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Abstract

Restoration of plant populations is often undertaken using
seed or plants from local sources because it is assumed
they will be best adapted to the prevailing conditions.
However, the effect of site disturbance on local adaptation
has rarely been examined. We assessed local adaptation
in three southwestern Australian forest tree species
(Eucalyptus marginata, Corymbia calophylla, and Allo-
casuarina fraseriana) using reciprocal transplant trials at
disturbed and undisturbed sites. Performance of plants
within the trials was assessed over 2 years. Planting loca-
tion accounted for the majority of the variation in most
measures of performance, although significant variation of
percent emergence among source populations was also de-
tected. In all species, percent emergence and survival of
plants sourced from Darling Range populations was sig-
nificantly higher than that of plants from the Swan Coastal

Plain, regions of contrasting edaphic and climatic environ-
ment. Survival of E. marginata over the first 18 months
and emergence of C. calophylla were both higher in local
plants, providing at least weak evidence for local adapta-
tion. Where a local advantage was observed, the relative
performance of local and nonlocal seed did not vary
among disturbed and undisturbed sites. Evidence for
enhanced establishment from local seed in at least one
species leads us to recommend that where sufficient high-
quality seed supplies exist locally, these should be used in
restoration. We also recommend longer-term studies to
include the possibility of local adaptation becoming evi-
dent at later life history stages.

Key words: bauxite mine, genetic variation, home-site
advantage, jarrah, local adaptation, Marri, Sheoak.

Introduction

Local adaptation by natural selection can be a potent evo-
lutionary force driving genetic divergence in plant species
occupying spatially heterogeneous habitats (Endler 1986;
Linhart & Grant 1996). This has been demonstrated
experimentally for many species in the form of a “home
site advantage,” where plants grown at their site of origin
perform better than those translocated to or from more
distant sites (e.g., Waser & Price 1985; Galen et al. 1991,
Nagy & Rice 1997; Montalvo & Ellstrand 2000; Joshi
et al. 2001; McKay et al. 2001; Hufford & Mazer 2003).
Adaptive differentiation within species has important
consequences for ecological restoration because the intro-
duction of maladapted source seed or plants may compro-
mise the success of the restored population. Furthermore,
interbreeding among individuals from genetically diver-
gent source populations may result in genetic swamping
or outbreeding depression, causing population decline in
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subsequent generations (e.g., Fenster & Galloway 2000;
Sackville Hamilton 2001; Hufford & Mazer 2003; Potts
et al. 2003). In an effort to maintain locally adaptive geno-
types and conserve intraspecific genetic diversity, the use
of local provenance seed or plants for restoration is com-
monly advocated (e.g., Coates & van Leeuwen 1997,
Mortlock 2000; Sackville Hamilton 2001; Krauss & Koch
2004).

However, strict adherence to such a strategy has been
criticized on the grounds that an assumption of local adap-
tation may not always be valid (e.g., Lesica & Allendorf
1999; Wilkinson 2001). Sites targeted for restoration are
often highly disturbed and may have undergone particu-
larly rapid environmental change due to activities such as
mining, land clearing, or pollution. Consequently, current
selection pressures are likely to differ from those operat-
ing historically, and local genotypes may no longer have
an advantage (Lesica & Allendorf 1999). It has therefore
been argued that the creation of self-sustaining popula-
tions on such sites will be better achieved by collecting
from a large number of sources to maximize the genetic
variation available to selection (Lesica & Allendorf 1999;
Wilkinson 2001).

From a genetic perspective, the maintenance of locally
adapted genotypes in restored populations must be bal-
anced against the need to ensure that the population
harbors sufficient genetic variation to facilitate adaptive
evolution and long-term persistence (Montalvo & Ellstrand
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2000). However, balancing these objectives is complicated
by a poor understanding of the relative importance of local
adaptation and genetic diversity as determinants of popula-
tion success and how this is likely to vary at different levels
of site disturbance. Studies assessing the relative benefit of
sourcing seed locally versus sourcing broadly, at sites of
varying disturbance level, are needed to elucidate the con-
tribution of these different factors.

In the jarrah (Eucalyptus marginata Donn ex Smith)
forest of southwest Western Australia, bauxite mining op-
erations clear and rehabilitate approximately 700 ha each
year, generating a substantial demand for seed of native
plant species (Gardner 2001). Where possible, seed for
rehabilitation is collected within a 20 km radius (Gardner
2001). However, this distance is somewhat arbitrary be-
cause the scale of adaptive genetic differentiation within
species is generally not known.

We used reciprocal transplant trials to investigate the
relative performance of local and nonlocal seed sources of
three common southwestern Australian forest trees (E. mar-
ginata, Marri [Corymbia calophylla Lindley], and Sheoak
[Allocasuarina fraseriana Lodhi]) on sites of varying distur-
bance level. Our objectives were to evaluate the effect of
seed source, planting location, and site disturbance on the
performance of plants in restoration and, more specifically,
to determine whether deploying local seed resulted in
greater restoration success than was achieved using seed
from more distant sources on (1) undisturbed and (2) highly
disturbed (mined) sites.

Methods

Study Species

Eucalyptus marginata, Corymbia calophylla, and Alloca-
suarina fraseriana are all endemic to the southwest of
Western Australia. These species represent a significant
proportion of the dominant tree component of the jarrah
forest on the lateritic gravels of the Darling Range. They
also occur to the west of this region and on sandy soils of
the Swan Coastal Plain. Mean annual rainfall in areas
occupied by these species is between 600 and 1400 mm
and appears to be a major factor preventing their expan-

sion into adjacent, drier regions (Churchill 1968; Dell &
Havel 1989).

Eucalyptus marginata and Corymbia calophylla both
have mixed mating systems, although realized outcrossing
rates are high (0.81) in E. marginata populations (Millar
et al. 2000). Outcrossing rates in C. calophylla are not
known but are likely to be similarly high, based on out-
crossing estimates for other multiseeded, mass-flowering
eucalypt species (Griffin et al. 1987; James & Kennington
1993; Millar et al. 2000). Most eucalypts are bird polli-
nated and/or insect pollinated, and it is likely that both of
these vectors contribute to pollination in E. marginata and
C. calophylla. Seeds are primarily gravity dispersed, with
previous studies of eucalypts suggesting that the vast
majority of seeds fall within a radius twice the height of
the maternal tree (Potts & Reid 1988).

Allocasuarina fraseriana is dioecious and therefore
entirely outcrossing. The winged morphology of A. fraseri-
ana seeds facilitates dispersal by wind. Flowers are not
specialized to attract birds or insects; therefore, it is likely
that wind is also the main pollination vector in this spe-
cies, as for most species within the Casuarinaceae.

Source Populations

Seeds of the three species were collected from six natural,
open-pollinated populations: Bold Park, Baldivis, Huntly,
Willowdale, Wells Block, and Boddington (Table 1). Pop-
ulations were chosen to represent variation of substrate
and climate. Bold Park and Baldivis are located on the
Swan Coastal Plain and the remaining populations within
the Darling Range. Substrate varies considerably between
these regions, the Swan Coastal Plain being dominated by
sandy soils and the Darling Range by lateritic gravels
overlying sandy clay subsoils (Churchward & McArthur
1980; McArthur 1991). Within the Darling Range, there is
a gradient of mean annual rainfall, declining from west to
east (Australian Bureau of Meteorology: http://www.bom.
gov.au). Source populations were chosen to sample the
extremes of this variation; Huntly and Willowdale fall
within the high-rainfall zone at the western edge of the
jarrah forest, with mean annual rainfall of approximately
1200 mm. Wells Block and Boddington are located within
the eastern jarrah forest, where mean annual rainfall is

Table 1. Characteristics of source populations included in the reciprocal transplant trial.

Mean Annual

Region Source Population Latitude Longitude Rainfall (mm)
Swan Coastal Plain Bold Park 31°56'S 115°46'E 850
Baldivis 32°19'S 115°48'E 850
Western Darling Range Huntly 32°42'S 116°03'E 1,200
Willowdale 32°50'S 116°05'E 1,200
Eastern Darling Range Wells Block 32°46'S 116°26'E 700
Boddington 32°55'S 116°28'E 700

Rainfall data are from the Australian Bureau of Meteorology Web site (http://www.bom.gov.au).
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approximately 700 mm. Rainfall on the Swan Coastal
Plain is intermediate, between 750 and 950 mm/yr
(Australian Bureau of Meteorology: www.bom.gov.au).
Across the area sampled in this study, the climate is char-
acterized by hot, dry summers and cool, wet winters. Rain-
fall is highly seasonal, with approximately 80% falling
between May and October.

Within each population, seed was collected from 10
maternal trees of each species, spaced at intervals of at
least 100 m to avoid sampling from close relatives. Seeds
were bulked to give a single seedlot for each population of
each species, comprising approximately equal numbers of
seed from each maternal plant. Mean seed weight for each
seedlot was calculated from the weight of 100 randomly
chosen seeds. Percent viability was estimated using a cut
test on a random sample of 100 seeds from each source
population. These data are presented in Table 2.

Trial Establishment

Seeds were sown in April to May 2004 to mimic the timing
of natural seed rain in these species. Due to site availabil-
ity, the transplant design was not entirely reciprocal, with
trials established at only four of the six locations where
seed was sourced: Bold Park, Huntly, Willowdale, and
Boddington.

Huntly, Willowdale, and Boddington are active bauxite
mines, where mine rehabilitation pits lie immediately
adjacent to undisturbed jarrah forest stands. At these loca-
tions, trials were established on both mined and unmined
sites to assess whether the relative performance of seed
from local and nonlocal source populations varies with
the level of site disturbance. Unmined sites were largely
cleared of vegetation but the soil left intact. The mining
process involves clearing vegetation, removing topsoil,
blasting of the caprock, and extraction of the bauxite
layer, which lies 4-8 m below the surface. Prior to rehabili-
tation, topsoil is returned, and the site is ripped to prevent
erosion (Gardner 2001). Therefore, soil structure was the
major physical difference between disturbed and undis-
turbed sites examined in this study.

Severe weed infestation at the Bold Park site made it
necessary to undertake weeding. Weeds were removed by
hand and sprayed with herbicide. At remaining trial sites,
existing vegetation was removed by hand prior to sowing.
Each site was fenced to prevent grazing by vertebrate her-

bivores (rabbits and kangaroos), which has been shown to
be a major cause of seedling mortality in these species
(Abbott 1984).

With the exception of Bold Park, sites were divided into
36 plots, arranged as 6 rows X 6 columns. Seeds from a sin-
gle source population of each species were sown in each
plot, such that there were six replicate plots of each popu-
lation within each site, with each population represented
exactly once in each row and column. At Bold Park, lim-
ited space meant that only 30 plots could be established.
These were positioned randomly across the site, divided
into five replicate blocks of six plots each. Within each
block, source populations were randomly assigned to plots.

Within plots, 25 seeds of each species were sown,
arranged as five rows of five seeds. Plots, rows within
plots, and seeds within rows were separated by 0.5 m.
Seeds of mixed provenance were sown around the perime-
ter of the trial, spaced at the same interval, to avoid edge
effects. Each seed was buried to a depth of 10 mm to pre-
vent displacement by wind or rain. Seeds were marked
using plastic tags, allowing individual plants to be identi-
fied during trial assessment.

Trial Assessment

Due to the broad geographic distribution and the size of
the trials, it was not possible to assess timing of emergence
accurately. Hence, emergence at all sites was assessed in
November 2004, 6 months after sowing. Assessing emer-
gence at this time was considered likely to yield an accu-
rate measure of total emergence because few seeds
germinate after the end of the winter (June to August)
rains and, being prior to the onset of the hot summer,
mortality of emergent seedlings was expected to be low.
Plants that emerged and died prior to this census were
often still visible. These individuals were recorded as
emerged. Emergence rates were corrected for expected
emergence based on seed viability by dividing observed
percent emergence by percent viability.

Trials were assessed on three subsequent occasions: in
April 2005, November 2005, and April 2006, respectively,
12, 18, and 24 months after sowing. At each census, sur-
vival and height of all seedlings were recorded, giving the
following measures of performance: percent emergence,
percentage of emergent seedlings surviving 12, 18, and 24
months after sowing, height growth between 12 and 18

Table 2. Percent viability of seed of each species from each source population determined using a cut test on a sample of 100 seeds.

Source Population

Species Baldivis Bold Park Boddington Huntly Wells Block Willowdale
Eucalyptus marginata 77 69 52 83 62 92
Corymbia calophylla 85 78 96 83 95 94
Allocasuarina fraseriana 69 69 69 32 69 32
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months (winter 2005), and height growth between 18 and
24 months (summer 2005-2006). Height growth rather
than height was used because the timing of germination,
and therefore the exact age of each plant, was not known.

Data Analysis

Effect of Seed Weight. Seed weight has been shown to
have a significant influence on survival and growth in sev-
eral plant species (e.g., Mazer 1987; Ladd & Cappuccino
2005; Shankar 2006); therefore, it was necessary to ac-
count for this potentially confounding factor. Regression
analyses were used to investigate whether mean seed
weight of each seedlot could explain a significant amount
of variation of each performance measure.

Variation Among Seed Sources and Trial Locations. We
first analyzed variation due to seed source, planting loca-
tion, site disturbance, and all interactions, using a general
linear model. Row was included as a random factor to
account for variation within each planting site. This was
done for each measure of performance for each species.

Assessing Home-Site Advantage on Disturbed and
Undisturbed Sites. A second series of analyses was per-
formed to determine whether locally sourced seed per-
formed better, on average, than nonlocal seed and whether
the relative performance of local and nonlocal seed varied
with disturbance level at each planting location. These
analyses were also performed using a general linear
model, with factors local (two levels: local and nonlocal),
disturbance (disturbed or undisturbed), and planting loca-
tion. The main effects of each of these factors and all
interactions were assessed. Once again, row was included
as a random factor.

A home-site advantage was recognized by significantly
better performance of local seed (seed sourced from the
population at the planting location) than nonlocal seed
(seed from other source populations).

A significant effect of the local X disturbance interac-
tion suggested that the strength of the home-site advan-
tage varied with the level of disturbance. In these cases,
the data were examined to determine whether the perfor-
mance of local seed, relative to nonlocal seed, was poorer
on disturbed sites than on undisturbed sites.

All analyses were conducted using the statistical soft-
ware package CoStat version 6.311. For emergence and
survival at each census, the plot was the unit of analysis,
with each measure expressed as a percentage of trees per
plot emergent or surviving. For height growth, individual
tree measurements were used. Tukey’s post hoc tests
determined the source of significant variation due to main
effects. Analyses were performed separately for each of
the three study species.

Power Analysis. The power to detect variation where it
exists is a critical consideration of this type of study, where

there may be highly detrimental consequences of manage-
ment practices based on erroneous conclusions that no
variation exists among local and nonlocal seed sources.
The power to detect variation of each of the performance
measures assessed in this experiment was dependent upon
the number of plants surviving at each census. Therefore,
we used power analyses to determine the magnitude of
variation that could be detected with the sample size at
each stage of the experiment.

Power analyses were conducted using G*Power 3 for
Macintosh (available at http://www.psycho.uni-duesseldorf.
de/abteilungen/aap/gpower3/). For each performance mea-
sure for each species, we used the post hoc option in
G*Power to determine our power to detect a difference
between local and nonlocal seed sources at the observed
effect size, given the sample size available. We also used
the sensitivity option to calculate the effect size required to
detect a difference between local and nonlocal seed sour-
ces, with power of 0.80.

Results

Effect of Seed Weight

Seed weight did not explain significant variation of any of
the performance measures in any of the three species;
therefore, we did not adjust for this variable in subsequent
analyses.

Variation of Performance

Planting location was associated with significant variation
of all performance measures in all three species and in
most cases accounted for the largest proportion of the var-
iation (Table 3). In all species, variation of emergence and
survival among locations was largely explained by very
poor performance at Bold Park, with complete mortality
of all species at this site prior to the final census. Patterns
of height growth were more variable among species and
measurement periods. For Eucalyptus marginata and Cor-
ymbia calophylla, mean height growth was greatest at
Huntly and lowest at Boddington, whereas for Allocasuar-
ina fraseriana, height growth was lowest at Huntly over
both measurement periods, highest at Boddington over
winter and at Willowdale over summer.

Disturbance was also an important source of variation,
explaining significant variation of most performance
measures in all three species (Table3). It was the most
important source of variation of survival at each census
date and height growth over summer in A. fraseriana and
of emergence of C. calophylla (Table 3).

For all species, overall mean percent emergence varied
significantly with source population (Table 3). In all cases,
this was because seed from the two Swan Coastal Plain
populations (Bold Park and Baldivis) had lower overall
mean percent emergence than those from Darling Range
populations (Fig.1). There was no statistically significant
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Figure 1. Overall mean percent emergence of seed from each source population across all trial locations for (a) Eucalyptus marginata, (b) Corym-
bia calophylla, and (c) Allocasuarina fraseriana. Different letters indicate statistically significant differences (p < 0.05).

variation in overall percent emergence among the four variation of survival to 2 years and height growth over
Darling Range source populations for any of the species winter in E. marginata and height growth over both winter
(Fig.1). Source population also accounted for significant and summer in C. calophylla (Table 3).
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Assessing Home-Site Advantage

The planting location X source population interaction
accounted for significant variation of survival to 1 year
and height growth over winter in E. marginata, height
growth over both winter and summer in C. calophylla, and
emergence and height growth over summer in A. fraseri-
ana (Table 3). However, explicit comparisons of local and
nonlocal seed sources for each performance measure in
each species revealed that they differed significantly in
only one of these cases: height growth over winter in
C. calophylla, where height growth of plants grown from
nonlocal seed exceeded that of plants from the local
source population (Table 4; Fig.2).

Despite failure to detect a significant site X source
interaction, there were several other performance meas-
ures for which a difference between local and nonlocal
seed was detected (Table4). Survival of locally sourced
E. marginata to 1.5 years was significantly higher than that
of plants from nonlocal sources (Fig.2), although this
effect was no longer evident at 2 years (Table 4). Emer-
gence of locally sourced C. calophylla was 17% higher
than that of seed from nonlocal source populations
(Fig.2), whereas height growth over winter of A. fraseri-
ana was greater in plants from local source populations
(Fig.2).

A significant effect of the local X planting location
interaction, indicating that the relative performance of
local and nonlocal seed sources varies among planting
locations, was observed for height growth over winter in
E. marginata and height growth over both winter and sum-
mer in C. calophylla (Table 4; Fig. 3).

Home-Site Advantage on Disturbed Sites

The source population X planting location X disturbance
interaction effect, which indicates variation in the relative
performance of source populations at disturbed and undis-
turbed sites at each trial location, explained significant
variation of height growth over winter in E. marginata,
height growth over summer in C. calophylla, and height
growth over both measurement periods in A. fraseriana
(Table 3). To determine whether the home-site advantage
was reduced on highly disturbed sites, we examined the
effect of the local X disturbance interaction in these cases
(Table 4). This interaction did account for significant vari-
ation of height growth over summer in C. calophylla and
A. fraseriana; however, the direction of this effect was not
consistent. In C. calophylla, plants grown from local seed
exhibited comparatively greater (relative to nonlocal sour-
ces) growth over summer on disturbed sites than on undis-
turbed sites, whereas the reverse was true in A. fraseriana
(Fig. 4).

Power Analysis

The magnitude of the difference between local and nonlo-
cal plants that could be detected with the sample size

available is presented in Table5 for each performance
measure of each species. The sample sizes available in this
study offered good power (0.8) to detect small to moder-
ate levels of variation of emergence and survival among
local and nonlocal seed sources for each species (effect
size 0.18). With the same level of power, very small levels
of variation of height growth among local and nonlocal
plants could be detected (effect sizes of 0.08, 0.07, and
0.09 for E. marginata, C. calophylla, and A. fraseriana,
respectively). Failure to detect a significant difference
between local and nonlocal seed sources therefore implies
that performance differences, if they exist, are very small.
For comparison, the effect sizes we observed for each
performance measure in each species are also presented
in Table5. In most cases, these were very small (effect
size <0.10).

Discussion

Arguments for using locally sourced seed or plant material
for restoration rest primarily on an assumption that natu-
ral selection drives local adaptation in plant populations,
and therefore, local genotypes will be better adapted to
conditions at the restoration site than nonlocal genotypes.
Although we detected some evidence for local adaptation
in three common, long-lived forest trees widely used in
ecological restoration in southwestern Australia, other
factors were found to have a much more significant impact
on plant performance.

Trial location and disturbance accounted for most of
the variation of the performance measures examined in
Eucalyptus marginata, Corymbia calophylla, and Alloca-
suarina fraseriana. This finding corroborates those of
many other reciprocal transplant studies (e.g., Clark 1980;
Cheplick 1988; Joshi et al. 2001; for review, see van Andel
1998), suggesting that site characteristics have a much
greater bearing on the success of restoration than do adap-
tive differences among potential source populations. In
particular, the emergence and survival of all populations
of all species at the Bold Park trial location was signifi-
cantly worse than at all other trial locations, culminating
in complete mortality by the end of the study period.

Source populations also varied significantly, particu-
larly in emergence rates. A key result was the low emer-
gence rate of seeds from Swan Coastal Plain populations
at all trial sites. Overall, emergence of seed from this
region was 65, 58, and 59% that of seed from Darling
Range populations for E. marginata, C. calophylla, and
A. fraseriana, respectively. These two regions have had
a long history of isolation and exhibit substantially differ-
ent environments, particularly substrate (Churchward &
McArthur 1980; McArthur 1991). It is therefore likely
that restricted gene flow and subsequent selection have
produced regional genetic divergence, and indeed, this
has already been demonstrated for E. marginata (Wheeler &
Byrne 2006).

MAY 2010 Restoration Ecology

365



Local Adaptation in Forest Trees

+2d£) pjoq ur pay3IYSIY 918 PajoIap Sem UAIIP (G0°( > d) JuedYIUSIS A[[RINSIIBIS B OIOUM SISB)D)

g9'6T 988 19°LT 16 ¢0'0  LTC S0°0 LTC g0'0  LTC g0'0 LiT Io1rg
0co orie ¢ vo'0 CI'8S [4 ye0 900 ¢ 620 900 (4 6v'0 00 ¢ 010 11'0 T  9dueqIMISIp X UONEBIO[ X [B507]
10°0> vE'66y ¢ 10°0> S9'96 (4 100> ¢26¢ ¢ 100> €9°¢ (4 100> 19¢ ¢ 090 <00 ¢ dUBQIMISIP X UONEIO]
SO0 €9LL 1 610 €00¢ 1 €e0  S00 I €C0 L00 1 €e0  S00 T €0 so00 1 AJUBqINISIp X [BI07]
S0°0 S98s T 900 ¥S0S 4 9¢'0 900 € 0€0 900 € 60 00 ¢ 160 100> ¢ uonedo[ X 18207
uoTORIAIU]
10°0> ¢1°6S0T T vo’0 S0CL 1 10°0> <901 I 100> Sv'6 1 100> ZI6 1 10°0> L80 1 dueq.Irmistq
100> 05619 ¢ 10°0> 6C°S9¢ ¢ 100> 79°¢ ¢ 10°0>  91°¢ € 10°0> ¢¢s ¢ 100> ¢S'1 ¢ uoneso|
01ro 11%vS 1 100> 9¢¢Iic 1 8L0 100> I €50 <00 T o €00 T 170 L0O0 T [8207]
S109JJ9 UIRA
100> vT8yl € 900 869¢ S 160 200 ¢ 6¢0 S00 S Lyo S00 ¢ €S0 ¥00 S Moy
DUDLIISD.Lf DULIDNSDIO]] Y (D)
¥6'9S  6SL1 16911  TT8‘1 y0'0  LTC Y00 LTT 680 LCC g0'0 LtT Jolry
€0 €0e9 ¢ 10°0> €5°¢9% ¢ ¢¢0 2o ¢ 6L0 100> ¢ 680 100> ¢ €80 100 T  9d5UeqImisip X UONEI0] X [Bd07]
10°0> 90°10vy ¢ 10°0> 0C6SIET ¢ 100> v¥0 ¢ 100> €0 4 100> €¥0 ¢ 060 100 ¢ dUBqIMISIp X UONEI0T]
10°0 60°Sve 1 €0 98891 1 ¥e0 100 I LY0 200 1 a0 €00 1 890 100 I dueqIMISIp X [B207]
T10°0> 6100 € 100> tv'eeS ¢ 080 100 € 860 €00 € 60 €00 € 600 IT'0 ¢ uoneso[ X [e507]
uonoeIdU]
100> 9€' 1.9 T 10°0> LE88CS 1 100> €90 I 100>  ¢€v'0 ! 100> SS0 1 100> OI'v 1 oueqINISI
T10°0> LO'STLE € 10°0> 666988 ¢ 100> 699 ¢ 100> 6Sv € 10°0> €8¢ ¢ 100> 090 ¢ uoneso|
190  €0°ST 1 T10°0> 9¥'9¢01 1 LT0  L0O0 1 620 Y00 1 8¢0 G000 T €00 0C0 I [8307]
$109]J9 UIRN
810 LS98 ¢ 100> €9vSL € €00 600 ¢S L00 80°0 S 100> €10 ¢ 600 O0T'0 ¢ LS. |
vj1dydond viquikio) (q)
LOEY  ¥TT1 ov'6¢ SIET ¥0'0  LTC 00 LTT Y00  LCC ¢0'0 LcT IoLrg
LE0 9Ly T 010 SL'16 [4 080 100 ¢ 050 €00 (4 g0 o ¢ 0L0 <200 T  odueqImSIp X UONEBIO[ X [B507]
T10°0> 6S'8¥8C ¢ 10°0> vv'90ve ¢ 100> 8L0 ¢ 10°0> 860 C 100> 160 ¢ 100> 6€0 ¢ duBQqIMISIp X UONEdI0]
LE0 l6eve 1 L0  9TlE 1 990 100 I 960 10°0 1 LSO 100 1 LGS0 200 1 oUeqIMISIp X [BI07]
o 9¢¢e € 100> 1L99C ¢ yeo  S00 € L00 010 € SI'0  LOO ¢ 9¢0 €S00 ¢ uonedo[ X [e507]
UoT)ORIAU]
100> €€¢6CC 1 vLO Yy 1 100> 88¢ I 100> 19°¢ 1 100> SS¢ 1 €0 So00 I oueqIMISI
10°0> L9'1619 € 10°0> T1€8ILE € 100> 0TS¢ ¢ 100> O0I'S € 10°0> 8LY ¢ 100> S¢S0 ¢ uoneso|
650 STTL 1 090 CI'lT 1 91'0 800 I 200 €C0 T L00 €10 1 o €00 I [8307]
$109]J9 UreN
€00 L6901 ¢S 100> ¢L'1y ¢S 1o 800 €S 90 00 S 650 €00 ¢ L00 010 ¢ LS |
viurdww snydAponsg (e)
d s I d S I d SWJp d swo d Y Z d sw Jpr uonvIv A fo 224108
9007—S00T 1uwng 00T 421U s4£ 7 01 paraung o, s4£ ¢*[ 01 jpa1aing o, 44 [ 07 [paraing o, 20U2Z12UT ¥,
Y1040 1S o 1ySIoH

‘pupLISHLf DULIDNSPIO]]Y (9) pue ‘vjjydopd
v1quidi0) (q) ‘vivurdivus smyd{gponzy () 103 uoneoso] Junueld Yoo je 931 PoqINISIPUN pue (PAUIW) PAQINISIP UO SIIINOS PIJS [BIO[UOU PUE [B0] 2IedUIOd 0} JDUBLIBA JO SISA[RUY “f3|geL

Restoration Ecology MAY 2010

366



Local Adaptation in Forest Trees

—_
Q
-
©
o

80
70
60
50
40
30
20
10

% Survival to 1.5 yrs

Local Non-local

% Emergence o)
N
= N W » O O N
o ©O O ©o o o o

o

Local Non-local

~—

A

Height growth winter (cm) @

Local Non-local

Figure 2. Performance of local and nonlocal seed for (a) survival to
1.5 years in Eucalyptus marginata, (b) emergence and height growth
over winter in Corymbia calophylla, and (c) height growth over win-
ter in Allocasuarina fraseriana. There was a statistically significant
(p < 0.05) difference between plants from local and nonlocal seed
sources for each of these performance measures.

Another critical difference between these regions is the
fragmentation of populations of these species on the Swan
Coastal Plain due to clearing for urbanization and agricul-
ture during the last century. This has resulted in reduced
size and increased isolation of populations, in contrast
with the largely continuous distribution of these species
within the Darling Range. A substantial reduction in pop-
ulation size may lead not only to loss of genetic variation
but also increased rates of selfing and correlated paternity
as a consequence of reduced availability of mating part-
ners (Obayashi et al. 2002). Furthermore, increased isola-
tion is likely to limit gene flow among populations due to
restricted movement of pollinators through intervening
areas of unsuitable habitat (e.g., Westerbergh & Saura
1994; Townsend & Levey 2005). Consistent with this, sev-
eral studies demonstrate substantially lower outcrossing
rates in populations that have undergone a recent reduc-

tion in size, compared with conspecific populations that
have remained undisturbed (e.g., Raijmann et al. 1994;
Millar et al. 2000; Obayashi et al. 2002).

Reduced offspring fitness following inbreeding (in-
breeding depression) has been documented for numerous
species (e.g., Eldridge & Griffin 1983; Potts et al. 1987,
Tibbits 1988; Oostermeijer et al. 1994) and is likely to be
particularly pronounced in species, such as those exam-
ined here, that have high rates of outcrossing under natu-
ral conditions (Obayashi et al. 2002). It therefore seems
likely that the detrimental genetic effects of reduced size
and increased isolation of populations on the Swan
Coastal Plain may at least partly account for the consistent
poor performance of plants from this region.

Several previous studies have reported among-popula-
tion variation of germination traits, which appears to have
a genetic basis (e.g., Schiitz & Milberg 1997; Keller &
Kollmann 1999; Shimono & Kudo 2003; Bischoff et al.
2006). At least one study has uncovered the presence of
such population differentiation in the absence of a home-
site advantage, suggesting the contribution of processes
other than local adaptation (Bischoff et al. 2006). This
highlights the need to consider factors affecting seed qual-
ity that have the potential to influence performance of
plants at a site.

Despite the dominant effects of site and source, local
adaptation did have a significant, albeit small, impact on
the performance of plants in our trials. Corymbia calo-
phylla seeds sourced locally had significantly higher emer-
gence rates than those sourced from other populations.
Given that survival of emergent seedlings was generally
high and relatively uniform among source populations,
emergence was the most important determinant of estab-
lishment, at least over the first 2 years. This result there-
fore implies that establishment success of C. calophylla in
restored populations may be maximized by deploying seed
sourced from the local population. A similar trend was
observed in A. fraseriana (although the difference was not
statistically significant), providing some evidence that this
may apply more generally.

Height growth over winter also varied between plants
from local and nonlocal sources in C. calophylla and
A. fraseriana, being greater in nonlocal C. calophylla
plants and local A. fraseriana plants. Height growth is a
complex trait to interpret in the context of local adaptation
because different growth rates may be adaptive under dif-
ferent conditions. For example, in a previous study in
which we measured 15-year-old E. marginata trees grown
in a provenance trial, we found slower growth of trees
from low-rainfall sites compared with trees from higher
rainfall sites, when grown at a site of intermediate mean
annual rainfall (O’Brien et al. 2007). It was concluded that
maintenance of growth rate variation among different
source populations grown in a common environment rep-
resents adaptive divergence. It may therefore be more
valuable to consider cases where the relative height growth
of local and nonlocal plants varied among locations.
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Figure 3. (a) Mean (+SE) height growth over winter in Eucalyptus marginata and (b) Mean (+SE) height growth over winter and summer in
Corymbia calophylla for plants grown from local (gray bars) and nonlocal (white bars) seed at each location. In each case, there was a significant
interaction effect of local X location. Summer height growth was not measured at the Bold Park trial location due to complete mortality prior
to the final census. B = Boddington, H = Huntly, W = Willowdale, and BP = Bold Park.

Winter height growth of local and nonlocal C. calophylla
and E. marginata plants varied among trial locations, as did
summer height growth in C. calophylla. In both species,
variation of winter growth among local and nonlocal plants
across trial locations could be attributed to superior growth
of nonlocal plants at Huntly and of local plants at Bold
Park. Height growth over summer could not be observed at
Bold Park due to complete mortality during this period;
however, superior growth of nonlocal C. calophylla at
Huntly was maintained over the summer. In addition,
growth of local C. calophylla at Boddington exceeded that

of nonlocals over this measurement period. Boddington has
the lowest rainfall of any location examined in this study;
therefore, this result may indicate superior capacity of local
plants to cope with drought, particularly over the driest
period of the year. Over both measurement periods, overall
growth of E. marginata and C. calophylla was lowest at
Boddington and highest at Willowdale and Huntly, where
mean annual rainfall is up to 500 mm greater. This provides
further evidence that rainfall is a significant factor limiting
growth in these species and may drive selection for variable
growth rate among locations.
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The species included in our reciprocal transplant trials
are all long lived and highly (or obligately in the case of
A. fraseriana) outcrossing. Furthermore, the relatively con-
tiguous distributions of these species, particularly within
the Darling Range, is likely to facilitate extensive gene
flow that may homogenize the effects of divergent selec-
tion. This combination of factors may help to explain why
we failed to detect strong local adaptation within the scale
of our study. In long-lived species, environmental varia-
tion throughout the lifespan of individuals is often con-
siderable and may prevent the evolution of adaptive
divergence among populations (Charlesworth 1994;
Wilkinson 2001; Hamrick 2004; Kawecki & Ebert 2004).
Instead, temporal variation of selection pressures results
in high levels of genetic variation within populations and
individuals tolerant of a broad range of environmental
conditions (Charlesworth 1994; Hamrick 2004; Fang et al.
2006). Consequently, it has been argued that for such spe-
cies, local adaptation may not be an important determi-
nant of the success of seed or plants deployed in
restoration (Wilkinson 2001). However, we did detect at
least weak evidence for local adaptation in these south-
western Australian forest tree species, suggesting that
deployment of local seed may still be beneficial.

Performance of Local and Nonlocal Seed at Different
Levels of Disturbance

Lack of variation in the relative emergence or survival of
local and nonlocal seed sources on sites of varying distur-
bance level for any of the species included in this study
implies that establishment success achieved using locally
sourced seed is unlikely to decline on highly disturbed
sites. This contradicts the hypothesis posited by Lesica
and Allendorf (1999) that restoration success on highly
disturbed sites may be maximized by deploying seed
sourced from a broad geographic range to provide a large
pool of genetic diversity on which selection can act.
Although limited adaptive divergence among populations
of our study species may contribute to this result, there
were at least two cases where performance of locally
sourced seed exceeded that of nonlocal seed for these
measures: survival at 1.5 years in E. marginata and emer-
gence in C. calophylla. In these cases at least, it seems
likely that the conditions favoring local individuals do
not differ sufficiently between the two levels of site distur-
bance examined here to result in a reduction of local
advantage on highly disturbed sites.

The relative summer height growth of plants from local
and nonlocal sources on disturbed and undisturbed sites
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Table 5. Power to detect a local advantage for each trait of each species, given the sample size and the observed effect size.

Total Sample Observed Required Effect
Species Trait Size Effect Size Power Size With Power of 0.80
Eucalyptus marginata Emergence 246 0.05 0.13 0.18
Survival to 1 yr 246 0.08 0.25 0.18
Survival to 1.5 yrs 246 0.11 0.38 0.18
Survival to 2 yrs 246 0.09 0.29 0.18
Height growth winter 2005 1,334 0.02 0.09 0.08
Height growth summer 2005-2006 1,250 0.03 0.18 0.08
Corymbia calophylla Emergence 246 0.13 0.50 0.18
Survival to 1 yr 246 0.07 0.20 0.18
Survival to 1.5 yrs 246 0.07 0.18 0.18
Survival to 2 yrs 246 0.09 0.27 0.18
Height growth winter 2005 1,841 0.07 0.84 0.07
Height growth summer 2005-2006 1,776 0.01 0.08 0.07
Allocasuarina fraseriana Emergence 246 0.08 0.24 0.18
Survival to 1 yr 246 0.05 0.13 0.18
Survival to 1.5 yrs 246 0.03 0.07 0.18
Survival to 2 yrs 246 0.01 0.05 0.18
Height growth winter 2005 930 0.11 0.91 0.09
Height growth summer 2005-2006 903 0.04 0.22 0.09

The final column indicates the required effect size to detect a significant difference between local and nonlocal plants, given the sample size, with power of 0.95. Traits
where a significant difference between local and nonlocal plants was detected are indicated in bold type.

did vary for both C. calophylla and A. fraseriana but in
opposite directions. Summer height growth of C. calo-
phylla grown from locally sourced seed was higher, rela-
tive to that of non-local plants, on disturbed sites than on
undisturbed sites, whereas A. fraseriana showed the
reverse pattern. Variation of height growth is complex to
interpret for reasons already discussed. However, it is
interesting to note that overall, summer height growth was
greater on disturbed sites in C. calophylla and undisturbed
sites in A. fraseriana, which were the sites at which the
local source population performed best. It may be that in
both species, plants from the local population are better
able to exploit favorable growth conditions, but that these
conditions vary among species.

It is important to emphasize that the lack of strong evi-
dence for local adaptation indicates that the current
experiment provided only a weak test of reduced home-
site advantage on disturbed sites. Future studies should
target species that have been shown to exhibit a home-site
advantage on “natural” sites to elucidate the effect of site
disturbance on the relative performance of different
source populations. Clearly, the relative performance of
plants from local and nonlocal sources on sites of varying
disturbance level will depend upon (1) what conditions
drive adaptive divergence and (2) whether these condi-
tions have changed considerably with the “disturbance.”
Further research to elucidate the conditions that are
important for local adaptation in different species and
landscapes would assist in predicting the likely perfor-
mance of seed at different sites and varying levels of
disturbance.

Conclusions

Empirical evidence for local adaptation has been found in
numerous plant species (e.g., Waser & Price 1985; Galen
et al. 1991; Nagy & Rice 1997; Joshi et al. 2001; McKay
et al. 2001), and there is little doubt that this is an impor-
tant evolutionary process shaping patterns of intraspecific
genetic variation. Consequently, the sourcing of seed
locally for restoration of native plant populations is com-
monly advocated (e.g., Sackville Hamilton 2001; Krauss &
Koch 2004). However, the extent to which populations are
locally adapted clearly varies among species and land-
scapes, and the issue of whether it is better to mix or
match seed sources for the restoration of disturbed sites
has rarely been addressed. We found some evidence for
local adaptation in three long-lived southwestern Austra-
lian forest tree species grown in reciprocal transplant
experiments and significant variation of emergence and
survival of seed sourced from different regions. Of partic-
ular interest was the finding that where local adaptation
was observed, it was maintained on sites of differing dis-
turbance level.

We concur with previous recommendations that where
substantial local seed sources exist, they should be used to
augment populations on restoration sites to avoid loss of
local adaptation. However, we caution against an uncriti-
cal view that seed collection should always be limited to
a very local area, arguing that this may be detrimental if
there is insufficient genetic variation either within the
source population or within the founding population at
the restoration site. We also emphasize that adaptive
differences may become more pronounced at later life
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history stages; therefore, long-term monitoring of trials
such as these, as well as plants in restoration programs, is
recommended.

Implications for Practice

e Consistent with studies of other species in other land-
scapes, site characteristics and local factors affecting
seed quality were found to have the greatest bearing
on plant performance. Efforts should therefore be
concentrated on ensuring favorable conditions at res-
toration sites and deployment of high-quality seed.

e We found evidence in at least one species that estab-
lishment rates are maximized by using local seed.
Hence, where sufficient high-quality local seed exists,
this should be used as the source of seed deployed at
restoration sites. Where local seed sources are small
or of poor quality, the nearest available high-quality
seed sources should be used.

e Where we detected local adaptation, it was main-
tained on both undisturbed and highly disturbed
(mined) sites, suggesting that similar seed sourcing
guidelines should be followed for restoration of sites
with different levels of disturbance. However, this is
likely to depend upon the nature of the disturbance;
therefore, we recommend further research in this
area.
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