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¢ Worldwide, many rare plant species occur in shallow-soil, drought-prone environ-
ments. For most of these species, the adaptations required to be successful in their
own habitats, as well as their possible consequences for establishment and persistence
in others, are unknown.

¢ Here, two rare Hakea (Proteaceae) species confined to shallow-soil communities
in mediterranean-climate south-western Australia were compared with four conge-
ners commonly occurring on deeper soils. Seedlings were grown for 7 months in a
glasshouse in individual 1.8 x 0.2-m containers, to allow for unconstrained root
development. In addition, a reciprocal transplant experiment was carried out.

¢ The rare Hakea species differed consistently from their common congeners in their
spatial root placement. They invested more in deep roots and explored the bottom
of the containers much more quickly. In the reciprocal transplant experiment they
showed increased survival in their own habitat, but not in others.

¢ This research suggests that shallow-soil endemics have a specialized root system
that allows them to explore a large rock surface area, thereby presumably increasing
their chance to locate cracks in the underlying rock. However, this root-system
morphology may be maladaptive on deeper soils, providing a possible explanation
for the restricted distribution of many shallow-soil endemics.
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attempt to understand the restricted distribution of rare

Introduction species that are confined to one particular habitat: shallow-soil

Plant species vary widely in their geographical distribution
and local abundance. As a result of human activities, the
number of plant species that are rare is rising sharply. To
prevent or slow down the extinction of rare species, a better
understanding of the factors involved in causing their restricted
distribution is crucial. As autecological studies are not feasible
for all rare species, many researchers have searched for
generalities by employing rare—common species comparisons.
However, no unifying theory explaining plant species com-
monness or rareness has yet emerged (reviewed by Kruckeberg
& Rabinowitz, 1985; Kunin & Gaston, 1997; Murray et al.,
2002), leading some authors to suggest that all species are
idiosyncratic (Gitzendanner & Soltis, 2000). In this study, we
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environments. By focusing on rare species from a single habitat
type that have evolved under similar selection pressures, we
believe it is more likely to find traits that are associated with a
species’ rarity.

Worldwide, a disproportionate number of rare species
occur in relatively open, shallow, rocky and drought-prone
environments (Kruckeberg & Rabinowitz, 1985; Baskin &
Baskin, 1988; Pate & Hopper, 1993; Medail & Verlaque, 1997).
Why do many species that occur in these habitats tend to be
confined to them? We believe this is related to the extreme
droughts that communities on these shallow habitats experience,
and the resulting strong selection pressures on establishing
seedlings. Indeed, drought-related mortality is known to be a
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major factor in seedling demography in these environments
(Frazer & Davis, 1988; Enright & Lamont, 1989; Richards
et al., 1997 for Mediterranean environments). The extremity
of these habitats would have favoured the development of
local specialized phenotypes (Van Tienderen, 1997), but at
the expense of a reduction of fitness in deeper-soiled habitats.
However, for most shallow-soil endemics we do not know
what the specific adaptations are that enable them to persist in
their own adverse environments, nor can we evaluate how these
adaptations hinder establishment or survival in neighbouring
communities. There is some evidence suggesting that there
are costs of adaptation or specialization, as several rare edaphic
endemics have been shown to be relatively poor competitors
when grown in other environments (Hart, 1980; Prober, 1992;
Walck et al., 1999; Lloyd et al., 2002; but cf. Gottlieb &
Bennett, 1983; Snyder ez al., 1994). None of these studies,
however, provides a mechanistic explanation for these trade-offs.
In this study we examine the local adaptations, and their
consequences for survival, of two rare Hakea (Proteaceae)
species, confined to shallow-soil ironstone communities
in Mediterranean south-western Australia. Ironstone com-
munities are seasonally wet, shallow-soil shrublands that
contain many endemic species as well as species that have their
distribution centred on them (Gibson et 4/, 2000). Field
observations suggest that neither ironstone Hakea species
suffers from reproductive constraints, as populations contain
numerous, easily germinable seeds. In previous work we
demonstrated that both Hakea species differ from five of their
common congeners in their root-system morphology (Poot &
Lambers, 2003a). In the early seedling stages the ironstone
endemics had higher root mass ratios and a higher specific
root length (length of root per unit root mass), while in later
stages of growth they invested more in deep roots. We argued
that the specific root-system morphology of the ironstone
species reflects adaptations that maximize their chances of
finding crevices in the underlying ironstone rock, thereby
increasing their chances of obtaining water before the onset of
summer drought. Although we found consistent differences
between rare and common species in root-system morphology,
we could not examine the implications for root exploration
due to the constraints of the pot dimensions. Therefore, for
the present study we developed 1.8-m-long custom-made
containers with transparent bottoms. These enabled us to study
the spatial, temporal and functional root-system development
of the rare and common Hakea species in much greater detail
and under more natural and less restrictive conditions. In a
second experiment, we examined the possible consequences
of differences in root-system morphology for survival in the
natural habitats through a fully reciprocal transplant experi-
ment. Therefore the aims of this study were twofold: to
investigate which specific root traits of the ironstone Hakea
species distinguish them from their common congeners; and
to investigate the possible consequences of these traits for
survival in their own as well as in surrounding habitats.
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Materials and Methods

Experimental species

Hakea species are woody perennials from the southern
hemisphere family Proteaceae, which range in size from
shrubs to small trees. Two rare south-western Australian Hakea
species with their distribution centred on winter-wet, shallow-
soil ironstone communities (H. oldfieldii Benth, H. tuberculata
R. Br.) were compared with four of their common congeners
originating from nearby winter-wet (H. ceratophylla Smith
R.Br., H. varia R.Br.) or nonwetland habitats on deeper soils
(H. lissocarpha R. Br., H. c¢yclocarpa Lindl.). Both ironstone
endemics are relatively common within their own highly
localized habitat, but rarely occur outside it, whereas all four
common species are more widespread and occur over a much
greater geographical range.

Ironstone communities are winter-wet shrublands that
occur on very shallow, reddish loamy sands (0-0.2 m deep)
over massive ironstone rock. They occur as scattered remnants
either on the coastal plain or on the foot slopes of the nearby
and geologically much older lateritic scarps and plateaus
(Gibson ez al., 2000). The underlying ironstone rock is
believed to have been formed by the precipitation of ferric iron
from the groundwater in the zone of water-table fluctuation,
and is thought to be still actively forming (‘bog iron’ formation;
Johnstone ez al., 1973; Gibson ez al., 2000). Although iron-rich
impeding layers are common on south-western Australian
coastal plains, they generally occur at much greater depth,
and most soils are composed of deep layers of Quaternary
sand deposits. By contrast, the shallow sandy loam soils of the
ironstone communities (0—0.2 m deep) are derived mainly
from weathering of the underlying ironstone rock, and have a
distinct red-brown coloration. For a further description of the
floristics, climate and soils of the ironstone communities, see
Gibson ez al. (2000) and Supplementary Material.

The common winter-wetland Hakea species occur on a
variety of damplands and sumplands on poorly drained sandy
soils on the coastal plain, as well as on poorly drained valleys
of the nearby lateritic hills. In normal winters, Hakea species
from both ‘winter-wet” habitats (ironstone as well as noniron-
stone) would experience variable periods of soil saturation and
shallow soil inundation in their natural habitats. By contrast,
the common nonwetland Hakea species occur in the under-
storey of eucalypt woodlands on well drained soils higher in
the landscape, and would never experience soil inundation.
For further species and distribution information, see Supple-
mentary Material.

Root foraging experiment

For each of the Hakea species, woody follicles containing the
seeds were sampled in the field during March and April 2002
(for approximate locations see Supplementary Material).
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Follicles of at least five plants per species were collected. Within
2 wk at room temperature, all woody follicles had dehisced
naturally. The average seed mass of the ironstone species was
significantly lower than that of the other species (mean £ SE
for ironstone species H. oldfieldii and H. tuberculata, respec-
tively: 11.5%0.5 and 12.1 £ 1.1 mg; winter-wet common
species H. cerarophylla and H. varia, respectively: 32.7 + 1.7
and 18.5 £ 1.2 mg; nonwetland common species H. lssocarpha
and H. cyclocarpa, respectively: 24.8 £ 2.3 and 87.4 £ 7.1 mg;
P <0.05, Tukey test after one-way ANOVA). On 21 August
2002, 20 seeds per species were placed on moistened paper in
a temperature-controlled room (day/night 15°C) for germin-
ation. Germination percentages were high (80-100%), and
did not differ among species. Except for seeds of H. cyclocarpa,
which germinated on average 3 d later, seeds of all species
germinated between 8 and 11 d.

After germination, seedlings were transferred to individual
custom-made containers that were 1.8 m long, 0.2 m wide
and 0.15 m deep, and filled to a depth of 0.11 m with washed
river sand. To ensure proper drainage, 10 evenly spaced holes
were drilled in the bottom of each container. Initally, two
seedlings were planted in the middle of each container. After
10 d growth, the smallest seedling was removed, leaving five
seedlings for each species. The containers were constructed
from untreated pinewood sides and transparent polycarbonate
bottoms to enable measurements of root growth along the
bottom. To shield the developing root systems from light
while still allowing access to the transparent bottoms, a 1.8-m
long, 0.5-m wide, black plastic film was stapled to one side of
each container, and was attached to the other side by an elastic
guiding line glued to the plastic and held by nails. The U-shaped
plastic film collected the drainage water after each watering
event, and kept the air under the container moist. The con-
tainers were positioned on adjacent frames in a temperature-
controlled glasshouse (20 : 15°C, day : night, light intensities
65% of ambient), in five blocks with one individual of each
species randomly placed within each block. Plants were
watered with tap water every 2-3 d, and pots were flushed
once a week with approx. 500 ml of a diluted nutrient solution
(200 pm Ca(NOs)z, 100 pm K,SO,, 4 pm KH,PO,, 54 pm
MgSO,;, 0.24 pvy MnSO,;, 0.10 pv ZnSO,, 0.018 pm CuSO,,
2.4 pm HSBOs, 0.030 pm Na,MoOQ,, 40 um Fe-EDTA).

Lateral spread of roots was determined visually every
7-12 d on the transparent bottom of the containers. Two
weeks after root systems of the first plants had reached the far
sides of the containers (approx. 7 months after germination),
plants were harvested. Stems were cut at the root-shoot
junction, and fresh mass and dry mass (after 48 h at 70°C) of
stems and leaves were determined. To ascertain spatial root
placement, root systems were harvested separately for seven
horizontal (0-0.15, 0.15-0.45, 0.45-0.75, 0.75-1.05,
1.05-1.35, 1.35-1.65, 1.65-1.80 m) and two vertical
(0-0.10, 0.10-0.11 m deep) sections. This was achieved by
pushing sharpened, stainless steel plates into the sand and
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flushing out each of the 14 sections separately. After rinsing
the roots to remove all sand, they were separated into cluster
and noncluster roots. Cluster roots of Hakea species and many
other members of the Proteaceae are bottle brush-like structures
that are involved in nutrient mobilization and uptake (Shane
& Lambers, 2005). The noncluster roots were then computer
scanned and analysed for total root length, volume and average
root diameter (WINRHIZO ver. 3.9 software, Regent Instru-
ments, Quebec, Canada). Fresh and dry mass (after 48 h at
70°C) were determined for both types of root.

Field transplant experiment

In May 2002, 320 seeds per species were placed on trays with
moistened paper in a temperature-controlled room (15°C) for
germination. After germination, seedlings were planted into
trays filled with washed river sand. Approximately 4-5 wk
after germination (first and second week of June 2002,
winter) the young seedlings were transplanted into six field
sites. At this stage, most seedlings had only just formed their
first pair of leaves. Field sites coincided with the six locations
where seeds of the six species had been collected. Therefore, at
each location one of the Hakea species was the ‘home-playing’
species. All species were transplanted in two winter-wet
ironstone communities, two winter-wet communities on deeper
soils, and two nonwetland habitats in the undergrowth of
eucalypt woodlands. At each site, four plots were chosen in
areas where the ‘home-playing’ species was most numerous. In
each plot, 60 seedlings (10 per species) were planted randomly
in a rectangular area (0.9 X 0.5 m) situated in the middle of a
chicken-wire exclosure (1.30 X 0.9 m), with seedlings placed
at 100-mm distance from each other. The exclosure was
necessary to prevent any interference by wildlife (e.g. kangaroos
or rabbits). Before the seedlings were transplanted, the area
inside the exclosure as well as a border area of 0.3 m outside
the exclosure were cleared of vegetation by pulling out plants.
This was done to create a situation as close as possible to a
‘natural’ recruitment (usually after fire) with enhanced light
and nutrient levels. Four weeks after transplanting the seedlings,
we removed the larger weeds to facilitate further seedling
establishment. Thereafter, no further interference with naturally
emerging plants inside the plots took place. In the following
years we regularly monitored plant survival and growth. Here
we report the survival data of this field experiment until April
2005.

Statistical analyses

To test for differences among species in their relative root-
distribution patterns, we used nonmetric multidimensional
scaling (MDS) of the multivariate statistical package PRIMER
(ver. 6; Clarke & Warwick, 2001; see Supplementary
Material). Other variables were analysed with the ‘General
Analysis of Variance’ procedure of the statistical package

New Phyrologist (2008) 178: 371-381
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Table 1 General characteristics of rare and common Hakea species after 7 months’ growth in a glasshouse on individual 1.80-m-long containers

Rare ironstone Common Common

winter-wet winter-wet nonwetland
Variable Unit HO HT HCE HV HLS HC
Biomass allocation (dry mass)
Shoot g 43111 3.6+0.7 3.8+05 5.8+0.6 39+05 5.0+0.7
Root g 2.8+0.6 26+04 22+03 34+05 24+0.2 23+0.2
Total g 71+1.6 6.2+1.1 6.0+0.8 92+1.0 6.3+0.7 73108
Root mass ratio gg’ 0.40 +0.03 0.43 £0.02 0.37+£0.01 0.37 £0.04 0.38 +£0.02 0.33 £0.02
Root characteristics
Total root length m 890 + 15 840 +24 362+5 77°+10 720 +12 49% + 10
Root diameter mm 0.74 £0.04 0.73 £0.01 0.71+0.05 0.60 £0.02 0.63 £0.04 0.63+£0.03
Specific root length mg™’ 44+ 3 44>+ 5 342+5 43 +4 540+ 8 42 +5
Root dry mass percentage 12.42+04 12,62+ 0.4 17.2b+0.7 1572+ 1.1 15.4+0.8 169+ 0.4
Percentage cluster roots 22443 302+3 48°+5 49+ 5 445+ 4 560 + 3

Values are means + SE. Letters indicate significant differences among means (n = 5, P < 0.05, Student-Newman—Keuls pairwise comparison test
after one-way ANOVA). All variables were log-transformed before testing.
HO, H. oldfieldii; HT, H. tuberculata; HCE, H. ceratophylla; HV, H. varia; HLS, H. lissocarpha; HC, H. cyclocarpa.

GENSTAT (ver. 4.2, VSN International, Oxford, UK). Species-
specific differences were evaluated statistically using the
Student—Newman—Keuls pairwise comparison test after
ANOVA (experiment-wise error rate 00 = 0.05). Most variables
were log-transformed to ensure homogeneity of variances and
normality.

Results

Whole-plant characteristics

After 7 months’ growth in 1.8-m-long containers under
glasshouse conditions, we could not detect any significant
differences in total root or shoot biomass among the six Hakea
species (Table 1). Similarly, there were no habitat-related
differences in general root characteristics such as total root
length, average root diameter, specific root length or root mass
ratio (Table 1). However, the rare ironstone species produced
roots with a lower dry mass percentage, and with a lower
relative amount of cluster roots than species from the other

habitat groups (Table 1).

Spatial root placement

Despite the overall similarity in whole-plant characteristics, a
spatial analysis of root-system placement revealed major
habitat-related differences among the species. The ironstone
endemics showed a much more uniform horizontal root
distribution than all other species (Figs 1, 2). The middle
section, where the seedlings had been planted (300 mm wide),
contained as much as 42—-65% total root fresh mass in the
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common species, whereas it only contained 21 (HO) to 27%
(HT) in the rare ironstone endemics (sections 4 and 11,
Figs 1, 2, respectively; P < 0.05). Conversely, the ironstone
species allocated considerably more root biomass to the outer
sections of the containers (Figs 1, 2). This was especially so in
H. oldfieldii, which had a remarkable 17% of its total root
system in these outer sections (sections 1, 7, 8, 14).

In addition to differences in horizontal root placement, the
ironstone species also allocated more roots to the bottom
10 mm of the containers (P < 0.01), except for H. ceratophylla,
which did not differ significantly from the ironstone species
(Figs 1, 2). Overall, the ironstone species invested 35 (HO)
and 26% (HT) of their root system in the bottom layer, com-
pared with 22 (HCE) and 13% (HV) for the winter-wetland
species, and only 6 (HC) and 3% (HLS) for the nonwetland
species. A multivariate analysis of the root-system distribution
also showed a clear separation of the rare ironstone species
compared with their common congeners (for further details
see Supplementary Material).

As observed earlier for the whole root system (Table 1), the
ironstone endemics invested relatively less root mass in cluster
roots (shaded areas in Figs 1, 2). This was especially so in the
bottom layer, where the ironstone species produced hardly
any clusters (Fig. 2). In most species, root-system distribution
was somewhat asymmetrical, with a tendency for more roots
to be produced towards one side of the container.

Temporal root placement

By monitoring the horizontal extension of root systems over
the transparent bottoms of the containers, we were able to
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determine when the differences in spatial root placement
appeared. Seedlings of one of the ironstone species, H. oldfieldii,
started showing a significantly wider horizontal root system
extension 63 d after germination (Fig. 3). At this stage the
other ironstone species, H. tuberculata, did not differ from its
common congeners. However, almost 3 months later (day 155),
this ironstone endemic had also spread its roots over a
significantly larger area of the bottom of the containers than
its widespread congeners. At the end of the experiment, both
ironstone species had explored a 1.5- to 3.5-fold wider area of
the bottom of the containers than any of the other species.

Seedling survival in the field

Opverall, 3-yr-old seedling survival was much lower in the
winter-wet ironstone habitats (7, 22%) than in the winter-wet
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habitats on deeper soils (59, 53%), and the nonwetland
woodland sites (64, 55%; Fig. 4). Especially the more
northerly community, which has a drier and warmer habitat
(community 1), had very high mortality rates, which differed
greatly among the species. All the species nonnative to this site
died, except for one small individual of H. varia, whereas
there were still 17 out of 40 seedlings of the ‘home-playing’
H. oldfieldii alive. The vast majority of the seedling deaths in
this community occurred during the first summer (Fig. 4).
The more southerly ironstone community (community 2)
showed less, but still substantial, mortality (Fig. 4). At this
site, early winter waterlogging caused the death of all seedlings
of the nonwetland species. Similarly to the other ironstone
community, the first summer was largely responsible for the
mortality in the remaining species. Surprisingly, H. oldfieldis,
which does not occur on this site, showed the highest survival

New Phyrologist (2008) 178: 371-381
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Fig. 2 Relative distribution of root fresh mass
(percentage of total plant root mass) in the
bottom seven sections (100-110 mm depth)
of 1.8-m-long pots for six Hakea species
originating from six different habitats. The
contribution of cluster (black bars) and
noncluster root mass (white bars) is indicated
separately. Seedlings were planted in the
middle of each pot (section 11); all sections
were 0.3 m wide except for the outer sections
(8 and 14), which were 0.15 m wide. Bars
represent means * SE (n =5).

rate (70%). The ‘home-playing’ species H. tuberculata had the
second-highest survival (38%), but did not differ significantly
from H. oldfieldii or from both common winter-wet species,
which on average had much lower survival rates (17.5, 10%).
Possible differences were obscured by the large variation
among the four plots, with the most extreme plot having only
six H. oldfieldii and one H. tuberculata seedlings surviving.
On the winter-wet sites on deeper soils and on the nonwet-
land sites, species-specific differences in seedling survival were
much less clear-cut. Although the trend at ‘winter-wet site 1’
was similar to that at site 2, only at site 2 were there significant
differences in survival, with both nonwetland species having
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Fig. 3 Time course of the one-dimensional horizontal extension of
root systems over the bottom of 1.8-m-long containers for six Hakea
species originating from different habitats. Bars represent means + SE
(n =5). Letters indicate significant differences among means at
each point in time (P < 0.05, Student-Newman-Keuls pairwise
comparison test after one-way ANOVA). Note that only changes in
significance over time are indicated.
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higher mortality rates than all other species. This was not
related to waterlogging events in winter, as most mortality
occurred during dry summer months. In the nonwetland
woodland sites, species survival was very similar among
species, with most mortality occurring during the summer
periods.

When comparing seedling survival on the basis of individual
species instead of sites, some interesting patterns emerged
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from Fig. 4). Hakea oldfieldii was the only species that did not
show a differential survival among the six sites, but it tended
to do worst at its own site. Hakea tuberculata did not survive
in the northern ironstone community, but did not differ in
survival among the other five sites. Again, among these other
five sites it tended to do worst at its own site. By contrast, the
survival rate of the common winter-wet species was signifi-
cantly less at the ironstone sites compared with the other
four sites, and they tended to do quite well in their own
sites. Similarly, the nonwetland species showed lower
survival rates in the ironstone sites, and tended to do best
(H. lissocarpha), or did best (H. cyclocarpa) in their own
nonwetland sites.
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Adaptations to shallow-soil habitats

Many shallow-soil habitats in seasonally dry climates support
plant communities that include perennial woody species that
are confined to them. However, their thin soils have only a
limited water-holding capacity, and there is increasing
evidence that, during the dry season, water held within the
underlying bedrock is essential for meeting the transpiration
demands of shrubs and trees (e.g. Rose eral, 2003 and
references therein). Therefore obtaining root or mycorrhizal
(Bornyasz et al., 2005) access to the water stored in the
weathered bedrock via cracks, fissures and micropores is
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probably essential for the establishment and survival of many
species. Indeed, growth of roots into rock fissures and crevices
has commonly been observed (Zwieniecki & Newton, 1995 and
references therein). However, despite the potential importance
of root-system morphology for survival in these shallow-soil
communities, it has seldom been studied. Here we provide the
first evidence for the significance of root-system morphology
for the survival of species confined to shallow-soil ironstone
communities.

The ironstone endemics differed consistently from their
common congeners in their spatial and temporal root place-
ment: after having reached the bottom of the container (cf. a
hardpan), they invested predominantly in long laterals. These
laterals explored the bottom surface of the container much
more quickly than did the root systems of their common
congeners. In their natural, shallow-soil habitats, this root-
foraging strategy would lead to the exploration of a much
larger rock surface area, and thus presumably greatly enhance
the chance of accessing water through cracks and crevices in
the underlying rock. Indeed, the field transplant experiment
confirmed that in the ironstone environment, seedlings of the
ironstone endemics had substantially higher summer survival
rates than their common congeners. These results strongly
suggest that the root allocation pattern of these species is
adaptive, contributing to their relative success in their own
habitat. As, worldwide, many rare and endemic plant species
occur in similar shallow-soil, drought-prone environments
(see references in Introduction), the present results are probably
of much wider significance.

To our knowledge, this is the first detailed study designed
to compare the root allocation pattern of rare and common
plant species (cf. Poot & Lambers, 2003a). In a review on
rare—common species comparisons, Murray ez al. (2002)
documented 94 plant traits in a total of 54 studies. However,
apart from root mass ratio (Walck ez 4/., 1999), none of these
studies included any other root-related traits (cf. Pohlman
et al., 2005). Root traits are obviously difficult to measure in
the field, and for some critically endangered species, root-system
excavations or even the collection of seeds or other plant material
for glasshouse experimentation may not always be feasible.
Even when studies are conducted in the glasshouse, space
considerations often restrict researchers to relatively small pot
sizes (e.g. our earlier study in Poot & Lambers, 2003a). Apart
from possible species-specific effects of root confinement on
nutrient and water uptake and biomass allocation (McCon-
naughay & Bazzaz, 1991), these studies are less likely to reveal
relevant differences in root-system morphology. We believe
that our approach of providing individual plants with
adequate rooting space, and analysing their root-system devel-
opment in space and time, has strong merits. In this study,
apart from revealing the large differences in root placement
between shallow-soil endemics and their common congeners,
we show that all species had near-distinct rooting patterns (see
also the multivariate analysis in Supplementary Material).
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This suggests an important role for root-system morphology
in local adaptation, providing new insights into its adaptive
and evolutionary significance.

How did the ironstone species achieve their faster horizon-
tal root exploration? Earlier work with the same set of species
suggests they have a quicker start by allocating more biomass
to roots at the early seedling stage (higher root mass ratio 62 d
after germination; Poot & Lambers, 2003a, 2003b). However,
at later stages of growth these differences disappear (Poot &
Lambers, 2003a, 2003b; Table 1). Within the root system,
the ironstone species invest more biomass in the main root
axis and in long, spreading laterals, whereas the common
species invest more in shorter laterals and cluster roots close to
the base of the plant. This could be due to inherent differences
in root-system architecture (e.g. differences in initiation of
lateral- and cluster-root primordia), or it could be the result of
a differential response to encountering a hardpan or obstruction.
In the latter case, the response of the common species could
be explained by the typical loss in apical dominance and a
subsequent outgrowth of lateral primordia, thus circumventing
the obstruction (Goss, 1977; Misra & Gibbons, 1996; Thaler
& Pages, 1999). On a homogeneous shallow soil, this strategy
is unlikely to be successful in terms of exploring a large surface
area in order to secure alternative water sources. The decreased
investment of ironstone species in cluster roots is probably
functional. Although the relatively small lateral rootlets of the
clusters are very important for nutrient acquisition (Shane &
Lambers, 2005), their small diameters, placement and short
life span make them very inefficient for water uptake. Therefore
the ironstone species’ predominant allocation to long laterals,
as opposed to cluster roots, may reflect an evolutionary trade-off
between nutrient- and water-acquisition functions.

Although the two ironstone endemics have disjunct distri-
butions, their performance in each other’s ironstone habitat
differed markedly. The species native to the northern iron-
stone habitat (H. oldfieldii) did extremely well at the
southern sites, whereas the species adapted to the southern
sites (H. tuberculata) did not survive its first summer in the
northern ironstone habitat. This is probably associated with
adaptations of these species to differences in local climate, as
carlier glasshouse experiments showed that the specific
chemistry of the northern ironstone soil does not hinder
growth and development of H. tuberculata (unpublished
results). During the summer months with highest mortality
(generally December—February), the northern ironstone site
experienced average daily temperatures that were 5°C higher
and average amounts of rainfall that were 40% less than the
southern site (data from nearest climate stations obtained
from the Australian Bureau of Meteorology). Therefore the
onset of drought is earlier, and the impact of drought greater,
in the northern ironstone sites. Of the two ironstone endemics,
the species adapted to the drier sites (H. oldfieldii) proliferates
its roots much more quickly over the bottom of the container.
Although the above may explain the failure of H. tuberculata
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to establish on the more extreme northern sites, it does not
explain the success of H. oldfieldii on a site that is > 80 km
south of its nearest occurrence. However, winter rainfall has
decreased steadily in the southwest of Australia, by 10-20%
since the mid-1970s, and the years since transplantation have
all been moderately to extremely dry (Indian Ocean Climate
Initiative, 2002; Australian Bureau of Meteorology). Therefore
the success of H. oldfieldii in the southern ironstone commu-
nities may be related to its competitive strength in consecutive
dry years, and thus to climate change, rather than to stochastic
or historical causes.

Confinement to shallow-soil habitats

Although it has been suggested for several edaphic endemics
that they are poor competitors when grown in other environ-
ments (see references in Introduction), no mechanistic
explanation has been put forward. Lavergne ez al. (2004), in
a comparison of 20 rare—common species pairs from the
French Mediterranean region, suggested that the rare species
are poor competitors, and that this explains their confinement
to rocky habitats with low aboveground competition. However,
this was based mainly on their smaller stature. As they
measured plant traits in the field, and rare species were mostly
confined to marginal habitats on shallow soils, size or stature
differences could easily have been due to habitat constraints.
The results of our study provide a more mechanistic explana-
tion. It is commonly believed that adaptation to a specific
environment is coupled to reduced fitness in certain other
environments (Futuyma & Moreno, 1988; Van Tienderen,
1997). However, these ‘costs of specialization’ in other
environments have seldom been demonstrated, and studies
on the costs of specialized root systems are particularly rare
(Jansen ez al., 2005). The costs of the ‘ironstone root-system
morphology’ may lie in the inability to produce prolific
surface roots where nutrients are located in the topsoil. In an
evolutionary sense, the extreme environment of the shallow-
soil habitats may not have allowed for the development of
plastic phenotypes, but favoured local, specialized genotypes
(Reboud & Bell, 1997; Van Tienderen, 1997; DeWitt et al.,
1998; Sultan & Spencer, 2002). Assuming that water avail-
ability is a major constraint in these shallow-soil habitats,
both a high early investment in roots (Walck ez a/., 1999; Poot
& Lambers, 2003a) and a particular root-system morphology
(this study) could critically increase an individual’s chances of
accessing water sources before the onset of summer drought.
However, on deeper soils this ‘strategy’ is unlikely to be
competitive. Too much early investment in roots would come
at the expense of a lower initial above-ground competitive
ability. Similarly, allocating too few roots to the topsoil, where
most nutrients occut, would decrease nutrient-uptake capacity
(e.g. Lynch & Brown, 2001 for P acquisition). This may be
especially relevant in the context of the severely nutrient-
impoverished soils of south-western Australia (Foulds, 1993).
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Here, a low allocation of resources to shallow roots may limit
nutrient-uptake capacity to such an extent as to seriously
compromise both above- and belowground competitiveness.
Therefore the restricted distribution of the ironstone endemics,
and possibly of many other rare shallow-soil endemics, may be
a consequence of an extreme root-system specialization to
shallow-soil and seasonally water-limited environments.

Unexpectedly, during the first 3 yr after transplantation,
seedlings of the ironstone endemics did not show a greater
mortality than those of their common congeners in the deeper-
soiled environments. Also, the heights they attained after 3 yr,
although highly habitat-dependent (much larger in the open
winter-wet habitats than in the more shady nonwetland
woodland environments), were similar to those of their
common congeners (results not shown). There are several
plausible reasons for this apparent discrepancy. Possibly, in
these severely nutrient-impoverished soils where growth is
slow, above-ground competitive displacement takes longer
than 3 yr. The initial survival of the ironstone seedlings would
thus be due to reduced competition as a result of vegetation
removal and slow growth rates. Alternatively, the ‘unnatural’
start of the experiment, with seedlings transplanted from
glasshouse conditions into an artificially disturbed environment,
as opposed to a more natural germination event after a fire,
may have favoured the rare species. Common species, with
their preferred allocation to superficial roots, would benefit
more than their rare congeners from enhanced nutrient avail-
ability in ash beds. A third reason for the unexpected success
of the ironstone endemics on deeper soils may be the low average
rainfall during the experimental period. During years of
below-average rainfall, a larger allocation to deep roots might
actually be beneficial, and offset, or at least delay, possible
costs in terms of a decrease in nutrient-uptake capacity.

Search for generalities in rare—common species
comparisons

The characteristic root-system morphology of the ironstone
endemics can potentially explain their limited distribution.
We expect that other shallow-soil endemics have similar
adaptations, provided their habitats also have soil water at
depth. Rare species from other habitats, however, are expected
to have adaptations to the restrictions imposed by their own
specific environments. We propose that highly specialized,
habitat-specific morphological and physiological adaptations
explain success in the rare species’ habitat as well as failure in
surrounding habitats. Ecophysiological trade-offs associated
with their adaptations, and/or reduced phenotypic plasticity
in traits essential to their own habitat, would decrease their
fitness in others.

Several comparative studies provide support for limited
phenotypic plasticity in species with narrow ecological
amplitudes (leaf mass per area, Walters & Field, 1987; photo-
synthetic capacity, Chazdon, 1992; spatial root deployment,
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Bell & Sultan, 1999). Therefore future rare—common com-
parisons would benefit greatly from an approach that is more
habitat-oriented, and that incorporates measurements of
phenotypic plasticity of ecophysiological traits particularly
relevant to the habitat under consideration.

Acknowledgements
We thank Erik Veneklaas and Steve Hopper for helpful

comments on earlier versions of this manuscript. This
research was supported by an Australian Research Council
SPIRT grant to PP, with additional financial support from
Kings Park and Botanic Garden.

References

Baskin JM, Baskin CC. 1988. Endemism in rock outcrop plant
communities of unglaciated eastern United States: an evaluation of the
roles of edaphic, genetic and light factors. Journal of Biogeography
15: 829-840.

Bell DL, Sultan SE. 1999. Dynamic phenotypic plasticity for root growth in
Polygonum: a comparative study. American Journal of Botany 86: 807—819.

Bornyasz MA, Graham RC, Allen MF. 2005. Ectomycorrhizae in a
soil-weathered granitic bedrock regolith: linking matrix resources to
plants. Geoderma 126: 141-160.

Chazdon RL. 1992. Photosynthetic plasticity of two rainforest shrubs across
natural gap transects. Oecologia 92: 586-595.

Clarke KR, Warwick RM. 2001. Change in marine communities: an approach
to statistical analysis and interpretation, 2nd edn. Plymouth, UK: Primer-E.

DeWitt TJ, Sih A, Wilson DS. 1998. Costs and limits of phenotypic
plasticity. Trends in Ecology and Evolution 13: 77—81.

Enright NJ, Lamont BB. 1989. Seed banks, fire season, safe sites and seedling
recruitment in five co-occurting Banksia species. Journal of Ecology 77:
1111-1122.

Foulds W. 1993. Nutrient concentrations of foliage and soil in south-western
Australia. New Phytologist 125: 529-546.

Frazer JM, Davis SD. 1988. Differential survival of chaparral seedlings
during the first summer drought after wildfire. Oecologia 76: 215-221.

Futuyma DJ, Moreno G. 1988. The evolution of ecological specialization.
Annual Review of Ecology and Systematics 19: 133-143.

Gibson N, Keighery G, Keighery B. 2000. Threatened plant communities
of Western Australia. 1. The ironstone communities of the Swann and
Scott coastal plains. Journal of the Royal Society of Western Australia

83: 1-11.

Gitzendanner MA, Soltis PS. 2000. Patterns of genetic variation in rare and
widespread plant congeners. American Journal of Botany 87: 783-792.
Goss MJ. 1977. Effects of mechanical impedance on root growth in barley
(Hordeum vulgare L.). 1. Effects on the elongation and branching of

seminal root axes. Journal of Experimental Botany 28: 96—111.

Gottlieb LD, Bennett JP. 1983. Interference between individuals in pure
and mixed cultures of Stephanomeria malheurensis and its progenitor.
American Journal of Botany 70: 276-284.

Hart R. 1980. The coexistence of weeds and restricted native plants on
serpentine barrens in southeastern Pennsylvania. Ecology 61: 688-701.

Indian Ocean Climate Initiative. 2002. Climate variability and change in
south-west Western Australia. Perth, Australia: Department of
Environment.

Jansen C, van de Steeg HM, de Kroon H. 2005. Investigating a trade-off in
root morphological responses to a heterogeneous nutrient supply and to
flooding. Functional Ecology 19: 952-960.

Johnstone MH, Lowry DC, Quilty PG. 1973. The geology of Western

New Phytologist (2008) 178: 371-381

New
Phytologist

Australia — a review. Journal of the Royal Society of Western Australia
56: 5-15.

Kruckeberg AR, Rabinowitz D. 1985. Biological aspects of endemism in
higher plants. Annual Review of Ecology and Systematics 16: 447—479.

Kunin WE, Gaston KJ. 1997. The biology of rarity: causes and consequences of
rare-common differences. London, UK: Chapman & Hall.

Lavergne S, Thompson JD, Garnier E, Debussche M. 2004. The biology
and ecology of narrow endemic and widespread plants: a comparative
study of trait variation in 20 congeneric pairs. Oikos 107: 505-518.

Lloyd KM, Lee WG, Wilson JB. 2002. Competitive abilities of rare and
common plants: comparisons using Acaena (Rosaceae) and Chionochloa
(Poaceae) from New Zealand. Conservation Biology 16: 975-985.

Lynch JP, Brown KM. 2001. Topsoil foraging — an architectural adaptation
of plants to low phosphorus availability. Plant and Soil 237: 225-237.
McConnaughay KDM, Bazzaz FA. 1991. Is physical space a soil resource?

Ecology 72: 94-103.

Medail F, Verlaque R. 1997. Ecological characteristics and rarity of endemic
plants from southeast France and Corsica: implications for biodiversity
conservation. Biological Conservation 80: 269-281.

Misra RK, Gibbons AK. 1996. Growth and morphology of eucalypt
seedling-roots, in relation to soil strength arising from compaction. Plant
and Soil 182: 1-11.

Murray BR, Thrall PH, Gill AM, Nicotra AB. 2002. How plant life-history
and ecological traits relate to species rarity and commonness at varying
spatial scales. Austral Ecology 27: 291-310.

Pate JS, Hopper SD. 1993. Rare and common plants in ecosystems with
special reference to the south-west Australian flora. In: Schulze ED,
Mooney HA, eds. Biodiversity and ecosystem function. New York, NYY, USA:
Springer-Verlag, 293-325.

Pohlman CL, Nicotra AB, Murray BR. 2005. Geographic range size,
seedling ecophysiology and phenotypic plasticity in Australian Acacia
species. Journal of Biogeography 32: 341-351.

Poot P, Lambers H. 2003a. Are trade-offs in allocation pattern and root
morphology related to species abundance? A congeneric comparison
between rare and common species in the south-western Australian flora.
Journal of Ecology 91: 58—67.

Poot P, Lambers H. 2003b. Growth responses to waterlogging and
drainage of woody Hakea (Proteaceae) seedlings, originating from
contrasting habitats in south-western Australia. Plant and Soil
253: 57-70.

Prober SM. 1992. Environmental influences on the distribution of the rare
Eucalyptus paliformis and the common E. fraxinoides. Australian Journal of
Ecology 17: 51-65.

Reboud X, Bell G. 1997. Experimental evolution in Chlamydomonas: 3.
Evolution of specialist and generalist types in environments that vary in
space and time. Heredity 78: 507-514.

Richards MB, Groom PL, Lamont BB. 1997. A trade-off between
fecundity and drought susceptibility in adults and seedlings of Hakea
species as influenced by leaf morphology. Australian Journal of Botany
45:301-309.

Rose KL, Graham RC, Parker DR. 2003. Water source utilization by Pinus
Jjeffreyi and Arctostaphylos patula on thin soils over bedrock. Oecologia 134:
46-54.

Shane MW, Lambers H. 2005. Cluster roots: a curiosity in context. Plant
and Soil 274: 101-125.

Snyder KM, Baskin JM, Baskin CC. 1994. Comparative ecology of the
narrow endemic Echinacea tennesseensis and two geographically
widespread congeners: relative competitive ability and growth
characteristics. International Journal of Plant Sciences 155: 57-65.

Sultan SE, Spencer HG. 2002. Metapopulation structure favors plasticity
over local adaptation. American Naturalist 160: 271-283.

Thaler P, Pages L. 1999. Why are laterals less affected than main axes by
homogeneous unfavourable physical conditions? A model-based

hypothesis. Plant and Soil 217: 151-157.

www.newphytologist.org  © The Authors (2008). Journal compilation © New Phytologist (2008)



New
Phytologist

Van Tienderen PH. 1997. Generalists, specialists, and the evolution of
phenotypic plasticity in sympatric populations of distinct species.
Evolution 51: 1372-1380.

‘Walck JL, Baskin JM, Baskin CC. 1999. Relative competitive abilities and
growth characteristics of a narrowly endemic and a geographically
widespread Solidago species (Asteraceae). American Journal of Botany 86:
820-828.

‘Walters MB, Field CB. 1987. Photosynthetic light acclimation in two
rainforest Piper species with different ecological amplitudes. Oecologia
72: 449—-456.

Zwieniecki MA, Newton M. 1995. Roots growing in rock fissures: their
morphological adaptation. Plant and Soil 172: 181-187.

Supplementary Material

The following supplementary material is available for this
article online:

Research “ 381

Appendix S1 Further species and distribution info.
Appendix S2 Experimental setup and field site photographs.

Appendix 83 Multivariate analysis of root distribution patterns.

This material is available as part of the online article from:
htep://www.blackwell-synergy.com/doi/abs/10.1111/
j-1469-8137.2007.02370.x

(This link will take you to the article abstract).

Please note: Blackwell Publishing are not responsible for
the content or functionality of any supplementary materials
supplied by the authors. Any queries (other than missing
material) should be directed to the journal at New Phytologist
Central Office.

| ]
—

e N

About New Phytologist

also provide 25 offprints as well as a PDF for each article.

(click on ‘Subscribe' at the website).

e New Phytologist is owned by a non-profit-making charitable trust dedicated to the promotion of plant science, facilitating projects
from symposia to open access for our Tansley reviews. Complete information is available at www.newphytologist.org.

Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged.
We are committed to rapid processing, from online submission through to publication ‘as-ready’ via OnlineEarly — our average
submission to decision time is just 28 days. Online-only colour is free, and essential print colour costs will be met if necessary. We

e For online summaries and ToC alerts, go to the website and click on ‘Journal online’. You can take out a personal subscription to
the journal for a fraction of the institutional price. Rates start at £135 in Europe/$251 in the USA & Canada for the online edition

e If you have any questions, do get in touch with Central Office (newphytol@lancaster.ac.uk; tel +44 1524 594691) or, for a local
contact in North America, the US Office (newphytol@ornl.gov; tel +1 865 576 5261).

© The Authors (2008). Journal compilation © New Phytologist (2008) www.newphytologist.org

New Phyrologist (2008) 178: 371-381


http://www.blackwell-synergy.com/doi/abs/10.1111/j.1469-8137.2007.02370.x

