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How coral reefs maintain high diversity and productivity in oligo-
trophic tropical oceans – often termed “Darwin’s paradox” – re-
mains poorly understood (1–3). Both pelagic subsidies (2) and 
internal energy and nutrient cycling (3) have been put forward as 
drivers of productivity on reefs, but their relative importance is 
not resolved. 

Fishes form the largest reservoir of consumer biomass on 
reefs and are involved in most internal energy and nutrient fluxes 
(4), but they also bridge the pelagic-reef interface during their lar-
val development (5) and may therefore subsidize reefs with pe-
lagic productivity (6). Over the past two decades, larval dispersal 
pathway reconstruction (7, 8) has revealed the importance of lar-
val dynamics for reef-fish ecology, evolution, and conservation 
(9–11). However, the role of larval stages in coral-reef ecosystem 
functioning remains virtually unknown. 

Integrating published surveys of coral-reef fish larvae, new 
data on adult reef-fish communities, and a theoretical population 
model (12), we demonstrate that cryptobenthic reef fishes (a 
group of 17 reef-associated fish families characterized by species 
<50mm in length (12, 13)) play a previously unrecognized, but 
critically important role in coral-reef ecosystem functioning, 
which hinges on their unique larval dynamics, rapid growth, and 
extreme mortality. 

Cryptobenthic larvae greatly outnumber large reef-fish larvae 
near coral reefs (Fig. 1) despite limited adult reproductive out-
puts. As more gametes produce more larvae, family-specific larval 
abundance predictably increases with gamete output for both 

cryptobenthic and large reef fishes (calculated from adult densi-
ties, fecundity, and spawning frequency (12, 14)). However, the 
respective slopes differ drastically, with the relationship for cryp-
tobenthics being over an order of magnitude steeper than for 
large reef fishes (Fig. 2 and table S1), which is consistent across 
locations (Australia, Belize, and French Polynesia). We found no 
statistical evidence for effects of pelagic larval duration (i.e., the 
time larvae spend in the plankton) or broadcast (i.e., eggs re-
leased into the water column) versus benthic clutch spawning 
(i.e., distinct clutches of guarded eggs) on larval supply (Table S2) 
despite the high prevalence of benthic clutch spawning in crypto-
benthics. Furthermore, the difference in slopes was robust to var-
iability in the input data, including increases in spawning 
frequency for cryptobenthics (fig. S2 and tables S3 and S4) and 
uncertainties in the body-mass fecundity relationship, adult den-
sities, and larval composition (figs. S3 to S5). Thus, cryptobenthics 
are disproportionally more successful at converting adult gam-
etes into larval supply, which likely underpins their extreme abun-
dance in the nearshore ichthyoplankton. 

The abundance of cryptobenthic larvae, despite limited gam-
ete output, may provide the continuous (15) and copious inflow 
of larvae that is assumed necessary for adult population mainte-
nance in small, short-lived reef fishes (16). Our results show that 
this, in turn, forms the basis of a critical energy and nutrient pump 
that operates across the reef-pelagic interface and may help ex-
plain the enigmatic productivity of coral-reef ecosystems (Fig. 3). 
Using a demographic model that simulates the daily arrival, 
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How coral reefs survive as oases of life in low-productivity oceans has puzzled scientists for centuries. The answer may lie in 
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exceptional larval supply from the pelagic environment. Specifically, cryptobenthics account for two-thirds of reef-fish larvae in 
the near-reef pelagic zone, despite limited adult reproductive outputs. This overwhelming abundance of cryptobenthic larvae 
fuels reef trophodynamics via rapid growth and extreme mortality, producing almost 60% of consumed reef fish biomass. While 
cryptobenthics are commonly overlooked, their unique demographic dynamics may make them a cornerstone of ecosystem 
functioning on modern coral reefs. 
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growth, and death of larval recruits from all reef-fish families over 
one year (fig. S6), we estimate that juvenile and adult cryptoben-
thics provide most (57.5 ± 0.1% SE) of the consumed fish biomass 
on reefs. However, due to extreme mortality rates and small sizes, 
cryptobenthics appear to make negligible contributions to net 
productivity and standing fish biomass (Fig. 3C), which mirrors 
empirical evidence (17). Standing biomass is the most commonly 
quantified metric of ecosystem functioning on reefs (18). Yet, it 
does not capture the striking turnover in cryptobenthic popula-
tions (693.1 ± 2.7% SE, annually) that is enabled by their extraor-
dinary demographic dynamics. Thus, cryptobenthics represent 
the ‘dark productivity’ of coral reefs, which fuels reef-fish biomass 
production but is rarely perceived because it is consumed almost 
as quickly as it is produced. 

This role of cryptobenthics is empirically reflected in their ex-
treme mortality (up to 70% per week (19, 20) and their consump-
tion by virtually any predator capable of eating them (20, 21). 
While the community-wide representation of cryptobenthics in 
fish diets frequently appears lower than the ~58% identified 
herein (22), their true contribution to coral reef trophodynamics 
may be obscured by (i) rapid digestion, precluding reliable visual 
identification (23), (ii) predation on cryptobenthics by inverte-
brates (21), which are fed on by larger fishes, and (iii) predation 
on cryptobenthics by juvenile predatory fishes (e.g., cryptoben-
thics comprise up to 88.6% of fish prey for juvenile groupers (24, 
25)), which are rarely included in community-wide dietary anal-
yses. 

The key to the unique demographic dynamics of cryptoben-
thics and their productivity might be a shift away from long-range 
dispersal toward retention of larvae in the immediate vicinity of 
natal (home) reefs. Four lines of evidence, along with our findings, 
support this hypothesis. First, larval dispersal models show that 
larval supply easily maintains adult populations in large-bodied, 
long-lived reef fishes (7). Conversely, small-bodied, short-lived 
taxa appear unable to sustain local populations, even when active 
swimming by larvae is considered (7); yet, cryptobenthic popula-
tions persist. Near-complete retention of cryptobenthic larvae 
close to natal reefs may solve this paradox. Second, driven by ol-
factory and auditory cues, cryptobenthic larvae show stronger na-
tal homing than similarly sized large reef fishes (26) and can have 
very short dispersal distances (27). Third, cryptobenthic larvae 
have limited yolk sacs and ingest prey immediately after hatching, 
indicating dependence on resource-rich, near-reef environments 
(8, 28). Finally, remaining close to natal reefs during development 
should result in fine-scale genetic structuring. With few excep-
tions (29), this is observed in cryptobenthic fishes (10, 26, 30). 
Collectively, this suggests that the ‘pelagic’ larvae of most crypto-
benthics remain close to their natal reefs (31), resulting in prodi-
gious near-reef abundances and a unique role of cryptobenthics 
for coral-reef ecosystem functioning. 

Larval retention may lead to two evolutionary consequences: 

(i) rapid speciation through micro-allopatry, arising from re-
stricted gene flow among populations and frequent reproductive 
isolation (10, 32, 33), and (ii) a higher risk of extinction than com-
monly assumed for small marine fishes (34), since populations can 
easily become ephemeral and disappear following stochastic en-
vironmental changes (35). If these processes scale up to macro-
evolutionary levels, cryptobenthics should be phylogenetically 
rare but species-rich. Indeed, this is the case. Few reef-fish fami-
lies have successfully adopted cryptobenthic lifestyles and there 
are only two major diversification events (Fig. 4): the larger Blen-
niiformes and the Gobiaria (gobies and apogonids). Nevertheless, 
these lineages are among the most rapidly-diversifying clades of 
actinopterygian fishes (36) and cryptobenthics collectively ac-
count for almost half (44.5%) of total reef-fish biodiversity (Fig. 4) 
(13). 

In summary, through their extraordinary larval dynamics, 
rapid growth, and extreme mortality, the hyperdiverse consor-
tium of abundant, tiny, and short-lived cryptobenthic species ap-
pears to be a critical functional group on coral reefs. The ‘dark 
productivity’ provided by cryptobenthics underpins reef-fish bio-
mass production and supports the characteristic fast-paced dy-
namics of modern coral reefs. 

REFERENCES AND NOTES 
1. C. Crossland, B. Hatcher, S. Smith, Role of coral reefs in global ocean production. 

Coral Reefs 10, 55–64 (1991). doi:10.1007/BF00571824 
2. C. Richter, M. Wunsch, M. Rasheed, I. Kötter, M. I. Badran, Endoscopic 

exploration of Red Sea coral reefs reveals dense populations of cavity-dwelling 
sponges. Nature 413, 726–730 (2001). doi:10.1038/35099547 Medline 

3. J. M. de Goeij, D. van Oevelen, M. J. A. Vermeij, R. Osinga, J. J. Middelburg, A. F. 
P. M. de Goeij, W. Admiraal, Surviving in a marine desert: The sponge loop 
retains resources within coral reefs. Science 342, 108–110 (2013). 
doi:10.1126/science.1241981 Medline 

4. J. E. Allgeier, D. E. Burkepile, C. A. Layman, Animal pee in the sea: Consumer-
mediated nutrient dynamics in the world’s changing oceans. Glob. Chang Biol. 
23, 2166–2178 (2017). doi:10.1111/gcb.13625 Medline 

5. J. M. Leis, U. Siebeck, D. L. Dixson, How Nemo finds home: The neuroecology of 
dispersal and of population connectivity in larvae of marine fishes. Integr. 
Comp. Biol. 51, 826–843 (2011). doi:10.1093/icb/icr004 Medline 

6. J. E. Allgeier, K. E. Speare, D. E. Burkepile, Estimates of fish and coral larvae as 
nutrient subsidies to coral reef ecosystems. Ecosphere 9, e02216 (2018). 
doi:10.1002/ecs2.2216 

7. R. K. Cowen, C. B. Paris, A. Srinivasan, Scaling of connectivity in marine 
populations. Science 311, 522–527 (2006). doi:10.1126/science.1122039 
Medline 

8. S. E. Swearer, J. E. Caselle, D. W. Lea, R. R. Warner, Larval retention and 
recruitment in an island population of a coral-reef fish. Nature 402, 799–802 
(1999). doi:10.1038/45533 

9. O. C. Salles, B. Pujol, J. A. Maynard, G. R. Almany, M. L. Berumen, G. P. Jones, P. 
Saenz-Agudelo, M. Srinivasan, S. R. Thorrold, S. Planes, First genealogy for a 
wild marine fish population reveals multigenerational philopatry. Proc. Natl. 
Acad. Sci. U.S.A. 113, 13245–13250 (2016). doi:10.1073/pnas.1611797113 
Medline 

10. M. S. Taylor, M. E. Hellberg, Genetic evidence for local retention of pelagic 
larvae in a Caribbean reef fish. Science 299, 107–109 (2003). 
doi:10.1126/science.1079365 Medline 

11. G. R. Almany, S. Planes, S. R. Thorrold, M. L. Berumen, M. Bode, P. Saenz-
Agudelo, M. C. Bonin, A. J. Frisch, H. B. Harrison, V. Messmer, G. B. Nanninga, 
M. A. Priest, M. Srinivasan, T. Sinclair-Taylor, D. H. Williamson, G. P. Jones, 

on M
ay 24, 2019

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.1007/BF00571824
http://dx.doi.org/10.1038/35099547
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11607030&dopt=Abstract
http://dx.doi.org/10.1126/science.1241981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24092742&dopt=Abstract
http://dx.doi.org/10.1111/gcb.13625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28217892&dopt=Abstract
http://dx.doi.org/10.1093/icb/icr004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21562025&dopt=Abstract
http://dx.doi.org/10.1002/ecs2.2216
http://dx.doi.org/10.1126/science.1122039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16357224&dopt=Abstract
http://dx.doi.org/10.1038/45533
http://dx.doi.org/10.1073/pnas.1611797113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27799530&dopt=Abstract
http://dx.doi.org/10.1126/science.1079365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12511651&dopt=Abstract
http://science.sciencemag.org/


First release: 23 May 2019  www.sciencemag.org  (Page numbers not final at time of first release) 3 
 

Larval fish dispersal in a coral-reef seascape. Nat. Ecol. Evol. 1, 148 (2017). 
doi:10.1038/s41559-017-0148 Medline 

12. Materials and Methods are available in the supplementary materials. 
13. S. J. Brandl, C. H. R. Goatley, D. R. Bellwood, L. Tornabene, The hidden half: 

Ecology and evolution of cryptobenthic fishes on coral reefs. Biol. Rev. Camb. 
Philos. Soc. 93, 1846–1873 (2018). doi:10.1111/brv.12423 Medline 

14. K. Kasimatis, C. Riginos, A phylogenetic analysis of egg size, clutch size, 
spawning mode, adult body size, and latitude in reef fishes. Coral Reefs 35, 
387–397 (2016). doi:10.1007/s00338-015-1380-1 

15. C. D. Lefèvre, K. L. Nash, A. González-Cabello, D. R. Bellwood, Consequences of 
extreme life history traits on population persistence: Do short-lived gobies 
face demographic bottlenecks? Coral Reefs 35, 399–409 (2016). 
doi:10.1007/s00338-016-1406-3 

16. M. Caley, M. H. Carr, M. A. Hixon, T. P. Hughes, G. P. Jones, B. A. Menge, 
Recruitment and the local dynamics of open marine populations. Annu. Rev. 
Ecol. Syst. 27, 477–500 (1996). doi:10.1146/annurev.ecolsys.27.1.477 

17. M. Depczynski, C. J. Fulton, M. J. Marnane, D. R. Bellwood, Life history patterns 
shape energy allocation among fishes on coral reefs. Oecologia 153, 111–120 
(2007). doi:10.1007/s00442-007-0714-2 Medline 

18. N. A. J. Graham, S. Jennings, M. A. MacNeil, D. Mouillot, S. K. Wilson, Predicting 
climate-driven regime shifts versus rebound potential in coral reefs. Nature 
518, 94–97 (2015). doi:10.1038/nature14140 Medline 

19. M. Depczynski, D. R. Bellwood, Extremes, plasticity, and invariance in 
vertebrate life history traits: Insights from coral reef fishes. Ecology 87, 3119–
3127 (2006). doi:10.1890/0012-9658(2006)87[3119:EPAIIV]2.0.CO;2 Medline 

20. M. A. Steele, G. E. Forrester, Early postsettlement predation on three reef 
fishes: Effects on spatial patterns of recruitment. Ecology 83, 1076–1091 
(2002). doi:10.1890/0012-9658(2002)083[1076:EPPOTR]2.0.CO;2 

21. C. H. Goatley, A. González-Cabello, D. R. Bellwood, Small cryptopredators 
contribute to high predation rates on coral reefs. Coral Reefs 36, 207–212 
(2017). doi:10.1007/s00338-016-1521-1 

22. R. W. Hiatt, D. W. Strasburg, Ecological relationships of the fish fauna on coral 
reefs of the Marshall Islands. Ecol. Monogr. 30, 65–127 (1960). 
doi:10.2307/1942181 

23. B. Beukers-Stewart, G. Jones, The influence of prey abundance on the feeding 
ecology of two piscivorous species of coral reef fish. J. Exp. Mar. Biol. Ecol. 299, 
155–184 (2004). doi:10.1016/j.jembe.2003.08.015 

24. J. St John; J. St. John, Ontogenetic changes in the diet of coral reef grouper 
Plectropomus leopardus (Serranidae): Patterns in taxa, size and habitat of 
prey. Mar. Ecol. Prog. Ser. 180, 233–246 (1999). doi:10.3354/meps180233 

25. C. K. C. Wen, M. C. Bonin, H. B. Harrison, D. H. Williamson, G. P. Jones, Dietary 
shift in juvenile coral trout (Plectropomus maculatus) following coral reef 
degradation from a flood plume disturbance. Coral Reefs 35, 451–455 (2016). 
doi:10.1007/s00338-016-1398-z 

26. G. Gerlach, J. Atema, M. J. Kingsford, K. P. Black, V. Miller-Sims, Smelling home 
can prevent dispersal of reef fish larvae. Proc. Natl. Acad. Sci. U.S.A. 104, 858–
863 (2007). doi:10.1073/pnas.0606777104 Medline 

27. C. C. D’Aloia, S. M. Bogdanowicz, R. K. Francis, J. E. Majoris, R. G. Harrison, P. 
M. Buston, Patterns, causes, and consequences of marine larval dispersal. 
Proc. Natl. Acad. Sci. U.S.A. 112, 13940–13945 (2015). 
doi:10.1073/pnas.1513754112 Medline 

28. J. E. Majoris, F. A. Francisco, J. Atema, P. M. Buston, Reproduction, early 
development, and larval rearing strategies for two sponge-dwelling neon 
gobies, Elacatinus lori and E. colini. Aquaculture 483, 286–295 (2018). 
doi:10.1016/j.aquaculture.2017.10.024 

29. G. M. Cooke, T. E. Schlub, W. B. Sherwin, T. J. Ord, Understanding the spatial 
scale of genetic connectivity at sea: Unique insights from a land fish and a 
meta-analysis. PLOS ONE 11, e0150991 (2016). 
doi:10.1371/journal.pone.0150991 Medline 

30. C. Riginos, B. C. Victor, Larval spatial distributions and other early life-history 
characteristics predict genetic differentiation in eastern Pacific blennioid 
fishes. Proc. Biol. Sci. 268, 1931–1936 (2001). doi:10.1098/rspb.2001.1748 
Medline 

31. M. W. Brogan, Distribution and retention of larval fishes near reefs in the Gulf 

of California. Mar. Ecol. Prog. Ser. 115, 1–13 (1994). doi:10.3354/meps115001 
32. R. Winterbottom, R. H. Hanner, M. Burridge, M. Zur, A cornucopia of cryptic 

species - a DNA barcode analysis of the gobiid fish genus Trimma 
(Percomorpha, Gobiiformes). ZooKeys 381, 79–111 (2014). 
doi:10.3897/zookeys.381.6445 Medline 

33. C. Riginos, Y. M. Buckley, S. P. Blomberg, E. A. Treml, Dispersal capacity 
predicts both population genetic structure and species richness in reef fishes. 
Am. Nat. 184, 52–64 (2014). doi:10.1086/676505 Medline 

34. W. J. Ripple, C. Wolf, T. M. Newsome, M. Hoffmann, A. J. Wirsing, D. J. 
McCauley, Extinction risk is most acute for the world’s largest and smallest 
vertebrates. Proc. Natl. Acad. Sci. U.S.A. 114, 10678–10683 (2017). 
doi:10.1073/pnas.1702078114 Medline 

35. D. R. Bellwood, A. H. Baird, M. Depczynski, A. González-Cabello, A. S. Hoey, C. 
D. Lefèvre, J. K. Tanner, Coral recovery may not herald the return of fishes on 
damaged coral reefs. Oecologia 170, 567–573 (2012). doi:10.1007/s00442-
012-2306-z Medline 

36. T. J. Near, A. Dornburg, R. I. Eytan, B. P. Keck, W. L. Smith, K. L. Kuhn, J. A. 
Moore, S. A. Price, F. T. Burbrink, M. Friedman, P. C. Wainwright, Phylogeny 
and tempo of diversification in the superradiation of spiny-rayed fishes. Proc. 
Natl. Acad. Sci. U.S.A. 110, 12738–12743 (2013). 
doi:10.1073/pnas.1304661110 Medline 

37. S. J. Brandl, L. Tornabene, C. H..R. Goatley, J. M. Casey, R. A. Morais, I. M. Côté, 
Carole C. Baldwin, V. Parravicini, N. M. D. Schiettekatte, D. R. Bellwood, Data 
and code for: Demographic dynamics of the smallest marine vertebrates fuel 
coral-reef ecosystem functioning (2019): 
https://doi.org/10.5281/zenodo.2575005. 

38. A. J. Cheal, M. Emslie, M. M. Aaron, I. Miller, H. Sweatman, Spatial variation in 
the functional characteristics of herbivorous fish communities and the 
resilience of coral reefs. Ecol. Appl. 23, 174–188 (2013). doi:10.1890/11-
2253.1 Medline 

39. A. L. Green, D. R. Bellwood, Monitoring Functional Groups of Herbivorous Reef 
Fishes As Indicators of Coral Reef Resilience: A Practical Guide for Coral Reef 
Managers in the Asia Pacific Region (IUCN, 2009). 

40. J. M. Leis, Larval fish assemblages near Indo-Pacific coral reefs. Bull. Mar. Sci. 
53, 362–392 (1993). 

41. J. M. Leis, “Is Dispersal of Larval Reef Fishes Passive?” in Ecology of Fishes on 
Coral Reefs (Cambridge University Press, Cambridge, 2015), pp. 222–226. 

42. S. Sponaugle, “Recruitment of Coral Reef Fishes: Linkages Across Stages” in 
Ecology of Fishes on Coral Reefs (Cambridge University Press, Cambridge, 
2015), pp. 28–33. 

43. J. H. Choat, P. J. Doherty, B. A. Kerrigan, J. M. Leis, A comparison of towed nets, 
purse seine, and light-aggregation devices for sampling larvae and pelagic 
juveniles of coral reef fishes. Fish Bull. 91, 195–209 (1993). 

44. P. J. Doherty, Light-traps: Selective but useful devices for quantifying the 
distributions and abundances of larval fishes. Bull. Mar. Sci. 41, 423–431 
(1987). 

45. A. Rohatgi, WebPlotDigitizer (2018); https://automeris.io/WebPlotDigitizer/. 
46. J. L. Ackerman, D. R. Bellwood, Reef fish assemblages: A re-evaluation using 

enclosed rotenone stations. Mar. Ecol. Prog. Ser. 206, 227–237 (2000). 
doi:10.3354/meps206227 

47. S. J. Brandl, J. M. Casey, N. Knowlton, J. E. Duffy, Marine dock pilings foster 
diverse, native cryptobenthic fish assemblages across bioregions. Ecol. Evol. 7, 
7069–7079 (2017). doi:10.1002/ece3.3288 Medline 

48. D. R. Robertson, J. Van Tassell, Fishes: Greater Caribbean, a Guide to 
Shorefishes of the Caribbean and Adjacent Areas (Version 1.0, 2015); 
https://biogeodb.stri.si.edu/caribbean/en/pages. 

49. D. W. Greenfield, An overview of the dwarfgobies, the second most speciose 
coral-reef fish genus (Teleostei: Gobiidae: Eviota). Journal of the Ocean Science 
Foundation 29, 32–54 (2017). 

50. G. J. Edgar, R. D. Stuart-Smith, Systematic global assessment of reef fish 
communities by the Reef Life Survey program. Sci. Data 1, 140007 (2014). 
doi:10.1038/sdata.2014.7 Medline 

51. J. Ackerman, D. Bellwood, Comparative efficiency of clove oil and rotenone for 
sampling tropical reef fish assemblages. J. Fish Biol. 60, 893–901 (2002). 

on M
ay 24, 2019

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.1038/s41559-017-0148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28812625&dopt=Abstract
http://dx.doi.org/10.1111/brv.12423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29736999&dopt=Abstract
http://dx.doi.org/10.1007/s00338-015-1380-1
http://dx.doi.org/10.1007/s00338-016-1406-3
http://dx.doi.org/10.1146/annurev.ecolsys.27.1.477
http://dx.doi.org/10.1007/s00442-007-0714-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17436023&dopt=Abstract
http://dx.doi.org/10.1038/nature14140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25607371&dopt=Abstract
http://dx.doi.org/10.1890/0012-9658(2006)87%5b3119:EPAIIV%5d2.0.CO;2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17249236&dopt=Abstract
http://dx.doi.org/10.1890/0012-9658(2002)083%5b1076:EPPOTR%5d2.0.CO;2
http://dx.doi.org/10.1007/s00338-016-1521-1
http://dx.doi.org/10.2307/1942181
http://dx.doi.org/10.1016/j.jembe.2003.08.015
http://dx.doi.org/10.3354/meps180233
http://dx.doi.org/10.1007/s00338-016-1398-z
http://dx.doi.org/10.1073/pnas.0606777104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17213323&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1513754112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26508628&dopt=Abstract
http://dx.doi.org/10.1016/j.aquaculture.2017.10.024
http://dx.doi.org/10.1371/journal.pone.0150991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27195493&dopt=Abstract
http://dx.doi.org/10.1098/rspb.2001.1748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11564350&dopt=Abstract
http://dx.doi.org/10.3354/meps115001
http://dx.doi.org/10.3897/zookeys.381.6445
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24624015&dopt=Abstract
http://dx.doi.org/10.1086/676505
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24921600&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1702078114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28923917&dopt=Abstract
http://dx.doi.org/10.1007/s00442-012-2306-z
http://dx.doi.org/10.1007/s00442-012-2306-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22447198&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1304661110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23858462&dopt=Abstract
http://dx.doi.org/10.1890/11-2253.1
http://dx.doi.org/10.1890/11-2253.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23495645&dopt=Abstract
https://automeris.io/WebPlotDigitizer/
http://dx.doi.org/10.3354/meps206227
http://dx.doi.org/10.1002/ece3.3288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28904784&dopt=Abstract
https://biogeodb.stri.si.edu/caribbean/en/pages
http://dx.doi.org/10.1038/sdata.2014.7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25977765&dopt=Abstract
http://science.sciencemag.org/


First release: 23 May 2019  www.sciencemag.org  (Page numbers not final at time of first release) 4 
 

doi:10.1111/j.1095-8649.2002.tb02416.x 
52. M. J. Emslie, A. J. Cheal, M. A. MacNeil, I. R. Miller, H. P. A. Sweatman, Reef 

fish communities are spooked by scuba surveys and may take hours to 
recover. PeerJ 6, e4886 (2018). doi:10.7717/peerj.4886 Medline 

53. L. C. Dickens, C. H. R. Goatley, J. K. Tanner, D. R. Bellwood, Quantifying relative 
diver effects in underwater visual censuses. PLOS ONE 6, e18965 (2011). 
doi:10.1371/journal.pone.0018965 Medline 

54. C. C. Baldwin, The phylogenetic significance of colour patterns in marine 
teleost larvae. Zool. J. Linn. Soc. 168, 496–563 (2013). doi:10.1111/zoj.12033 
Medline 

55. A. S. Grutter, S. P. Blomberg, B. Fargher, A. M. Kuris, M. I. McCormick, R. R. 
Warner, Size-related mortality due to gnathiid isopod micropredation 
correlates with settlement size in coral reef fishes. Coral Reefs 36, 549–559 
(2017). doi:10.1007/s00338-016-1537-6 

56. A. O. Debrot, I. Nagelkerken, A rare mass recruitment of the balloonfish 
(Diodon holocanthus L.) in the Leeward Dutch Antilles. Caribb. J. Sci. 33, 284–
286 (1997). 

57. H. Valles, S. Sponaugle, H. Oxenford, Larval supply to a marine reserve and 
adjacent fished area in the Soufriere Marine Management Area, St Lucia, West 
Indies. J. Fish Biol. 59, 152–177 (2001). 

58. R. Froese, D. Pauly, FishBase (2017); www.fishbase.de. 
59. D. R. Robertson, Differences in the seasonalities of spawning and recruitment 

of some small neotropical reef fishes. J. Exp. Mar. Biol. Ecol. 144, 49–62 (1990). 
doi:10.1016/0022-0981(90)90019-9 

60. S. J. Brandl, D. R. Bellwood, Pair-formation in coral reef fishes: An ecological 
perspective. Oceanogr. Mar. Biol. Annu. Rev. 52, 1–80 (2014). 

61. O. J. Luiz, A. P. Allen, D. R. Robertson, S. R. Floeter, M. Kulbicki, L. Vigliola, R. 
Becheler, J. S. Madin, Adult and larval traits as determinants of geographic 
range size among tropical reef fishes. Proc. Natl. Acad. Sci. U.S.A. 110, 16498–
16502 (2013). doi:10.1073/pnas.1304074110 Medline 

62. F. Cribari-Neto, A. Zeileis, Beta regression in R. J. Stat. Softw. 34, 1–24 (2010). 
doi:10.18637/jss.v034.i02 

63. S. Ferrari, F. Cribari-Neto, Beta regression for modelling rates and proportions. 
J. Appl. Stat. 31, 799–815 (2004). doi:10.1080/0266476042000214501 

64. P. C. Bürkner, brms: An R package for Bayesian multilevel models using Stan. 
J. Stat. Softw. 80, 1–28 (2016). 

65. A. Vehtari, A. Gelman, J. Gabry, loo: Efficient leave-one-out cross-validation 
and WAIC for Bayesian models (R package version 0.1, 6, 2016); URL. 

66. R. McElreath, Statistical Rethinking: A Bayesian course with Examples in R and 
Stan (Chapman and Hall/CRC, London, 2018). 

67. Stan Development Team, Stan Modeling Language Users Guide and Reference 
Manual, Version 2.18.0 (2018); https://mc-stan.org/. 

68. R Core Team, R: A language and environment for statistical computing (R 
Foundation for Statistical Computing, Vienna, Austria, YEAR); https://www.R-
project.org/ 

69. Stan Development Team, RStan: R Interface to Stan (R package version 2.14. 
1, 2016); https://cran.r-project.org/web/packages/rstan/index.html. 

70. R. A. Morais, D. R. Bellwood, Global drivers of reef fish growth. Fish Fish. 19, 
874–889 (2018). doi:10.1111/faf.12297 

71. R. Hilborn, C. J. Walters, Quantitative Fisheries Stock Assessment: Choice, 
Dynamics and Uncertainty (Springer, New York, 1992). 

72. D. Pauly, On the interrelationships between natural mortality, growth 
parameters, and mean environmental temperature in 175 fish stocks. ICES J. 
Mar. Sci. 39, 175–192 (1980). doi:10.1093/icesjms/39.2.175 

73. G. R. Almany, M. S. Webster, The predation gauntlet: Early post-settlement 
mortality in reef fishes. Coral Reefs 25, 19–22 (2006). doi:10.1007/s00338-
005-0044-y 

74. C. H. R. Goatley, D. R. Bellwood, Body size and mortality rates in coral reef 
fishes: A three-phase relationship. Proc. Biol. Sci. 283, 20161858 (2016). 
doi:10.1098/rspb.2016.1858 Medline 

75. S. Wood, Package ‘mgcv’ (R package version 1, 29, 2015); URL. 
76. M. A. Hixon, J. P. Beets, Predation, prey refuges, and the structure of coral‐

reef fish assemblages. Ecol. Monogr. 63, 77–101 (1993). doi:10.2307/2937124 
77. G. E. Forrester, Factors influencing the juvenile demography of a coral reef fish. 

Ecology 71, 1666–1681 (1990). doi:10.2307/1937576 
78. M. A. Hixon, M. H. Carr, Synergistic predation, density dependence, and 

population regulation in marine fish. Science 277, 946–949 (1997). 
doi:10.1126/science.277.5328.946 

79. S. J. Holbrook, R. J. Schmitt, Competition for shelter space causes density‐
dependent predation mortality in damselfishes. Ecology 83, 2855–2868 
(2002). doi:10.1890/0012-9658(2002)083[2855:CFSSCD]2.0.CO;2 

80. P. F. Sale, Connectivity, recruitment variation, and the structure of reef fish 
communities. Integr. Comp. Biol. 44, 390–399 (2004). 
doi:10.1093/icb/44.5.390 Medline 

81. M. Depczynski, D. R. Bellwood, Shortest recorded vertebrate lifespan found in 
a coral reef fish. Curr. Biol. 15, R288–R289 (2005). 
doi:10.1016/j.cub.2005.04.016 Medline 

82. M. H. Carr, T. W. Anderson, M. A. Hixon, Biodiversity, population regulation, 
and the stability of coral-reef fish communities. Proc. Natl. Acad. Sci. U.S.A. 99, 
11241–11245 (2002). doi:10.1073/pnas.162653499 Medline 

83. R. Betancur-R, R. E. Broughton, E. O. Wiley, K. Carpenter, J. A. López, C. Li, N. I. 
Holcroft, D. Arcila, M. Sanciangco, J. C. Cureton Ii, F. Zhang, T. Buser, M. A. 
Campbell, J. A. Ballesteros, A. Roa-Varon, S. Willis, W. C. Borden, T. Rowley, P. 
C. Reneau, D. J. Hough, G. Lu, T. Grande, G. Arratia, G. Ortí, The tree of life and 
a new classification of bony fishes. PLOS Curr. 5, 
ecurrents.tol.53ba26640df0ccaee75bb165c8c26288 (2013). Medline 

84. L. J. Revell, phytools: An R package for phylogenetic comparative biology (and 
other things). Methods Ecol. Evol. 3, 217–223 (2012). doi:10.1111/j.2041-
210X.2011.00169.x 

85. E. Paradis, J. Claude, K. Strimmer, APE: Analyses of phylogenetics and evolution 
in R language. Bioinformatics 20, 289–290 (2004). 
doi:10.1093/bioinformatics/btg412 Medline 

86. L. J. Harmon, J. T. Weir, C. D. Brock, R. E. Glor, W. Challenger, GEIGER: 
Investigating evolutionary radiations. Bioinformatics 24, 129–131 (2008). 
doi:10.1093/bioinformatics/btm538 Medline 

87. D. Orme, The caper package: comparative analysis of phylogenetics and 
evolution in R (R package version 5, 1–36, 2013). 

88. M. J. Kingsford, Spatial and temporal variation in predation on reef fishes by 
coral trout (Plectropomus leopardus, Serranidae). Coral Reefs 11, 193–198 
(1992). doi:10.1007/BF00301993 

89. K. Longenecker, R. Langston, Life history of the Hawaiian blackhead triplefin, 
Enneapterygius atriceps (Blennioidei, Tripterygiidae). Environ. Biol. Fishes 73, 
243–251 (2005). doi:10.1007/s10641-004-5332-9 

90. J. A. Morris, J. L. Akins, Feeding ecology of invasive lionfish (Pterois volitans) in 
the Bahamian archipelago. Environ. Biol. Fishes 86, 389–398 (2009). 
doi:10.1007/s10641-009-9538-8 

91. J. E. Randall, Food habits of reef fishes of the West Indies. Stud. Trop. 
Oceanogr. 5, 655–847 (1967). 

92. E. Hyslop, Stomach contents analysis—A review of methods and their 
application. J. Fish Biol. 17, 411–429 (1980). doi:10.1111/j.1095-
8649.1980.tb02775.x 

93. N. V. Polunin, “Trophodynamics of reef fisheries productivity” in Reef Fisheries 
(Chapman & Hall, London, 1996). 

94. J. A. Khan, C. H. R. Goatley, S. J. Brandl, S. B. Tebbett, D. R. Bellwood, Shelter 
use by large reef fishes: Long-term occupancy and the impacts of disturbance. 
Coral Reefs 36, 1123–1132 (2017). doi:10.1007/s00338-017-1604-7 

95. M. A. MacNeil, N. A. J. Graham, J. E. Cinner, S. K. Wilson, I. D. Williams, J. Maina, 
S. Newman, A. M. Friedlander, S. Jupiter, N. V. C. Polunin, T. R. McClanahan, 
Recovery potential of the world’s coral reef fishes. Nature 520, 341–344 
(2015). doi:10.1038/nature14358 Medline 

ACKNOWLEDGMENTS 

We thank V Huertas, S Degregori and the staff of CRIOBE, Lizard Island, and 
Carrie Bow Caye for field support; S Vignieri, K Wilson, R Streit for editorial 
support and comments. Funding: Funding was provided by the BNP Paribas 
Foundation (VP), the Agence National de la Recherche (VP, SJB, DRB), the 
Smithsonian Institution’s TMON (SJB), the National Science and Engineering 
Research Council of Canada (IMC, SJB) and the Australian Research Council 

on M
ay 24, 2019

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.1111/j.1095-8649.2002.tb02416.x
http://dx.doi.org/10.7717/peerj.4886
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29844998&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0018965
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21533039&dopt=Abstract
http://dx.doi.org/10.1111/zoj.12033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24039297&dopt=Abstract
http://dx.doi.org/10.1007/s00338-016-1537-6
http://www.fishbase.de/
http://dx.doi.org/10.1016/0022-0981(90)90019-9
http://dx.doi.org/10.1073/pnas.1304074110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24065830&dopt=Abstract
http://dx.doi.org/10.18637/jss.v034.i02
http://dx.doi.org/10.1080/0266476042000214501
https://mc-stan.org/
https://www.r-project.org/
https://www.r-project.org/
https://cran.r-project.org/web/packages/rstan/index.html
http://dx.doi.org/10.1111/faf.12297
http://dx.doi.org/10.1093/icesjms/39.2.175
http://dx.doi.org/10.1007/s00338-005-0044-y
http://dx.doi.org/10.1007/s00338-005-0044-y
http://dx.doi.org/10.1098/rspb.2016.1858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27798308&dopt=Abstract
http://dx.doi.org/10.2307/2937124
http://dx.doi.org/10.2307/1937576
http://dx.doi.org/10.1126/science.277.5328.946
http://dx.doi.org/10.1890/0012-9658(2002)083%5b2855:CFSSCD%5d2.0.CO;2
http://dx.doi.org/10.1093/icb/44.5.390
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21676724&dopt=Abstract
http://dx.doi.org/10.1016/j.cub.2005.04.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15854891&dopt=Abstract
http://dx.doi.org/10.1073/pnas.162653499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12177430&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23653398&dopt=Abstract
http://dx.doi.org/10.1111/j.2041-210X.2011.00169.x
http://dx.doi.org/10.1111/j.2041-210X.2011.00169.x
http://dx.doi.org/10.1093/bioinformatics/btg412
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14734327&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btm538
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18006550&dopt=Abstract
http://dx.doi.org/10.1007/BF00301993
http://dx.doi.org/10.1007/s10641-004-5332-9
http://dx.doi.org/10.1007/s10641-009-9538-8
http://dx.doi.org/10.1111/j.1095-8649.1980.tb02775.x
http://dx.doi.org/10.1111/j.1095-8649.1980.tb02775.x
http://dx.doi.org/10.1007/s00338-017-1604-7
http://dx.doi.org/10.1038/nature14358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25855298&dopt=Abstract
http://science.sciencemag.org/


First release: 23 May 2019  www.sciencemag.org  (Page numbers not final at time of first release) 5 
 

(DRB). This is contribution 35 from the Smithsonian’s MarineGEO Network. 
Author contributions: SJB, CHRG, LT, DRB conceived the study; SJB, JMC, 
CHRG, VP, RAM, CCB, NMDS collected data; SJB, RAM, NMDS, LT analyzed 
the data; SJB wrote the first draft and all authors contributed. Competing 
interests: None. Data availability: Data and code will be available on Zenodo 
(DOI: 10.5281/zenodo.2575005) upon publication (37). 

SUPPLEMENTARY MATERIALS 
science.sciencemag.org/cgi/content/full/science.aav3384/DC1 
Materials and Methods 
Supplementary Text 
Figs. S1 to S6 
Tables S1 to S6 
References (38–95) 
Raw Data and Code 
 
6 September 2018; accepted 7 May 2019 
Published online 23 May 2019 
10.1126/science.aav3384 
 

on M
ay 24, 2019

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://science.sciencemag.org/


First release: 23 May 2019  www.sciencemag.org  (Page numbers not final at time of first release) 6 
 

 
  

Fig. 1. Global dominance of cryptobenthic reef fishes in the near-reef ichthyoplankton. (A) Cryptobenthic larvae (blue) 
account for two-thirds (65.7%) of the larval reef-fish pool <10km from reefs, while large reef-fish larvae (light grey) dominate 
>10 km from reefs. Crossbars represent predicted medians (± 95% credible intervals) from a Bayesian beta-regression model; 
circles represent the raw data (12). (B) The high proportion of cryptobenthics (colored pie slices) in the near-reef 
ichthyoplankton is consistent across major biogeographic coral reef regions. Dots represent separate studies. (C) Average 
contribution of reef-fish taxa to global near-reef ichthyoplankton. The three highest contributing taxa are cryptobenthic, 
represented by photographs of adult Eviota infulata (Gobiidae), Scartella cristata (Blenniiformes–Blenniidae), and 
Cheilodipterus quinquelineatus (Apogonidae). Families contributing <0.1% were omitted for clarity. 
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Fig. 2. Differences in the relationship between larval supply and adult gamete 
output for cryptobenthic and large reef fishes. Dashed lines and ribbons 
represent predicted fits from a Bayesian beta-regression model (± 95% credible 
intervals); circles (broadcast spawners) and diamonds (demersal brooders) 
represent raw data averaged across three sampling locations (± standard errors 
[SE]). Both axes represent proportional shares.  
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Fig. 3. Ecosystem-scale effects of the demographic dynamics of cryptobenthic reef fishes. (A) Cryptobenthics far outnumber 
large reef fishes in cohorts of larvae that recruit to reefs. (B) At settlement, large reef-fish recruits are, on average, slightly 
larger than cryptobenthics. (C) Cryptobenthics contribute little (~13%) to net biomass production but produce almost 60% 
of consumed reef-fish biomass via exceptionally high turnover. (D) Standing stock biomass of large reef fishes far outweighs 
that of cryptobenthics, although adult abundances are approximately even. (E) Despite higher gamete output from large 
reef fishes, cryptobenthic larvae dominate the near-reef ichthyoplankton. This restarts the ‘crypto-pump’ through rapid 
replenishment of consumed individuals. Uncertainty estimates are based on 100 iterations of the full model. 
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 Fig. 4. Phylogenetic positioning and species richness in cryptobenthic and large reef fishes. (A) 
Cryptobenthic reef fishes (blue) have few independent origins, but account for almost half of all reef-fish 
species (2,799 species). Black = reef fish taxa; Grey = non-reef fish taxa (following (13). Bubble sizes (A) and 
bars (B) represent species richness within all taxa and cryptobenthic families specifically. Arrow in (B) indicates 
cumulative richness in the Blenniiformes. 
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