


functional demands (by convergence or parallelism), then
spatial or temporal variation in those demands could also
select for similarities in the plastic expression of those traits
(Hodin, 2000; Meinzer, 2003). In such cases, has plasticity
in trait expression also evolved convergently?

A classic example of adaptive developmental plasticity
involves the larval morphology of several species from the
echinoderm class Echinoidea (Boidron-Metairon, 1988; Fe-
naux



tions, and we standardized arm measurements relative to
age and size, to address the following questions. (1) Do
ophioplutei in Macrophiothrix show adaptive plasticity of
skeletal growth? (2) Is the timing or magnitude of plastic
expression comparable to what has been measured for echi-
noid larvae? (3) Does standardizing arm length relative to
body size aid the detection of plasticity in a developing
trait? (4) Do larvae from species with smaller eggs show
greater plasticity than those from species with larger eggs?

Materials and Methods

Adult brittlestars were collected from reefs near the Liz-
ard Island Research Station (LIRS), Queensland, Australia,
and maintained in covered tanks with flowing seawater.
Spawning was induced in females by a combination of
physical stresses (Selvakumaraswamy and Byrne, 2000;
Allen and Podolsky, unpubl. data) and in males by injecting
a trace volume of 0.5 M KCl into the body cavity. Average
volumes of eggs of the four congeners—Macrophiothrix
koehleri Clark, M. lorioli Clark, M. longipeda Lamarck, and
M. rhabdota Clark—span a 3.8-fold range (Table 1). Larvae
of the three species with smaller eggs require particulate
food and 3 to 4 weeks to complete metamorphosis, whereas
those of M. rhabdota are facultative feeders that develop



feeding treatments, each container received a single type of
alga, usually Dunaliella tertiolecta (CSIRO strain CS-175)
but in a few cases Isochrysis sp. (both from DPI, Cairns,
Australia). We assumed that regardless of food type, larvae
fed a high ration would have better nutrition than those fed
a low ration; in previous work, the nutritional quality of
food types did not strongly affect the degree of larval
plasticity (Klinzing and Pechenik, 2000). Algae were cul-
tured at room temperature in autoclaved seawater enriched
with a modified Guillard’s f/2 medium (Florida Aqua
Farms, Inc.) and were resuspended in fresh seawater before
measurement and use.

Because larvae were reared for use in various other
experiments, feeding levels and measurements differed
somewhat among crosses reported here. Five crosses had
larvae divided into cultures that received 10 (H), 1 (M), or
0.1 (L) algal cells per microliter (high, medium, and low,
respectively). In nine other crosses, cultures received either
7.5 (H) or 0 (L) cells per microliter. Both H levels are well
above saturating food concentrations, whereas both L levels
are insufficient to complete development (Strathmann,
1971; Hart, 1996; Sewell, 2004). Nevertheless, even unfed
larvae can express plasticity (Boidron-Metairon, 1988) and
develop beyond the period when plasticity is expressed. In
feeding treatments, food was added to containers daily,
starting 24 h after fertilization, and water was changed every
other day. Information was collected for six independent
crosses of M. koehleri, five of M. lorioli, two of M. longi-
peda, and one of M. rhabdota. For convenience, cross IDs
are abbreviated with the first three letters of the specific

epithet and a number (e.g., koe4). Details for all crosses are
summarized in Table 2.

Larval measurement and analysis

We removed 5 to 10 larvae from each container (Table 2)
on a series of days (see Results) for measurements of larval
morphology. Larvae were immobilized using a highly dilute
formalin solution and mounted under a coverslip elevated
by clay feet. Viewing the slides under magnification, we
made camera lucida drawings of seven skeletal landmarks
on the right side of each larva, and for some cultures,
soft-tissue measurements of body length (BL, the posterior
end to the tissue bridge between AL arms or PO arms) and
stomach width (SW; see Fig. 1). Lengths of individual arm
and body rods were reconstructed in three dimensions using
the x and y coordinates from the drawings and z coordinates
obtained from a rotary encoder coupled to the fine focus
knob of the microscope (McEdward, 1985). The seven
landmark coordinates allowed measurement of the lengths
of five skeletal elements (PL, AL, PD, PO, BR) as described
above. In two years we lacked the capacity to reconstruct
larval measurements in three dimensions. For those cultures
we recorded ocular micrometer measurements of the sum
PL � BR, as well as of body length, which each lie within
a plane of focus. Fed cultures of M. rhabdota began to
metamorphose by day 5 and are not included in measure-
ments.

We evaluated PL arms separately from the sum AL �
PO � PD because (a) PL arms dominate skeletal growth;

Table 2

Summary of conditions for crosses used in Macrophiothrix plasticity experiments, including food type, food levels, arms and body dimensions
measured, number of containers maintained per treatment, and number of larvae measured per container at each time point

Species
Cross

ID
Start
date

Food
type

Food level
(cells �l�1)

Arm measures
Body

measures

Number
of

containers
Measures

(cont day)�1H M L

M. koehleri koe1 10.25.99 D 7.5 0 PL � BR BL 2 10
koe2 12.17.00 D 7.5 0 PL � BR BL,SW 1 10
koe3 12.20.00 D 7.5 0 PL � BR BL,SW 1 10
koe4 12.10.01 D 10 1 0.1 PL,AL,PO,PD BR 2–3 5
koe5 12.24.01 I 10 1 0.1 PL,AL,PO,PD BR 2 5
koe6 01.20.02 I 10 1 0.1 PL,AL,PO,PD BR 2 5

M. lorioli lor1 11.29.00 D 7.5 0 PL � BR BL,SW 1 10
lor2 12.08.00 D 7.5 0 PL � BR BL,SW 1 10
lor3 12.09.00 D 7.5 0 PL � BR BL,SW 1 10
lor4 11.30.99 D 7.5 0 PL � BR BL 1 10
lor5 01.07.02 I 10 1 0.1 PL,AL,PO,PD BR 2 5

M. longipeda lon1 12.21.00 D 7.5 0 PL � BR BL,SW 2 5
lon2 02.20.03 D 10 1 0.1 PL,AL,PO,PD BR,BL,SW 2 5

M. rhabdota rha1





did not have a significant effect on BR in any cross



than in high-fed (H) cultures—a pattern that is consistent
with adaptive plasticity of arm growth under low food
conditions (Fig. 2). This treatment difference in growth
rates was rapidly reversed as development continued. In all
other cultures, PL � BR growth was initially similar at the
two food levels or was more rapid in H cultures throughout
development. One of the six comparisons of the summed
length of anterolateral, posterodorsal, and postoral arm rods
(AL � PD � PO), again involving koe4, showed evidence
of significant adaptive plasticity (Fig. 2).

When treatment differences in PL � BR were analyzed
controlling for body size, adaptive plasticity was detected in
one (lon2) of six comparisons for which we had measure-



yielded significant plasticity in AL � PD � PO, the max-
imum plasticity expressed was 20%.

The need to pair cultures from distinct crosses as repli-
cates in some cases may have resulted in a loss of our ability
to resolve plasticity. For example, on one or two days, lon1

(which lacked a comparable cross and thus was not ana-
lyzed), lor2, and lor3 individually showed evidence of plas-
ticity—albeit under risk of pseudoreplication—not shared
by the cultures with which they were paired for the analysis.
Similarly, in lor1 and lor3 individually, PL � BR lengths





waters (e.g., this study; Boidron-Metairon, 1988; Eckert,
1995) and some of the highest are from cold temperate
waters (e.g., Boidron-Metairon, 1988; Hart and Scheibling,
1988), there are exceptions and the number of current ex-
amples is too small to adequately test this idea. Comparison
between close relatives that occupy planktonic larval habi-
tats with different patterns of productivity (Lessios, 1990)
could provide a powerful test.

Our ability to quantitatively compare results among
studies was complicated by variation in culture methods,
measurements, statistical approaches, and genetic repli-
cation. Studies have used treatments with different food
levels, larval densities, and feeding schedules—for ex-
ample, using identical food additions at different frequen-
cies versus different food additions at identical frequen-
cies—that create variable patterns of food concentration
as particles are grazed. Each of these factors affects the
temporal variance in food supply, which can alter larval
form independent of average feeding conditions (Miner
and Vonesh, 2004). Studies have used different measure-
ment schedules and statistics, making it difficult to com-
pare, for example, the size of the window of plastic
expression. Finally, studies have not consistently repli-
cated results across male-female pairs. Acknowledging
that studies ask different questions, we recommend that
future research on plasticity in marine invertebrate larvae
(1) minimize or control temporal variation in food levels
within treatments, (2) establish in preliminary work
which body size covariates change most consistently
during growth and (3) use these as covariates in statistical
analyses, and (4) replicate male-female crosses in con-
trolled breeding designs to better estimate the contribu-
tion of genetic variance to plastic expression. Severe
logistical constraints on the reliability of spawning
and fertilizing Macrophiothrix females (Allen and Podol-
sky, unpubl. data) kept us from achieving some of these
goals.
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