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Abstract The physical and chemical environment around
corals, as well as their physiology, can be affected by inter-
actions with neighboring corals. This study employed small
colonies (4 cm diameter) of Pocillopora verrucosa and Acro-
pora hyacinthus configured in spatial arrays at 7 cm s~' flow
speed to test the hypothesis that ocean acidification (OA)
alters interactions among them. Interaction effects were
quantified for P. verrucosa using three measures of growth:
calcification (i.e., weight), horizontal growth, and vertical
growth. The study was carried out in May—June 2014 using
corals from 10 m depth on the outer reef of Moorea, French
Polynesia. Colonies of P. verrucosa were placed next to con-
specifics or heterospecifics (A. hyacinthus) in arrangements
of two or four colonies (pairs and aggregates) that were incu-
bated at ambient and high pCO, (~1000 patm) for 28 days.
There was an effect of pCO,, and arrangement type on mul-
tivariate growth (utilizing the three measures of growth), but
no interaction between the main effects. Conversely, arrange-
ment and pCO, had an interactive effect on calcification,
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with an overall 23 % depression at high pCO, versus ambi-
ent pCO, (i.e., pooled among arrangements). Within arrange-
ments, there was a 3445 % decrease in calcification for
solitary and paired conspecifics, but no effect in conspecific
aggregates, heterospecific pairs, or heterospecific aggre-
gates. Horizontal growth was negatively affected by pCO,
and arrangement type, while vertical growth was positively
affected by arrangement type. Together, our results show that
conspecific aggregations can mitigate the negative effects of
OA on calcification of colonies within an aggregation.

Introduction

The spatial arrangement of sessile organisms can influ-
ence the outcomes of species interactions (Tilman 1994)
and therefore plays a role in shaping community struc-
ture. The influence of sessile neighboring organisms on the
growth, fecundity, and survival of a given individual con-
stitutes ‘neighborhood effects’ (Mack and Harper 1977)
that have been comprehensively studied in plant communi-
ties (Bonan 1988; Stoll and Weiner 2000), as well as ben-
thic marine communities such as coral reefs (Cornell and
Karlson 2000). On coral reefs, space is a limiting resource
on benthic surfaces (Jackson and Buss 1975), and sessile
organisms compete for this resource through an array of
mechanisms including overgrowth, digestive aggression,
allelopathy, and agonistic behaviors (reviewed in Chadwick
and Morrow 2011). For scleractinians, the spatial arrange-
ment of colonies can influence the outcome of competition
for space, as shown for Porites lobata (a weak competi-
tor) competing against Porites rus (a strong competitor) in
Moorea (Idjadi and Karlson 2007). In this interaction, P.
lobata benefited from conspecific aggregations when com-
peting against P. rus (Idjadi and Karlson 2007).
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The implications for community dynamics of the distri-
bution of corals on reef surfaces, and the extent to which
corals aggregate with con- and heterospecifics, have been
explored for historic and present-day coral reefs (Lang
1973; Rinkevich and Loya 1985; Karlson et al. 2007; Elahi
2008), but little is known of how these effects are modu-
lated by impending environmental changes. One physical
factor of great interest for contemporary and future reefs is
seawater pH, which is declining as a result of ocean acidifi-
cation [OA (Hoegh-Guldberg et al. 2007)], and potentially
could change how corals interact (Evensen et al. 2015). As
OA differentially affects coral growth depending on abiotic
(e.g., flow speeds; Comeau et al. 2014c) and biotic condi-
tions (e.g., presence of nearby competitors; Evensen et al.
2015), it is reasonable to hypothesize that con- and hetero-
specific interactions among corals will mediate the impacts
of OA on coral communities (Hurd 2015).

Negative effects of OA on the calcification of sclerac-
tinian corals initially were reported around the start of the
current millennium (Langdon et al. 2000; 2003), but recent
studies have identified more varied calcification responses
(Chan and Connolly 2013), and a greater number of physi-
ological processes that are affected by high pCO, and
depressed pH (Hofmann et al. 2010; Comeau et al. 2014a).
While calcification of some corals is strongly depressed
(44-80 %) by OA (i.e., 781-789 patm pCO,; Langdon
and Atkinson 2005), others are more modestly affected
(e.g., Comeau et al. 2013), and a few appear resistant (e.g.,
Comeau et al. 2014b), at least at <1000 patm pCO,. The
diversity of calcification responses shown by reef corals to
declining pH indicates that more resistant species can be
found on at least some reefs, which raises the possibility
that OA-resistant species would have a selective advantage
over OA-susceptible species at high pCO, (Gaylord et al.
2015). In this case, space occupation on the reef will be
dictated in part, by OA tolerance, in addition to ecological
processes that mediate present-day coral community struc-
ture. If these effects favor a gradual replacement of corals
that are susceptible to low pH with corals that are resist-
ant to low pH, then evolutionary changes might allow coral
communities to endure longer in the high pCO, seas of the
future than has been proposed (Fabricius et al. 2011). Like-
wise, differential susceptibility among corals to bleaching
has also supported predictions of changes in coral commu-
nity structure as tropical seawater continues warms (Mar-
shall and Baird 2000), and in a few places this appears
already to have occurred (Marshall and Baird 2000; Loya
et al. 2001; Pratchett et al. 2013).

The present study evaluated the effects of high pCO, on
interactions among colonies of Pocillopora verrucosa (sensu
Veron 2000) and Acropora hyacinthus in Moorea, French
Polynesia. P. verrucosa was selected for this experiment as
it is common in present-day, shallow (10—12 m depth) reefs
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of Moorea (Edmunds et al. 2016, N. Evensen pers. obs.),
and has been common in this location for at least 30 years
(Chevalier and Kiihlmann 1983). A. hyacinthus was selected
as a heterospecific competitor, as interactions among adja-
cent colonies of Pocillopora and Acropora were common
on the outer reefs of Moorea when this study was conducted
in 2014 (Fig. 1). We quantified the response of P. verrucosa
to coral—coral interactions through con- and heterospecific
encounters (with A. hyacinthus) created by arranging pairs
or aggregates of two or four colonies in aquaria, and incubat-
ing them at ambient and high pCO, for 28 days. We tested
the hypotheses that: (1) OA alters the outcome of coral-coral
interactions as measured by changes in colony growth (cal-
cification, and both horizontal and vertical linear extension)
and (2) coral—coral interactions modulate the extent to which
OA affects the growth of P. verrucosa.

Materials and Methods
Field observations

This study was conducted in May and June 2014 in Moorea.
Pocillopora verrucosa was used to create spatial arrange-
ments in which small colonies (~4 cm diameter) were placed
adjacent to colonies of conspecifics or Acropora hyacinthus
(the heterospecific treatment). The ecological relevance of
these interactions was determined by assaying colonies of
P. verrucosa and A. hyacinthus on the outer reef of Moorea
for interactions with other corals. These analyses were con-
ducted using 0.25 m? photoquadrats randomly placed along
a 50-m transect running parallel to the reef crest at 10 m
depth. Sampling occurred in 2014 and was conducted at
‘LTER1 and LTER2’ (~1.5 km apart; n = 40 site™!) on the
north shore of Moorea (Edmunds 2015). Corals were identi-
fied to genus, as species-level identification of members of
this genus is equivocal in images (e.g., Edmunds et al. 2016).
Photoquadrats were used to quantify the frequency of inter-
actions between adjacent Pocillopora colonies, and between
adjacent colonies of Pocillopora and Acropora. Adjacent
colonies of each genus were inferred to be interacting and
competing for space when they were <5 mm apart, which
included cases where they were touching. It was not pos-
sible to evaluate the veracity of inferred competition based
on proximity of colonies in photoquadrats. However, inspec-
tion of adjacent colonies (also <5 mm apart) at the same sites
while scuba diving in 2014 revealed areas of dead tissue at
the zone of interaction which suggests competition was
underway. The number of colonies inferred to be engaged in
spatial competition based on analyses of the photoquadrats
was expressed as a percentage of the total number of Pocil-
lopora and Acropora colonies in each photoquadrat, and the
results were averaged among photoquadrats.
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Fig. 1 Examples of Pocillopora verrucosa and Acropora hyacinthus
interacting on the outer reef of Moorea. a A. hyacinthus (left) indi-
rectly interacting (overtopping) with multiple P. verrucosa colonies,

Sample collection and preparation

Spatial arrangements were created using colonies of P.
verrucosa and A. hyacinthus collected from the outer
reef, with the arrangements designed to mimic encounters
among Pocillopora colonies, and between Pocillopora and
Acropora colonies found at 10 m depth in 2014 (Fig. 1).
Coral—coral configurations were prepared to create five
arrangements: (1) controls consisting of a single colony of
P. verrucosa; (2) conspecific pairings, in which a colony of
P. verrucosa was adjacent to a conspecific of equal size; (3)
conspecific aggregations, in which a colony of P. verrucosa
was surrounded by three conspecifics of equal size; (4)
heterospecific pairings, in which a colony of P. verrucosa
was adjacent to a fragment of A. hyacinthus; and (5) het-
erospecific aggregations, in which a colony of P. verrucosa
was surrounded by three fragments of A. hyacinthus (Fig.
S1). In all cases, the effect of the arrangements following

b P. verrucosa (top) and A. hyacinthus directly interacting (tissue in
contact), ¢ A. hyacinthus (center) directly interacting with two P. ver-
rucosa colonies. Photographs taken in May 2014 at ~10 m depth

incubations was measured on one colony of P. verrucosa,
hereafter referred to the as the ‘primary colony.’” In all
types of arrangements, adjacent colonies were positioned
3-5 mm apart to provide a gap large enough to allow linear
skeletal growth, but small enough to be bridged by agonis-
tic structures (i.e., mesenterial filaments, sweeper polyps,
and sweeper tentacles), which are employed in competitive
encounters among corals (Chadwick and Morrow 2011).
To prepare the arrangements, colonies of P. verrucosa
(n = 120, ~4 cm in diameter) and A. hyacinthus (n = 20,
~10 cm in diameter) were collected from 10 m depth on the
outer reef in May 2014. Colonies were removed from the
reef using a hammer and chisel, and returned submerged in
seawater to the Richard B. Gump South Pacific Research
Station. Initially we had planned to create arrangements
using colonies of similar size, since colony size affects
competitive outcomes (Zilberberg and Edmunds 2001).
However, when the study was initiated, the population size
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structure of A. hyacinthus at 10 m depth was negatively
skewed, and small colonies (<4 cm diameter), suitable
for pairing with 4-cm-diameter P. verrucosa (which were
abundant), were rare. Therefore, small colonies of A. hya-
cinthus were created by fragmenting colonies that were
~10 cm diameter. Each colony of A. hyacinthus was frag-
mented into 5-6 pieces consisting of 7-8 branch tips, and
each piece was secured individually in its natural growth
orientation to 4 x 4 cm plastic bases using epoxy (Z Spar
A788). In this procedure, multiple fragments from each
colony shared a common genotype, but the potential effects
of this were minimized by randomly selecting fragments
for use in preparing coral-coral arrangements. Colonies
of P. verrucosa were attached upright to the same type of
plastic bases as described for A. hyacinthus.

Following attachment to their plastic bases, fragments
of A. hyacinthus and colonies of P. verrucosa were left to
recover for 7 days in a shallow tank supplied with running
seawater pumped from Cook’s Bay. Following recovery,
most fragments (~80 %) of A. hyacinthus showed signs
of recovery from the preparation process as evaluated by
cessation of stress-related mucus secretion, and the growth
of new tissue over fractured surfaces. The corals attached
to their bases were used to prepare the aforementioned
coral-coral arrangement by securing colonies of P. ver-
rucosa and A. hyacinthus in different configurations to
15 x 15 x 1 cm terracotta tiles using non-toxic silicone
aquarium sealant (Aqueon, USA). Three replicates of each
arrangement were randomly allocated to one of four out-
door flumes (after Comeau et al. 2014c, described below)
that were maintained at either ambient pCO, or high pCO,
(targeted at 1000 patm) for 28 days. The objective of this
experimental design was to assess the effect of pCO,, and
spatial arrangement on the growth of P. verrucosa. pCO,
was a fixed, between-plot effect; flume was a random fac-
tor nested in each pCO, treatment, and arrangement was a
fixed, split-plot effect in each flume.

The flumes consisted of a working section (5.0 x
0.3 x 0.3 m) in which water was re-circulated using
pumps (W. Lim Wave II) to obtain a unidirectional flow
of 7 cm s~'. Water in the flume was ~25 cm deep, with
flow measured 4 cm off the bottom of the flume to esti-
mate the flow experienced by the coral colonies in the
flume. This flow speed is similar to the mean flow speed of
6.89 + 0.01 cm s~! (£SE, n = 76) recorded at 10 m depth
on the fore reef of the north shore of Moorea in 2006-2014
using a bottom-mounted, Acoustic Doppler Current Profiler
(Sentinel ADCP; Teledyne RD Instruments, Poway, Cali-
fornia, USA; Washburn 2015). In the flumes, flow speed
was measured across the working section using an Acous-
tic Doppler Velocimeter (ADV; Nortek AS, Vectrino, Nor-
way). The flumes were filled with filtered seawater pumped
from Cook’s Bay at 12 m depth, and supplied at 5 L min~".
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Seawater passed through an 88-cm transition section at the
upstream end of the flume, which housed 20-cm-long flow
straighteners made of stacked, 3-cm-diameter PVC pipes.
The flumes were exposed to sunlight attenuated using
neutral density shading to 374 % 9 umol photons m~2 s~
(mean & SE, n = 5), as measured at 12:00 h at the start
of the incubation and every 7 days thereafter (using a 4x

quantum sensor LI-193 and a LiCor LI-1400 m).
Carbonate chemistry and physical parameters

Two CO, treatments were created in pairs of flumes main-
tained at ambient pCO, (~400 patm) and high pCO,
(~1000 patm) to match the atmospheric pCO, expected
by the end of the current century in a pessimistic scenario
characterized by representative concentration pathway
(RCP) 8.5 (Moss et al. 2010). pCO, was controlled using
a pH-controlled system (Apex Aquacontroller, Neptune
Systems, USA) that employed a solenoid to regulate the
bubbling of either pure CO, or CO,-free air. CO,-free air
was obtained by scrubbing CO, from ambient air using a
column packed with soda lime. Using chillers (DA-500B
Arctica, JBJ, USA), temperature in the flumes was regu-
lated at 27.01 £ 0.04 °C (mean *+ SE, n = 96) which is
similar to the mean seawater temperature on the fore reef
of Moorea at ~10 m depth during the experiment (27.3 °C;
Washburn 2015). pH was measured daily using a port-
able meter (Orion 3-stars) fitted with a DG 115-SC probe
(Mettler-Toledo, Switzerland) calibrated every 2 days using
2-amino-2-hydroxymethyl-1,3-propanediol (TRIS) buffers
at a salinity of 35.0. pH was also measured weekly with a
spectrophotometric procedure using m-cresol dye (SOP 6b,
Dickson et al. 2007), with results obtained with the port-
able pH meter falling within £ 0.01 units of those obtained
using the more accurate m-cresol procedure. Total alkalin-
ity (Ap) of the seawater in the flumes was measured every
2 days by open-cell potentiometric titrations using an auto-
mated titrator (model T50, Mettler-Toledo) with 50 mL
samples of seawater. Titrations of certified reference mate-
rials (CRM) provided by A.G. Dickson yielded Ay values
within 5 pmol kg’1 (0.2 %) of the certified value. Param-
eters of the carbonate system were calculated from salin-
ity, seawater temperature, Ay and pHy using the R package
Seacarb (Lavigne and Gattuso 2013).

Dependent variables

Growth of the primary colony in each treatment was meas-
ured using three dependent variables: calcification as mass
of CaCQO;, horizontal growth (change in diameter), and
vertical growth (change in height). Horizontal growth was
used as a proxy for the ability to compete for space with
an adjacent coral, based on the rationale that corals expand
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toward neighbors during competitive encounters to occupy
additional space (Fine and Loya 2003). Vertical growth was
measured to test for a trade-off with horizontal growth and
to assess whether growth was redirected vertically in the
presence of neighboring colonies.

Calcification was measured by buoyant weighing
(£1 mg) corals before and after incubation (Spencer-
Davies 1989), with the difference between initial and final
buoyant weight converted to dry weight using the density
of aragonite (2.93 g cm™). Calcification was normalized to
tissue area (mg cm™> days™'), which was estimated using
wax dipping (Stimson and Kinzie 1991). To measure hori-
zontal growth, corals were photographed in planar view
under natural lighting in seawater before and after incu-
bation. Images were divided into four quadrants centered
on the primary P. verrucosa colony in order to codify the
measurement process, with the quadrants created by the
diagonals of the PVC tile on which the corals were epoxied
(Fig. S2). Horizontal growth was obtained by measuring
the growth of the tip of the longest branch in each quadrant.
The growth of the branch tips in each of the four quadrants
(i.e., the growth in four directions) cumulatively provided a
measure of horizontal growth for the colony (um days™).
Finally, vertical growth was obtained from lateral images of
the corals, in which the distance from the base to the apex
of the colony was measured before and after incubation.
Vertical growth was expressed as change in height over
time (wm days’l). While the growth measurements were
reported as daily growth, these were measured once after
28 days in the treatments, and standardized to daily growth
to facilitate comparisons across studies.

Photographs were used to measure linear growth, and
were taken using a Nikon D70 camera (6.1-megapixel
resolution) fitted with a Nikon 60-mm f/2.8D AF Micro-
Nikkor lens. Each image contained a scale bar to standard-
ize measurements that were obtained using ImageJ version
1.46 software (Rasband 1997). With this procedure, the
precision of measurements was +50 um as determined by
repeatedly (4 times) photographing a single coral on one
day.

Statistical analysis

Physical conditions in the flumes were analyzed with a
two-way ANOVA, with pCO, as a fixed effect and flume
a random factor nested in each treatment. Calcifica-
tion, horizontal growth, and vertical growth collectively
were analyzed in multivariate framework using mixed-
effects PERMANOVA, with pCO, as a fixed, between-
plot effect, flume as a random factor nested in each treat-
ment, and arrangement as a fixed, split-plot effect in each
flume. As growth variables were measured using different

Table 1 Parameters of the carbonate chemistry in the flumes during
incubations; values are mean + SE (n = 48)

Treatment T (°C) pH; pCO, A

T arag
(atm)  (umol kg™
ACO, 27.0£0.1 803 411+6 2319+2 3.59 £ 0.03
HCO, 27.0£0.1 7.70 1033 £21 2321 +1 1.90 £ 0.03

SE for pHy was <0.01. ACO,, ambient pCO,; HCO,, high pCO,
(~1000 patm)

metrics, data were standardized as z-scores (Quinn and
Keough 2002). PERMANOVA was performed on a simi-
larity matrix of Euclidean distances among replicates, with
tests based on 9999 permutations of the residuals under
the reduced model (Anderson et al. 2008). If the PER-
MANOVA was significant, the three response variables
were separately analyzed using univariate split-plot ANO-
VAs with the same fixed and random factors described for
the PERMANOVA. Univariate ANOVAs were used to test
for the effects of pCO, and arrangement on the dependent
variables individually. In all cases, flume was dropped from
the statistical analyses when not significant at P > 0.250
(Quinn and Keough 2002). Tukey’s honestly significant dif-
ference (HSD) post hoc tests were conducted when signifi-
cant differences (P < 0.05) were detected by ANOVAs.
PERMANOVA was conducted using PRIMER-E ver-
sion 6 software (Clarke and Gorley 2006) with the PER-
MANOVA-+ extension (Anderson et al. 2008). ANOVAs
and post hoc analyses were performed using R statistical
software, with assumptions of normality and equality of
variance evaluated through graphical analyses of residuals.

Results
Field observations

In April 2014, mean coral cover at 10 m depth on the
outer reef was 26 &= 1 % (£SE, n = 77), and of this
cover, 67 % was Pocillopora spp. and 3 % Acropora spp.
Colonies of Pocillopora spp. occurred at a mean density
of 13 + 0.5 colonies m~2 (+SE, n = 77) and frequently
engaged in coral—coral interactions (Fig. 1). Forty-two per-
cent (n = 419 colonies) of Pocillopora spp. colonies were
interacting with congenerics (i.e., colonies were <0.5 cm
apart), of which 28 % was interacting with two conge-
neric colonies, and 5 % was interacting with three or more
congenerics. Acropora spp. occurred at a mean density of
0.5 &+ 0.1 colonies m~2 (£SE, n = 77), and Acropora—
Pocillopora interactions affected 3 % of Pocillopora spp.
colonies (n = 1001), and 74 % of Acropora spp. colonies
(n =39).
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Table 2 Comparison of the response variables measured on Pocillo-
pora verrucosa colonies

Response variable Effect df MS F P
Calcification pCO, 1 02716 12534 <0.001
Arrangement type 4 0.20783  9.591 <0.001
pCO, x arrange- 4 0.11641 5372 0.001
ment type
Residual 40 0.02167
Horizontal growth pCO, 1 18,079 40.679 <0.001
Arrangement type 4 6204 13.96 <0.001
pCO, x arrange- 4 292 0.658 0.624
ment type
Residual 40 444
Vertical growth ~ pCO, 1 127.29 1.538 0.221
Arrangement type 4 267.73 3.234  0.019
pCO, x arrange- 4 73.01 0.882  0.482
ment type
Residual 40 82.79

Analyses were completed using a split-plot ANOVA with one
between-plot effect (pCO,) and one within-plot factor (arrangement
type). Flumes served as plots with two flumes nested within each
pCO, treatment; flume effects were removed from the model when
they were not significant (p > 0.250). Significant effects are in bold.
df degrees of freedom, MS mean sum of squares

Manipulative experiment

Treatments were controlled precisely during the incuba-
tions, with analysis of seawater chemistry (Table 1) reveal-
ing that pCO,, pH, and Q,,, differed between treatments
(Fi4 > 818.7, P < 0.001), but not flumes (F,q4, < 0.409,
P > 0.524). A; and seawater temperature did not vary
among flumes (F, 400 < 0.017, P > 0.896) or between treat-
ments (F, , < 0.552, P > 0.459). Overall, the treatments
contrasted 411 £+ 6 patm pCO, with 1033 £ 21 patm
pCO, (£SE, n = 48).

PERMANOVA showed an effect of pCO, (pseudo-
Fi4=9.64, Py, = 0.002), and arrangement type (pseudo-
Fy50 = 991, Py = 0.001) on multivariate growth, but
there was no interaction between the main effects (pseudo-
Fys50 = 0.727, Ppery = 0.596). Flume effects were not sig-
nificant (Pp,,, > 0.25) and were therefore dropped from the
statistical model. Arrangement type explained the greatest pro-
portion of the variance in the statistical model, with 37 % of
the total variance attributable to this source, and 15 % to pCO,.

Univariate analysis of growth showed that the response
of primary colonies to the treatments depended on the
response variable (Table 2). For calcification, there was an
interactive effect of pCO, and arrangement type (Fig. 2a)
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Fig. 2 Growth of Pocillopora verrucosa placed in arrangements
simulating interactions found naturally on the outer reef of Moorea,
and incubated for 28 days in ambient or high pCO,. Corals were
positioned in the following arrangements: (1) ‘controls’, a single P.
verrucosa colony; (2) conspecific pairings, P. verrucosa adjacent to
conspecific of equal size; (3) conspecific aggregations, P. verrucosa
surrounded by three conspecifics of equal size; (4) heterospecific
pairings, P. verrucosa adjacent to A. hyacinthus fragment; (5) hetero-
specific aggregations, P. verrucosa surrounded by three A. hyacinthus
fragments. A diagram of each arrangement is located above the top
panel. Growth is expressed on three scales: (a) calcification, (b) hori-
zontal linear growth, and (c) vertical linear growth. Differing letters
denote significant differences among arrangement types, and asterisks
denote significant differences between pCO, treatments within an
arrangement type (P < 0.05). Values displayed are mean =+ SE (n = 6)
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(Table 2). Overall (i.e., pooled among arrangements), high
pCO, depressed mean calcification of primary colonies of
P. verrucosa 23 %, from 0.60 + 0.04 mg cm~2 days~! in
ambient pCO,, to 0.46 + 0.03 mg cm~2 days™! in high
pCO, (£SE, n = 30). Within arrangements, however, high
pCO, depressed calcification 34 % for control corals (i.e.,
single colonies), and 45 % for corals in conspecific pairings
(Tukey’s HSD, P < 0.03). There was no effect of pCO, for
in the other three arrangements (Fig. 2a), although there
was a trend (P = 0.66) for corals in conspecific aggrega-
tions to calcify faster at high pCO, compared to ambi-
ent pCO,. Subsequently, calcification rates for corals in
conspecific aggregations under high pCO, were not sig-
nificantly different from the calcification rates of control
corals under ambient pCO, or high pCO, (Tukey’s HSD,
P >0.12).

Horizontal growth of primary colonies was affected
by pCO,, and arrangement type, but there was no interac-
tion between the two (Table 2). Mean horizontal growth
decreased 53 % from 65.99 + 6.13 um days™' in ambi-
ent pCO, to 31.27 + 4.23 wm days~' in high pCO, (£SE,
n = 30; Fig. 2b). Horizontal growth decreased across all
spatial arrangements compared to the control treatment
(Tukey’s HSD, all P < 0.01), except for the conspecific
pairings (Tukey’s HSD, P = 0.32).

Vertical growth of primary colonies was affected by
arrangement, but not pCO, or the interaction between the
two (Table 2). Vertical growth increased 73 % in the con-
specific aggregation compared to the control treatment
(Tukey’s HSD, P = 0.03), while none of the other arrange-
ments differed from the control (Tukey’s HSD, P > 0.72)
(Fig. 2c). Further, vertical growth for corals in conspecific
aggregations was also significantly higher (79 %) than for
corals in heterospecific pairings (Tukey’s HSD, P = 0.02).

Discussion

This study tested the hypotheses that ocean acidification
alters interactions among corals arranged in conspecific
and heterospecific pairings and aggregations, and that
adjacent colonies affect the ways in which OA modulates
the growth of primary colonies. Our results support both
hypotheses, with the effect of OA on the calcification of P.
verrucosa modulated by neighboring colonies (‘arrange-
ment’), and overall colony growth (and thus the ability of
colonies to compete for space) affected by OA. For P. ver-
rucosa exposed to high pCO,, calcification was depressed
to a lesser extent for colonies in conspecific aggregations
relative to colonies placed in other arrangements, and
indeed, was similar to that of single colonies. To our knowl-
edge, our study is the first to demonstrate that conspecific

aggregations of corals have the potential to alleviate the
negative effects of OA on coral calcification.

On coral reefs and in terrestrial plant communities, con-
specific aggregations can stimulate growth of organisms on
the edge of an aggregation when faced with stronger com-
petitors (Stoll and Prati 2001; Idjadi and Karlson 2007).
Moreover conspecific aggregations can improve environ-
mental conditions for downstream conspecifics in marine
systems, such as occurs when upstream branches of the
coral Madracis mirabilis facilitate particle capture for
downstream branches through reduced flow speeds (Sebens
et al. 1997). In the context of OA, photosynthesizing organ-
isms (e.g., macroalgae in temperate and tropical coastal
communities) can improve conditions for downstream cal-
cifiers (i.e., through increases in pH and €2,,,,) in habitats
with largely unidirectional flow (Anthony et al. 2013; Hurd
2015). Together with the present findings, these observa-
tions suggest that it might be valuable to further investigate
the potential for biologically mediated processes attributed
to neighboring organisms to affect seawater chemistry. One
advantage of such investigations could be a better under-
standing of the means by which the dynamic physical and
chemical conditions routinely experienced by corals in
their natural environment could affect their susceptibility to
OA (Mumby and van Woesik 2014; Hurd 2015).

In the present study, calcification rates were greatest for
solitary colonies at ambient pCO,, with calcification lower
under all conditions involving high pCO, and neighbors.
The rapid calcification of solitary colonies probably reflects
freedom from competition with neighboring colonies for
light or other resources (Chadwick and Morrow 2011), and
in the case of solitary colonies under ambient pCO,, expo-
sure to an aragonite saturation state favoring calcification
(Hoegh-Guldberg et al. 2007). Although OA depressed the
calcification rate of solitary corals, the depressed rate still
was greater than the OA-depressed calcification rates of
colonies of P. verrucosa in all aggregates tested, except for
corals placed in conspecific aggregations.

While the present study cannot reveal the mechanism(s)
driving the higher calcification rates for colonies in con-
specific aggregations relative to other competitive arrange-
ments, a leading hypothesis for these effects involves the
role of closely spaced coral branches in modifying the
flow of seawater among colonies in conspecific aggrega-
tions. Though the flow of seawater among coral branches
within the aggregations was not measured, the biological
consequences of the unidirectional flow speed experienced
by P. verrucosa in the flumes probably were different for
aggregates versus solitary colonies or pairings. These dif-
ferences would be created in aggregates from upstream col-
onies, which would have accentuated turbulent flow around
downstream colonies (Reidenbach et al. 2006), including
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the primary P. verrucosa colony on which growth was
measured. Such turbulence would favor increased reten-
tion times of seawater around the primary colony through
eddies forming in the wake of upstream coral branches
(Sebens et al. 1997; Reidenbach et al. 2006). Increased
retention of seawater within the aggregations could lead to
the retention and increased concentration (and thus perhaps
improved uptake; Crossland and Barnes 1983) of dissolved
and particulate organic carbon (DOC and POC) within
conspecific aggregations, which are sources of carbon
routinely released in large quantities by corals in shallow
water (Naumann et al. 2010; Wild et al. 2010). Likewise, it
is also possible that water retention among coral branches
would have favored the capture by expanded polyps of
small particulates (<100 pm) (Sebens et al. 1997) in the
seawater. Further, Levas et al. (2015) showed that the coral
Turbinaria reniformis reduced its DOC losses under high
pCO, (741 patm), which suggests that corals modify their
organic carbon budget when exposed to OA. Thus, parti-
cle capture and uptake of DOC might have contributed to
a modified carbon budget, and subsequently higher rates of
calcification, for corals placed in conspecific aggregations
under high pCO,, as both food particles and DOC can func-
tion as important nutritional inputs to corals (Houlbreque
and Ferrier-Pages 2009; Naumann et al. 2010; Wild et al.
2010).

An additional flow-related consequence of placing cor-
als in aggregates is that such colonies probably experienced
reduced flow speeds relative to solitary or paired corals
(Sebens et al. 1997). While increased seawater flow can
benefit coral calcification under ambient and high pCO, in
certain circumstances (Jokiel 1978; Comeau et al. 2014c),
it has recently been suggested that reduced flow speeds
could benefit coral calcification under high pCO,. Chan
et al. (2016) demonstrated that pH adjacent to coral tis-
sues can be elevated relative to ambient seawater through
enhanced diffusive boundary layer at low flow speeds,
thereby potentially reducing the negative consequences of
OA (i.e., reduced seawater pH) on calcification, as appears
to be the case in the present study. While the present results
also indicate a mitigating effect of neighboring corals on
calcification of colonies in heterospecific aggregations
under high pCO,, likely also due to modified seawater flow
as discussed above, the effects are not identical to those
observed in conspecific aggregates (Fig. 2a). In the case of
heterospecific aggregations, calcification rates under high
pCO, were lower than those of the control and conspecific
aggregation treatments under high pCO,, and potentially
this accentuated effect might reflect the negative conse-
quences of competition between the closely spaced colo-
nies of different species (Chadwick and Morrow 2011).

@ Springer

While conspecific aggregations had a positive effect on
coral calcification under high pCO,, at least relative to coral
pairings and heterospecific aggregates, coral aggregations
have also been shown to accentuate the negative effects
of high pCO, on calcification in the dark (Anthony et al.
2013). For example, when colonies of Acropora aspera
were placed in aggregates mimicking those found on the
shallow reefs of Heron Island, Australia, and exposed in the
dark to 560-700 patm pCO, at 8 cm s~ their metabolic
activity (i.e., respiration and calcification) accentuated the
depression of €2, caused by high ambient seawater pCO,
(Anthony et al. 2013). This effect is likely to be detrimental
to coral calcification at night when there is no photosyn-
thesis to counteract the effects of respiration in depressing
2,rae through the production of CO, (Shamberger et al.
2014). However, during the day, when calcification in sym-
biotic scleractinian corals is typically 3—4 times higher than
at night (Chalker and Taylor 1975; Moya et al. 2006), the
aggregates of A. aspera created by Anthony et al. (2013)
caused €2, to increase during the day under high pCO,,
thereby limiting the depressive effect of OA on coral calci-
fication. Thus, the potential benefits of coral aggregations
that we describe during the day, when physical conditions
remain favorable for calcification, may offset the unfavora-
ble conditions created by coral aggregations at night.

Despite conspecific aggregations mitigating the effect of
OA on calcification in the present study, there was a clear
overall decrease in horizontal growth as a result of high
pCO,, suggesting that the ability of P. verrucosa to com-
pete with other taxa through overgrowth may be impaired
(Box and Mumby 2007) at high pCO,. Conversely, verti-
cal growth was unaffected by high pCO,, but was affected
by the number of neighboring colonies, increasing 73 %
in conspecific aggregations versus control colonies. While
corals in the present study were placed far enough apart at
the beginning of the experiment to allow space for growth,
it is possible that colonies in conspecific aggregations redi-
rected growth away from the neighboring colonies (sensu
Romano 1990), favoring vertical growth over horizontal
growth. Notably, for colonies in heterospecific aggrega-
tions, the strong reduction in horizontal growth rates is
likely due to A. hyacinthus employing mesenterial fila-
ments to attack the tissue of the central P. verrucosa col-
onies during the experiment (N. Evensen pers. obs.), thus
further preventing colony growth.

Nonetheless, rapid linear growth is a common mecha-
nism used to overgrow or overtop neighboring corals
for branching corals (Fine and Loya 2003; Connell et al.
2004), such as P. verrucosa. Thus, the negative effects of
OA on horizontal growth may alter the ability of P. verru-
cosa to compete for space under high pCO,. Furthermore,
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scleractinians involved in competitive encounters can often
employ rapid linear growth in concert with agonistic struc-
tures such as sweeper polyps, sweeper tentacles, and mes-
enterial filaments (Chadwick and Morrow 2011). Little is
known about the effects of OA on cnidarian tissue (Rene-
gar et al. 2008), though experimental studies have demon-
strated no effect of OA on tissue biomass in several corals
(Edmunds 2011; Schoepf et al. 2013). The effects of OA
on the agonistic structures employed by reef corals remain
unknown, however, and the extent to which OA influences
the formation and deployment of these structures may affect
the competitive ability of corals under high pCO,. It might
be productive, therefore, to explicitly address the effect of
OA on the production and use of agonistic structures in reef
corals in order to better understand the ecological impor-
tance of coral-coral competition under high pCO,.

Our findings complement recent studies on the effects of
OA on ecological interactions among benthic taxa on coral
reefs (Connell et al. 2013) by considering the effects of OA
on coral—coral interactions. To date, studies of the effects of
OA on interactions among reef taxa have focused on coral—
macroalgal interactions (Diaz-Pulido et al. 2011). Such
interactions are of clear importance given the abundance of
macroalgae on many reefs (Done 1992; Bruno et al. 2009),
but it is also relevant to ask how coral—coral interactions
will be affected by OA on reefs where coral cover remains
relatively high (e.g., 26 % in Moorea at the time of the
study). The mitigating effects of conspecific aggregations
on the growth of corals under OA may prove important on
reefs like the ones in Moorea, where, at the time of study
(2014), 14 % of Pocillopora colonies on the fore reef were
interacting with two or more congenerics. The percentage
of Pocillopora interacting with other corals now is likely to
be higher given the high rates of coral recruitment on this
reef and its ongoing rapid rate of recovery of coral cover
and community structure (Bramanti and Edmunds 2016).
Finally, as the hypothesized mechanisms driving the effects
described herein are likely to apply to a variety of taxa, the
notion of neighboring organisms modulating the negative
effects of OA on calcifying organisms may have general
application to other marine benthic communities (Anders-
son et al. 2014; Hurd 2015).
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