Plain, with waterlogging initiating similar symptoms as
Jarrah trees infected with the soil-borne water mould, Phytophthora cinnamomi
(commonly known as ‘dieback’) (Davison 1988).
After 70 days of continuous flooding E. marginata seedlings exhibited significant
stomatal closure (3% of the control seedlings), much more than the other two species (E.
gomphocephala = 35%; C. calophylla = 71%). For waterlogged E. marginata seedlings
a declining stomatal conductance was associated with a decline in photosynthesis
process (lower Fv/Fm ratio), leaf chlorophyll content, decreased growth rate and an
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increase in seedling mortality.

The reduction in shoot relative water content is

indicative of the interruption of water uptake as a result of prolonged flooding.
Waterlogging E. marginata seedlings continuously for 14 days causes a greater
resistance to water movement into or through seedlings (Davison and Tay 1985) but did
not result in a decrease in stomatal conductance. This suggests that flooding has an
immediate effect on water transport through the root and stem xylem without
compromising leaf water loss.

The longer E. marginata seedlings are exposed to

waterlogging or flooding conditions, the more xylem vessels become blocked (Davison
and Tay 1985) resulting in a sharp decline in stomatal conductance and root hydraulic
conductivity, as has been reported for other plant species (Davies and Flore 1986a, b,
Syvertsen et al. 1983). The high mortality of E. marginata seedlings under flooded
condition may also be related to the roots inability to survive and function in anaerobic
environments.
Eucalyptus gomphocephala (Tuart) is restricted to a narrow coastal band in the Perth
region, occurring on brown or yellow sand over limestone occasionally near rivers
(Powell 2009). E. gomphocephala was the next most flood tolerant eucalypt studied.
Although all species displayed significant changes in total seedling dry biomass and
seedling height (see Fig. 3.1) only those species which had greater than 50% mortality
(Marri and Tuart) showed a reduction in stomatal conductance and leaf water loss. For
these non-flood tolerant species, the anaerobic conditions created by periods of
prolonged waterlogging are preventing water uptake from the soil by ‘sufficating’ the
root system (De Simone et al. 2002). This has long term implications for seedling
growth and survival, as has been documented for other Eucalyptus species. It is unlikely
that E. gomphocephala seedlings are capable of surviving extended periods of flooding,
preferring to inhabit well-drained soils in the Perth region.
Corymbia calophylla (Marri) was the most tolerant to 70 days of continuous flooding
with 80% of the seedlings surviving. Like E. marginata, C. calophylla is a common tree
species in the moderately wet lower south-west of Western Australia; it is less common
north of Perth where it is restricted to river valleys (Powell 2009). This may explain
Marri’s ability to physiologically tolerate seasonal flooding (i.e. no significant reduction
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in stomatal conductance or transpiration rate), despite a reduction in seedling growth.
Flooding in south-western Australian ecosystems tends to occur in the winter-early
spring months, drying out in the long, hot and dry summers. It is unlikely that C.
calophylla seedlings will experience periods of flooding lasting more than 100 days, as
Perth experiences a bimodal climate of dry, hot summers and cool, wet winters.
Waterlogged soils, caused by the June-August winter rains, tend to dry out during the
spring-summer-autumn months (Sept-April). In recent years this has become more
apparent as Perth winter rainfalls declines. Marri’s ability to tolerate habitats prone to
flooding may no longer be as important in the future as Perth’s climate becomes drier, as
it’s ability to tolerate summer droughts.
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Chapter 4

Seedling tolerance to changes in soil alkalinity due to the
presence of limestone
Introduction
Western Australian soils of calcareous origin are high in pH (Moore 2004). The
alkalinity-acidity salt of Western Australia soils have been categorised according to their
plant toxicity (Szabolcs 1989). The common field crops have a preference to a neutral
or slightly acidic soil (pH 7) whereas some plants, however, prefer more acidic or
alkaline conditions. The pH of soil solution is dependent relative on mineral weathering
conditions, and mineral weathering raising pH by releasing base cations (Ca, Mg and
K), and therefore a soil which is rich in simply weatherable minerals tend mostly have a
higher pH and higher soil solution concentration of Ca, Mg and K (Jarvan 2004).
Several nutrient cations such as aluminium (Al3+), zinc (Zn2+), copper (Cu2+), iron
(Fe2+), manganese (Mn2+) and cobalt (Co2+) are soluble and available for absorbing by
plants when pH value below 5.0, even though their availability may result in ion toxicity
as soil pH decreases (Jakobsen 1993b). These cations are less available in soil in more
alkaline environment and usually the soil shows indications of nutrient deficiency,
comprise thin plant stems, yellowing and mottling of leaves, and slow and/or short
growth. Some elements require a specific pH range. Phosphorus (P) uptake requires a
soil pH between 6.0 and 7.5, otherwise it becomes chemically immobile, forming
insoluble compounds with iron (Fe) and aluminium (Al) in acid soils and with calcium
(Ca) in calcareous soils. (Jakobsen 1993b and references therein).
Soils that contain calcium sulphate (gypsum), sodium bicarbonate and calcium
carbonate can impact of seedling growth because of the effect of increasing soil pH, on
micro and macro nutrient availability, particularly phosphorus, nitrogen, copper, zinc,
manganese and iron (Alloway and Jackson 1991). The pH (in soil solution) of these
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soils have been documented as being either slightly acid (calcium sulphate), low
alkaline (carbon carbonate) and alkaline (sodium bicarbonate) (Szabolcs 1989). An
excessive addition of calcium carbonate in the soil can cause calcium phosphates
precipitation phenomenon. It plays an important role in controlling phosphorus activity
and its availability in soil solution. The general reaction that explains the interaction of a
liming material such as CaCO3 with water to form OH- ions is as follows (Thomas and
Hargrove 1984).
CaCO3 + H 2 O (in soil) → Ca2+ + HCO3- + OHThe overall reaction of lime with an acid soil can be expressed by the following
equation with OH- reacts with indigenous H+ or H+ that has formed from the hydrolysis
of Al3+.
2Al + 3 CaCO3 + 3 H 2 O → 3 Ca + 2Al (OH) 3 +3CO2

Species from the genus Eucalyptus naturally occur in a range of different environments
and soil characteristics from alkaline, calcareous or acidic soils acid (Stace et al. 1968,
Hall et al. 1975, James et al. 2002). Characteristically, differing tolerance to calcareous
circumstances in Eucalyptus has been investigated in relationship between transpacific
populations of plants raised from seed collected from trees growing on acidic or
alkalinised soils (Parsons and Specht 1967, Anderson and Ladiges 1978, Florence
1981). For example, Eucalyptus obliqua has received particular attention to assess the
response of potentially useful species to the pH of the growing medium (e.g. Anderson
and Ladiges 1978, Anderson and Ladiges 1982, Anderson 1982).
About 35 seedlings of Eucalyptus species were grown under amended medium with
limestone and dolomite (1:1) and pH range of 5.1 to 8.9 to study a response of
ornamental eucalypts from acidic and alkaline habitats (Symonds et al. 2001). Results
indicted that the seedlings growth was generally greater under acidic (pH 5.1-5.6) than
under more alkaline conditions. Species demonstrated a range of responses to changes in
soil pH, including species that were unaffected even at pH 8.9 such as E. erythrocorys
and E. extensa. The tolerance to high pH is associated with a capability to maintain
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relatively low Ca and Mg and P and Fe concentration ratios <5. The tolerance of six
clones from five provenances of E. camaldulensis was examined under controlled
conditions of waterlogged, highly saline and highly alkaline soils in a greenhouse where
leaves produced under salinity and alkalinity impacts were similar in ion content to
those produced prior to the test condition (Richard et al. 1996).
Some Eucalyptus species grow in soils of relatively high pH, high bicarbonate (HCO3–),
and low iron (Fe) concentration is concluded their potential to live in calcareous or
alkaline soils (Kinzel 1983, James et al. 2002). The tolerance of 5 semi-arid Western
Australia species (E. gracilis, E. halophila, E. kondininensis, E. loxophleba and E.
platypus var. heterophylla) to alkaline conditions, bicarbonate, and low iron availability
was examined by James et al. (2002). The study showed that seedlings growing in
medium of pH 9, caused a reduction in plant height and leaf production for most of the
study species, compared with a species growing in media of pH 6. Iron concentrations
in the youngest fully expanded leaves were reduced for seedlings in the pH 9 solution.
Eucalyptus halophila was an exception to this. Eucalyptus species may be important in
the amelioration of salt-affected (van der Moezel et al. 1991, Bell 1999) and alkaline
lands (Gupta et al. 1988), the treatment of limestone quarries (Ruthrof 1997) and mine
waste process that often very alkaline, acidic or saline (Singh 1989, Bell et al. 1993).
The research presented in this chapter focuses on the tolerance of three Perth eucalypts
to soils enriched by natural limestone, as measured by changes in growth and
physiology over 80 days.

Methods
Experimental Design
Seedlings were grown from seed using the same procedures outlined in the previous
‘Seedling tolerance to soil salinity’ chapter. One hundred and twenty seedlings of each
species were than transplanted into square individual pots (7 cm wide and 7 cm long by
8 cm deep) filled with soil at a ratio of four parts white sand to two parts peat, each pot
containing one seedling. Transplanted seedlings were watered twice weekly until the
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seedlings had 4-6 leaves or were approximately 6 cm tall. The day before applying the
alkalinity treatment, 10 seedlings of each species were randomly selected for harvesting,
with each seedling divided into stem, root and leaf components. Biomass of stem, root
and leaves were recorded after drying the samples in a drying oven at 80ºC for 48 hours,
or until constant mass was achieved.
For each species, the remaining seedlings were randomly divided into two treatments.
The first treatment had no additional limestone added, and was the control. For the
second treatment (the ‘limestone’ treatment) pots were filled with crushed local Tamala
limestone, which had been passed through a 3 mm sieve, and mixed at a rate of 20% by
soil weight. Overall 55 seedlings per treatment were used per species. Seedlings in both
treatments were watered twice a week with fresh tap water for 12 weeks experiment
period.

Physiological and Growth Measurements
At the end of experiment, about ten seedlings per treatment and species were randomly
chosen for chlorophyll and physiological measurements. Chlorophyll content (SPAD502 meter, Konica Minolta, Japan), stomatal conductance and transpiration (steady state
porometer, LI-1600, Li-Cor, Nebraska, USA) were measured on the youngest fully
expanded leaf. All measurements were recorded during the mid-morning in full sunlight
The number of leaves and seedling height were measured for ten plants which chosen
randomly at the end of the experimental.
An additional ten seedling per species and treatment were harvest at the end of
experiment, each seedling was divided into stem, leaf and root components. For each
seedling all leaves were digitally scanned fresh and total leaf area measured using the
image J software (http://rsb.info.hih.gov/ij). All plant material was oven dried at 80ºC
for 48 hours, and the dry weights of each component recorded.

Various growth,

biomass and leaf area allocation parameters were then calculated for each treatment and
species. These included total dry weight, shoot to root ratio, leaf area ration (LAR), leaf
weight ratio (LWR), Specific leaf area (SLA) and growth rate (RGR), as defined by
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McGraw and Garbutt (1990). Dried leaf material were then ground separately through a
40 µm mesh and 2 g subsamples were analysed by the Western Australia’s Chemistry
Centre for macro and micro element concentrations

N was analysed by Kjeldahl

digestion and titration the remaining elements were digested by a concentrated
HNO3:HClO3:H2SO4 solution.. Other elements were analysed by Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) (e.g. Cu, Fe, Mg, Mn, Zn) and ionexchange chromatography (Cl, B, S, P, K)

Statistical Analysis
Data was analysed using independent t-tests with the statistical program SPSS. Means
were determined to be significantly different between treatments (control and limestone)
at P values <0.05.
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Results
Corymbia calophylla
After 82 days of the limestone the total seedling dry weight (P=0.008), plant height
(P=0.001) and specific leaf area (P=0.004) were negatively impacted by the presence of
limestone in C. calophylla seedlings (Table 4.1). C. calophylla seedlings growing in the
limestone enhanced soils had a lower relative growth rate than the well-watered controls
by approximately 20% (Table 4.1). Limestone seedlings had no significant difference in
all Physiology parameters compared with control (Table 4. 1).

Table 4.1 Growth and physiological parameters of C. calophylla seedlings after 82 days under wellwatered (control) and limestone-enhanced conditions. Values are mean ±SE for 10 seedlings. LAR=leaf
area ratio; LWR=leaf weight ratio; SLA = specific leaf area and RGR= relative growth ratio.
Control

limestone

P value
(t-test)

Total dry weight (g)

2.35 ± 0.22

1.37 ± 0.16

**

Seedling height (cm)

30.2 ± 2.1

15.83 ± 1.30

**

LAR (mm 2g-1)

119.1 ± 13.1

67.90 ± 2.41

NS

LWR (g g-1)

0.61 ± 0.01

0.69 ± 0.02

NS

SLA (mm 2g-1)

193.1 ± 17.1

97.80 ± 4.76

**

Leaf number

15.7± 1.4

10.00 ± 1.18

NS

Root: shoot ratio (g g־¹)

5.8 ± 1.4

5.89 ± 0.75

NS

30.5

24.3

-

Chlorophyll content (relative units)

44.28 ± 1.76

40.67 ± 2.22

NS

Stomatal conductance (mol m-2s-1)

0.06 ± 0.01

0.03 ± 0.01

NS

Transpiration (mmol m-2 s-1)

2.02 ± 0.38

1.11 ± 0.76

NS

RGR (mg g־¹g day-1)

P values: *< 0.05, ** <0.005 , *** <0.0005 , NS= not significant
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Eucalyptus gomphocephala
E. gomphocephala seedlings exhibited a negative effect in most of the growth
parameters measured in relation to the occurrence of limestone in the soil, except for an
increase in leaf number (Table 4.2). This is supported by a decrease in the relative
growth rate.

Limestone-effected seedlings had significantly less leaf chlorophyll

content (P=0.02) and a decreased stomatal conductance (P=0.05), but not transpiration
(P=0. 19) than well watered seedlings.

Table 4.2 Growth and physiological parameters of E. gomphocephala seedlings after 82 days under wellwatered (control) and limestone-enhanced conditions. Values are mean ±SE for 10 seedlings. LAR=leaf
area ratio; LWR=leaf weight ratio; SLA = specific leaf area and RGR= relative growth ratio.
Control

limestone

P value
(t-test)

Total dry weight (g)

0.39 ± 0.06

0.35 ± 0.01

*

Seedling height (cm)

16.6 ± 1.1

8.33 ± 0.9

**

LAR (mm 2g-1)

122.9 ± 6.5

87.21 ± 7.3

**

LWR (g g-1)

0.66 ± 0.02

0.72 ± 0.01

NS

SLA (mm 2g-1)

185.9 ± 9.0

121.0 ± 11.5

**

Leaf number

13.3± 2.4

17.0 ± 1.34

**

Root: shoot ratio (g g־¹)

7.7 ± 1.5

7.29 ± 0.25

NS

36.8

32.9

-

Chlorophyll content (relative units)

42.92 ± 1.63

37.62 ± 1.43

*

Stomatal conductance (mol m-2 s-1)

0.33 ± 0.09

0.09 ± 0.02

*

Transpiration (mmol m s-1)

6.95 ±3.13

1.97 ± 0.59

NS

RGR (mg g־¹ day-1)

P values: *< 0.05, ** <0.005 , *** <0.0005 , NS= not significant
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Eucalyptus marginata
Seedling total dry weight (P=0.001), leaf area ratio (P=0.001), leaf weight ratio
(P=0.004) and specific leaf area (P=0.01), and root: shoot ratio (P=0.001) were
negatively affected after growing in limestone enriched soils for 82 days (Table 4.3)
with an approximately a 30% decreased in relative growth rate. Limestone-affected
seedlings had a significant decrease in leaf chlorophyll content (P=0.01) and stomatal
conductance (P=0.05). There was also a decrease in transpiration rate (approximately
70%).

Table 4.3 Growth parameters of E. marginata seedlings after 82 days under well-watered (control) and
limestone-enhanced conditions. Values are mean ±SE for 10 seedlings. LAR=leaf area ratio; LWR=leaf
weight ratio; SLA = specific leaf area and RGR= relative growth ratio.
Control

limestone

P value
(t-test)

Total dry weight (g)

0.70 ± 0.05

0.32 ± 0.02

**

Seedling height (cm)

10.8 ± 1.6

7.50 ± 0.9

NS

LAR (mm 2g-1)

118.8 ± 5.1

72.0 ± 1.8

**

LWR (g g-1)

0.73 ± 0.01

0.58 ± 0.03

**

SLA (mm 2g-1)

161.5 ± 5.8

142.1 ± 34.4

*

8.0 ± 0.6

8.2 ± 0.6

NS

33.6

23.5

Chlorophyll content (relative units)

46.47 ± 1.62

30.05 ± 2.85

*

Stomatal conductance (mol m-2 s-1)

0.49 ± 0.10

0.07 ± 0.02

*

Transpiration (mmol m-2 s-1)

14.29 ± 2.71

4.79 ± 2.58

NS

Leaf number
RGR (mg g־¹g day-1)

P values: *< 0.05, ** <0.005 , *** <0.0005 , NS= not significant
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Leaf Chemistry
Table 4.4 shows that boron, iron and manganese were the only mineral nutrients that
showed an overall significant decrease in leaf content resulting from liming compared
with the control treatment. Boron’s decrease was greatest for C. calophylla (18% that of
the control) whereas Iron’s decrease varied from 56-67% and Manganese’s decrease
varied from 31-43%. There was no significant increase in leaf Calcium concentration in
response to liming in either C. calophylla and E. gomphocephala (Table 4.4). Leaf
Magnesium concentrations decreased with increasing alkalinity in all species. There
was a significant effect (P<0.05) of pH on leaf Fe content in three Eucalyptus examined
(Table 4.4). There was no effect of pH on leaf K concentration in all Eucalyptus species.

Table 4.4 Leaf chemistry of three Eucalyptus seedlings after 82 days growing under well-watered
(control) and limestone-enhanced conditions. Data represents chemical analysis of ground dried material
from leaves of 10 seedlings.
C. calophylla
B

Ca

Cu

Fe

K

Mg

Mn

Na

P

mg/kg

%

mg/kg

mg/kg

%

%

mg/kg

%

%

Control

27

0.86

4.8

84

1.36

0.23

120

1.06

0.11

Limestone

5

0.87

1.8

50

1.8

0.12

42

0.57

0.08

E. gomphocephala
Control

33

0.92

22

89

1.48

0.2

220

0.83

0.19

Limestone

11

1.4

30

50

1.52

0.18

95

0.79

0.18

E. marginate
Control

21

1.38

17

61

1.56

0.27

140

1.04

0.14

Limestone

13

1.18

37

41

1.59

0.23

43

1.46

0.08

P-value

*

NS

NS

*

NS

NS

*

NS

NS

P values: *< 0.05, ** <0.005 , *** <0.0005 , NS= not significant
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Discussion
The differences in species high pH tolerance in experiments has been reported in
Eucalyptus (Anderson and Ladiges 1978). In this study limestone was added to the soil
to determine how it might influence the growth and physiology of three local Perth
eucalypt species. E. gomphocephala is restricted soils overlying limestone on Perth’s
Swan Coastal Plain, and according to total seedling dry weight data and calculated
relative growth rates was the most tolerant to the limestone-enriched soils. However,
when examining all the growth and physiological data collected C. calophylla appears to
be the most tolerant, with no significant difference in leaf allocation or leaf water loss
between the well-watered controls and the limestone-enriched treatments. E. marginata
was the least tolerant with a 14% reduction in stomatal conductance. Liming (i.e. the
presence of bicarbonate) increases soil pH and is well known to decrease the growth of
Eucalypts (Ladiges 1977, Ladiges and Ashton 1977, Anderson 1982, Gupta et al. 1988)
and was represented by decreased relative growth rate, seedling height and reduced leaf
production in the three target species of this study. The leaf chemistry analyses for the
high pH tolerant C. calophylla and the intolerant E. marginata gives an insight into the
basis of discrepancy reaction to changing pH.
Liming causes an increase in soil pH, and affects the ability for the seedlings to uptake
some mineral nutrients. According to the leaf chemistry results an increase in Ca and
decrease in Mg concentrations in the liming trial in the intolerant species , it is probable
have been

negative effect on some physiological functions and growth ratio on

seedlings studied. It has previously been show that a significant increase in soil pH
relates to a decrease total Fe content in plant tissues (White and Robson 1990; Tang et
al. 1991, Farrell et al. 1996). James et al. (2002) found that lower Fe concentrations of
newly produced leaves of Eucalyptus species growing in a growth media of pH 9
demonstrates that the availability and translocation of Fe within seedlings is reduced as
a result of both the presence of bicarbonate and the reduced concentration of soil Fe,
ultimately limiting seedling growth rate. Similar results were obtained in the present
study. Manganese and Boron are both made unavailable to plants with an increase in
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soil pH, and Eucalyptus species are known to tolerate a range of soil acidity-alkalinity
(van der Moezel et al. 1991).
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Chapter 5

General Discussion
The overstorey health and population size of Perth’s eucalypts have reduced since the
late 1990s, in both relatively undisturbed and urban landscapes (Grigg et al. 2009). A
study by Crosti et al. (2007) within Perth’s Kings Park Bushlands demonstrated a
significant increase in abundance for three dominant eucalypt species between 1939 and
1999, although Grigg et al. (2009) noted a decline in the bushland adjacent to large
expanses of irrigated turf. In this case, a decline in Eucalyptus marginata (Jarrah) and
Corymbia calophylla (Marri) may be due to a mangesium deficiency, caused by alkaline
run-off (pH = 8.4) into the bush reserve from surrounding irrigated turf (Grigg et al.
2009). This alkalinity is due to the high levels of calcium carbonate in the underground
water, as the bush reserve occurs on a limestone escarpment. In contrast Eucalyptus
gomphocephala (Tuart) shows no symptoms of decline in the Kings Park bushland
(Grigg et al. 2009), mainly because this species in indigenous to calcareous, high pH
soils. The main factors responsible for vegetation change in this urban bushland are
weed invasion, modified fire regimes, disease and seed predation (Crosti et al. 2007).
As seedlings, E. marginata was the least tolerant to the three soil-induced stresses (i.e.
flooding, salinity, alkalinity) imposed. This is not surprising as E. marginata does not
occur in habitats that are excessively wet, calcareous or saline. E. marginata is near its
northern limits in Perth (Seddon 2004). A few isolated populations further north of
Perth (i.e. Mt Lesueur, 300 km north) implies that the species historically had a wider
distribution in southwestern Australia when conditions were much wetter (Powell 2009).
Currently E. marginata dominates the upland Darling Range, extending to the
southcoast of Western Australia near Albany, on well-drained lateritic soils.

E.

marginata mortality is highest in habitats with impeded drainage, usually following
periods of exceptionally heavy rainfall (Davison and Tay 1985). The association of tree
death with poorly drained sites and exceptional rainfall, indicates that short-term
waterlogging may also be important contributory factors. However one can not discount
the effect of the introduced water mould pathogen, Phytophthora cinnamomi has on
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adult jarrah deaths. This pathogen, also known as ‘jarrah dieback’ is a major threat to
the ecology of native plant communities in southwestern Australia (Shearer 1994) and is
widely distributed on the Swan Coastal Plain and adjacent Darling Range (Shearer and
Dillon 1995, 1996).
The next most tolerant species, E. gomphocephala has demonstrated significant decline
in adult crown health and numbers since the mid-1990s (Robinson 2008) and is the most
restricted in habitat preference (i.e. calcareous soils).

However E. gomphocephala

wasn’t the most tolerant to an increase is soil alkalinity, although it displayed the least
change in seedling dry weight and relative growth rate. This may be because the
limestone mixture used for the experiments wasn’t reflective of the natural subsurface
calcium carbonate concentration experienced by tuart plants in the field. It may also be
because alkalinity tolerance is developed over longer periods than the experiments were
conducted.

Nevertheless the coastal distribution of E. gomphocephala suggests an

ability of this species to tolerate soil alkalinity.
C. calophylla was the most tolerant of the three eucalypts to the three stressors,
occurring on more wetter soils, replaced with E. rudis trees on the poorer drained soils
(Seddon 2004). E. rudis (Flooded Gum) usually grows in habitats that experience
periodic flooding (i.e. floodplains, fringing wetlands and water courses). Species that
occupy such habitats tend to be salt tolerant (at least to NaCl induced salinity) than
species naturally occurring in ‘drier’ locations (Groom and Lardner 2009) Both E.
marginata and C. calophylla co-dominate the overstorey on the lateritic Darling Ranges
and co-occur in patches on Perth’s Swan Coastal Plain yet display very different
tolerances to soil-induced stresses. This may relate to habitat preferences as species that
can tolerate flooding tend to occur (or can be found) in waterlog-prone areas. These
may also be prone to the effects of primary and secondary salinisation (van der Moezel
et al 1988, 1991). Further investigation into why C. calophylla seedlings are more
tolerant than it’s congeners, particularly in relation to hydraulic architecture and water
use, is required to further substantiate the claims documented in this thesis.
Knowing the seedling growth and physiological responses of three prominent Perth
eucalypts to soil-induced stresses provides us with invaluable knowledge for
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rehabilitating and restoring Perth’s urban bushland. However soil-induced stresses will
last for longer than the 70-80 days that the seedlings were exposed to in these
experiments. Seedling survival and growth depends on a range of factors including soil
water holding properties, groundwater depth, occurrence of pathogens etc. Adult plant
tolerances may be vastly different to those experienced by seedlings.
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