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Abstract Giant clams form a symbiosis with photosyn-

thetic algae of the genus Symbiodinium that reside in clam

mantle tissue. The allometry of symbiont photosynthetic

performance was investigated as a mechanism for the

increasing percentage of giant clam carbon respiratory

requirements provided by symbionts as clam size increases.

Chlorophyll fluorescence measurements of symbionts of

the giant clam Tridacna maxima were measured during

experiments conducted in September of 2009 using speci-

mens 0.5–200 g tissue wet weight (3–25 cm long), col-

lected from waters around southern Taiwan (N 21�360, E

120�470) from July to August of 2009. Light-dependent

decreases in effective quantum yield (DF/Fm
0) calculated

as the noontime maximum excitation pressure over PSII

(Qm), relative electron transport rates (rETR), and dark-

adapted maximum quantum yield (Fv/Fm) all varied as a

quadratic function of clam size. Both Qm and rETR

increased as clam size increased up to *10–50 g then

decreased as clam size increased. Fv/Fm decreased as clam

size increased up to *5–50 g then increased as clam size

increased. Chlorophyll fluorescence measurements of

rETR were positively correlated with gross primary pro-

duction measured during chamber incubations. Overall,

symbionts of mid-sized clams *5–50 g exhibited the

highest light-dependent decreases in effective photosyn-

thetic efficiencies, the highest relative electron transport

rates, and the lowest maximum photosynthetic efficiencies,

and symbiont photosynthetic performance is allometric

with respect to host clam size.

Introduction

Endosymbiotic relationships between invertebrates and

unicellular algae are common on coral reefs and can be

found in reef-building corals, soft corals, sponges, anem-

ones, and giant clams (Trench 1993; Venn et al. 2008). All

ten species of giant clams (family Tridacnidae, genera

Tridacna and Hippopus) contain symbiotic photosynthetic

algae of the genus Symbiodinium (Jeffrey and Haxo 1968),

which reside intercellularly within a special tubular system

in the exposed mantle tissue connected to the stomach

(Norton et al. 1992). Symbiodinium (hereafter referred to as

symbionts) are obtained by juvenile giant clams via hori-

zontal transfer from the water column through filter feeding

(Fitt and Trench 1981). Giant clams obtain nutrients

through both phototrophic and heterotrophic pathways:

they acquire glucose from their symbionts (Ishikura et al.

1999) and continuously filter feed phytoplankton and other

similarly sized particles from surrounding water (Klumpp

et al. 1992; Hawkins and Klumpp 1995). This combination

of phototrophic and heterotrophic pathways is thought to

be the reason why giant clams have fast growth rates

compared with other bivalves (e.g. Klumpp and Griffiths

1994) and thrive in the oligotrophic waters of coral reefs,

even forming reefs composed mainly of giant clams

(Andrefouet et al. 2005).

Despite retaining complete functional filter feeding and

digestive systems typical of other heterotrophic bivalves
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(Morton 1978; Reid et al. 1984), giant clams rely heavily

on their symbionts that can provide over 100% of a giant

clam’s carbon respiratory requirements and provide an

increasing percentage of these requirements as the clam

grows in size, with the exact proportions varying from one

clam species to another (Fisher et al. 1985; Klumpp et al.

1992; Klumpp and Griffiths 1994; Klumpp and Lucas

1994). Similarly, the percentage of clam nitrogen require-

ments for growth and metabolism provided by symbionts

increases as clam size increases (Hawkins and Klumpp

1995). Defining allometry as the non-linear scaling of a

morphological or physiological characteristic with body

size, and isometry as the linear scaling of a characteristic

with body size, the symbiont contribution to giant clam

respiratory and metabolic requirements increases allomet-

rically as clam size increases.

Mechanisms causing this size-dependent shift in sym-

biont contribution are unknown but are possibly attributed

to the allometry of giant clam physiology and symbiont

photophysiology. Giant clams have fewer symbionts per

unit clam biomass as they increase in size (Fisher et al.

1985; Fitt et al. 1993; Griffiths and Klumpp 1996), while

the concentration of the photosynthetic pigment chloro-

phyll a within these symbionts does not change as a

function of clam size (Griffiths and Klumpp 1996). As

such, fewer symbionts are contributing increasingly higher

proportions of clam respiratory requirements, and it is

possible that changes in symbiont photosynthetic perfor-

mance are responsible for this allometric relationship.

A previous study used chamber incubations to determine

photosynthesis (gross oxygen evolution per symbiont)

decreased allometrically as clam size increased in Tridacna

gigas (Fisher et al. 1985), but only tested a portion of the

full size range of T. gigas (1–38 cm, when their maximum

size is 137 cm (Rosewater 1965)), and only measured

photosynthesis under one relatively high irradiance level

(1,000 lmol photons m-2 s-1). To complement the results

of Fisher et al. (1985), we examined the photosynthetic

performance of giant clam symbionts across the entire size

range of the small giant clam T. maxima under various light

conditions. We used a different approach, chlorophyll

fluorescence analysis, to measure photosynthetic perfor-

mance as the efficiency of photosystem II photochemistry

and relative electron transport rates.

Chlorophyll fluorescence is the re-emission by chloro-

phyll of absorbed light as light of a longer wavelength and

increases when there is a decrease in the amount of

absorbed light energy that is used for photosynthesis or

dissipated as heat (for reviews on the theoretical back-

ground, techniques, and applications of chlorophyll fluo-

rescence see Maxwell and Johnson (2000) and Schreiber

(2004)). Chlorophyll fluorescence yields measurements of

photosynthetic performance and efficiency (defined here as

the efficiency of PSII photochemistry), and several studies

have found significant correlations of chlorophyll fluores-

cence with rates of net primary production for algae (Beer

et al. 2000) and corals (Hoogenboom et al. 2006), and with

rates of gross primary production for giant clams (Jantzen

et al. 2008).

Chlorophyll fluorescence, or simply fluorescence, can

easily be measured using pulse amplitude modulated

fluorometers (PAM) that function by emitting light of a

certain wavelength and measuring the amount of light

re-emitted at longer wavelengths. Several studies have used

portable fluorometers to investigate the photosynthetic

performance of giant clams (Elfwing et al. 2002; Elfwing

et al. 2003; Jantzen et al. 2008; Richter et al. 2008) and

have confirmed that fluorescence measurements can reveal

differences in photosynthetic performance under different

environmental conditions and between species (e.g. Elf-

wing et al. 2003; Jantzen et al. 2008). Each of these studies

focused on one size of giant clam, ranging from 14 to

16 cm long for T. gigas (Elfwing et al. 2002, 2003) to 11 to

12 cm long for T. maxima and T. squamosa (Jantzen et al.

2008). As such, size dependency in chlorophyll fluores-

cence has not been tested for giant clams. We used chlo-

rophyll fluorescence measurements of the efficiency of

photosystem II photochemistry and relative electron

transport rates to determine the photosynthetic perfor-

mance of giant clam symbionts across the size range of the

small giant clam T. maxima under various light conditions.

Materials and methods

Investigated specimens

Specimens of the small giant clam, Tridacna maxima, were

collected at water depths of 3–10 m from fringing coral

reefs around southern Taiwan (N 21�360, E 120�470) from

July to August of 2009. This species of giant clam is

commonly found on reefs worldwide as it has the widest

geographic distribution within its family (Rosewater 1965).

Collected clams ranged from 3 to 25 cm in shell standard

length (the maximum anterior-posterior distance excluding

scutes), equivalent to 0.5–200 g tissue wet weight (n = 25

total). The average maximum length of this species is

*25–30 cm (Rosewater 1965), so specimens we collected

spanned the entire size range from juveniles to mature

adults. Experiments ran in September of 2009 at the

National Museum of Marine Biology and Aquarium,

Taiwan, ROC. Clam shells were cleaned with a brush to

remove all epibionts prior to measuring total standard

length and were cleaned again immediately prior to any

experimental measurements. To avoid killing all speci-

mens, a few additional clams of various sizes were
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collected and dissected to determine the following power

relationship between standard length in cm (L) and tissue

wet weight in g (W): W = 0.0128 L3.0374 (n = 9,

r2 = 0.98). Using this relationship, lengths were converted

to tissue wet weight which we used to represent giant clam

size in our analyses.

Immediately after collection, clams were placed in

280-L (182 9 59 9 38 cm, length 9 width 9 height),

flow-through outdoor tanks in which the entire volume was

replaced every 30 min. Clear plastic roofing reduced nat-

ural light levels by *40% to minimize water temperature

fluctuations. The mean maximum photosynthetically active

radiation (PAR) experienced by the clams, as measured at

noon over the course of a week with an LI-192 underwater

quantum sensor (LI-COR, USA), was 654 ± 148 lmol

photons m-2 s-1 (±SE) (n = 7). Tank temperatures,

monitored with HOBO pendant loggers (Onset, USA)

every 5 min, varied from 29.9 ± 0.3�C during the day to

29.6 ± 0.2�C at night (± SE, n = 620). No additional

food was provided beyond the natural amount in the

unfiltered seawater flowing into the tanks. Clams were kept

in these conditions ranging from 2 to 6 weeks, depending

on their collection date, prior to any measurements to allow

full acclimatization of symbionts to this light environment

(Anthony and Hoegh-Guldberg 2003).

Fluorescence measurements

We used a submersible pulse amplitude modulated fluo-

rometer (Diving-PAM; Walz, Germany) to measure the

photosynthetic performance of symbionts of T. maxima. A

simplified version of the Universal Sample Holder for the

Diving-PAM (DIVING-USH; Walz, Germany) was used to

access mantle tissue at a standardized distance of 1 cm

without touching the sensitive tissue. Once the probe of the

Diving-PAM was in place, we verified that clams main-

tained their mantle tissue expanded past the shell edge for

at least 30 s before any measurements were taken. Only

mantle tissue that was expanded and parallel to the surface

of the water was sampled. Two types of measurements

were taken with the Diving-PAM: PSII quantum yield

(effective quantum yield, DF/Fm
0, and maximum quantum

yield, Fv/Fm) and relative electron transport rates (rETR) as

part of rapid light curves (RLCs). To obtain optimal fluo-

rescence signals, the Diving-PAM was set to emit a satu-

rating pulse of white light [5,000 lmol photons m-2 s-1

for 0.8 s, with settings for measuring light intensity and

gain set to 12 and 7, respectively.

Quantum yield

Effective PSII quantum yield is a dimensionless ratio given

by the equation: DF/Fm
0 = (Fm

0 - F)/Fm
0; where Fm

0 is

the maximum fluorescence yield in the current light state,

and F is the steady state fluorescence yield in this light

adaptation state, monitored briefly before the saturation

pulse (Genty et al. 1989). Maximum PSII quantum yield,

Fv/Fm, is the quantum yield from a dark-adapted sample.

These ratios of effective and maximum quantum yield

measure the efficiency of photosystem II photochemistry as

the proportion of light absorbed by photosystem II that

is used for photosynthesis (Maxwell and Johnson 2000;

Enrı́quez and Borowitzka 2010).

We measured effective PSII quantum yield (DF/Fm
0) of

clams in the tanks on a cloudless day at 2.5-h intervals over

a 12-h period, from 0700 to 1900 h on 1 September 2009.

During each sampling period, between 3 and 5 measure-

ments for each clam (1 to 2 measurements for the smallest

clams \5 g tissue wet weight) were recorded from differ-

ent areas of expanded mantle tissue and averaged for each

clam at each sampling period following methods by Jant-

zen et al. (2008). PAR (in lmol photons m-2 s-1) was

simultaneously recorded during each DF/Fm
0 measurement

using the Diving-PAM light sensor calibrated to an LI-192

underwater quantum sensor (LI-COR, USA). To test

whether log-transformed tissue wet weight and/or PAR

were significant predictors of DF/Fm
0, we performed a

multiple regression of these two variables against DF/Fm
0,

added second- and third-order terms for wet weight to the

multiple regression, and used AICc to choose the most

parsimonious model using R version 2.12.1 (R Develop-

ment Core Team). AICc, or second-order Akaike infor-

mation criterion, is a model selection metric where a model

with the lowest AICc score is considered the best

approximation for the data (Burnham and Anderson 2002).

We calculated the noontime reduction of DF/Fm
0, or

maximum excitation pressure over photosystem II (Qm), as

Qm = 1 - (noontime DF/Fm
0)/(Fv/Fm at dusk) (Iglesias-

Prieto et al. 2004). Values of DF/Fm
0 at dusk (1900 h) are

considered Fv/Fm because of low light levels

(PAR \ 45 lmol photons m-2 s-1). As calculated here,

Qm serves as a proxy for non-photochemical quenching

(NPQ), or the dissipation of light energy as heat, and Qm

values close to zero suggest photosynthetic rates are light

limited while values close to 1.0 suggest photoinhibition

(Iglesias-Prieto et al. 2004). To test whether Qm varied with

clam size, we again used R version 2.12.1 (R Development

Core Team) to regress Qm against log-transformed wet

weight, adding second- and third-order terms for wet

weight to the regression and using AICc to choose the most

parsimonious model (Burnham and Anderson 2002).

Rapid light curves

We converted effective PSII quantum yield to relative elec-

tron transport rates (rETR, in lmol e- m-2 s-1) using the
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following equation: rETR = DF/Fm
0 9 PAR 9 0.5 9 A;

where PAR is the photosynthetically active radiation (in

lmol photons m-2 s-1), 0.5 represents the assumed equal

distribution of electrons between photosystem II and pho-

tosystem I, and A is the light absorptance or fraction of

light absorbed by the sample (clam tissue). The light

absorptance for giant clams has not been determined, so we

assumed a light absorptance of 1 throughout our mea-

surements. Resulting calculated rETRs are approximations

of the rate of electrons pumped through PSII, and changes

in rETR reflect relative changes in photosynthetic rates

(Enrı́quez and Borowitzka 2010). We measured rETR by

conducting rapid light curves.

We conducted a rapid light curve (RLC) for each giant

clam on 4 September 2009. Rapid light curves are rETR

versus PAR and illustrate a sample’s capacity to acclimate

to a series of short light steps. In a RLC, the rETR mea-

sured at each light step indicates the actual state of pho-

tosynthetic electron transport compared to traditional P–I

curves that illustrate the optimal steady state of photosyn-

thesis at each light condition (Ralph and Gademann 2005).

RLCs are generated by emitting eight consecutive flashes

of artificial (‘‘actinic’’) light of increasing intensity every

10 s, plus an initial measurement of photosynthetic yield

recorded at ambient light before the light flashes begin. The

actinic light levels were 300, 463, 657, 881, 1,293, 1,729,

2,559, and 3,667 lmol photons m-2 s-1 as measured by

the Diving-PAM light sensor calibrated to an LI-192

underwater quantum sensor (LI-COR, USA). Because

RLCs for 25 clams could not be conducted within a short

time frame, clams were taken a few at a time from outdoor

holding tanks and dark adapted for 30 min in similar tanks

in a dark room prior to performing RLCs, in order to

reduce the confounding effect of recent light history. The

resulting dark-adapted rETR measurements represent the

maximum rETR for PSII photochemistry at each light level

(White and Critchley 1999). The initial measurement of

photosynthetic yield at ambient light is dark adapted

maximum quantum yield (Fv/Fm). We tested whether

Fv/Fm changed as a function of clam size by regressing

Fv/Fm against log-transformed wet weight, adding second-

and third-order terms for wet weight to the regression, and

using AICc to choose the most parsimonious model

(Burnham and Anderson 2002) using R version 2.12.1

(R Development Core Team).

A standard rectangular hyperbola with an asymptotic

maximum rETR value was fitted to an RLC generated for

each clam using MATLAB 7.6.0.324 with Statistics

Toolbox 6.2 (MathWorks, USA): rETR = rETRmax

(1-e-(a*PAR/rETRmax)); where rETRmax is the maximum

rETR at saturating light, PAR is irradiance, and a is the

initial slope of the RLC before the onset of saturation

(Ralph and Gademann 2005). There are two main

parameters of these curves: rETRmax (in lmol e- m-2 s-1)

provides an estimate of the maximum electron transport

rate achievable for each clam, and a (initial slope; change

in rETR for a given change in PAR) indicates the maxi-

mum photochemical conversion efficiency. Because only 8

out of 25 RLCs reached saturation, we could not accurately

extrapolate to rETRmax. Instead we compared values of

rETR at the ecologically relevant irradiance level of

1293 lmol photons m-2 s-1, which is the maximum irra-

diance level experienced by giant clams in their natural

habitat (Buck et al. 2002; Jantzen et al. 2008). Similar

methods were employed by Fisher et al. (1985) who

measured P–I curves for T. gigas that did not saturate at

2,000 lmol photons m-2 s-1 (approximate maximum

noontime irradiation) and subsequently compared gross

primary production at 1,000 lmol photons m-2 s-1. To

determine whether the RLC of each clam varied as a

function of clam size, we regressed the parameter a, and

rETR values at 1,293 lmol photons m-2 s-1 (hereafter

rETR1293), against log-transformed tissue wet weight,

added second- and third-order terms for wet weight to each

regression, and used AICc to choose the most parsimonious

model (Burnham and Anderson 2002) using R version

2.12.1 (R Development Core Team).

Chamber incubations

In a separate experiment, we measured photosynthetic

performance using the Diving-PAM simultaneously with

rates of net primary production using chamber incubations

to test the relationship between photosynthesis measured

from two different methods. Two cylindrical acrylic incu-

bation chambers of approximately 330 mL in volume were

constructed for the smallest clams (\5 g, n = 4). Cham-

bers were equipped with pH/Oxi340i probes that auto-

matically recorded temperature, pH, and dissolved oxygen

concentrations every 5 s (WTW, Germany). Incubation

chambers were kept in flow-through outdoor tanks similar

to clam holding tanks, in which the entire volume was

replaced every 7 min, maintaining the temperature of the

incubation chambers at 29.5 ± 0.3�C (±SE), as monitored

by HOBO pendant loggers (Onset, USA). Tanks were kept

under clear plastic roofing exactly like the system used for

fluorescence measurements, minimizing water temperature

fluctuations by limiting PAR to a maximum of

654 ± 148 lmol photons m-2 s-1 (±SE) at noontime.

Prior to being placed in a chamber, clams were brushed

to remove epibionts that accumulated since the original

cleaning and rinsed with seawater filtered to 0.45 lm.

Within the chamber, clams were placed on a small platform

with a magnetic stir bar underneath and the entire chamber

was placed on top of a waterproof magnetic stirrer to

ensure the water in the chamber was well mixed. Cleaned

Mar Biol

123



clams were placed in chambers 5 min prior to each trial to

allow clams time to expand their mantle tissues and were

taken out of the chambers immediately after each trial.

Each clam was placed in a trial between 1 and 3 times

within a 24-h period. Each trial ran for 40 min, and fresh

seawater filtered to 0.45 lm was used to rinse and then fill

the chambers for each trial.

Net primary production (NPP) was measured as

increases in dissolved oxygen during daytime incubations,

with trials taking place throughout the day each paired with

3–4 fluorescence measurements of DF/Fm
0, rETR, and PAR

recorded immediately before each trial using a Diving-

PAM and its calibrated light sensor. Respiration rates

(R) were measured as decreases in dissolved oxygen

starting at various times at least 1 h after sunset. Daytime

and nighttime respiration have been found to be similar for

giant clams (see Klumpp et al. 1992), so gross primary

production (GPP) for each daytime trial can then be cal-

culated as GPP = NPP ? R, where R is the average of all

respiration rates measured for a given clam. Each clam was

placed in each incubation chamber for measurements of

both NPP (2 trials clam-1) and R (2 to 3 trials clam-1).

Clam-free controls were run at night and during the day for

each chamber, and photosynthesis and respiration rates from

each trial were corrected with the oxygen consumption of

control trials for the corresponding chamber. Temperature and

pH did not vary substantially for any given trial (temperature:

30.5 ± 0.1�C; pH: 8.22 ± 0.01 (±SE)). Oxygen levels did

not fall below 80% for respiration trials and did not exceed

135% for photosynthesis trials.

We regressed GPP, NPP, and R against log-transformed

tissue wet weight to illustrate the allometry of primary

production and respiration. To test the relationship between

photosynthesis measured by fluorescence and via chamber

incubations, we used correlation followed by Model II

regression on rETR against GPP, and also on NPP and

DF/Fm
0 against PAR. These statistical analyses were per-

formed using MATLAB 7.6.0.324 with Statistics Toolbox

6.2 (MathWorks, USA).

Results

Quantum yield

The small giant clam Tridacna maxima exhibited diel var-

iation in photosynthetic efficiency: DF/Fm
0 values were

generally high during the early morning, decreased to a low

at noontime, and recovered slowly throughout the after-

noon. The largest clams [50 g tissue wet weight were an

exception and did not exhibit a decrease in noontime pho-

tosynthetic efficiency (Fig. 1). For visual simplicity, clams

were binned into five size classes and mean ± SE DF/Fm
0

values at each sampling time were plotted for each size

class. Multiple regression of PAR and log-transformed

tissue wet weight (as a continuous variable) as predictors

of DF/Fm
0 revealed that both PAR and tissue wet weight

(but not their interaction) significantly influenced DF/Fm
0

over a diel period (Multiple regression, DF/Fm
0 = 0.653–

0.000159*PAR-0.152*log(size) ? 0.0720*log(size)2, r2 =

0.56, ANOVA, F3,146 = 61.89, P \ 0.0001). Thus, changes

in DF/Fm
0 throughout the day are influenced by both PAR

and host clam size, and high noontime PAR levels generally

result in lower DF/Fm
0 values, indicating reduced photo-

synthetic efficiency.

Noontime decreases inDF/Fm
0, calculated as the maximum

excitation pressure over PSII at noon (Qm), varied as a qua-

dratic function of tissue wet weight (Fig. 2). The model with

an additional third-order term for wet weight resulted in an

AICc score that differed from the lowest AICc score by B2

(Di = -1.87), so we chose the second-order model as the

most parsimonious. Qm increased as clam wet weight

increased up to*10 g then decreased as wet weight increased

up to 200 g. The lowest calculated Qm value of 0.022 was

recorded from a 49.7 g clam. Clams ranging from 5 to 10 g

exhibited the highest values of Qm (0.57 for a 6.54 g clam) and

thus the largest decreases in noontime photosynthetic effi-

ciency, suggesting that clams of these sizes are the most

sensitive to high irradiance levels.

Rapid light curves

To illustrate the general shape of the RLCs, we binned

clams into five size classes and calculated the mean ± SE

Fig. 1 Mean (±SE) effective PSII quantum yield (DF/Fm
0) for giant

clams (Tridacna maxima) of various sizes over a 1-day period (1 Sep

2009). Solid line indicates mean photosynthetically active radiation

(PAR, lmol photons m-2 s-1) for each sampling time. For visual

simplicity, clams are binned into five size classes based on tissue wet

weight, with mean DF/Fm
0 determined by averaging measurements

from 3 to 7 clams size class-1, n = 25 clams total
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rETR values for each actinic light intensity in each size

class (Fig. 3). We also fit standard rectangular hyperbola

curves for the RLCs of each of these five size classes, and

for the RLC of each individual clam (n = 25, not shown).

In all cases, rapid light curves were accurately described

by standard rectangular hyperbola curves (all curves:

r2 [ 0.99, P \ 0.0001). For the RLCs fit for each indi-

vidual clam, the maximum photochemical conversion

efficiency, a, did not vary as a function of clam wet weight

(P = 0.24). Across all clams, values for a ranged from

0.260 to 0.408 and averaged 0.341 ± 0.006 (±SE, n = 25)

changes in rETR for a given change in PAR (lmol

e- m-2 s-1/lmol photons m-2 s-1).

The RLCs of only 8 out of 25 clams reached saturation

and exhibited a decrease in rETR during the last actinic

pulse. Of these 8 clams whose RLCs reached saturation, 4

were the smallest clams\5 g wet weight, so this is the only

size class that exhibited saturation when data for each size

class were averaged (Fig. 3). Instead of extrapolating to

and comparing rETRmax for RLCs that did not reach sat-

uration, we compared rETR1293, the rETR values at the

maximum irradiance level experienced by giant clams in

their natural habitat (1,293 lmol photons m-2 s-1) (Buck

et al. 2002; Jantzen et al. 2008). Values of rETR1293 vary as

a quadratic function of clam wet weight and increased as

clam size increased to a maximum for clams ranging from

10–50 g wet tissue weight, before decreasing again as clam

size increased up to 200 g (Fig. 4a). The AICc score of the

model including a third-order term for wet weight differed

by a Di = 1.93, so we chose the second-order quadratic

model as the most parsimonious one. We measured a

maximum rETR1293 of 342.7 lmol e- m-2 s-1 for a

20.5 g clam and a minimum rETR1293 of 168.5 lmol

e- m-2 s-1 for the smallest clam, 0.574 g.

Maximum photosynthetic efficiency (Fv/Fm) measured

immediately prior to each RLC also varied as a quadratic

function of clam tissue weight, decreased as clam size

increased to the lowest Fv/Fm values for clams *5–50 g

tissue wet weight, and then increased as clam size

increased up to 200 g (Fig. 4b). Because the AICc score for

the model that included a third-order term for wet weight

differed by a Di = 1.60, we again chose the second-order

quadratic model as the most parsimonious one. The max-

imum recorded Fv/Fm value was 0.68 for a 0.586 g clam,

and the minimum recorded value was 0.55 for a 26.6 g

clam. The size range of clams with the lowest maximum

photosynthetic efficiencies (5–50 g) coincides with the size

range of clams with the highest rETR1293 values (10–50 g)

and partly coincides with the size range of clams with the

highest noontime decreases in photosynthetic efficiency

(5–10 g).

Chamber incubations

Respiration and gross primary production decreased allo-

metrically as clam size increased (Fig. 5), similarly docu-

mented by Fisher et al. (1985). Positive net primary

production (NPP, in lmol O2 g-1 min-1) occurred for all

daytime trials and also decreased allometrically as a

function of tissue wet weight (in g): NPP = 0.362x0.926

(r2 = 0.92, F1,6 = 68.90, P \ 0.001) (not shown). Both net

primary production and photosynthetic efficiency (DF/Fm
0)

Fig. 2 PSII excitation pressure, Qm, in giant clams, Tridacna
maxima, calculated as 1-(noontime DF/Fm

0)/(Fv/Fm at dusk). Qm

increased as wet weight increased up to *10 g, was highest for clams

*5–10 g, and then decreased as wet weight increased up to 200 g

(quadratic regression, r2 = 0.36, F2,22 = 6.159, P \ 0.01)

Fig. 3 Rapid light curves (RLC), rETR versus PAR, for giant clams

(Tridacna maxima) dark adapted for at least 30 min. Mean (±SE)

rETR is average of 3 to 7 clams size class-1, binned by wet tissue

weight for visual simplicity, n = 25 clams total. Standard rectangular

hyperbola curves were fitted for each size class. Only 8 out of 25

RLCs reached saturation; 4 of these clams were in the smallest size

class
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were correlated with PAR, with net primary production

correlated positively (Fig. 6a) and photosynthetic effi-

ciency correlated negatively (Fig. 6b). Fluorescence mea-

surements of photosynthesis in the form of relative electron

transport rates measured at the start of each chamber

incubation were positively correlated with measurements

of gross primary production from those chamber incuba-

tions (Fig. 7).

Discussion

We found size-dependent photosynthetic performance for

symbionts of the giant clam, Tridacna maxima. Light-

dependent noontime decreases in effective quantum yield,

maximum quantum yield, and relative electron transport

rates of giant clam symbionts varied as a quadratic function

of giant clam size. Symbionts in mid-sized clams ranging

from *5–50 g exhibited the lowest maximum quantum

Fig. 4 a Relative electron transport rates (rETR, lmol e- m-2 s-1)

at a PAR level of 1,293 lmol photons m-2 s-1 measured from RLCs.

rETR1293 increased as wet weight increased up to *10 g, reached a

maximum for clams *10–50 g, and decreased as wet weight

increased up to 200 g (quadratic regression, r2 = 0.60,

F2,22 = 16.52, P \ 0.0001). b Dark-adapted maximum quantum

yield, Fv/Fm, for Tridacna maxima. Fv/Fm decreased as wet weight

increased up to *5 g, reached a minimum for clams *5–50 g, and

increased slightly as wet weight increased from 50 to 200 g (quadratic

regression, r2 = 0.51, F2,22 = 11.21, P \ 0.001)

Fig. 5 Rates of gross primary production (oxygen production, circles,
8 trials) and respiration (oxygen consumption, squares, 10 trials) in units

of lmol O2 g-1 min-1, obtained from chamber incubations of four

juvenile giant clams, Tridacna maxima. Gross primary production (GPP)

decreased as a function of clam size (linear regression, r2 = 0.94,

F1,6 = 97.97, P \ 0.0001). Respiration (R) decreased as a function of

clam size (linear regression, r2 = 0.57, F1,8 = 10.54, P = 0.012)

Fig. 6 a Measurements of net primary production (oxygen evolution,

lmol O2 g-1 min-1) from incubation chamber trials of juvenile giant

clams, Tridacna maxima, were positively correlated with PAR

(Model II regression, r2 = 0.54, P = 0.039). b Effective PSII

quantum yield (DF/Fm
0) measurements taken with a Diving-PAM at

the start of each daytime chamber incubation were negatively

correlated with PAR (Model II regression, r2 = 0.54, P = 0.037)
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yields, the highest noontime decreases in yield, and the

highest relative electron transport rates at the maximum

irradiance level experienced by giant clams in their natural

habitat. In contrast, symbionts in the largest clams [50 g

and smallest clams \5 g exhibited higher maximum

quantum yields, smaller noontime decreases in yield, and

lower relative electron transport rates.

Light-dependent noontime decreases in photosynthetic

efficiency calculated as Qm varied as a quadratic function

of clam size, and Qm was highest for clams *10 g tissue

wet weight, with a maximum value of 0.57 (values close to

1.0 suggest photoinhibition). Photoinhibition is the light-

dependent reversible reduction of photosynthetic efficiency

that entails either reversible damage and repair of PSII or

the induction of mechanisms protective of PSII via

decreased absorption of light energy or increased thermal

dissipation (Critchley 2000). An alternative, more likely

explanation for the light-dependent reduction of photo-

synthetic efficiency, is down-regulation of PSII by light-

induced acidification (DpH) of the lumen in chloroplast

thylakoids (Öquist et al. 1992; van Wijk and van Hasselt

1993). The energetic cost of reduced electron transport

rates in corals, organisms that also host Symbiodinium, was

found to be negligible (Hoogenboom et al. 2006), so it is

unlikely that changes in Qm are responsible for the allo-

metric increase in symbiont contribution to giant clam

respiratory requirements as clam size increases. Jantzen

et al. (2008) documented a higher Qm value for T. maxima

clams *200 g compared to our findings (Qm * 0.33,

compared to Qm \ 0.10 measured here), and this discrep-

ancy is likely caused by the higher noontime irradiance in

Jantzen et al.’s study (*1,000 lmol photons m-2 s-1

compared to 654 lmol photons m-2 s-1 measured here)

(see Iglesias-Prieto et al. 2004).

While our results reveal size-dependent variation in

symbiont photosynthetic performance in giant clams, the

quadratic patterns we found do not readily explain the

allometric relationship between symbiont contribution to

clam respiratory requirements and host clam size. Based on

a positive correlation between relative electron transport

rates and gross primary production, and the allometric

decrease in gross primary production as clam size

increased, we would expect that relative electron transport

rates decreased allometrically as clam size increased, rather

than varying as a quadratic function of clam size. The

pattern of decreasing electron transport rates as clam size

increased holds for symbionts in clams[50 g but does not

hold for symbionts in smaller clams. We would also expect

symbionts with the highest electron transport rates in mid-

sized clams *5–50 g to also exhibit high maximum pho-

tosynthetic efficiencies, when they actually exhibited some

of the lowest maximum photosynthetic efficiencies. We

posit three mechanisms (or a combination thereof) to

explain the size-dependent variation in symbiont photo-

synthetic performance: (a) size-dependent changes in the

physiology of symbiosis, (b) size-dependent changes in in

situ light regimes, and (c) symbiont sub-clade genetic

variation.

The physiology of symbiosis between symbionts and

their clam hosts may change and develop as a function of

clam size. Evidence for this can be found in the dynamics

of the uptake of ammonium, an essential limiting nutrient

for photosynthetic symbionts, as a function of clam size.

Ammonium uptake per symbiont and symbiont density

were found to vary with clam size and were low for the

smallest T. gigas clams, increased as clam size increased to

maximum values for juvenile clams and then decreased

gradually as clam size increased (Fitt et al. 1993). Thus,

small clams with the highest symbiont densities also

exhibited the highest ammonium uptake rates per symbiont

and vice versa, indicating that the degree of nutrient uptake

is size-dependent. Even though the smallest clams con-

tained symbionts that took up ammonium, these clams

exhibited a net emission of ammonium compared to the

increasing net uptake of ammonium as clam size increased

in larger clams (Fitt et al. 1993; Hawkins and Klumpp

1995), suggesting that the tight coupling of nutrient recy-

cling between symbionts and their clam hosts was not

achieved yet in juvenile clams, or that there were insuffi-

cient numbers of symbionts in juvenile clams to take up all

the ammonium released by their host clam. Thus, the

physiology of the symbiont-clam symbiosis may change

as a function of clam size and could serve as a mechanism

for the quadratic patterns of photosynthetic performance

measured here.

Fig. 7 Measurements of relative electron transport rates (rETR,

lmol e- m-2 s-1) taken with a Diving-PAM at the start of each

daytime chamber incubation were positively correlated with mea-

surements of gross primary production (lmol O2 g-1 min-1) from

those chamber incubations (Model II regression, r2 = 0.77,

P = 0.02)
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Size-dependent variation in photosynthetic performance

could also be caused by size-dependent differences in in

situ light regimes: increased internal shading of symbionts

can occur via a thickening of clam mantle tissue or change

in tissue opacity, reducing actual light levels reaching

symbionts. Fisher et al. (1985) found evidence of increased

shading of symbionts as clam size increased over part of

the size range of T. gigas, by showing gross primary pro-

duction per zooxanthellae was negatively correlated with

clam size, and by comparing P–I curves of isolated sym-

bionts to P–I curves of symbionts in situ. In addition,

symbionts themselves may exist in multiple layers (Trench

et al. 1981), so shading by other symbionts may also occur.

We found a negative correlation between effective quan-

tum yield and light levels, supporting the idea that reduced

light levels from increased internal shading as clam size

increased would result in higher measurements of photo-

synthetic efficiency, and thus, smaller noontime decreases

in photosynthetic efficiency, as clam size increased. Size-

dependent differences in in situ light regimes could also

explain size-dependent changes in rETR. To calculate

rETR, we assumed the fraction of light absorbed by clam

tissue was constant with size (A = 1), but this light

absorptance may change depending on the thickness and

opacity of mantle tissue. If shading increases as clam size

increases, we overestimated the light absorptance for larger

clams and may have overestimated rETR. Factoring in the

exact absorptance may reduce observed differences in

rETR (Cayabyab and Enrı́quez 2007). In situ light levels

would have to vary as a quadratic function of clam size to

explain our results, so while size-dependent changes in in

situ light regimes likely occur, they are not the only

mechanism responsible for the observed patterns.

Another potential cause of the observed size-dependent

differences in photosynthetic performance is symbiont sub-

clade genetic variation. Giant clam symbionts can be

divided into several distinct groups, or clades (Pochon and

Gates 2010). Our study species T. maxima has only been

found to harbor clade A symbionts (Carlos et al. 1999;

Baillie et al. 2000), while other species of giant clam

harbor either clade A or C symbionts with the exception of

T. crocea that associates with both clade A and C (although

not both in the same individual) (Rowan 1998; Carlos et al.

1999; Baillie et al. 2000). While photosynthetic efficiency

measured via chlorophyll fluorescence has recently been

found to differ between clades (Abrego et al. 2008; Cantin

et al. 2009), determining differences in photosynthetic

efficiency within a clade, and whether symbiont sub-clade

differs as a function of clam size, is precluded by the lack

of a standardized classification of Symbiodinium at the sub-

clade level.

We found a significant correlation between chlorophyll

fluorescence measurements of relative electron transport

rates and chamber incubation measurements of gross pri-

mary production. Similar relationships between rETR and

gross primary production were found in other studies of

giant clams (Jantzen et al. 2008), and also for other pho-

tosynthetic organisms (see introduction). The variability

around the rETR-GPP relationship indicates a degree of

error in inferring rates of gross primary production strictly

from fluorescence measurements. Variation around mea-

surements of GPP can be confounded by alternative elec-

tron transport pathways, such as the Mehler reaction of PSI

that reduces O2 to H2O using electrons from PSII, dissi-

pates excess excitation energy in the process, and can result

in net oxygen uptake when the enzymes necessary to break

down intermediate products are inhibited (Asada 1999;

Raghavendra 2000). Another alternative electron transport

pathway that could confound measurements of GPP is the

cyclic electron transport pathway of PSI that results in a

decrease in oxygen evolution as electrons are cycled

through PSI to create ATP (Raghavendra 2000). We also

found variability around the NPP-PAR and DF/Fm
0-PAR

correlations, suggesting other factors besides PAR influ-

ence NPP and DF/Fm
0 in hospite.

Overall, our results indicate that chlorophyll fluores-

cence measurements of Qm, Fv/Fm, and rETR from sym-

bionts vary with giant clam size, and size must be

controlled for when these measurements are compared

among conspecific individuals. Our paper provides back-

ground for further studies of three mechanisms causing the

quadratic patterns of photosynthetic performance as a

function of clam size. We hypothesize that size-dependent

changes in the physiology of symbiosis, in situ light

regimes, or symbiont sub-clade genetic variation, or a

combination thereof, are responsible for the observed

patterns in photosynthetic performance. Studies of giant

clam photophysiology are important to understanding their

growth and survival and are vital to worldwide aquaculture

efforts of these bivalves that are disappearing due to human

harvest for consumption and the aquarium trade (Johannes

1978; Lucas 1994). Our study sheds new light on size-

dependent changes in Symbiodinium photosynthetic per-

formance within giant clams and contributes to our general

knowledge of algal-invertebrate symbioses.
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