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Abstract

Coral reefs are threatened by ocean acidification (OA), which depresses net calcification of corals, calcified algae, and coral
reef communities. These effects have been quantified for many organisms, but most experiments last weeks-to-months, and
do not test for effects on community structure. Here, the effects of OA on back reef communities from Mo’orea, French
Polynesia (17.492 S, 149.826 W), were tested from 12 November 2015 to 16 November 2016 in outdoor flumes maintained
at mean pCO, levels of 364 patm, 564 patm, 761 patm, and 1067 patm. The communities consisted of four corals and two
calcified algae, with change in mass (G,,, a combination of gross accretion and dissolution) and percent cover recorded
monthly. For massive Porites and Montipora spp., G, differed among treatments, and at 1067 patm (relative to ambient) was
reduced and still positive; for Porolithon onkodes, all of which died, G, was negative at high pCO,, revealing dissolution
(sample sizes were too small for analysis of G,,, for other taxa). Growth rates (% cover month™") were unaffected by pCO,
for Montipora spp., P. rus, Pocillopora verrucosa, and Lithophyllum kotschyanum, but were depressed for massive Porites
at 564 patm. Multivariate community structure changed among seasons, and the variation under all elevated pCO, treat-
ments differed from that recorded at 364 patm, and was greatest under 564 patm and 761 patm pCO,. Temporal variation in
multivariate community structure could not be attributed solely to the effects of OA on the chemical and physical properties
of seawater. Together, these results suggest that coral reef community structure may be more resilient to OA than suggested
by the negative effects of high pCO, on G, of their component organisms.

Introduction

The physiological responses of coral reefs and reef organ-
isms to ocean acidification (OA) are relatively well known
(Kroeker et al. 2010; Chan and Connolly 2012). For scle-
ractinian corals, calcification is expected to decline~15%
per unit reduction in aragonite saturation state (£2,,,, for
2<£,,<4) (Chan and Connolly 2012), and for calcified

algae, ~0-8% per unit decline in calcite saturation state
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from ambient values (Kroeker et al. 2013; Comeau et al.
2014). There is variation among taxa and functional groups
in the sensitivity of calcification to pCO, (Kroeker et al.
2013; Comeau et al. 2014), which indicates that commu-
nity structure will modulate effects of OA on net community
calcification. While this conclusion is supported by stud-
ies of coral reefs naturally enriched with CO, (Fabricius
et al. 2011), analyses of coral reef communities incubated
for weeks under high pCO, reveal negative effects on net
calcification that are driven by dissolution of sediments and
carbonate rock rather than calcification (Dove et al. 2013;
Comeau et al. 2016).

Despite advances in understanding the effects of OA
on the net calcification of coral reefs (Comeau et al. 2016;
Albright et al. 2018), little is known of the effects on com-
munity structure. This omission makes it challenging to
couple research describing the effects of OA on coral reefs
with ecological analyses of their community structure. Two
studies have experimentally addressed the effects of OA on
coral communities for >2 months (Langdon et al. 2000;
Dove et al. 2013), and community structure was addressed
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in one study; two mensurative tests of the effects of pCO,
on coral communities have been conducted (Fabricius et al.
2011, 2014). Dove et al. (2013) incubated coral reef com-
munities in 300-L tanks under four pCO, regimes, and
created communities simulating bommies at 5-m depth on
Heron Island, Australia. Their experiment began with 35%
coral, 15% macroalgae, and 48% sand, and after ~ 84 days,
net calcification ranged from +5.3 g m™ h™! (301 patm) to
—3.8 gm 2 h~! (1009 patm), and coral cover declined 11%
(301 and 405 patm) or 30% (611 and 1009 patm).

The present study tested the effects of OA on coral reef
communities that were assembled with organisms from the
back reef of Mo’orea, French Polynesia, and incubated for
a year under different pCO, treatments. We embraced the
complexities of medium-volume (10%-10* L) mesocosms
operated over medium time scales (1 month—1 year; Stewart
et al. 2013), and focused on community structure as an emer-
gent property of organismic processes. An advantage of this
approach is the ecological relevance attained from working
with communities exposed to treatments for a long period
relative to the speed with which organisms acclimatize
(Somero 2015). Despite this advantage, there are limitations
of mesocosms, notably in the potential for “random walks”
from initial conditions (Stewart et al. 2013), and their high
costs. Nevertheless, mesocosms provide important insights
to the response of communities to environmental condi-
tions, especially when placed in a context of experimental
analyses conducted on a variety of functional and tempo-
ral scales. Our results focus on the community response to
pCO,, but we describe the effects on organism mass (i.e.,
net calcification, G,,) to supplement the interpretation. We
address the response of G, to pCO,, and then test the null
hypotheses that: (1) the changes in planar area of corals and
algae are unaffected by pCO,, (2) benthic community struc-
ture (i.e., variation in the abundance of members of each
taxon as measured by planar area) is unaffected by pCO,,
and (3) changes in community structure are independent of
the physical and chemical features of seawater.

Methods

Overview Back reef communities were assembled in four
flumes (Fig. S1), with each randomly assigned to pCO,
treatments targeting ambient (400 patm), 700 patm, 1000
patm, and 1300 patm pCO, to approximate atmospheric
pCO, projected for ~2140 under representative concen-
tration pathways (RCP) 2.6, 4.5, 6.0 and 8.5, respectively
(IPCC 2014). Treatments were maintained for 1 year from
November 2015, and actual pCO, treatments differed from
target values. Each flume consisted of a working section
that was 5.0 m long, 30 cm wide and filled to ~30-cm depth
with~500 L of seawater that was circulated and refreshed
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with sand-filtered (pore size ~450-550 um) seawater from
Cook’s Bay (14-m depth) at~5 L min~' (Carpenter et al.
2018).

Planar growth and community structure were measured
because they are used in ecological analyses of coral reefs,
and we reasoned they would sharpen the ability to interpret
the ecological implications of the physiological impacts of
OA on calcification (Chan and Connolly 2012; Kornder
et al. 2018). We anticipated that the community response
to OA would include reduced linear extension, impaired
planar growth of tissue and skeleton, and increase partial
mortality (as in Dove et al. 2013). The mean linear exten-
sion expected for the corals in the present study (Porites
rus=15.2+5.7 mm year_] , massive Porites=10.0+0.6 mm
year™!, Montipora=27.7+ 3.0 mm year™!, and Pocillopora
verrucosa=24.7+2.4 mm y~! [https://coraltraits.org/,
accessed 8 October 2018]) were expected to create annual
changes in planar area of 52 cm? (with mean initial size of
69 cm?), 32 cm? (with mean initial size of 68 cm?), 106 cm?
(with mean initial size of 70 cm?), and 150 cm? (with mean
initial size of 218 cmz), respectively, in the ambient flume.
To evaluate the precision of the photographic method, 10
independent images of mounding and branching corals in
the flumes were recorded, and were processed to provide
replicate determinations of organism size (i.e., planar area).
These images showed that the standard deviations of mean
area determinations were 2.3% for massive Porites, and 3.8%
for P. verrucosa). Based on these measures of precision,
there would be a 75% chance of detecting annual growth
of 0.6 cm? for massive Porites and 4.8 cm? for P. verrucosa
(with n=4), which represent reasonable estimates for the
growth of these corals in our flumes (Carpenter et al. 2018).
Given effect sizes ranging from 21.1% for Lithophyllum
to 10.2% for massive Porites upon exposure to 1067 patm
pCO, (Comeau et al. 2014), an effect of pCO, on growth in
the present study would be detectable for Montipora, while
smaller effects of pCO, for other taxa might be prone to
Type II errors in detection (i.e., they might not be detected
when present).

Back reef communities Back reef communities were
assembled to correspond to the mean percent cover of the
major space holders in this habitat in 2013 (data archived in
Edmunds 2015). The communities began with ~25% coral
cover, with 11% massive Porites spp., 7% Porites rus, 4%
Montipora spp., 3% Pocillopora spp., and ~ 7% crustose cor-
alline algae (CCA), consisting of 4% Porolithon onkodes
and 3% Lithophyllum kotschyanum. Coral rubble (~ 1-cm
diameter) was added to ~ 5% cover, and the remainder of the
benthic surface was sand. Analyses of community structure
focused on the central, 2.4-m long portion of this commu-
nity where corals and CCA were secured to a plastic-coated,
metal grid (5 X5 cm mesh) and represented the “fixed” com-
munity (Fig. S1). Securing organisms to the grid was critical
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to reduce parallax errors in photography, to allow the organ-
isms to grow and interact as they extended over the year
experiment, and to allow ecologically meaningful analysis
of community structure using photographs.

The central section of each flume included a 2.4-m long
sediment box that extended the width of the flume, and
contained 30-cm depth of sediment. The sediment box was
flanked by ~ 2.6 m of the fiberglass floor of the flume, along
which 0.8 m was occupied by the same benthic commu-
nity, but with corals and CCA resting on the bottom (i.e.,
“unfixed”’). Members of the fixed community were buoyant
weighed at the start and end of the year to measure G, but
otherwise were left in place. Members of the unfixed com-
munity were removed monthly to measure buoyant weight
to calculate G, (described below). The unfixed portion
of the community allowed monthly resolution of G,.,, but
the necessity for removal from (and return to) the flume to
measure G, resulted in relocation error that negated their
use in photographic measurement of community structure.
In addition to the coral, sand, CCA, and rubble, the flumes
were augmented with holothurians (~8-cm long, Holothu-
ria spp.), and macroalgae (Turbinaria ornata and Halimeda
minima) to approximate the cover of these algae in the back
reef in 2013 (~4-5%).

Corals, CCA, and rubble were collected from ~2-m depth
in the back reef, and were attached with epoxy (Z-Spar
A788) to plastic bases. Sediments were collected in the same
location, and were placed into boxes that were buried in situ,
flush with the sediment for 3 days to promote stratification,
and then installed in each flume. Back reef communities
were constructed in the flumes on 12 November 2015, and
were maintained under ambient conditions until 17 Novem-
ber 2015, when pCO, treatments began in three flumes,
with levels increased to target values over 24 h. Throughout
the experiment, the flumes were cleaned of algal turf that
grew on the walls of the flumes as well as exposed plastic
and the metal grid on the floor of the flume. Turfs were not
removed from natural surfaces (i.e., coral bases and rubble)
with the rationale that they are a normal component of back
reef communities.

Physical and chemical parameters Seawater was circu-
lated at~0.1 m s~! using a pump (W. Lim Wave 11373 J s71),
and flow speeds were measured across the working sections
using a Nortek Vectrino Acoustic Doppler Velocimeter.
This flow speed was relevant for the back reef of Mo’orea
(Hench et al. 2008). The flumes were exposed to sunlight
that was shaded to a photon flux density (PFD) of photosyn-
thetically active radiation (PAR) approximating 2-m depth
in the back reef. Light was measured using cosine-corrected
sensors (Odyssey, Dataflow Systems Ltd, New Zealand)
that were calibrated with a LI-COR meter (LI-1400, Li-
COR Biosciences, Lincoln, NE) attached to a 2w sensor
(LI 192A). Maximum daily PFD varied by day and season

from 364 to 1831 pmol quanta m~2 s~!. Temperatures were
regulated close to the mean monthly temperature in the back
reef (Edmunds et al. 2010) that increased from~27.8 °C
in December 2015, to~29.3 °C in April 2016, and back
to~27.4 °C in November 2016.

Seawater carbonate chemistry was uncontrolled in one
flume (ambient), and in the three others, seawater pH was
controlled through the addition of CO, gas (using solenoids
controlled with an Aquacontroller, Neptune Systems, USA)
to approximate pCO, targets. A diurnal upward adjustment
of ~0.1 pH was applied to the treatments to simulate natural
variation in seawater pCO, in the back reef (Hofmann et al.
2011). The ambient flume also maintained a diurnal varia-
tion in pCO, with a nighttime pH~0.1 lower than daytime.
Ambient air was bubbled into all flumes.

PAR and temperature [Hobo Pro v2 (£0.2 °C)], Onset
Computer Corp., MA, USA) were recorded, and pH was
measured daily (at various times of day) on the total hydro-
gen ion scale (pHy). Temperature and pH were used to adjust
the thermostat and pH-set points close to values that were
calculated (using seacarb) to correspond to target treat-
ments of 400 patm, 700 patm, 1000 patm, and 1300 patm
(~8.04,~7.81,~7.70 and ~7.65, respectively). Seawater car-
bonate chemistry (pH and Ay) and salinity were measured at
14:00 h and 20:00 h weekly. A conductivity meter (Thermo
Scientific, Orionstar A212, Waltham, MA, USA) was used to
measure salinity. The remaining parameters of the seawater
carbonate system were calculated from temperature, salinity,
pHr, and A, using the R package seacarb (Lavigne and Gat-
tuso 2013). Calculations were made using the carbonic acid
dissociation constants of Lueker et al. (2000), the K¢, con-
centration for the bisulfate ion from Dickson et al. (1990),
and the K; constant of Perez and Fraga (1987).

pHy was measured using a DG 115-SC electrode (Mettler
Toledo, Columbus, OH, USA) that was calibrated with a
TRIS buffer [SOP 6a (Dickson et al. 2007)]. A} was meas-
ured using open-cell, acidimetric titration [SOP 3b (Dickson
et al. 2007)] using certified titrant with a titrator (T50 with
a DG 115-SC electrode, Mettler Toledo). The accuracy and
precision of measurements were determined using reference
materials (from A. Dickson, Scripps Institution of Ocean-
ography, CA, USA), against which measured values of Ay
maintained an accuracy of 1.7+0.3 pmol kg™! (n=15) and
precision of 1.8 +0.1 pmol kg™! (n=475).

Response variables

Net changes in mass (G, of corals and CCA were meas-
ured using buoyant weight (+ 1 mg) (Spencer Davies 1989)
by month (unfixed) or year (fixed community). Buoyant
weight was converted to dry weight of CaCO; using empir-
ical seawater density (~1.02278 g cm™) and the density
of pure aragonite (2.93 g cm™, corals) and pure calcite
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(2.71 g cm™3, CCA). G,,, in each month was expressed as
the percentage change in mass relative to the initial mass
in November 2015. As the area of tissue changed through-
out the experiment through growth and partial mortality,
“growth” could not be expressed on an area-normalized
scale.

Community structure was quantified using planar pho-
tographs recorded in ambient light using a GoPro Hero 4
camera (12 MP, 3-mm focal length). The camera was moved
along the flume to record the community in the working sec-
tion using ~ 16 frames sampling~".

Photographs were analyzed using ImagelJ software (Abra-
moff et al. 2004) (Fig. S1), in which the planar area of living
tissue on corals and CCA was quantified by outlining organ-
isms and scaling the image using the metal grid as a refer-
ence. Size (cm?) was expressed as a percentage of the area
(240 % 30="7200 cm?) occupied by the fixed members of the
community. The summed area of community members was
used to determine overall cover of the benthic community,
and changes in area were used to quantify growth. Where
organisms died, their area was set to zero.

Statistical analyses

G, for the unfixed community members was compared
among flumes using repeated measures PERMANOVA
with resemblance matrices prepared using fourth-root
transformed data and Euclidian distances. Significance was
evaluated in a permutational framework (999 permutations),
with post hoc pair-wise contrasts between flumes conducted
with ¢ tests. Analyses were completed for four flumes and
9 months of data (up to and including August 2016), and
for the three flumes for which a full 12 months of empirical
data were available (i.e., excluding the 761 patm flume that
malfunctioned). G, for the fixed community members were
compared among flumes with a Kruskal-Wallis test.
Change in area was evaluated by least squares linear
regression using non-zero sizes (i.e., when the organ-
isms were alive). Growth rates (% mo_l) were used to
compare the responses of each taxon among flumes using
Kruskal-Wallis tests with post hoc contrasts conducted with
a Dwass—Steel-Critchlow—Fligner procedure. Multivariate
community structure was described using non-metric mul-
tidimensional scaling (nMDS). The resemblance matrices
used for nMDS cannot accommodate missing data, and
missing data either were set to zero (where organisms died)
or replaced by values interpolated by least squares linear
regressions for each organism. Resemblance matrices were
based on percent cover, and were prepared independently for
each flume. Data were log(x + 1) transformed, and converted
to Bray—Curtis dissimilarities; nMDS plots were obtained
using 50 iterations until stress was < 1.0. To test for differ-
ences among pCO, treatments, resemblance matrices were
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compared using rank correlation coefficients in a pairwise
fashion against the resemblance matrix for the community
incubated under ambient pCO,. Similarity values were used
to evaluate the extent to which communities changed over
time relative to December 2015.

To evaluate the role of physical and chemical conditions
(Table S1) in mediating changes in community structure,
multivariate tests of association were conducted for each
flume. The BEST routine in Primer 6.0 software was used to
test for associations between the biological data (i.e., evalu-
ated with Bray—Curtis dissimilarities) and the physical and
chemical data (standardized values, evaluated using Euclid-
ian Distances). Physical and chemical data (Table S1) were
screened for co-linearity, and one member of each pair of
co-linear variables was dropped from the analysis.

Univariate statistics were completed using Systat 13 (Sys-
tat Software Inc., San Jose, CA), and multivariate statistics
were completed using Primer 6.0 (Clark and Gorley 2006).

Results
Overview

The physical and chemical conditions in the flumes var-
ied (Table S1). Three pCO, treatments were maintained
for 12 months, but the 1000 patm flume malfunctioned
after August 2016 and, therefore, was maintained for
only 9 months. Mean pCO, values differed from targets
(Table S1), and hereafter are referred to as 364 patm, 564
patm, 761 patm, and 1067 patm pCO, (n= 12 months for all
except 761 patm where n=9 months).

Temperature and PFD differed seasonally, but were
similar among flumes. The mean maximum daytime PFD
on the days of measurement across the whole year varied
between 974 + 159 umol quanta m~2 s~! (364 patm treat-
ment) and 1196 + 142 umol quanta m~2 s~! (564 patm
treatment), and mean monthly temperatures across the
whole year varied between 28.0 +0.4 °C (400 patm treat-
ment) and 28.1+0.3 °C (1000 patm treatment) (all + SE,
n=12 months, except for the 761 patm flume where n=9)
(Table S1). Seasonal effects were strong, with mean monthly
temperatures varying from a summer high of 29.3 +0.1 °C
(April, 2016) to a winter low of 25.8+0.2 °C (September
2016), and mean monthly PFD (averaged across all records
and days in each month) varying from an autumn low of
129 + 15 umol quanta m~2 s~! (February 2016) to a spring
high of 518 +9 umol quanta m~2 s~! (November 2016)
(all+ SD, n=4 flumes). Seasonal effects were accompanied
by warming (mostly December 2015 to March 2016) and
cooling (mostly July 2016 to September 2016), and months
in which PAR was decreasing (Table S1) (December 2015,
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January, April and October 2016), or increasing (February,
March, May—September, and November 2016).

Following establishment of the communities on 12
November 2015, a few organisms died in the first 2 weeks
and were replaced. Organisms were not replaced after the
first month, although a small number of organisms continued
to die, with these scattered among all flumes.

When the pictures were recorded on 15 December 2015
(Fig. S1), the flumes contained 2—6 colonies of Porites
rus (mean areas of 68—108 cm?), 9-10 massive Porites
(68-119 cm?), 4 Montipora (70-73 cm?), 2-3 P. verru-
cosa (52-162 cm?), 2 pieces of Lithophyllum kotschyanum
(53-83 cm?), and 5-6 P. onkodes (40~70 cm?). At this time,
coral cover in the central portion of the flumes was 25% in
the 364 patm flume, 27% in the 564 patm flume, and 27%
in the 761 patm flume. Coral cover in the central portion of
the 1067 patm flume was 18%, and departure from the ~25%
in the other flumes was caused by placing larger numbers
of corals in unfixed portions of flume. Coral cover in the
5-m working section of the 1067 patm flume was 24% (15
November 2015).

Most corals and Lithophyllum kotschyanum survived,
although P. onkodes died, and one coral split into two.
The 761 patm pCO, flume malfunctioned after 15 August
2016, and results for this flume were truncated. Biologi-
cal responses in this flume were interpolated for Septem-
ber—November and used in the multivariate analysis as
described below.

Variation in G,
Of the four coral species and two CCA species incubated
in the flumes, there were sufficient replicates (i.e., >4 col-
onies) of massive Porites, Montipora, and P. onkodes for
analysis of G . In November 2015 in the unfixed commu-
nity, the mean mass (+ SE) of massive Porites ranged from
199 +26 g (761 patm flume) to 265 +56 g (1300 patm), for
Montipora it varied from 101 25 g (1300 patm flume) to
184 +50 g (564 patm flume), and for P. onkodes it varied
from 77+ 13 g (364 patm flume) to 147 +51 g (564 patm
flume). For the three treatments that operated over a year,
two coral colonies declined in mass (one massive Porites in
the 1067 patm flume, and one Montipora in the 364 patm
flume). Virtually all (94%) of the P. onkodes declined in
mass in the three flumes that operated for a year. Similar
trends for changes in organism mass were observed in the
761 patm flume, which operated until August 2015. For the
unfixed community, G, of massive Porites, Montipora and
P. onkodes differed among four flumes over 1 year (Pseudo-
F>3.63 df=3147-547, P ¢, <0.006) and also among
three flumes over 9 months (Pseudo-F >26.49, df=3141-
531, P ey =0.001) (Fig. 1). Over 9 months and for massive
Porites, G, was reduced, but still positive, at 1067 patm

net

and 564 patm relative to ambient (P, <0.050), but was
not different between 761 patm and ambient (P, =0.524);
for Montipora, G,., was reduced, but still positive, at 762
and 1067 patm versus ambient (Pp,,, <0.004), but was not
different between 761 patm and ambient (P, =0.096); and
for P. onkodes, G,., was reduced and negative at high pCO,
relative to ambient (P, <0.003). Relative differences in
G, were similar for the three flumes that were incubated
over 12 months, except G, for massive Porites did not dif-
fer between 564 patm and ambient (Pperm =0.846) (Fig. 1).
Median relative G, in November 2016 declined from 122%
at ambient to 108% at 1067 patm for massive Porites, from
144 to 124% for Montipora, and from 100 to 93% for P.
onkodes.

For the members of the fixed community, G, responded
differently to the treatments compared to the unfixed com-
munity (Fig. 1), and was unaffected by treatments for mas-
sive Porites and Montipora (H<1.086, P>0.581). For P.
onkodes, G, differed among treatments (H=6.009, n|, n,,
n;=6, P=0.049), and was reduced at high pCO, (P=0.006).

Hypothesis 1: effects of pCO, on planar growth

For the corals and one alga analyzed for size (Fig. S2), in
a few cases it was not possible to measure planar area. In
these cases, the distorted image was discarded, and the miss-
ing area replaced with a value interpolated using a linear
regression of size (n=_8-11 records) against time (Fig. 2,
Table S2). Overall, the growth rates of most corals were
reduced with increases in pCO,, and the growth rates of
the alga Lithophyllum kotschyanum largely were unaffected
(Table S2).

Growth rates (Fig. 2) did not differ among flumes for
Montipora (H=1.103, n,=n,=n;=n,=4, P=0.776), P. rus
(H=6.611,n,=2,n,=6, n3;=06, ny=4, P=0.085), P. ver-
rucosa (H=3.418,n,=2,n,=3,n3=2,n,=3, P=0.332), or
Lithophyllum kotschyanum (H=0.667, n;—n,=2, P=0.881).
Growth rates differed among flumes for massive Porites
(H=8.009, n;=9, n,=8, n3=9, ny=11, P=0.046), with
post hoc analyses revealing this reflected higher growth rates
at 364 patm versus 564 patm (W=5.443, P=0.001), and
a trend for higher growth rates at 364 patm versus 1067
patm (W=3.559, P=0.057); no other contrasts differed
(P>0.449).

Hypothesis 2: effects of pCO, on community
structure

Multivariate analyses were conducted with nMDS using the
percentage cover of organisms in which missing values were
replaced by: (a) values interpolated using the linear regres-
sions of size on time (Table S2), or (b) when these values
were negative or the organisms died (notably in the 761
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«Fig.1 Box plots showing G, of corals and algae relative to their
weight at the start of the experiment for the four treatments, 364
patm (ambient), 564 patm, 761 patm, and 1067 patm pCO,. The 761
patm flume malfunctioned after August and buoyant weights were not
recorded thereafter. Box plots display medians as a line within each
box (linked by red lines for the unfixed community), boxes show the
quartiles, and whiskers display x 1.5 the interquartile range, with out-
liners plotted individually. Sample sizes are shown in each plot frame
for unfixed and fixed organisms

patm flume after August 2016), with zero. This procedure
resulted in 12% interpolated values in the 364 patm flume
(n=264 records), 10% interpolated values in the 564 patm
flume (n =264 records), 38% interpolated values in the 761
patm flume (n =286 records, with all values for September,
October, and November interpolated due to equipment mal-
function), and 11% interpolated values in the 1067 patm
flume (n=220 records).

nMDS separated communities among months (Fig. 3).
Communities changed from summer to spring, and the
changes under the three elevated pCO, treatments differed
from ambient conditions (364 patm). In ambient conditions,
the community changed from December 2015 to October
2016, but changes accelerated with the onset of spring until
November 2016. In contrast, the communities under elevated
pCO, changed between December 2015 and January 2016,
but did not show a spring acceleration of change. The causes
of the changes in overall community structure are revealed
by the vectors displaying associations between organism
size and the nMDS axes. Variation in abundances of all taxa
(increases and decreases) were responsible for the changes
in community structure under 364 patm (i.e., ambient), with
a decline in sizes of P. rus, massive Porites, and Montipora
changing community structure between December 2015 and
January 2016 (Fig. 3a). Under elevated pCO,, the changes
in community structure were driven by declining sizes of
massive Porites and increasing sizes of Montipora and P.
verrucosa. The change in community structure that occurred
in the spring under ambient pCO, was associated with rapid
growth by P. verrucosa and massive Porites, and shrinkage
of Montipora, and was almost fully attenuated at high pCO,.

Based on a priori Spearman rank correlations to compare
resemblance matrices of treatments against ambient pCO,,
the change in community structure in the 364 patm flume
differed from that observed in the 564 patm flume (p=0.526,
Pperm=0.009), the 761 patm flume (p=0.721, P, =0.001),
and the 1067 patm flume (p=0.716, P,,,,=0.001). As the
incubations lengthened, communities differed more from
their initial state (Fig. S3). In the summer, autumn, and
winter, the community in the 1067 patm flume was more
similar to the community in December 2015 than was the
case with the communities in the 564 patm and 761 patm
flumes (Fig. S3a-c). With the onset of spring, the community
in the ambient flume underwent a rapid divergence from the

community structure recorded in December 2015, but this
effect was attenuated in the 564 patm and 1067 patm flumes
(Fig. S3D). This analysis suggests that the community in the
761 patm flume diverged from the December 2015 structure
in the spring.

Hypothesis 3: association of community structure
with treatment conditions

The physical and chemical conditions (Table S1) were evalu-
ated for their capacity to explain variation in the biotic data
using a Spearman rank correlations after screening standard-
ized abiotic data for co-linearity. Based on this screening,
the analysis employed mean monthly seawater temperature
(MMT), the slope of mean daily seawater temperature over
time (days) over the month prior to sampling (SMDT),
pCO,, the light integrated over the day of sampling (ILI),
mean PFD over the day of sampling (MeLIM), and the slope
of PFD integrated by day on time (days) over the month prior
to sampling (SILI), as predictor variables (Table S1). For the
564 patm flume, the change in community structure was best
explained by MMT and SILI (P, <0.010) and no other
combination of variables was significant (P, > 0.050).
Variation in community structure in the ambient flume (364
patm), the 761 patm flume (December 2015-August 2016
only), and the 1067 patm flume, were not explained by any
combination of abiotic drivers (P,..,>0.209) (Table 1).

perm

Discussion

In the present study, high pCO, affected back reef communi-
ties to cause declines in G, with small effects on organ-
ism size, and subtle effects on community structure. These
results suggest that the cover of reef communities may be
more resistant to OA than is the net calcification of the cor-
als and calcified algae responsible for producing the reef
framework.

Relative to previous studies of OA on coral reefs (Chan
and Connolly 2012), our analysis of G, is most similar to
the response of “growth” or “calcification” that are reported
in other studies. Although the challenges of long-duration
experiments precluded the use of “growth” in the present
study, G, provides an ecologically relevant measure of the
effects of OA on carbonate skeletons (Silverman et al. 2007)
that integrates calcification, dissolution, and accretion by
taxa other than the focal organisms (i.e., the corals and calci-
fied algae). While these effects cannot be distinguished in the
present study, nevertheless the outcome is important in cor-
roborating the threat posed to carbonate reef frameworks by
high pCO, in seawater (Silverman et al. 2007). Interestingly,
variation in G, by taxon (and relative to the initial mass) as
the experiment progressed generally increased for both the
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on time in cases with>4 records (shorter records were excluded),

and not all slopes were statistically significant (ESM). Growth rates
differed among treatments for massive Porites (but not for any other
taxa), and significant differences from post hoc contrasts are shown
by dissimilar letters. Sample sizes are shown above each bar
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Fig.3 nMDS coral reef community structure (Fig. S1) in flumes
incubated under each pCO, treatment. Circles are scaled to coral
cover and colored by season (legend in a), and are sequentially linked
by a vector. Overlaid vector plots display Pearson correlations (scaled

unfixed and fixed members of the community, suggesting
that replicates of each taxon diverged in performance from
another as time progressed. These effects probably reflect
within-species genetic variation in the susceptibility to OA
(Shaw et al. 2016). Despite the responses of G, to OA in
the present study, the analyses of community structure do

@ Springer

to r=1.0) of size of each replicate organism on each nMDS axis (leg-
end in d) and, therefore, each taxon is displayed as multiple vectors.
Vector plots reveal the influence of each organism in separating com-
munities in two-dimensional space along the X and Y axes

not reveal strong effects of OA, suggesting that this emergent
property may be resilient to OA on a time scale of 1 year.
While preliminary work conducted prior to the main experi-
ment, as well as the ultimate effects of OA on growth (e.g.,
for massive Porites) and community structure, suggest treat-
ment effects were not constrained by Type II error, it is not
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Table 1 Summary of multivariate analyses testing for the capacity
of abiotic data to explain biotic data in a Spearman rank correlation

analysis (p) analyzed within a permutation framework (P¢,,)

Biotic data v 14 Pperm
Flume 3—364 patm n/a 0.141 0.209
Flume 2—564 patm MMT, SILI 0.604 < 0.010
Flume 4—761 patm n/a 0.479 0.379
Flume 1—1067 patm n/a 0.293 0.446

Abiotic data were selected after screening for co-linearity, and
included six independent variables (IV): MMT, SMDT, pCO,, ILI,
MeLIM, and SILI (Table S1). Analysis for the 761 patm considered
December 2015 to August 2016 as this flume malfunctioned after this
sampling

possible to exclude statistical power as one factor limiting
the detection of stronger effects on community structure.

Hypothesis 1: effects of pCO, on planar growth

Our analyses revealed changes in organism size as a func-
tion of pCO,, and these were significant for massive Porites.
For this taxon, mean growth rates were depressed by 68% at
564 patm pCO, compared to ambient conditions. In terms of
planar growth, our results for four of five taxa appear incon-
sistent with the generalized findings that the calcification of
corals and CCA is depressed by high pCO, (Kuffner et al.
2008; Kroeker et al. 2013), and with previously reported
declines in mass deposition of CaCOj; at high pCO, for mas-
sive Porites, Porites rus, P. verrucosa and L. kotschyanum
in Mo’orea (Comeau et al. 2014).

Critical considerations in the comparison of the present
patterns with previous findings include: (a) the analysis here
of planar area, and (b) the negative effect of OA on G-
Such comparisons also emphasize the gap between studies
of OA on coral reefs (Chan and Connolly 2012) and ecologi-
cal analyses of coral reef communities. Bridging this gap
was an important objective of the present study, and while
we have made progress towards this outcome, it is clear that
this objective is complex and will require further research to
fully achieve. A limitation of the approach employed herein
is the use of least squares slopes of percentage cover on time
to estimate growth, where many slopes (57% pooled among
flumes and taxa, 25-87% by taxon, pooled among flumes)
were not statistically significant as a result of low sample
sizes (n=_8-11 months), slopes that approached zero (e.g., L.
kotschyanum), or variable organism sizes attributed to paral-
lax (e.g., P. verrucosa). Rather than setting non-significant
slopes to zero, which creates values of unknown distribu-
tion that are likely to be biased, we used least squares esti-
mates of slopes to estimate the relationships between area
and time. Limitations of this assumption are revealed by the
error bars associated with the mean growth rates (Fig. 2).

An expectation of comparable effects of pCO, on mass
accretion and linear extension (and change in planar area) for
calcifiers assumes a fixed relationship between these meas-
ures of growth, which would reflect constant skeletal density
and uniform deposition of CaCOj; across the skeleton sur-
face. Both assumptions are incorrect, as coral skeletons vary
in density and CaCOj is deposited heterogeneously across
their surface (Pratchett et al. 2015). These aspects of coral
biology recently have been discovered by the OA research
community, which has reported that the effects of OA on
Porites are modulated by skeleton density and focal deposi-
tion of CaCO; (Mollica et al. 2018). Moreover, as studies
of the effects of OA on coral reefs have extended to com-
munities (Dove et al. 2013), it has become clear that much
of the OA-mediated decline in net community calcification
is attributed to dissolution (Andersson 2015; Comeau et al.
2015, 2016), which is independent of the sizes of coral colo-
nies and their growth rates. Together, the aforementioned
effects provide an explanation for our results, because they
can reconcile depressed net calcification under OA (Chan
and Connolly 2012; Comeau et al. 2015, 2016), with limited
effects on community structure.

Hypothesis 2: effects of pCO, on community
structure

Given the longevity of our experiment, its ecological rel-
evance, and the negative effects of high pCO, on G, [as
expected (Chan and Connolly 2012; Comeau et al. 2015,
2016)], it is striking that the effects of the treatments on
community structure were modest. The cover of most taxa
varied over time and changed multivariate community struc-
ture in dissimilar ways in the pCO, treatments versus ambi-
ent conditions. However, these effects were subtle and sta-
tistically were explained weakly by pCO,, and more strongly
by irradiance and temperature. In contrast to the hardiness
of massive Porites to elevated pCO, (Comeau et al. 2016),
and its abundance at naturally elevated pCO, sites (Fabricius
et al. 2011; Barkley et al. 2015), a decline in relative abun-
dance of this taxon in our flumes was one of the distinctive
trends associated with high pCO,.

There are few studies with which the present analysis can
be compared, but one is provided by an experiment in which
reef communities were incubated under OA conditions
for ~ 84 days (Dove et al. 2013). This experiment tested the
responses of communities in 300-L tanks to preindustrial,
present, and future conditions arising from anthropogenic
CO, emissions, and contrasted 301 patm pCO,/25.2 °C, 405
patm/26.1 °C, 611 patm/28.5 °C, and 1009 patm/30.2 °C.
These treatments differ from those employed in the pre-
sent study, as we did not manipulate temperature, but three
of the treatments are close to our 364 patm/28.0 °C, 761
patm/27.5 °C, and 1067 patm/28.0 °C flumes. Dove et al.
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(2013) began their experiment with 35% coral cover (eight
genera) and 15% macroalgae (including CCA), but four coral
genera bleached and died at 611 patm/28.5 °C and 1009
patm/30.2 °C. While Dove et al. (2013) did not distinguish
among taxa, they found that net calcification was depressed
at 611 patm/28.5 °C and 1009 patm/30.2 °C relative to 405
patm/26.1 °C (by 78-87% for buoyant weight of coral colo-
nies, and 52-138% for daily community metabolism), yet
coral cover declined 29-31%, with a 9% decline in the con-
trols. While the relative roles of pCO, and temperature in
driving these trends cannot be separated, they underscore a
similar outcome to that observed in the present study.

Over times scales of decades—centuries, there is evidence
of strong effects of high seawater pCO, on coral community
structure. This evidence comes from coral reefs adjacent
to volcanic CO, seeps (Fabricius et al. 2011), or growing
across a gradient of pCO, (Barkley et al. 2015). On coral
reefs fringing the D’Entrecastraux Islands (Papua New
Guinea), CO, seeps create a gradient of seawater pCO, from
296 to 953 patm (at median temperatures of 27.7-29.0 °C),
across which coral cover remains ~32%, and the calcifica-
tion of massive Porites is unchanged (Fabricius et al. 2011).
However, coral reef community structure differs across the
gradient, with high pCO, associated with a greater cover of
massive Porites, lower coral richness, reduced densities of
juvenile corals, and lowered abundance of calcified red algae
(Fabricius et al. 2011). In contrast, in the Palau Rock Islands,
11 sites provide a contrast of seawater pCO, from 370 to 604
patm, and across this gradient, there is no change in cover
of coral, macroalgae, CCA, or the richness and diversity of
coral genera, yet community structure differs (Barkley et al.
2015). The calcification and linear extension of massive
Porites and Favia does not vary over the gradient, although
massive Porites is more extensively bioeroded at high pCO,
sites (Barkley et al. 2015).

Taken together, the present analysis, one comparable
study (Dove et al. 2013), and analyses of coral reefs in loca-
tions with naturally high pCO,, underscore: (a) the weak
relationship between net calcification and community struc-
ture at high pCO,, (b) the potential for reef communities to
adjust through changes in composition and abundances to
maintain benthic cover (at coarse resolution), and (c) the
potential fragility of these altered states due to depressed
G, (and enhanced dissolution) of the framework upon
which they are built (Comeau et al. 2016).

Hypothesis 3: association of community structure
with treatment conditions

While coral reef community structure changed over time,
as expected from differential growth of the replicates
of each taxon, and differed among treatments, variation
was only weakly associated with physical and chemical

@ Springer

conditions. In the relationships examined for the four
flumes, 6 of 12 variables—mean monthly temperature
(MMT), the slope of daily temperature against time
(SMDT), pCO,, daily integrated PFD (ILI), mean PFD
over the month prior to sampling (MeLIM), and the slope
of daily integrated PFD on time for the month prior to
sampling (SILI)—were only significant for the 564 patm
flume, where combinations of light and temperature (SILI
and MMT) had value in explaining variation in commu-
nity structure. pCO, (which was collinear with pH) had
no statistically discernable effect in changing community
structure. This outcome does not mean that community
structure was unaffected by OA, rather that the effects
were small relative to the capacity of the community to
“adjust” to a diversity of conditions that varied naturally
during the year.

Overall, the weak associations between community struc-
ture and these potential environmental drivers reflect three
effects. First, the relative changes in community structure
were small and, therefore, there was little variation to sta-
tistically explain (i.e., the “effect-size” hypothesis). Second,
the community responded to environmental drivers through
multiple biological processes, and therefore, numerous path-
ways of causation contributed to the challenges of detection
(i.e., the “diverse-driver” hypothesis). Third, and of greatest
relevance to understanding the response of coral reefs to
OA, is the likelihood that the community is “adjusting” to
the environmental conditions to create community stability
(the “adjustment hypothesis™).

Summary

To our knowledge, this study is one of the longest experi-
mental analysis of the effects of OA on coral reefs. While
revealing inhibitory effects of OA on G, our results sug-
gest that back reef communities are able to minimize observ-
able changes in community structure. These changes were
small even though net community calcification was impaired
by elevated pCO, (Carpenter et al. 2018) and, therefore,
the potential for an unobservable, but weakened (i.e., less
dense) framework was created for the coral reef community.
Over > 1 year, it is unknown how long such mechanisms
could prevent profound changes from occurring in coral reef
community structure (sensu Hoegh-Guldberg et al. 2007) as
aresult of OA.
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