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Many marine invertebrates provide their offspring with symbionts. Yet the

consequences of maternally inherited symbionts on larval fitness remain lar-

gely unexplored. In the stony coral Favia fragum (Esper 1797), mothers

produce larvae with highly variable amounts of endosymbiotic algae, and

we examined the implications of this variation in symbiont density on the per-

formance of F. fragum larvae under different environmental scenarios. High

symbiont densities prolonged the period that larvae actively swam and

searched for suitable settlement habitats. Thermal stress reduced survival

and settlement success in F. fragum larvae, whereby larvae with high symbiont

densities suffered more from non-lethal stress and were five times more likely

to die compared with larvae with low symbiont densities. These results show

that maternally inherited algal symbionts can be either beneficial or harmful to

coral larvae depending on the environmental conditions at hand, and suggest

that F. fragum mothers use a bet-hedging strategy to minimize risks associated

with spatio-temporal variability in their offspring’s environment.
1. Introduction
Maternally inherited symbionts, such as bacteria, viruses, protists, fungi, algae and

cyanobacteria, are widespread in multicellular organisms. They are important

modulators of their hosts’ phenotypes as they can provide energetic resources

[1,2] and protection from diseases, predators and pathogens [3]. Within-host

symbiont density can further influence the hosts’ phenotypes by regulating phys-

iological processes such as rates of energy acquisition [4], and susceptibility to

thermal stress [5]. While symbiotic associations generally benefit both host and

symbiont, they often represent a delicate balance that breaks down when environ-

mental conditions change [6–8]. Yet, even in well-studied host–symbiont systems

(e.g. in insects), the degree to which presumed benefits from maternally inherited

symbionts (and variability therein) change in response to varying environmental

conditions is not well known [9,10].

Endosymbiosis is common in marine phyla such as the Porifera [11], Mollusca

[12], Cnidaria [13,14], Annelida, Nematoda and Tunicata [15], and is found in a

wide variety of marine ecosystems, such as hydrothermal vents, cold seep habitats

[15], coral reefs [14] and temperate waters [13,16]. Members of aforementioned

taxa associate with various endosymbionts, such as methane- and sulfur-oxidizing

bacteria [15], photosynthesizing single-celled algae [17], and nitrogen-fixing and

photosynthesizing cyanobacteria [18]. These endosymbiotic partners provide

their hosts with energetic resources that they are unable to obtain themselves,

especially in nutrient-poor or extreme environments [2].

A subset of species that form obligate symbioses as adults transfer those sym-

bionts vertically to their offspring (e.g. corals [19], sponges [20,21], ascidians [22],
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bivalves [23]), whereby the amount of symbionts that each off-

spring receives, and thus the potential benefit to larval fitness,

can vary greatly [21,24,25]. Large variation in symbiont

densities among individual offspring produced by the same

mother [24–26] therefore suggests a ‘bet-hedging strategy’

typical of mothers facing uncertainty regarding the future

environment their offspring will experience [27]. Furthermore,

symbiotic relationships in marine invertebrates are often ben-

eficial only within a narrow range of (a)biotic conditions.

Changing environmental conditions can therefore, in addition

to variable symbiont provisioning, affect the fitness benefits a

host receives from their endosymbionts (e.g. Mollusca, Annelida

and Nematoda [7], Cnidaria [8,17], Porifera [17,28,29]).

Most tropical stony coral species live in obligate symbiosis

with endosymbiotic algae (Symbiodinium spp.). The corals pro-

vide shelter and CO2 produced during respiration, and in turn

receive photosynthates that facilitate their survival in nutrient-

poor, tropical waters [1]. In some species, algal symbionts are

transferred directly from mothers to planula larvae during

embryogenesis [19], and can fulfil up to 70% of a larva’s

energy demand, depending on symbiont density and the avail-

ability of other resources such as lipids [25,30,31]. Coral–algal

symbiotic relationships are, however, extremely susceptible

to temperature anomalies associated with climate change.

Under high temperature and/or solar radiation, algal sym-

bionts produce excessive amounts of reactive oxygen species,

causing corals to expel their symbionts to prevent tissue

damage, resulting in ‘coral bleaching’ [8]. During prolonged

warmer periods, corals become deprived of the energetic

resources provided by their now missing endosymbionts,

and they die [32,33]. This illustrates that the presence of Symbio-
dinium can provide corals with necessary energetic resources,

but that such benefit only occurs under particular environ-

mental conditions. Yet most research has centred on algal

symbionts in adult corals. How coral larvae provided with

different densities of algal symbionts will perform in different

environments is still a major open question.

Here, we used the stony coral Favia fragum (Esper 1797) to

investigate the implications of variable maternal provisioning

of algal symbionts on offspring performance under different

environmental conditions. We first determined if trade-offs

existed between a mother’s symbiont investments and the

size and number of offspring she produced. Second, we

reared larvae provided with different symbiont densities

under physiological (heat stress) and environmental (lack of

positive settlement cues) stressors to determine under what

conditions differential symbiont provisioning results in off-

spring fitness costs or benefits. We predicted that the benefits

of endosymbiosis during the larval phase of this marine invert-

ebrate are context-dependent, whereby larvae harbouring

larger numbers of symbionts benefit from additional energetic

resources, but are also more sensitive to higher temperatures

relative to larvae provided with smaller numbers of symbionts.
2. Material and methods
(a) Study species
Favia fragum is a conspicuous coral species occurring in a wide

range of shallow marine habitats [34] in the Western Atlantic. It

releases symbiotic planula larvae between 6 and 16 days after

new moon (ANM) with maximum release during day 11 ANM

[35]. Favia fragum produces lecithotrophic larvae capable of settling
immediately after release when positive settlement cues are pre-

sent [36], and must settle before energetic resources required for

settlement and metamorphosis are depleted.

(b) Collection and rearing of Favia fragum larvae
This study was carried out on the Caribbean island of Curaçao

(128N, 698W), located 60 km north of Venezuela. Nineteen healthy

(i.e. no signs of bleaching, disease or tissue discoloration) F. fragum
colonies of similar sizes (13.9 cm2+3.3, mean+ s.d.) were col-

lected 5 days ANM in June 2013 between 3 and 6 m depth at the

Curaçao Sea Aquarium reef (1280405900 N, 6885304400 W) and

placed individually in 1 l beakers. Each beaker was constantly sup-

plied with 100 mm filtered seawater to create an overflow into a

semi-submerged larval collection cup with a 150 mm mesh filter

bottom. Because F. fragum larvae are positively buoyant, the over-

flow caused larvae from each colony to concentrate in a separate

collection cup. Both the beakers and the collection cups were

partially submerged in a flow-through aquarium system at temp-

eratures similar to natural seawater (approx. 288C [37]) for the

duration of the experiment. Larvae produced by each mother

during the night were collected the following morning between

7.00 and 8.00 h and placed in a 500 ml polystyrene deli container

(DART, MI, USA) filled with 300 ml of 0.7 mm filtered seawater

(Whatman GF/F, GE Life Sciences, PA, USA), and kept at 288C
and exposed to approximately 12 h light natural light cycles until

they were used in one of the following experiments.

(c) Variation in size and symbiont content in
Favia fragum offspring

To determine the variability in size and symbiont content in

F. fragum offspring, larvae produced by each colony were col-

lected and counted daily throughout one reproductive cycle

(6–18 ANM). From the total number of larvae released by each

mother each day, 20 randomly selected larvae were stored in

0.5 ml of 3.7% formalin-filtered seawater in 1.5 ml tubes (Eppen-

dorf, NY, USA). If a colony released fewer than 20 larvae in a

day, the entire daily brood was sampled. To compare the size

of all sampled larvae, the longitudinal and transversal axes

were measured with a scale bar under a dissecting microscope

and larval volume was calculated assuming the volume of a

spheroid [38]. Each larva was subsequently homogenized in

3.7% formalin-filtered seawater and the number of symbionts

was quantified using a haemocytometer (Bright-Line; Hausser

Scientific, PA, USA). For more information on this method,

refer to the electronic supplementary material, section S1a.

(d) Larval colour as proxy for symbiont density
Because larvae vary in size, symbiont density (i.e. the number of

symbionts per mm3 of larva) appears more suitable than total

symbiont number to study physiological processes [5]. Favia
fragum larvae show large variation in coloration, reflecting differ-

ences in symbiont density [24,25]. Therefore, we investigated

whether a distinction between beige, brown and dark-brown

larvae could be used as a simple proxy to identify larvae with

low, intermediate and high symbiont densities, respectively

(electronic supplementary material, section S1b).

(e) Experiment 1: effects of an extended pelagic phase
To test if larvae can delay settlement (i.e. extend their pelagic

phase) when they contain higher symbiont densities, larvae from

each coloration group were reared in seawater with and without

settlement cues to experimentally shorten or lengthen their pelagic

phase, respectively. On the day they were released, eight larvae

were placed in individual 350 ml polystyrene cups (n ¼ 6; Darnel

Inc., NC, USA) containing 250 ml of 0.7 mm filtered seawater and
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immediately provided with clay pottery tripods as settlement sub-

strates (kiln stilts, 6 cm diameter; Carl Jaeger Tonindustriebedarf

GmbH, Germany). These tripods were pre-conditioned in a flow-

through aquarium for three months prior to the experiment to

allow the colonization by crustose coralline algae (CCA) known

to induce larval settlement in F. fragum [39]. In the second treat-

ment, larvae of each coloration group were placed in identical

cups as above (n ¼ 6) but with 250 ml of 0.22 mm filtered seawater

(EMD Millepore, MA, USA), which delays the development of

microbial communities that trigger settlement, causing larvae to

not settle and remain pelagic [40]. Seawater in both treatments

was exchanged daily (approx. 75%) and kept at 288C.

Larval survival and behaviour were assessed daily between

8.00 and 9.00 h for the duration of the experiment. For each sur-

viving larva, we noted whether it lay motionless (i) at the surface

or (ii) on the bottom, moved around (iii) in the water column, or

(iv) on the bottom, or (v) had settled. After 5 days, 15–40% of the

larvae forced to remain pelagic stopped swimming and had

become inactive. Therefore, the experiment was ended to

ensure that a sufficient number of larvae with an extended pela-

gic phase survived to assess their ability to settle once provided

with positive cues (see below).

( f ) Experiment 2: effects of heat stress
To investigate if F. fragum larvae provisioned with different sym-

biont densities have different survival rates and behaviour under

elevated temperatures, larvae from each colour group were

reared at the average monthly mean seawater temperature in

June 2013 (28.5+0.38C, mean+ s.d.) and at elevated tempera-

tures (31.1+ 0.28C) corresponding to the coral bleaching

threshold on Curaçao [37]. Six 35 l plastic containers (Sterilite,

MA, USA) were filled with 25 l of seawater (n ¼ 3 containers

per temperature treatment) and the water temperature inside

each container was regulated using a 300 W submersible water

heater (Aquatop, CA, USA). The water temperature was moni-

tored every 5 min with a temperature logger (HOBO Pro V2;

Onset Computer Corporation, MA, USA). Two water pumps

placed at the opposite corners of each container ensured

mixing of the water inside each container. Larvae (n ¼ 8) were

added to 15 ml conical polystyrene tubes (BD Biosciences, CA,

USA) containing 14 ml of 0.7 mm filtered seawater. Nine tubes

with larvae were assigned to each of six experimental treatments

(symbiont density (3) � temperature (2)).

Larval behaviour was assessed daily between 8.00 and 9.00 h

for the duration of the experiment by removing the tubes from

the baths and examining the larvae with a dim light. Behavioural

categories were scored as described above. Once a replicate was

scored, the tube lid was removed for 5 s to allow gas exchange,

closed, and randomly reassigned to a water bath of the same

experimental treatment. In a similar set-up, Hartmann et al.
[41] found that larval respiration did not lead to significant

reductions in dissolved oxygen concentrations, and that larvae

were therefore unlikely to suffer from low-oxygen stress [41].

On day 8, less than 20% of the larvae containing high symbiont

densities reared under elevated temperature were still alive. We

therefore ended the experiment to ensure enough larvae

remained alive in all treatments to assess if their ability to sub-

sequently settle depended on their prior exposure to heat stress

(see below).

(g) Quantification of sublethal stress
Pulse amplitude-modulated (PAM) fluorometry was used to

determine whether F. fragum larvae with different symbiont den-

sities experienced different levels of sublethal stress when

exposed to elevated temperatures or when forced to extend

their pelagic phase. The effective quantum yield (DF/Fm
0),

which is a measure of the photochemical efficiency of
photosystem II of the endosymbiotic algae under ambient light,

was used as a proxy for ‘sublethal stress’ [42,43] and measured

using a diving PAM (Walz, GmbH, Germany) fitted with a

1.5 mm diameter mini fibre-optic cable. Measurements were per-

formed at 9.00 h in a dim room. Individual larvae were

suspended in a small volume of seawater directly in front of

the sensor and the effective quantum yield of four individual

larvae was measured three times and averaged per larva. Follow-

ing the methods of Putnam et al. [44], the measuring light of the

PAM was set to a constant intensity of ‘8’ in ‘burst mode’ and the

gain was set to ‘12’ to obtain Ft values between 4.00 and 8.00.

Measurements were taken at days 0, 3 and 5 during experiment

1, and at days 0, 4 and 8 during experiment 2. After each time

point, larvae were removed from the experiments to avoid

potential stress effects caused by repetitive handling in later

PAM measurements.

(h) Latent effects on settlement success
To test if stress experienced by a larva during its pelagic phase

affected its ability to settle, larvae from experiments 1 and 2

were provided with settlement substrates and subsequent settle-

ment rates were quantified. On day 8, surviving larvae from the

heat stress experiment were transferred to individual 1 l poly-

styrene containers (DART, MI, USA) that contained 500 ml of

0.7 mm filtered seawater kept at 288C, and one clay tripod as

described above serving as a settlement surface. This could be

replicated nine times for larvae reared under ambient temperatures

(three to eight larvae per container), and seven to eight times (two

to six larvae per container) for those previously exposed to

elevated temperature. Settlement rates of larvae with high

symbiont densities exposed to heat stress could not be assessed

due to total mortality in six (out of nine) replicates during

experiment 2. Survival and settlement rates were recorded daily

thereafter. After day 12, larvae that had not settled no longer chan-

ged their behaviour nor settled, and the experiment was stopped at

day 15. For larvae that were forced to extend their pelagic phase,

one tripod was added to each replicate (n ¼ 6) on day 5 similar

to above after larval behaviour was scored, and survival and settle-

ment rates were recorded daily until day 13, because no changes in

settlement were observed after day 10.

(i) Statistical analysis
To test for differences in larval size and in symbiont provisions

within and among individual broods, we used Welch’s F tests

for unequal variances followed by Bonferroni’s post hoc multiple

comparisons because data did not meet the assumption of homo-

scedasticity (Levene’s test, p , 0.05). Differences in symbiont

densities among the three larval colouration groups were

assessed similarly. Regression analyses were used to test if

brood size (i.e. number of larvae released by a mother through-

out a planulation cycle) influenced (i) the average number and

density of symbionts allocated to each larva, (ii) average larval

size, and (iii) if larval symbiont density varied independently

of larval size. Because fecundity in clonal organisms is partly

determined by the number of gravid modules in a colony

(polyps in corals) [45], we standardized fecundity among indi-

vidual F. fragum colonies as the number of larvae released per

polyp during one planulation cycle.

Differences in larval survival and settlement between treat-

ments for experiments 1 and 2 were compared using the

Kaplan–Meier (K–M) analysis followed by post hoc tests in the

case of significant main effects. Survival curves were compared

using the K–M log rank tests that for each group calculate the x2

value for each ‘event time’, and subsequently sum the results to

generate a single x2 used to determine if survival curves of differ-

ent experimental groups differ. Death and settlement were defined

as ‘events’, whereas larvae for which event time could not be
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determined were included as ‘censored’—that is, they were alive at

the end of the experiment and did not die (survival analyses) or

died or did not settle (settlement analyses).

In experiment 1, a maximum-likelihood (ML) approach [46]

(see the electronic supplementary material, section S1c for

details) was used to detect differences in larval settlement and

swimming activity among treatments at experimental time

points (i.e. at day 5 when CCA were added, day 13 when the

experiment was ended and at day 9 as an intermediate time

point between aforementioned time points). We compared settle-

ment rates at day 5 among larval coloration groups (symbiont

density) reared with and without CCA. Differences in settlement

were expressed as the proportion of larvae that settled relative to

the initial number of larvae. Differences in larval settlement suc-

cess were assessed similarly, but expressed as the proportion of

larvae that settled relative to the total number of larvae that

were alive on the day they were provided with settlement cues.

The proportion of inactive larvae was calculated as the pro-

portion of larvae that were motionless relative to the number

of larvae that were still alive and had not settled, and compared

among larval colour groups for each time point after delayed and

immediate addition of settlement cues. Finally, differences in

effective quantum yield (experiments 1 and 2) were assessed

with a two-way ANOVA followed by Tukey’s post hoc tests.
3. Results
(a) Variation in colour, size and symbiont content of

offspring
The total number of symbionts provided to individual larvae

increased with larval size (R2¼ 0.8, n ¼ 2318, p , 0.001;
figure 1a). However, larval size explained only 8% of the

variation in symbiont density (R2¼ 0.08, n ¼ 2318, p , 0.001;

figure 1b). Beige larvae had low symbiont densities (2.3 �
104+0.3 cells mm23; mean+ s.d.; n ¼ 30), brown larvae had

intermediate symbiont densities (3.6 � 104+0.8 cells mm23)

and dark-brown larvae had high symbiont densities (4.7 �
104+0.2 cells mm23; electronic supplementary material,

figure S1). The beige, brown and dark-brown larvae differed

in symbiont density (Welch’s F test, F50.3 ¼ 798.7, p , 0.001;

electronic supplementary material, figure S1a), but not in

larval size (Welch’s F test, F57.0 ¼ 1.3, p ¼ 0.29; electronic sup-

plementary material, figure S1b and section S2a). Larval

colour could therefore be used as a proxy for symbiont density,

independently of larval size.

Larval size, symbiont number and symbiont density

showed large variation among mothers and within broods

of the same mother (electronic supplementary material,

section 2b; figure S2). Throughout one planulation cycle,

F. fragum mothers produced different amounts of larvae ran-

ging from 0.3 to 53.3 larvae polyp21. No trade-offs existed

between the total number of larvae produced by each mother

during a reproductive cycle and larval size (R2¼ 0.15, n ¼ 19,

p ¼ 0.23; figure 1c) or the number of symbionts per larva

(R2¼ 0.08, n ¼ 19, p ¼ 0.10; figure 1d).
(b) Effects of an extended pelagic phase
When settlement cues were provided to larvae immediately

after release, those with low and intermediate symbiont den-

sities settled faster and ultimately in higher numbers than

larvae with high symbiont densities (K–M log-rank test,
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x2
ð2Þ ¼ 5:0, p , 0.05; figure 2a; electronic supplemen-

tary material, table S1; day 13: ML, three-parameter model,

p , 0.05; electronic supplementary material, table S2). Non-

settled larvae with high symbiont densities remained more

active (swimming) towards the end of our experiment com-

pared with larvae with low symbiont densities (days 10–12:

ML, two-parameter model, p , 0.05; electronic supplemen-

tary material, table S3), of which 67% had become inactive

by day 10 (figure 2b).

The withholding of CCA as settlement cues forced

F. fragum larvae to delay settlement and extend their pelagic

phase. After 5 days, only 4% of all larvae without settlement

cues had settled, whereas 54% of all larvae with settlement

cues had settled by that time (day 5: ML, three-parameter

model, p , 0.05; figure 2a; electronic supplementary material,

table S2). Delaying settlement slightly reduced larval mor-

tality (by 1.5%) over the entire experimental period (K–M

log-rank test, x2
ð1Þ ¼ 4:1, p , 0.05). After 2 days without settle-

ment cues, larvae containing low symbiont densities became

2–15-fold less active than those with high symbiont densities

(days 3–5: ML, two-parameter model, p , 0.05; figure 2c;

electronic supplementary material, table S3). When provided

with settlement cues, low symbiont density larvae gradually

resumed swimming and were equally active as those with

intermediate and high symbiont densities by day 7 (days

7–13: ML, null model; figure 2c).
The algal symbionts of non-settled larvae forced to delay

settlement were more stressed at day 5 than the symbionts

of non-settled larvae provided with settlement substra-

tes immediately after release (two-way ANOVA, F1,18 ¼

44.2, p , 0.001; figure 2d; electronic supplementary material,

table S4). Furthermore, sublethal stress was higher in larvae

with low symbiont densities than in larvae with high sym-

biont densities (two-way ANOVA, F2,18 ¼ 17.6, p , 0.001;

figure 2d; electronic supplementary material, table S4).

We did not detect latent effects in the form of reduced

settlement success caused by an extended pelagic phase in

F. fragum larvae, independent of differences in symbiont

density. When larvae initially reared without CCA as settle-

ment cues were provided with CCA on day 5, they initiated

settlement within 24 h and, by day 9, had settled in equal

numbers as larvae provided with settlement cues immedi-

ately after birth (day 9: ML, null model; figure 2a; electronic

supplementary material, table S2).
(c) Effects of heat stress
Elevated temperature reduced survival of F. fragum larvae

and larvae containing high symbiont densities were five

times less likely to survive under elevated temperature

compared with larvae with low symbiont densities (K–M

log-rank test, x2
ð1Þ ¼ 45:5, p , 0.001; figure 3a; electronic
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supplementary material, table S5). Elevated temperature also

inhibited settlement of coral larvae independent of symbiont

density (K–M log-rank test, x2
ð1Þ ¼ 14:9, p , 0.001; figure 3b;

electronic supplementary material, table S6). In addition,

physiological stress levels (indicated by lower effective quan-

tum yield of the algal symbionts) was higher in larvae kept

at elevated temperatures, particularly if the larvae contai-

ned high symbiont densities (two-way ANOVA, F2,11 ¼ 4.2,
p , 0.05; figure 3c, electronic supplementary material,

table S7). Thus, while the direct negative effects of thermal

stress on F. fragum larvae were more severe for larvae hosting

high symbiont densities (figure 3a,c), latent effects caused by

thermal stress resulted in low settlement rates for all F. fragum
larvae, regardless of the density of symbionts they contained

(figure 3b).
4. Discussion
Differential provisioning of symbionts by mothers could be of

fundamental importance for their offspring’s fitness because

symbionts can provide their larval host with energy resources.

We used the brooding coral F. fragum as a model species to exam-

ine the ecological consequences of potential trade-offs in larval

characteristics that result from variable symbiont provisioning.

We found that larger per-offspring symbiont investments by

coral mothers incurred both costs and benefits, depending on

the environmental context experienced by the offspring.

(a) Absence of trade-offs between brood size and per-
offspring investment

Studies on maternal provisioning often focus on a possible

trade-off between the number of offspring a mother produces

and her per-offspring resource allocation, whereby a larger

reproductive output results in smaller per-offspring invest-

ments [47]. Negative relationships between offspring number

and size are indeed widespread in both plants and animals

(e.g. reptiles [48], insects [49], plants [50] and fish [51]), but

there is increasing evidence that this trade-off is not as ubiqui-

tous as previously assumed. In many taxa, no correlation

between offspring number and size exists, and in some cases,

positive correlations were even observed [52,53]. In our

study, we also found no correlation between the number of

larvae produced by F. fragum mothers and their per-offspring

allocation of resources in terms of either larval size or

symbiont number (figure 1c,d ). Hence, our results provide

additional evidence supporting that mothers are not always

bound to a compromise between total reproductive output

and per-offspring investments.

(b) Larger symbiont provisions allow for prolonged
larval activity

Forcing F. fragum offspring to extend their pelagic phase did

not reduce their survival or ability to settle (figure 2a).

Within a week, however, it led to physiological stress and inac-

tivity in larvae with low symbiont densities (figure 2c,d). By

contrast, larvae with intermediate and high symbiont densities

maintained a higher photosynthetic efficiency, possibly result-

ing from benefits associated with self-shading among algal

symbionts [54], and swam continuously during the first week

(figure 2c,d). Active swimming represents the largest energetic

cost during a marine invertebrate’s larval stage [55], and in

symbiotic coral larvae, this energy may be derived from lipid

catabolism [56], photosynthetic products supplied by their

endosymbionts [31] or both. Large lipid reserves, for example,

allow ascidian larvae to search for high-quality settlement

habitats for a longer period of time compared with smaller

conspecifics [57]. By ceasing to swim, F. fragum larvae with

low symbiont densities, and therefore probably lower energetic
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resources, could reduce their energy demand to avoid exhaus-

tion and mortality at the cost of encountering favourable

habitats for settlement. In environments where positive settle-

ment cues are scarce, coral larvae with small symbiont

provisions are therefore expected to be less successful in finding

optimal habitats for settlement and post-settlement survival.

When provided with settlement cues immediately upon

release, larvae with high symbiont densities swam longer

(figure 2b) and settled at lower rates than those with lower sym-

biont densities (figure 2a). Lower immediate rates of settlement

coupled with active swimming and general lower physiologi-

cal stress in larvae with high symbiont densities (figure 2d )

suggest that larger symbiont provisions enable larger dispersal

distances and promote population connectivity [58], but only

when settlement cues were present. When settlement sub-

strates were initially withheld, such ‘dispersal behaviour’

disappeared (figure 2a). By delaying settlement, larvae risk

passing their competency period and, while alive, can no

longer settle and metamorphose [59]. Larvae in other species

have often been observed to separate out in a group that settles

relatively quickly after release and another group of larvae that

settles much later [60]. Such phenomenon would be in agree-

ment with our aforementioned suggestion that these larvae

actively explore habitats outside their native range, though it

is not possible, within the context of this study, to definitively

confirm this scenario as we did not test if non-settled larvae

had retained their ability to settle and metamorphose at the

end of our experiment.

(c) High symbiont densities can become harmful to the
host

Heat stress exerted direct negative effects on F. fragum larvae

(figure 3), in particular in larvae that hosted higher densities

of symbionts, as they had a lower photosynthetic efficiency

and survival rate (figure 3a,c). When larvae were relieved of

thermal stress, latent effects were widespread. Nearly all

F. fragum larvae that had been exposed to heat stress failed to

settle, regardless of symbiont density (figure 3b). Hartmann

et al. [41] observed similar patterns in Agaricia humilis, another

Caribbean brooding coral that produces symbiotic larvae. In

this species, large larval size (indicative of larger lipid reserves)

did not counteract the negative latent effects of heat stress,

resulting in low settlement success equivalent to that of smaller

larvae. By contrast, aposymbiotic larvae produced by broad-

cast spawning coral species suffered no or only small direct

and latent effects from exposure to heat stress compared with

symbiotic larvae [41,61]. Heat stress is largely mediated via

the algal symbionts, which produce excessive amounts of reac-

tive oxygen species at elevated temperatures [8]. Thus, despite

benefits in terms of energy provisioning, harbouring symbiotic

algae lowers the ability of coral larvae to tolerate higher temp-

eratures, whereby larval susceptibility to heat stress increases

with symbiont density.

(d) Mixed benefits of symbiont provisioning in different
environments

Our finding that maternally inherited symbionts can be both

beneficial and harmful to larvae contrasts with the common,

almost invariably positive effects of larger maternal lipid pro-

visioning (i.e. larger sizes) on the performance of marine

invertebrate offspring [62]. Larger-sized, non-feeding marine
invertebrate larvae typically can search for suitable settlement

surfaces for longer periods of time, show increased post-

metamorphic survival and growth, are stronger competitors

for space, attain sexual maturity faster and are more fecund

than smaller conspecifics (e.g. marine snails [63], bryozoans

[62,64], ascidians [65]). While the aforementioned benefits

appear straightforward when considered in terms of lipid pro-

visions alone, marine invertebrate larvae that also contain

symbionts could experience physiological stress, as found in

this study, due to altered symbiont performance under certain

environmental conditions (e.g. Mollusca, Annelida and

Nematoda [7], Cnidaria [8], Porifera [28,29]). For example, we

hypothesize that in an environment where F. fragum larvae

risk depleting their energy reserves before they settle due to,

for example, a scarcity of suitable settlement habitats, smaller

larvae are at a disadvantage due to limited energetic reserves

that can be derived from lipid catabolism. If they contain

high symbiont densities, they can compensate for this lack of

resources by using energy derived from algal photosynthates

resulting in equal settlement success as larger larvae that host

low symbiont densities. However, during warmer periods,

larvae harbouring high symbiont densities, regardless of size,

are prone to oxidative damage so that large larvae with high

symbiont densities can be expected to perform worse than

smaller larvae provisioned with low symbiont densities. In

this scenario, the benefits of larger maternal lipid contributions

could be enhanced by large symbiont provisions, but also

offset by the disadvantages associated with high symbiont

densities under certain environmental contexts. Future studies

in which larvae are not only separated according to symbiont

density (this study), but also according to size, are needed to

conclusively confirm this hypothesis.
(e) Bet-hedging as a strategy in variable environments
In marine invertebrate larvae, size variability is highest for

lecithotrophic species with internal fertilization [62]. Offspring

size and symbiont content in F. fragum was remarkably vari-

able (electronic supplementary material, figure S2a,b), greatly

exceeding the variability found in many other invertebrates,

including many coral species [25,62]. As a result, F. fragum
larvae of all sizes could contain all ranges of symbiont densities

(figure 1b), thus generating a diversified pool of phenotypes

mixing these two traits. The dynamic bet-hedging theory pre-

dicts that such variability in offspring phenotypes benefits

populations or species growing in fluctuating and unpredict-

able environments [27]. Favia fragum occurs in tidal pools,

shallow reefs and seagrass beds, which are known for high

spatial and temporal fluctuations in (a)biotic parameters

(e.g. light, habitat availability, temperature, distance between

conspecifics, water movement) [34]. Therefore, we hypothesize

that the extreme variability in maternal provisioning in

F. fragum is indeed a response to the high level of unpredictabil-

ity of this species’s environment. Because large symbiont

provisions can come with both costs and benefits depending

on the environmental context, producing larvae with a wide

range of symbiont densities prevents the complete loss of one

reproductive cycle investment in the advent of harsh environ-

mental conditions. Thus, F. fragum mothers appear to minimize

risks associated with spatio-temporal uncertainty in their

offspring’s environment by producing larvae of all possi-

ble combinations of sizes and symbiont densities, whereby

each combination can benefit or negatively impact larval
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performance depending on the environmental conditions at

hand. In addition to gradual adaptation over multiple gener-

ations, variation in maternal symbiont provisions could act as

another pathway by which corals prove capable of responding

to environmental stressors such as environmental degradation

and global warming.
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