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to elevated nutrients reduced A. cervicornis performance 
under control temperatures and heat stress. However, there 
was a wide range of variation among genotypes, with three 
genotypes maintaining relatively higher survivorship and 
growth rates when exposed to nutrients alone, and nutri-
ents followed by heat stress. Heat stress alone changed the 
microbial composition among genotypes more than elevated 
nutrients alone, but heat stress also interacted with nutri-
ent pre-exposure to affect microbial communities. The rela-
tive abundance of Midichloriaceae and Spirochaetaceae 
varied by coral genotype and a high abundance of these 
bacterial taxa was a positive predictor of coral survivor-
ship rate, suggesting a microbial signature that could aid 
in identifying resistant A. cervicornis genotypes. Our find-
ings suggest there is significant variation among genotypes 
in the response of A. cervicornis to elevated nutrients and 
temperatures. Resistant genotypes may be identifiable via 
their microbiomes and prioritized for outplanting at sites 
that experience nutrient pollution. Large-scale microbiome 
screening may help expedite targeted outplanting and could 
be tested and extended to facilitate the identification of geno-
types with other resistance characteristics.

Keywords Midichloriaceae · Spirochaetaceae · Climate 
change · Coral mortality · Coral growth · Microbial 
community · Ammonium

Introduction

Coral cover in the Caribbean has declined in recent dec-
ades due to natural and human disturbances (Gardner et al. 
2003). However, Acropora cervicornis populations have 
been particularly affected, with an estimated cover loss 
of up to 90% between the 1970s and 1990s (Precht et al. 

Abstract The staghorn coral, Acropora cervicornis, was 
once abundant in the Caribbean, but now is listed as criti-
cally endangered. To recover A. cervicornis populations, 
restoration efforts have focused on preserving genetic diver-
sity and increasing coral cover. However, identifying stress-
resistant corals can help to increase restoration success, by 
allocating genotypes to reefs where they are more likely to 
survive. We assessed the performance (growth, survivor-
ship, and photochemical efficiency) and characterized the 
microbiome (prokaryotes) of six A. cervicornis genotypes 
that were maintained at control temperatures (~ 26 °C) and 
either ambient nutrients or elevated nutrients (elevated  NH4, 
and elevated  NH4 +  PO4) for > 2 months. We then compared 
how these parameters changed when the corals were exposed 
to heat stress (3 weeks at ~ 31.5 °C). We found that exposure 
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2002). A. cervicornis is now listed as ‘threatened’ under The 
United States Endangered Species Act (NMFS 2006) and is 
the target of restoration programs that aim to preserve its 
genetic diversity and increase coral cover. To achieve this, 
coral fragments are currently propagated in nurseries and 
later out-planted to restoration sites (Young et al. 2012) . 
The ultimate goal is for the fragments to grow and become 
sexually mature to self-sustain functional coral populations 
(Lirman and Schopmeyer 2016) .

However, one limitation of coral restoration is that reefs 
continue to face local and global stressors. Water quality 
issues, for example, are common in reefs near metropoli-
tan areas and can be exacerbated by coastal development, 
increasing agricultural runoff, and sea-level rise (McKenzie 
et al. 2021). Elevated nutrients can reduce coral calcification 
(Renegar and Riegl 2005) and increase bleaching suscepti-
bility (Wiedenmann et al. 2013). Nutrients have been also 
reported to increase disease prevalence (Vega Thurber et al. 
2013), and disrupt corals’ associated microbial communities, 
altering the cycling of nutrients among the coral host and 
their symbionts (Rädecker et al. 2015) and promoting the 
proliferation of opportunistic or pathogenic microbes (Vega 
Thurber et al. 2009). However, the effects of nutrient enrich-
ment on corals are not always negative and can vary by coral 
species (Fox et al. 2021; Palacio-Castro et al. 2021), nutrient 
levels (D’Angelo et al. 2014; Dobson et al. 2021), nutri-
ent source (Burkepile et al. 2019), exposure time (Fabricius 
2005), and the ratio of nitrogen to phosphorus availability 
(Ferrier-Pagès et al. 2000; Rosset et al. 2017).

On a global scale, climate change is the biggest threat 
to coral reefs, and it is causing more frequent and severe 
bleaching events (Eakin et al. 2019). Sustained seawater 
temperatures 1–2 °C above the average local summer maxi-
mum can trigger the breakdown of the coral-algal symbiosis 
(Warner et al. 1999), resulting in the loss of the alga and in 
the paling of the coral (Glynn 1993). Because up to 90% 
of the coral’s carbohydrate supply comes from their algal 
symbionts (Muscatine and Porter 1977), bleached corals are 
in a physiologically and nutritionally compromised state that 
usually leads to coral mortality (Baker et al. 2008). Suble-
thal bleaching results in lower coral growth (Goreau and 
Macfarlane 1990), reproductive output (Ward et al. 2002), 
and disease resistance (Muller et al. 2018). Heat stress also 
alters the structure and diversity of the prokaryotic commu-
nities associated with corals, and commonly results in more 
diverse communities with higher abundances of opportun-
istic bacteria (McDevitt-Irwin et al. 2017).

Since climate change will continue to occur for some 
decades, even if global emissions are immediately halted 
(Donner 2009), it is imperative to find mechanisms that 
facilitate the persistence of coral reefs. Interventions, such 
as identifying corals with enhanced stress resistance, can 
help to increase the survivorship of endangered species 

and coral outplants (van Oppen et al. 2017; Goergen and 
Gilliam 2018; NASEM 2019). This process includes 
assessing the performance and stress response of different 
genotypes, characterizing the interaction of these geno-
types with the environment (phenotypic plasticity; Drury 
et al. 2017), and establishing the role of each holobiont 
member (host, endosymbiotic algae, bacteria, archaea, and 
viruses) in the resulting phenotypes. Genotypic differences 
in A. cervicornis are documented in disease susceptibility 
(Miller et al. 2019), bleaching, and bleaching recovery 
(Muller et al. 2018). In A. cervicornis, outplant success 
has been evaluated by tracking Symbiodinium ‘fitti’ strains 
but no correlation was found between survivorship and S. 
fitti strain (O’Donnell et al. 2018). In contrast, members of 
the microbial community have been linked to patterns of 
disease and bleaching resilience (Chu and Vollmer 2016; 
Klinges et al. 2020).

In a companion study, we found that A. cervicornis is 
particularly sensitive to the combined effects of elevated 
nutrients and temperature (Palacio-Castro et al. 2021). 
Here we investigated genotypic variation in sensitivity by 
comparing the performance (growth, survivorship, and 
photochemical efficiency), and prokaryotic community 
(bacteria and archaea) of six A. cervicornis genotypes 
that are used in coral restoration in South Florida. These 
genotypes were studied under: (1) Control temperatures 
and ambient nutrients, (2) Control temperatures and ele-
vated nutrients  (NH4 and  NH4 +  PO4), (3) Elevated tem-
perature in corals pre-exposed to ambient nutrients, and 
(4) Elevated temperature in corals pre-exposed to elevated 
nutrients. Specifically, we tested whether some A. cervi-
cornis genotypes are more resistant to elevated nutrients 
and temperature, and if the composition of their microbial 
communities can explain some of the variations in A. cer-
vicornis stress response.

Methods

Coral collection

In summer 2017, single-branched fragments from six A. 
cervicornis genotypes were donated by the University of 
Miami, which were originally reared at Mote Marine Labo-
ratory nurseries (N = 120, 8–29 fragments per genotype; 
Table S1). These corals have been previously identified 
by the nurseries as genetically distinct genotypes based on 
microsatellites markers (Baums et al. 2005, 2009). The frag-
ments were transported to the Marine Technology and Life 
Science Seawater (MTLSS) complex at the University of 
Miami Rosenstiel School in September 2017, where they 
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were acclimated to tank conditions at 26.2 °C (± 0.6 SD) 
for ~ 4 months.

Experimental conditions

Phase 1 (days 1–78)—Control temperature and nutrient treat-
ments: After acclimation, all fragments per genotype were 
evenly assigned to one of six 38-L glass aquaria which were 
divided between two independent tanks. The tanks acted as 
a water bath to maintain the target temperature at ~ 26 °C 
(26.1 °C ± 0.4 SD) and contained one aquarium (replicate) 
of each nutrient treatment. Fragments in the ambient treat-
ment (ambient) were maintained under nutrient concentra-
tions from the incoming water inflow from Biscayne Bay, FL 
 (NH4 = 1.18 μM ± 0.97 SD,  PO4 = 0.18 μM ± 0.12 SD). Cor-
als in the  NH4 treatment were dosed with  NH4Cl to increase 
the ammonium concentration by ~ 10 μM over the ambient 
values  (NH4 = 10.22 μM ± 2.01 SD,  PO4 = 0.15 μM ± 0.01 
SD). Corals in the  NH4 +  PO4 treatment were dosed with 
 NH4Cl in a similar way, plus with  NaH2PO4H2O to increase 
phosphate concentration by ~ 1  μM relative to ambient 
 (NH4 = 10.38 μM ± 1.13 SD,  PO4 = 0.73 μM ± 0.15 SD). 
These nutrient concentrations are in the range of nutrient 
levels that South Florida can experience during high nutri-
ent periods (Lapointe et al. 2004; Caccia and Boyer 2005).

Phase 2 (days 79–90)—Ramp-up temperature and nutri-
ent treatments: During this phase, corals were maintained 
in their respective nutrient treatments (ambient,  NH4, and 

 NH4 +  PO4), while the temperature in the tanks was gradu-
ally increased from 26 to ~ 31.5 °C over 12 days (Fig. 1). 
This target temperature was ~ 1 °C above the maximum 
monthly mean temperature in South Florida reefs (Gintert 
et al. 2018), which is considered the temperature threshold 
for the accumulation of heat stress in corals (Liu et al. 2006).

Phase 3 (days 91–110)—Heat stress and ambient nutri-
ents: In this phase, all the fragments were maintained at 
31.5 °C (± 0.8 SD). The initial goal was to maintain the 
nutrient treatments through heat stress, but given a high 
level of coral mortality in elevated nutrients  (NH4, and 
 NH4 +  PO4), nutrient additions were halted on day 91 
(Fig. 1).

Coral performance

Coral survivorship, growth rates, and photochemical effi-
ciency (Fv/Fm) were used as proxies of genotype perfor-
mance under the nutrient treatments (ambient,  NH4, and 
 NH4 +  PO4), and temperature conditions (control, ramp-
up, and heat stress; Fig. 1). Fragment survivorship was 
monitored daily by recording when a fragment died or 
was sacrificed to collect samples. Buoyant weight data 
were collected once a month before the experiment (base-
line) and monthly during phase 1. During phases 2 and 
3, buoyant weight was measured approximately every 
two weeks. The dark-adapted photochemical efficiency 

Fig. 1  Experimental conditions and days when samples and data 
were collected. The black solid line shows the smoothed mean tem-
perature. Top dashed line denotes the period of nutrient addition dur-
ing phase 1 (control temperature) and phase 2 (ramp-up). Due to the 
onset of coral mortality in the elevated nutrient treatments, all the 
fragments were maintained under ambient nutrients during phase 3 

(heat stress). Microbiome samples were non-sacrificial small tissue 
biopsies (~ 2 polyps) which allowed to repeatedly sample the same 
fragments over time. Sacrificial samples (n = 39) consisted of the 
remotion from the experiment of a subset of fragments for a compan-
ion study
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of photosystem II (Fv/Fm) was recorded approximately 
every two weeks during phase 1, and twice a week during 
phases 2 and 3, using an Imaging-Pulse Amplitude Modu-
lated Fluorometer (I-PAM, Walz, Effeltrich, Germany). 
Details on data collection are described in the ESM.

Coral performance data analyses were conducted in 
R v3.6.3 (R Development Core Team 2020). We first 
tested for differences among the corals maintained in all 
three nutrient treatments (ambient,  NH4, and  NH4 +  PO4) 
over time, but the survivorship, growth rates, or Fv/Fm 
values of the fragments maintained in  NH4 compared to 
 NH4 +  PO4 were not different. For simplicity, these two 
treatments were pooled and presented as an “elevated 
nutrients’’ treatment that was used to test for differences 
among the genotypes when exposed to ambient versus 
high nutrients (results for each  NH4 and  NH4 +  PO4 are 
shown in Figs. S1-S3).

Survivorship probabilities were estimated with sur-
vival v2.38 (Therneau 2015) and survminer v0.4.6 (Kas-
sambara 2018) packages for R. Log-rank tests were used 
to test the additive effects of nutrients treatments (ambi-
ent versus elevated nutrients) and genotypes on survivor-
ship. Additionally, a Cox proportional model was used 
to estimate the relative hazard ratio (HR) of the geno-
types when exposed to elevated nutrients and heat stress. 
The HR is calculated as the ratio of the total number of 
observed to expected deaths between two genotypes and 
the resulting ratio represents the number of times that 
the risk of death is higher in one genotype compared to 
another. Thirty-nine fragments were sacrificed during the 
experiment (28 at the end of phase 1, and 11 at the end 
of phase 3; Fig. 1) for a companion study (Palacio-Cas-
tro et al. 2021), and their removal was recorded as “cen-
sored” events to adjust the survivorship curves. These 
events account for the incomplete information about the 
survivorship outcome of the removed fragments since it 
is unknown if they would die or survive if left longer in 
the experiment. Information about the “censored” frag-
ments is then incorporated into the model until they are 
removed, but they are “censored” after that day (i.e., not 
considered as part of the sample groups).

Differences among the growth rates and Fv/Fm in the 
treatments and genotypes were evaluated with linear 
mixed models. The models were run with the lme4 pack-
age v1.1–17 (Bates et al. 2015) and pairwise comparisons 
among significant effects with emmeans (Lenth 2018) 
using an alpha value of 0.05 for the Tukey’s HSD con-
trasts. Each model included genotype, day, and nutrient 
treatment (ambient versus elevated nutrients) as fixed 
factors, as well as coral fragment and replicate tank as 
random effects (Tables S3 and S6 show model outputs, 
and S4, S5 and S7 show the post hoc tests). Performance 

data and code for data analyses are available at Zenodo 
(https:// doi. org/ 10. 5281/ zenodo. 66778 81).

Prokaryotic alpha and beta diversity

A subset of fragments was sampled at the end of phase 1 
(day 75, n = 85), and during phase 3 (days 100 and 111, 
n = 52 and n = 42, respectively) to characterize prokaryotic 
communities in each genotype and treatment (Table S2). The 
selected fragments in phase 1 were re-sampled in phase 3. 
However, the number of samples decreased through time 
because some of the fragments died prior to re-sampling. 
In these samples, the 16S rRNA gene V4 was amplified 
and sequenced using previously published primers (Apprill 
et al. 2015). Details on the prokaryotic library generation 
and bioinformatics processing can be found in the ESM. For 
both alpha (the variation of prokaryotic members) and beta 
diversity (prokaryotic community composition), the data 
was parsed by multiple categories: (1) Differences among 
genotypes were compared on ambient fragments on day 
75 [phase 1] since these corals did not undergo nutrient or 
temperature stress, (2) Nutrient treatments at control tem-
perature were compared in ambient,  NH4, and  NH4 +  PO4 
fragments at day 75 [phase 1], (3) Nutrient treatments at 
elevated temperatures were compared in ambient,  NH4, and 
 NH4 +  PO4 fragments at days 100 and 111 [phase 3], and (4) 
each nutrient treatment was compared across days (days 75, 
100, and 111). For across days data, only genotypes that sur-
vived through the end of the heat stress (G48, G62 in  NH4, 
and G48, G62, G31 in  NH4 +  PO4) were used. In ambient 
corals, all genotypes survived and were evaluated through 
time. Both alpha and beta-diversity analyses were considered 
significant if alpha was < 0.05.

For alpha diversity, the breakaway plugin on Qiime2-
2019.7 was used to calculate the prokaryotic richness in each 
category without normalizing by sequencing depth (rarefac-
tion; Willis et al. 2017) since this can introduce biases (Wil-
lis 2019). Richness values were then square root-transformed 
and tested with linear mixed models in the R package lme4 
(v1.1.21). Pairwise Tukey’s HSD comparisons were evalu-
ated with emmeans (v1.4.3.1).

For beta-diversity analysis, the count table was filtered to 
remove ASVs present in ≤ 4 samples. The ASV count table 
was normalized to centered log-ratio (CLR) values with the 
R package microbiome v1.4.2 (Lahti et al. 2017), which is 
recommended given the compositional structure of amplicon 
sequence data (Gloor et al. 2017). Transformed data were 
used to compute a dissimilarity matrix based on Euclidean 
distance using the function vegdist (Vegan v2.5.6 pack-
age; Dixon 2003). To identify differences between-group 
beta-diversity, the dissimilarity matrix was tested with the 
function Adonis (PERMANOVA; Vegan v2.5.6) with 999 
permutations and the option strata to control for genotype 

https://doi.org/10.5281/zenodo.6677881
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effect. Pairwise comparisons were conducted with the pack-
age pairwiseAdonis v0.0.1 with a Bonferroni correction 
(Martinez Arbizu 2017). The dispersion of the dissimilarity 
matrix was calculated using the function betadisper (Vegan 
v2.5.6) and samples were tested for within-group beta-diver-
sity differences with an ANOVA and a post hoc test (Tukey’s 
HSD). In addition, the entire dataset was evaluated to inves-
tigate which factor and interaction (i.e., nutrients, tempera-
ture, or genotype) explained the majority of the variance.

Prokaryotic core microbiome

The baseline (ambient corals at day 75; n = 30) core microbi-
ome was estimated for each genotype to determine taxa that 
may be important for genotype health. The function ‘core’ 
from the R microbiome package v1.0.8 was used to deter-
mine which ASVs were present in at least 99% of fragments 
(at any abundance) per genotype. The number of core ASVs 
per genotype and the intersection among the genotypes were 
assessed.

Prokaryotic differential abundance

To evaluate differentially abundant prokaryotic taxa the fil-
tered count table (ASVs present in ≥ 4 samples) was ana-
lyzed with the R package ANCOM2. Results were consid-
ered significant if alpha was < 0.05 with a detection cut-off 
of 0.90 (Mandal et al. 2015). The data were first tested for 
changes due to nutrient treatment at day 75 with a genotype 
interaction. Then, differences in nutrient treatments across 

days 75, 100, and 111 were tested, but not for G08, G07, or 
G50 due to their early mortality. Individual fragments were 
included as a random effect for all tests.

Finally, we tested differentially abundant taxa among 
coral genotypes against their associated survivorship out-
comes under combined nutrient and heat stress (i.e., Do 
baseline prokaryotes correlate with coral mortality?). To 
do this, baseline microbiomes (ambient corals at day 75; 
n = 30) were evaluated with ANCOM2. The survivorship 
rates were generated from day 110 after corals were exposed 
to elevated nutrients and heat stress (i.e., survivorship of 
 NH4 and  NH4 +  PO4 pooled at day 110). The significant taxa 
were then correlated to the same survivorship rates used in 
the ANCOM2 analysis using the lm function in R. The bio-
informatic scripts for the microbiome analysis are publicly 
available (https:// github. com/ srosa les712/ AcNut rients).

Results

Coral survivorship

There was no mortality in any of the A. cervicornis geno-
types when they were maintained in ambient nutrients. 
Although mortality was slightly higher among corals 
exposed to  NH4 compared to  NH4 +  PO4, there were no sig-
nificant differences between the survivorship probabilities 
in these two treatments (log-rank p > 0.5, Fig. S1). Thus 
 NH4 and  NH4 +  PO4 were pooled as “elevated nutrients.” 
Survivorship probabilities in elevated nutrients were lower 
for genotypes G50, G07, and G08 compared to genotypes 

Fig. 2  Survival probability and relative risk of death in six Acropora 
cervicornis genotypes exposed to elevated nutrients and subsequent 
heat stress. a Survival probability of individual genotypes exposed to 
elevated nutrients  (NH4 and  NH4 +  PO4 treatments combined) at con-
trol and ramp-up temperatures (days 1–90), and during a combination 
of heat stress and pre-exposure to elevated nutrients (days 91–113). 
The “x” symbols show the days with “censored events” when frag-
ments were removed from the experiment and therefore are not con-

sidered as part of the sample groups after that day. The “fragments 
at risk” table shows the number of fragments that remained in the 
experiment on any specific day (initial number of fragments minus 
fragments that died or were removed to collect whole-tissue samples). 
b Combined effect of pre-exposure to elevated nutrients and heat 
stress on the hazard ratio of the risk of death of different A. cervi-
cornis genotypes (x-axis). Values are relative to genotype G48, which 
had the lowest risk of death overall

https://github.com/srosales712/AcNutrients
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G31, G62, and G48 (log-rank p < 0.0001; Fig. 2a). Under 
elevated nutrients, G50 and G07 first experienced mortality 
at control temperature (days 65 and 71, respectively), fol-
lowed by G08 after one day of heat stress (day 92). G31 first 
suffered mortality after 1 week in heat (day 96), followed 
by G62 (day 103) and G48 (day 106) after 2 weeks in heat. 
The Cox-hazard ratios (HR) indicated that when the corals 
were exposed to elevated nutrients and heat stress the risk 
of death was 3 times higher for genotype G31, and 64–136 
times higher for G50, G07, and G08 compared to genotypes 
G62 and G48, which had the lowest risk of death (Fig. 2b).

Overall growth rate

At control temperatures, overall growth rates in the ambient 
treatment ranged from 3.36 to 3.61 mg  g−1d−1. However, 
growth rates progressively declined under elevated nutri-
ents compared to ambient (Fig. 3a). During the first month 
of nutrient exposure, growth rates were reduced by 28% in 
 NH4 (p < 0.0001), and by 16% in  NH4 +  PO4 (Tukey’s HSD 
p > 0.05) with respect to ambient nutrient conditions. By the 
second month, growth was ~ 52–53% lower in both elevated 
nutrient treatments (~ 1.6 mg  g−1d−1 ± 0.2; Tukey’s HSD 
p < 0.0001) with respect to ambient (Fig. 3a, Table S4).

Heat stress reduced growth rates in both ambient and 
elevated nutrients (Fig. 3a). Corals in ambient nutrients 

experienced a 30% growth decline during ramp-up (phase 
2, Tukey’s HSD p < 0.0001), and a 52% decline after a 
week in heat stress with respect to their last phase 1 values 
(p < 0.0001). By the end of heat stress, the mean growth 
rate in ambient nutrients was 1.61 mg  g−1d−1 ± 0.2. Heat 
stress further reduced growth rates in corals pre-exposed 
to elevated nutrients. After a week of heat stress,  NH4 and 
 NH4 +  PO4 fragments reached negative growth values (dis-
solution) (− 0.69 and − 0.79 mg  g−1d−1 ± 0.26, respectively; 
Fig. 3a, Table S4).

Genotype growth rates

Differences in growth rate between corals in the two elevated 
nutrient treatments were non-significant at all time points 
(Tukey’s HSD p > 0.05; Figs. 3a, S2). Based on this,  NH4 
and  NH4 +  PO4 data were pooled under “elevated nutri-
ents”. Growth rates varied among genotypes, and there 
was an interaction between genotype, nutrients, and tem-
perature (Fig. 3b). Baseline growth (before nutrient addi-
tion) for G48 and G62 (3.13–3.26 mg  g−1d−1) was lower 
than for other genotypes (3.88–4.22 mg  g−1  d−1; Tukey’s 
HSD p < 0.05), but this changed during the experiment. 
Under ambient nutrients, G48 experienced up to a 32% 
increase in growth during phase 1, while G50, G07, and 
G08 experienced a 33–39% reduction in growth (Fig. 3b). 

Fig. 3  Mean growth rate of A. cervicornis (mg  g−1   d−1 ± 95% CI) 
before nutrient addition (baseline), during phase 1 (control tempera-
ture), phase 2 (ramp-up), and phase 3 (heat stress). a Overall growth 
rates (all genotypes pooled by nutrient treatment). b Genotype-spe-
cific growth rates by nutrient treatment. Elevated nutrients panel 

includes the data from  NH4 and  NH4 +  PO4. The gray solid line 
demarcates the baseline measurement, the dashed line the nutrient 
addition period, and the dotted line the ramp-up and heat stress peri-
ods
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By the end of phase 1, the hierarchical ranking of genotype 
growth rate in ambient was inverted, with respect to baseline 
(pre-experiment) data, and G48, G31, and G62 had higher 
growth rates (3.86–4.14 mg  g−1  d−1) than G50, G07, and 
G08 (2.06–2.72 mg  g−1  d−1; Tukey’s HSD p < 0.05; Fig. 3b, 
Table S5). During phase 3 (heat stress: days 91–100), G31 
in ambient was the only genotype that maintained growth 
rates > 2 mg  g−1d−1 (~ 2.5 mg  g−1d−1 Fig. 3b).

When exposed to elevated nutrients, G48 and G62 had the 
lowest reductions in growth rate with respect to their values 
in the ambient treatment. By the end of phase 1, these geno-
types maintained growth rates > 1.6 mg  g−1  d−1 (~ 57–58% 
reduction with respect to ambient values at the same time). 
The remaining genotypes had growth rates < 1.0 mg  g−1d−1 
at this same time (~ 68–105% reduction with respect to 
ambient values; Figs. 3b, S2). Under heat stress (phase 3), 
only G48, G62, and G31 had surviving fragments in the 
elevated nutrient treatments and all were exhibiting negative 
growth values (dissolution), with G31 showing the strongest 
growth rate decline (Fig. 3b).

Photochemical efficiency (Fv/Fm)

Fv/Fm values were affected by genotype, nutrient treatment, 
temperature, and their interaction (Fig. 4). In the ambient 
treatment, Fv/Fm was lower for G07 compared to the rest 
of the genotypes (Tukey’s HSD p < 0.05). This pattern was 
maintained during phase 1 (− 9% to − 14% Fv/Fm in G07 
compared to other genotypes), phase 2 (− 10% to − 15%) 
and phase 3 (-8% to -16%). After three weeks of heat stress, 

G07 had the lowest Fv/Fm in ambient nutrients (0.35 ± 0.01), 
followed by G31 (0.39 ± 0.01), while other genotypes main-
tained values higher than 0.4 (Fig. 4).

During phase 1, all genotypes had a slight increase in Fv/
Fm under elevated nutrients compared to ambient (2–10%), 
but G07 showed the highest increase (7–18%), to the point 
that its Fv/Fm was not different from the rest of the geno-
types in elevated nutrients (Tukey’s HSD p > 0.05). The 
positive effect of nutrients on Fv/Fm was reversed during 
heat stress (Figs. 4, S3). Genotypes G50, G07, and G08 in 
elevated nutrients died during the first week in heat stress 
before Fv/Fm was assessed. In the remaining genotypes, Fv/
Fm was lower in the corals pre-exposed to elevated nutri-
ents compared to ambient nutrients. After a week in heat, 
G48, G62, and G31 in elevated nutrients had 14–17% lower 
Fv/Fm, compared to ambient (Tukey’s HSD p < 0.05). After 
three weeks in heat, these genotypes had 32%, 26%, and 62% 
lower Fv/Fm respectively, in elevated nutrients compared to 
ambient (Fig. 4).

Prokaryotic differences among genotypes

A total of 666 ASVs remained after filtering. Overall, cor-
als showed a median frequency of 7,171 ASVs among the 
180 samples. A comparison of the prokaryotic structures 
among genotypes (control temperature and ambient nutri-
ents, n = 30) showed that A. cervicornis microbial com-
munities were mainly dominated by the family Midichlori-
aceae (mean relative abundance [RA] range = 50.1–94.8%; 
Fig. 5a) and the core microbiome analysis showed that 

Fig. 4  Photochemical effi-
ciency (mean Fv/Fm ± 95% CI) 
of A. cervicornis genotypes 
under nutrient treatments and 
temperature phases. Elevated 
nutrient panel includes the data 
from  NH4 and  NH4 +  PO4. The 
gray dashed line demarcates the 
nutrient addition period, and the 
dotted line the ramp-up and heat 
stress periods
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Midichloriaceae was also the only core microbe across 
genotypes (Fig. S4). However, genotype G07 had the low-
est RA of Midichloriaceae (1.4% ± 1.2%) and showed higher 

RAs of the families Endozoicomonadaceae (11.4% ± 7.1%) 
and Paenibacillaceae (9.2% ± 8.3%; Fig.  5a). A differ-
ential abundance analysis among genotypes showed that 

Fig. 5  Prokaryotic communities of six A. cervicornis genotypes 
under nutrient treatments and temperature phases. a Relative abun-
dance (RA > 0.05%) of the prokaryotic community of the entire data-
set, b RA of the two significant bacteria among the six genotypes, 
c prokaryotic richness, and d prokaryotic beta-diversity (centered 
log-ratio [CLR] transformed values on a principal component analy-

sis [PCA] with a Euclidean distance). a and c are parsed by nutrient 
treatments (ambient,  NH4, and  NH4 +  PO4) and heat stress (Control 
and Heat) across the three time points (days 75, 100, and 111). d is 
parsed by heat stress across the three time points. Genotypes in all 
figures are ordered by decreasing survivorship rates
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two ASVs from the families Spirochaetaceae (ASV 825; 
phylum Spirochaetes and genus Spirochaeta) and Midi-
chloriaceae (ASV 209; phylum Proteobacteria and genus 
MD3-55) distinguished genotypes (Fig. 5b). Pairwise com-
parisons of these corals also showed that G07 was the only 
genotype that was different from all other genotypes in 
alpha-diversity (padj < 0.05; Fig. 5c) and dispersion (per-
mutest; padj < 0.05; Fig. 5d). Beta-diversity between geno-
types was also significant (PERMANOVA; p = 0.006), but 
a pairwise comparison was only significant between G07 
and G62 (PERMANOVA; padj < 0.05). G62 and G31 had 

only one core member (Midichloriaceae). G48 and G50 
had three core members, but only one unique ASV among 
genotypes (Spirochaeta and Alteromonadaceae, respec-
tively). G07 had six core members and three of them were 
unique to G07 (Microscillaceae [ASV870], Acidobacteriia 
[ASV2724], and uncharacterized bacteria [ASV126]). G08 
had the highest number of core members (n = 15), but this 
may have been partly driven by the low fragment number 
(n = 2, Fig. S4). A correlation analysis between differentially 
abundant taxa among the genotypes and survivorship of the 
genotypes under nutrient and heat stress showed that both 

Fig. 6  Four amplicon sequence variants (ASVs) were significantly 
different among nutrient treatments (phase 1; day 75). a Relative 
abundance (y-axis) of four significant taxa during nutrient treatments 
(x-axis; ambient,  NH4, and  NH4 +  PO4). The data is parsed by the 
ASVs corresponding order, family, and genus. A correlation analysis 

of b Midichloriaceae (ASV 2095; R2 = 0.3) and c Spirochaetaceae 
(ASV 825; R2 = 0.4) against the final survivorship rates (day 110) 
of the experiment. The colors denote the six genotypes, which are 
ordered by decreasing survivorship rates on the key
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Midichloriaceae (p < 0.001; R2 = 0.3), and Spirochaetaceae 
(p < 0.0001; R2 = 0.4), had a positive correlation between 
their RA and survivorship (Fig. 6).

Prokaryotic beta and alpha diversity by nutrient 
treatment and days

Days in the experiment (temperature conditions) had 
the largest effect on prokaryotic composition (p = 0.001; 
R2 = 0.10), followed by genotype (p = 0.001; R2 = 0.05) 
and nutrient treatment (p = 0.001; R2 = 0.03). The interac-
tion between nutrients and genotype was also significant 
(p = 0.001; R2 = 0.06). Prokaryotic beta-diversity pat-
terns for nutrient treatments in phase 1 (day 75; n = 85) 
showed that nutrients alone did not change dispersion of 
microbial communities, but there was a group difference 
in beta-diversity among ambient,  NH4, and  NH4 +  PO4 
(PERMANOVA; p = 0.001; R2 = 0.03; Fig.  5d). How-
ever, subsequent pairwise comparisons were not signifi-
cant. Similarly, after nine days of heat stress (phase 3; 
day 100; n = 38), there were no significant differences 
in dispersion among ambient,  NH4, and  NH4 +  PO4, but 
there was a grouping among nutrient treatments (PER-
MANOVA; p = 0.001; R2 = 0.11) with comparisons 
between  NH4 +  PO4 vs. ambient, and  NH4 +  PO4 vs.  NH4 
being significant (padj < 0.01; Fig. 5d). Unlike previous 
days, corals exposed to heat stress for three weeks (phase 
3; day 111; n = 30) showed dispersed prokaryotic com-
munities (permutest; p = 0.008) and pairwise comparison 
of ambient vs.  NH4 +  PO4 was significant (permutest; 
padj = 0.004) with  NH4 +  PO4 showing a more dispersed 
community. Nutrient treatments comparisons at day 111 
(phase 3) were also significant (PERMANOVA; p = 0.001; 
R2 = 0.2; Fig. 6). Pairwise comparisons were significant 
between ambient vs.  NH4 and ambient vs.  NH4 +  PO4 
(PERMANOVA; padj < 0.03; Fig. 5d).

Beta-diversity through days for each nutrient treatment 
was examined independently. For all ambient corals (n = 84; 
days 75, 100, and 111) and  NH4 corals (n = 26; days 75, 
100, and 111), dispersion did not change across days, but 
beta-diversity grouping was different among days (PER-
MANOVA; p = 0.001; R2 = 0.2; Fig. 5d). A PERMANOVA 
pairwise comparison was also significant for each com-
parison (PERMANOVA; padj < 0.003). For  NH4 +  PO4 
corals (n = 41; days 75, 100, and 111), both dispersion 
(permutest; p = 0.003) and grouping were different (PER-
MANOVA; p = 0.001; R2 = 0.2; Fig. 5d). Pairwise compari-
sons showed that for  NH4 +  PO4 corals, day 111 had higher 
dispersion than days 75 and 100 (permutest; padj < 0.01; 
Fig. 5d). A PERMANOVA pairwise comparison was sig-
nificant between each comparison of the three days (PER-
MANOVA; padj < 0.01). For prokaryotic richness, a regres-
sion to nutrients showed no significant results. In ambient 

corals that were subsequently heat stressed, significant dif-
ferences in richness were found between day 75 and day 
100 (padj < 0.05) and days 100 and 111 (padj < 0.05) with 
an increase in temperature increasing richness (Fig. 5a, c).

Prokaryotic differential abundance by nutrient 
treatment and days

Differential abundance analysis yielded four significant 
ASVs (8818, 989, 2609, and 3479) among ambient,  NH4, 
and  NH4 +  PO4 at control temperature (phase 1; day 75), but 
some of these differences were driven by specific genotypes 
(Fig. 6a). G07 had particularly low abundances of Midichlo-
riaceae (ASV 2095; 1.0% ± 0.7%) at control temperature 
(phase 1; day 75), but increased in  NH4 (20.9% ± 4) and 
 NH4 +  PO4 (38.5% ± 52.0) treatments.

Differential abundance models across days showed more 
differentially abundant taxa than nutrient treatments at day 
75. In ambient corals across days, there were a total of 40 
ASVs, followed by 14 ASVs in  NH4 +  PO4 and 12 ASVs 
in  NH4 that were differentially abundant (Fig. S5). All 
comparisons showed a RA increase in Alteromonadaceae, 
Vibrionaceae, and Rhodobacteraceae and declines in Midi-
chloriaceae with days in the experiment (heat stress).

Discussion

The rapid population decline of A. cervicornis has resulted 
in the loss of its ecological functions leading to it being a 
primary focus for coral restoration programs. To maximize 
restoration efforts, particular genotypes can be selected to 
re-populate certain regions based on local stressors. Here 
we show that there is extensive variation in the response of 
six A. cervicornis genotypes to elevated nutrients, tempera-
ture, and their combined effects, with significant differences 
among genotypes in their survivorship, growth rates, and 
photochemical efficiency. We also found genotypic differ-
ences in the prokaryotic community and used these data to 
explain some of the variations in the genotypic response to 
these stressors.

Response to elevated nutrients

Dissolved inorganic nutrients have variable impacts on 
different coral species (Fox et al. 2021; Palacio-Castro 
et al. 2021). In this study, elevated nutrients  (NH4 and 
 NH4 +  PO4) increased the photochemical efficiency of 
the algal symbionts in A. cervicornis but had detrimen-
tal effects on coral growth and survivorship. The mecha-
nisms by which elevated nutrients can interfere with cor-
als’ health are not well understood yet. However, it has 
been suggested that higher nitrogen availability can shift 
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the symbiosis from a mutualistic to a parasitic relation-
ship (Wooldridge et al. 2017; Baker et al. 2018). Higher 
nitrogen concentrations can benefit the algal symbionts 
by boosting protein synthesis and cell division (Hoegh-
Guldberg 1994), leading to lower translocation of fixed 
carbon from the algae to the coral host and to higher sym-
biont cell densities (Falkowski et al. 1993; Marubini and 
Davies 1996). Lower calcification rates and survivorship 
under elevated nitrogen could then be associated with 
either a reduced availability of photosynthetic products 
for the coral (Dubinsky et al. 1990; Jiang et al. 2014) or 
increased competition for inorganic carbon between the 
coral and the algae for calcification and photosynthesis, 
respectively (Marubini and Davies 1996; Marubini and 
Thake 1999; Silbiger et al. 2018).

The combination of  PO4 and  NH4 did not elicit differ-
ent responses in A. cervicornis performance compared to 
 NH4 alone, suggesting that increased algal growth under 
elevated  NH4 was the main driver of the physiological 
changes observed in both treatments. Studies that tested 
the effects of elevated nitrogen and phosphorus, both indi-
vidually and combined, suggest that calcification could 
be impaired through different mechanisms under differ-
ent nutrient ratios (e.g., Simkiss 1964; Ferrier-Pagès et al. 
2000). In the absence of elevated nitrogen, high phospho-
rus can act as a crystal poison directly suppressing calci-
fication (Simkiss 1964). However, under elevated nitrogen 
or nitrogen and phosphorus together, both nutrients can be 
used by the algal symbionts, with the subsequent decrease 
in translocation of photosynthetic products to the coral 
(Simkiss 1964; Ferrier-Pagès et al. 2000).

Coral performance may also be shaped by the composi-
tion of the associated prokaryotic communities and their 
response to elevated nutrients (Shaver et al. 2017). We 
found that A. cervicornis microbiomes were marginally 
affected by nutrient treatment (Fig. 6a). When all geno-
types were evaluated together, only four taxa were dif-
ferentiated in nutrient treatments, but these taxa varied in 
abundance across genotypes. Similar small-to-moderate 
changes in corals’ prokaryotic communities have been 
reported for short-term (3 weeks; Maher et al. 2019) and 
long-term (3 years; Zaneveld et al. 2016) exposure to ele-
vated nutrients. It is unclear why nutrients alone do not 
cause widespread changes in the corals’ microbial commu-
nity composition, but specific genotypes show deviations 
from this pattern and this may be due to genotypes har-
boring specific microbial communities (Glasl et al. 2019). 
In our study, a genotype that hosted low abundances of 
Midichloriaceae in ambient nutrients (RA < 2% in G07 
compared to 50.1–94.8% in other genotypes), increased 
Midichloriaceae relative abundance in elevated nutrients 
(mean RA = 30.7% ± 45; Fig. 5a). This pattern has been 
described in other A. cervicornis genotypes with low 

baseline Midichloriaceae abundances (RA < 12%) exposed 
to elevated nutrients (Shaver et al. 2017), suggesting that 
A. cervicornis have specific microbiome genotype associa-
tions (Glasl et al. 2019) that could impact the response to 
nutrient stressors.

Response to heat stress and its interaction with elevated 
nutrients

Heat stress alone reduced growth rates and Fv/Fm but did 
not cause coral mortality. We did not find particularly heat-
sensitive genotypes across all physiological metrics. How-
ever, heat stress alone had larger impacts on the microbial 
community than elevated nutrients alone, increasing the 
abundance of opportunistic taxa across genotypes (i.e., 
Alteromonadaceae, Vibrionaceae, and Rhodobacteraceae), 
a common pattern in corals exposed to elevated temperatures 
(McDevitt-Irwin et al. 2017). With an increase in oppor-
tunistic taxa, there was a relative decline in the dominant 
taxon, Midichloriaceae. This pattern has been described in 
bleached A. cervicornis where a reduction of Midichlori-
aceae may lead to the growth of other opportunistic taxa 
(Klinges et al. 2020).

The combination of heat stress and pre-exposure to 
elevated nutrients produced more detrimental effects on A. 
cervicornis performance than either stressor alone. Simi-
lar interactions between these stressors have been reported 
in other coral species (Nordemar et al. 2003), including 
early life stages (Humanes et al. 2016). Field and labora-
tory experiments indicate that elevated nutrients increase 
coral susceptibility to heat stress (Wiedenmann et al. 2013; 
D’Angelo et al. 2014; Burkepile et al. 2019), but the mecha-
nisms involved are still debated. Previous work found that 
phosphate starvation under excess nitrogen promotes the 
replacement of phospholipids in the thylakoid membranes by 
sulfolipids, increasing susceptibility to heat and light stress 
in the algal symbionts (Wiedenmann et al. 2013). However, 
in our study, the addition of  PO4  (NH4 +  PO4 treatment) did 
not improve coral performance compared with corals in 
elevated  NH4 alone. Alternatively, higher symbiont densi-
ties under elevated nutrients could result in a  CO2 short-
age, which might limit the dark reactions of photosynthesis 
(Wooldridge 2009, 2013), and increase algal sensitivity 
to photodamage (Jones et al. 1998). More research on the 
effects of different nutrient sources and concentrations on 
the nutritional state of the coral holobiont may help elucidate 
the mechanisms by which nutrient pollution reduces coral 
resistance to heat.

Heat stress has been noted as the dominant driver of 
prokaryotic beta-diversity change in corals facing mul-
tiple stressors (McDevitt-Irwin et al. 2019). In our study, 
heat stress had a large impact on the microbial community, 
but this stressor resulted in distinct beta-diversity changes 
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among the corals pre-exposed to the different nutrient treat-
ments (Fig. 5d). It is possible that these differential changes 
in the prokaryotic communities were associated with the 
increasingly unhealthy state of the corals pre-exposed to 
nutrients. Most of the fragments exposed to high nutrients 
and heat stress experienced mortality one or two days after 
sampling and it is possible that their prokaryotic communi-
ties were reflecting microbial activity triggered by increasing 
apoptosis and cell death (Yuan et al. 2017).

Genotypes with higher performance under nutrient 
pollution and heat stress

Overall, genotypes G48 and G62, followed by G31, were 
the most resistant to elevated nutrients alone and in com-
bination with heat stress, exhibiting less mortality and the 
lowest declines in growth rates. Allocating these resistant 
genotypes to locations exposed to elevated nutrients might 
increase restoration success by reducing coral mortality 
directly associated with nutrient inputs as well as the time in 
which fragments reach sizes with lower mortality risk (Goer-
gen and Gilliam 2018). However, to achieve greater overall 
population resilience additional traits such as reproductive 
output and disease resistance should be tested to determine 
if there are tradeoffs between multiple desired characteristics 
(Shore-Maggio et al. 2018).

In this study, nutrient-resistant genotypes were character-
ized by less diverse microbial communities highly domi-
nated by the family Midichloriaceae (ASV 2095; phylum 
Proteobacteria and genus MD3-55), and by the presence 
of Spirochaetaceae (ASV 825; phylum Spirochaetes and 
genus Spirochaeta; Fig. 5b). This contrasts with previous 
findings which suggest that Midichloriaceae is correlated 
with reduced growth rates under nutrient stress (Shaver 
et al., 2017) and is parasitic in nature because it consumes 
nutrients from A. cervicornis (Klinges et al. 2019). We 
hypothesize that these discrepancies could be related to spe-
cific Midichloriaceae strains that associate with different 
A. cervicornis genotypes, which may respond differently to 
elevated nutrients. Different strains of Midichloriaceae in A. 
cervicornis are found across the Caribbean and the higher 
positive selection (or mutation rates) of this bacterium in 
Florida may have led to strains that associate with specific 
genotypes and may ultimately affect a coral’s phenotype 
(Baker et al. 2021). In genotypes with abundant Midichlo-
riaceae, these bacteria did not increase in abundance under 
elevated nutrients and sometimes even decreased (Figs. 3b, 
5, 6). These data suggest that Midichloriaceae strains could 
play different health roles in A. cervicornis. This could be 
the case in coral genotypes that host Midichloriaceae at low 
abundances, but that experience an increase under higher 
nutrient availability, and compromise the coral host perfor-
mance (e.g., G07 this study, Shaver et al., 2017). In fact, the 

genome from the dominant Midichloriaceae ASV from this 
study has been characterized as Candidatus Aquarickettsia 
rohweri, and was sequenced from a coral with low baseline 
Ca. A. rohweri. Future studies should evaluate if Ca. A. 
rohweri that show high baseline abundances in A. cervi-
cornis differ in genetic structure from those that associate 
with A. cervicornis at low abundances in Florida. Here, we 
suggest that A. cervicornis genotypes with low abundances 
of Ca. A. rohweri have a lower survivorship rate is elevated 
nutrients and those with high abundances are more resistant 
to nutrient stress and subsequent heat stress (Fig. 6a).

Interestingly, A. cervicornis with high baseline abun-
dances of Midichloriaceae have also been associated with 
increased disease susceptibility (Klinges et  al. 2020). 
Since high Midichloriaceae decreases disease resistance 
but increases survivorship under elevated nutrients, base-
line Midichloriaceae abundances may be a biomarker for 
multiple stressors that could help coral practitioners make 
science-based outplanting decisions. As such, A. cervicornis 
with low baseline abundances of Midichloriaceae, like G07 
and G08, may be more appropriate to outplant in areas with 
lower nutrients and higher disease incidence, such as off-
shore reefs. In contrast, A. cervicornis with high baseline 
abundances of Midichloriaceae, like G48, G62, and G31, 
might be more appropriate to outplant on reefs that experi-
ence higher levels of nutrients and lower disease incidences, 
such as inshore reefs (Szmant and Forrester 1996; Rippe 
et al. 2019).

In addition to Midichloriaceae, Spirochaetaceae may also 
be used as a biomarker for survivorship in A. cervicornis 
under elevated nutrient conditions. Spirochaetaceae has 
been found in the past to distinguish A. cervicornis geno-
types (Rosales et al. 2019). However, the implementation of 
either Midichloriaceae or Spirochaetaceae as biomarkers 
requires additional lab and field studies that test more geno-
types and replicates (Parkinson et al. 2020).

Conclusion

We found genotypic variation in the response of A. cervi-
cornis to elevated nutrients, both alone and in combination 
with heat stress. Since A. cervicornis population recovery 
may depend heavily on the growth and survivorship rates 
of outplants, we suggest allocating these resistant geno-
types at sites characterized by high nutrient loading. We 
also found that the prokaryotic community of A. cervicornis 
may be an indicator of nutrient resistance. While past work 
has suggested that Midichloriaceae increases with elevated 
nutrients, we hypothesize that only A. cervicornis genotypes 
with low baseline Midichloriaceae abundances increase 
with elevated nutrients and are more susceptible to nutrient 
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pollution. This characteristic may be developed to screen 
genotypic performance of large numbers of genotypes and 
help select outplants based on the likelihood of survival 
under given environmental conditions.

Acknowledgements We thank Mote Marine Laboratory and Univer-
sity of Miami coral nurseries for providing corals. We thank P. Rosen, 
R. Gilpin, C. Leto, and S. Diaz de Villegas for their help with coral 
husbandry. Funding was provided by the National Science Foundation 
(NSF OCE-1358699 to ACB), COLCIENCIAS (grant 529 to AMPC), 
and the David Rowland Endowed fellowship (to AMPC).

References

Apprill A, McNally S, Parsons R, Weber L (2015) Minor revision to 
V4 region SSU rRNA 806R gene primer greatly increases detec-
tion of SAR11 bacterioplankton. Aquat Microb Ecol 75:129–137

Baker AC, Glynn PW, Riegl B (2008) Climate change and coral reef 
bleaching: an ecological assessment of long-term impacts, recov-
ery trends and future outlook. Estuar Coast Shelf Sci 80:435–471

Baker DM, Freeman CJ, Wong JCY, Fogel ML, Knowlton N (2018) 
Climate change promotes parasitism in a coral symbiosis. ISME 
J 12:921–930

Baker LJ, Reich HG, Kitchen SA, Grace Klinges J, Koch HR, Baums 
IB, Muller EM, Thurber RV (2021) The coral symbiont Candida-
tus Aquarickettsia is variably abundant in threatened Caribbean 
acroporids and transmitted horizontally. ISME J

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using lme4. J Stat Softw 67:51

Baums IB, Hughes CR, Hellberg ME (2005) Mendelian microsatellite 
loci for the Caribbean coral Acropora palmata. Mar Ecol Prog 
288:115–127

Baums IB, Devlin-Durante MK, Brown L, Pinzón JH (2009) Nine 
novel, polymorphic microsatellite markers for the study of threat-
ened Caribbean Acroporid corals. Mol Ecol Resour 9:1155–1158

Burkepile DE, Shantz AA, Adam TC, Munsterman KS, Speare KE, 
Ladd MC, Rice MM, Ezzat L, McIlroy S, Wong JCY, Others 
(2019) Nitrogen identity drives differential impacts of nutrients 
on coral bleaching and mortality. Ecosystems 1–14

Caccia VG, Boyer JN (2005) Spatial patterning of water quality in 
Biscayne Bay, Florida as a function of land use and water manage-
ment. Mar Pollut Bull 50:1416–1429

Chu ND, Vollmer SV (2016) Caribbean corals house shared and host-
specific microbial symbionts over time and space. Environ Micro-
biol Rep 8:493–500

D’Angelo C, Wiedenmann J, D’Angelo C, Wiedenmann J, D’Angelo 
C, Wiedenmann J, D’Angelo C, Wiedenmann J (2014) Impacts of 
nutrient enrichment on coral reefs: new perspectives and implica-
tions for coastal management and reef survival. Curr Opin Envi-
ron Sustain 7:82–93

Dixon P (2003) VEGAN, a package of R functions for community 
ecology. J Veg Sci 14:927–930

Dobson KL, Levas S, Schoepf V, Warner ME, Cai W-J, Hoadley KD, 
Yuan X, Matsui Y, Melman TF, Grottoli AG (2021) Moderate 
nutrient concentrations are not detrimental to corals under future 
ocean conditions. Mar Biol 168:98

Donner SD (2009) Coping with commitment: projected thermal stress 
on coral reefs under different future scenarios. PLoS ONE 4:e5712

Drury C, Manzello D, Lirman D (2017) Genotype and local environ-
ment dynamically influence growth, disturbance response and 
survivorship in the threatened coral, Acropora cervicornis. PLoS 
One 12:1–21

Dubinsky Z, Stambler N, Ben-Zion M, McCloskey L, Muscatine L, 
Falkowski PG (1990) The effect of external nutrient resources on 
the optical properties and photosynthetic efficiency of Stylophora 
pistillata. Proceedings of the Royal Society b: Biological Sciences 
239:231–246

Eakin CM, Sweatman HPA, Brainard RE (2019) The 2014–2017 
global-scale coral bleaching event: insights and impacts. Coral 
Reefs 38:539–545

Fabricius KE (2005) Effects of terrestrial runoff on the ecology of 
corals and coral reefs: review and synthesis. Mar Pollut Bull 
50:125–146

Falkowski PG, Dubinsky Z, Muscatine L, McCloskey L (1993) Popula-
tion control in symbiotic corals. Bioscience 43:606–611

Ferrier-Pagès C, Gattuso J-P, Dallot S, Jaubert J (2000) Effect of nutri-
ent enrichment on growth and photosynthesis of the zooxanthel-
late coral Stylophora pistillata. Coral Reefs 19:103–113

Fox MD, Nelson CE, Oliver TA, Quinlan ZA, Remple K, Glanz J, 
Smith JE, Putnam HM (2021) Differential resistance and accli-
mation of two coral species to chronic nutrient enrichment reflect 
life-history traits. Funct Ecol 35:1081–1093

Gardner TA, Côté IM, Gill JA, Grant A, Watkinson AR, Co IM (2003) 
Long-term region-wide declines in Caribbean corals. Science 
301:958–960

Gintert BE, Manzello DP, Enochs IC, Kolodziej G, Carlton R, Gleason 
ACR, Gracias N (2018) Marked annual coral bleaching resilience 
of an inshore patch reef in the Florida Keys: A nugget of hope, 
aberrance, or last man standing? Coral Reefs 37:533–547

Glasl B, Smith CE, Bourne DG, Webster NS (2019) Disentangling the 
effect of host-genotype and environment on the microbiome of the 
coral Acropora tenuis. PeerJ 7:e6377

Gloor GB, Macklaim JM, Pawlowsky-Glahn V, Egozcue JJ (2017) 
Microbiome datasets are compositional: And this is not optional. 
Front Microbiol 8:2224

Glynn PW (1993) Coral reef bleaching: ecological perspectives. Coral 
Reefs 12:1–17

Goergen EA, Gilliam DS (2018) Outplanting technique, host genotype, 
and site affect the initial success of outplanted Acropora cervi-
cornis. PeerJ 6:e4433

Goreau TJ, Macfarlane AH (1990) Reduced growth rate of Montastrea 
annularis following the 1987–1988 coral-bleaching event. Coral 
Reefs 8:211–215

Hoegh-Guldberg O (1994) Population dynamics of symbiotic zooxan-
thellae in the coral Pocillopora damicornis exposed to elevated 
ammonium ((NH4)2SO4) concentrations. Pac Sci 48:263–272

Humanes A, Noonan SHC, Willis BL, Fabricius KE (2016) Cumulative 
effects of nutrient enrichment and elevated temperature compro-
mise the early life history stages of the coral Acropora tenuis. 
PLoS ONE 11(8):e0161616

Jiang P-L, Pasaribu B, Chen C-S (2014) Nitrogen-deprivation elevates 
lipid levels in Symbiodinium spp. by lipid droplet accumulation: 
Morphological and compositional analyses. PLoS One 9:e87416

Jones RJ, Larkum AWD, Schreiber U, Hoegh-Guldberg O (1998) Tem-
perature-induced bleaching of corals begins with impairment of 
the  CO2 fixation mechanism in zooxanthellae. Plant Cell Environ 
21:1219–1230

Kassambara A (2018) Kosinski M. survminer: Drawing survival curves 
using “ggplot2,” 2018. URL https:// CRAN.R- proje ct. org/ packa 
ge= survm iner. R package version 0.4.3

Klinges JG, Rosales SM, McMinds R, Shaver EC, Shantz AA, Peters 
EC, Eitel M, Wörheide G, Sharp KH, Burkepile DE, Silliman 
BR, Vega Thurber RL (2019) Phylogenetic, genomic, and biogeo-
graphic characterization of a novel and ubiquitous marine inverte-
brate-associated Rickettsiales parasite, Candidatus Aquarickettsia 
rohweri, gen. nov., sp. nov. ISME J 13:2938–2953

Klinges G, Maher RL, Vega Thurber RL, Muller EM (2020) Para-
sitic “Candidatus Aquarickettsia rohweri” is a marker of disease 

https://CRAN.R-project.org/package=survminer
https://CRAN.R-project.org/package=survminer


1402 Coral Reefs (2022) 41:1389–1403

1 3

susceptibility in Acropora cervicornis but is lost during thermal 
stress. Environ Microbiol 22:5341–5355

Lahti L, Shetty S, Blake T, Salojarvi J, Others (2017) Tools for micro-
biome analysis in R. Version 1919 1:28

Lapointe BE, Barile PJ, Matzie WR (2004) Anthropogenic nutrient 
enrichment of seagrass and coral reef communities in the Lower 
Florida Keys: discrimination of local versus regional nitrogen 
sources. J Exp Mar Bio Ecol 308:23–58

Lenth R (2018) Emmeans: estimated marginal means, aka least-squares 
means

Lirman D, Schopmeyer S (2016) Ecological solutions to reef degrada-
tion: optimizing coral reef restoration in the Caribbean and West-
ern Atlantic. PeerJ 4:e2597

Liu G, Strong AE, Skirving W, Arzayus LF (2006) Overview of NOAA 
coral reef watch program’s near-real time satellite global coral 
bleaching monitoring activities. 1783–1793

Maher RL, Rice MM, McMinds R, Burkepile DE, Vega Thurber R 
(2019) Multiple stressors interact primarily through antagonism 
to drive changes in the coral microbiome. Sci Rep 9:6834

Mandal S, Van Treuren W, White RA, Eggesbø M, Knight R, Ped-
dada SD (2015) Analysis of composition of microbiomes: a novel 
method for studying microbial composition. Microb Ecol Health 
Dis 26:27663

Martinez Arbizu P (2017) pairwiseAdonis: Pairwise multilevel com-
parison using adonis. R package version 0 0 1:

Marubini F, Davies PS (1996) Nitrate increases zooxanthellae pop-
ulation density and reduces skeletogenesis in corals. Mar Biol 
127:319–328

Marubini F, Thake B (1999) Bicarbonate addition promotes coral 
growth. Limnol Oceanogr 44:716–720

McDevitt-Irwin JM, Baum JK, Garren M, Vega Thurber R (2017) 
Responses of coral-associated bacterial communities to local and 
global stressors. Front Mar Sci 4:1–16

McDevitt-Irwin JM, Garren M, McMinds R, Vega Thurber R, Baum 
JK (2019) Variable interaction outcomes of local disturbance and 
El Niño-induced heat stress on coral microbiome alpha and beta 
diversity. Coral Reefs 38:331–345

McKenzie T, Habel S, Dulai H (2021) Sea-level rise drives wastewater 
leakage to coastal waters and storm drains. Limnol Oceanogr Lett 
6:154–163

Miller MW, Colburn PJ, Pontes E, Williams DE, Bright AJ, Serrano 
XM, Peters EC (2019) Genotypic variation in disease susceptibil-
ity among cultured stocks of elkhorn and staghorn corals. PeerJ 
7:e6751

Muller EM, Bartels E, Baums IB (2018) Bleaching causes loss of 
disease resistance within the threatened coral species Acropora 
cervicornis. eLife 7:e35066

Muscatine L, Porter JW (1977) Reef corals: mutualistic symbioses 
adapted to nutrient-poor environments. Bioscience 27:454–460

National Academies of Sciences, Engineering, and Medicine -NASEM- 
(2019) A Research Review of Interventions to Increase the Per-
sistence and Resilience of Coral Reefs. United States: National 
Academies Press

National Marine Fisheries Service (NMFS) (2006) Endangered and 
threatened species: final listing determinations for Elkhorn coral 
and staghorn coral. Fed Regist 71:26852–26872

Nordemar I, Nyström M, Dizon R (2003) Effects of elevated seawa-
ter temperature and nitrate enrichment on the branching coral 
Porites cylindrica in the absence of particulate food. Mar Biol 
142:669–677

O’Donnell KE, Lohr KE, Bartels E, Baums IB, Patterson JT (2018) 
Acropora cervicornis genet performance and symbiont identity 
throughout the restoration process. Coral Reefs 37:1109–1118

Palacio-Castro AM, Dennison CE, Rosales SM, Baker AC (2021) 
Variation in susceptibility among three Caribbean coral species 
and their algal symbionts indicates the threatened staghorn coral, 

Acropora cervicornis, is particularly susceptible to elevated nutri-
ents and heat stress. Coral Reefs 40:1601–1613

Parkinson JE, Baker AC, Baums IB, Davies SW, Grottoli AG, Kitchen 
SA, Matz MV, Miller MW, Shantz AA, Kenkel CD (2020) Molec-
ular tools for coral reef restoration: Beyond biomarker discovery. 
Conserv Lett 13:e12687

Precht WF, Bruckner AW, Aronson RB, Bruckner RJ (2002) Endan-
gered acroporid corals of the Caribbean. Coral Reefs 21:41–42

R Development Core Team (2020) R: A Language and Environment 
for Statistical Computing. R Foundation for Statistical Comput-
ing, Vienna, Austria

Rädecker N, Pogoreutz C, Voolstra CR, Wiedenmann J, Wild C (2015) 
Nitrogen cycling in corals: the key to understanding holobiont 
functioning? Trends Microbiol 23:1–8

Renegar DA, Riegl BM (2005) Effect of nutrient enrichment and ele-
vated  CO2 partial pressure on growth rate of Atlantic scleractinian 
coral Acropora cervicornis. Mar Ecol Prog Ser 293:69–76

Rippe JP, Kriefall NG, Davies SW, Castillo KD (2019) Differential 
disease incidence and mortality of inner and outer reef corals of 
the upper Florida Keys in association with a white syndrome out-
break. Bull Mar Sci 95:305–316

Rosales SM, Miller MW, Williams DE, Traylor-Knowles N, Young 
B, Serrano XM (2019) Microbiome differences in disease-
resistant vs. susceptible Acropora corals subjected to disease 
challenge assays. Sci Rep 9:18279

Rosset S, Wiedenmann J, Reed AJ, D’Angelo C (2017) Phosphate 
deficiency promotes coral bleaching and is reflected by the 
ultrastructure of symbiotic dinoflagellates. Mar Pollut Bull 
118:180–187

Shaver EC, Shantz AA, McMinds R, Burkepile DE, Thurber RLV, 
Silliman BR (2017) Effects of predation and nutrient enrichment 
on the success and microbiome of a foundational coral. Ecology 
98:830–839

Shore-Maggio A, Callahan SM, Aeby GS (2018) Trade-offs in dis-
ease and bleaching susceptibility among two color morphs of the 
Hawaiian reef coral, Montipora capitata. Coral Reefs 37:507–517

Silbiger NJ, Nelson CE, Remple K, Sevilla JK, Quinlan ZA, Putnam 
HM, Fox MD, Donahue MJ (2018) Nutrient pollution disrupts key 
ecosystem functions on coral reefs. Proc Biol Sci 285:20172718

Simkiss K (1964) Phosphates as crystal poisons of calcification. Biol 
Rev Camb Philos Soc 39:487–504

Szmant AM, Forrester A (1996) Water column and sediment nitrogen 
and phosphorus distribution patterns in the Florida Keys, USA. 
Coral Reefs 15:21–41

Therneau T (2015) A Package for Survival Analysis in S. version 2.38.
van Oppen MJH, Gates RD, Blackall LL, Cantin N, Chakravarti LJ, 

Chan WY, Cormick C, Crean A, Damjanovic K, Epstein H, Har-
rison PL, Jones TA, Miller M, Pears RJ, Peplow LM, Raftos DA, 
Schaffelke B, Stewart K, Torda G, Wachenfeld D, Weeks AR, Put-
nam HM (2017) Shifting paradigms in restoration of the world’s 
coral reefs. Glob Chang Biol 23:3437–3448

Vega Thurber R, Willner-Hall D, Rodriguez-Mueller B, Desnues C, 
Edwards RA, Angly F, Dinsdale E, Kelly L, Rohwer F (2009) 
Metagenomic analysis of stressed coral holobionts. Environ 
Microbiol 11:2148–2163

Vega Thurber RL, Burkepile DE, Fuchs C, Shantz AA, Mcminds R, 
Zaneveld JR (2013) Chronic nutrient enrichment increases preva-
lence and severity of coral disease and bleaching. Glob Chang 
Biol 20:544–554

Ward S, Harrison P, Hoegh-Guldberg O (2002) Coral bleaching 
reduces reproduction of scleractinian corals and increases sus-
ceptibility to future stress. 2:1123–1128

Warner ME, Fitt WK, Schmidt GW (1999) Damage to photosystem 
II in symbiotic dinoflagellates: a determinant of coral bleaching. 
Proc Natl Acad Sci U S A 96:8007–8012



1403Coral Reefs (2022) 41:1389–1403 

1 3

Wiedenmann J, Angelo CD, Smith EG, Hunt AN, Legiret F-E, Postle 
AD, Achterberg EP, D’Angelo C, Smith EG, Hunt AN, Legiret 
F-E, Postle AD, Achterberg EP (2013) Nutrient enrichment can 
increase the susceptibility of reef corals to bleaching. Nat Clim 
Chang 3:160–164

Willis AD (2019) Rarefaction, alpha diversity, and statistics. Front 
Microbiol 10:2407

Willis A, Bunge J, Whitman T (2017) Improved detection of changes 
in species richness in high diversity microbial communities. J R 
Stat Soc C 66:963–977

Wooldridge SA (2009) Water quality and coral bleaching thresholds: 
formalising the linkage for the inshore reefs of the Great Barrier 
Reef, Australia. Mar Pollut Bull 58:745–751

Wooldridge SA (2013) Breakdown of the coral-algae symbiosis: 
towards formalising a linkage between warm-water bleaching 
thresholds and the growth rate of the intracellular zooxanthellae. 
Biogeosci Discuss 9:1647–1658

Wooldridge SA, Heron SF, Brodie JE, Done TJ, Masiri I, Hinrichs S 
(2017) Excess seawater nutrients, enlarged algal symbiont densi-
ties and bleaching sensitive reef locations: 2. A regional-scale 

predictive model for the Great Barrier Reef. Australia Mar Pollut 
Bull 114:343–354

Young CN, Schopmeyer SA, Lirman D (2012) A Review of reef 
restoration and coral propagation using the threatened genus 
Acropora in the Caribbean and Western Atlantic. Bull Mar Sci 
88:1075–1098

Yuan C, Zhou Z, Zhang Y, Chen G, Yu X, Ni X, Tang J, Huang B 
(2017) Effects of elevated ammonium on the transcriptome of the 
stony coral Pocillopora damicornis. Mar Pollut Bull 114:46–52

Zaneveld JR, Burkepile DE, Shantz AA, Pritchard CE, McMinds R, 
Payet JP, Welsh R, Correa AMS, Lemoine NP, Rosales S, Fuchs 
C, Maynard JA, Vega Thurber RL (2016) Overfishing and nutrient 
pollution interact with temperature to disrupt coral reefs down to 
microbial scales. Nat Commun 7:11833

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Microbiome signatures in Acropora cervicornis are associated with genotypic resistance to elevated nutrients and heat stress
	Abstract 
	Introduction
	Methods
	Coral collection
	Experimental conditions
	Coral performance
	Prokaryotic alpha and beta diversity
	Prokaryotic core microbiome
	Prokaryotic differential abundance

	Results
	Coral survivorship
	Overall growth rate
	Genotype growth rates
	Photochemical efficiency (FvFm)
	Prokaryotic differences among genotypes
	Prokaryotic beta and alpha diversity by nutrient treatment and days
	Prokaryotic differential abundance by nutrient treatment and days

	Discussion
	Response to elevated nutrients
	Response to heat stress and its interaction with elevated nutrients
	Genotypes with higher performance under nutrient pollution and heat stress

	Conclusion
	Acknowledgements 
	References




