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Abstract: Coral reef community composition, function, and resilience have been altered by natural
and anthropogenic stressors. Future anthropogenic ocean and coastal acidification (together termed
“acidification”) may exacerbate this reef degradation. Accurately predicting reef resilience requires
an understanding of not only direct impacts of acidification on marine organisms but also indirect
effects on species interactions that influence community composition and reef ecosystem functions.
In this 28-day experiment, we assessed the effect of acidification on coral–algal, coral–sponge, and
algal–sponge interactions. We quantified growth of corals (Siderastrea radians), fleshy macroalgae
(Dictyota spp.), and sponges (Pione lampa) that were exposed to local summer ambient (603 µatm)
or elevated (1105 µatm) pCO2 seawater. These species are common to hard-bottom communities,
including shallow reefs, in the Florida Keys. Each individual was maintained in isolation or paired
with another organism. Coral growth (net calcification) was similar across seawater pCO2 and
interaction treatments. Fleshy macroalgae had increased biomass when paired with a sponge but
lost biomass when growing in isolation or paired with coral. Sponges grew more volumetrically in
the elevated seawater pCO2 treatment (i.e., under acidification conditions). Although these results
are limited in temporal and spatial scales due to the experimental design, they do lend support to
the hypothesis that acidification may facilitate a shift towards increased sponge and macroalgae
abundance by directly benefiting sponge growth which in turn may provide more dissolved inorganic
nitrogen to macroalgae in the Florida Keys.

Keywords: climate change; seawater pH; coral-algal competition; coral-sponge interaction; sponge
loop hypothesis

1. Introduction

Ocean acidification is the decrease in seawater pH and carbonate (CO3
2−) ions fol-

lowing oceanic uptake of anthropogenically generated atmospheric carbon dioxide (CO2).
Open ocean surface seawater pH is projected to decrease up to 0.29 units below present-day
conditions by 2081–2100 under the most extreme representative concentration pathway
(RCP) for greenhouse gases (RCP 8.5) [1]. This long-term acidification may be exacerbated
across temporal scales in coastal environments in response to terrestrial influences [2]
and other biogeochemical processes [3]. The changes in seawater chemistry from ocean
and coastal acidification (herein termed “acidification”) is predicted to facilitate shifts in
coral reef communities away from coral dominance in favor of non-calcifying macroalgae
and sponges [4]. This prediction is largely based on the responses of individuals to high
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seawater pCO2 in experimental settings and observations of benthic communities spanning
natural pH gradients near CO2 seeps. Net calcification of corals generally (although not
always) decrease under exposure to acidification [5] while, in contrast, non-calcifying
macroalgae and reef sponges maintain or accelerate their growth rates when exposed to
elevated seawater pCO2 [6–9].

Benthic community composition on coral reefs, however, is influenced by a variety of
ecological and biogeochemical processes including species interactions, local environmental
effects (e.g., nutrient input), and global climate change. Therefore, accurate predictions of
future coral reef community composition require understanding not just the responses of
individuals to acidification but also the indirect effects of changing carbonate chemistry on
ecological processes influencing community structure [10]. Species interactions occurring
on coral reefs could modify the responses of individuals to acidification. For example, ocean
acidification accelerated tissue mortality rates for corals in direct contact with non-calcifying
macroalgae [11,12]. Similarly, Campbell et al. [13] observed that low pH exacerbated
negative effects of Stypopodium zonale on Porites coral larvae settlement on crustose coralline
algae substrate.

Dominant benthic taxa on coral reefs interact through a variety of mechanisms
(for reviews, see [14–16]). These mechanisms include both direct and indirect interac-
tions. For example, excess photosynthate (i.e., dissolved organic carbon) produced by
autotrophs (e.g., corals and macroalgae) is consumed by some sponges and planktonic
bacteria [16–19]. Sponges, in turn, shed tissue as particulate organic carbon which feeds
detritivores [17,20]. In general, encrusting and excavating sponges have higher tissue
shedding rates compared to sponges with emergent morphologies [21]; therefore, the
prevalence of this sponge loop on Caribbean reefs depends on the sponge community
present. Sponge exudate can be enriched in dissolved inorganic nitrogen, depending on
the abundance of microbial symbionts [22,23], and these nutrients may be beneficial for
macroalgae [24]. The resulting potentially favorable conditions for sponge and macroalga
species may then create a positive feedback loop with each taxon stimulating the growth
of the other. In contrast, fleshy algae may cause coral mortality directly through abrasion
and/or indirectly by fueling the growth of harmful pathogens thus leading to substantially
higher coral mortality [25,26]. Sponges also may impact coral growth and survivorship
through overgrowth and/or bioerosion [27–29].

Acidification may indirectly alter the magnitude and outcome of each of these interac-
tions, ultimately influencing the relative abundance of dominant benthic taxa within reef
communities and ecosystem processes. For example, sponge bioerosion can be enhanced
under acidification [6,30], ultimately negatively impacting net carbonate accretion on reefs.
Understanding the result of these interactions may be especially important for reefs that al-
ready have lower coral cover and higher abundance of other benthic organisms [31]. In the
Caribbean region, coral cover has declined significantly over the past few decades [32,33]
due to a variety of local, regional, and global stressors [34]. The benthic community of
coral reefs located in the Florida Keys is dominated by macroalgae, octocorals, scleractinian
corals, and sponges (Florida Fish and Wildlife Commission, CREMP, data accessed on 12
October 2020).

Therefore, in the present study, we investigated the independent and combined
effects of direct contact (i.e., interaction) and acidification on the growth of three common
Florida Keys species including a scleractinian coral (Siderastrea radians), fleshy macroalga
(Dictyota spp.), and encrusting sponge (Pione lampa). These species are prevalent in shallow
hard-bottom communities and are likely to persist on shallow reefs in the future due
to observed tolerance for environmental variability [35,36] and lower susceptibility to
stony coral tissue loss disease [37]. We hypothesized: (1) coral net calcification decreases
under acidification conditions, (2) this decrease is greater when corals are in contact with
competitors (i.e., macroalgae and sponges) under acidification, and (3) macroalga and
sponge growth increase under acidification. To test these hypotheses, a 28-day experiment
was conducted using the Climate and Acidification Ocean Simulator (CAOS) at Mote
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Marine Laboratory’s Elizabeth Moore International Center for Coral Reef Research and
Restoration, located in Summerland Key, Florida. The results of this study highlight the
importance of considering species interactions when predicting the response of coral reefs
to acidification in the Florida Keys.

2. Methods
2.1. Specimen Collection

Specimens were collected from within the Florida Keys National Marine Sanctuary
under permit FKNMS-2018-075. Encrusting P. lampa sponges (n ≈ 5) and Dictyota spp.
algae thalli (~115 g total wet weight) were collected from a patch reef (water depth: 6 m)
located near Mote Marine Laboratory’s offshore coral nursery, south of Summerland Key.
Coral colonies (n = 24) were rescued from a dock piling (water depth: 1–2 m) located in
Key West. All specimens (sponges, algae, and corals) were immediately transported to
Summerland Key, Florida, where they were placed in the CAOS outdoor experimental
facility to acclimate in running seawater. We were unable to collect 24 individual sponges
of similar sizes, so after 72 h of acclimating to ambient seawater, larger sponges were
fragmented into smaller pieces similar in size to smaller sponges (Supplemental Table S1);
sizes were estimated visually. All specimens continued to acclimate in ambient seawater for
an additional 7 days to allow for recovery of fragmented sponges (i.e., new growth covering
fragmented edges and open oscula indicating active pumping of seawater through sponge
tissues). Before starting the experiment, corals, algae, and sponges were acclimated to
target pH levels which were gradually reached over a period of four days.

2.2. Experimental System (CAOS) and Design

Seawater was pumped from the Atlantic side of the Florida Keys through a sand
filter and a 20 µm particle filter into six large reservoir tanks that were independently
temperature– and pH–regulated using Walchem Series W900 (Iwaki America, Inc., Hopping
Brook Park Holliston, MA, USA) controllers. This monitoring system includes temperature
and pH probes that measure seawater conditions every 2 s. The pH electrodes were
calibrated against three National Bureau of Standards (NBS) buffers weekly. Reservoir
tanks contained one of two seawater pH treatments representing ambient conditions and
high pCO2/low pH conditions. We targeted a pH offset of −0.3 below ambient, the
predicted decline by 2081 to 2100 under RCP 8.5 [1]. The Walchem controllers regulated
Venturi pumps and solenoids that were triggered to add CO2 whenever pH was 0.01 above
the target value. Two reservoir tanks were used at any given time (i.e., one tank per pH
treatment), and we rotated the two reservoir tanks in use every two weeks.

This well-mixed seawater flowed into 9.5 L flow-through aquaria that were housed
within outdoor shaded, temperature-controlled raceways (n = 28 aquaria per raceway).
Light levels within the raceways were measured twice a week at the same time (1400 EDT)
using a LI-COR (LI-1500G Light Sensor Logger with a LI-192SA underwater quantum
sensor) and averaged (±1 standard deviation, sd) 301 ± 205 µE m−2 s−1. Temperature
was controlled using dual heat exchange systems. Each aquarium received either ambient
or acidified seawater at flow rates of seven mL s−1. Small fountain pumps were used to
ensure seawater was well-mixed within the aquaria.

We used a factorial design with each aquarium receiving one of two pCO2 treatments
(ambient or elevated) and one of seven interaction treatments (i.e., 14 combinations total;
n = four replicates for each combination). The interaction treatments included: (1) Control
(no specimen), (2) Coral only, (3) Macroalgae only, (4) Sponge only, (5) Coral–Macroalgae
pair, (6) Coral–Sponge pair, and (7) Macroalgae–Sponge pair. Individual replicates were
a single coral colony, small clump of macroalgae (4.76 ± 0.01 g) held together using a
cable tie, or sponge fragment. Only one individual or pair was included in each aquar-
ium. Specimens were elevated off the bottom using egg crate stands. Pairs were set up
with organisms touching one another (i.e., in direct contact) (Supplemental Figure S1).
Specimens were exposed to the pCO2 and interaction treatments for 28 days. This ex-
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perimental duration is similar to previous studies documenting impacts of acidification
on coral-algal interactions [11,12]. We did not feed the corals and sponges throughout
the 28 days because feeding has the potential to modify the physiological responses of
organisms to stressors [38,39] and the carbonate chemistry of the experimental tanks (i.e.,
through increased respiration). Throughout the experiment, coral, sponge, and macroalga
health (e.g., tissue color) were monitored daily and aquaria were cleaned bi-weekly.

2.3. Monitoring Environmental Conditions

Multiple temperature and pH probes continuously monitored several experimental
aquaria (n = 8) using the Walchem monitoring systems. Probes were cleaned of epiphytes
and calibrated weekly. The pH electrodes were calibrated against three NBS buffers.
Seawater temperature (±0.2 ◦C), salinity (±1.0% of the reading), and pHNBS (±0.2) of all
reservoir tanks (n = 2) and experimental aquaria (n = 56) were monitored daily during
mid-morning using a YSI Professional Plus handheld multiparameter instrument (Xylem
Inc., Rye Brook, NY, USA). This instrument was calibrated for salinity weekly using
a conductivity standard and for pH daily using NBS buffers. Once a week, seawater
samples for laboratory analysis of carbonate chemistry were collected in 120 mL borosilicate
glass bottles following best practices in seawater CO2 chemistry sampling [40]. Samples
were collected from each reservoir tank and random subset (n = 28) of experimental
aquaria during the morning (0900–1030 local time). We preserved seawater samples with a
saturated solution of mercuric chloride (HgCl2) to halt biological activity that may alter
seawater carbonate chemistry and stored samples at 4 ◦C until analysis.

Seawater samples were analyzed for dissolved inorganic carbon (DIC) and total alka-
linity (TA) following best practices [40]. DIC was measured using an Apollo SciTech DIC
Analyzer (Model AS-C3) equipped with a LI-COR LI-7000 gas analyzer. TA titrations were
performed using a Metrohm 905 PC1 Titrando with 800 Dosino dosing apparatus. Certified
Reference Standards for Seawater CO2 Chemistry from the Dickson Laboratory (Scripps
Institution of Oceanography, UCSD) were used to ensure good instrument performance.
Accuracy and precision of the instruments were less than four µmol·kg−1 for DIC and TA
measurements. The remainder of the carbonate chemistry system was constrained using
the R package seacarb [41] with K1 and K2 constants from Lueker et al. [42].

2.4. Coral, Macroalgae, and Sponge Growth

The buoyant weight of corals, wet weight of macroalgae, and volume of sponges
(n = 24 per species) were measured at the beginning and end of the experiment
(n = 28 days). Coral growth (g) was measured using the buoyant weight technique [43]. To
calculate buoyant weight, coral skeletal density was assumed to be 2.93 g cm−3 which is
the density of aragonite (CaCO3). Macroalgae growth (g) was quantified by blotting off
excess water and measuring wet weight. Sponge growth (cm3) was measured by recording
the volume of seawater displaced when submerged. For coral buoyant weight and sponge
volume calculations, seawater temperature and salinity were recorded hourly to calculate
seawater density.

2.5. Statistical Analyses

A two-way analysis of variance (ANOVA) was used to test the individual (i.e., main)
and combined (i.e., interactive) effects of seawater pCO2 (2 levels) and interaction (3 levels)
on the growth of corals, macroalgae, and sponges. Data met the assumptions for indepen-
dence, normality (qqplots and Shapiro–Wilk Tests), and homogeneity of variance (Levene’s
Test; car package [44]). Statistical analyses were performed and figures were created using
RStudio v1.2.5033 [45]. Growth data are reported as mean ± 1 standard error, se, and were
plotted using ggplot2 package [46].
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3. Results
3.1. Environmental Conditions

All experimental aquaria exhibited similar seawater temperature and salinity while
seawater pCO2 and pHT differed (Table 1; Supplemental Table S2). Temperatures
(mean ± 1 sd) were 27.1 ± 0.3 ◦C and 27.2 ± 0.3 ◦C for ambient and elevated pCO2
treatments, respectively. Salinity was slightly variable over time due to occasional rain
showers throughout the experiment but similar across treatments (37.61 ± 1.37 for ambi-
ent pCO2 treatment and 37.54 ± 1.31 for elevated pCO2 treatment). Seawater pCO2 was
603 ± 88 µatm and 1105 ± 89 µatm for ambient and elevated pCO2 treatments, respec-
tively. This led to a seawater pH offset of approximately 0.23 units; ambient pHT was
7.86 ± 0.05 while pHT of the elevated pCO2 treatment was 7.63 ± 0.04. These are con-
servative estimates of mean seawater pCO2 and pH of the aquaria since measurements
were taken in the morning prior to peak pH values during midday. However, the ambient
seawater pCO2 and pHT reported here do match summer in situ conditions measured for
coastal waters in southern Florida including Cheeca Rocks [47], Florida Bay [48,49] and
Florida Keys inlets [50].

Table 1. Environmental conditions and carbonate chemistry (mean ± 1 sd) of experimental system seawater from mea-
surements taken during morning. Temperature and Salinity were measured daily in both reservoir tanks (n = 2) and all
experimental aquaria (n = 56). Dissolved inorganic carbon (DIC) and total alkalinity (TA) were measured every seven days
in both reservoir tanks (n = 2) and half of the experimental aquaria (n = 14 per pCO2 treatment). The remaining variables
were calculated from T, S, DIC, and TA.

T (◦C) Salinity DIC (µmol kg−1) TA (µmol kg−1) pHT pCO2 (µatm) ΩArag.

Reservoir Tanks
Ambient pCO2 28.6 ± 0.1 37.74 ± 1.74 1953 ± 56 2169 ± 73 7.82 ± 0.04 676 ± 65 2.46 ± 0.28
Elevated pCO2 28.8 ± 0.2 37.60 ± 1.52 2040 ± 67 2152 ± 70 7.58 ± 0.02 1263 ± 76 1.52 ± 0.09

Experimental Aquaria
Ambient pCO2 27.1 ± 0.3 37.61 ± 1.37 1926 ± 58 2149 ± 63 7.86 ± 0.05 603 ± 88 2.50 ± 0.24
Elevated pCO2 27.2 ± 0.3 37.54 ± 1.31 2021 ± 56 2144 ± 67 7.63 ± 0.04 1105 ± 89 1.59 ± 0.18

3.2. Growth Responses of Corals, Macroalgae, and Sponges

There were no combined effects of seawater pCO2 and interaction treatments on the
growth of corals, macroalgae, or sponges (Table 2; Figure 1). Coral growth was similar
across treatments with no statistically significant effects of seawater pCO2 or direct contact
(i.e., interaction) with macroalgae and sponges. The total growth of the corals over the
28-day experiment ranged from 0.75 ± 0.54 g (Ambient pCO2 Coral-Sponge treatment)
to 1.75 ± 0.47 g (Elevated pCO2 Coral-Sponge treatment). The change in macroalgae
biomass was unaffected by seawater pCO2, but there was a statistically significant main
effect of interaction treatment on growth (F2,18 = 7.523, p = 0.004); macroalgae lost biomass
when growing in isolation (−0.89 ± 0.46 g) or paired with corals (−1.21 ± 0.22 g) but
gained biomass when paired with a sponge (1.29 ± 0.65 g). Sponges had increased growth
under elevated seawater pCO2 conditions (F2,18 = 21.911, p < 0.001). Sponge growth
was −0.19 ± 0.08 cm3 and 0.29 ± 0.05 cm3 for ambient and elevated pCO2 treatments,
respectively. Interaction treatment had no statistically significant effect on the change in
sponge bioviolume.
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Figure 1. Growth responses (mean ± 1 se) of (a) corals, (b) macroalgae, and (c) sponges exposed to ambient pCO2 (blue)
and elevated pCO2 (orange) treatments over 28 days. Data were statistically analyzed with a two-way analysis of variance
(ANOVA). The small letters (a, b) represent statistical differences between pCO2 treatments, and the capitalized letters (A,
B) represent statistical differences between interaction treatments. The full results of the two-way ANOVA are presented in
Table 2.

Table 2. Statistical analyses of coral, macroalga, and sponge growth in response to seawater pCO2

and interaction treatment. * indicates statistical significance.

Organism Treatments df F-Value p-Value

Coral Seawater pCO2 1 0.749 0.487
Interaction 2 1.327 0.264

Seawater pCO2 × Interaction 2 1.107 0.352
Macroalgae Seawater pCO2 1 0.630 0.438

Interaction 2 7.523 0.004 *
Seawater pCO2 × Interaction 2 0.516 0.605

Sponge Seawater pCO2 1 21.911 <0.001 *
Interaction 2 0.235 0.793

Seawater pCO2 × Interaction 2 1.221 0.318

4. Discussion

While there are abundant data describing the responses of individuals to acidification,
fewer studies have examined the effects of acidification on species interactions, despite the
importance of ecological processes to coral reef community structure, ecosystem function,
and resilience. We tested three hypotheses related to the effects of acidification and species
interaction on growth of corals, macroalgae, and sponges. Although we expected decreased
net calcification of corals and increased macroalgae and sponge growth under elevated
seawater pCO2, only sponges responded with increased biovolume. Macroalgae, however,
only grew when in direct contact with sponges compared to growing in isolation or paired
with corals. The results of this study provide additional insight into the growth response
of individuals when exposed to acidification and forced to interact with other organisms
via direct contact.

Although corals typically have decreased growth and net calcification under ocean
acidification [5], S. radians is well-known for high tolerance to environmental perturbations
including low salinity [36] and high sedimentation [35]. In ecological surveys of benthic
communities surrounding submarine springs discharging acidified seawater, S. radians
was one of three coral species found in regions with seawater pH under 7.25, which is
greater than the expected change by 2100 in open ocean surface waters [1], and coral area
was similar across seawater pH gradients [51]. Although these ecological surveys suggest
resistance to ocean acidification by S. radians, sublethal effects (i.e., on calcification rates,
skeletal density, or other physiological processes) of elevated seawater pCO2 have not
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been assessed. Furthermore, the coral populations studied at seeps have been exposed
to acidification and co-varying environmental parameters over longer time periods than
laboratory experiments. Indeed, net calcification of S. radians decreases in response to
elevated seawater pCO2 in experimental settings, both laboratory and in situ, in the Florida
Keys [52,53].

In the present study, S. radians maintained net calcification under short-term exposure
to elevated seawater pCO2 which resulted in a pH decline of 0.23 below ambient conditions.
Environmental history of these coral colonies may have influenced their resistance to
acidification [54,55]. Siderastrea radians colonies were collected from a shallow environment
that contained an abundance of decaying organic matter; it is possible this area experiences
episodic or chronic elevated seawater pCO2 in response to the dead algae and seagrasses
that accumulate in this area (i.e., promoting net respiration [3]). This extremely shallow site
(<3 m) also is likely exposed to high diurnal fluctuations in seawater pH and pCO2 [56]
which could enhance the ability of corals to cope with ocean acidification [54,55]. Therefore,
the coral colonies used in this experiment may have been acclimated to short-term exposure
to acidification of similar magnitude shown here (pH offset: approximately −0.23).

In contrast to corals, fleshy macroalgae typically exhibit maintained or increased
growth when exposed to elevated seawater pCO2 and reduced pH [7,8,57]. The variability
in growth responses of fleshy macroalgae to ocean acidification may be related to their
method of dissolved inorganic carbon uptake (i.e., CO2 diffusion or bicarbonate uptake via
carbon concentrating mechanism, CCMs) and whether they are currently carbon-limited
(i.e., affinity for dissolved inorganic carbon). Additionally, some species can down-regulate
their CCMs to reduce energy expenditure. In general, carbon-limited macroalgae with no
or downregulated CCMs experience increased growth rates under ocean acidification [58].
Macroalgae that are not carbon limited and solely rely on CCMs for carbon uptake have
no change in growth rates under acidification [58]. Brown macroalgae, including Dictyota
species, contain CCMs that can be utilized for inorganic carbon uptake [7].

In the present study, the change in biomass for Dictyota spp. used in this study
was not significantly affected by seawater pCO2 which indicates they likely relied on
CCMs throughout the experiment. Algae lost slight biomass in four out of six treatments.
Light limitation could have inhibited algal growth. A separate field study during August
2018 [59] recorded, on average, higher daily maximum light levels near the site where algae
were collected. However, we believe nutrient limitation is more likely contributing to the
loss in algal biomass since contact with sponges led to growth; encrusting sponges likely
produce dissolved inorganic nitrogen that algae can utilize for growth [24]. Regardless of
whether algae had increased or decreased biomass, there was no significant influence of
seawater pCO2 on growth. This is consistent with other studies that show similar growth
rates under ambient and elevated pCO2 treatments for Dictyota species [8,60,61].

Although sponge prevalence on Caribbean reefs have been increasing over recent
decades [29,33,62], they remain one of the most understudied reef taxa with respect to
climate change responses [63]. In general, sponges that range across geographic locations,
morphologies, and feeding strategies (phototrophic vs. heterotrophic) appear to tolerate
short-term ocean acidification as evidenced by: (1) unaltered or reduced mortality across
life stages [9,64], (2) maintained or increased growth [6,64–66], and (3) high abundance
near CO2 seeps [67,68]. Our results support this previous body of literature, which includes
experimental durations ranging from twelve days to several months, by showing sponge
growth only when exposed to elevated seawater pCO2 for 28 days. Altered microbiome
community composition may enhance sponge tolerance to ocean acidification [66,68],
though there is also evidence showing no change [69] or destabilization [70] of microbiomes
in some sponge species. Sponge tolerance could also be linked to changes in tissue lipid
or fatty acid composition as observed for sponges experiencing temperature stress [71].
While there has been considerable effort to quantify physiological responses of excavating
sponges to acidification [72,73], more research is needed to underpin the physiological



J. Mar. Sci. Eng. 2021, 9, 739 8 of 12

mechanisms driving encrusting and emergent sponge growth responses to changing ocean
carbonate chemistry.

Few experiments have documented the effects of acidification on interactions between
corals, macroalgae, and sponges. In fact, coral–algal competition experiments in combina-
tion with elevated seawater pCO2 are limited to a single coral species found on the Great
Barrier Reef (Acropora intermedia). Diaz-Pulido et al. [11] observed 100% coral mortality af-
ter three weeks of direct contact with Lobophora papenfusii, a fleshy brown macroalga, under
elevated seawater pCO2 (1140 ppm) with lower mortality rates in ambient seawater pCO2.
In a similar experiment, Del Monaco et al. [12] noted increased coral tissue necrosis under
ocean acidification when in contact with three macroalgae species for 25 days. Although
macroalgae can compete with corals using several physical and chemical strategies [14],
both studies suggested increased allelopathy under ocean acidification due to minimal
effects of algal mimics on coral survivorship. However, only Canistrocarpus (= Dictyota)
cervicornis had increased allelopathy that led to decreased effective quantum yield of corals
under high seawater pCO2 (936 ppm) [12]. In contrast to these results, Brown et al. [74]
reported no main or interactive effects of ocean acidification and direct contact with a
calcifying macroalga Halimeda heteromorpha on coral survivorship or net calcification during
eight-week experiments conducted in summer and winter months. Likewise, S. radians
from the Florida Reef Tract appear to be resistant to coral-algal competition even un-
der ocean acidification. However, there may have been other physiological impacts not
quantified in this study.

Many experiments ranging from three days to twenty weeks suggest acidification
may lead to increased sponge bioerosion rates [6,75–77], consequently leading to de-
creased net calcification of living corals [78] and increased calcium carbonate (CaCO3)
dissolution of dead corals [76,78–80]. Here, we also show that a non-photosynthetic en-
crusting/excavating sponge adjacent to S. radians does not impact net calcification of the
coral. Sponge-coral interactions, however, occur across sponge morphologies. As sponges
become more prevalent on Caribbean reefs [29,33,62], we would expect more coral-sponge
interactions to occur through direct contact. Therefore, additional research also is needed
to understand how a variety of sponge species and morphologies may influence coral
settlement and growth, two ecological processes influencing reef resilience to environ-
mental perturbations [81], under future acidification and co-occurring environmental
changes [6,72,73,77,82].

Sponges play important roles in biogeochemical cycling on coral reefs through physio-
logical and microbially-mediated processes [83]. Interestingly, direct contact with corals
and macroalgae did not enhance sponge growth; many encrusting and boring sponge
species, which often have high microbial abundance, rely on dissolved organic carbon
production by reef autotrophs [17,84]. Low photosynthetic and/or carbon fixation rates by
corals and macroalgae (not measured in this study) may explain the lack of influence on
sponge growth. It is also possible P. lampa does not rely on autotroph-produced dissolved
organic matter for carbon, although this seems unlikely given the trends observed for other
encrusting and excavating sponges [17,84].

Sponges also can contribute to nitrogen cycling on reefs since their microbial symbionts
are capable of nitrogen fixation (i.e., N2 to NH3) and nitrification (NH3 to NO2 and NO3).
In this study, the presence of sponges did influence macroalgae growth; direct contact
with sponges resulted in macroalgae biomass increase over time, counteracting autogenic
biomass loss observed in other interaction treatments. Sponges may have facilitated
macroalgae growth through the production of dissolved inorganic nitrogen [16] which
can be elevated in sponge exudate compared to surrounding seawater on reefs [22,23,85]
depending on microbial abundance and community composition within sponge tissues [83].
When comparing δ15N values of Dictyota species growing inside and outside of sponge
oscular chambers at Conch Reef (Florida, USA), Silbiger [24] observed lower δ15N in
Dictyota growing inside sponges, supporting the hypothesis that sponge-produced nitrate
may facilitate seaweed proliferation on reefs [16,23].
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Ecosystem processes play important roles in shaping the community structure of coral
reefs and, consequently, reef resilience to environmental change. Projections of future coral
reef health, therefore, need to integrate impacts across ecological scales [10]. This includes
improving our understanding of how species interactions can modify individual responses
to acidification and, conversely, how acidification may indirectly influence the outcome of
these interactions. To date, few studies have investigated how competition and facilitation
between coral reef benthic taxa may function in the future. Our results add to this limited
knowledge by showing no interactive effects of acidification and direct contact on growth
on representative coral, algal, and sponge species in the Florida Keys. While limited in
scope due to the experimental design, our results also lend support to the hypothesis of
transitions to sponge and algae dominated reefs in the future [4] through facilitation of
algal growth by sponges and direct effect of acidification on sponge growth. Additional
research on the outcome of species interactions under climate change will facilitate accurate
predictions of how coral reefs may respond to environmental changes and identification of
appropriate reef management strategies and policies for the Florida Reef Tract.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jmse9070739/s1, Figure S1: Photographs showing an experimental set-up of interaction
treatments. Table S1: Buoyant weight of corals, wet weight of algae, and biovolumes of sponges at the
beginning and end of the experiment. Table S2: Seawater chemistry data measured in reservoir tanks
and experimental aquaria. Temperature and Salinity were measured daily using a YSI multiprobe.
Seawater samples for dissolved inorganic carbon (DIC) and total alkalinity (TA) were collected
weekly for later laboratory analyses.
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