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stabilizing force in both metapopulation and metacommunity ecology, promoting stability in 380 

metacommunity biomass and ecosystem function by decreasing intra-scale variability of 381 

abundances (Paine and Fenchel 1994, Holyoak and Lawler 1996, Wilcox et al. 2017). Predation 382 

pressure can be an important force toward preventing synchrony among communities and 383 

promoting compensatory oscillatory dynamics in metacommunities, even in systems with 384 

strongly synchronizing dispersal (Howeth and Leibold 2013). However, the extent of these 385 

effects depends strongly upon predator niche, distribution of predation pressure in time and 386 

space, and context of abiotic environmental variability, as predators can antithetically promote 387 

species and spatial patch synchrony via spatial coupling of dynamics (Howeth and Leibold 2010, 388 

2013, Firkowski et al. 2022).  389 

The documented spatial heterogeneity in experienced predation pressure from generalist 390 

mobile reef fishes across mat communities may significantly contribute to the maintenance of 391 

asynchrony in the dynamics of component communities in this cyanobacterial mat system via the 392 

creation of spatiotemporal complementarity in patterns of mat senescence (Fig. 1b). The need to 393 

further understand and incorporate trophic interactions into our understanding of mat 394 

metacommunity dynamics is critical, especially considering the increasingly dramatic 395 

environmental fluctuations experienced on reefs (i.e. massive pulse nutrient loadings; Firkowski 396 

et al. 2022). Trophic interactions may be a strong local-scale generator of asynchrony in 397 

community dynamics despite regional spatially synchronizing effects resulting from spatially 398 

correlated responses to environmental fluctuations driven by relatively low beta diversity among 399 

local mat communities (Cissell and McCoy unpublished manuscript), helping to maintain 400 

persistent mat cover at the scale of reef site. These data provide critical context toward explicitly 401 
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incorporating trophic interaction strengths and variability into predictions of site-level and 402 

regional dynamics (Paine 1992, 2002). 403 

 404 

The role of disturbance and the potential for top-down control 405 

 Disturbance events from both physical and biological processes are critical driving forces 406 

in the creation of spatiotemporal variability in the dynamics of natural communities (Sousa 407 

1984). Indeed, local-scale interactions, including predator-prey linkages  408 

(Livingston et al. 2017), are known to scale to the structure and function of entire communities 409 

and metacommunities (Baiser et al. 2013). Predatory interactions seem to be relevant 410 

mechanisms of disturbance for driving patterns across scales of organization in benthic 411 

cyanobacterial mats on coral reefs, from intra-mat scales (i.e. population-specific interactions 412 

from viral specialist predators (Cissell and McCoy 2022a), to whole community scales (i.e. 413 

generalist grazing from reef fishes [Fig. 3; Cissell et al. 2019]). Though strongly dependent upon 414 

the structure of the competitive network (Paine 1971), specialist predation is generally thought to 415 

have smaller direct effects on community and metacommunity stability (Howeth and Leibold 416 

2010), which might suggest that predation from reef fishes on mats may play an outsized role 417 

over viral predation in driving empirically observed community instability. We documented a 418 

diverse suite of grazers contributing to total mat community macropredatory pressure (Fig. 3). 419 

Because of differences in gape size and grazer physiology, significant differences in total 420 

foraging on mats among these different species of reef fishes suggests mats experience 421 

variability in both predation frequency and magnitude, which may in turn result in divergent 422 

physiological impacts to the mat intrinsically coupled to grazer identity (i.e., consumer trait-423 

mediated effects). 424 
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 Microbial mats that form in other ecosystems are generally long-lived owing to their 425 

capabilities for nutrient recycling and retention (e.g., months - years; Doemel and Brock 1977, 426 

Bolhuis et al. 2014, Stal et al. 2019). Reef cyanobacterial mats possess similar mechanisms 427 

promoting nutrient retention within the mat system (Cissell and McCoy 2021; Cissell & McCoy 428 

unpublished manuscript), suggesting the feasibility of an a priori hypothesis predicting 429 

individual mat persistence on reefs and a minimization of the predominance of bottom-up control 430 

for mature mat community decay. This, in-turn, suggests that observed patterns from dynamism 431 

in mat abundance could be attributed to top-down forcing. This is not to say that bottom-up 432 

forcing does not influence mat growth dynamics, as bottom-up processes have long been 433 

implicated in mediating cyanobacterial mat growth rates (Kuffner and Paul 2001), but rather 434 

suggests that mat community dissolution and site-wide abundance of distinct mat individuals can 435 

respond to top-down forcing. The striking instability of mats that we have observed empirically 436 

over this relatively short time-period suggests that mat communities readily respond to top-down 437 

disturbance from predation. This might imply that natural levels of predation experienced by mat 438 

communities impart strongly unidirectional outcomes on controlling mat communities, which is 439 

supported by the presence of a strong effect of top-down control in driving reductions of mat 440 

metacommunities in model simulations (Fig. 4).  441 

 The surprising outcomes from the coring experiment complicate the generalization of the 442 

role of top-down forcing in driving mat community dynamics by suggesting non-linearity in the 443 

response of mat prey to predation pressure. These experimental data, though, may help to 444 

contextualize the relative magnitude of naturally occurring predation pressure. The 445 

nonequilibrium maintenance of biodiversity has long been thought to be dependent upon the 446 

frequency and magnitude of disturbance acting upon the system (Connell 1978). Indeed non-447 
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specific disturbance (including from generalist predators), in addition to density-dependent 448 

specialist predation (Paine 1971, Hewson et al. 2003, Thingstad et al. 2014), can be critical in the 449 

promotion of species coexistence by preventing competitive exclusion (Sousa 1979). 450 

Cyanobacterial mats are mutualistic consortia that depend upon metabolic coupling among 451 

physiologically and trophically distinct populations for community persistence (Cissell & 452 

McCoy unpublished manuscript). Maintenance of biodiversity, then, is critical for mat 453 

persistence, which would suggest some intermediate level of disturbance may benefit the 454 

longevity of individual mat communities.  455 

Indeed, maintenance of high intra-mat biodiversity likely stabilizes mean community 456 

productivity and buffers variability in critical community functions in the face of relatively 457 

stochastic but extreme-in-magnitude environmental fluctuations from anthropogenically-derived 458 

terrestrial-based nutrient subsidies (i.e. the insurance hypothesis; Yachi and Loreau 1999, Ford et 459 

al. 2017). Stabilizing interactions (both immediate and cascading from pulse restructuring of 460 

interaction networks [Fazzino et al. 2019]) from exogenous predation may further benefit mat 461 

longevity by buffering mat communities against the destabilizing effects of extensive 462 

cooperation (May 1972, Allesina and Tang 2012, Coyte et al. 2015). The significantly increased 463 

longevity of those mats in the experimental coring treatment qualitatively supports this 464 

biodiversity maintenance hypothesis (Fig. 2b) and suggests that natural predation regimes 465 

experienced by mats on the reefs in Bonaire may be on the low side of intermediate. This may at 466 

first appear counterintuitive to the outputs from the model simulations, which suggest that 467 

moderate predation pressure (including empirically informed levels of fish predation) imparts 468 

significant mortality on mats and depreciation of metacommunity abundance, which would 469 

imply decreased longevity of component communities. However, importantly, these model 470 
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simulations necessarily exclude the existence of interactive effects among trophic events and 471 

growth rate (independently estimated and not dynamic) and were limited in assuming 472 

homogeneity of predation risk across axes of time and space. This homogeneity applied even for 473 

high-in-magnitude low-in-frequency disturbance events arising from the foraging behavior of 474 

goatfishes. Indeed, the ‘Low’ predation model simulations imposed control over mat 475 

metacommunity abundance from saturating at 100%. In other words, the ‘Medium’ predation 476 

scenario in the model assumed homogeneity of pressure across both time and space, which may 477 

have pushed these modeled scenarios beyond what may be typically viewed as ‘intermediate’ 478 

levels of disturbance. Additionally, model outputs approximated cover estimates at the level of 479 

metacommunity and did not track the dynamics of individual mat communities. In this way, the 480 

model more closely approximated the resolution of typical monitoring surveys and cannot make 481 

inference on the ability of the different parameterizations of predation risk to entirely remove 482 

individual mat communities. 483 

 Generalized metabolic cooperation may also be predicted to be detrimental to community 484 

stability by imposing an interdependence of population densities (May 1972, Allesina and Tang 485 

2012, Coyte et al. 2015, Hoek et al. 2016). If top-down control disrupts cooperative interactions, 486 

especially asynchronously (Paine and Fenchel 1994), then metabolic cooperation may become a 487 

double-edged sword due to the repercussions of decoupled cooperative interactions. 488 

Macropredation pressure on mats is necessarily heterogenous across an individual mat 489 

community ‘landscape’, and we found evidence to support that micropredation from viruses, too, 490 

is heterogenous across a mat community. Predation, then, could change local-scale linkages 491 

within mat communities, as is observed in experimental microbial metacommunities (Livingston 492 

et al. 2017) and synthetic metabolically-coupled microbial networks (Fazzino et al. 2019), 493 
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interacting with niche-based processes to drive metabolic asynchrony and promoting overall 494 

community instability. Instances of mat senescence have been observed radiating out from 495 

apparent bite scars, suggesting the potential for dynamics to be independent of discrete trophic 496 

events and instead linked to emergent higher order effects from cascading trophic influence 497 

(Figure S6). Within-mat patch dynamics could arise when space is opened from macropredation 498 

for recolonization (local-scale disturbance), which may interact with heterogeneity in predation 499 

frequency to promote intra-mat landscape mosaics of taxonomic and functional richness (Sousa 500 

1979, Paine and Levin 1981; Figure S7). Similar patchy patterns of diversity have previously 501 

been demonstrated in hot-spring cyanobacterial mats during recolonization following 502 

experimental disturbance (Ferris et al. 1996, 1997). Primary recolonization of bare substrate is 503 

likely predominantly pioneered by cyanobacterial species (Stal et al. 1985), likely shifting total 504 

mat stoichiometry in C:N:S via an apparent cyanobacterial bias.  505 

Niche plasticity within cyanobacterial mat component populations, however, may 506 

dampen any negative effects of stoichiometric shifts (Cissell & McCoy unpublished manuscript). 507 

Linkages among metabolic asynchrony, biodiversity maintenance, predation pressure, and 508 

community spatiotemporal asynchrony warrant further exploration across diverse systems with 509 

differing levels of predation pressure (i.e. varying biotic and abiotic context; Cissell et al. 2019, 510 

Ford et al. 2021, Ribeiro et al. 2022) to better understand the influence of predation in driving the 511 

structure and dynamics of cyanobacterial mat communities and metacommunities. 512 

 513 

The rescuing role of dispersal  514 

 Our simulations predict that strong dispersal can meaningfully rescue mat 515 

metacommunities from extinction even under scenarios of strong top-down pressure and growth-516 
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limiting bottom-up control (Fig. 4). Dispersal may be especially crucial in supporting mat 517 

metacommunity persistence during episodic periods of relatively stable top-down pressure and 518 

strong bottom-up control in generally oligotrophic reef environments experiencing periodic land-519 

based input (Brocke et al. 2015a, den Haan et al. 2016, Ford et al. 2017). The results of our 520 

theoretical model contribute to explaining the apparent decoupling of mat cover from targeted 521 

management actions tailored to increasing bottom-up control (i.e., limiting nutrient inputs) 522 

periodically observed (e.g., high documented high mat cover despite low nutrient loads and low 523 

Anthropogenic influence; Brocke et al. 2015a), as our results suggest that strong dispersal would 524 

facilitate this persistence at the metacommunity scale during periods of strong control on 525 

individual community persistence imposed by management practices (Fig. 4). Dispersal linkages 526 

were previously suggested to be present among cyanobacterial mat communities from molecular 527 

evidence demonstrating strong genomic conservation among spatially distinct mats (Cissell & 528 

McCoy unpublished manuscript). For cyanobacterial mats, predation, especially from mobile 529 

predators, may be an important mechanism promoting mat dispersal (Cissell et al. 2019, 2022). 530 

Predation by reef fishes has previously been suggested as an important vector of dispersal for 531 

endosymbiotic dinoflagellates of corals via grazing and subsequent fecal deposition (Grupstra et 532 

al. 2021), and consumer-mediated dispersal is more generally thought to be an important, yet 533 

understudied component of microbial community assembly and dynamics (Grupstra et al. 2022). 534 

In mats, foraging by reef fishes, and especially goatfishes, may also mechanically dislodge mats 535 

from the sediment surface into the water column to be dispersed via water movement, in addition 536 

to potential dispersal via fecal deposition. Further work is needed to better understand 537 

mechanisms of cyanobacterial mat dispersal across reef landscapes, as well as the temporal scope 538 
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of these rescuing effects (duration of strong control and maintenance of cover from dispersal 539 

linkages). 540 

 Taken all together, mats living at sediment surface may experience interesting and unique 541 

trade-offs. One side of the tradeoff could be likened to a pseudo-reversal of the paradox of 542 

enrichment (Rosenzweig 1971) – treating surface sediment as the enriched prey resource, then 543 

prey capitalization on increased resource availability (i.e. growing primarily at the surface) may 544 

directly lead to prey population collapse (reversal) from density-dependent predator response. In 545 

this sense, minimizing surface-sediment biomass available for opportunistic or targeting grazing 546 

would increase individual mat longevity. However, if predation is critical for mat dispersal, 547 

component community instability from predation may be necessary for long-term 548 

metacommunity persistence – suggesting mat dynamics may be more closely akin to the classic 549 

‘blinking lights’ models of metapopulation ecology describing the dynamics of short-lived 550 

populations (Levins 1969).  551 

 552 

Top-down vs. bottom-up control and the importance of scale 553 

 The focus on documenting the relative influence of top-down forcing on mat dynamics 554 

herein is not to ignore or minimize the empirically documented importance of bottom-up factors 555 

(primarily sediment-bound nutrient context), and physical factors more generally, in governing 556 

the dynamics of cyanobacterial mats on coral reefs (Kuffner and Paul 2001, Albert et al. 2005, 557 

Hallock 2005, Ahern et al. 2007, Brocke et al. 2015b, Tebbett et al. 2022). Indeed, many of the 558 

documented responses to top-down forcing likely interact with other highly relevant physical 559 

driving factors such as light availability, temperature, hydrodynamics, and sediment/intra-mat 560 

redox conditions. Regional-scale disturbance from physical wave energy and general 561 
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hydrodynamic turbulence on sediment topography (including scouring) have previously been 562 

suggested as important determinants of cyanobacterial mat distribution on coral reefs (Thacker 563 

and Paul 2001, Tebbett et al. 2022). The formation of sand ripples from water motion may 564 

altogether preclude mat formation, and disrupt patterns of persistence in mature mats, 565 

contributing to site-scale patterns in mat distribution and persistence. The opening of channels 566 

from local-scale top-down trophic events within the generally cohesive structural matrix binding 567 

mat communities may create areas more susceptible to physical disruption from water movement 568 

(from the formation of non-cohesive edges), which may interactively contribute to mat 569 

dynamism. Such trophic-mediated intra-mat channels may further alter redox conditions in the 570 

underlying sediment, as cover of reef cyanobacterial mats (Brocke et al. 2015a), and macrophyte 571 

cover more generally (Boros et al. 2011), are shown to have strong linkages with sediment redox 572 

potential. Shifting redox potential may strongly change the habit of physical mat manifestations 573 

and may drive mat communities deeper into the underlying sediment or promote the full 574 

disintegration of conspicuous mat structure from shifting nutrient settings.  575 

Though light availability at the sediment surface would maximize cyanobacterial 576 

photosynthetic efficiency, living subsurface may confer some benefits as described above in 577 

addition to protection from exposure from ultraviolet radiation which may damage critical 578 

photosynthetic machinery (Garcia-Pichel and Bebout 1996). Further, mat size at the surface 579 

across its lifespan is likely an emergent result of interactions among predation pressure, 580 

hydrodynamic setting, and benthic nutrient supply, with a likely positive covariance among areal 581 

extension and experienced predation pressure (primarily from reef fishes). 582 

 This discussion raises an additional interesting point concerning the manifestation of mat 583 

‘death’ presented herein. Our assessment of mat death was reliant upon conspicuous 584 
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manifestations that were observable to the naked eye, namely the disappearance of conspicuous 585 

mat matrix from the surface sediment. Indeed, viable microbial cells may still be present from 586 

the mat community but may not be visible or may have migrated subsurface. Surface vs. 587 

subsurface manifestations of mats may be likened to ‘life-stages’ of mats that are coupled to 588 

immediate abiotic and biotic context and history. Further exploration of cell integrity / viability 589 

associated with the disappearance of conspicuous surface level cyanobacterial mat biomass is 590 

necessary to resolve how closely the disappearance of conspicuous mat matrix can be associated 591 

with true ‘death’ of individual mat communities. 592 

 Collectively, these data indicate that both top-down and bottom-up forcing should be 593 

considered when constructing general frameworks toward understanding the dynamics of 594 

cyanobacterial mats on coral reefs, and that scale - both in ecological organization and physical 595 

space - likely matters when determining the relevance of trophic forcing directionality. 596 

Understanding how trophic dynamics interact with mat cover across scales is critical toward the 597 

creation of well-informed management strategies for controlling standing mat biomass, and for 598 

preventing the formation of new mat biomass on reefs (Ethan C. Cissell and McCoy 2022). 599 

 600 

Synthesis and future recommendations 601 

 Here, we showed that coral reef benthic cyanobacterial mat metacommunities are 602 

temporally stable despite dramatic instability in component community patches across short time 603 

scales (Fig. 1). This decoupling of extinction risk across scales is likely linked to spatiotemporal 604 

asynchrony in the dynamics of component patches, which may, in part, be driven by 605 

heterogeneity in predation pressure across communities (Fig. 3). Predation pressure may not 606 

drive unidirectional outcomes in benthic cyanobacterial mat dynamics, though, with field 607 
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experiments demonstrating a decreased instantaneous mortality rate of mats in response to 608 

increased predation pressure (Fig. 2b), potentially mediated via disturbance-diversity 609 

relationships. Dispersal may also play a strong role in driving the dynamics of mat 610 

metacommunities and is predicted in simulation modeling to confer a rescue effect to mat cover 611 

under scenarios of strong top-down and bottom-up control (Fig. 4). These data establish critical 612 

baselines and generate hypotheses relevant to ecologists and managers alike on the processes 613 

maintaining cyanobacterial dominance of coral reefs. We recommend that future work on 614 

cyanobacterial mat metacommunities focus increasingly on 1) explicitly understanding 615 

spatiotemporal variability in fluctuations among taxonomically (and, perhaps more interestingly, 616 

functionally) distinct populations within local communities and among similar populations 617 

within the broader metapopulation toward further parsing the implicit hierarchical variance 618 

structure across these distinct yet linked levels of ecological organization (sensu Wang and 619 

Loreau 2014, Hammond et al. 2020); 2) identifying the relevant mechanisms and spatial 620 

structure of dispersal (as previously recommended in Cissell et al. 2022); 3) working toward 621 

understanding the link between the stability in metacommunity biomass reported here, and both 622 

the mean and spatiotemporal variance in mat metacommunity functional ecology (i.e., 623 

metacommunity scale DOC release, N2 fixation, etc.; Brocke et al. 2015b, 2018, Cissell & 624 

McCoy unpublished manuscript); and 4) working toward quantifying the linkage strengths of 625 

trophic interrelations reported herein using classic removal experiments to further disentangle the 626 

importance of coupled dynamical trophic modules vs competitive linkages previously reported 627 

(Thacker et al. 2001, Puyana et al. 2019) in structuring benthic cyanobacterial mat 628 

metacommunity demography on coral reefs (Paine 1980). 629 

 630 
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FIGURE CAPTIONS: 865 

Figure 1. a, Barplots of site-scale proportional cover of cyanobacterial mats across sampling 866 

dates. Error bars correspond to standard error around the mean for each sampling date. 867 

Horizontal dashed line denotes mean cover across sampling dates. b, Line plot of cumulative 868 

percent of component communities dead across sampling dates. Rug barplots show individual 869 

mat death counts across dates (scaling axis not shown). 870 

 871 

Figure 2. a, Probability of individual community death by treatment inclusion. Large circles 872 

denote mean probability of a mat community dying in each treatment; error bars represent SE. 873 

Individual points are binomial outcomes corresponding to if a mat died during the study period 874 

(0) or not (1). b, Exponential survival curves from benthic cyanobacterial mats subject to natural 875 

grazing pressure (Unmanipulated [U]; gray) vs mats experimentally wounded (Wounded [W]; 876 

pink) demonstrating reduction in instantaneous mortality rate with increased predation. Raw 877 

points (jittered vertically) show individual mat outcomes (binomial; 1=survival, 0=death). 878 

 879 

Figure 3. Boxplots of bite count (#) by fish species. Data for Pseudupeneus maculatus and 880 

Mulloidichthys martinicus represent total number of forays that disturbed cyanobacterial mat 881 

biomass and not bites (see Section 5.2. Materials & Methods). TP and IP designation next to 882 

species names on y-axis denote Terminal Phase and Initial Phase respectively. Colors and 883 

silhouettes broadly group species by taxonomic family (i.e. Mullidae, Pomacanthidae, 884 

Acanthuridae, Scaridae, Pomacentridae from top to bottom). Fish silhouettes are from 885 

R::fishualize.  886 

 887 
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Figure 4. Outputs from model simulations showing mean (from n=100 separate model 888 

simulations each) trajectory of cyanobacterial mat cover across the 1.25km2 model grid area over 889 

365 days. Plots are faceted by different parameterizations of growth rate across the X axis, and 890 

different parameterizations of predation rate across the Y axis. Different parameterizations of 891 

dispersal rate are encoded in different line colors. Lines do not represent statistical regressions, 892 

and are present to aid in trend visualization.893 
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FIGURES: 894 

Figure 1. 895 
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Figure 2. 898 
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Figure 3. 901 
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Figure 4. 905 
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