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Abstract Species interactions can induce morphological

changes in organisms that affect their subsequent growth

and survival. In Moorea, French Polynesia, epibiotic

gammaridean amphipods induce the formation of long,

branch-like coral ‘‘fingers’’ on otherwise flat, encrusting, or

plating Montipora coral colonies. The fingers form as

corals encrust tubes built by the amphipods and lead to

significant changes in colony morphology. This study

examines the costs and benefits of this association to the

amphipods and corals and demonstrates that the interaction

is a mutualism. Amphipods gain protection from predators

by living within corals, and corals benefit by enhanced

growth and survival. Benefits to the coral arise through

direct effects due to the amphipods’ presence as well as

through benefits derived from the altered colony mor-

phology. This study demonstrates that induced morpho-

logical plasticity can be a mechanism for facilitation,

adding to our knowledge of the roles mutualism, and

phenotypic plasticity play in ecology.

Introduction

Phenotypic plasticity is common in nature and may be

induced by biotic or abiotic environmental cues (Bradshaw

et al. 1965; DeWitt and Scheiner 2004). Corals, for example,

vary in a number of morphological traits in response to

abiotic factors such as water flow and light levels (Kan-

iewska et al. 2008; Todd 2008), while competition, prey

availability and predation induce morphological changes in

a number of marine organisms (e.g., Fernandez and Bou-

douresque 1997; Trussell 1996). Most recognized examples

of phenotypic plasticity are autogenic, where normal vari-

ation of an organism’s morphology is expressed in response

to the environment, and plasticity is thought to enhance

fitness in variable environments (Via 1993).

Allogenic morphological changes, where the morphology

of one organism is largely controlled by another, also occur.

Parasites, for example, can induce dramatic morphological

changes by interfering with or exploiting the normal

development of their hosts. Although there are many

examples of these effects, such as parasite-induced changes

in the morphology of fish (Dingemanse et al. 2009; Sandland

and Goater 2001) and snails (Krist 2000; Lagrue et al. 2007)

and the formation of galls in plants and corals (Eldredge and

Kropp 1982; Stone and Schonrogge 2003), the ecological

consequences of allogenic morphological plasticity are not

always clear. These changes are controlled by the inducing

organism and likely reflect a host morphology that evolved

under selection for the inducer (Stone and Schonrogge

2003). Thus, the morphological changes are not adaptive for

the host and most known examples of allogenic morpho-

logical plasticity arise from parasitic interactions with neg-

ative effects on host organisms.

Many autogenic intraspecific morphological variations

are thought to enhance fitness, and given the prevalence of
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facilitation and mutualism in nature, it is surprising that few

examples of facilitative allogenic morphological variation are

recognized. The importance of nutrient absorption by

mycorrhizal symbionts in the development and morphology

of plant roots, however, suggests that facilitator-induced

morphological changes may be important ecological phe-

nomena (Hetrick 1991). Continued research is revealing

multiple ecological effects arising from phenotypic plasticity

(Miner et al. 2005), and allogenically induced phenotypes

may be important drivers of morphological variation of

foundation species, whose growth and morphology drive

productivity and habitat structure within their communities.

Corals are foundation species in tropical reefs, and many

exhibit morphological plasticity (Todd 2008). Coral growth

controls processes driving reef geology and primary pro-

ductivity. Coral morphology also shapes habitat structure,

influencing local diversity, and abundance of fishes and

invertebrates (Holbrook et al. 2002; Vytopil and Willis

2001). Organisms that induce morphological variation in

corals, therefore, could profoundly alter coral fitness and

the structure of reef communities.

Epibiotic invertebrates often associate with corals and

are known to alter coral growth and survival. For example,

boring spionid worms alter coral growth through tube

building (Liu and Hsieh 2000) and vermetid gastropods

inhibit growth leading to skeletal deformations (Shima

et al. 2010; Zvuloni et al. 2008), while epibiotic crabs

enhance coral survival by protecting host corals from

predators and competitors (Glynn 1976; Stachowicz and

Hay 1999). In a little-known association, gammaridean

amphipods (Gammaropsis sp.) induce the formation of

long, finger-like branches (fingers) on otherwise encrusting

or plating Montipora coral colonies (Bergsma 2009) and

may affect coral fitness. We explore the costs and benefits

of symbiosis to the amphipods and corals and examine the

effects of allogenic morphological changes in the coral.

Field and laboratory experiments test the hypotheses that

amphipods gain protection from predators by living within

the corals and that the presence of amphipods alters colony

growth rate and survival. We also examine whether effects

on the coral arise directly from the biotic interaction or

secondarily from the induced morphological change and

discuss how morphological variability could be maintained

by trade-offs in the costs and benefits of the association

across an environmental gradient.

Materials and methods

Study species

Tube-dwelling amphipods (Gammaropsis sp.) induce the

formation of fingers on Montipora spp. corals in the

lagoons of Moorea, French Polynesia (Fig. 1). All amphi-

pods encountered appear to belong to a single undescribed

species (Bergsma 2009). Typically, one or two amphipods

inhabit each tube, though as many as five amphipods were

observed in some tubes.

Montipora is one of the dominant genera of reef-build-

ing corals in the northern lagoons of Moorea, but its tax-

onomy is poorly resolved and species level identifications

could not be made with certainty (see Bergsma 2009 for a

list of Montipora species that may associate with amphi-

pods). For this study, we attempted to use a single mor-

phospecies (possibly M. aequituberculata), but also

accounted for individual colony genotype in subsequent

experiments (see below), so that no bias was introduced

through misidentification. Colonies of the selected mor-

phospecies are typically encrusting or plating when not

associated with amphipods (Fig. 1a). When amphipods are

present, however, they form tubes that are encrusted by the

coral and extend up to 20 cm (Fig. 1b, c). Colonies asso-

ciated with amphipods are frequently densely covered by

these fingers and resemble branching corals in morphology

(Fig. 1b). This association is common in the lagoons, and

the amphipod-induced growth forms add significant three-

dimensional structure to the reef (Bergsma 2009).

Distribution of coral fingers within lagoon

Divers conducted surveys to assess the spatial distribution

of Montipora and document the prevalence of amphipod-

induced fingers in the lagoons of Moorea. We surveyed

colonies with four 2-m-wide band transects that extended

300 m from the reef crest to the mid-lagoon in the Vaipahu

(17�29.000S, 149�50.000W) and Maharepa (17�28.750S,

149�49.000W) sectors of the lagoon (Fig. 2). For each

colony, the distance from the reef crest was measured using

a GPS towed at the surface behind the observer, and the

presence or absence of fingers [2 cm in length was

recorded. We tested whether the proportion of colonies

with or without fingers changed with distance from the reef

crest using a logistic regression.

Effects of coral structure on amphipod survival

Laboratory experiments tested the effect of the coral fingers

on survival of amphipods in the presence of fish predators.

Previous observation of the amphipods in aquaria indicated

that amphipods do not readily form tubes away from coral

and occasionally exit their tubes onto the surface of the

coral. Our first experiment therefore looked at survival of

free-swimming amphipods outside of their association with

coral. For each trial, 25 amphipods were removed from their

tubes and introduced into a 54-l tank with five fish. The fish

were randomly selected, wild-caught individuals from one
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of four fish species commonly associated with Montipora:

Chaetodon citrinellus (speckled butterflyfish), Chromis

viridis (blue-green chromis), Dascyllus flavicaudus (yel-

lowtail dascyllus), or Dascyllus aruanus (humbug dascyl-

lus). New fish were used for each trial and allowed to

acclimate before amphipods were placed in the tank. The

amphipods were introduced at the water’s surface and

allowed to swim through the water column to a plastic col-

lecting tray covering the bottom of the tank. After 55 min,

the tray was removed and the remaining amphipods counted.

A total of eight trials were conducted, with two replicates for

each of the four fish species.

Our second experiment investigated amphipod survival

outside of their tubes, but associated with the coral. Again,

25 amphipods were introduced into tanks with five fish for

each trial, similar to the previous experiment. This time,

however, instead of being introduced at the surface of the

water, the amphipods were carefully placed on the surface

of a flat Montipora colony that was positioned in the col-

lecting tray prior to the introduction of the predators. After

55 min, the coral and tray were removed and the number of

remaining amphipods was counted. A total of eight trials

were conducted, with two replicates for each of the four

fish species.

Fig. 1 Photographs showing a typical encrusting morphology of

Montipora sp. colony when symbiotic amphipods are absent, b altered

morphology of encrusting Montipora sp. colony when symbiotic

amphipods (Gammaropsis sp.) are present, and c close-up of finger

with an amphipod emerging from its tube (indicated by arrow)

**
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Fig. 2 A map showing the

study sites along the north shore

of Moorea, French Polynesia.

Dotted lines indicate the

locations of lagoon transects,

while stars indicate the locations

of outplant experiments.

Laboratory experiments were

conducted at the Richard B.

Gump South Pacific Research

Station (Gump Station). The

Vaipahu lagoon sector

encompasses the reef flat to the

west of Gump Station, between

the two bays, while the

Maharepa lagoon sector

encompasses the reef flats to the

east of Gump Station
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For both experiments, the data were averaged across

species to estimate mean consumption for free-swimming

and crawling amphipods in the presence of predators. No

statistical analyses were performed, but we report the

percent of amphipods that were consumed to indicate their

relative vulnerability to predation outside of their tubes.

Our third experiment investigated amphipod survival

within their tubes. For each trial, 15 Montipora fingers with

amphipods were cemented to small tiles and placed into

54-l glass aquaria stocked with five individuals from one of

the four previously listed fish species. The fingers were

allowed to remain among the predators for 55 min, after

which they were removed and the amphipods expelled and

counted. A total of eight trials were conducted, with two

replicates for each fish species. We averaged the number of

amphipods remaining in each finger across species and

used a t test to compare this to the mean number of am-

phipods found in 259 similarly sized fingers collected

directly from the wild over the previous year to detect

whether there was predation on amphipods within their

tubes during the trial.

Effects of amphipods on coral growth and survival

Three outplant field experiments investigated the effects of

amphipods on coral growth rates and survival. All coral

fingers were initially collected from Montipora colonies

situated in the middle of the Vaipahu lagoon (17�28049.8900S,

149�50028.5100W). Fingers, ranging 2–5 cm in initial length,

were detached by hand from arbitrarily selected colonies and

grouped by the colony from which they were collected

(thereby possessing identical genotypes). They were then

sorted into pairs by genotype and length. The pairing was only

used to ensure that each treatment contained equal number of

fingers of each genotype and length.

Growth with amphipods

The first outplant experiment assessed the effect of am-

phipods on coral growth rates. In the laboratory, fingers

were first placed in an aerated 15 ppm Alizarin Red S bath

for 18 h to stain the corals (Lamberts 1978). One finger in

each pair was then randomly selected for the amphipod

removal treatment. Amphipods were removed by applying

back pressure to the amphipod tube using syringes with

22-gauge hypodermic needles. The needle was inserted in

the tube opening at the base of the finger (exposed after

breaking the finger off the original colony), and water

pressure applied to expel the amphipods. In most cases,

multiple amphipods were expelled. However, some fingers

harbored only a single amphipod, so the tubes were flushed

until at least one amphipod was expelled and water flowed

freely through the tube. If no amphipods were expelled

from the tube, or if obstructions prevented the free flow of

water through the tube, the finger was discarded. Fingers

that were not part of the amphipod removal treatment also

had needles inserted into them and were handled in a

manner similar to those in the amphipod removal treat-

ment, but were not flushed to expel the amphipods. This

ensured that handling stress to the corals was similar

between the two treatment groups.

Fingers were then cemented to cinder blocks using

marine epoxy and deployed. To minimize the time between

when fingers were collected and deployed, they were pro-

cessed in batches. This resulted in fingers of the same

genotype being grouped onto the same block; a single

block usually contained fingers from two or three colonies.

Thirty-two fingers were attached to each block in four rows

that alternated treatment types to account for any effect of

position on the block. Fingers were attached vertically so

that their long axis extended perpendicular to the block’s

face.

Blocks were transported fully submerged in a cooler

filled with seawater to the field sites and arranged in evenly

spaced rows running parallel to the reef crest. The long axis

of each block was placed perpendicular to the reef crest to

reduce the possibility of the blocks being dislodged by the

current, but the orientation of individual blocks were

alternated to account for the relative position of treatments

on the blocks within the predominantly unidirectional flow

regime.

A total of 30 blocks (with 480 fingers for each treat-

ment) were deployed over a 3-week period from 24 June to

14 July 2005. All blocks for this experiment were placed in

a sand patch surrounded by a patch reef matrix in about

1.5 m of water (17�28050.6400S, 149�5000.1200W; adjacent

to the mid-lagoon site on Fig. 2). The sand patch measured

approximately 20 m 9 19 m, with the blocks arranged over

a 12.5 m 9 10.5 m area in the center of the patch. No block

was closer than 5 m to the nearest patch reef, and the site

was approximately 400 m from the reef crest. The site was

selected because of the high prevalence of amphipods in

the surrounding patch reef matrix, indicating that the local

conditions favored finger growth.

At the end of 1 year, fingers were harvested. Immedi-

ately prior to harvest, the state of the coral finger was

recorded. Finger states were categorized as alive if the

entire finger was still covered in living coral tissue, dead if

no living tissue remained, partially alive if any portion of

the finger retained living tissue while other portions had

died, and broken if the finger had either broken or com-

pletely dislodged during the course of the experiment.

Blocks were returned to the laboratory over a 5-day period

from 23 to 28 June 2006. Block deployments ranged from

346 to 368 days in length. In the laboratory, fingers were

detached from the blocks and submerged in bleach solution
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for 24 h to remove living tissue. The fingers were then

rinsed, ground, and polished using fine sand paper to

expose the amphipod tube and alizarin stain (Fig. 3). The

linear chord length of tube extension was measured with

calipers from the point where the alizarin stain crossed the

amphipod tube (the tip of the tube at the time of deploy-

ment) to the current tip of the tube or to the apex of the

finger in instances where corallites had overgrown the tip

of the tube. The chord length provided a conservative

estimate of extension in fingers that curved during growth.

The chord length and the time of deployment were then

used to calculate rates of linear extension for each finger.

Additionally, the presence of an amphipod anytime fol-

lowing deployment was recorded, indicated by the exten-

sion of the tube beyond the alizarin stain (e.g., finger 1 in

Fig. 3).

Growth with pseudotubes

The second experiment estimated the difference in growth

between corals with amphipods and corals for which syn-

thetic substrate was provided in place of amphipod tubes.

Again, fingers were arbitrarily selected for amphipod

removal, and corals were handled and attached to blocks as

described for the previous experiment. Cable ties were

embedded in the epoxy at the base of each finger to provide

a static reference point for precise in situ measurements of

finger extension. The cable ties were placed around the

base of the finger with the plastic emerging through the

epoxy used to anchor the finger in a manner that marked

the edge of the living coral tissue at the start of the

experiment.

Synthetic tubes were made by extruding marine epoxy

from a syringe, creating long, thin structures about 1 mm in

diameter and 40 mm in length that were dried and sanded

to fit into the aperture of the empty tubes in the fingers.

These pseudotubes were cemented with marine epoxy onto

the tips of each of the fingers from which the amphipods

had been removed. These structures provided an alternate

substrate to the amphipod’s tubes for the corals to encrust

while removing the effect of the amphipod’s presence.

A total of four cinder blocks (with 64 fingers for each

treatment) were deployed for 2 months in a 2.5-m-diameter

circular outdoor tank with flow-through seawater. The

water was maintained at a depth of 0.75 m, and 50% shade

cloth was used to reduce the ambient sunlight. The thin

epoxy pseudotubes were fragile; consequently, the exper-

iment was conducted in the laboratory to reduce the risk of

dislodgement of the pseudotubes by currents in the field.

Growth was estimated by measuring finger length from the

edge of the embedded cable tie at the finger’s base to the

farthest living tissue, either at the apex of the finger for

the corals with amphipods or to the closest exposed epoxy

from the pseudotube for the corals where amphipods had

been removed. The difference in lengths and the time of

deployment were then used to calculate the rate of linear

extension for each finger.

Growth with orientation

The third experiment was used to determine the effect of

the emergent structure created by the fingers while

attempting to control for the presence of the amphipod.

Fingers were first placed in an aerated 15 ppm Alizarin

bath for 18 h for staining. They were then randomly

assigned to horizontal or vertical treatments and attached to

blocks using marine epoxy. Vertical fingers were attached

with their long axis perpendicular to the block’s face, with

the finger extending into the water column in a manner

similar to naturally occurring fingers that emerge from the

substrate. Horizontal fingers were attached with their long

axis parallel to the block’s surface and did not extend from

the block’s surface, mimicking the near-substrate condi-

tions experienced by an encrusting colony. Both treatments

Fig. 3 Longitudinal sections of experimental Montipora fingers used

to measure growth of corals (1) with or (2) without amphipods.

Sectioning revealed the alizarin stain (a) marking the initial size of

the coral, and the amphipod tube (t) running through the center of the

finger. The amphipod tube extends beyond the alizarin stain for

the coral harboring amphipods during the experiment (1) but not for

the coral where amphipods had been experimentally removed (2). The

finger with amphipods (1) shows vertical growth around an amphipod

tube (gt) as well as vertical growth with no amphipod tube (gn)

following the loss of amphipods during the experiment. The finger

without amphipods (2) only shows growth with no tube (gn). The

markers on the scale represent millimeters
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retained their amphipods to test for the effects of orienta-

tion while controlling for the effect of amphipod presence.

Fingers were arranged 32 per block in four rows and

deployed as previously described.

We sought to determine the effects of position within

the lagoon on coral growth, so blocks were outplanted to

two sites within the Vaipahu lagoon. The first site was

located 100 m from the reef crest (17�28041.1200S,

149�5000.8700W) in an area of relatively high wave expo-

sure, while the second was located 300 m from the reef

crest (17�28048.0000S, 149�49057.7200W), in a mid-lagoon

area of high coral cover and finger density adjacent to the

site used in the previous experiment (Fig. 2). Both sites

were small sand patches within the patch reef matrix,

approximately 1.5 m in depth. A total of 12 blocks (with

192 fingers for each treatment) were deployed, six to each

site, over a 2-week period from 10 to 24 August 2006, and

harvested over the course of 1 month in August 2007. Prior

to harvest, the state of each finger was categorized as alive,

dead, partially alive, or broken as described above. Fingers

were then returned to the laboratory where they were

measured.

Lateral growth (i.e., encrusting growth over the block)

was determined by measuring the maximum basal diameter

of each finger at the start and end of the experiment.

Diameter measurements were made perpendicular to the

finger’s long axis using calipers, and linear lateral growth

rates were recorded for both horizontal and vertical fingers

as half of the difference between the initial and final

diameter of the coral over the time of deployment. Vertical

fingers were also sectioned, and the rate of linear extension

was measured using the alizarin stain mark as previously

described.

Analysis

Analysis was conducted for in situ length measurements for

the pseudotube experiment and for extension beyond aliz-

arin stain and lateral growth measurements for the two field

experiments. Growth rates were calculated from measure-

ments of linear extension or lateral growth and deployment

times. Differences in growth rate between corals of dif-

ferent treatments were determined using mixed-effects

ANCOVA models for the amphipod presence and

pseudotube outplant experiments. For each ANCOVA,

block was modeled as a random effect, while initial finger

length and amphipod presence were modeled as fixed

effects. Because we grouped fingers with the same geno-

type on the same block, the effects of genotype were

incorporated by the random block effect included in the

model. The model accounted for lack of independence

arising from location and genotype among fingers sharing a

block and the effect of colony size on growth rate.

Because of differences in the way that linear lateral

growth translates to total colony growth between the

vertical and horizontal fingers, growth was not directly

compared between orientations, but growth rates for a

given orientation were compared between sites. Differ-

ences in growth rates between sites were analyzed using

Welch’s t tests due to the high rate of broken fingers

near the reef crest and subsequent differences in sample

size and variance between the two sites. Additionally,

differences between treatments in the relative number of

corals that were alive, partially alive, broken, or dead

following the experiments were analyzed using contin-

gency tests to determine whether the various treatments

affected coral survival. All data were analyzed using

the statistical package JMP (SAS Institute, Inc., Cary,

NC).

Results

Distribution of coral fingers within lagoon

The field surveys revealed significant changes in the

proportion of colonies with and without fingers across

the first 300 m from the reef crest (logistic regres-

sion, v2
ð1; n¼165Þ ¼ 54:47, P \ 0.0001). No fingers were

found on colonies within the first 100 m of the reef crest.

Fingers were first observed on Montipora colonies between

100 and 150 m from the reef crest, and the proportion of

colonies with fingers increased to 80% at the mid-lagoon

end of the transect (Fig. 4).

Fig. 4 The proportion of Montipora colonies with and without

amphipod-induced fingers across the first 300 m from the reef crest

(n = 165)
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Effects of coral structure on amphipod survival

In the laboratory, amphipods were found to be extremely

vulnerable to predation outside of their tubes. Averaged

across the four fish species, 64 ± 14.3% (mean ± SE,

n = 8) of amphipods released into the water column and

78.5 ± 10.4% (mean ± SE, n = 8) of amphipods placed

on coral substrate were consumed within 55 min. By

contrast, no difference was detected in the number of

amphipods found in fingers placed in experimental tanks

with fish and the known average number of amphipods

per finger (t test, t(7) = 0.5185, P = 0.6201). Fingers

taken directly from the wild had an average of

2.15 ± 0.05 (mean ± SE, n = 259) amphipods per fin-

ger, whereas fingers placed in aquaria with predators

averaged 2.17 ± 0.06 (mean ± SE, n = 120) amphipods

per finger.

Effects of amphipods on coral growth and survival

Fingers with amphipods had a significantly greater rate of

linear extension growth than fingers from which amphi-

pods had been experimentally removed (ANCOVA Effect

test, F(1, 734.9) = 841.35, P \ 0.0001). Fingers with am-

phipods grew at nearly three times the rate of fingers

without amphipods (Fig. 5a), which over the course of

1 year yielded, on average, fingers with amphipods

approximately 12 mm longer than fingers without am-

phipods (e.g., Fig. 3). There was also a significant effect

from initial finger length (ANCOVA Effect Test, F(1, 745) =

43.90, P \ 0.0001) and a significant interaction between

finger length and amphipod presence (ANCOVA Effect

test, F(1, 740.8) = 14.01, P = 0.0002). The interaction was

non-crossing and resulted from a stronger positive effect

of initial finger length on growth for corals with

amphipods.

There was also a significant difference in the condition

of corals following 1 year between fingers with and with-

out amphipods. (Pearson’s Chi-square, v(3,n=760)
2 = 35.17,

P \ 0.0001). A greater proportion of fingers with amphi-

pods present were alive and a lesser proportion dead, par-

tially alive, or broken than fingers where the amphipod had

been removed (Fig. 5b).

No significant difference was found in extension growth

rates between fingers with an amphipod and fingers with a

pseudotube (ANCOVA Effect Test, F(1, 121) = 1.63,

P = 0.2048; Fig. 6), suggesting that amphipods primarily

affect coral growth by providing substrate to the colony

and that the rate of coral extension may be limited by

substrate availability. There was also a significant effect

from initial finger length (ANCOVA Effect Test,

F(1, 124) = 9.96, P = 0.0020), but no significant interaction

between finger length and treatment (ANCOVA Effect

Test, F(1, 121.4) = 0.32, P = 0.5745).

Significant differences in extension growth rates were

found between vertical fingers placed near the reef crest

and vertical fingers placed in the mid-lagoon (t test,

t(6.286) = 3.60, P = 0.0105). Similarly, there were differ-

ences in the lateral growth rates of vertical (t test,

t(126.2) = 6.70, P \ 0.0001) and horizontal fingers (t test,

t(171.7) = 2.05, P = 0.0415) between sites. In all cases,

mid-lagoon fingers grew more quickly than those near the

reef crest, with a 68% increase in extension growth rate for

vertical fingers, a 66% increase in lateral growth rate for

vertical fingers, and a 17% increase in lateral growth rate

for horizontal fingers (Fig. 7a).

(a) (b)

Fig. 5 Effects of the removal of

gammaridean amphipods on

a coral extension

(means ± 95% CI, n = 760) and

b coral survival (n = 760) for

Montipora
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Sites also differed in the proportion of fingers surviving

for both vertical (Pearson’s Chi-square, v(3,n=192)
2 = 71.27,

P \ 0.0001) and horizontal (Pearson’s Chi-square,

v(3,n=192)
2 = 8.88, P = 0.0309) fingers. While horizontal

fingers experienced high mortality at both sites, a greater

proportion of them were alive following 1 year at the mid-

lagoon site (Fig. 7b). The most striking pattern, however,

was the high rate of survival of vertical fingers at the mid-

lagoon site compared to the high rate of broken vertical

fingers at the reef crest site (Fig. 7b).

At the mid-lagoon site, where survival was highest,

significant differences in survival were also found between

vertical and horizontal fingers (Pearson’s Chi-square, v(3,

n=192)
2 = 59.91, P \ 0.0001), with a greater proportion of

vertical fingers alive or broken and a lesser proportion dead

or partially alive than horizontal fingers (Fig. 7b).

Discussion

Positive interspecific interactions are important drivers of

ecological processes (Bertness and Leonard 1997; Stac-

howicz 2001). We identified a previously unrecognized

positive interaction and provide another example of the

symbioses formed between corals and epibiotic inverte-

brates. Furthermore, we identify allogenic morphological

change as a mechanism facilitating coral growth and sur-

vival, adding to the diverse ways that species are known to

positively interact and broadening our knowledge of the

role phenotypic plasticity plays in ecology.

The net relationship between the corals and amphipods

is mutualistic. The results from the fish feeding experiment

reveal that amphipods are readily eaten by a number of fish

species when they are outside of their tubes. However,

within their coral encrusted tubes, they appear well pro-

tected, indicating that living within the corals enhances

amphipod survival. While not directly tested by this study,

there are likely other benefits to the amphipods as well. The

amphipods appear to be suspension feeders, and the

extension of their coral-supported tubes into the water

column likely facilitates feeding as well.

Fig. 6 Coral extension (mean ± 95% CI) for Montipora fingers with

amphipods or with epoxy pseudotubes (n = 128)

(a)
(b)

Fig. 7 The effect of finger

orientation and location within

the lagoon on a lateral growth of

horizontal corals

(means ± 95% CI, n = 174),

lateral growth of vertical corals

(means ± 95% CI, n = 137),

and extension growth of vertical

corals (means ± 95% CI,

n = 63); and b coral survival

(n = 384)
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The corals, meanwhile, benefit from enhanced growth

and survival. The coral outplant and pseudotube experi-

ments demonstrate that amphipods enhance colony growth

rate by providing substrate. While we only tested for the

effects of tube building, the enhanced survival observed in

the amphipod presence/absence experiment (Fig. 5b) could

also arise from other benefits of the amphipod to the coral.

Several studies have shown that invertebrate epibionts

provide a number of services to corals, including nutrient

enrichment (Mokady et al. 1998), sediment removal

(Stewart et al. 2006), and defense from competitors

(Stachowicz and Hay 1999) and predators (Glynn 1976). It

is possible that amphipods service corals in similar ways.

In addition to the direct effects of the amphipods, there

may be further advantages to the corals arising from the

change in colony morphology. In the mid-lagoon, vertical

fingers had a greater rate of survival than horizontal fingers

(Fig. 7b). Because both treatments harbored amphipods,

this suggests that the emergent structure may enhance fit-

ness beyond effects due to the amphipods’ presence. This

could be due to better water flow, reduced sedimentation,

or increased access to sunlight and nutrients as the corals

grow into the water column. It is important to note that the

stress of attaching the horizontal corals to the blocks was

likely greater than the stress of attaching the vertical fin-

gers, so these results may be artifacts of the treatment.

There was evidence, however, that many of the corals

survived the handling stress and had begun encrusting over

the epoxy and blocks only to die later.

The hypothesis that emergent structure enhances fitness

is strengthened by the observation that lateral growth rates

(i.e., the linear rate of encrusting or plating growth along

the periphery of the colony) appear to be greater for corals

with vertical structure (Fig. 7a). The physical structure of

the fingers may also enhance coral competitiveness by

allowing colonies to overgrow competitors, and asexual

reproduction and dispersal by increasing rates of frag-

mentation (Bergsma 2009). Benefits arising from altered

morphology may be additive with those arising from the

amphipod’s presence and will continue even if the am-

phipods die or leave the finger.

While it is not known whether the amphipods occur

outside of this association, the corals are facultative

mutualists. Because both fingered and encrusting or plating

morphologies are able to occur within the same habitat,

often within the same colony, these interactions represent a

mode of intraspecific morphological variation. This varia-

tion is not a polymorphism, as the induced structures

develop during ontogeny. Nor does it arise autogenically,

as the size and shape of the induced morphologies appears

to be driven by the amphipods.

The amphipods utilize the coral’s encrusting growth to

engineer these structures, and there is anecdotal evidence

suggesting that amphipods may actively control the direc-

tion of growth. The curve in the finger with amphipods

illustrated in Fig. 3 is the result of growth toward the

predominant flow, and in all the field experiments, we

observed that extension growth in fingers harboring am-

phipods was directed into the current. While corals without

amphipods showed little vertical growth, the growth that

did occur did not curve into the flow, but rather went

directly upward from the substrate (note the coral growth

beyond the termination of the amphipod tube in Fig. 3

labeled gn).

The fingers’ growth into the flow demonstrates that the

amphipod-induced coral morphology responds to environ-

mental cues. Finger growth in Montipora is unique, how-

ever, because the coral’s morphology is directly controlled

by the amphipods and amphipod behavior appears to drive

the response to environmental cues. This is different from

most recognized examples of phenotypic plasticity. Corals,

sponges, and algae, for example, vary their morphology

across hydrodynamic gradients as an endogenous response

to environmental conditions (Todd 2008; Meroz-Fine et al.

2005; Stewart 2006). Even in cases where the environment

mediates morphological variation within mutualisms, the

morphological changes are largely endogenous responses

to changes in the interspecific interaction (e.g., Carballo

et al. 2006).

Given the prevalence of negative species interactions

that induce morphological changes, it is surprising that

facilitative interactions are not commonly recognized to

induce intraspecific morphological variation. This may be

because selective pressures could drive universally

advantageous mutualisms to ‘‘fixation’’ in the environment,

resulting in obligate mutualisms. Obligate mutualisms

would not yield multiple morphologies and therefore

would not be considered as morphological plasticity. One

of the few examples of positive induced morphological

variations occurs on plants where mycorrhizal fungi appear

to induce morphological changes in roots (Hetrick 1991).

The induced changes occur in plants that heavily rely on

the mycorrhizal symbiosis in nutrient-poor soils, and trade-

offs in the benefits of different root morphologies across

gradients of soil chemistry likely maintain morphological

variation. Trade-offs may therefore be necessary to main-

tain facilitative allogenic morphological plasticity.

Species interactions frequently vary along environmen-

tal gradients (Bohannan and Lenski 2000; Sanford et al.

2003) and in heterogeneous conditions (Chesson and

Huntley 1997; Menge and Sutherland 1976), and the ben-

efits of mutualism are often context-dependent (Hoeksema

and Bruna 2000). Trade-offs in the costs and benefits of

positive interactions may cause mutualisms to be condi-

tional on both biotic and abiotic factors (Pellmyr 1989; van

Ommeren and Whitham 2002). The field surveys appear to
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support this assertion; coral fingers are ubiquitous in the

mid-lagoon but completely absent near the reef crest

(Fig. 4), suggesting that the symbiosis may not form in

some environments.

Many environmental variables change with distance

from the reef crest, and the observed patterns could be

driven by a number of factors. Wave disturbance, for

example, is likely greater near the reef crest and could alter

the benefits of the mutualism for the coral. During the

outplant experiments, all corals grew better in the mid-

lagoon than near the reef crest, but this pattern was espe-

cially strong for vertical fingers (Fig. 7a), suggesting that

the advantage of vertical structure is greatly reduced near

the reef crest. Fingers have a high risk of being broken

nearer the reef crest, and the increased cost associated with

greater vulnerability to physical disturbance may offset the

advantages of vertical orientation in areas of higher expo-

sure. The expression of induced phenotypes should reflect

the level of benefits relative to costs (McCoy 2007), so

environmentally mediated trade-offs may maintain this

morphological variation, just as it maintains polymor-

phisms or traditional examples of phenotypic plasticity.

Alternately, the lack of fingers near the reef crest may be

driven by the habitat preferences and behaviors of the

amphipods, and not by costs to the coral. The directed

growth of fingers into the current illustrates that the am-

phipods respond to water flow. Strong water flow near the

reef crest might impede feeding and dispersal of amphi-

pods, and broken fingers are likely to be fatal to their

inhabitants. Amphipods may avoid settling on corals near

the reef crest, thus reducing the prevalence of fingers.

Fingers might represent the extended phenotype of the

amphipod (Dawkins 1982), with the induced morphology

developing to enhance the amphipods’ fitness. The am-

phipods are therefore analogous to parasites that interfere

with their hosts’ development, such as gall formers that

produce aberrant morphological structures on their hosts

that benefit their performance (Abelson et al. 1991; Stone

and Schonrogge 2003). The benefits to the coral may be the

indirect consequence of structures adaptive for the am-

phipods, perhaps illustrating an evolutionary mechanism

by which mutualisms are initiated.

Whether the presence of this association is driven by

trade-offs in the costs and benefits to the coral or to the

amphipod, where it occurs, this interaction has the potential

to drive community dynamics. Bergsma (2009) demon-

strated that fingers add significant 3-dimensional structure

to the reef and increase the total area of live coral,

expanding prey availability for corallivores and habitat

heterogeneity throughout the lagoons for coral-associated

species. Given the importance of coral morphology to reef

productivity and habitat structure, the coral–amphipod

interaction could have cascading effects on the reef

community by enhancing coral growth and increasing

structural complexity.
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