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Abstract An organism’s pattern of resource allocation to

reproduction and growth over time critically impacts on its

lifetime reproductive success. During times of low resource

availability, there are two fundamental, mutually exclusive

strategies of energy investment: maintenance of somatic

tissues to support survival and later reproduction or

investment into an immediate reproductive event at the risk

of subsequent death. Here, we examine energy allocation

patterns in the coral Montipora digitata to determine whether

energy investment during periods of resource shortage

favours growth or reproduction in a sessile, modular marine

species. We manipulated light regimes (two levels of

shading) on plots within a shallow reef flat habitat (Orpheus

Island, Great Barrier Reef, Australia) and quantified energy

uptake (rates of net photosynthesis), energy investment into

reproduction (ER), tissue growth per unit surface area (ET)

and energy channelled into calcification (EC). With declining

resource availability (i.e. reduced photosynthesis), relative

energy investment shifted from high (*80%) allocation to

tissue growth (ER:ET:EC = 11:81:8%) to an increasing

proportion channelled into reproduction and skeletal growth

(20:31:49%). At the lowest light regime, calcification was

maintained but reproduction was halted and thus energy

content per unit surface area of tissue declined, although no

mortality was observed. The changing hierarchy in energy

allocation among life functions with increasing resource

limitation found here for an autotrophic coral, culminating in

cessation of reproduction when limitations are severe, stands

in contrast to observations from annual plants. However, the

strategy may be optimal for maximising fitness components

(growth, reproduction and survival) through time in marine

modular animals.

Introduction

During its lifetime, every organism allocates available energy

in a series of physiological trade-offs that, in combination with

evolutionary trade-offs, determine its reproductive strategy.

Examples of strategic decisions that arise as a consequence of

these trade-offs and form part of an organism’s life history are

‘How often do I reproduce?’, ‘How much energy do I invest

into one reproductive event?’ and ‘How much do I grow before

puberty or between periods of reproduction?’ (Fisher 1930;

Williams 1966; Stearns 1989). Essentially, organisms invest

their energy in continuous trade-offs between somatic growth

(broadly including maintenance and defence) and reproduc-

tion, which in many species includes the possibility of asexual

reproduction (Nespolo et al. 2009). In a stochastic environment,

physiological trade-offs vary through time, reflecting variations

in resource availability (Fischer et al. 2011). An organism under

severe resource limitation will respond according to one of two

fundamental strategies of energy allocation: (1) increase

investment into reproduction in the short-term and subse-

quently risk death as vital resources are depleted or (2) maintain

somatic tissues to withstand a period of resource scarcity and
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acquire resources for reproduction later in life (e.g. Stearns

1989; Fischer et al. 2009). We define the term ‘energy alloca-

tion’ as the partitioning between the various investment options

(growth, sexual reproduction, defence) and the term ‘energy

budget’ as the sum of all fluxes of energy into and out of an

organism over a defined time period.

Experimental manipulation of resources has been used

widely as a tool to investigate energy allocation or, more

generally, life-history strategies of organisms (e.g. Calow

1987; DeAngelis and Gross 1992; Zera and Harshman

2001; Reekie et al. 2005; Gutow et al. 2007). When

resources become increasingly limiting, a general trend of

enhanced energy investment into survival at the cost of

reproduction can be observed in birds (Kaitala 1991),

insects (Ellers and van Alphen 1997) and isopods (Gutow

et al. 2007). However, once a critical threshold is reached

so that the probability of survival approaches zero, a ter-

minal reproductive effort is predicted (‘terminal investment

theory’, Velando et al. 2006), for which there is both

experimental and theoretical support (e.g. Stelzer 2001;

Fischer et al. 2009). Thus, a concave relationship between

resource availability and reproductive investment has been

predicted, with high investments in reproduction when

resources are either very low or abundant.

Most studies of energy allocation at various resource

levels have focused on small, unitary organisms with short

generation times and predominant sexual reproduction, for

example the water flea Daphnia sp. (Elendt 1989; Noon-

burg et al. 1998) and insects (Boggs 2009). For modular

organisms, such as reef corals or plants, frequent asexual

reproduction through fragmentation adds to the complexity

of their life-history trade-offs, because the cost of asexual

reproduction is generally lower than that of sexual repro-

duction (Maynard Smith 1971). Energy allocation in plants

is relatively well documented. For example, perennial

species reduce their investment into reproduction in

response to resource limitation, while annual species tend

to increase reproductive allocation under the same condi-

tions, which is in line with the theory of ‘terminal invest-

ment’ before death as described above (Chiariello and

Gulmon 1991). In cnidarians, most studies have concen-

trated on energy budgets rather than energy allocation

patterns (Edmunds and Spencer Davies 1986; McCloskey

et al. 1994; Riegl and Branch 1995; Edmunds 2007), some

focusing on energy acquisition and investment under dif-

ferent scenarios of resource availability (Goreau and

Goreau 1959; Stromgren 1987; Spencer Davies 1991;

Cullen and Lesser 1991; Anthony and Fabricius 2000).

None of these studies, however, formally examine strate-

gies of energy allocation to reproduction in cnidarians.

Most symbiotic reef corals rely on photoautotrophy as

their primary energy source (Muscatine 1990), although

heterotrophy may contribute a significant proportion of the

energy and nutrients acquired (Grottoli et al. 2006; Anthony

and Fabricius 2000). For species that rely predominantly on

autotrophy, such as M. digitata (Anthony 1999), their energy

uptake can be estimated comprehensively through mea-

surements of oxygen fluxes (i.e. respirometry; McCloskey

et al. 1978; Chalker et al. 1983) and their energy availability

manipulated effectively through alteration of the light

regime (Rogers 1979; Wellington 1982).

The determination of energy allocation patterns in corals

requires estimates of four pathways for energy investment:

(1) somatic growth and maintenance, (2) growth and

maintenance of reproductive tissues and gametes, (3) cal-

cification and (4) excretion. Skeletal growth (calcification)

is traditionally measured by direct measurements of linear

extension (Buddemeier 1976; Logan and Tomascik 1991;

Lough and Barnes 1997) or by measuring buoyant weight

(Spencer Davies 1989). Energy invested into tissue growth

can be measured based on estimates of surface area mul-

tiplied by the area-specific energy content of somatic tissue

(Anthony et al. 2002). Lipids constitute the primary ener-

getic component of coral tissue (e.g. Stimson 1987) and are

generally a good predictor of resource allocation to somatic

and reproductive tissues in corals (Leuzinger et al. 2003).

This measure inevitably correlates with egg size and

number, another commonly used approach to quantify

reproductive effort in corals (Ward and Harrison 2000).

The aim of this study was to determine how resource

allocation to growth and reproduction changes in response

to resource limitation (low light) in M. digitata, an abun-

dant intertidal reef coral on the Great Barrier Reef. Based

on the predicted concave relationship between resource

availability and reproductive investment, we test the spe-

cific hypothesis that colonies of M. digitata subjected to

resource limitation will decrease their ratio of reproductive

output to growth, as resources become scarce under

experimental regimes of reduced light. Understanding

energy allocation strategies under varying light regimes

(e.g. as a function of episodic turbidity following flood

events or cloud cover associated with rainy seasons,

Anthony et al. 2004) will provide insights into adaptive

strategies maintaining the key fitness components of a

perennial lifestyle of a modular marine invertebrate: that is

its lifetime reproductive success, growth and space

pre-emption of suitable habitat at a minimum risk of

mortality.

Materials and methods

Study species

Montipora digitata, a branching, locally abundant intertidal

reef flat coral, was selected because it forms large clonal stands
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and fragments naturally, making it ideal for experimental

manipulation (Bachtiar 1994; Stobart 1994). Furthermore,

because M. digitata relies predominantly on photoauto-

trophy as its energy source, experimental manipulation of its

light field is a good proxy for resource availability. It is

a broadcast spawner with one main spawning period in spring,

and a second, minor reproductive event after the full moon in

the southern autumn (Stobart et al. 1992).

Study site and period

The study site was located in an area of the intertidal zone

dominated by M. digitata in Pioneer Bay, which is adjacent

to Orpheus Island, in the Great Barrier Reef, Australia

(188350S, 1468200E). The experimental area was ca. 0.9 m

above lowest astronomical tide, and the highest tides

resulted in a water depth of about 3 m. Field manipulations

were conducted from November 2000 until November

2001. Laboratory-based components of the study (e.g.

respirometry) were carried out in holding tanks supplied

with flow-through seawater at the adjacent Orpheus Island

Research Station.

Manipulative field experiments

To investigate changes in the biochemical composition of

tissues of M. digitata in response to resource variation,

healthy colonies (n = 36) of an average size of 10 cm by

10 cm by 10 cm were exposed to one of the three different

light treatments: unshaded, half-shaded and shaded (12

colonies assigned to each light treatment). Colonies were

collected haphazardly from the study site, ensuring that

their sites of origin were [3 m apart to increase the like-

lihood that their genotypes differed. Each colony was

mounted on a plastic rack anchored on a terracotta tile

(20 cm by 20 cm), which was then carefully embedded in

rubble at each of 36 haphazardly distributed plots. To

manipulate light levels, twelve 80% shade cloths and 12

Laserlight
TM

screens (60 cm 9 60 cm) were fixed to metal

stakes and haphazardly distributed, together with 12

unshaded control plots, in the zone where M. digitata was

most abundant. Shade cloth and screens were cleaned

weekly to ensure constant light levels. Down-welling

irradiance in each of the plots approximated 50, 520 and

1,500 mmol photons m-2 s-1 under shaded, half-shaded

and unshaded conditions, respectively, as measured at one

metre depth on three different, cloudless days at around

noon, using a Li 192S cosine-corrected sensor connected to

Li 1000 logger (Licor, Nebraska, USA).

To determine skeletal growth rates, three separate

additional coral branches (approximately 10 cm long) were

placed adjacent to each of the 36 experimental colonies.

Each branch was fixed in a short piece of PVC tube and

wedged in place with a nylon screw (12 mm inner diam-

eter). The branch protruded by a few centimetres and was

attached next to the experimental racks. Only the living

part of the fragment ([8 cm) projecting beyond the edge of

the tube was measured. Buoyant weight (Spencer Davies

1989) was measured before the fragments were exposed to

the light treatments and then after 4 months. This period

comprised part of both the wet and dry seasons, although

previous studies have shown that growth rates of M. digi-

tata do not depend on either the season or reproductive

status (Heyward and Collins 1985). The plastic tubes and

associated dead parts of each branch were weighed sepa-

rately at the end of the study. The net increase in buoyant

weight (Wb) of the living part was converted to skeletal dry

weight (Wsk), using the relationship.

Wsk = 1.73 Wb, based on an experimental calibration for

5 branches (R2 [ 0.98). The means of the three replicates per

plot were used for the analyses of both linear extension and

skeletal dry weight. The conversion from differences in dry

weight (DWsk) to measures of energy investment was based

on Anthony and Fabricius (2000) and Anthony et al. (2002):

the precipitation of 1 mg of CaCO3 requires 5 lmol ATP

used for Ca2? uptake through proton exchange, equating to

0.152 J (Zubay 1983). The value was standardised to the

initial surface area (S1) and calculated for the experimental

period. Therefore, the energy invested into skeletal growth

(EC) for the four-month period was calculated as

EC = DWsk/S1 � 0.152 J mg-1.

Biochemical analysis

Changes in lipid weight per unit surface area and in lipid

composition during the experimental period were used as

proxies for both somatic and reproductive investment, with

changes between samples taken immediately before and

after spawning used as a measure of reproductive invest-

ment. A more detailed quantification of reproductive

investment would also require information on the number

of eggs per unit surface area. However, the assumption of a

linear relationship between tissue energy lost during

spawning and reproductive investment has been shown to

adequately describe reproductive investment (Leuzinger

et al. 2003). Sampling took place immediately before and

after the main spawning in November 2000 and 2001, as

well as in April 2001, immediately before the expected

minor spawning event. Fragments of approximately 10 cm2

were used for lipid analysis. To express lipids per unit

surface area, the area of live tissue was determined by

measuring length and diameter of each branch and calcu-

lating its area based on simple cylindrical or cone geom-

etries. Samples were then freeze-dried and ground to

powder using a mortar and pestle. The extraction technique

used was modified from the method described by Folch
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et al. (1957) and Harland et al. (1992), as described in

Leuzinger et al. (2003). A subset of samples (November

2000 after spawning, April 2001 and November 2001

before spawning) was used for protein and carbohydrate

analyses (protocols detailed in Leuzinger et al. 2003).

Samples from before and after spawning originated from

the same colonies. Use of lipid composition (neutral vs.

polar lipids) in post-spawning somatic tissues has not been

explored in corals, but there is evidence from studies of fish

that this ratio represents the relative composition of

reproductive versus structural lipids and thus functions as a

proxy for reproductive energy investment (Busalmen et al.

1995). Accordingly, the ratio of neutral to polar lipids

(hereafter called n:p lipid) was determined for samples

before and after spawning by the Department of Primary

Industries (DPI) Laboratory in Brisbane.

Respirometry experiments and monitoring

of light levels

To determine the rates of photosynthesis as a function of

irradiance (P–I curves) and rates of dark respiration, eight

colonies were collected haphazardly from plots within each

treatment (shaded, unshaded and half-shaded) after the

treatment had been in place for 5 months. Clark-type

oxygen electrodes (Cheshire Systems, Australia) were used

to measure O2 fluxes simultaneously in five 2.5-L cham-

bers (see Anthony and Hoegh-Guldberg 2003). The total

surface area of colonies placed in each chamber was

approximately 100 cm2. The flow rate through the cham-

bers was approximately 5 cm s-1. Chambers were sub-

mersed in running seawater to ensure a stable temperature

regime. Oxygen concentrations were measured with Clark-

type oxygen electrodes (Cheshire Systems, Adelaide,

Australia) and logged with a DataTaker50 (Chesterland,

Ohio, USA). Two metal-halide lamps (EYE, Japan, 400 W

each) provided light with a spectrum close to that of sun-

light. Light levels were increased by lowering the lamps

over the chambers in 9 steps (0, 50, 100, 200, 350, 500,

750, 1,000, 1,500 lmol m-2 s-1) and held constant at each

level for 20 min, during which the oxygen concentration

was logged in intervals of 10 s. Water temperature was

monitored continuously and remained within the range of

23–25�C. Chambers were continuously stirred and flushed

for 4 min after incubation at every light level. To control

for background oxygen fluctuations, one chamber was left

without a coral in every run, and all measurements were

corrected for background oxygen consumption/production

that occurred in it. The model used to describe the P–I

curves was the one most commonly used (Jassby and Platt

1976, Chalker 1981): Pnet = Pm tanh(I/Ik) ? R, where Pnet

expresses gross photosynthesis (Pm) plus respiration

(R, negative by convention), I the ambient light level and Ik

the light level where the initial slope of the curve intersects

the horizontal asymptote.

Oxygen flux was converted to energy units (Joules)

assuming that the evolution of 3 mol oxygen results in the

synthesis of 1 mol glycerinaldehyde-3-phosphate with a

combustion enthalpy of -1.467 J mol-1. Thus, Pnet (lmol

O2 cm-2 h-1) equates to 0.489 J cm-2 h-1 (=EPnet).

These values were divided by the photosynthetic quotient

(P/Q = 1.1, Muscatine 1990) but no further energy loss

was assumed, since the biosynthesis of lipid, protein and

carbohydrate from glycerinaldehyde-3-phosphate is highly

efficient and does not entail energy losses of more than 5%

(Withers 1992).

Environmental data

To provide long-term light records, irradiance was recorded

continuously on land using an upward pointing, cosine-cor-

rected light sensor (DataFlow PAR sensor) approximately

400 m from the experimental area in the field. The actual light

levels received by the colonies were estimated with the

equation for light extinction in water (Kirk 1994)

Iz = I0 e-zwc, where Iz is the light level at depth z, I0 the light

measured immediately below the water surface, c (mg l-1) the

particle concentration and w a coefficient relating the light

extinction to the particle concentration c (0.04 l m-1 mg-1).

I0 was calibrated for the different treatments from light mea-

surements that were made in the field.

Data analysis

To test the effect of the experimental light regimes on

tissue composition, skeletal growth, respirometry parame-

ters and the n:p lipid ratio, one-way ANOVAs were used

for each time window, followed by Tukey’s HSD tests for

post hoc comparisons. The effects of spawning on changes

in lipid, protein and carbohydrate levels were tested indi-

vidually using Student’s t tests for paired samples. Data

were log-transformed prior to analyses where assumptions

of homogeneity of variance and normality were violated.

The package ‘R’ (version 2.10.1, R Development Core

Team 2007) was used for all analyses.

Results

Somatic tissue composition

After 4 months of changed light regimes, lipid content was

150 and 50% higher in the unshaded (around 6 mg cm-2)

and half-shaded (around 4 mg cm-2) colonies, respec-

tively, in comparison with shaded colonies (2.4 mg cm-2)

(Fig. 1). After 12 months (immediately prior to the spring

180 Mar Biol (2012) 159:177–186

123



spawning event), lipid content of unshaded and half-shaded

colonies had increased to over 9 and 7 mg cm-2, respec-

tively, while shaded colonies remained at a consistently

low value of around 3 mg cm-2. Both protein and carbo-

hydrate levels remained unaffected by shading, varying

less than 20 and 12%, respectively, among light treatments

(Fig. 1).

Investment into reproductive output

Lipid content decreased dramatically following the spring

spawning in the years 2000 and 2001 in unshaded (control)

colonies (Fig. 1, paired t tests, P \ 0.001). Assuming no

other substantial losses occurred during this time, the

reproductive output in unshaded M. digitata calculated

from lipid loss approximated 2.6 and 3.8 mg cm-2, cor-

responding to 37 and 41% of its total tissue energy content

in the year 2000 and 2001, respectively. Half-shaded

colonies showed a decrease in lipid content of 20%

(P \ 0.001), and shaded colonies showed no significant

decrease in lipid content. None of the experimental colo-

nies participated in the predicted minor spawning in

autumn. Protein and carbohydrate content per unit surface

area of tissue did not change significantly following

spawning nor in response to shading, remaining around 2.5

and 0.25 mg cm-2 throughout the study (Fig. 1).

The ratio of neutral to polar (n:p) lipids was

2.5 ± 0.2 s.e. immediately after spawning in November

(no pre-spawning ratio available) and increased to

6.5 ± 0.6 s.e. in unshaded colonies after 4 months. In

contrast, the n:p ratio did not change after spawning in the

half-shaded colonies and decreased from 2.5 to

2.0 ± 0.3 s.e. in shaded colonies (Fig. 1). After 1 year,

shortly before the spring spawning event, there was a fur-

ther slight decrease in n:p ratios in both light treatments,

as well as in the control colonies, scaling linearly with

comparative patterns in reproductive investment (per unit

surface area) among treatments.

Skeletal growth

The mean increase in skeletal dry weight during the first

4 months of the treatment was reduced significantly in the

shaded (0.78 g ± 0.47 s.e.) compared to the unshaded

(2.64 g ± 0.32 s.e., one-way ANOVA, P \ 0.003) colo-

nies (Fig. 1). Investment into skeletal growth in half-

shaded colonies was intermediate but only significantly

different from fully shaded colonies.

Energy acquisition

Only maximum photosynthesis (Pm) differed significantly

between treatments: Pm was higher in unshaded colonies

than in shaded ones, which means that photosynthetic

efficiency was lower in the latter at light levels greater

than 1,000 lmol photons m-2 s-1 (Table 1). Maximum

Fig. 1 Temporal patterns in tissue chemistry, tissue energy content,

neutral to polar lipid ratio and gain in skeletal dry weight for unshaded

(open circles), half-shaded (grey circles) and shaded (black circles)

colonies of the shallow reef coral M. digitata at Orpheus Island over

1 year. Sample sizes are indicated at the bottom of each figure, except for

tissue energy content, which was calculated based on lipid, protein and

carbohydrate contents. Common lowercase letters denote treatment

groups that do not differ significantly at a given sampling time, as

determined by Tukey’s HSD tests. ns denotes non-significant differences

(at 5% level), either among treatments at a given sampling time or

between sampling times within a treatment group (letters in grey hatched
areas). P-values indicate differences, either among treatments or among

sampling times within a treatment (latter in grey hatched areas). The

effect of spawning on tissue composition was highly significant for lipid

content (P \ 0.001) but non-significant for carbohydrates and proteins
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photosynthesis Pm of half-shaded colonies did not differ

significantly from values of colonies in the other two light

treatments. Also, Ik and R did not vary significantly among

treatments (Table 1). Generally, the model Pnet = Pm tan

h(I/Ik) ? R provided an excellent fit to the data for all runs,

with R2 values between 0.95 and 0.99.

Energy allocation model construction

and parameterisation

In order to test our hypothesis that the relative amount of

energy channelled to reproduction decreases with

decreasing resource availability, we analysed data on

growth and reproduction using the simple model, Scope for

Growth (SfG), which describes the energy balance of an

organism (Warren and Davis 1967):

SfG ¼ Pnet þ H � L ð1Þ

where Pnet is the rate of net photosynthesis (including

respiration), H the rate of heterotrophic assimilation and

L the rate of energy loss through excretion.

SfG can be partitioned between energy investment into

skeletal growth, EC, tissue growth ET and reproduction, ER.

ET includes energy channelled into maintenance and stor-

age, which we will here consider part of tissue energy

investment. Expressing all terms in units of J cm-2 year-1,

we obtain

ESfG ¼ EPnet þ EH � EL ¼ EC þ ET þ ER: ð2Þ

The energy invested into skeletal growth, Ec, was

calculated based on the energetics of accumulating skeletal

dry weight (DWsk, see methods) and extrapolated to 1 year

(assuming constant skeletal growth across seasons).

To estimate energy invested into somatic tissue growth

(ET), we assumed that all of the energy content per cm2

could be attributed to somatic tissues, from which repro-

ductive products (ER) are drawn once yearly:

ET ¼ e2S2 � e1S1½ �=S1 � ER ð3Þ

where S is the colony surface area and e is the specific

energy content calculated from biochemical data (lipid,

protein and carbohydrate contents). Subscripts 1 and 2

denote at the beginning and end of the experimental period,

respectively. Energy investment into reproduction, ER, was

estimated directly from the difference in tissue energy

content before and immediately after the spawning in

November 2001.

Yearly net rates of photosynthesis (EPnet) were approx-

imated for each light treatment during a 4-month period

and extrapolated to 1 year taking variation in irradiance

among seasons into account (Anthony and Connolly 2004).

Treatment-specific O2 flux data were combined with light

data, tide tables and specific extinction properties of light

in water (methods section):

pn ¼
X12

m¼1

X24

h¼0

ðPm tanhðIt=IkÞ þ RÞ ð4Þ

where Pm (lmol O2 cm-1 h-1) is the maximal rate of gross

photosynthesis, Ik (lmol photons m-2 s-1) is the point of

light saturation and R (lmol O2 cm-2 h-1) is the rate of

respiration. Net rates of photosynthesis of colonies in the

unshaded, half-shaded and shaded treatments were esti-

mated based on the input of projected light levels for each

treatment. Heterotrophic energy acquisition (EH) was set

constant for all treatments at an average value of

50 J cm-2 year-1 (Anthony 1999). Excretion (EL) was not

estimated but accounts for some of the residual values as

discussed below.

Results of energy investment analyses indicate that the

energy available from photosynthesis was reduced by

almost 80% in half-shaded compared to unshaded control

colonies, and that shaded colonies had a negative energy

balance (Fig. 2). Of the energy available, the proportion of

energy allocated to reproduction versus tissue and skeletal

growth increased as resource availability decreased from

high (controls) to intermediate (half-shaded) levels (from

ER:ET:EC = 11:81:8 to 20:31:49%). However, as resource

availability decreased further between the half-shaded and

shaded treatments, the absolute amount of energy allocated

to reproduction decreased. At the lowest light level, energy

investment to skeletal growth was still substantial

(35 J cm-2 year-1), but tissue energy content decreased

and reproduction ceased.

Table 1 Ik, Pm and R-values of M. digitata after 4 months of altered light conditions on the reef flat of Orpheus Island

Unshaded Half-shaded Shaded P-level

Pm (lmol O2 cm-2 h-1) 2.62 ± 0.27a 1.99 ± 0.18b 1.87 ± 0.14b 0.037*

Ik (lmol m-2 s-1) 532.64 ± 44.51a 434.24 ± 39.48a 427.69 ± 61.64a 0.266ns

R (lmol O2 cm-2 h-1) -0.45 ± 0.03a -0.34 ± 0.04a -0.36 ± 0.07a 0.277ns

Mean values ± standard errors are shown in the left part of the table. Common lowercase letters indicate non-significant differences. One-way

Model I ANOVAs (right part of the table) testing the effect of light treatments (shaded, unshaded and half-shaded) on the parameters of the P–I

curve. N = 8 colonies. ns non-significant, *0.05 [ P [ 0.01
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Discussion

Energy allocation

Energy allocation to reproduction in the coral M. digitata

increased at intermediate levels of resource availability but,

in contrast to predictions of the terminal investment theory

(Velando et al. 2006), it ceased completely at the lowest

resource level. Thus, we found a convex rather than a

concave relationship between resource availability and

reproductive investment, a response pattern not observed

previously in marine modular organisms. Specifically, in

response to an 80% drop in photosynthetic energy,

M. digitata doubled the percentage of available energy that

it invested into reproductive tissue growth. However, at full

shading (representing severe resource limitation), invest-

ment into reproduction ceased and tissue energy content

shrank. Interestingly, skeletal growth continued at a low

rate, even when resources were severely limited. With

additional treatments, particularly between the ambient

(control) and intermediate (20% of ambient) light treat-

ments, an initial decrease in reproductive allocation with

reduction in energy availability might have been detected,

as has been found for insects (Kaitala 1991, Ellers and van

Alphen 1997). However, we did not observe a terminal

reproductive event (Velando et al. 2006), even when

energy budgets were negative (Fig. 2), although it should

be noted that no signs of mortality were detected

throughout the study. We hypothesise that the modular life

form of marine invertebrates like M. digitata may con-

tribute to the observed pattern of energy allocation. The

chance that at least some part of a colony may survive and

reproduce later may promote a strategy that prioritises

survival rather than an immediate reproductive event at the

cost of subsequent death of the whole colony. Because

growth and maintenance of somatic tissue increases the

potential for asexual reproduction, for example the poten-

tial for fragmentation, modular marine invertebrates are

likely to have evolved different patterns of resource allo-

cation under severe resource limitation than the unitary

(mostly) sexually reproducing animals in the studies cited

here.

Our study shows that skeletal growth is maintained,

even under conditions of severe resource limitation, a

pattern consistent with previous studies, which have shown

that skeletal growth is relatively cheap compared to tissue

growth in branching corals (Anthony and Fabricius 2000;

Anthony et al. 2002). Skeletal growth is an important

mechanism for extending scaffolding to support tissues and

for infilling spaces in branching corals (e.g. Barnes and

Chalker 1990). Maintaining this ability under low resource

availability means sustaining a key fitness component at

low cost. Energy allocation to tissue was more than 10

times higher than allocation to skeletal growth in unshaded

colonies, whereas in half-shaded colonies, tissue invest-

ment was merely 1.5 times higher than skeletal investment.

This almost seven times higher variation in tissue growth

as compared to variation in skeletal growth suggests that

skeletal growth is less susceptible to environmental
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variation. The same but less distinct pattern was previously

reported by Anthony and Fabricius (2000), who found

between 1.2 and 3 times higher variation in tissue invest-

ments than skeletal growth in shaded and unshaded

G. retiformis and P. cylindrica.

Our results indicate that sexual reproduction is traded

off in favour of skeletal growth in M. digitata. From our

energy allocation model, we infer that by growing 1 mm

less per year, an unshaded branch of 10 cm2 surface area

could increase allocation to yearly reproduction by

26.3 J cm-2. At a growth rate of about 25 mm per year,

this means that 4% less growth could result in a 21%

increase in reproductive output. However, asexual repro-

duction through fragmentation may counteract the need to

invest a larger proportion of energy into sexual reproduc-

tion. Overall, annual investment into sexual reproduction

of almost 50% of the energy content per unit surface area

of control colonies is comparable to earlier findings for

corals (62% for Pocillopora damicornis; Richmond 1987).

Control colonies that experienced ambient light levels

approximately trebled their n:p ratio (to 6.5) over

4 months, indicating significant investment into storage

lipids, such as reproductive products. The range of n:p

ratios reported here matches that found by Yamashiro et al.

(1999), who report values between 2 and 4 in whole-tissue

samples of 11 scleractinians. Declines in the ratio of neu-

tral (n) to polar (p) lipids in tissues of M. digitata following

periods of experimentally reduced resources clearly dem-

onstrate that this ratio is a good predictor of the physio-

logical status, as well as the reproductive activity, of coral

tissues. In contrast to the pattern of increased n:p lipid

ratios following spawning for unshaded colonies, the lack

of a significant difference in the ratios of colonies experi-

encing resource limitation suggests that M. digitata was not

able to rebuild its storage lipids after the November 2000

spawning in the low light treatment (Fig. 1). Our three

levels of resource availability enable us to develop the

following simple linear regression model between n:p

ratios (1.03, 2.18 and 3.80 for shaded, half-shaded and

unshaded colonies, Fig. 1) and corresponding reproductive

investments (0, 50 and 141 J cm-2 year-1): Erep =

-56.08 ? 51.25 9 n:p ratio. This relationship suggests

that an n:p threshold ratio of around 1.5 is required before

M. digitata is able to reproduce. The generality of this

relationship, which is based on only three levels of resource

limitation and one single species, merits further study for

other coral species over a wider spectrum of resource

limitation.

Energy acquisition

Yearly net photosynthesis (EPnet, measured in J cm-2),

obtained by extrapolating data measured during the four-

month study, resulted in a positive energy balance in

both unshaded and half-shaded colonies, but a highly

negative one in the shaded treatment. The energy

acquisition of unshaded colonies (2,032 J cm-2 year-1)

is approximately twofold higher than the values reported

by Anthony and Fabricius (2000) for the corals

Goniastrea retiformis and Porites cylindrica (between

900 and 1,200 J cm-2 year-1 of fixed carbon) in a range

of experimental light and sediment treatments. Thus,

M. digitata is comparatively well-adapted to acquire its

energy almost exclusively and effectively through

photoautotrophy under ambient reef flat (i.e. high) light

levels. The negative energy balance of the shaded col-

onies was surprising and shows that one or several terms

of the energy budget were over—or underestimated—

given that these colonies continued to invest into skeletal

(and therefore tissue) growth. Even on clear days with

the highest irradiance levels, net oxygen turnover was

always negative for the shaded treatment. Possibly, the

dark respiration measured and assumed to remain con-

stant during the day was overestimated. This could have

been due to handling stress of the colonies during the

respirometry experiments, as suggested by Anthony and

Fabricius (2000). Another explanation is that the light

levels measured in the field were underestimated because

of the large amount of refraction of light occurring in

water. Deficit budgets have been reported previously in

cnidarians (Tytler and Spencer Davies 1986; Spencer

Davies 1991); however, in the latter study, the deficit

could be fully compensated for by depletion of storage

reserves from days with high light levels. Here, resources

drawn from the shrinking tissue could not compensate

wholly for the deficit.

In conclusion, in the reef coral M. digitata, the ratio

of energy allocated to reproduction versus growth as a

function of declining resources follows a concave curve,

with a maximum at intermediate resource availability.

This pattern stands in contrast to results from studies on

unitary organisms. Our results highlight the need for a

more detailed theoretical framework of resource alloca-

tion that accounts for the modular nature and high

potential for asexual reproduction of sessile marine

invertebrates. Experimental studies with more levels of

resource limitation will provide further insights into how

the ratio of energy channelled to reproduction versus

growth varies with declining resources in modular mar-

ine organisms.
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