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Inter‑annual variability patterns 
of reef cryptobiota in the central 
Red Sea across a shelf gradient
R. Villalobos1, E. Aylagas1,2, J. K. Pearman3, J. Curdia1, D. Lozano‑Cortés4, D. J. Coker1, 
B. Jones1, M. L. Berumen1 & S. Carvalho1*

The combination of molecular tools, standard surveying techniques, and long‑term monitoring 
programs are relevant to understanding environmental and ecological changes in coral reef 
communities. Here we studied temporal variability in cryptobenthic coral reef communities across 
the continental shelf in the central Red Sea spanning 6 years (three sampling periods: 2013–2019) 
and including the 2015 mass bleaching event. We used a combination of molecular tools (barcoding 
and metabarcoding) to assess communities on Autonomous Reef Monitoring Structures (ARMS) 
as a standardized sampling approach. Community composition associated with ARMS for both 
methodologies (barcoding and metabarcoding) was statistically different across reefs (shelf position) 
and time periods. The partition of beta diversity showed a higher turnover and lower nestedness 
between pre‑bleaching and post‑bleaching samples than between the two post‑bleaching periods, 
revealing a community shift from the bleaching event. However, a slight return to the pre‑bleaching 
community composition was observed in 2019 suggesting a recovery trajectory. Given the predictions 
of decreasing time between bleaching events, it is concerning that cryptobenthic communities may 
not fully recover and communities with new characteristics will emerge. We observed a high turnover 
among reefs for all time periods, implying a homogenization of the cryptobiome did not occur across 
the cross shelf following the 2015 bleaching event. It is possible that dispersal limitations and the 
distinct environmental and benthic structures present across the shelf maintained the heterogeneity 
in communities among reefs. This study has to the best of our knowledge presented for the first time 
a temporal aspect into the analysis of ARMS cryptobenthic coral reef communities and encompasses 
a bleaching event. We show that these structures can detect cryptic changes associated with reef 
degradation and provides support for these being used as long‑term monitoring tools.

Coral reefs harbor approximate 35% of the total marine  biodiversity1, and recent estimates indicate that 830,000 
multicellular species inhabit coral  reefs2. However, it is estimated that 85–99% of coral reef species are still to 
be described; a large proportion is expected to be discovered in the small inconspicuous organisms such as 
cryptobenthic  fishes3 and  invertebrates4, which inhabit cracks and crevices provided by the reef  framework5. 
These organisms constitute the reef  cryptobiome5 and due to their characteristics (small size, cryptic behavior, 
and color patterns) have regularly been overlooked in reef surveys. However, the highly specious cryptobiome 
is crucial for coral reef dynamics. They are an essential food source for  predators6,7 and play an important role 
cycling nutrients in the reef food  web8.

To establish strategies to halt or slow down the current trend in species loss, first we need to catalog biodi-
versity through collections and descriptions of these  organisms1,9. This is particularly relevant in areas where 
comparatively limited research has been conducted, such as the Red  Sea10. In addition, a shortage of taxono-
mists is creating a bottleneck in the description of new  species11. Recent advances in molecular techniques 
have improved our ability to separate organisms’ identity based on regions in their DNA code into “operational 
taxonomic units”, fostering more comprehensive assessments over space and time in species-rich  areas12. DNA-
based techniques have an additional advantage in extracting the identifications of larvae or immature organ-
isms, an even greater challenge for morphological-based  identifications13. Therefore, studies using DNA-based 
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techniques are becoming increasingly used in coral reef  ecosystems5,14–19. Recent studies using eDNA in the Red 
Sea and elsewhere have detect conspicuous and cryptobenthic reef  species20,21, proved suitable for monitoring 
multitrophic community  variations22 and estimate levels of anthropogenic  pressure23.

Recent reports have linked biodiversity loss with impairment of the ocean’s ability to deliver goods (e.g., 
food provision) and services (e.g., maintenance of water quality)24, negatively affecting human well-being. Coral 
reefs, in particular, are known to support the livelihoods of more than 500 million people in the world and 
generating US$35.8 billion dollars  annually25. A sound understanding of how species change in space and time, 
and the underlying processes driving those changes is critical for elucidating the relationship between habitat 
degradation and  biodiversity26. Global pressures, such as increasing sea water temperature as a result of elevated 
 CO2 levels, have been linked to a higher intensity and frequency of bleaching events  worldwide27, resulting in 
dramatic coral loss, and potentially a relative dominance of  rubble28. Scleractinian corals along with crustose 
coralline algae contribute to reef building, with a critical role in maintaining reef structure and consequently reef 
 biodiversity29,30. The shift to reefs dominated by non-calcifying organisms and an increase in non-framework 
building  corals31–34 conveys an immediate decline in species with obligate relationships with corals, followed by 
an alteration in the community of fishes and  invertebrates35,36. Maintaining biodiversity is crucial for securing 
the stability of ecosystems’  functioning37,38 and, consequently, the conservation of coral reefs and their associated 
biodiversity, which is a fundamental step to ensure the delivery of critical goods and  services39.

Long-term studies provide unique information regarding environmental and ecological changes over  time40,41. 
Time series provide fundamental information about natural variability and are key to set critical thresholds above 
which significant and undesirable changes may be detected. Ultimately, these thresholds will be fundamental in 
the early detection of ecosystem degradation. Regrettably, funding for sustaining long-term monitoring projects 
is decreasing over recent  years41. Marine ecosystems are subject to natural variability in physico-chemical (e.g., 
temperature, salinity, light availability) and biological forcing factors (e.g., competition, predation, food quality 
and quantity), driving the spatio-temporal dynamics of biological  communities40,42–44. It is important to under-
stand the natural temporal variances in biological communities and their driving factors, so that the effects of 
human induced disturbances can be detected, assessed, and modeling of future trajectories  predicted45,46. To 
the best of our knowledge, efforts in documenting biodiversity patterns of the cryptobiome and its ecological 
drivers following standardized approaches across a temporal time scale are lacking in the Red Sea and are very 
limited worldwide.

The application of standardize methods to address a specific question is paramount to be able to scale up 
findings from local to global  scales14. One example is the Autonomous Reef Monitoring Structures (ARMS) to 
investigate changes in the cryptobiome. In response to the need of finding standardized tools to investigate pat-
terns in space and time of this overlooked biological reef component, during the Census of Marine Life (CoML), 
a team of scientists developed the Autonomous Reef Monitoring Structures. Each ARMS unit consists of nine 
layers of square PVC plates (22.5 cm by 22.5 cm), mimicking the structural complexity of the reef environment 
with multiple ecological niches represented through different levels of exposure to light and water flow. They are 
usually deployed in a coral reef between one and three years to allow a mature community of the cryptobiome 
to  settle17,47. The removal and re-deployment allows for sustained long-term observations of biodiversity to be 
achieved. ARMS have been attracting the attention of the scientific community, with hundreds of deployments 
across the Indo-Pacific, Red Sea, Atlantic, Mediterranean, Black and Baltic Seas in different benthic  habitats14,48–54. 
The relevance and potential of this tool to scaling up spatial and temporal trends has even resulted in the estab-
lishment of a molecular research network in  Europe55.

In this study, we investigate patterns of cryptobenthic coral reef communities at three time periods (2015, 
2017 and 2019) across a shelf gradient in the central Saudi Arabian Red Sea. During this 6-year period (2013: first 
deployment of ARMS), reefs in this region experienced the global mass bleaching event in 2015/2016, giving us 
the opportunity to investigate not only the spatio-temporal changes in cryptobenthic biodiversity across a shelf 
gradient but also to analyze the potential response of the cryptobiome to this bleaching event. We hypothesize 
that shelf position will be a driver of biodiversity  patterns16 and these patterns will be maintained through time. 
Considering that the effects of bleaching tend to attenuate with distance from  shore28, we also hypothesize that 
temporal turnover will be higher in nearshore than offshore reefs in response to a bleaching event, as more 
changes are expected in the nearshore benthic coral reef structure.

Results
Alpha diversity. A total of 277 operational taxonomic units (OTU) and 1,723 specimens were identified 
from the > 2000 µm size range of the 33 ARMS units. Most OTUs were present at a single time or reef. However, 
we were unable to retrieve ARMS from Abu Shootaf in 2019. Over the three sampling periods only 38 OTUs 
(14%) were identified in all three periods. The highest number of OTUs (74 OTUs; 27%) were shared between 
2017 and 2019. In contrast, 2015 and 2019 shared the fewest number of OTUs (50 OTUs; 12%). This pattern 
between sampling times was observed for most reefs, except Al Fahal (Fig. S-1). Only 34 OTUs were shared 
across the three reefs (14%) (Fig. 1). Abu Madafi, the offshore reef, shared a lower proportion of OTUs with the 
nearshore reef (Abu Shoosha; 41 OTUs 17%) compared with the midshore reef (Al Fahal; 57 OTUs 23%). These 
patterns were consistent through sampling times when analyzing each reef separately (Fig. S-1). Kruskal–Wal-
lis showed that the number of OTUs (Chi Square = 6.7, p = 0.04) and the overall abundance (Chi Square = 10.2, 
p < 0.01) was significantly different between sampling times (Table S-1). Average number of OTUs per ARMS 
increased from 19 OTUs, in 2015, to approximately 30 both in 2017 and 2019. The lowest number of individuals 
was also observed in 2015 (~ 28 organisms per ARMS) and peaked in 2017 (~ 86 organisms per ARMS), before 
declining to ~ 43 organisms per ARMS in 2019 (Table S-1). The Shannon diversity index was equivalent between 
sampling times and reefs with no significant differences detected (Table S-1).
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In the 106–2000 µm metabarcoding fraction 33,832 amplicon sequence variants (ASV) were obtained from 
the 33 ARMS units. Most of the ASVs were present in a single sampling period (86%, 28,966 ASVs) or reef (86%, 
24,666 ASVs) (Fig. 1). Almost half of the ASVs were present exclusively in 2015 (44%, 14,791 ASVs). The 2015 
sampling period had the highest number of unique ASVs when observing each reef (Fig. S-2). Only 5% (1644 
ASVs) were persistent through the study period and 4% (1223 ASVs) present in all the reefs. The 2017 and 2019 
sampling times shared 9% of the total ASVs (3138 ASVs), 2015 and 2017 shared 7% (2435 ASVs), and 2015 and 
2019 8% (2,591 ASVs). Similarly, to the larger barcoded fraction the Abu Madafi reef shared fewer ASVs with 
the nearshore reef Abu Shoosha (1700 ASVs; 6%) than with Al Fahal (2459 ASVs; 9%). This pattern is observed 
in all the sampling times (Fig. S-2).

The number of ASVs in the metabarcoding fraction (106–2000 µm) was significantly different between sam-
pling times (Chi Square = 7.8, p = 0.02) but not between reefs (Chi Square = 1.7, p = 0.42). Unlike the observed 
for the barcoded fraction, the average number of ASVs per ARMS was lowest in 2017 (1618) and highest in 2019 
(2139), close to the number of ASVs observed in 2015 (2072).

For both, the barcoding and the metabarcoding fractions, Annelida increased in relative abundance in 2017 
(Fig. 2). The barcoding fraction was dominated by Decapoda (Arthropoda) with 60% of the total specimens. 
And, the metabarcoding fraction was dominated by Annelida (18%), Arthropoda (27%), Chordata (8%), and 
Cnidaria (6%).

Beta‑diversity. In the > 2000 µm fraction there was a significant interaction between reef and time (permu-
tational multivariate analysis of variance (PERMANOVA) p < 0.01; Table S-2) for both Jaccard and Bray–Curtis 
dissimilarities. We found significant differences among sampling times in the post-hoc test of both matrices 
(Tables S-2 and S-3). Overall, the 2015 samples grouped separately from those collected in 2017 and 2019 along 
the second axis of the PCO that explained 7.9% of the variation (Fig. 3A). And, the first axis differentiated the 

Figure 1.  Venn diagrams showing the number of OTUs of the > 2000 µm fraction unique to each time (A) and 
reef (B) and the shared between them. (C) and (D) show the number of ASVs of the metabarcoded 106–
2000 µm fraction unique and shared between time (C) and reef (D). ASHA stands for Abu Shoosha reef, AFHL 
for Al Fahal, and AMDF for Abu Madafi. 2015, 2017, and 2019 are the dates of the recovery of the ARMS and 
correspond to the deployment periods of 2013–2015, 2015–2017 and 2017–2019, respectively.
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reefs. There was a general trend for samples from the same reefs in 2015 clustering closer to their counterparts 
from 2019 than 2017, suggesting a higher similarity between the first and the last sampling period, than between 
the first and the second period (Fig. 3A and B). The cross-shelf gradient was mainly maintained within each 

Figure 2.  Relative abundance of each Order per reef as an average of the 3 units of the Barcoding fraction (A) 
and relative abundance of reads for each Order of the metabarcoding fraction (B). The orders assigned to the 
group ‘Other’ contribute to 5% of the total abundance.
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sampling period, with higher similarity among the communities across the shelf in 2015 (for the 106–2000 µm 
fraction), becoming more dissimilar after the bleaching event (i.e., samples from different reefs in 2017 and 
2019 are farther apart in the plot). Reefs were significantly different from each other except Abu Shoosha and 
Al Fahal as revealed in the post-hoc test of the PERMANOVA (Table S-3). A similar trend was observed for the 
metabarcoded fraction (106–2000  µm) with a significant interaction (PERMANOVA p < 0.01; Table  S-2) for 
both Jaccard and Bray–Curtis. Significant differences between all sampling times and between all reefs were also 
observed (Table S-3).

For both the barcoding and metabarcoding datasets, turnover was a higher component of beta diversity than 
nestedness. For the barcoding dataset, different patterns were observed for turnover and nestedness temporally 
at the reef level. At the offshore reef Abu Madafi, turnover (p < 0.01; Fig. 4A) and nestedness (p = 0.02; Fig. 4A) 
were significantly lower in 2017–2019 while for the nearshore reef, Abu Shoosha, it was the period 2015–2017 
showing significantly lower values (turnover p < 0.01; nestedness p = 0.03; Fig. 4A), when compared to the other 
pairs of sampling periods. There were no significant differences in turnover and nestedness between sampling 
periods in Al Fahal (midshore reef). Comparisons amongst reefs within years showed that the only significant 
difference in turnover was in 2019 between Abu Shoosha and Abu Madafi (p < 0.01; Fig. 4B). There were no 
significant differences in nestedness between sampling dates or reefs.

In the metabarcoding dataset the only significant temporal differences in turnover—observed in all reefs 
occurred between 2017 and 2019 (p < 0.01 in all reefs; Fig. 4A), where turnover was significantly lower than 
for the remaining comparisons. However, while nestedness was higher for the 2017–2019 comparison in Abu 
Shoosha (p < 0.01) and Al Fahal (p < 0.01), this pattern was not observed in Abu Madafi where the 2015–2017 
comparison was significantly lower (p < 0.01). Comparisons amongst reefs showed that in 2017 and 2019 all reefs 
had a significantly different turnover (2017 p < 0.01; 2019 p < 0.01; Fig. 4B) while in 2015 only the comparison 
between Abu Madafi and Abu Shoosha was significantly different (p < 0.01). In terms of nestedness the only 
significant difference was observed in 2019 between Abu Madafi and Abu Shoosha (p = 0.01).

Spatio‑temporal indicators. We identified 18 OTUs with a significant contribution to the differences 
in spatio-temporal patterns (Fig. 5). Two hermit crabs (Paguridae OTU_4 and OTU_108), two shrimps (Exo-
climenella OTU_60 and Palaemonella pottsi OTU_46), two squat lobsters (Galathea OTU_90, Phylladiorhynchus 
OTU_82), two decapods (Decapoda OTU_53 and OTU_102), one gastropod (Duprella cornus OTU_74), one 
blenny (Cirripectes stigmaticus OTU_118), and one sea urchin (Eucidaris metularia OTU_11) were indicator 
taxa for the reef factor. Seven indicator OTUs (OTU_4, OTU_60, OTU_82, OTU_90, OTU_46, OTU_53, and 
OTU_74) had an inshore to offshore gradient in abundance with higher abundance in the inshore reef Abu 
Shoosha (Fig. 5). And, OTU_11, OTU_102, and OTU_118 presented the opposite trend. Three shrimps (Pal-
aemonidae OTU_68, Synalpheus OTU_124, and Thor OTU_125), one brittle star (Ophiocoma OTU_35), two 
gastropods (Fissurellidae OTU_37 and Gastropoda OTU_78), one decapod (Decapoda OTU_53), one blenny 
(Cirripectes stigmaticus OTU_118), and one hermit crab (Calcinus rosaceus OTU_52) were indicator taxa for 
the factor time. Seven indicator OTUs (OTU_35, OTU_37, OTU_53, OTU_118, OTU_124, OTU_125, and 
OTU_52) gained abundance in 2017, and, OTU_78 in 2019. OTU_68 showed the opposite pattern with highest 
abundance in 2015. When looking at the abundance of the barcoding fraction, the factor reef and time had a 
significant association with the abundance of the indicator taxa for the reef and time factor (Fig. 5).

We identified 21 ASVs with a significant contribution to the differences in spatial patterns and 10 ASVs in 
spatial patterns (Fig. 6). Five annelids (Trypanosyllis ASV_125 and ASV_247, Annelida ASV_261, and Polychaeta 

Figure 3.  Principal coordinate analysis of the (A) barcoding > 2000 µm and (B) metabarcoding 106–2000 µm 
fractions using the presence absence matrix and the Jaccard dissimilarity metric to assess differences in the 
community composition between reefs and time. Reef names are abbreviated as: ASHA Abu Shoosha, ASHF 
Abu Shootaf, AFHL Al Fahal, and AMDF Abu Madafi.



6

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16944  | https://doi.org/10.1038/s41598-022-21304-2

www.nature.com/scientificreports/

Figure 4.  Turnover and nestedness through time and in the cross-shelf. (A) Comparisons between pairs of 
sampling times within the same reef in turnover [top graphs in (A) and nestedness [bottom graphs in (A)] of 
the metabarcoding and barcoding fractions for the Jaccard dissimilarity metric using presence absence data. 
The arrangement of figure A is made to appreciate the distinctions in turnover and nestedness through time in 
each reef. (B) Turnover and nestedness between pair of reefs in the cross-shelf for each sampling date using the 
presence absence data for the Jaccard dissimilarity metric. Samples from the barcoding fraction (> 2000 µm) 
are delineated and from the metabarcoding fraction (106–2000 µm) filled. Lower case a and b letter marks the 
distinction of groups obtained from one-way ANOVA (OA) or from Kruskal–Wallis (KW). Reef names are 
abbreviated as: ASHA Abu Shoosha, ASHF Abu Shootaf, AFHL Al Fahal, and AMDF Abu Madafi.
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ASV_37 and ASV_118), three arthropods (Arthropoda ASV_39, ASV_532, and ASV_111), two chordates 
(Chordata ASV_12 and Amblyglyphidodon ASV_11), one cnidarian (Leptothecata ASV_47), one echinoderm 
(Echinodermata ASV_105), one sponge (Hemimycale ASV_50), and seven identified only at kingdom level 
(Eukaryota ASV_215, ASV_30, ASV_78, ASV_380, ASV_33, ASV_35, ASV_164) were indicator taxa for the reef 
factor. Nine indicator ASVs (ASV_39, ASV_125, ASV_215, ASV_532, ASV_12, ASV_37, ASV_47, ASV_111, 
ASV_118) presented an inshore to offshore gradient with higher abundance in the inshore reef Abu Shoosha and 
eleven indicator ASVs (ASV_30, ASV_50, ASV_78, ASV_86, ASV_247, ASV_380, ASV_33, ASV_35, ASV_105, 
ASV_164, ASV_261) showed the opposite pattern with higher abundance in the offshore reef Abu Madafi. One 
annelid (Polychaeta ASV_37), one Arthropoda (Arthropoda ASV_111), one cnidarian (Sarcophyton ASV_9), 
one echinoderm (Echinodermata ASV_105), one mollusk (Gastropoda ASV_86), and five ASVs identified to 
kingdom level (Eukaryota ASV_30, ASV_54, ASV_78, ASV_164, and ASV_467) indicator taxa for the time 

Figure 5.  Average abundances per ARMS of the indicator taxa observed for the barcoding fraction by reef (A) 
and sampling year (B). Kruskal–Wallis test results are shown in the right side. ASHA Abu Shoosha reef, AFHL 
Al Fahal, AMDF Abu Madafi.
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factor. Eight indicator ASVs increased in abundance in 2017 (ASV_105, ASV_30, ASV_37, ASV_54, ASV_78, 
ASV_86, ASV_164, ASV_467) in 2017. And two (ASV_9 and ASV_11) in 2019.

Environmental drivers shaping the spatio‑temporal community patterns. For the > 2000  µm 
fraction the first axis of the distance-based redundancy analysis (dbRDA) explained 11.8% of the constrained 
variation with the cross-shelf gradient being evident along this axis especially for the 2017 and 2019 samples 
(Fig. 7A). Hard coral cover was associated with the first axis and particularly with the 2017 and 2019 Abu Madafi 

Figure 6.  Average number of reads per ARMS of the indicator taxa observed for the metabarcoding fraction by 
reef (A) and sampling year (B). ASHA Abu Shoosha reef, AFHL Al Fahal, AMDF Abu Madafi.
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samples. The soft corals and gorgonians were also predominantly aligned along the first axis and were associated 
with the nearshore (Abu Shoosha) and midshore reefs (Al Fahal and Abu Shootaf) in 2017 and 2019. The second 
axis explained 7.3% of the constrained variation and separated the 2015 samples from those in 2017 and 2019. 
This axis was associated with the percentage of cover of rubble with the 2015 samples being positively linked. 
Chlorophyll-a concentrations (Chla) was associated with the nearshore reef Abu Shoosha in 2015 and 2019.

The cross-shelf pattern for the metabarcoding (106–2000 µm) fraction in the dbRDA is observable in the 
first axis of the dbRDA that explains 8.5% of the constrained variation (Fig. 7B). All the ARMS from the offshore 
reef Abu Madafi and ARMS from 2015 and 2017 were associated with increasing percentage cover of hard coral. 
Percentage cover of rubble was positioned almost parallel to the second axis and associated with the ARMS 
collected in 2015. The second axis separated the ARMS by time. Chla was mainly associated with nearshore 
reefs in 2015. Soft coral and gorgonians were associated with Abu Shoosha ARMS from 2017 and 2019 and Abu 
Shootaf ARMS from 2017.

Discussion
To better understand the response of communities to long-term global pressures such as climate change, sus-
tained studies utilizing standardized methods across spatial and temporal scales must be undertaken. Responses 
of coral reef communities to bleaching events have focused in its effects on coral communities  globally27,56,57 
and in the Red  Sea28,58. Only a few studies focused on the largest fraction of the reef biodiversity (the cryptob-
enthos)59,60. While ARMS have previously been used to investigate differences in the cryptobiome across spatial 
gradients (e.g.,5,16,48,49,51,53,54,61,62, to the authors knowledge this is the first time a temporal aspect has been incor-
porated into the analysis of cryptobenthic communities associated with ARMS and across a bleaching event.

Temporal variability: responses to the 2015/2016 mass bleaching event. Coral reefs present 
a highly variable cryptobiome community among reefs along cross  shelf16, latitudinal  gradients5,17, different 
 habitats54, and  seas53. This study shows that in addition to high variability across spatial scales, the cryptobi-
ome is also highly variable through time. A shift in the benthic reef communities caused by the 2015 bleaching 
 event28,63,64 could subsequently cause changes in the cryptobiome which relies on the reef 3D structure for their 
preferential ecological niches.

Our data covers the period immediately before the global mass bleaching event of 2015/2016 (June 2015) and 
four years after allowing the investigation of the effects of the bleaching event on the cryptobiome. While the 
central region of the Red Sea was not affected as strongly by the 2015/2016 bleaching event as it was by previous 
bleaching  events65, changes in community composition were still apparent across the shelf gradient. Partition-
ing of the beta diversity showed that comparisons between pre-bleaching and post-bleaching samples resulted 
in higher turnover and lower nestedness of OTUs and ASVs than those between post-bleaching periods. This 
suggests a major shift after the bleaching event that was attenuated in the following years, which might indicate 
a recovery trend. The smaller organisms showed a slight return to the pre-bleaching community composition 
in 2019, yet far from signs of returning to pre-bleaching characteristics. The size of the communities and the 
associated length of life cycles (higher for fish) may bias the reaction time of reef-associated communities. Short 
lived species like those targeted by ARMS can, therefore, provide faster responses to disturbance events and be 
more informative in environmental impact assessment  studies7. Despite signs of recovery from the effects of the 

Figure 7.  Distance-based redundancy analysis of the Bray–Curtis dissimilarity index for 2000 µm (A) and 
106–2000 µm (B) fractions. each fraction. Shape of the symbol identifies the reef. Color shade of each symbol 
identifies the sampling date. Variation explained is constrained to the fourth non-correlated ecologically 
meaningful environmental variables selected. ASHA Abu Shoosha reef, ASHF Abu Shootaf, AFHL Al Fahal, 
AMDF Abu Madafi. HC Hard corals, SC Soft corals, Chla Chlorophyll-a. 
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2015 bleaching event, full recovery may not happen quickly enough, if ever occur, if bleaching events become 
more frequent as  expected27.

Annelida increased in relative abundance and percentage of number of reads after 2015 in the barcoding and 
metabarcoding fractions respectively, while Chordata decreased from 2015 to 2019 when assessed by metabar-
coding. Annelids inhabit corals and non-living  substrates66, however, in coral reefs most of species prefer areas 
not covered by living  corals67. Regarding cryptobenthic fish, Froehlich, et al.59 observed a clear decline in all 
Gobiodon goby species in response to changes in their Acropora coral hosts after a sequence of cyclones followed 
by a bleaching event, with 78% of colonies uninhabited. Moreover, Bellwood et al.60 also reported that crypto-
benthic fish communities may not recover to pre-bleaching characteristics even in cases of coral cover recovery, 
as shifts in coral communities may also persists beyond its cover. The close associations between cryptobenthic 
organisms and their coral hosts may magnify the shifts in community structure even if biodiversity  increases68. 
Indeed, increase in biodiversity and density may not indicate better reef health as previous studies have found 
that number of species and abundance of cryptobenthic species tend to increase in coral rubble compared to 
live  coral67. Also, regarding ocean warming, these small-sized organisms may have an advantage as increasing 
temperature may result in increasing growth rates, fostering successful settling and future  survival68. In the 
smaller size fraction, there was a clear reduction in richness, measured as the number of ASVs, from 2015 to 
2017 followed by an increase to levels similar to the pre-bleaching time. For the larger fraction we observed a 
steady increase in richness, measured as number of OTUs. Indeed, the shorter life span and higher sampled area 
to body size ratio of the smaller organisms allows us higher sensitivity to detect changes in reef communities.

Cross‑shelf patterns. Previous studies showed a cross-shelf gradient in both community composition and 
structure across the reefs analyzed  here16. Pearman et al.16 described the offshore reefs in the Red Sea to account 
for the most unique OTUs, and observed distinct cryptobiome communities across the shelf. This gradient 
appears to be consistent across the temporal period studied here. This gradient is also consistent in other taxo-
nomic groups including sessile benthic organisms and fish  communities69,70. Thus, it appears that the bleaching 
event in 2015 did not cause a homogenization of the cryptobiome at the level that the shelf signature is lost. Indi-
vidual coral reefs are physically isolated by kilometers of deeper, non-reef habitat, and often prevailing currents 
limits dispersal between  reefs71, leading to dispersal limitation amongst the  reefs72. Which could keep crypto-
benthic communities between reefs distinct even when perturbed by extensive bleaching events or the associ-
ated increased in temperature. A high turnover in the cryptobiome amongst reefs is present in all time periods 
which was previously observed prior to the coral  bleaching16 and is typical of other environments including soft 
bottom communities in the central Red  Sea73 and in tropical coastal  habitats74,75.

The cross-shelf distinction in coral reefs communities was clearer for smaller organisms. This is consistent 
with Soininen, et al.76 and Chust et al.77 who found that dispersal capabilities of species has a negative relationship 
with beta diversity. Indeed it has been shown that dispersal limitation had a greater effect on the cryptobiome 
in a pan-regional study compared to environmental  conditions53. However, it should be noted that two different 
processing methodologies, as well as taxonomic level used in the comparisons (ASV and OTU), were undertaken 
for the different size fractions in this study and thus it cannot be ruled out that methodological biases could 
account for this finding. Future studies could involve the metabarcoding of the larger size fraction and the use of 
the same sequencing grouping methodology to minimize this bias as well as including other taxonomic groups 
such as bacteria and fungi.

Beta diversity is also driven by variations in local environmental  conditions78 with the cryptobiome being 
shown to be affected by environmental  differentiations15,79. Indeed, temperature, fishing pressure, nutrient levels, 
sedimentation, and pollution has been hypothesized to influence the communities of coral  reefs80,81. The offshore 
reef, Abu Madafi, was associated with hard coral and algae, which were negatively correlated with SST while 
the other reefs were positively correlated with sea surface temperature. This suggests that the cryptobenthic 
community in the offshore reef is particularly vulnerable to future increases in temperature in agreement with 
Chaidez, et al.82. Indeed, Abu Madafi showed the largest reduction in species richness between 2015 and 2017 
before partially recovering to 2015 levels in 2019.

The turnover increased exclusively after the bleaching event in the inshore reef Abu Shoosha, supporting our 
hypothesis. Indeed, the inshore reefs in the central Red Sea were strongly bleached compared to the midshelf 
and offshore reefs, particularly branching  corals28. The type of community composition of the benthos indeed 
affects cryptobenthic  communities54. Coker et al.15 reported that the branching corals Acropora, Pocillopora, 
and Stylophora influence community composition in the Cryptobenthos of the Red Sea. In our results, hard 
coral cover was related to samples from the offshore reef Abu Madafi and soft coral cover with samples from the 
inshore reef Abu Shoosha.

Conclusions
Our results demonstrate highly dissimilar communities in the same reef complex refuting the neutral theory 
of  biodiversity83 and showing what is expected for a community affected by environmental variation as seen 
in other coral  reefs84. Even after the bleaching event, the nearshore to offshore gradient in cryptobenthic com-
munities was still apparent, confirming out first hypothesis. Yet, responses were not always consistent through 
time across the shelf gradient.

The lack of sound knowledge on the natural variability of cryptobiota in the Red Sea hampers us from fully 
disentangling the effects of bleaching on the composition of these assemblages. Our results suggest that crypto-
benthic communities will respond to bleaching events and that responses might be size-dependent. While for 
the largest organisms the number of OTUs increased after the bleaching event not returning to pre-bleaching, for 
the smaller fraction showed a clear decrease in the number of ASVs two years after the bleaching, with numbers 



11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:16944  | https://doi.org/10.1038/s41598-022-21304-2

www.nature.com/scientificreports/

recovering to pre-bleaching levels in 2019. Changes in community composition were also apparent between the 
response of organisms in both size fractions, reinforcing the importance of more comprehensive assessments of 
biodiversity patterns when investigating coral bleaching impacts. The partitioning of beta-diversity supported 
our hypothesis that temporal turnover would be higher in nearshore reefs, particularly in the larger size fraction. 
This study lays the foundation for future studies in spatio-temporal variability patterns of this critical component 
of the reef biodiversity using standardized quantifications, and in particular for comparisons with other regions 
more severely affected by the 2015/2016 global bleaching event, as the south-central Red Sea. However, a more in-
depth analysis of shifts in coral species is also necessary as cryptic species often develop symbiotic or mutualistic 
relationships with specific corals and these might be disrupted even if the overall cover is maintained by other 
coral species. Directing our attention to the general changes in coral cover lacking deeper taxonomic resolution 
and disregarding the highly diverse cryptobiome, one might be overlooking relevant effects of bleaching on 
coral reef ecosystems processes and functioning. This is particularly alarming given the scarce knowledge we 
have about the ecological roles, life histories and distribution preferences of the members of the cryptobiome, 
limiting our ability to predict the resilience of coral reefs to climate  change68.

Methods
Sampling design. Previous studies conducted in the Red Sea identified well-defined reef biodiversity cross-
shelf patterns (nearshore to offshore reefs) of the  cryptobiome16. Given the previously observed cross-shelf pat-
terns, four reefs in the central Red Sea were selected under the framework of a long-term monitoring program 
in the Red Sea (two nearshore, one midshore, and one offshore). This framework allowed for the investigation of 
the components (turnover and nestedness) of beta  diversity85. Turnover informs about the replacement of spe-
cies between pairs of sites and nestedness about the prevalence of  species86. It is important to know the contribu-
tion of turnover and nestedness to beta diversity in order to understand the ecological and historical processes 
that shaped the community  studied85.

A total of 33 ARMS units were deployed and retrieved from three sampling periods. Triplicate ARMS were 
placed in four reefs located across the Saudi Arabian coastal shelf (sites were considered nearshore, midshore, 
and offshore given their relative distance from shore) in the central Red Sea starting in 2013 (Fig. 8), and replaced 
and processed every two years. The retrieval dates occurred in May 2015, May 2017, and 2019. Data from the 
samples retrieved in 2015 were already published  in16. However, in this study we reanalyze the 2015 data together 
with new data from 2017 and 2019 to assess temporal changes. Due to a logistical restriction, the retrieval in 
2019 collected two reefs in June (Abu Shoosha and Al Fahal) and one in November (Abu Madafi). Locations, 
deployment and retrieval dates are provided in Table S-4. Abu Shoosha was considered nearshore, Abu Shootaf 
and Al Fahal midshore, and Abu Madafi offshore following the classification of Pearman et al.16. The first sampling 
date in 2015 occurred prior to the bleaching event in the central Red Sea, which was recorded from September 
2015, with nearshore reefs suffered a higher percentage of bleached corals than midshore and offshore  reefs28.

Environmental characterization. Sea surface temperature (SST), chlorophyll-a concentrations, (Chla) 
and percentage cover of ecologically meaningful groups (see "Reef surveys" section below) from benthic reef 
surveys were included as explanatory variables for further analysis of the cryptobiome. Environmental vari-
ables showed a skewed distribution and were transformed using Box Cox, to minimize the skewed nature. To 
assess correlations between the environmental variables, a Pearson R correlation was used on the normalized 
and transformed environmental  variables87. Variables with significant (p < 0.01) results greater than 0.5 or less 
than  − 0.5 were assessed and only the environmental variables rubble, hard coral, soft corals and gorgonians, 
and Chla were retained.

Remote sensing data. Eight-day averages of nighttime SST and daily averages of Chla were downloaded 
from NASA Oceancolor website https:// ocean data. sci. gsfc. nasa. gov/ opend ap/ catal og. xml on 25th December 
2020 choosing MODIS Aqua with 4 km resolution. The time interval of the deployment period was retrieved 
for each sample unit.

Reef surveys. Coral reef benthic communities were assessed based on triplicate (separated by 5 m) 20 m 
length by 1 m wide photo-transects conducted at each sampling location during the recovery of the ARMS unit 
between 8 and 10 m depth. Photo quadrats of 1 × 1 m were taken every two meters as in Pearman et al.47. The 
ecological groups and the major benthic components (hard coral, soft coral and gorgonians, crustose coralline 
algae, other algae, turf algae, pavement or rock, rubble, and sand) were identified and percent cover estimated in 
Coral Point Count with Excel extensions for 48 randomly distributed points as described in Kohler and  Gill88.

Deployment, recovery, and processing of ARMS. ARMS were deployed by SCUBA at approximately 
10 m depth on the hard reef framework. SCUBA was used to collect the ARMS units; a collection container with 
106 µm mesh drainage holes was placed over each unit to retain any mobile organisms inhabiting the units. Once 
on board the boat, units were placed in plastic containers and submerged with filtered (106 µm) seawater from 
the site.

To disassemble the ARMS, each plate was brushed inside the filtered sea water (106 µm), to remove mobile 
organisms, then scraped to remove the incrusting and sessile organisms. Sea water was sieved through 106 µm, 
500 µm, and 2000 µm mesh to divide the mobile organisms into three fractions: (i) 106–500 µm, (ii) 500–2000 µm, 
and (iii) > 2000 µm. Each fraction was then homogenized in a blender and preserved in 96% ethanol.

https://oceandata.sci.gsfc.nasa.gov/opendap/catalog.xml
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The two smallest fractions and the scraped sessile fraction were processed following a metabarcoding tech-
nique. The organisms of the larger > 2000 µm were individually segregated and morphologically identified to its 
lowest possible taxonomical group before DNA barcoding.

Ethics declarations. This research followed the guidelines for sampling recognized at King Abdullah Uni-
versity of Science and Technology (KAUST) at the start of the study. The research permits for sampling in Saudi 
Arabian territorial seas were procured from the Saudi Arabian coastguard. This study did not target protected 
or endangered species; therefore, it did not require special authorization. At the time of sampling, no governing 
body of ethics for animal research was established in KAUST or Saudi Arabia. Consequently, we could not attain 
ethics approval or waiver.

DNA extraction, amplification, and sequencing. Barcoding. A tissue sample was taken from or-
ganisms of the > 2000 µm fraction and DNA extracted using the Qiagen DNeasy DNA extraction kit, following 
manufacturers protocol. To accelerate the DNA extraction process of the specimens, tissue was sampled at an 
approximate size of 1   mm3 instead of weighing each individual tissue sample. Smaller specimens, which did 
not have the required tissue size, were placed in the lysis buffer whole. A region of 658 bp of the mitochondrial 
cytochrome oxidase I (COI) gene was amplified using the primer combination jgLCO1490 (TITCIACIAAY CAY 

Figure 8.  Reef sites sampled in the central East Red Sea coast (Saudi Arabia). Top right figure showing location 
of the sampling area in the Red Sea. Top left figure shows the average of Chlorophyll-a in mg/m3 (Chla) from 
June 2013 to May 2015. The bottom left, and bottom right figure shows the average for June 2015 to May 2017 
and June 2017 to May 2019, respectively, of Chla in mg/m3. Maps were designed using ArcMap (Version 10.7.1.), 
Environmental Systems Research Institute, Inc., Redlands (esri.com) using data from NASA MODIS 4 km 
resolution.



13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:16944  | https://doi.org/10.1038/s41598-022-21304-2

www.nature.com/scientificreports/

AAR GAY ATTGG) and jgHCO2198 (TAIACYTCIGGRTGICCR AAR AAYCA)89. A polymerase chain reaction 
(PCR) was done using 10 μl of GoTaq G2 Hot Start Master Mix (Promega), 0.6 μl of each primer at 10 μM, 0.2 μl 
of 20 mg  mL-1 bovine serum albumin (BSA), and 1 μl of extracted DNA for a total of 19 μl of reaction for the 
samples of retrieved in 2015 and 2017. The thermocycling profile of the 2015 and 2017 samples consisted of an 
initial denaturation step at 95 °C for 5 min followed by 4 cycles of 94 °C-30 s, 50 °C-45 s, and 72 °C-1 min, and 
by 34 cycles of 94 °C-30 s, 45 °C-45 s and 72 °C-1 min, and a final 8 min elongation phase at 72 °C. Samples from 
2019 were amplified in the same region with the same primers using 12.5 μl of QIAGEN Multiplex PCR master 
mix, 2.5 μl primer at 0.2 μM, 9 μl of RNase-free water, and 1 μl of extracted DNA for a total of 25 μl of reaction. 
Following the thermocycling profile consisting of an initial denaturation step at 95 °C for 15 min followed by 
4 cycles of 94 °C-30 s, 50 °C-1 min 30 s, and 72 °C-1 min, and by 34 cycles of 94 °C-30 s, 45 °C-1 min 30 s and 
72 °C-1 min, and a final 10 min elongation phase at 72 °C. PCR products were inspected on 1.5% agarose gels 
stained with 4 μl of SYBR™ Safe DNA gel stain per 100 mL. Successful PCR products were purified applying 2 μl 
of Illustra™ ExoProStar™ 1-step from GE Healthcare to 8 μl of PCR product. The PCR product was sequenced in 
Sanger ABI 3730 capillary platform using 5 μl of primer at 20 pmol and 10 μl of purified PCR product at the King 
Abdullah University of Science and Technology (KAUST) Bioscience Core Laboratory (BCL).

Metabarcoding. For the two smaller size fractions of the bulk mobile organisms 10 g of material was used as an 
input for the Powermax Soil DNA kit (MO BIO). Extractions were undertaken as per the manufacturer’s instruc-
tions with the exception of the bead-beating step. This step was replaced by shaking incubation overnight at 
56 °C with the addition of Proteinase K (0.4 mg/mL). DNA was amplified using a versatile primer set amplifying 
a 313 bp fragment of the COI gene (Forward: GGW ACW GGW TGA ACW GTW TAY CCY CC; Reverse: TAIA-
CYTCIGGRTGICCR AAR AAYCA 89). For amplification, the PCR conditions were an initial 3 min denaturation 
step at 98 °C, followed by 27 cycles at 98 °C for 10 s, 46 °C for 45 s and, 72 °C for 45 s, with a final extension of 
5 min at 72 °C. All PCR reactions were done in triplicate, using 0.4 μl of 10 μM primers, 10 μl of Phusion High 
Fidelity Mix (2X), 7.2 μl of water and 2 μl (~ 10 ng) of DNA. PCR triplicates were combined and 20 μl of the 
combined PCR products were cleaned and normalized using SequelPrep Normalization plates (ThermoFisher 
Scientific) resulting in a final concentration of ~ 1 ng/μl. To add Illumina Nextera tags, a second round of PCR 
amplification of 8 cycles using KAPA 2 × HiFi Hot Start ReadyMix was undertaken following the manufacturer’s 
recommendations. The SequelPrep Normalization plates (ThermoFisher Scientific) were used to undertake a 
second round of cleaning and normalization. Sequencing (2 × 300 bp) was done on an Illumina MiSeq sequenc-
ing platform (v3 chemistry) at the King Abdullah University of Science and Technology (KAUST) Bioscience 
Core Laboratory (BCL), using a spike of 10% PhiX. Raw reads were deposited at the NCBI Short Red Archive 
under the project accession (To be deposited).

Bioinformatics. Barcoding. Two directional sequences were trimmed from the 5’ and 3’ end during assembly, 
when chance of error was higher than 5%. Assemblies were reviewed for stop codons and frame shifts in Geni-
ous (Biomatters). Consensus sequences of the assemblies were aligned and primer sequences were removed. 
A Bayesian clustering algorithm with lower 3 and upper 4 variance interval was used to define OTUs with a 
minBoot threshold of  5190. Taxonomy of the sequences were assigned comparing the representative sequences 
of each OTU obtained from the Bayesian clustering algorithm to morphological identifications done with the 
organisms’ photograph taken before fixation. Specimens that failed to be sequenced were added to an OTU if 
the morphology observed in their photograph matched the taxonomy or the morphology of the representative 
organisms of an OTU. OTUs that were not identified morphologically to species level were matched to the NCBI 
public databases using blastn algorithm and assigning a species hit to sequences similarity higher than 98%.

Metabarcoding – inference of amplicon sequence variant (ASV) and their taxonomic assignments. Raw sequences 
were automatically demultiplexed on the MiSeq machine. Primers were trimmed from the sequences using 
cutadapt with a maximum of one mismatch allowed (parameters: -e 0.05 –discard-untrimmed). The DADA2 
 package91 within  R92 was used for the processing of the reads. Briefly reads were truncated 165 and 160 bp for 
forward and reverse reads respectively) and filtered with a maximum allowable number of “expected errors” 
(maxEE) of four (forward reads) and six (reverse reads). Sequences were dereplicated and sequence variants 
were inferred based on a parametric error matrix constructed from the first  108 bp of the sequences. Singletons 
were discarded and the remaining paired-end reads merged with a minimum overlap of 10 bp and no mis-
matches in the overlap allowed. Sequences that were shorter than 312 bp or longer than 314 bp were removed 
from analysis before chimeric sequences were removed using the removeBimeraDenovo script within DADA2. 
Pseudogenes were detected and removed using Multiple Alignment of Coding Sequences  (MACSE93) against the 
MIDORI  database94 as described in Leray and Knowlton Leray and  Knowlton54. Firstly, sequences were trans-
lated and aligned using the invertebrate code 5 and then the vertebrate code 2. Any sequences containing a stop 
codon or possessing greater than two frame shifts were considered as pseudogenes and removed from further 
analysis. Samples were subsampled to evenly for downstream comparison. Taxonomy was assigned against both 
the NCBI and BOLD databases using RDP classifier algorithm in dada2 with a minBoot threshold of  5195. The 
two smaller mobile fractions were combined and used in further analysis for simplification. The sessile fraction 
is not used in this publication.

Data analysis. Analysis of diversity. Alpha diversity (observed OTUs and ASVs for all fractions, and Shan-
non diversity and abundance for the barcoded organisms) was assessed using the non-parametric test Kruskal–
Wallis, due to the skewed nature of the data, for the factors reef and time. The number of unique and shared 
species among reefs and time was visualized in Venn diagrams plotted in VennDiagram package of  R96 and fig-
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ures edited in Graphic (Picta). Access to sites in Saudi Arabian waters are subject to approvals from government 
authorities; such approvals may change on short notice due to government activities on the nearby coastal areas. 
In 2019, we were not able to access Abu Shootaf because of permitting issues. Therefore, the reef Abu Shootaf 
was removed from the univariate analysis, given the lack of 2019 samples from this reef. However, in the Venn 
diagram categorized by time we kept Abu Shootaf. Composition plots for each reef and time were plotted at 
order level using phyloseq in R and  ggplot297,98.

Patterns of community structure across a shelf gradient and time. A permutational multivariate analysis of vari-
ance (PERMANOVA) was done using the Bray Curtis and Jaccard dissimilarity index distance matrix for the 
factors reef and time with an interaction term as well using vegan package in  R99. PostHoc test with Bonferroni 
adjustment of probability was conducted for the Bray Curtis and Jaccard dissimilarity index distance matrix for 
reef and time factors using RVAideMemoire program in  R100. Bar plots were done in phyloseq and ggplot2 to 
visualize composition in the order level for each  sample97,98.

The indicator taxa were found using the command multipatt of indicspecies in  R101. We used 299 iterations 
of the indval value and retained the taxa that were consistently selected (> 90% of the times). We used 999 
permutations in each iteration and restrict the permutation within the year for the reefs and within the reef 
for the years. Kruskal Wallis test was performed on the abundances of the barcoding fraction for the selected 
indicator taxa. Kruskal Wallis was chosen over ANOVA given that our data did not meet the ANOVA assump-
tion of homogeneity of variance. No statistical analysis was done in the number of reads of the selected taxa for 
the metabarcoding fraction, because the error in measuring abundance in a metabarcoding protocol would be 
higher than the barcoding and a Kruskal Wallis test would provide low statistical power.

Environmental influences in community structure between reefs through time. A distance-based redundancy 
analysis (dbRDA) was performed to visualize the direction and extent of the associations between environ-
mental factors and community structure. The dbRDA was performed for Bray–Curtis and Jaccard dissimilarity 
distance  matrices102. Biological data was transformed using the Hellinger method in the vegan package to give 
greater importance to the OTUs which were not  dominant5.

Beta diversity analyses. A principal coordinate analysis (PCO) was used to visualized the differences in the 
composition of the cryptobiome between ARMS. The PCO was done in the package labdvs of  R103 using the 
Jaccard dissimilarity metric. The nestedness and turnover was assessed between pairs of ARMS of different 
sampling times for each reef and between reefs for each sampling time using the Baselga Jaccard method in the 
adespatial package of  R85,104.The nestedness and turnover comparisons were visualized in boxplots. Differences 
in nestedness and turnover amongst sampling time and reefs were tested with a one-way ANOVA for those that 
were normally distributed and had homogeneity of variance. Otherwise, a Kruskal–Wallis test was used.

Data availability
Raw reads will be deposited at the NCBI Short Red Archive prior to publication.

Received: 20 February 2022; Accepted: 26 September 2022

References
 1. Knowlton, N. et al. in Life in the World’s Oceans 65–78 (Wiley-Blackwell, 2010).
 2. Fisher, R. et al. Species richness on coral reefs and the pursuit of convergent global estimates. Curr. Biol. 25, 500–505. https:// 

doi. org/ 10. 1016/j. cub. 2014. 12. 022 (2015).
 3. Brandl, S. J., Goatley, C. H. R., Bellwood, D. R. & Tornabene, L. The hidden half: Ecology and evolution of cryptobenthic fishes 

on coral reefs. Biol. Rev. 93, 1846–1873. https:// doi. org/ 10. 1111/ brv. 12423 (2018).
 4. Appeltans, W. et al. The magnitude of global marine species diversity. Curr. Biol. 22, 2189–2202. https:// doi. org/ 10. 1016/j. cub. 

2012. 09. 036 (2012).
 5. Carvalho, S. et al. Beyond the visual: Using metabarcoding to characterize the hidden reef cryptobiome. Proc. R. Soc. B Biol. Sci. 

https:// doi. org/ 10. 1098/ rspb. 2018. 2697 (2019).
 6. Kramer, M. J., Bellwood, O., Fulton, C. J. & Bellwood, D. R. Refining the invertivore: Diversity and specialisation in fish preda-

tion on coral reef crustaceans. Mar. Biol. 162, 1779–1786. https:// doi. org/ 10. 1007/ s00227- 015- 2710-0 (2015).
 7. Brandl, S. J. et al. Demographic dynamics of the smallest marine vertebrates fuel coral reef ecosystem functioning. Science 364, 

1189–1192. https:// doi. org/ 10. 1126/ scien ce. aav33 84 (2019).
 8. Kramer, M. J., Bellwood, D. R. & Bellwood, O. Cryptofauna of the epilithic algal matrix on an inshore coral reef, Great Barrier 

Reef. Coral Reefs 31, 1007–1015. https:// doi. org/ 10. 1007/ s00338- 012- 0924-x (2012).
 9. Rocha, L. A. et al. Specimen collection: An essential tool. Science 344, 814–815. https:// doi. org/ 10. 1126/ scien ce. 344. 6186. 814 

(2014).
 10. Berumen, M. L. et al. The status of coral reef ecology research in the Red Sea. Coral Reefs 32, 737–748. https:// doi. org/ 10. 1007/ 

s00338- 013- 1055-8 (2013).
 11. Paknia, O., Sh, H. R. & Koch, A. Lack of well-maintained natural history collections and taxonomists in megadiverse developing 

countries hampers global biodiversity exploration. Org. Divers. Evol. 15, 619–629. https:// doi. org/ 10. 1007/ s13127- 015- 0202-1 
(2015).

 12. Knowlton, N. & Leray, M. Censusing marine life in the twentyfirst Century. Genome 58, 238–238 (2015).
 13. Yu, D. W. et al. Biodiversity soup: Metabarcoding of arthropods for rapid biodiversity assessment and biomonitoring. Methods 

Ecol. Evol. 3, 613–623. https:// doi. org/ 10. 1111/j. 2041- 210X. 2012. 00198.x (2012).
 14. Ransome, E. et al. The importance of standardization for biodiversity comparisons: A case study using autonomous reef moni-

toring structures (ARMS) and metabarcoding to measure cryptic diversity on Mo’orea coral reefs, French Polynesia. PLoS ONE 
https:// doi. org/ 10. 1371/ journ al. pone. 01750 66 (2017).

https://doi.org/10.1016/j.cub.2014.12.022
https://doi.org/10.1016/j.cub.2014.12.022
https://doi.org/10.1111/brv.12423
https://doi.org/10.1016/j.cub.2012.09.036
https://doi.org/10.1016/j.cub.2012.09.036
https://doi.org/10.1098/rspb.2018.2697
https://doi.org/10.1007/s00227-015-2710-0
https://doi.org/10.1126/science.aav3384
https://doi.org/10.1007/s00338-012-0924-x
https://doi.org/10.1126/science.344.6186.814
https://doi.org/10.1007/s00338-013-1055-8
https://doi.org/10.1007/s00338-013-1055-8
https://doi.org/10.1007/s13127-015-0202-1
https://doi.org/10.1111/j.2041-210X.2012.00198.x
https://doi.org/10.1371/journal.pone.0175066


15

Vol.:(0123456789)

Scientific Reports |        (2022) 12:16944  | https://doi.org/10.1038/s41598-022-21304-2

www.nature.com/scientificreports/

 15. Coker, D. J., DiBattista, J. D., Sinclair-Taylor, T. H. & Berumen, M. L. Spatial patterns of cryptobenthic coral-reef fishes in the 
Red Sea. Coral Reefs 37, 193–199. https:// doi. org/ 10. 1007/ s00338- 017- 1647-9 (2018).

 16. Pearman, J. K. et al. Cross-shelf investigation of coral reef cryptic benthic organisms reveals diversity patterns of the hidden 
majority. Sci. Rep. 8, 8090. https:// doi. org/ 10. 1038/ s41598- 018- 26332-5 (2018).

 17. Pearman, J. K. et al. Disentangling the complex microbial community of coral reefs using standardized Autonomous Reef 
Monitoring Structures (ARMS). Mol. Ecol. 28, 3496–3507. https:// doi. org/ 10. 1111/ mec. 15167 (2019).

 18. Selkoe, K. A. et al. The DNA of coral reef biodiversity: Predicting and protecting genetic diversity of reef assemblages. Proc. R. 
Soc. B-Biol. Sci. https:// doi. org/ 10. 1098/ rspb. 2016. 0354 (2016).

 19. DiBattista, J. D. et al. Digging for DNA at depth: Rapid universal metabarcoding surveys (RUMS) as a tool to detect coral reef 
biodiversity across a depth gradient. PeerJ https:// doi. org/ 10. 7717/ peerj. 6379 (2019).

 20. DiBattista, J. D. et al. Assessing the utility of eDNA as a tool to survey reef-fish communities in the Red Sea. Coral Reefs 36, 
1245–1252. https:// doi. org/ 10. 1007/ s00338- 017- 1618-1 (2017).

 21. Nester, G. M. et al. Development and evaluation of fish eDNA metabarcoding assays facilitate the detection of cryptic seahorse 
taxa (family: Syngnathidae). Environ. DNA 2, 614–626 (2020).

 22. West, K. M. et al. eDNA metabarcoding survey reveals fine-scale coral reef community variation across a remote, tropical island 
ecosystem. Mol. Ecol. 29, 1069–1086. https:// doi. org/ 10. 1111/ mec. 15382 (2020).

 23. DiBattista, J. D. et al. Environmental DNA can act as a biodiversity barometer of anthropogenic pressures in coastal ecosystems. 
Sci. Rep. https:// doi. org/ 10. 1038/ s41598- 020- 64858-9 (2020).

 24. Worm, B. et al. Impacts of biodiversity loss on ocean ecosystem services. Science 314, 787–790. https:// doi. org/ 10. 1126/ scien ce. 
11322 94 (2006).

 25. Spalding, M. et al. Mapping the global value and distribution of coral reef tourism. Mar. Policy 82, 104–113. https:// doi. org/ 10. 
1016/j. marpol. 2017. 05. 014 (2017).

 26. Thomsen, P. F. & Willerslev, E. Environmental DNA - An emerging tool in conservation for monitoring past and present bio-
diversity. Biol. Cons. 183, 4–18. https:// doi. org/ 10. 1016/j. biocon. 2014. 11. 019 (2015).

 27. Hughes, T. P. et al. Spatial and temporal patterns of mass bleaching of corals in the Anthropocene. Science 359, 80–83. https:// 
doi. org/ 10. 1126/ scien ce. aan80 48 (2018).

 28. Monroe, A. A. et al. In situ observations of coral bleaching in the central Saudi Arabian Red Sea during the 2015/2016 global 
coral bleaching event. PLoS ONE https:// doi. org/ 10. 1371/ journ al. pone. 01958 14 (2018).

 29. Roth, F. et al. Coral reef degradation affects the potential for reef recovery after disturbance. Mar. Environ. Res. 142, 48–58. 
https:// doi. org/ 10. 1016/j. maren vres. 2018. 09. 022 (2018).

 30. Foster, T. & Gilmour, J. P. Seeing red: Coral larvae are attracted to healthy-looking reefs. Mar. Ecol. Prog. Ser. 559, 65–71. https:// 
doi. org/ 10. 3354/ meps1 1902 (2016).

 31. Karcher, D. B. et al. Nitrogen eutrophication particularly promotes turf algae in coral reefs of the central Red Sea. PeerJ https:// 
doi. org/ 10. 7717/ peerj. 8737 (2020).

 32. Pancrazi, I., Ahmed, H., Cerrano, C. & Montefalcone, M. Synergic effect of global thermal anomalies and local dredging activi-
ties on coral reefs of the Maldives. Marine Pollut. Bull. https:// doi. org/ 10. 1016/j. marpo lbul. 2020. 111585 (2020).

 33. Vercelloni, J. et al. Forecasting intensifying disturbance effects on coral reefs. Glob. Change Biol. 26, 2785–2797. https:// doi. org/ 
10. 1111/ gcb. 15059 (2020).

 34. González-Barrios, F. J., Cabral-Tena, R. A. & Alvarez-Filip, L. Recovery disparity between coral cover and the physical func-
tionality of reefs with impaired coral assemblages. Glob. Change Biol. 27, 640–651. https:// doi. org/ 10. 1111/ gcb. 15431 (2020).

 35. Rice, M. M., Ezzat, L. & Burkepile, D. E. Corallivory in the anthropocene: Interactive effects of anthropogenic stressors and 
corallivory on coral reefs. Front. Marine Sci. https:// doi. org/ 10. 3389/ fmars. 2018. 00525 (2019).

 36. Lin, Y.-J. et al. Long-term ecological changes in fishes and macro-invertebrates in the world’s warmest coral reefs. Sci. Total 
Environ. 750, 142254. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 142254 (2021).

 37. Loreau, M. & de Mazancourt, C. Biodiversity and ecosystem stability: A synthesis of underlying mechanisms. Ecol. Lett. 16, 
106–115. https:// doi. org/ 10. 1111/ ele. 12073 (2013).

 38. Cardinale, B. J. et al. Biodiversity loss and its impact on humanity. Nature 486, 59–67. https:// doi. org/ 10. 1038/ natur e11148 
(2012).

 39. Handley, L. L. How will the "molecular revolution’ contribute to biological recording?. Biol. J. Lin. Soc. 115, 750–766. https:// 
doi. org/ 10. 1111/ bij. 12516 (2015).

 40. Ducklow, H. W., Doney, S. C. & Steinberg, D. K. Contributions of long-term research and time-series observations to marine 
ecology and biogeochemistry. Ann. Rev. Mar. Sci. 1, 279–302. https:// doi. org/ 10. 1146/ annur ev. marine. 010908. 163801 (2009).

 41. Hughes, B. B. et al. Long-term studies contribute disproportionately to ecology and policy. Bioscience 67, 271–281. https:// doi. 
org/ 10. 1093/ biosci/ biw185 (2017).

 42. Kraft, N. J. B. et al. Community assembly, coexistence and the environmental filtering metaphor. Funct. Ecol. 29, 592–599. https:// 
doi. org/ 10. 1111/ 1365- 2435. 12345 (2015).

 43. Leibold, M. A. et al. The metacommunity concept: A framework for multi-scale community ecology. Ecol. Lett. 7, 601–613. 
https:// doi. org/ 10. 1111/j. 1461- 0248. 2004. 00608.x (2004).

 44. Vellend, M. The Theory of Ecological Communities (MPB-57). (Princeton University Press, 2016).
 45. Condon, R. H. et al. Recurrent jellyfish blooms are a consequence of global oscillations. Proc. Natl. Acad. Sci. U.S.A. 110, 

1000–1005. https:// doi. org/ 10. 1073/ pnas. 12109 20110 (2013).
 46. Boero, F., Kraberg, A. C., Krause, G. & Wiltshire, K. H. Time is an affliction: Why ecology cannot be as predictive as physics and 

why it needs time series. J. Sea Res. 101, 12–18. https:// doi. org/ 10. 1016/j. seares. 2014. 07. 008 (2015).
 47. Pearman, J. K., Anlauf, H., Irigoien, X. & Carvalho, S. Please mind the gap - Visual census and cryptic biodiversity assessment 

at central Red Sea coral reefs. Mar. Environ. Res. 118, 20–30. https:// doi. org/ 10. 1016/j. maren vres. 2016. 04. 011 (2016).
 48. David, R. et al. Lessons from photo analyses of autonomous reef monitoring structures as tools to detect (bio-)geographical, 

spatial, and environmental effects. Mar. Pollut. Bull. 141, 420–429. https:// doi. org/ 10. 1016/j. marpo lbul. 2019. 02. 066 (2019).
 49. Pennesi, C. & Danovaro, R. Assessing marine environmental status through microphytobenthos assemblages colonizing the 

autonomous reef monitoring structures (ARMS) and their potential in coastal marine restoration. Mar. Pollut. Bull. 125, 56–65. 
https:// doi. org/ 10. 1016/j. marpo lbul. 2017. 08. 001 (2017).

 50. Chang, J. J. M., Ip, Y. C. A., Bauman, A. G. & Huang, D. MinION-in-ARMS: Nanopore sequencing to expedite barcoding of 
specimen-rich macrofaunal samples from Autonomous Reef Monitoring Structures. Front. Marine Sci. https:// doi. org/ 10. 3389/ 
fmars. 2020. 00448 (2020).

 51. Hazeri, G. et al. Latitudinal species diversity and density of cryptic crustacean (Brachyura and Anomura) in micro-habitat 
Autonomous Reef Monitoring Structures across Kepulauan Seribu, Indonesia. Biodivers. J. Biol. Divers. 20 (2019).

 52. Al-Rshaidat, M. M. D. et al. Deep COI sequencing of standardized benthic samples unveils overlooked diversity of Jordanian 
coral reefs in the northern Red Sea. Genome 59, 724–737. https:// doi. org/ 10. 1139/ gen- 2015- 0208 (2016).

 53. Pearman, J. K. et al. Pan-regional marine benthic cryptobiome biodiversity patterns revealed by metabarcoding Autonomous 
Reef Monitoring Structures. Mol. Ecol. https:// doi. org/ 10. 1111/ mec. 15692 (2020).

 54. Leray, M. & Knowlton, N. DNA barcoding and metabarcoding of standardized samples reveal patterns of marine benthic 
diversity. Proc. Natl. Acad. Sci. U.S.A. 112, 2076–2081. https:// doi. org/ 10. 1073/ pnas. 14249 97112 (2015).

https://doi.org/10.1007/s00338-017-1647-9
https://doi.org/10.1038/s41598-018-26332-5
https://doi.org/10.1111/mec.15167
https://doi.org/10.1098/rspb.2016.0354
https://doi.org/10.7717/peerj.6379
https://doi.org/10.1007/s00338-017-1618-1
https://doi.org/10.1111/mec.15382
https://doi.org/10.1038/s41598-020-64858-9
https://doi.org/10.1126/science.1132294
https://doi.org/10.1126/science.1132294
https://doi.org/10.1016/j.marpol.2017.05.014
https://doi.org/10.1016/j.marpol.2017.05.014
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1126/science.aan8048
https://doi.org/10.1126/science.aan8048
https://doi.org/10.1371/journal.pone.0195814
https://doi.org/10.1016/j.marenvres.2018.09.022
https://doi.org/10.3354/meps11902
https://doi.org/10.3354/meps11902
https://doi.org/10.7717/peerj.8737
https://doi.org/10.7717/peerj.8737
https://doi.org/10.1016/j.marpolbul.2020.111585
https://doi.org/10.1111/gcb.15059
https://doi.org/10.1111/gcb.15059
https://doi.org/10.1111/gcb.15431
https://doi.org/10.3389/fmars.2018.00525
https://doi.org/10.1016/j.scitotenv.2020.142254
https://doi.org/10.1111/ele.12073
https://doi.org/10.1038/nature11148
https://doi.org/10.1111/bij.12516
https://doi.org/10.1111/bij.12516
https://doi.org/10.1146/annurev.marine.010908.163801
https://doi.org/10.1093/biosci/biw185
https://doi.org/10.1093/biosci/biw185
https://doi.org/10.1111/1365-2435.12345
https://doi.org/10.1111/1365-2435.12345
https://doi.org/10.1111/j.1461-0248.2004.00608.x
https://doi.org/10.1073/pnas.1210920110
https://doi.org/10.1016/j.seares.2014.07.008
https://doi.org/10.1016/j.marenvres.2016.04.011
https://doi.org/10.1016/j.marpolbul.2019.02.066
https://doi.org/10.1016/j.marpolbul.2017.08.001
https://doi.org/10.3389/fmars.2020.00448
https://doi.org/10.3389/fmars.2020.00448
https://doi.org/10.1139/gen-2015-0208
https://doi.org/10.1111/mec.15692
https://doi.org/10.1073/pnas.1424997112


16

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16944  | https://doi.org/10.1038/s41598-022-21304-2

www.nature.com/scientificreports/

 55. Obst, M. et al. A marine biodiversity observation network for genetic monitoring of hard-bottom communities (ARMS-MBON). 
Front. Marine Sci. https:// doi. org/ 10. 3389/ fmars. 2020. 572680 (2020).

 56. Hughes, T. P. et al. Ecological memory modifies the cumulative impact of recurrent climate extremes. Nat. Clim. Chang. 9, 40–43. 
https:// doi. org/ 10. 1038/ s41558- 018- 0351-2 (2019).

 57. Hughes, T. P., Kerry, J. T. & Simpson, T. Large-scale bleaching of corals on the Great Barrier Reef. Ecology 99, 501–501. https:// 
doi. org/ 10. 1002/ ecy. 2092 (2018).

 58. Furby, K. A., Bouwmeester, J. & Berumen, M. L. Susceptibility of central Red Sea corals during a major bleaching event. Coral 
Reefs 32, 505–513. https:// doi. org/ 10. 1007/ s00338- 012- 0998-5 (2013).

 59. Froehlich, C. Y. M., Klanten, O. S., Hing, M. L., Dowton, M. & Wong, M. Y. L. Uneven declines between corals and cryptobenthic 
fish symbionts from multiple disturbances. Sci. Rep. https:// doi. org/ 10. 1038/ s41598- 021- 95778-x (2021).

 60. Bellwood, D. R. et al. Coral recovery may not herald the return of fishes on damaged coral reefs. Oecologia 170, 567–573. https:// 
doi. org/ 10. 1007/ s00442- 012- 2306-z (2012).

 61. Archana, A. & Baker, D. M. Multifunctionality of an urbanized coastal marine ecosystem. Front. Marine Sci. https:// doi. org/ 10. 
3389/ fmars. 2020. 557145 (2020).

 62. Servis, J. A., Reid, B. N., Timmers, M. A., Stergioula, V. & Naro-Maciel, E. Characterizing coral reef biodiversity: Genetic species 
delimitation in brachyuran crabs of Palmyra Atoll Central Pacific. Mitochondrial DNA Part A 31, 178–189. https:// doi. org/ 10. 
1080/ 24701 394. 2020. 17690 87 (2020).

 63. Chaves-Fonnegra, A. et al. Bleaching events regulate shifts from corals to excavating sponges in algae-dominated reefs. Glob. 
Change Biol. 24, 773–785. https:// doi. org/ 10. 1111/ gcb. 13962 (2018).

 64. Perry, C. T. & Morgan, K. M. Post-bleaching coral community change on southern Maldivian reefs: Is there potential for rapid 
recovery?. Coral Reefs 36, 1189–1194. https:// doi. org/ 10. 1007/ s00338- 017- 1610-9 (2017).

 65. DeCarlo, T. M. The past century of coral bleaching in the Saudi Arabian central Red Sea. PeerJ https:// doi. org/ 10. 7717/ peerj. 
10200 (2020).

 66. Cortés, J. et al. in Coral Reefs of the Eastern Tropical Pacific: Persistence and Loss in a Dynamic Environment (eds Peter W. Glynn, 
Derek P. Manzello, & Ian C. Enochs) 203–250 (Springer Netherlands, 2017).

 67. Enochs, I. C. & Manzello, D. P. Species richness of motile cryptofauna across a gradient of reef framework erosion. Coral Reefs 
31, 653–661. https:// doi. org/ 10. 1007/ s00338- 012- 0886-z (2012).

 68. Timmers, M. A. et al. Biodiversity of coral reef cryptobiota shuffles but does not decline under the combined stressors of ocean 
warming and acidification. Proc. Natl. Acad. Sci. 118, e2103275118. https:// doi. org/ 10. 1073/ pnas. 21032 75118 (2021).

 69. Khalil, M. T., Bouwmeester, J. & Berumen, M. L. Spatial variation in coral reef fish and benthic communities in the central Saudi 
Arabian Red Sea. PeerJ https:// doi. org/ 10. 7717/ peerj. 3410 (2017).

 70. Roik, A. et al. Year-long monitoring of physico-chemical and biological variables provide a comparative baseline of coral reef 
functioning in the central Red Sea. PLoS ONE https:// doi. org/ 10. 1371/ journ al. pone. 01639 39 (2016).

 71. Largier, J. L. Considerations in estimating larval dispersal distances from oceanographic data. Ecol. Appl. 13, S71–S89 (2003).
 72. Volkov, I., Banavar, J. R., Hubbell, S. P. & Maritan, A. Patterns of relative species abundance in rainforests and coral reefs. Nature 

450, 45–49. https:// doi. org/ 10. 1038/ natur e06197 (2007).
 73. Alsaffar, Z., Cúrdia, J., Borja, A., Irigoien, X. & Carvalho, S. Consistent variability in beta-diversity patterns contrasts with changes 

in alpha-diversity along an onshore to offshore environmental gradient: The case of Red Sea soft-bottom macrobenthos. Mar. 
Biodivers. 49, 247–262. https:// doi. org/ 10. 1007/ s12526- 017- 0791-3 (2017).

 74. Alsaffar, Z. et al. The role of seagrass vegetation and local environmental conditions in shaping benthic bacterial and macroin-
vertebrate communities in a tropical coastal lagoon. Sci. Rep. https:// doi. org/ 10. 1038/ s41598- 020- 70318-1 (2020).

 75. Rocha, L. A. et al. Mesophotic coral ecosystems are threatened and ecologically distinct from shallow water reefs. Science 361, 
281–284. https:// doi. org/ 10. 1126/ scien ce. aaq16 14 (2018).

 76. Soininen, J., Lennon, J. J. & Hillebrand, H. A multivariate analysis of beta diversity across organisms and environments. Ecology 
88, 2830–2838. https:// doi. org/ 10. 1890/ 06- 1730.1 (2007).

 77. Chust, G. et al. Dispersal similarly shapes both population genetics and community patterns in the marine realm. Sci. Rep. 
https:// doi. org/ 10. 1038/ srep2 8730 (2016).

 78. Gianuca, A. T., Declerck, S. A. J., Lemmens, P. & De Meester, L. Effects of dispersal and environmental heterogeneity on the 
replacement and nestedness components of beta-diversity. Ecology 98, 525–533. https:// doi. org/ 10. 1002/ ecy. 1666 (2017).

 79. Enochs, I. C., Toth, L. T., Brandtneris, V. W., Afflerbach, J. C. & Manzello, D. P. Environmental determinants of motile cryptofauna 
on an eastern Pacific coral reef. Mar. Ecol. Prog. Ser. 438, 105-U127. https:// doi. org/ 10. 3354/ meps0 9259 (2011).

 80. Hughes, T. P. et al. Coral reefs in the anthropocene. Nature 546, 82–90. https:// doi. org/ 10. 1038/ natur e22901 (2017).
 81. Fabricius, K. E. Effects of terrestrial runoff on the ecology of corals and coral reefs: Review and synthesis. Mar. Pollut. Bull. 50, 

125–146. https:// doi. org/ 10. 1016/j. marpo lbul. 2004. 11. 028 (2005).
 82. Chaidez, V., Dreano, D., Agusti, S., Duarte, C. M. & Hoteit, I. Decadal trends in Red Sea maximum surface temperature. Sci. 

Rep. https:// doi. org/ 10. 1038/ s41598- 018- 25731-y (2018).
 83. Hubbell, S. P. in Monographs in Population Biology. The unified neutral theory of biodiversity and biogeography Vol. 32 Monographs 

in Population Biology i-xiv, 1–375 (2001).
 84. Dornelas, M., Connolly, S. R. & Hughes, T. P. Coral reef diversity refutes the neutral theory of biodiversity. Nature 440, 80–82. 

https:// doi. org/ 10. 1038/ natur e04534 (2006).
 85. Baselga, A. Partitioning the turnover and nestedness components of beta diversity. Glob. Ecol. Biogeogr. 19, 134–143. https:// 

doi. org/ 10. 1111/j. 1466- 8238. 2009. 00490.x (2010).
 86. Legendre, P. Interpreting the replacement and richness difference components of beta diversity. Glob. Ecol. Biogeogr. 23, 1324–

1334. https:// doi. org/ 10. 1111/ geb. 12207 (2014).
 87. Hollander, M. & Wolfe, D. A. Nonparametric statistical methods. Ergonomics 18, 701–702 (1975).
 88. Kohler, K. E. & Gill, S. M. Coral point count with excel extensions (CPCe): A visual basic program for the determination of 

coral and substrate coverage using random point count methodology. Comput. Geosci. 32, 1259–1269. https:// doi. org/ 10. 1016/j. 
cageo. 2005. 11. 009 (2006).

 89. Geller, J., Meyer, C., Parker, M. & Hawk, H. Redesign of PCR primers for mitochondrial cytochrome c oxidase subunit I for 
marine invertebrates and application in all-taxa biotic surveys. Mol. Ecol. Resour. 13, 851–861. https:// doi. org/ 10. 1111/ 1755- 
0998. 12138 (2013).

 90. Hao, X., Jiang, R. & Chen, T. Clustering 16S rRNA for OTU prediction: A method of unsupervised Bayesian clustering. Bioin-
formatics 27, 611–618. https:// doi. org/ 10. 1093/ bioin forma tics/ btq725 (2011).

 91. Callahan, B. J. et al. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581. https:// doi. 
org/ 10. 1038/ nmeth. 3869 (2016).

 92. A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2020).
 93. Ranwez, V., Harispe, S., Delsuc, F. & Douzery, E. J. P. MACSE: Multiple alignment of coding SEquences accounting for frameshifts 

and stop codons. PLoS ONE https:// doi. org/ 10. 1371/ journ al. pone. 00225 94 (2011).
 94. Machida, R. J., Leray, M., Ho, S. L. & Knowlton, N. Data Descriptor: Metazoan mitochondrial gene sequence reference datasets 

for taxonomic assignment of environmental samples. Sci. Data https:// doi. org/ 10. 1038/ sdata. 2017. 27 (2017).

https://doi.org/10.3389/fmars.2020.572680
https://doi.org/10.1038/s41558-018-0351-2
https://doi.org/10.1002/ecy.2092
https://doi.org/10.1002/ecy.2092
https://doi.org/10.1007/s00338-012-0998-5
https://doi.org/10.1038/s41598-021-95778-x
https://doi.org/10.1007/s00442-012-2306-z
https://doi.org/10.1007/s00442-012-2306-z
https://doi.org/10.3389/fmars.2020.557145
https://doi.org/10.3389/fmars.2020.557145
https://doi.org/10.1080/24701394.2020.1769087
https://doi.org/10.1080/24701394.2020.1769087
https://doi.org/10.1111/gcb.13962
https://doi.org/10.1007/s00338-017-1610-9
https://doi.org/10.7717/peerj.10200
https://doi.org/10.7717/peerj.10200
https://doi.org/10.1007/s00338-012-0886-z
https://doi.org/10.1073/pnas.2103275118
https://doi.org/10.7717/peerj.3410
https://doi.org/10.1371/journal.pone.0163939
https://doi.org/10.1038/nature06197
https://doi.org/10.1007/s12526-017-0791-3
https://doi.org/10.1038/s41598-020-70318-1
https://doi.org/10.1126/science.aaq1614
https://doi.org/10.1890/06-1730.1
https://doi.org/10.1038/srep28730
https://doi.org/10.1002/ecy.1666
https://doi.org/10.3354/meps09259
https://doi.org/10.1038/nature22901
https://doi.org/10.1016/j.marpolbul.2004.11.028
https://doi.org/10.1038/s41598-018-25731-y
https://doi.org/10.1038/nature04534
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/geb.12207
https://doi.org/10.1016/j.cageo.2005.11.009
https://doi.org/10.1016/j.cageo.2005.11.009
https://doi.org/10.1111/1755-0998.12138
https://doi.org/10.1111/1755-0998.12138
https://doi.org/10.1093/bioinformatics/btq725
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1371/journal.pone.0022594
https://doi.org/10.1038/sdata.2017.27


17

Vol.:(0123456789)

Scientific Reports |        (2022) 12:16944  | https://doi.org/10.1038/s41598-022-21304-2

www.nature.com/scientificreports/

 95. Wang, Q., Garrity, G. M., Tiedje, J. M. & Cole, J. R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the 
new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. https:// doi. org/ 10. 1128/ aem. 00062- 07 (2007).

 96. Generate High-Resolution Venn and Euler Plots v. 1.6.20 (2018).
 97. Ginestet, C. ggplot2: Elegant graphics for data analysis. J. R. Stat. Soc. Ser. Stat. Soc. 174, 245–245. https:// doi. org/ 10. 1111/j. 

1467- 985X. 2010. 00676_9.x (2011).
 98. McMurdie, P. J. & Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census 

data. PLoS ONE https:// doi. org/ 10. 1371/ journ al. pone. 00612 17 (2013).
 99. Anderson, M. J. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 26, 32–46. https:// doi. org/ 

10. 1111/j. 1442- 9993. 2001. 01070. pp.x (2001).
 100. Hervé, M. Testing and plotting procedures for biostatistics v. 0.9-79. Retrieved from https:// cran.r- proje ct. org/ web/ packa ges/ 

RVAid eMemo ire/ index. html (2021).
 101. De Caceres, M. & Legendre, P. Associations between species and groups of sites: Indices and statistical inference. Ecology 90, 

3566–3574. https:// doi. org/ 10. 1890/ 08- 1823.1 (2009).
 102. Legendre, P. & Anderson, M. J. Distance-based redundancy analysis: Testing multispecies responses in multifactorial ecological 

experiments. Ecol. Monogr. 69, 1–24. https:// doi. org/ 10. 1890/ 0012- 9615(1999) 069[0001: dbratm] 2.0. co;2 (1999).
 103. Roberts, D. Ordination and multivariate analysis for ecology v. 2.0-1. Retrieved from http:// ecolo gy. msu. monta na. edu/ labdsv/R 

(2019).
 104. Dray, S., Bauman, D., Blanchet, G., Borcard, D., Clappe, S., Guenard, G. &  Wagner, H. Adespatial: Multivariate multiscale spatial 

analysis v. 0.3-13. Retrieved from https:// cran.r- proje ct. org/ packa ge= adesp atial (2021).

Acknowledgements
We would like to thank the personnel from the Coastal and Marine Resources Core Lab and the Bioscience Core 
Lab from King Abdullah University of Science and Technology (KAUST) for logistical support and assistance 
in the final step of the Sanger sequencing. We acknowledge the contribution of the students and staff from the 
Reef Ecology Lab and Integrated Ocean Processes groups at KAUST who participated in field and laboratory 
work. We would also like to thank Ute Langner for the production of the map. We thank the contributions of 
the reviewers that help improve this manuscript. This work was funded by Saudi Aramco through the Saudi 
Aramco – KAUST Center for Marine Environmental Observations (SAKMEO).

Author contributions
B.J., M.L.B., R.V., and S.C. conceptualized the project. E.A., J.C., J.K.P., R.V., and S.C. participated in the formal 
analysis. B.J., D.L.C., M.L.B., and S.C. acquired the funding for the project. D.J.C., D.L.C., E.A., J.C., J.K.P., R.V., 
and S.C., participated in the field work or laboratory efforts. D.J.C., R.V., and S.C. organized the fieldwork cam-
paigns. B.J., M.L.B., and S.C. supervised the project. R.V. and S.C. wrote the original draft. All authors contributed 
meaningfully to reviewing and editing of the original draft.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 21304-2.

Correspondence and requests for materials should be addressed to S.C.

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1128/aem.00062-07
https://doi.org/10.1111/j.1467-985X.2010.00676_9.x
https://doi.org/10.1111/j.1467-985X.2010.00676_9.x
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://cran.r-project.org/web/packages/RVAideMemoire/index.html
https://cran.r-project.org/web/packages/RVAideMemoire/index.html
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1890/0012-9615(1999)069[0001:dbratm]2.0.co;2
http://ecology.msu.montana.edu/labdsv/R
https://cran.r-project.org/package=adespatial
https://doi.org/10.1038/s41598-022-21304-2
https://doi.org/10.1038/s41598-022-21304-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Inter-annual variability patterns of€reef cryptobiota in€the€central Red Sea across€a€shelf gradient
	Results
	Alpha diversity. 
	Beta-diversity. 
	Spatio-temporal indicators. 
	Environmental drivers shaping the spatio-temporal community patterns. 

	Discussion
	Temporal variability: responses to the 20152016 mass bleaching event. 
	Cross-shelf patterns. 

	Conclusions
	Methods
	Sampling design. 
	Environmental characterization. 
	Remote sensing data. 
	Reef surveys. 
	Deployment, recovery, and processing of ARMS. 
	Ethics declarations. 
	DNA extraction, amplification, and sequencing. 
	Barcoding. 
	Metabarcoding. 
	Bioinformatics. 
	Barcoding. 

	Metabarcoding – inference of amplicon sequence variant (ASV) and their taxonomic assignments. 

	Data analysis. 
	Analysis of diversity. 
	Patterns of community structure across a shelf gradient and time. 
	Environmental influences in community structure between reefs through time. 
	Beta diversity analyses. 


	References
	Acknowledgements


