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Abstract The ability of algae to change the shape of their
thallus in response to the environment may be of functional and ecological importance to the alga, with many
species of macroalgae exhibiting a great range of morphological variation across wave exposure gradients.
However, diﬀerences in morphology detected between
sheltered and exposed environments cannot determine
whether such diﬀerences represent plastic responses to
the local environment or whether morphology is genetically ﬁxed. This study tested for diﬀerences in the
morphology of the common kelp, Ecklonia radiata,
between wave sheltered and exposed environments, and
reciprocally transplanted juveniles to distinguish the
nature of such diﬀerences (i.e. plastic vs ﬁxed traits).
Diﬀerences between exposure environments were consistent with known eﬀects of exposure (i.e. a wide, thin
thallus at sheltered sites and a narrow, thick thallus with
a thick stipe at exposed sites). The reciprocal transplant
experiment conﬁrmed that morphological plasticity was
the mechanism enabling this alga to display diﬀerent
patterns in morphology between exposure environments. Individuals transplanted to the exposed environment underwent a rapid and extreme response in
morphology, which was not apparent in individuals
transplanted to the sheltered environment that
responded more slowly. These results suggest that
stressors typical of sheltered environments (i.e. diﬀusion
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stress) may not be as inﬂuential (if at all) compared to
stressors typical of exposed environments (i.e. breakage,
dislodgement) in diﬀerentiating morphological characters between exposure environments.

Introduction
Morphological variation enables a species to occupy a
broad range of physical environments (Sultan 2001) and
is commonly thought to enhance the survival and productivity of plants growing in physically diﬀerent environments (Gerard 1987; Slatkin 1987).
Across rocky coasts, variation in wave exposure is
known to have profound eﬀects on the biology of
macroalgae (Koehl 1986; Hurd 2000), with many species
of algae exhibiting a great range of morphological variation across exposure gradients (e.g. Gerard and Mann
1979; Cheshire and Hallam 1989; Bäck 1993; Blanchette
et al. 2002). At sheltered sites, the morphology of macroalgal fronds are often wide, thin and undulate, and at
exposed sites are narrow, thick and ﬂat with thick stipes
(e.g. Cheshire and Hallam 1988; Koehl and Alberte
1988; Jackelman and Bolton 1990; Roberson and Coyer
2004). Such morphological diﬀerences are thought to
enable macroalgae to inhabit wave sheltered environments without compromising their ability to eﬃciently
photosynthesise and grow (Gerard 1982; Hurd et al.
1996) and to inhabit wave exposed environments by
preventing breakage and/or dislodgement (e.g. Dudgeon
and Johnson 1992; Blanchette 1997).
Much of our understanding of the relationship
between kelp morphology and wave exposure is based on
research done at local scales (i.e., kilometre), that compare sites of individual exposure levels for which these
treatments are not replicated, though samples within
treatments may be (e.g. Gerard and Mann 1979; Cousens
1982; Molloy and Bolton 1996). Diﬀerences among sites,
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therefore, are attributed to an eﬀect of exposure without
identifying the contribution of intrinsic spatial variation
(i.e. pseudoreplication: Hurlbert 1984). Where broaderscale studies have been attempted (i.e. thousands of
kilometres), these studies have either correlated measures
of exposure to morphology across the sampled sites (e.g.
Rice et al. 1985; Cheshire and Hallam 1989; Rice and
Kenchington 1990; Fowler-Walker et al. 2005a), or have
used exposure as an ad hoc explanation of large variation
in morphology among sites (e.g. Ralph et al. 1998;
Blanchette et al. 2002; Wernberg et al. 2003). Rarely has
the relationship between wave exposure and morphology
been studied among replicate levels of exposure (but see
Jackelman and Bolton 1990; Kalvas and Kautsky 1993),
which can be particularly insightful when testing for the
existence of patterns associated with exposure.
While morphological diﬀerences associated with
exposure environments have been used as evidence for a
plastic response to wave exposure (Norton et al. 1982),
such associations may alternatively reﬂect genetically
ﬁxed traits (i.e. ecotypes) that are the result of speciation
in the face of strong selection by environmental factors
(e.g. Chapman 1974; Serisawa et al. 2003; Roberson and
Coyer 2004). We assess whether morphological variation
observed in kelps is a plastic response to the local
environment or whether morphology is genetically ﬁxed;
a useful distinction if we are to understand the population-biology of kelps (i.e. genetically isolated populations versus well mixed populations that respond to local
conditions). Transplant experiments have previously
been used to diﬀerentiate between these competing
models, with the results of such experiments diﬀering
depending on the species involved and the environmental condition examined (e.g. De Paula and De
Oliveira 1982; Druehl and Kemp 1982; Blanchette et al.
2002; Roberson and Coyer 2004).
The canopy-forming kelp, Ecklonia radiata (order
Laminariales, family Alariaceae), characterises the rocky
coast of temperate Australia (Kennelly and Underwood
1993; Goodsell et al. 2004) and inhabits environments
ranging from wave exposed coastlines to sheltered
embayments. Recent studies of E. radiata have demonstrated considerable variation in morphology across
southern Australia (Wernberg et al. 2003; FowlerWalker et al. 2005b), and that the magnitude of this
variation may be related to diﬀerences in wave exposure
(Fowler-Walker et al. 2005a). However, only a few
studies have used transplant experiments to examine the
eﬀects of environmental conditions on morphological
characteristics of Laminarian algae (e.g. Gerard and
Mann 1979; Serisawa et al. 2002; Roberson and Coyer
2004). In the present study, we tested for diﬀerences in
the morphology of E. radiata between sheltered and
exposed sites, and used a reciprocal transplant experiment to examine whether morphological diﬀerences
were genetically ﬁxed or were inducible responses to the
local environment.
To distinguish between models of morphologically
plastic and ﬁxed traits we tested the following predic-

tions: (1) that the morphology of E. radiata diﬀers
between sheltered and exposed environments using
replicated observations of exposure. Once natural differences in morphology between exposures were established, we then tested the prediction that if we transplant
juvenile sporophytes from the sheltered to exposed side
of an island (and vice versa), (2) the morphology of
transplanted individuals will diﬀer from the morphology
of individuals transplanted within the native site, and (3)
the morphology of transplanted individuals will not
diﬀer from the morphology of individuals transplanted
within the recipient site.

Methods
Quantiﬁcation of natural patterns
The morphology of E. radiata was quantiﬁed between
July and August 2004 on the in-shore side (hereafter
referred to as ‘sheltered’) and oﬀshore side (hereafter
referred to as ‘exposed’) of two islands: Wright Island
(WI; 3534¢S, 13836¢E) and Seal Rocks (SR; 3534¢S,
13838¢E), located at Encounter Bay, South Australia
(Fig. 1). Within each side of each island, 18 quadrats
(1 m2) were haphazardly placed within monospeciﬁc
stands of E. radiata (i.e. ‡80% of the canopy comprised
E. radiata species) at 6–8 m depth. Quadrats were separated by 10 m and positioned >1 m from the edge of
a stand. Within each 1 m2 quadrat the density of mature
E. radiata plants was recorded and three of these plants
were haphazardly chosen and harvested as close as
possible to the holdfast using a sharp knife. Only
mature, stage three plants (sensu: Kirkman 1981) were
sampled so that any ontogenetic eﬀects on morphological characters were reduced. Only solitary individuals
(no overlapping holdfasts) were collected, as aggregation has been shown to aﬀect the morphology of
E. radiata (Wernberg 2005). The plants were brought to
the surface, drained, bagged and transported to the
laboratory on ice, where they were frozen and held at
20C until processed. Morphological measures were
made on thawed specimens and characterised those
previously used to describe the morphological variation
in E. radiata across broad-scales (e.g. Wernberg et al.
2003; Fowler-Walker et al. 2005b). Fourteen morphological characters were measured on each thallus (cf.
Table 3), eight characters as described in Fowler-Walker
et al. (2005b) and six additional characters: (1) lamina
thickness measured midway along the lengthwise axis,
(2) lateral length measured on a mature secondary lateral protruding from the central lamina, (3) lateral width
and (4) thickness measured half way along the length of
a secondary lateral, (5) number of laterals counted as
mature, intact secondary laterals and (6) number of
corrugations per centimetre across the width of a lateral.
Wave exposure was quantiﬁed at the sheltered and
exposed side of both islands using three diﬀerent methods
(Table 1): estimation of wave height, measurement of
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Fig. 1 Map showing the
location of Wright Island (WI)
and Seal Rocks (SR) in South
Australia and the position of
study sites (sheltered and
exposed sites)

water velocity and calculation of an exposure index.
Wave height was estimated by observing the rise and fall
of 20 consecutive waves against the rocks of the island
from a boat. Observations from all sites were made
within 45 min of each other on the 22 July 2004. Water
velocity was calculated by measuring the maximum drag
force at each site using spring scales with plastic golf
balls (Bell and Denny 1994). Two spring scales were
deployed at each site, at the depth of specimen collection
(6–8 m), between the 2 and 4 October 2004. Drag
measurements were subsequently converted to water
velocities using the calibration curves provided by Bell
and Denny (1994). Lastly, an exposure index for each
site was calculated using a modiﬁcation of Baardseth’s
(1970) method (see Rice and Kenchington 1990). The
index is equal to the number of 9̊ sectors radiating from
the site that are fully open to seaward for 7.5 km or
further. In determining values of the index (0 = extreme
shelter and 40 = ultimate exposure), 1:100,000 scale

topographic maps were used and all rocks and headlands marked on those maps were taken into account.
Three a priori planned contrasts (Day and Quinn 1989)
were used to test diﬀerences in wave height and water
velocity between sheltered and exposed sites at WI and
SR: (1) WI sheltered vs WI exposed, (2) SR sheltered vs
SR exposed and (3) WI sheltered + SR sheltered vs WI
exposed + SR exposed. No tests were performed on the
exposure indices as only one value was obtained per site.
Analysis of natural patterns
Multivariate tests of diﬀerences in morphology used
non-parametric multivariate analysis of variance (NPMANOVA: Anderson 2001) on untransformed data
using Gower dissimilarities (Gower 1967), as recommended for variables measured on diﬀerent scales
(Podani 1999). NP-MANOVA enables the analysis of

Table 1 Measurements of wave exposure
Wave exposure measures

Wave heighta (m)
Water velocityb (ms 1)
Exposure indexc
a

Sheltered

Exposed

Wright Island

Seal Rocks

Wright Island

Seal Rocks

1.08±0.09
1.31±0.04
10

1.30±0.09
1.45±0.24
10

1.68±0.12
2.10±0.01
16

1.73±0.12
2.51±0.10
17

Wave height is the mean (±SE) height of 20 consecutive waves at each site
Water velocity is the mean (±SE) velocity of two spring scale measurements at each site
c
Exposure index is the number of 9 sectors radiating from a site with an open fetch of ‡7.5 km
b
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mixed models (random and ﬁxed factors) in multivariate
space. Tests for diﬀerences in individual characters were
carried out using analysis of variance (ANOVA) using
the software (GMAV5) and procedures provided by
Underwood (1997). For all analyses, Island (random)
and Exposure (ﬁxed) were orthogonal to one another,
and Quadrat (random) was nested within Exposure and
Island.
Sampling targeted kelp occurring at similar depths
(6–8 m) and densities (22–26 kelp per m2). The depth
and density of each sample were quantiﬁed and assessed
for diﬀerences using a two-way ANOVA, where Island
(random) and Exposure (ﬁxed) were orthogonal to one
another and measurements at each quadrat (n=18) were
treated as replicates. The density of E. radiata plants
averaged 24.7±0.5 SE per m2 across all quadrats sampled and did not diﬀer between sheltered and exposed
sites (ANOVA: F1,68=0.21, P=0.65) or between islands
(ANOVA: F1,68=0.08, P=0.37). Similarly, the depth at
which individual quadrats were placed did not diﬀer
between sheltered and exposed sites (ANOVA:
F1,68=0.15, P=0.70) or between islands (ANOVA:
F1,68=0.08, P=0.77) and averaged 6.7±0.4 m across all
quadrats sampled. Hence the density of E. radiata (at the
scale of 1 m2) and the depth at which plants were taken
do not oﬀer an alternative explanation for the diﬀerences in morphology detected between exposure levels
and islands.
Experimental tests of reciprocal transplants
To determine whether morphological characters of E.
radiata can change to match the morphology of individuals in a new environment, or whether they maintain
the morphology of their native site, a reciprocal transplant experiment was performed at WI. The transplant
experiment was established on the 17 July 2004 and ran
for 7 months through the summer (the period of greatest
plant growth: Kirkman 1984). A total of 200 undiﬀerentiated juveniles (deﬁned below) were collected from
both the sheltered (n=100) and exposed (n=100) side of
WI. Of the 100 juveniles collected from the sheltered
side, half were transplanted to the exposed side of the
island and half were transplanted back to the sheltered
site (=control). The same procedure was carried out on
juveniles collected from the exposed site. Juveniles were
deﬁned as a single blade that showed no development of
secondary laterals (i.e. Stage 1, sensu Kirkman 1984),
and the average plant length was 19.3±0.4 cm (±SE).
Juveniles collected at the sheltered site did not diﬀer
from those collected at the exposed site (see below).
Juveniles were collected from the reef by prying the
holdfast oﬀ the substratum with a dive knife, placing
them in a mesh bag and bringing them to the surface. At
the surface the 200 juveniles were separated into 4
treatments (2 transplants · 2 controls, n=50 juveniles
per treatment). Within each treatment 10 juveniles (each
separated by 10 cm) were attached to a 1 m length of

sisal rope by entwining their holdfasts into the rope, with
ﬁve replicate ropes per treatment (4 treatments · 5
replicate ropes · 10 juveniles per rope=200 juveniles).
All juveniles were held in ﬂowing seawater for no longer
than 18 h prior to transplantation. Individual ropes
were tagged and were treated as replicates, with measurements of plant height made prior to transplantation.
Replicate ropes were transplanted to either the sheltered
or exposed side of WI, depending on the treatment, were
placed beneath sparse canopies of E. radiata (i.e. densities <4 plants per m2) and ropes were attached to the
holdfast of adult plants with cable ties. All ropes were
haphazardly scattered throughout the experimental site
at a similar depth as our description of natural patterns
(6–8 m depth), and were separated by 1–10 m. The
average depth at which transplanted ropes were attached
was 7.3±0.2 m (±SE) and this did not diﬀer between
the sheltered and exposed site (ANOVA: F 1,18=0.29,
P=0.60). The average length of juveniles at the start of
the experiment was 19.3±0.4 cm (±SE) and did not
vary among any of the treatment groups (ANOVA:
F1,16=0.69, P=0.57).
During the experiment, morphological characters
that could be accurately measured underwater were
sampled, which included plant length, stipe length and
stipe width. This in situ sampling ﬁrst occurred 3 months
after the experiment was set-up (October 2004), then
again in November 2004 and December 2004. Large
swells prevented measurements being made in January
2005, and transplants were harvested on the 15 February
2005 once they had ﬁrst reached maturity (i.e. early stage
3 plants). Harvested plants were refrigerated and transported to the laboratory where a complete set of morphological measurements was made (n=14 characters:
cf. Table 5). These measurements included all characters
we used to describe natural patterns (except for the
number of eroded laterals and corrugations, as they were
diﬃcult to distinguish) and also included the wet weight
of the stipe and holdfast to further describe morphological variation of the plant. Due to the mortality of
individuals at both sheltered and exposed sites, the ﬁnal
sample size of each treatment (in February 2005) was:
sheltered transplants (n=3 ropes), sheltered controls
(n=4 ropes), exposed transplants (n=3 ropes), exposed
controls (n=0 ropes).
Analysis of experimental responses
The design of the transplant experiment tested the following predictions: (1) individuals transplanted between
exposures will diﬀer in morphology to individuals
transplanted within their native site (i.e. a plastic response: sheltered to exposed sites (SE) „ sheltered
controls (SS) and exposed to sheltered sites
(ES) „ exposed controls (EE)) and (2) individuals
transplanted between exposures will not diﬀer in morphology to individuals transplanted within the recipient
site (i.e. SE = EE and ES = SS). Loss of controls
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from the exposed site prior to the ﬁnal sampling period
(February 2005) forced us to apply the experimental
design on the data collected in situ (n=3 morphological
characters) at the previous sampling date (December
2004) (see Fig. 4, Table 4). Data collected at the ﬁnal
sampling period (February 2005: n=14 morphological
characters) tested the prediction that (1) individuals
transplanted from sheltered to exposed environments
will diﬀer in morphology to individuals transplanted
within their native site (i.e. SE „ SS) and (2) individuals transplanted from exposed to sheltered environments will not diﬀer in morphology to individuals
transplanted within the recipient site (i.e. ES = SS). A
priori planned contrasts (Day and Quinn 1989) tested
for diﬀerences in morphology between treatments in
December 2004 (SE vs SS, ES vs EE, SE vs EE, and ES
vs SS) and February 2005 (SE vs SS and ES vs SS).

Results
All three measures of wave exposure showed diﬀerences
between sheltered and exposed sites (Table 1). Importantly, the analysis of both wave height and water
velocity showed signiﬁcant diﬀerences between exposed
and sheltered sites (ANOVA: wave height: F1,76=22.54,
P=0.000, water velocity: F1,4=28.51, P=0.006) that
were consistent between islands (ANOVA planned
contrasts: WI exposed = SR exposed > WI sheltered = SR sheltered).

Natural patterns
Multivariate analyses detected diﬀerences in the morphology of E. radiata between islands (WI „ SR) and
exposure (sheltered „ exposed) (Fig. 2, Table 2). Signiﬁcant diﬀerences were detected among quadrats within
each exposure level and island, but these diﬀerences did

Fig. 2 Non-metric ordination of centroid values (average of
replicate plants within a quadrat) representing the morphological
variation of Ecklonia radiata between sheltered sites (ﬁlled symbols)
and exposed sites (unﬁlled symbols) for each quadrat (n = 18)
within WI (triangle) and SR (circle). A stress value of 0.004
indicates an interpretable ordination of the multivariate data in two
dimensions (Clarke 1993)

not obscure patterns among treatments. While there was
a signiﬁcant interaction between island and exposure,
pair wise comparisons indicated that diﬀerences between
exposure levels were consistent between islands and vice
versa (Table 2).
Notwithstanding the substantial univariate variation
among quadrats within each exposure and island, each
character diﬀered between sheltered and exposed sites,

Table 2 Results of a three-factor NP-MANOVA testing for natural diﬀerences in the morphology of Ecklonia radiata among islands
(Wright Island vs Seal Rocks), level of exposure (sheltered vs exposed) and quadrats (n=18) and pair wise comparisons of terms in the
signiﬁcant Island · Exposure interaction
Treatment

df

MS

F

P

Island
Exposure
Island · Exposure1
Quadrat (Island · Exposure)
Residual

1
1
1
68
144

95.80
157.39
12.06
4.81
2.52

19.92
32.73
2.51
1.91

***
***
*
***

Pairwise comparisons of interaction term
Exposure (Wright Island)
(Seal Rocks)
Island (Sheltered)
(Exposed)

Sheltered vs exposed
Sheltered vs exposed
Wright Island vs Seal
Rocks
Wright Island vs Seal
Rocks

Non-signiﬁcant (NS) P>0.05, *P<0.05, **P<0.01, ***P<0.001

T

P

4.93
5.30
4.88

***
***
***

3.24

***
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except for corrugations (Fig. 3, Table 3: SNK tests).
Plants at exposed sites had smaller measures of weight,
surface area, lamina width, lateral length, lateral width,
number of laterals and number of eroded laterals
(Fig. 3a, c, g, i, j, l, m, Table 3a, c, g, i, j, l, m: SNK
tests), and had greater measures of stipe width, lamina
thickness and lateral thickness (Fig. 3e, h, k, Table 3e, h,
k: SNK tests) compared with sheltered sites. A signiﬁcant interaction between exposure and island was
detected for plant length, stipe length and lamina length,
such that measures were greater at exposed compared to
sheltered environments at WI only, and no diﬀerences
were detected at SR (Island · Exposure interaction:
Fig. 3b, d, f, Table 3b, d, f: SNK tests). A signiﬁcant
interaction between exposure and island was also detected for lateral length; however, this interaction did
not reﬂect inconsistent patterns between islands, but
rather reﬂected the greater magnitude of diﬀerence
between sheltered and exposed environments at SR
compared to WI (Fig. 3i, Table 3i: SNK tests). Diﬀerences between islands (consistent between levels of
exposure) were also detected for some morphological
characters, whereby plants at WI had greater surface
area, lateral width and lateral thickness, and had smaller
measures of stipe width and number of laterals, compared to SR (Fig 3c, j, k, e, l, Table 3c, j, k, e, l: SNK
tests).
Experimental responses
Diﬀerences in morphology were detected (December
2004) between individuals transplanted between exposures and individuals transplanted within their native
site (SE „ SS and ES „ EE) for all measures of
morphology (Fig. 4, Table 4). No diﬀerences in morphology were detected between individuals transplanted
between exposures and individuals transplanted within
the recipient site (SE = EE and ES = SS) for all
measures of morphology except for stipe width, where
measures of transplants to exposed environments were
in fact greater than that of individuals within the recipient site (SE > EE) (Fig. 4, Table 4).
At the ﬁnal sampling period (February 2005), where
all 14 morphological characters were measured, diﬀerences were detected between individuals transplanted
from SE and individuals transplanted within the native
site (SE „ SS), for all characters except for weight,
lamina thickness and number of laterals (Fig. 5,
Table 5). Compared to controls (SS), individuals transplanted to the exposed site (SE) had greater measures of
plant length, stipe length, stipe width, stipe wet weight,
lamina length, lateral thickness and holdfast wet weight,
and smaller measures of surface area, lamina width,
lateral length and lateral width (Fig. 5b, d, e, f, g, l, n, c,
h, j, k, Table 5b, d, e, f, g, l, n, c, h, j, k). These patterns
in morphology were consistent with naturally occurring
diﬀerences in morphology between sheltered and
exposed sites that we have described. Individuals trans-

planted from ES adopted similar morphologies to individuals transplanted within the recipient site (ES = SS)
for all 14 morphological characters (Fig. 5, Table 5).
The eﬀect size of transplanting from sheltered to
exposed environments (i.e. percentage diﬀerence between
SE and SS) was large and rapid (e.g. stipe width:
October=23.1%, November=24.5%, December=34.5%,
February=35.3%, Fig. 4). However, the eﬀect size of
transplanting from exposed to sheltered environments (i.e. percentage diﬀerence between ES and EE)
was comparatively small and gradual (e.g. stipe
width: October=5.1%, November=10.4%, December=
17.8%, Fig. 4).

Discussion
Our combination of observational and experimental
analyses revealed that diﬀerent morphologies existed
between exposed and sheltered localities, and that this
variation was a plastic response to the local environment, and did not reﬂect genetically ﬁxed traits. The
two morphotypes observed in this study exhibited
characteristics consistent with known physiological
and mechanical responses to exposure. For example,
plants at the sheltered sites adopted a thallus of larger
surface area, and had longer, wider and yet thinner
laterals, which may maximise surface area for nutrient
uptake and light harvesting (e.g. Gerard and Mann
1979; Wheeler 1980), compared to plants at the exposed sites that adopted shorter, narrower and thicker
laterals, and had thicker stipes and fewer laterals,
which may decrease drag and prevent breakage (e.g.
Armstrong 1989; Johnson and Koehl 1994; Blanchette
et al. 2002).
A large proportion of morphological characters responded consistently to the diﬀerences in exposure
independent of islands (11 of the 14 characters).
However, 3 of the 14 characters responded in an
inconsistent way between islands (plant length, stipe
length and lamina length). Interestingly, comparisons
with other studies show inconsistencies in the direction
of morphological diﬀerences for similar characters,
where greater levels of exposure have been associated with both longer plant length (e.g. Cheshire and
Hallam 1988; Jackelman and Bolton 1990) as well
as shorter plant length (Bäck 1993; e.g. Kalvas and
Kautsky 1993), and with both longer stipe length (e.g.
Klinger and DeWreede 1988; Molloy and Bolton 1996)
as well as shorter stipe length (e.g. Chapman 1973;
Cheshire and Hallam 1988). Given that the absolute
values of wave exposure for any one study is unknown,
and are unlikely to be similar, inconsistencies among
studies may reﬂect a non-linear relationship between
these morphological characters and an exposure gradient. For example, morphological diﬀerences between
sheltered and semi-exposed sites may occur in the same
direction (co-gradient), while diﬀerences between semiexposed and exposed sites may occur in an opposing
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Fig. 3 Mean measures (±standard error) of morphological characters of E. radiata between sheltered and exposed sites at WI and SR.
Plants within a quadrat (n=3) were averaged so that quadrats (n=18) were treated at replicates
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Table 3 ANOVA testing natural diﬀerences of fourteen individual morphological characters of E. radiata between islands (Wright Island
vs Seal Rocks), exposure (sheltered vs exposed) and quadrats (n = 18)
df

MS

F

P

(a) Wet weight

MS

F

(b) Plant length

Island
Exposure
Quadrat (Island · Exposure)
Island · Exposure
Residual

1
1
68
1
144

900.00
0.03
399,642.04
11.63
34,355.79
2.49
47,023.00
1.37
13,824.87
(d) Stipe length

NS
**
***
NS

8,299,424.07
725,232.67
95,539.81
1,072,446.30
46,341.45
(e) Stipe width

Island
Exposure
Island · Exposure
Quadrat (Island · Exposure)
Residual

1
1
1
68
144

313,730.67
39.61
44,951.19
5.67
79,887.57
10.09
7,921.38
2.04
3,880.08
(g) Lamina width

***
*
**
***

Island
Exposure
Island · Exposure
Quadrat (Island · Exposure)
Residual

1
1
1
68
144

116.01
2,945.95
195.89
127.37
106.56

0.91
23.13
1.54
1.20

1
1
1
68
144

Island
Exposure
Island · Exposure
Quadrat (Island · Exposure)
Residual

1
1
1
68
144

2,716.46
2,759.19
88.17
154.57
68.38
(m) # Eroded
11.12
179.67
19.56
8.08
6.33

17.57
17.85
0.57
2.26

F

P

(c) Surface area
893,614.48
5.80
3,240,889.58
70.26
3,604,423.22
1.84
343,736.92
0.10
1,958,784.78
(f) Lamina length

*
***
**
NS

14.03
4.98
29.74
101.55
0.24
0.08
2.82
1.14
2.47
(h) Lamina thickness

*
**
NS
NS

5,385,905.85
76.85
409,074.07
5.84
566,927.57
8.09
70,085.06
1.71
40,868.04
(i) Lateral length

***
*
**
**

NS
***
NS
NS

0.43
1.69
8.27
32.75
0.29
1.15
0.25
1.91
0.13
0.09
(k) Lateral thickness

NS
***
NS
***

378,424.45
770,297.23
37,630.56
8,388.12
4,174.68
0.17
(l) # Laterals

45.11
91.83
4.49
2.01

***
***
*
***

***
***
Ns
***

941.67
5.65
8,201.67
49.20
408.38
2.45
166.70
3.66
45.58
(n) Corrugations

*
***
NS
***

3,158.69
10,113.35
232.30
256.84
150.96

12.30
39.38
0.90
1.70

**
***
NS
**

NS
***
NS
NS

2.79
0.09
1.60
1.85
1.18

NS
NS
NS
*

laterals
1.38
22.24
2.42
1.28

MS

***
**
***
**

(j) Lateral width
Island
Exposure
Island · Exposure
Quadrat (Island · Exposure)
Residual

P

86.87
7.59
2.06
11.23

1.51
0.05
0.86
1.57

NS non-signiﬁcant
P > 0.05, *P<0.05, **P<0.01, ***P<0.001. All data were untransformed and the assumption of homogeneity of variances was met
(Cochran’s C-test: P>0.05) for all morphological characters

direction (counter gradient) (e.g. Cousens 1982;
Cheshire and Hallam 1988; Jackelman and Bolton
1990).
Why did the morphology of E. radiata diﬀer between
the exposed and sheltered sides of islands? The results of
the transplant experiment indicate that such diﬀerences

were the result of a phenotypic response to the local
environment. Transplanted individuals grew to diﬀer
from their controls (i.e. ES „ EE and SE „ SS), and
therefore did not retain the characters of their native site
(i.e. characters are not genetically ﬁxed), but rather
responded morphologically to the new environment (i.e.

Table 4 Results of planned contrasts (ANOVA) testing the eﬀect of transplants on the morphology of E. radiata. Data collected in situ in
December 2004. Treatment abbreviations are as is Fig. 4

Among treatments
SE vs SS
ES vs EE
SE vs EE
ES vs SS
Residual

df

MS
Plant length

F

MS
Stipe length

F

MS
Stipe width

F

3
1
1
1
1
16

182.96
418.02
104.66
2.22
76.15
22.34

8.19* *
18.71**
4.68*
0.10
3.41

162.16
276.48
200.57
0.88
11.58
17.28

9.38***
16.00**
11.60**
0.05
0.67

2.57
6.35
1.21
0.95
0.20
0.17

14.89***
36.82***
7.02*
5.54*
1.14

NS non-signiﬁcant
P>0.05, *P<0.05, **P<0.01, ***P<0.001. All data were untransformed and the assumption of homogeneity of variances was met
(Cochran’s C-test: P>0.05)
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Fig. 4 Mean measures
(±standard error) of three
morphological characters of E.
radiata, at four sampling
periods, for the transplant
treatments: sheltered to exposed
site (SE), exposed controls
(EE), sheltered controls (SS),
and exposed to sheltered site
(ES). The ﬁrst in situ sampling
period occurred 3 months after
the experiment was set-up
(October 2004). December 2004
was the last sampling period
where all four treatments and
replicate ropes were present (see
Methods), and was therefore
graphed separately to clearly
indicate morphological
diﬀerences among the four
transplant treatments

characters are phenotypically plastic). Transplants
showed similar morphological patterns to naturally
occurring patterns characteristic of exposure (i.e.
exposed transplants had thicker stipes, narrower laterals
and larger holdfasts than sheltered transplants). Three
of the morphological characters did not diﬀer among
any of the treatments (i.e. wet weight, lamina thickness
and number of laterals), which suggests that these
characters had not started to diﬀerentiate in form, or
that they were not aﬀected by exposure. The general
similarity between naturally occurring patterns and
experimental eﬀects not only provides strong evidence
for models about exposure driven traits, but also suggests that the experimental protocol (i.e. transplants
with ropes) maybe useful for continuing work on morphological variation.

Phenotypic plasticity is common in plant and animal
populations, with many studies detecting chemical,
physiological, developmental or morphological responses
to changes in physical (e.g. Scheiner and Goodnight 1984;
Dudley 1996; Relyea and Werner 2000) and biological
variables (e.g. Bertness et al. 1998; Raimondi et al. 2000;
Agrawal 2001). In marine algae, phenotypic plasticity has
been inferred from morphological changes detected
among contrasting habitats, laboratory observations (e.g.
de Senerpont Domis et al. 2003) and from the one-way
transplantation of adult sporophytes from one environment to another, where new blade growth has been similar
to that of plants native to the environment (e.g. Norton
1969; Svendsen and Kain 1971; Gerard and Mann 1979;
Druehl and Kemp 1982). More recently, transplant
experiments of juveniles (both one-way and reciprocal)
have been used to test whether morphological diﬀerences
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Fig. 5 Mean measures (±standard error) of morphological characters (taken at the ﬁnal sampling period in February 2005) of E. radiata,
for the treatments: SE, SS, and ES (treatment abbreviations as in Fig. 4)

in marine algae are the result of a plastic response to the
local environment or are genetically ﬁxed traits (e.g.
Blanchette et al. 2002; Serisawa et al. 2003; Roberson and
Coyer 2004). These studies have found no change in the
morphology of transplants, despite large potential gains

(e.g. increased growth and survivorship) they may acquire
from such a shift in morphology. However, such nonresponses do not unequivocally diﬀerentiate between
models of genetically ﬁxed vs plastic traits. This is because
the two competing models (1) that morphological diﬀer-
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Table 5 Results of planned contrasts (ANOVA) testing the eﬀect of transplants on the morphology of E. radiata. Data collected at the
ﬁnal sampling period in February 2005. Treatment abbreviations are as is Fig. 4
df

MS

F

P

(a) Wet weight

MS

F

P

(b) Plant length

MS

F

P

(c) Surface area

Among treatments
SE vs SS
ES vs SS
Residual

1
1
68
1

1.31
0.5
0.12
58.66
0.00
0.01
2.62
(d) Stipe length

NS
NS
NS

19,935.26
12.70
34,125.37
21.74
114.22
0.07
1,569.73
(e) Stipe width

**
**
NS

28,126.21
21.76
26,035.24
10.30
396.65
0.16
2,204.36
(f) Stipe wet weight

**
*
NS

Among treatments
SE vs SS
ES vs SS
Residual

1
1
68
1

108.92
12.39
196.83
22.40
3.50
0.40
8.79
(g) Lamina length

**
**
NS

2.48
16.68
4.06
27.43
0.00
0.00
0.15
(h) Lamina width

**
***
NS

0.07
30.72
0.12
58.66
0.00
0.00
0.00
(i) Lamina thickness

***
***
NS

Among treatments
SE vs SS
ES vs SS
Residual

1
1
68
1

15,603.21
6.07
24,909.07
9.69
16.47
0.01
2,571.69
(j) Lateral length

*
*
NS

91.24
6.93
162.30
33.99
1.96
0.41
13.17
(k) Lateral width

*
***
NS

4.77
0.60
5.07
0.63
8.28
1.03
8.03
(l) Lateral thickness

NS
NS
NS

Among treatments
SE vs SS
ES vs SS
Residual

1
1
68
1

1,100.50
8.67
1,491.86
11.75
56.35
0.44
126.92
(m) # Laterals

*
*
NS

118.78
8.61
222.13
46.52
8.06
1.69
13.80
(n) Holdfast wet weight

*
***
NS

0.07
0.12
0.00
0.01

*
**
NS

Among treatments
SE vs SS
ES vs SS
Residual

1
1
68
144

0.35
0.56
0.00
11.08

NS
NS
NS

22.23
33.34
0.29
0.41

***
***
NS

0.03
0.05
0.00

53.90
80.93
0.70

7.76
13.78
0.09

NS non-signiﬁcant
P>0.05, *P<0.05, **P<0.01, ***P<0.001. All data were untransformed and the assumption of homogeneity of variances was met
(Cochran’s C-test: P>0.05) for all morphological characters except (g), where the critical value of a was adjusted to allow for signiﬁcant
heterogeneity of variances

ences are genetically ﬁxed which prevents phenotypic
modiﬁcation of transplants, vs (2) that phenotypically
plastic responses are canalised early in development
before the transplantation of individuals, cannot be
diﬀerentiated under these circumstances. In contrast, our
data clearly show that the thick, narrow morphology of
individuals at exposed locations, and the wide, thin
morphology of individuals at sheltered locations were
phenotypically plastic features that responded to local
environmental conditions.
Interestingly, the results of our transplant experiment
showed that individuals transplanted to the exposed site
underwent large and rapid changes in morphology,
which were consistent with an accommodation to high
wave exposure. However, the same response was not
evident for individuals transplanted to the sheltered site,
where plants continued to follow the trajectory of an
exposed morphology until much later in the experiment.
The increase in the stipe width of individuals transplanted to the exposed site, above and beyond that of
individuals transplanted within the exposed site, indicates an over-compensation response to the exposure
environment, which further highlights the rapid and
extreme response that plants may have to exposed conditions. Such a response was not apparent in individuals

transplanted to the sheltered environment, which
suggests that stressors typical of sheltered environments
(i.e. diﬀusion stress) may not be as inﬂuential as stressors typical of exposed environments (i.e. breakage,
dislodgement) in diﬀerentiating morphological characters between exposure environments, which has also
been suggested by Scott et al. (2001) and Jackelman and
Bolton (1990). Alternatively, exposed sites may represent particular kinds of stress (i.e. drag and breakage),
while sheltered sites may represent the absence or
relaxation of these stressors, as opposed to the presence
of new stressors. Gerard (1987) induced an ‘exposed’
blade morphology on cultured plants subjected to waveinduced water motion, and a ‘sheltered’ blade morphology on plants where such stress was absent. We are
not suggesting that sheltered environments do not aﬀect
algal morphology, but rather that stressors typical of
sheltered environments, such as nutrient stress and reduced gas exchange (Topinka and Robbins 1976; Norton et al. 1982; Hanisak 1983), may aﬀect morphology
under extremely low exposure conditions that were not
represented in our study.
In conclusion, variation in the morphology of E.
radiata exists across southern Australia (Wernberg et al.
2003; Fowler-Walker et al. 2005b) which we now

766

understand, at the scale of kilometres, can be driven by
the external environment. This study suggests that the
environmentally speciﬁc forms of E. radiata in wave
exposed and wave sheltered environments, at scales of
1–10 km, are the result of a plastic response to the
exposure conditions typical of the kelps native environment. The results also suggest that stressors typical
of sheltered environments (i.e. diﬀusion stress) may not
be as inﬂuential (if at all) compared to stressors typical
of exposed environments (i.e. breakage, dislodgement) in
diﬀerentiating morphological characters between exposure environments.
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