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Ocean-warming and acidification are predicted to reduce coral reef
biodiversity, but the combined effects of these stressors on overall
biodiversity are largely unmeasured. Here, we examined the individual and combined effects of elevated temperature (+2 °C) and
reduced pH (−0.2 units) on the biodiversity of coral reef communities
that developed on standardized sampling units over a 2-y mesocosm
experiment. Biodiversity and species composition were measured using amplicon sequencing libraries targeting the cytochrome oxidase I
(COI) barcoding gene. Ocean-warming significantly increased species
richness relative to present-day control conditions, whereas acidification significantly reduced richness. Contrary to expectations, species
richness in the combined future ocean treatment with both warming
and acidification was not significantly different from the present-day
control treatment. Rather than the predicted collapse of biodiversity
under the dual stressors, we find significant changes in the relative
abundance but not in the occurrence of species, resulting in a shuffling of coral reef community structure among the highly species-rich
cryptobenthic community. The ultimate outcome of altered community structure for coral reef ecosystems will depend on species-specific
ecological functions and community interactions. Given that most
species on coral reefs are members of the understudied cryptobenthos, holistic research on reef communities is needed to accurately
predict diversity–function relationships and ecosystem responses to
future climate conditions.
cryptobenthic

these ecosystems later this century (2, 4, 18, 19). However, future
projections of the combined effects of increased temperature and
acidity on biodiversity have typically been derived from reviews and
meta-analyses based on short-term, single-species experimental
manipulations (20–23) or from in situ observations of a handful of
taxa along natural gradients of seawater chemistry or temperature
(5, 7, 12, 13, 24).
Although such studies have informed our understanding of
how some reef communities may change in the future, tradeoffs
also exist for each approach in understanding climate impacts on
biodiversity. Natural gradient studies do not simultaneously incorporate end-of-the-century levels of both acidification and
warming, and short-term perturbation experiments are typically
performed over days to weeks on single focal species. While
short-term perturbation experiments across life stages have been
instrumental in understanding how changes in ocean temperature, chemistry, and their combined effects influence organismal
physiology (25, 26), they do not include diurnal or seasonal environmental changes (27–29) or realistic multispecies communities, which inherently excludes the roles of environmental
variation and ecological interactions from contributing to the
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Although climate change is expected to decimate coral reefs,
the combined impacts of ocean-warming and acidification on
coral reef biodiversity remains largely unmeasured. Here, we
present a two-year mesocosm experiment to simulate future
ocean acidification and ocean-warming to quantify the impacts
on species richness, community composition, and community
structure. We find that species richness is equivalent between
the dual-stressor and present-day treatments but that the
community shuffles, undoubtedly altering ecosystem function.
However, our ability to predict the outcomes of such community shuffling remains limited due to the critical knowledge
gap regarding ecological functions, life histories, and distributions for most members of the cryptobenthic community that
account for the majority of the biodiversity within these iconic
ecosystems.
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s the concentration of atmospheric carbon dioxide (pCO2)
continues to rise, marine biodiversity is predicted to decline
due to ocean-warming and acidification (1). Warming seas and
increased acidity are expected to disproportionately affect marine ecosystems built by calcifying biota (2–4). Coral reefs are
among the most sensitive marine ecosystems affected by global
stressors, because the primary ecosystem engineers, calcifying
scleractinian corals and coralline algae, show direct physiological
responses to both elevated temperature and acidification, resulting
in strong indirect effects on habitat structure and community
composition (5, 6). In this century alone, record-breaking sea surface temperature anomalies have resulted in widespread coral
mortality (7, 8), leading to a reduction in topographic complexity
(9) and a shift in community composition (10, 11). Likewise, in situ
observations of coral reefs along naturally occurring gradients of
acidification have shown declines in habitat complexity (5, 6) and
diversity (12, 13), as well as changes in community structure (14,
15). The combination of both thermal stress and acidification stress
over the coming decades is predicted to have synergistic negative
effects on reef resilience (2, 3, 16) by eroding the reef framework
(17), shifting the structural dominance away from calcifiers and
severely diminishing the biodiversity of this iconic ecosystem (2, 4).
Coral reefs occupy less than 1% of the seafloor but house over
25% of all marine species; the loss of biodiversity due to anthropogenic stressors is predicted to lead to the functional collapse of
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measured responses. Species interactions could be critical to
experimental outcomes because they can modify population growth
rates, behavior, consumption, reproduction, production, the efficacy
of defensive structures, and resource availability, thereby influencing
species densities, composition, and richness through competition,
facilitation, or predation (30–34). Ultimately, species interactions
determine whether ecosystem functions are maintained or diminished under altered environmental conditions (35–37). Thus, there
is a pressing need for long-term, multispecies experimental work to
understand the responses of complex communities to future climate
change scenarios.
Here, we examined the independent and combined effects of
ocean-warming and acidification on the biodiversity of coral reef
communities in long-term (2-y) mesocosms. In experimental
flow-through mesocosms that received unfiltered seawater drawn
from an adjacent reef slope, we examined the cryptobiota communities that developed on standardized habitats (two-tiered Autonomous Reef Monitoring Structures, or ARMS) (38) in each of
four treatments: present-day pH and temperature (Control treatment), ocean acidification (−0.2 pH units—Acidified treatment),
ocean-warming (+2 °C—Heated treatment), and future ocean
combined stressors (−0.2 pH units and +2 °C—Acidified-Heated
treatment) (SI Appendix, Fig. S1). These experimental oceanwarming and acidification conditions reflect those predicted for
the late 21st century given current commitments under the Paris
Climate Accord (roughly intermediate between Representative
Concentration Pathways RCP 6.0 and RCP 8.5) (39).
Each mesocosm was initially established with a 2-cm layer of
carbonate reef sand and gravel as well as pieces of reef rubble
(three replicate 10- to 20-cm pieces randomly divided among
mesocosms) collected from the adjacent reef, thereby including
natural infaunal and surface-attached communities. A juvenile
(3- to 8-cm) Convict surgeonfish (Acanthurus triostegus), a generalist grazer on benthic algae, a Threadfin butterflyfish (Chaetodon auriga), a generalist grazer on noncoral invertebrates, and
five herbivorous reef snails (Trochus sp.) were added to each tank
to provide the essential ecological functions of herbivory and
predation in the mesocosms at biomass values approximating
Hawaiian reefs (40). Finally, the eight regionally most common
reef-building coral species (Montipora capitata, Montipora flabellata, Montipora patula, Pocillopora acuta, Pocillopora meandrina,
Porites compressa, Porites evermanni, and Porites lobata) were
added as small fragments to each the mesocosms for an initial
coral cover of ∼10% to begin the experiment. The corals and
rubble were placed on a plastic grate 6 cm above the sediments to
simulate their attachment to hard substrate in nature, and the
ARMS were placed underneath the grate to simulate the location
of the cryptobenthic habitat (SI Appendix, Fig. S2). Among the
added species, only one species of coral was extirpated from a
single treatment. Thus, we target the cryptobenthic community
here, because they comprise the vast majority of biodiversity on
coral reefs (41) and show significant community responses to our
experimental treatments. Furthermore, due to the challenges associated with surveying the cryptobiota using visual census, these

organisms are often overlooked in coral reef climate change research despite their essential roles in nutrient cycling, cementation,
trophodynamics, and other ecological processes (42–45). As studies
are increasingly pointing toward the critical functional importance
of this community in food webs and the maintenance of biodiversity
on coral reefs (43, 45, 46), there is a need to diminish the existing
knowledge gap on both taxonomic composition and ecosystem
function of this community in response to climate change.
After two years of exposure, we examined the coral reef
community that had developed on each ARMS unit. We generated amplicon sequence libraries targeting cytochrome oxidase I
(COI) (the most extensive barcode database currently available)
from each unit to test whether species richness, community composition (occurrence), or community structure (relative abundance) of the cryptobenthic community changed with treatment.
This experimental study evaluates the richness and composition of
an entire coral reef community which developed over a multiyear
time frame under predicted future ocean conditions.
Results
Temperature and pH in all mesocosms followed natural diel and
seasonal variations similar to those experienced on the reef (Table 1 and Fig. 1), and over the 2-y experimental cycle, mesocosms
with elevated temperature (Heated and Acidified-Heated) experienced temperatures at or above the nominal bleaching threshold
for 3.5 mo each year with an annual accumulation of 24 Degree
Heating Weeks (DHW). Under these conditions, a total of 275
species proxies, representative molecular operational taxonomic
units (MOTUs), from 354,921 rarefied sequences, representing 13
phyla were obtained from 22 ARMS units after the 24-mo soaking
period within the mesocosms (SI Appendix, Tables S1–S3). Taxonomic composition consisted predominantly of seven phyla
across treatments, representing 95% of the MOTUs and 99.7% of
the sequences (Annelida, Arthropoda, Cnidaria, Echinodermata,
Mollusca, Porifera, and Rhodophyta). Only 26 MOTUs (∼10%)
could be identified to a species level (SI Appendix, Table S4),
highlighting the extremely limited number of vouchered marine
barcode references currently available from this diverse coral reef
community (SI Appendix, Fig. S3). There were 54 families identified from 134 MOTUs; however, over 50% of the MOTUs could
not be identified to the family level. In total, 25% of the MOTUs
(n = 70) were found within all treatments, and 36% (n = 99) were
unique to a single treatment with roughly 50% of unique MOTUs
being found in the Heated treatment (Fig. 2A). The remaining
39% (n = 110) were shared among at least two treatments with the
Acidified treatment sharing the least among all treatments.
Elevated temperature had a positive effect (ANOVA: f1,14 =
28.33, P < 0.001), pH had a negative effect (ANOVA: f1,14 =
29.77, P < 0.001), and the combined stressors had no effect on
MOTU richness (ANOVA: f1,14 = 2.36, P = 0.146) (Fig. 2B and
SI Appendix, Tables S5 and S6). There was no difference in
richness between the Control and Acidified-Heated treatments
(Tukey post hoc: t14 = 0.14, P = 0.99) (Fig. 2B and SI Appendix,

Table 1. Carbonate chemistry and temperature from the experiment
Treatment
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Control
Acidified
Heated
Acidified-heated

Salinity (psu)
34.24
34.24
34.27
34.27

±
±
±
±

0.35
0.35
0.35
0.35

(0.01)
(0.02)
(0.02)
(0.02)

Temperature (°C)
25.10
25.12
27.05
27.11

±
±
±
±

1.24
1.23
1.20
1.50

(0.09)
(0.09)
(0.16)
(0.15)

pH
7.99
7.78
7.98
7.77

±
±
±
±

0.06
0.07
0.06
0.07

(0.01)
(0.02)
(0.01)
(0.02)

Total alkalinity (μmol/kg−1)

pCO2 (μatm)

2,176 ± 54 (11)
2,184 ± 51 (12)
2,188 ± 51 (11)
2,197 ± 50 (9)

447 ± 61 (13)
798 ± 128 (41)
455 ± 62 (15)
819 ± 129 (46)

Ωarag
2.88
1.93
3.06
2.06

±
±
±
±

0.34
0.30
0.35
0.31

(0.05)
(0.08)
(0.07)
(0.08)

Data are daily mean values based on weekly sampling at 12:00 h as well as monthly sampling every 4 h over the diel cycle (SI Appendix) and are shown as
mean ± SD. The uncertainties associated with these values reflect variation from day to day, seasonally, as well as among replicate mesocosms in each
treatment. The mean uncertainty among mesocosms on a given sampling day is provided in parentheses. Note that the variation among mesocosms is
relatively small, and most of the variation is explained by daily and seasonal fluctuation of these parameters.
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Fig. 1. Environmental data from the mesocosm experiment. Time series of the daily mean temperature (A) and pH (C) and the hourly mean temperature (B)
and pH (D) over the diel cycle (mean ± SD). Data are based on weekly sampling at 1,200 h as well as monthly sampling every 4 h over the diel cycle (SI
Appendix). The horizontal dashed line (A) shows the nominal coral bleaching threshold. Treatments are colored as follows: Control—blue, Acidified—yellow,
Heated—orange, and Acidified-Heated—gray.

Table S7), and there was no effect of header tanks (ANOVA:
f4,14 = 1.19, P = 0.355).
Community composition, defined as MOTU present/absent,
varied under elevated temperature ( permutational multivariate
analysis of variance [PERMANOVA] pseudo f1,18 = 1.89; R2 =
0.08; P = 0.001)), pH (pseudof1,18 = 1.94; R2 = 0.08, P < 0.001)
and the interaction of elevated temperature and pH (pseudof1,18 = 1.53; R2 = 0.06, P = 0.02) (Fig. 2C and SI Appendix, Fig.
S4). However, there was no difference in community composition between the Control and Acidified-Heated treatments
(pairwise PERMANOVA: P = 0.62) (SI Appendix, Table S8).
The variation in community composition was not attributed to
differences among within-group variability [permutational analysis of multivariate dispersion (PERMDISP): P > 0.05, SI Appendix, Table S9 and Fig. S5A]; however, the Heated treatment
was more variable than the other treatments (pairwise PERMDISP: P = < 0.05) (SI Appendix, Table S10).
Community structure, defined by the relative abundance of
sequences for each MOTU, varied with elevated temperature
(PERMANOVA: pseudof1,18 = 2.06; R2 = 0.09; P = 0.002), pH
(pseudof1,18 = 2.22; R2 = 0.09, P < 0.001) and the interaction of
elevated temperature and pH (pseudof1,18 = 1.54; R2 = 0.06, P =
0.03) (Fig. 2D). For community structure, pairwise comparisons
showed significant differences among all treatments (SI Appendix,
Table S8). Within-group variability was not different among treatments (PERMDISP: P > 0.72) (SI Appendix, Table S9 and Fig. S5B).
Different taxonomic groups dominated the cryptobenthic
community within each treatment (Fig. 3 and SI Appendix, Tables S11 and S13; refer to SI Appendix, Fig. S6 and Table S12 for
MOTUs). Acidification had a positive effect on the relative
abundance of arthropods (permutational ANOVA: f1,14 = 4.34,
P = 0.05) and echinoderms (permutational ANOVA: f1,14 = 8.22,
P = 0.02). Relative to the Control condition, they were two to
three times more abundant under Acidified conditions (Fig. 3B
and SI Appendix, Table S11; refer to SI Appendix, Fig. S7 for an
echinoderm example). Elevated temperature conditions had a
positive effect on the red algae (rhodophytes) (permutational
ANOVA: f1,14 = 3.34, P = 0.08), while acidification had no effect

(permutational ANOVA: f1,14 = 0.02, P = 0.89). However, this
lack of significance under reduced pH is most likely due to an
interaction between temperature and pH (permutational
ANOVA: f1,14 = 3.89, P = 0.06) (SI Appendix, Table S13).
Compared to the Control, rhodophyte read abundance more
than doubled in the Acidified-Heated treatment, whereas these
algae were nearly missing within the Acidified treatment (0.04%)
(Fig. 3C and SI Appendix, Fig. S8 and Table S11).
Of the 53 families identified, eight had >4% of the total reads,
and together, these eight families accounted for 53% of the reads
and 15% of the MOTUs. Of these eight families, four heavily calcify
(Vermetidae and Hipponicidae—phylum Mollusca; Ophiactidae
and Ampiuridae—phylum Echinodermata), two have limited calcification (Gammaridae—phylum Arthropoda; Amphinomidae—
phylum Annelida), and two do not calcify (Suberitidae—phylum
Porifera; Cirratulidae—phylum Annelida). Worm snails (Vermetidae) showed increased read abundance in the Heated and
Acidified-Heated treatments relative to the Control, with elevated
temperature having a positive effect on their prevalence (permutational ANOVA: f1,14 = 4.88, P = 0.05) (SI Appendix, Fig. S9),
whereas hoof shells (Hipponicidae) were less likely to persist under
acidification (permutational ANOVA: f1,14 = 6.12, P = 0.02)
(Fig. 3D and SI Appendix, Table S14). Acidification had a positive
effect on the brittle stars, Ophiactidae (permutational ANOVA:
f1,14 = 5.11, P = 0.04) and Amphiuridae (permutational ANOVA:
f1,14 = 3.10, P = 0.09, respectively) with abundances 1.5 to 2.5 times
greater under acidification as compared to present-day conditions.
Gammarid amphipods prevailed under acidification (permutational
ANOVA: f1,14 = 11.43, P = < 0.01) with more than six times the
numbers of reads in the Acidified treatments as compared to the
Control. The noncalcifying sponges from Suberitidae did not favor
elevated temperature (permutational ANOVA: f1,14 = 3.75, P =
0.06) (SI Appendix, Fig. S10), whereas the noncalcifying bristle
worms (Cirratulidae) were inhibited by acidification (permutational
ANOVA: f1,14 = 4.79, P = 0.02).
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Fig. 2. Species richness represented by shared, unique, and overall MOTUs per treatment and treatment communities visualized through principal coordinate analysis (PCoA). (A) MOTU distribution (n = 275) based on the number of shared MOTUs among treatments as well as the number of unique MOTUs
per treatment. (B) Observed MOTU richness by treatment. Black dots represent mean richness, the crosshatch is the median, box limits are upper and lower
quartiles, and the vertical lines through the mean represent one SD above and below the mean. Parentheses represent the number of ARMS units within each
treatment. Lowercase letters denote significant differences among treatments at alpha = 0.05 based on Tukey post hoc results. (C) PCoA on community
composition (present/absent—Jaccard dissimilarity index) and (D) PCoA on community structure (relative abundance—Bray–Curtis dissimilarity index). Ellipses
are colored by treatment and based on the 95% confidence limit of the SEM for each group. Colored dots represent ARMS units within treatments.
Treatments are colored as follows: Control, blue; Acidified, yellow; Heated, orange; and Acidified-Heated, gray.

Discussion
Predictions about massive loss of coral reef biodiversity by the
end of the century have been largely extrapolated from singlespecies response experiments or from observations based on
patterns of surface-dwelling macrofauna along localized natural
gradients of either temperature or pH (5, 7, 12, 13, 20–22). Our
results suggest that such experiments and observations may not
scale directly to the response of a complex community. Predicting the future of coral reef biodiversity and ecosystem function is
more complicated than summarizing the net effects of warming
and acidification on a handful of species studied in isolation.
Reefs of the future will undoubtedly differ from those of today,
but in terms of overall biodiversity, a drastic decline in species
richness is inconsistent with results from our experimental mesocosms. Our analyses indicate that increased temperature and
increased acidification have opposing effects on species richness,
such that the communities which develop under the combination
of warming and acidification expected by the end of the century
have equivalent richness as compared to present-day conditions.
This result goes against the current paradigm that the interaction
of warming and acidification should have either additive or
synergistic negative effects on reef biodiversity and function (2,
47, 48). However, much of the evidence in support of the current
consensus stems from experiments and observations that have
focused predominantly on calcifying organisms that are of most
concern, such as corals and coralline algae, rather than a representative subset of the diverse species pool which inhabits coral
reefs. Further, most of these experiments do not consider species
interactions or system responses that follow natural biological
rhythms and take extended periods of time to develop.
Contrary to predictions, there is evidence from both individual
and multispecies experiments that increases in temperature and
acidity can have counteracting effects on organismal physiology.
For example, low levels of warming have been found to ameliorate the negative effects of acidification on the calcification,
growth, and recruitment rates of some organisms (49–51), and
acidification has been found to mitigate the consequences of
elevated temperature on recruitment and body size in others (52,
4 of 8 | PNAS
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53). Physiological buffering (54, 55) and trophic compensation
among species have also been reported to mediate the effects of
warming and acidification on community composition (31, 56).
We did not examine treatment effects on individual species in this
study, but given that the community composition was most similar
between the Control and future ocean dual-stressor treatments,
some such amelioration and/or compensation under the combined
factors is also likely in effect here.
Unlike the future ocean dual-stressor treatment, the individual
effects of ocean-warming and acidification had stronger influences on species richness, with richness significantly reduced
under acidification but elevated under ocean-warming despite
the annual accumulation of 24 DHW. For many marine invertebrate organisms, warming increases metabolism across life
stages with faster growth when temperatures are up to 4 °C
above ambient thermal history (26). The enhanced richness
within the +2 °C Heated treatment could be a result of increasing rates of growth and development of cryptobiota under
warming, thereby increasing the probability of successful settlement or survival. Acidification, on the other hand, has been
found to have more direct negative effects across a wider range
of phyla and life stages than elevated temperature (21–23) with
calcifying larvae being particularly vulnerable to lethal and sublethal responses during development (23, 26, 57). Acidificationinduced changes in larval development times, dispersal distances,
and shifts in microbial biofilms used as settlement cues for larvae
have also been shown to alter recruitment and settlement dynamics (58–61), all of which could have contributed to the diminished richness observed within the Acidified treatment.
Even though these communities were all derived from the
same species pool, we find that community composition and
community structure differed across treatments, with the exception of similar species composition under both the end-of-century
and present-day ocean conditions. Communities that developed in
the Heated and the Acidified treatments did not overlap with each
other or with the other treatments, suggesting strong differential
responses in larval development, metamorphosis, survivorship,
reproductive strategies, or competitive interactions under these
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Fig. 3. Variation in the top seven most abundant phyla and the top eight most abundant families among treatments. (A) Proportion of reads by phyla within
treatments with the number of sampling units in parentheses. (B) Proportion of reads by phyla among treatments relative to the present-day (Control)
condition. (C) Relative abundance of phyla among treatments. Box plots show the median as the center line, box limits are upper and lower quantiles,
whiskers are 1.5× interquartile range, and open circles represent outliers. (D) The eight identified families that each represent >4% of total reads, showing
the proportion of reads compared to present-day (Control—represented by the vertical line at x = 1). Parentheses next to families represents the number of
MOTUs within that family, the stars represent heavily calcifying families, and the slanted lines symbol represents families with limited calcification. The
number of reads and MOTUs from these eight families represent 53% and 15% of the total, respectively.

conditions. The competitive landscape appears to shift among
treatments such that different taxonomic groups come to dominate
the communities within each treatment. A similar result was
obtained from an experimental warming study in Antarctica, which
showed that over the course of 9 mo, a 1 to 2 °C rise in temperature
favored divergent taxa and resulted in distinctive species assemblages on warmed settlement panels relative to the control (62).
Shifts in competitive dominance have also been found on settlement
plate assemblages across natural gradients in acidification such that
calcifiers were consistently replaced by fleshy algae under increasing
acidity (15, 63, 64). In contrast, this study found differing responses
among diverse calcifying taxa under reduced pH.
For the heavily calcifying phyla Mollusca and Echinodermata,
mollusks were often losers under acidification, while echinoderms (ophiactid and amphiurid brittle stars) were consistently
winners.
The high relative abundance of brittle stars found within the
Acidified treatments could be a result of the reproductive strategies found within these families. Ophiactids can reproduce both
sexually (broadcast spawning) and asexually (fissiparity), and
members within this family have been found to initiate asexual
reproduction when stressed from external stimuli (65, 66). Some
amphiurid species, such as those within the Amphipolis squamata
complex identified in these mesocosms (SI Appendix, Table S4),
are known brooders. Taxa that brood or have direct development
appear to have an advantage to survival and reproduction in
acidified waters, because juveniles are minimally exposed to the
environmental conditions (67). While maternal care may drive the
dominance of brittle stars under Acidified conditions, this strategy

does not appear to be advantageous for all brooding taxa. Among
the mollusk families, some hipponicids (hoof shells) and all vermetids (worm snails) provide maternal care. However, hipponicids
universally struggled under Acidified conditions, whereas vermetids
(worm snails) were reduced in the Acidified treatment but thrived in
both the Acidified-Heated and Heated treatment, suggesting that a
warming compensatory mechanism was at play for this group. While
nonspawning/nonlarval life cycles may allow some species to opportunistically occupy space quickly, clearly, organismal responses to
acidification and warming are not easily generalized based on overall
taxonomic characterization, degree of mineralization, life history
strategy, or functional group but rather appear to be driven by
species-specific tolerances which vary within each phylum.
Competitive release may also influence organismal responses
to acidification. Gammarid amphipods flourished under acidification with proportional biomass over three times greater than in
the Control treatment. These micrograzers exhibited similar patterns along an acidified rocky reef vent system, in which the
greatest densities of amphipods were found at the low pH sites
(68). As amphipods are direct developers, maternal care could be
a factor resulting in their abundance in acidified environments.
However, like our Acidified treatment, the acidified rocky vent
sites had lower species richness relative to ambient, and it was
suggested that either competitive release or a decrease in predation rates were driving higher amphipod abundance. These
mechanisms may also help to explain the dominance of amphipods under low pH within our experiment.
Other groups, such as sponges and red algae (rhodophytes),
showed unexpected sensitivity to future ocean conditions but not
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predictably. Noncalcifying sponges had half the read abundance
in the dual-stressor treatment relative to the Control. Rhodophytes had the greatest read abundance in the Acidified-Heated
treatment but were rare in the Acidified treatment. Because both
fleshy and calcified rhodophytes colonized these mesocosms, it is
surprising that even fleshy species were largely absent from the
Acidified treatment. These results are consistent with the variety
of studies showing that ocean acidification is a major threat to
crustose coralline algae (69, 70) but also suggest a compensatory
effect of warming that may offset that threat, because these
rhodophytes did significantly better under future ocean conditions than under Control conditions in this experiment. Overall,
our mesocosm results show similar trends of decreased species
diversity with selection for taxa with specific tolerances to acidification as found in previous work along natural CO2 gradient
seeps. However, the reversal of those trends in dual-stressor
future ocean conditions highlights the fact that studies from individual species exposed to single stressors are unlikely to scale
predictably to ecosystem responses under combined stressors.
Coral reef ecosystems harbor highly diverse species assemblages, but the majority of research on the impacts of climate
change focus on the direct and indirect effects on ecologically or
economically important species, such as corals and fishes, because they are obvious and critical to ecosystem services. With
over 500 million people living in proximity to coral reefs, reef fish
provide subsistence, corals provide coastal protection, and together they fuel tourism that results in an annual economic value
of $9.9 Trillion USD (71–73). Yet, these human-defined important species account for only a tiny fraction of the total
species richness on coral reefs, and they rely critically upon the
highly diverse and hidden cryptic community to sustain ecosystem
function (43, 46). Over 90% of known coral reef species belong to
the cryptobenthic community living within the carbonate framework (74), with an estimated 1 to 2 million remaining to be discovered (41, 75). Our experimental treatments had little effect on
the persistence of corals and fishes in the mesocosms, with the
major alterations of biodiversity being observed among the
understudied cryptobiotic communities. The predicted loss of future reef biodiversity is based on a reduction in habitat complexity
from climate change–induced coral collapse as has been shown for
reef fish and a few macroinvertebrates (5, 76). However, cryptobiota diversity and densities can actually be greater under degraded frameworks (77, 78). Because these small organisms
require fewer resources per individual than larger ones, they can
partition resources more finely across heterogeneous microhabitats (79–82), and as a result, these communities may continue to
thrive under future warming and acidification, supporting and
sustaining various ecosystem processes such as nutrient release
and uptake. Thus, the ultimate outcome of species shuffling in
response to climate change will depend critically on the ecological
roles that winners and losers play in these diverse communities,
because differences in community composition and structure can
alter ecosystem function (83, 84). While the ecological roles of
sessile phyla (ex. Porifera, Bryozoa, Rhodophyta, and subphylum
Tunicata) are relatively robust regardless of taxonomic classification, the same is not true for motile phyla that have species with
fundamentally different ecological functions, even within the same
families (85, 86). Until the scientific community increases functional, taxonomic, and barcoding efforts on these lesser-known
taxa, identifying the species that dominate under shifting conditions and understanding their ecological functions remains a
critical limitation.
Our experiments show that communities shuffle, but that
biodiversity does not decline under moderate levels of oceanwarming with acidification (+2 °C, −0.2 pH). While overall richness under future ocean conditions may be similar to present-day
conditions, how communities function will undoubtedly be different due to the variation in community structure and changes in
6 of 8 | PNAS
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organismal physiology under differing pH and temperature (84).
Biodiversity is thought to be a cornerstone of reef resilience, because
it may provide insurance against ecological uncertainty through
functional redundancy (87, 88), and yet, we lack sufficient information on the ecological functions, life histories, and distributions
(let alone names) for most members of the coral reef cryptobenthic
community to be able to adequately predict responses or ecosystem
outcomes of changes in this community. This critical knowledge gap
in the species composition and ecological function of cryptofauna
limits our ability to examine diversity–function relationships and
prevents us from predicting the outcomes of community shuffling on
coral reef ecosystems in response to climate change.
Materials and Methods
Mesocosm System. A 40-tank outdoor, flow-through mesocosm system at the
ne‘ohe Bay was
Hawai‘i Institute of Marine Biology on Coconut Island in Ka
used to maintain experimental treatments. Unfiltered seawater pumped
directly from the adjacent coral reef slope fed the fully factorial design with
four treatments consisting of present-day versus end-of-century temperature and pH conditions with 10 mesocosms per treatment—refer to ref. 89
and SI Appendix for additional details.
ARMS. A total of 24 modified ARMS units (38), composed of three gray-type 1
polyvinyl chloride (PVC) plates (23 × 23 cm) forming a stacked tier of both an
open and semienclosed layer, were placed individually in each of six randomly selected mesocosms (0.5 × 0.5 × 0.3 m, ∼70 L) per treatment on July 6,
2016 and removed 2 y later during the week of June 11, 2018. Upon recovery,
plates were photographed, and small subsamples were collected from unique
morphospecies for subsequent DNA barcoding to support the metabarcoding
annotations. When subsampling was complete, each unit was individually
scraped clear of all accumulated biomass which was immediately homogenized with 10 g of the homogenate subsampled and preserved in 95% ethanol
for COI metabarcoding (90). One ARMS unit each from the Control treatment
and the Heated treatment were accidentally contaminated during field processing. Therefore, these two units were excluded from further analyses and
the remaining 22 of the original 24 ARMS units underwent the sequencing
process for metabarcoding.
DNA Metabarcoding. Total genomic DNA from each ARMS homogenate was
isolated using Powermax Soil following modifications as per Ransome et al. (91).
Amplicons were generated via PCR in triplicate 20-μl reaction volumes for each
sample targeting a 313-bp COI fragment using the primers mlCOIintF and
jgHC02198 (92, 93) following Leray and Knowlton (90). Illumina adapters were
ligated to cleaned PCR products following the Kapa Hyper-Prep Kit PCR-free
protocol and sequenced at the University of California, Riverside Institute for
Integrative Genome Biology (MiSeq version 3 2 × 300 bp PE).
Resulting sequences went through the bioinformatics pipeline Just Another Metabarcoding Pipeline and were clustered at 97% identity. Only
MOTUs with a read abundance above 0.01% in at least one sample were
considered in downstream analysis to reduce the number of false positives
due to PCR and sequencing errors (94–96).
Sequences were annotated using three approaches: BLASTn against the
Mo’orea BIOCODE Inventory, ecotag (97), and Informatic Sequence Classification Trees (98) to maximize annotations due to the paucity of marine
invertebrate barcodes within reference databases. Only sequences annotated to metazoans and macroalgae were translated into amino acids and
aligned to the BIOCODE reference data set using Multiple Alignment of
Coding Sequences (MACSE) (99). Any MOTUs that did not pass through
MACSE were removed (SI Appendix).
Statistical Analysis. Data were analyzed and graphed using R version 3.5.2 (R
Core Team 2018). To control for differences in the numbers of sequences per
library (100, 101), treatments were subsampled to an even sequencing depth.
Richness was examined using a two-way ANOVA with temperature and pH as
fixed factors and header tank as a nested factor followed by a post hoc Tukey
pairwise comparison. Variation in community composition, defined as MOTU
present/absent, and variation in community structure, defined as the relative
abundance of sequencing reads, were analyzed with temperature, acidification, and their interaction within a permutational ANOVA using Jaccard and
Bray–Curtis dissimilarity indices, respectively. Community data were visualized
using a principal coordinate analysis. A permutational analysis of multivariate
dispersion was performed to examine community dispersion. The relative read
abundance of the top seven phyla and the top eight families were examined
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Data Availability. Sequencing data have been deposited in National Center for
Biotechnology Information (NCBI) Sequence Read Archive (SRA): SRS7105074–
SRS7105095. Data and code used in this manuscript are available at https://
github.com/CuriousFauna/Cryptobiota_Climate_Change.
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