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Abstract: 

In an era of global change, the fate and form of reef habitats will depend on shifting 

assemblages of organisms and their responses to multiple stressors. Multiphyletic assemblages of 

calcifying and bioeroding species contribute to a dynamic balance between constructive and 

erosive processes, and reef-framework growth occurs only when calcium-carbonate deposition 

exceeds erosion. Each contributing species exhibits a unique combination of environmental 

sensitivities, trophic needs, and competitive abilities, making the net outcome of their habitat-

altering behavior difficult to predict. In this study, standardized blocks of clean, massive Porites 

were placed at six reef sites in the eastern tropical Pacific, in the strongly and more weakly 

upwelling Gulfs of Panamá (GoP) and Chiriquí (GoC), respectively. Sites were instrumented to 

characterize the unique thermal and carbonate-chemistry conditions of each gulf. Satellite 

products were used to examine differences in sea-surface productivity, and surveys were 

conducted to quantify the abundance of important grazing taxa. After two years in situ, the 

Porites blocks were collected and scanned using high-resolution computed tomography (CT) to 

volumetrically quantify both endolithic and epilithic habitat alteration. Scan-volumes were 

further classified into functional groups according to morphology to quantify external bioerosion 

by fish and sea urchins, as well as the calcifying and bioeroding activity of crustose coralline 

algae, scleractinian corals, mollusks, annelids, and barnacles. The GoP, which has higher 

productivity, cooler temperatures, and periodically lower pH conditions, had higher rates of 

macroboring, but also higher rates of calcification. These unexpectedly higher rates of 

calcification in the GoP were a result of high recruitment of suspension-feeding taxa, particularly 

barnacles and vermetid gastropods that have poor reef-forming potential. External bioerosion by 

grazers was the dominant process influencing these dead coral substrates across both gulfs, 

ultimately contributing to higher rates of net erosion in the GoC and underscoring the important 

roles that urchins and fish play in not just removing algae on reefs, but also eroding reef habitat. 

Ultimately these findings reveal that the trophic requirements of habitat-altering taxa are closely 

tied to reef-framework stability, and that environmental conditions conducive to carbonate 

precipitation are not necessarily those that will lead to habitat persistence. 

 

Key words: coral reef, calcification, bioerosion, upwelling, eutrophication, habitat loss  
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Introduction: 

The high biodiversity and biomass for which coral reefs are well-known are inexorably 

linked to a complex three-dimensional structure that provides essential shelter and habitat for the 

associated biota. This reef framework is primarily composed of the calcium carbonate skeletons 

of scleractinian corals, but other plants and animals, including crustose coralline algae, mollusks, 

and hydrocorals that form, bind, and cement these structures into place (Perry and Hepburn 

2008). Biological breakdown of reef carbonates, termed bioerosion, occurs at many different 

scales (Glynn and Manzello 2015). Diverse microboring species dissolve networks of 

microscopic cavities (<100 µm), whereas macroboring fauna use mechanical and chemical 

techniques to create boreholes and anastomosing chambers that can be a centimeter in diameter. 

On the surface of the reef, epilithic bioerosion occurs as animals such as parrotfish and sea 

urchins scrape and bite away at carbonates while grazing for food. 

Quantifying the balance of these accretionary and erosive processes, such as through the 

use of Bioerosion Accretion Replicates (BARs, Enochs et al. 2016), is paramount to predicting 

the persistence of reef habitats (Glynn and Manzello 2015) and ultimately the goods and services 

supplied by these important ecosystems (Moberg and Folke 1999). Large declines in coral cover 

over the last several decades (Gardner et al. 2003, De'ath et al. 2012) have been accompanied by 

a loss of reef-framework (Alvarez-Filip et al. 2009) as rates of erosion have begun to exceed 

calcification. Today, many reefs exhibit diminished growth potential and, going forward, may 

not be able to keep up with rising sea levels (Yates et al. 2017, Perry et al. 2018).  

Factors contributing to this dire situation are numerous and range in scale from acute 

regional stressors to chronic global problems. With respect to accretion, extreme temperature has 

led to the mortality of important calcifying taxa (Baker et al. 2008, Lirman et al. 2011), while 

ocean acidification (OA) is slowing the rate at which many species can deposit calcium 

carbonate (Chan and Connolly 2013). High primary productivity and reduced macroalgal grazing 

can also lead to competitive exclusion, reduced settlement, and depressed calcification of corals, 

which generally thrive in oligotrophic waters (Tomascik and Sander 1985, McCook 1999). 

Bioerosion is similarly dynamic, and the factors that impede coral calcification often 

accelerate erosion as well. For example, mass coral die-offs related to thermal anomalies have 

been correlated with higher abundances of bioeroding sponges due to the increased availability 

of suitable dead coral skeletons for settlement (Chaves-Fonnegra et al. 2018), and OA is known 

to accelerate the rate at which bioeroders chemically dissolve reef substrates (Tribollet et al. 

2009, Enochs et al. 2016). The prevalence of heterotrophic macroboring species has been shown 

to be elevated in eutrophic waters with elevated bacterioplankton food sources (Rose and Risk 

1985), whereas autotrophic microboring taxa may respond directly to elevated inorganic 

nutrients (Carreiro-Silva et al. 2009). 

The magnitude and direction of the responses of both reef accretion and bioerosion to 

environmental changes are, however, complicated by real-world complexity. Different species 

and functional groups may respond differently to stress based on environmental tolerances, 

behaviors, or trophic requirements (Enochs and Glynn 2016). For example, whereas OA may 

accelerate microboring (Tribollet et al. 2009), it is not presently thought to directly alter external 

bioerosion by fish and urchins, demonstrating the complexity of how different groups of 

bioeroders may respond to environmental stressors. Furthermore, species and functional groups 

do not exist in isolation; they can compete for space or food, or even prey upon each other. 

Addressing the impact of a single stressor on multiple interacting taxa may, therefore, lead to a 

myopic view of taxon-level responses. Species considered a priori to be environmentally resilient 
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may be strongly and unexpectedly impacted, and the strong, stressor-specific responses of an 

individual taxon may not manifest in detectable alteration to the ecosystem. These inherent non-

linear feedbacks and quirks of complexity may ultimately drive ecosystem outcomes that are 

different from the simple sum of the parts. For example, with respect to OA-driven acceleration 

of microboring, when the impact of external bioerosion was considered simultaneously, the 

effect of OA was no longer detectable, potentially due to grazers removing the upper millimeter 

of substrate, where much of the phototrophic microboring occurred (Enochs et al. 2016). 

Similarly, environmental stressors rarely occur in isolation. Simultaneous exposure to multiple 

stressors can lead to non-additive responses, including both synergistic and antagonistic reactions 

that are difficult to predict (Darling and Côté 2008). 

To better understand the fate of reef habitats in response to environmental change, it is 

important to consider co-occurring stressors influencing multiple, interacting species. Naturally 

extreme environments can provide insights into how ecosystems will respond to anthropogenic 

stress, while incorporating levels of complexity that are orders of magnitude higher than 

currently can be replicated in a laboratory setting. For example, natural CO2 enrichment due to 

volcanic vents can force coral reefs into alternative states or produce remarkable diversity, 

depending on a combination of local factors (Fabricius et al. 2011, Inoue et al. 2013, Enochs et 

al. 2015). Careful characterization of communities within these environments can help to reveal 

the processes underlying resilience and help to predict persistence, alteration, or collapse 

(Enochs et al. 2016). 

Previous studies have used carbonate blocks and two-dimensional image analysis to 

investigate how multispecies assemblages influence reef-habitat persistence (Davies and 

Hutchings 1983, Peyrot-Clausade et al. 1992, Chazottes et al. 1995, Reaka-Kudla et al. 1996, 

Tribollet et al. 2002, Tribollet and Golubic 2005). More recently, micro-CT has been applied to 

carbonate blocks to measure changes in net accretion and erosion volumetrically (Silbiger et al. 

2014), as well as the individual contribution of functional groups (Enochs et al. 2016). Here we 

examine these processes within a natural upwelling gradient across two Panamanian gulfs in the 

eastern tropical Pacific (ETP), which differ in temperature, productivity, and carbonate-

chemistry dynamics (Glynn and Maté 1997, Manzello et al. 2008, Randall et al. 2020). We 

deployed blocks of dead coral skeletons for two years and used CT scanning and 3D volumetric 

delineation to characterize the impacts of a multiphyletic assemblage of organisms on a natural 

reef substrate within each of these gulfs. We used these data to evaluate the likelihood of reef-

habitat persistence under global change in oceanographically dynamic environments like the 

ETP. This study, to our knowledge, represents the first analysis in which CT was used to three-

dimensionally quantify not only functional groups, but also the high-level taxonomic 

composition of organisms contributing to macroboring and accretion.  

 

Methods: 

Three coral reef sites were chosen in each of the two gulfs along the Pacific coast of 

Panamá: Saboga, Contadora, and Pedro González in the Gulf of Panamá (GoP), which 

experience strong seasonal upwelling; and Uva, Canales de Tierra, and Coiba the Gulf of 

Chiriquí (GoC), which experience weak upwelling events and has historically been considered a 

non-upwelling system (Figure 1). Upwelling in the GoP occurs during the dry season from mid-

December through April and is associated with strong trade winds moving across the Isthmus of 

Panamá (Glynn and Maté 1997, D'Croz and O'Dea 2007). 
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Environmental and ecological data: 

Temperature loggers (HOBO® Pro v2, Onset) were deployed at each site and recorded 

seawater temperature every 15 minutes from March 2016–March 2018. Records were used to 

calculate daily means at the site level and were averaged to obtain daily means for each gulf 

Monthly mean chlorophyll-a was derived from satellite products (MODIS, 4.6 km, Hu et al. 

2012) for each site, and for the entirety of each gulf, in order to describe seasonal variation in 

productivity over this same period. Satellite data were not obtained during months in which the 

sea surface was not visible due to cloud cover. Long-term pCO2 loggers (SAMI-CO2, Sunburst 

Sensors) were deployed at one site per gulf (Saboga and Uva in the GoP and GoC, respectively) 

in order to describe carbonate-chemistry dynamics. The periods of successful data collection for 

the carbonate chemistry (GoP: August 2015–June 2016 and March–September 2018; GoC: 

August 2015–April 2016 and March–October 2018) did not coincide completely with the other 

measured parameters but captured the full seasonal cycle in CO2 associated with the upwelling 

gradient. Parrotfish and sea-urchin surveys (n = 4–8) were conducted within 4 x 25 m belt 

transects haphazardly placed (at least 5 m apart) within the same depth zone as the BARs at each 

site in the Spring of 2018 and 2019. A trained observer first swam slowly along each transect and 

recorded the number and species of parrotfishes observed within the 4 x 25 m area. A second 

observer then recorded the number and species of urchins within the same area, being careful to 

look within cryptic areas of the reef framework. Because we did not estimate the sizes of these 

taxa, the data do not provide a direct measurement of grazing intensity. Instead, we utilized these 

data as an estimate of differences in grazer densities between gulfs. 

 

Bioerosion accretion replicates: 

BARs were constructed from cleaned and dried Porites skeletons to examine the 

persistence of reef carbonates. Standardized slices of Porites skeletons were made by vertically 

bisecting cylinders (10 cm diameter by 1.5 cm thick) that were cut from cores in the U.S. 

Geological Survey Core Archive (https://doi.org/10.5066/F7319TR3) that originated from 

Hawaii. The semicircular coral slices were epoxied to larger PVC discs, with a hole for 

attachment drilled in each PVC disc (Figure 2A). Assembled BARs were dried at 60 °C for 24 h, 

weighed on an analytical balance (0.0001 g precision, Ohaus) and scanned using computed 

tomography (CT, Siemens Volume Zoom, 0.1-mm slice thickness). 

BARs were affixed to existing reef framework, dominated by branching corals in the 

genus Pocillopora, using rebar stakes and hose clamps (Figure 2A). At each site, 10 BARs were 

haphazardly positioned within the upper reef slope (~3 m below mean sea level), separated by ~5 

m, over a total planar area less than 1000 m2. BARs were collected after incubating for two years 

in the field, from March 2016 to March 2018. Photos were taken of the top of each BAR in 

March 2018 and the epibenthic cover was classified under 30 random points using CoralNet 

(Beijbom et al. 2015). The epibenthic categories were annelids, barnacles, mollusks, macroalgae, 

turf algae, crustose coralline algae, bare space, and other. Organic material was removed using 

dilute (15%) hydrogen peroxide for 48 h and gentle abrasion, to avoid dislodging fragile 

calcified structures. The PVC bases were more rigorously scrubbed to remove all calcifying 

material that had not originally settled directly on the carbonate block. The blocks were then 

dried at 60 °C for 24 h and reweighed on an analytical balance. 

BARs were CT-scanned following deployment, and the bioerosion and/or accretion by 

functional groups was digitally isolated using Amira software (Thermo Fisher Scientific, see 

Enochs et al. 2016). Briefly, new carbonate materials on the surface of the BARs were classified 



6 
 

as accretion, whereas voids formed within the BAR were attributed to macroboring. External 

bioerosion was determined as the change in the external volume of the BAR, not inclusive of 

newly accreted substrate. It is not possible to determine if this volume contained macroboring or 

new accretion prior to removal by grazers, and the contributions of these functional groups may 

therefore be underrepresented. The density of the remaining Porites skeleton, which was not 

discernibly eroded by macroborers, was interpolated from mean intensity (in Houndsfield units), 

calibrated against the intensity of six aragonite-density standards that were scanned using the 

same scan settings (Enochs et al. 2016). Changes in scan density after deployment reflect the net 

outcome of processes influencing carbonate skeletons, such as cementation, as well as biotic and 

abiotic dissolution, on a finer scale than detected using volumetric quantification of CT scans. 

Accretion and macroboring were further classified according to the taxonomy of the 

causative agents as inferred from their taphonomic signatures. Accretion was split into material 

added by crustose coralline algae (CCA), barnacles, vermetid mollusks, and corals. Macroboring 

was divided into bivalve excavations and worm-like burrows. The latter burrows were simply 

labeled ‘annelid’ as we were unable to assess the taxonomy of those traces. Given the two-year 

BAR deployment, however, we assume that the majority of this erosion was due to the activity of 

polychaetes, which are more often present in the earlier stages of macroborer succession than 

sipunculid worms (reviewed in Hutchings 2008). Observations from the Galápagos support this 

assumption (Reaka-Kudla et al. 1996). 

 

Statistical analysis: 

All statistical analyses were run using R (R Team 2008) with RStudio (RStudio Team 

2015). Differences in total grazer density (urchins and parrotfish) were tested between gulfs 

using Kruskal-Wallis rank-sum tests. Generalized linear models (GLMs) were run on the 

response variables (both carbonate alteration and surface cover) using the most appropriate 

distribution, determined using the fitdistrplus package (Delignette-Muller and Dutang 2015). For 

the purposes of analysis, data were adjusted when necessary to positive values (for lognormal 

and exponential distributions) or to positive proportions (for gamma distributions). Plots were 

created using the ggplot2 package (Wickham 2016). The lubridate package (Grolemund and 

Wickham 2011) was employed to visualize time-series data. Summary statistics for 

environmental conditions for the sites and gulfs were calculated using plyr (Wickham 2011). 

Principal Component Analyses (PCAs) were used to explore trends in sites and, 

separately, BARs in multivariate space with the vegan package (Oksanen et al. 2019). 

Environmental variables, including mean temperature, variance in temperature, chlorophyll-a 

concentration, and the densities of grazing taxa were used to construct ordination axes, and sites 

were scored. In a separate PCA, accretion/erosion rates of different functional groups were used 

to construct ordination axes, and each BAR was scored.  
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Results: 

Site and gulf characteristics: 

Dry-season upwelling in the GoP was accompanied by a drop in temperature to a low of 

17.9 °C and an average of 25.1 ± 2.5 °C (mean ± SD), compared to a wet-season average of 28.6 

± 0.6 °C (Figure 3, Appendix S1: Table S1). Temperatures in the GoC remained relatively stable, 

and were similar to those observed during the wet season in the GoP, with averages of 28.9 ± 

0.7°C and 28.8 ± 0.7°C in the dry and wet seasons, respectively (Figure 3, Appendix S1: Table 

S1). Productivity, from satellite-derived chlorophyll-a, was higher in the GoP throughout the 

year and peaked in the dry season, concurrent with low water temperatures (Figure 3, Appendix 

S1: Table S1). CO2 dynamics were more complex and highly variable, although they generally 

mirrored gulf-averaged productivity in the GoP (Figure 3, Appendix S1: Table S1). Interestingly, 

short-term variability in pCO2 (over hours to days) was qualitatively greater in the GoC (Figure 

3), although this was not captured in the reported variances due to the greater seasonal 

fluctuations (Appendix S1: Table S1). Sea-urchin assemblages were dominated by Diadema 

mexicanum, which exhibited especially high densities at Contadora (Appendix S1: Figure S1, 

Table S1). The most abundant parrotfish species was Scarus ghobban, which reached its highest 

(but also highly variable) densities at Coiba (0.17 ± 0.21 ind m-2; Appendix S1: Figure S1, Table 

S1). Although there was some spatial variability in the densities of some of the scarcer grazing 

taxa, no significant differences were detected between gulfs in total sea-urchin densities (χ2 = 

1.6169, df = 1, P = 0.2035) or total parrotfish densities (χ2 = 0.95791, df = 1, P = 0.3277; 

Appendix S1: Figure S1, Table S1). 

 

Epibenthic cover: 

Algae comprised the majority of the epibenthic cover of the BARs. There were no 

significant differences in algal cover between the gulfs, with only Uva and Coiba falling out as 

having significantly higher cover within the GoC (Appendix S1: Figure S2, Tables S2, S3). The 

cover of crustose coralline algae and bare substrate were also not significantly different between 

gulfs and no among-site differences were detected (Appendix S1: Figure S2, Tables S2, S3). 

Sessile invertebrate suspension-feeders, including barnacles, annelids, and mollusks, were 

present primarily in the GoP where productivity was higher, although their distribution was 

highly variable. As a result, there were no significant differences in their abundances among sites 

or gulfs (Appendix S1: Figure S2, Tables S2, S3). 

 

Carbonate alteration: 

BARs in the GoC lost significantly more carbonate material by mass (-1328.2 ± 1974.0 g 

m-2 yr-1; mean ± SD) than in the GoP (-232.4 ± 861.1 g m-2 yr-1; P = 0.0005), and there were no 

significant among-site differences detected within gulfs (Figure 4, Appendix S1: Tables S4, S5). 

The density of the dead and unbored Porites skeleton, however, exhibited the opposite pattern, 

with a significantly higher density increase in the GoC (103.9 ± 54.2 g m-2 yr-1) than in the GoP 

(31.8 ± 54.6 g m-2 yr-1; P = 0.0003; Figure 4, Appendix S1: Tables S4, S5). Again, there were no 

significant differences detected among sites (Figure 4, Appendix S1: Tables S4, S5). There was a 

strong correlation between net change in mass and volume within each gulf (Figure 4), and the 

total net erosion by volume was similarly greater in the GoC (-1457.8 ± 1030.7 cm3 m-2 yr-1) 

than the GoP (-794.3 ± 669.1 cm3 m-2 yr-1; Figure 5, Appendix S1: Tables S4, S5). 

Contributing to these trends in net mass and volume change, accretion was significantly 

lower in the GoC than in the GoP (62.8 ± 59.8 vs. 266.5 ± 166.5 cm3 m-2 yr-1; P = 0.0020; Figure 
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5, Appendix S1: Tables S4, S5). Although the mean accretion of (autotrophic) CCA was higher 

in the GoP than the GoC (94.7 ± 60.6 versus 60.2 ± 58.8 cm3 m-2 yr-1), this difference was not 

significant (P = 0.1985; Appendix S1: Figure S3, Tables S4, S5). With respect to heterotrophs, 

the accretion of suspension-feeding barnacles was significantly higher in the GoP (108.8 ± 138.8 

cm3 m-2 yr-1) than in the GoC, where they were never observed on the BARs (Appendix S1: 

Figure S3, Table S4, S5). The mean accretion of vermetid mollusks was similarly higher in the 

GoP (32.7 ± 43.5 versus 2.5 ± 8.8 cm3 m-2 yr-1 in the GoC), although their distribution was 

patchy and, as a result, the difference between gulfs was not significant (Appendix S1: Figure 

S3, Tables S4, S5). Coral calcification on the BARs was not high enough to contribute strongly 

or significantly to carbonate production; therefore, comparisons between gulfs or among sites 

were not possible with these data. 

Despite no significant differences detected in the densities of prominent grazing taxa 

observed in the in situ surveys, grazers removed significantly more carbonate from the surface of 

the BARs in the GoC (-1473.3 ± 1003.5 cm3 m-2 yr-1) than in the GoP (-871.0 ± 586.0 cm3 m-2 

yr-1; P = 0.0062; Figure 5, Appendix S1: Tables S4, S5). External bioerosion, measured 

volumetrically, was 31.1 and 4.6 times higher than macroboring in the GoC and GoP, 

respectively (Figure 5, Appendix S1: Table S4). Macroboring rates were significantly higher in 

the GoP (-189.8 ± 118.7 versus -47.3 ± 40.4 cm3 m-2 yr-1 in the GoC; P = 0.0070; Figure 5, 

Appendix S1: Tables S4, S5). This difference was driven by the lithophagine bivalves, which 

were the greatest contributors to macroboring and were significantly more destructive in the GoP 

(-154.7 ± 120.4 versus -4.3 ± 10.5 cm3 m-2 yr-1 in the GoC; Appendix S1: Figure S4, Tables S4, 

S5). Annelids, by contrast, were not significantly more prevalent in one gulf or the other 

(Appendix S1: Figure S4, Tables S4, S5). 

 

Multivariate community responses: 

Using environmental and grazer-abundance data, gulfs can be differentiated in PCA-

space along the first PC axis, which explains 62.14% of the variance and is primarily influenced 

by mean temperature, variation in temperature, and chlorophyll-a concentration at each site 

(Figure 6A). Within gulfs, sites can be further distinguished along PC2, which explains 22.20% 

of the variance and is correlated with the density of grazing herbivores. BARs deployed at these 

sites differentiate in PCA-space according to gulf on the first PC axis (explaining 35.76% of the 

variance, Figure 6B). Vectors largely correspond to the significant differences in functional-

group responses detected between gulfs (Appendix S1: Table S5). Barnacles, CCA, and bivalve 

macroboring were correlated with GoP reef sites. Vermetid-mollusk accretion, which appears to 

have differed between gulfs (Appendix S1: Figure S3) but was not detected as significant 

(Appendix S1: Table S5), strongly correlates with the GoP as well (Figure 6). Increased 

carbonate density correlates with the GoC. BARs further differentiate on both PC1 and PC2 to a 

certain degree by site (17.33% of variance explained), correlating with annelid erosion, which 

was highest on Uva reef (Figure 6). Interestingly, external bioerosion and CCA accretion are 

negatively correlated and plot roughly perpendicular to gulf-differentiation in PCA-space (Figure 

6).  
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Discussion: 

Detailed analysis of interacting functional groups is key to identifying the major 

environmental drivers influencing carbonate persistence and, ultimately, to predicting the fate of 

reef habitat. We found that high external bioerosion in the ETP drives carbonate erosion, but 

high productivity due to upwelling favors heterotrophic benthic assemblages, accelerating 

macroboring and supporting less structurally stable, faster-growing calcifying animals. As BARs 

represent dead carbonate frameworks, our results suggest that extensive coral mortality caused 

by extreme or frequent perturbations, such as mass bleaching events, may ultimately be more 

difficult to recover from in areas of high productivity. Although gross-calcification rates may 

remain high, carbonate precipitation by exclusively heterotrophic species will favor the 

production of sediments rather than solid, habitat-forming reef frameworks. 

 

Calcification: 

Historically, the calcification rates of reef-building corals have been higher in the GoC 

due to more favorable, less variable environmental conditions (Glynn and Macintyre 1977). Over 

millennial timescales, this difference has led to greater reef development in the GoC compared 

with the GoP (Glynn and Macintyre 1977). Reef frameworks in the GoP are largely restricted to 

the northern and eastern sides of islands, which experience less-extreme upwelling conditions 

than southern- and western-facing shorelines (Glynn and Stewart 1973). Recent evidence 

suggests, however, that the growth rates and coverage of reef-building corals are now higher in 

the GoP, a reversal of historic trends that may be due to ocean warming caused by climate 

change (Randall et al. 2020). Upwelling, which heretofore impeded reef growth, may now be 

ameliorating the harmful effects of extreme-temperature events associated with El Niño and 

global warming, by cooling the shallow waters of the GoP and increasing the availability of 

nutrients there (Karnauskas and Cohen 2012, Riegl et al. 2019, Storlazzi et al. 2020). 

Coral recruitment was low throughout this study: individual recruits were recorded on 

only three BARs, all from Pedro González in the GoP. This result is in agreement with studies of 

recruitment to artificial substrates (plexiglass and cement blocks) made in the GoP in the early 

1970s (Birkeland 1977) and in the GoC in the mid to late 1980s (Eakin 1991). The coral skeleton 

from which the BARs were constructed in this study likely provided a more realistic 

representation of freshly available reef substrate, although a lack of cryptic recesses on freshly-

deployed BARs and the restriction of our analyses to upward-facing surfaces may have limited 

our assessment of settlement (Doropoulos et al. 2015). Regardless, the low recruitment in this 

study likely reflects poor large-scale connectivity of Pocillopora populations within the ETP, as 

well as between the ETP and the broader Indo-Pacific (Combosch and Vollmer 2011). Low coral 

recruitment has important ramifications for population recovery following disturbances, by 

limiting the potential for reestablishment by sexual reproduction. In the GoP, high grazing 

pressure and the rapid recruitment of heterotrophic invertebrates may further limit recovery to 

coral-dominated states, possibly resulting in habitat loss over time (Glynn 1994). 

The fact that accretion-rates of CCA were not significantly different between gulfs 

(Appendix S1: Figure S3, Table S5), whereas the accretion rates of heterotrophic suspension-

feeding taxa were, supports the conclusion that productivity is likely the primary driver of the 

differences observed in this study. These results are surprising considering evidence of more 

favorable conditions for calcification by CCA in the relatively oligotrophic, lower pCO2 GoC. 

Acidification, which is higher in the GoP, has been shown to lead to depressed calcification rates 

of CCA (Kuffner et al. 2008). Furthermore, elevated nutrients may favor fast-growing, fleshy 
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macroalgae (Schaffelke and Klumpp 1998), yet there was no difference in the abundance of non-

calcareous algae or the abundance of herbivorous grazers between gulfs in this study (see 

discussion of external bioerosion below). 

Although corals are the primary architects of reefs in the ETP and CCA is instrumental in 

binding and stabilizing reef-framework, the primary agents of carbonate accretion in this study 

were heterotrophic, suspension-feeders such as barnacles and mollusks. These taxa were largely 

absent in the GoC, but abundant, yet patchily distributed, in the GoP. Exclusively heterotrophic, 

suspension-feeding fauna rapidly colonize dead-coral substrates in upwelling regions in the ETP 

(Wizemann et al. 2018). They are also relatively fast-growing, as evidenced by balanoid 

barnacles that have been observed to reach 15 mm in diameter in 56 days in the GoP (Birkeland 

1977). This is in stark contrast to the slower-growing corals, which produce more persistent 

bioherms. 

In addition to total volume, the morphology, porosity, and crystalline structure of newly 

accreted calcium carbonate are important. These factors have implications for the structural 

integrity and permanence of the carbonate and, therefore, have ramifications for the fate of reef-

building nature of the benthos. Many of these processes likely influenced the composition and 

volume of the BARs over the short, two-year duration of this study. For example, broken shells 

and basal plates of dead barnacles were observed, indicating that erosion of structurally less-

sound accretion had already occurred. Over longer periods, however, the loss, replacement, or 

overgrowth of the original Porites base with new calcareous formations could have more 

profound implications for rates of deposition and erosion. For example, feedback loops could 

occur whereby a more-ephemeral benthos would preclude the successful establishment of 

slower-growing and more-stable calcifiers. Dynamic benthic communities may increase the 

chance of successful settlement of opportunistic macroborers, further contributing to a 

potentially nonlinear decay in the physical and ecological structure of the reef.  

These considerations are of particular importance when considering the responses 

observed in the GoP. Calcification rates, particularly by heterotrophic suspension-feeders, are 

likely not indicative of reef development, and instead they may contribute to less-stable forms of 

calcium carbonate, such as sediment and rubble, without providing the important biomass-

supporting habitat characteristics of reef framework (Glynn et al. 1979, Enochs 2012, Reijmer et 

al. 2012). The composition of dredged carbonate sediments obtained from both gulfs indeed 

reflects a higher proportion of heterotrophic carbonate production, primarily barnacles, in the 

GoP (Schäfer et al. 2011, Reijmer et al. 2012). Reef-core data from the GoC reveal that 

carbonates derived from serpulids, vermetids, barnacles, and bryozoans, although present in the 

interstices of the reef framework, have not been important contributors to reef development there 

(Glynn and Macintyre 1977). Higher calcification rates recorded in the GoP may, therefore, be 

misleading in that they do not indicate greater potential for reef-framework construction; rather, 

they may point to a difference in the dominant calcifying assemblage and a greater potential for a 

shift in habitat structure, at least during the early successional stages following a disturbance. 

 

External bioerosion: 

 External bioerosion was the dominant process influencing BARs in this study, with 

average rates that were multiple times the magnitude of either accretion or macroboring. The 

relative importance of this process is not surprising given similar observations from the ETP 

(Alvarado et al. 2017) and reefs worldwide (Glynn and Manzello 2015). The external bioerosion 

rates recorded here (Appendix S1: Table S4) are within the range of carbonate-block-based 
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measurements from the Great Barrier Reef (1393 ± 1065 cm3 m-2 yr-1, over 1 yr, Tribollet et al. 

2002; 2020 ± 2073 cm3 m-2 yr-1, over 3 yrs, Tribollet and Golubic 2005; mean of site averages) 

and French Polynesia (2114 cm3 m-2 yr-1, 2 yrs, Chazottes et al. 1995; values converted from kg 

using density of 1.05 g cm-3). Values for external bioerosion in this study, however, exceed 

values reported for acidified sites in Papua New Guinea (412 ± 247 cm3 m-2 yr-1, Enochs et al. 

2016) , but are more than an order of magnitude less than reported from the Galápagos (21,300 ± 

2,300 cm3 m-2 yr-1, Reaka-Kudla et al. 1996), which is considered to have some of the highest 

external bioerosion rates in the world (Alvarado et al. 2017). 

Prior observations at two sites provide interesting comparison with our data, despite 

methodological differences. On the fore-reef slope of Uva Island, where BARs were deployed in 

this study, Eakin (1996) recorded external bioerosion rates (by Diadema, fish, and other motile 

taxa) of -2.32 kg m-2 yr-1. On the lower seaward slope of Uva, Glynn (1988) calculated 

bioerosion rates by sea urchins of -0.14 to -0.28 and -3.47 to -10.40 kg m-2 yr-1 (units converted 

for comparison) before and after the 1982-1983 El Niño, respectively. At Saboga Island 

following that El Niño, urchin bioerosion was -4.64 kg m-2 yr-1 (Glynn 1988). Converting the 

volumes estimated from this study to mass using a mean initial substrate density of 1.05 g cm-3, 

external bioerosion rates were -1.41 kg m-2 yr-1 and -1.20 kg m-2 yr-1 at Uva and Saboga, 

respectively. Although these rates are lower than in earlier studies, methodological differences, 

including how erosion was measured and calculated, the duration of the studies, and the type of 

substrate considered (pocilloporid vs. poritid skeletons) likely account for the differences. 

It is striking how similar external bioerosion rates were at Uva and Saboga; if the analysis 

had been limited to one site per gulf, it could have led to the erroneous conclusion that external 

bioerosion was the same in the GoP and GoC. In this study, however, higher rates of external 

bioerosion on average in the GoC ultimately drove the overall trend of greater net carbonate loss 

than in the GoP. This difference could have been influenced by fishing pressure, either directly 

through the targeted removal of grazing parrotfishes, or indirectly through the removal of 

invertivore and piscivore fishes that control the populations of grazing taxa. Fishing is limited in 

the GoC, with many reefs protected within Coiba National Park, whereas the reefs studied in the 

GoP are in closer proximity to human habitation. Differences in the abundances of grazing taxa, 

however, were not detected between the two gulfs, which may be a result of high variability in a 

limited number of surveys. It is possible that the differences in carbonate loss due to grazing 

between the two gulfs were due to other factors. For instance, Smith (2008) observed that the 

bite-rate of the most abundant parrotfish observed in this study, Scarus ghobban, was 

significantly influenced by temperature. This led to fewer bites per minute, with presumably less 

substrate scarring, during the upwelling season in the GoP. Bite-rates were nearly twice as high 

during the non-upwelling season in the GoP and comparable to those recorded in the GoC 

throughout the year (Smith 2008). Interestingly, the opposite trend has been observed with 

respect to echinoid grazers, with higher external bioerosion rates in the GoP, driven in part by the 

larger body-sizes there (Glynn 1988, Eakin 1991). In that case however, higher abundances of 

urchins in the GoC following the 1982–1983 El Niño led to higher total bioerosion in that gulf 

(Glynn 1988). 

The relative contributions of parrotfish and urchins to overall bioerosion on the BARs is 

not possible to determine from the data collected in this study, but historically, relative 

contributions have been dynamic. In some circumstances—certain years, reef-zones, and 

regions—bioerosion by Diadema in the ETP has been even lower than by the non-echinoid 

infauna (Glynn 1988, Eakin 1991, 1996). Under other circumstances, strong recruitment or 
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population redistribution have led to extremely elevated rates of echinoid bioerosion and strongly 

contributed to the loss of reef habitat (Glynn 1988, Eakin 1991, 1996, Glynn et al. 2020). That 

said, urchin densities reported herein are much lower than previously reported for Contadora and 

Saboga, even considering the low abundances prior to the1982–1983 El Niño (Glynn 1988). If 

site-specific erosion rates per individual Diadema (0.19 and 0.47 g ind-1 day-1 at Uva and 

Saboga, respectively; Glynn 1988) are multiplied by the total densities of urchins we recorded at 

the same reefs, they account for only 2.2 and 6.0% of total recorded external bioerosion by mass 

at the two sites, respectively. The two most abundant parrotfish species observed in this study, S. 

ghobban and S. rubroviolaceus, use less-destructive scraping behaviors when foraging, but their 

populations have been known to reach densities resulting in erosion rates that exceed the 

majority of external bioerosion rates reported here (reviewed in Alvarado et al. 2017). 

Ultimately, it is impossible to make definitive conclusions concerning the processes contributing 

to the differences in external bioerosion rates between gulfs without a clearer understanding of 

the taxa involved, as their unique ecology will influence their impact on the persistence of reef 

framework. 

 

Macroboring: 

Many macroboring taxa are heterotrophic, filter-feeding animals, with prior studies 

indicating that the abundances (Rose and Risk 1985) and erosion rates (Achlatis et al. 2017, 

Prouty et al. 2017) of these species are stimulated by greater food availability, organic matter, 

and nutrients. For example, the abundance of excavating sponges appears to be strongly 

correlated with total nitrogen and ammonium levels in seawater (Ward-Paige et al. 2005), and 

greater infestation of macroborers (polychaetes, bivalves, sipunculid worms) have been recorded 

within productive, inshore regions of the Great Barrier Reef than offshore (Tribollet and Golubic 

2005). Nutrients may act synergistically with other stressors such as acidification, leading to 

especially abundant bioeroding assemblages (DeCarlo et al. 2014, Prouty et al. 2017). 

These factors, related to upwelling, likely contributed to the greater macroboring rates 

observed in the GoP. In contrast, an assessment of non-echinoid bioeroders on Uva and Saboga 

Islands in the 1980s based on change in the mass of pocilloporid framework over several days, 

revealed roughly-equivalent erosion rates that were slightly greater in the GoC than in the GoP 

(mean = 8.6 and 8.14 kg m-2 yr-1, GoC and GoP, respectively; Glynn 1988). Macroboring rates 

measured in the present study for those sites, converted from volume to mass based on mean 

substrate density, were an order of magnitude lower than reported by Glynn (1988): just 0.05 and 

0.20 kg m-2 y-1, respectively. The estimates of bioerosion in the earlier study did incorporate the 

bioeroding activity of cryptic invertebrates such as crabs and gastropods, which may partially 

explain this discrepancy; however, other studies have documented similarly high macroboring at 

other locations in the ETP, particularly in areas that experience upwelling. Reaka-Kudla et al. 

(1996) deployed Porites blocks and high-density cathedral-limestone for a period of nearly 15 

months in the southern Galápagos and estimated bioerosion rates to be 2.6 ± 0.1 kg m-2 yr-1 

(mean ± SE) and 0.6 ± 0.1 kg m-2 yr-1 for the two types of calcium carbonate, respectively. 

Similar to this study, macroboring assemblages were dominated by lithophagine bivalves and 

polychaetes. Rates were still much higher than those reported here for the upwelling GoP (0.20 ± 

0.12 kg m-2 yr-1, converted as above). One potential explanation for the difference is that the 

blocks deployed in the Galápagos were thicker than those used here (4 versus 1.5 cm), meaning 

that there was a greater amount of material that could be removed per unit surface area. 

Macroboring rates determined in the present study are, however, consistent with values reported 
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from other regions of the world, including the relatively oligotrophic reef habitats off Lizard 

Island, Great Barrier Reef, where rates of macroboring ranged from 0.13 to 0.22 (Kiene and 

Hutchings 1994) and 0.06 to 0.24 kg m-2 yr-1 (Kiene and Hutchings 1992), depending on 

location, exposure, and length of deployment. 

The composition of the macroboring assemblage strongly depends on the amount of time 

the material is deployed. Changes in community composition and general patterns of succession 

are well-documented (Davies and Hutchings 1983, Peyrot-Clausade et al. 1992, Kiene and 

Hutchings 1994). Many of these studies discuss the dominance of polychaetes during early 

successional stages and the later establishment of lithophagine bivalves. This pattern, however, 

may not hold true within upwelling regions in the ETP, including the Gulf of Papagayo in Costa 

Rica and the GoP, where colonization of endolithic bivalve mollusks may occur on the order of 

days to months (Kleemann 2013, Wizemann et al. 2018). The prevalence of these suspension-

feeding fauna within the eutrophic GoP in this study, and their relative absence in the more 

oligotrophic GoC, drove the overall trends in macroboring. Their dominance among 

macroboring assemblages is corroborated by other observations in the ETP (Scott and Risk 1988, 

Reaka-Kudla et al. 1996, Cantera et al. 2003, Fonseca et al. 2006). Many of those studies also 

indicated the importance of annelid bioerosion, but annelids were only minor contributors to 

macrobioerosion in this study. 

In contrast to boring bivalves, bioerosion by annelids was not significantly different 

between the two gulfs. Annelids have been documented to quickly colonize and infest carbonates 

within the ETP and rates of erosion were consistent across sites and reef zones (Cardona-

Gutiérrez and Londoño-Cruz 2020). Prior work has shown these taxa to be responsive to CO2, 

with higher erosion rates recorded closer to volcanically acidified reefs (Enochs et al. 2016); 

however, this pattern was not apparent in the intermittently acidified GoP. Polychaete food 

sources and feeding methodologies are diverse and complex, including carnivory, herbivory, 

deposit-feeding, suspension-feeding, and combinations of these strategies (Fauchald and Jumars 

1979). Dietary diversity or flexibility explain why bioerosion rates were not detectably different 

between the two gulfs, whereas obligately suspension-feeding bivalves were significantly more 

abundant in the GoP. 

There was a conspicuous absence of bioeroding sponges present within the BARs, which 

was surprising given their ubiquity on reefs worldwide and their well-documented presence 

within reef carbonates in the ETP (Alvarado et al. 2017). This observation, however, is not 

without precedent as a similar study in the Galápagos also observed a pronounced lack of 

bioeroding sponges relative to the Caribbean (Reaka-Kudla et al. 1996). In our study, it is 

possible that sparse and superficial colonization by sponges could have been mistaken for 

annelid boreholes during volumetric partitioning of the CT scans. It would be fairly difficult, 

however, to mistake the clear gallery-like network of cavities created by endolithic poriferans for 

the tubular erosion of annelids. Relative to other regions, cryptic lifestyles are especially 

prevalent in the ETP, which is likely a consequence of strong grazing pressure and competition 

on epibenthic surfaces during settlement (Wulff 1997). Sponges that generally recruit to the dark 

undersides of coral colonies and into reef interstices would have been restricted to settling on 

only the upper surfaces of BARs due to the epoxied PVC bases that served as the attachment 

points, and may therefore may have been be underrepresented as an artifact of our methodology. 

The structure of the Porites substrate may also have contributed to the low prevalence of 

bioeroding sponges in this study; the BARs were more homogeneous than the structurally 

complex and porous pocilloporid carbonates where many sponges grow in the ETP (Carballo et 
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al. 2008, 2013). It is also possible that the composition of the grazing community influenced that 

of the macroborers, as high prevalences of polychaetes versus sponges have been observed in 

urchin and parrotfish-dominated areas, respectively (Carreiro-Silva and McClanahan 2012). 

Lastly, it is important to note that the volumes of material removed or rates of 

macroboring may not tell the entire story with respect to the fate of the carbonate substrate. 

Bivalve boreholes, for example, increase porosity and can weaken the substrate, making it more 

prone to breakage (Scott and Risk 1988) or grazing (Rice et al. 2020). This type of internal 

structural alteration has been shown to influence larger-scale reef-framework morphology 

(Carballo et al. 2008). Although a certain degree of taphonomic alteration is critical for 

promoting biodiversity (Enochs and Manzello 2012) and biomass (Enochs 2012), these processes 

can lead to the loss of habitat and collapse in ecosystem function. 

 

Microscopic processes (cementation and dissolution): 

BARs were constructed from material sourced from the same location, so changes in the 

density of inconspicuously bored skeletal material are reflective of post-mortem alteration, rather 

than differences in coral calcification among the gulfs (e.g., Manzello 2010). Whereas the 

density of some individual BARs declined in this study (eight, exclusively from the GoP), the 

majority demonstrated an increase in density over the two-year deployment. One explanation for 

this result could be that macroboring or external bioerosion by grazers preferentially removed 

lower-density skeletal material, but this conclusion is not supported by the literature for 

macroboring taxa (e.g., Tribollet et al. 2002) and seems unlikely for grazers given the 

homogeneous nature of the Porites skeletons. Instead, it is possible that precipitation of 

submarine cements (Perry and Hepburn 2008) exceeded dissolution, driving the net increase in 

density in these areas of the skeleton. This is surprising considering the poorly cemented nature 

of reefs within the ETP relative to other parts of the world (Manzello et al. 2008). The greater 

increase in density of BARs from the GoC relative to the GoP, however, is supported by the 

prevalence of intraskeletal cementation present within reef-framework substrates, which is nearly 

two times higher in the GoC compared with the GoP (Manzello et al. 2008).  

Although cementation was likely the dominant microscopic process affecting the BARs, 

it is likely that microscopic dissolution also occurred, driven primarily by a phototrophic 

assemblage of microborers: cyanobacteria, chlorophyte algae, and marine fungi. A previous 

study, which adopted the same approach of CT-based densitometry of intact coral skeleton, 

recorded a net decline in density, which was interpreted as dissolution due to abiotic and 

microboring processes in a naturally CO2-enriched environment (Enochs et al. 2016). 

Microborers have been observed to colonize freshly available coral substrate rapidly, within a 

period of less than one month (Wizemann et al. 2018). Manipulative experiments have revealed 

that microboring rates are accelerated by acidification (Tribollet et al. 2009) as well as nutrients 

and organic matter, depending on the trophic requirements of the species involved (Carreiro-

Silva et al. 2009). Differential rates of microbioerosion between gulfs could have contributed to 

the overall trends in BAR density, with the relatively eutrophic and acidified conditions in the 

GoP increasing microboring and decreasing the overall density despite a net positive increase. 

Correlative field-based assessments, although similar to the approach used here, are not as clear 

as experiments with respect to OA and nutrient enhancement of microborers. Enochs et al. 

(2016) detected no significant differences in microboring along a CO2 gradient associated with a 

volcanically acidified coral reef. Tribollet (2008) actually observed higher microboring rates at 

offshore, oligotrophic sites, owing to co-occurring factors such as inshore turbidity and 
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sedimentation. Direct identification of the causative agents or mechanisms behind these patterns 

is beyond the scope of this study, and further studies are needed on this functional group of 

bioeroders, particularly in the ETP (Alvarado et al. 2017).  

 

Additional functional-group interactions: 

Interactions between functional groups accreting to and eroding dead-coral substrate are 

numerous (Chazottes et al. 1995). For example, both microboring and macroboring can 

contribute to higher grazing rates by attracting grazers or weakening substrate (Chazottes et al. 

1995, Rice et al. 2020). Macroboring may also contribute to colony-fracture from physical 

disturbance by weakening the skeleton (Tunnicliffe 1979, Scott and Risk 1988), as well as by 

attracting invertivorous fishes that are capable of breaking carbonate substrate while foraging 

(Guzman 1988). Due to the resulting separation and removal of surface material, this initial 

superficial boring would have been quantified as external bioerosion in this study, making the 

importance of such relationships difficult to discern. In contrast with previous observations, we 

found that external bioerosion was higher in the GoC, where macroboring was lower and 

substrate density was higher, presumably correlating with less microbioerosion. One possible 

explanation for this disparity is that grazing fishes, which may obtain nutrients from eating 

microborers, are preferentially removing the upper layers of substrate where this community 

resides (Chazottes et al. 1995). Therefore, although microboring may have been active, what was 

detected in the post-deployment CT scans was the material that had remained unbored and 

unremoved. This hypothesis, however, does not fully explain the net positive density changes in 

the GoC. 

Despite the overwhelming importance of external bioerosion between the gulfs, it is 

interesting that the vectors for both grazer abundances and external bioerosion show up as 

orthogonal to the clear separation of the gulfs in the PCA plot. This suggests that differences in 

external bioerosion were not as closely correlated with differentiation between gulfs as 

heterotrophic calcification. Just as interesting is the strong negative correlation between external 

bioerosion and CCA calcification in the ordination of the BARs. The relationship of these 

vectors indicates either that grazing removed CCA or that the surfaces of the BARs were 

removed before CCA was able to become dominant. This pattern is also interesting within the 

context of nutrients as outlined in the relative-dominance model proposed by Littler and Littler 

(1984). According to this model, coralline algae should be dominant in areas of high herbivory 

and high nutrients. “High” is of course subjective, and grazing is a feeding strategy that is not 

exclusively erosional in nature. Data herein, however, suggest that abundances of grazers were 

similar between the gulfs despite differences in nutrient regimes, although grazing pressure could 

theoretically be higher in the GoC due to larger body sizes and higher frequencies of feeding. 

With stronger upwelling and eutrophication in the GoP than in the GoC, the model would predict 

dominance by CCA and corals, respectively (Littler and Littler 1984); however, epibenthic 

surfaces were primarily dominated by algae and bare substrate, with CCA being the third-most-

abundant category of cover and no clearly discernible difference between gulfs. Furthermore, 

coral coverage is presently higher in the GoP (Randall et al. 2020). 

 

Implications for reef-framework persistence in the ETP and worldwide: 

In many ways the ETP has served as a harbinger of the changes to reef form and function 

occurring worldwide today. The sensitivity of response of reefs in the ETP has been due in large 

part to the highly dynamic and marginal environment, where extremes in temperature and CO2 
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have provided insights into how corals will respond to global warming and acidification (Glynn 

1984, Glynn and D'Croz 1990, Manzello et al. 2008). The fates of the BARs in this study extend 

beyond framework-construction by the living corals to the multiphyletic consortium that 

influences the persistence of dead carbonates and reef-framework habitats. That consortium has 

profound implications for reef ecosystems worldwide, which are increasingly marked by mass-

bleaching events and widespread coral mortality that has led to precipitous declines in coral 

cover and an increasing importance of erosive processes. 

 The net erosion of BARs in both gulfs does not bode well for reef-framework persistence 

in the region. Particularly high external bioerosion relative to accretion drove this trend across 

both gulfs, resulting in net declines in both volume and mass. As discussed earlier, coral 

recruitment was low and, therefore, the fate of BARs provides insights into the likely trajectories 

of reef-framework following a major coral mortality event. Such events are not without 

precedent in the ETP, an area marked by dramatic fluctuations in coral abundance. In the 

Galápagos Islands, for example, a single, extreme-temperature event, the 1982–1983 El Niño, 

led to widespread coral bleaching and mortality (Glynn 1994). High grazing pressure and 

bioerosion from urchins led to the loss of suitable substrate and the inhibition of settlement, 

precluding the recovery of coral populations. At Uva Island in the GoC, the same El Niño event 

resulted in coral mortality and the enhancement of bioerosion, shifting the reefs from net 

accretion to net erosion (Eakin 1996). In the years since, however, coral cover has increased 

greatly at Uva Island, demonstrating a remarkable degree of resilience (Glynn et al. 2014), 

whereas at many sites in the Galápagos coral populations are still absent today. 

The Galápagos experience upwelling, high CO2, and elevated productivity like the GoP. 

Upwelling likely contributes to more dynamic calcification and bioerosion, as evident from the 

higher rates of heterotrophic, suspension-feeding calcification and macroboring measured in the 

GoP than the GoC. The persistence of coral-reef carbonates in these environments may be more 

tenuous and more prone to collapse (Toth et al. 2012, Toth et al. 2015), even as these same 

hydrographic conditions provide thermal refugia for scleractinian corals and permit higher 

growth rates in a warming ocean (Randall et al. 2020). The decoupling of coral growth rates and 

reef-framework persistence has been documented in other eutrophic environments throughout the 

world, driven in part by bioerosion (Hallock 1988, Edinger et al. 2000). 

Considering the ecological diminution of coral calcification, the results of this study 

suggest that dead-carbonate materials are especially susceptible to external bioerosion. In areas 

of active and abundant herbivory, as in remote regions and within marine reserves with restricted 

fishing, herbivorous parrotfish and urchins may be the most important factors influencing habitat 

longevity (Bruno et al. 2019). Active grazing has long been considered critical to proper reef 

function, removing algae that can compete for space with corals and inhibit coral recruitment 

(McCook 1999, McCook et al. 2001). The impact on ecosystem health is of course more 

nuanced. Counterintuitively, if corals are rendered ecologically irrelevant, active grazing will 

accelerate the loss of reef habitat and the ecosystem services that coral reefs provide. 
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Figure 1. Location of the three study sites in each of two gulfs on the Pacific coast of Panamá. 

Scale bars in the inset of each gulf are 10 km. 

Figure 2. A, Bioerosion accretion replicate (BAR) freshly installed on a pocilloporid reef using 

rebar and a hose clamp. A CT scan of five BARs including: B, three-dimensional reconstruction; 

C, a two-dimensional axial slice; and D, a two-dimensional sagittal slice. Colors represent 

volumetric quantification of different carbonate-altering functional groups. 

Figure 3. Temperature, chlorophyll-a, and CO2 within the Gulfs of Panamá (blue) and Chiriquí 

(red). The wet season is denoted by light-blue shading. Temperature data are the means (solid 

line) and standard deviations (shading) of three sites within each gulf. Chlorophyll-a data are 

presented for each site (dots) as well as averaged across the entire extent of each gulf (lines).  

Figure 4. Changes in total mass and density of skeletal material that remained unbored by 

macroborers by site, and averaged across sites within each gulf. Total mass and density boxplots 

represent the medians (solid horizontal lines) and interquartile ranges (boxes). Error bars 

(whiskers) are 1.5 times the interquartile range. The plot on the right shows the relationships 

between change in mass and volume by site, with regressions conducted for each gulf (GoC, y = 

0.944x + 48.3, r2 = 0.82; GoP, y = 1.21x + 733, r2 = 0.89). Values in all plots are time and 

surface-area standardized to represent rates of change per unit area. 

Figure 5. Total (net) volumetric change, accretion, macroboring, and external bioerosion of the 

bioerosion accretion replicates (BARs). Boxplots represent the medians (solid horizontal lines) 

and interquartile ranges (boxes). Error bars (whiskers) are 1.5 times the interquartile range. 

Points represent significant outliers. Volumes that have been eroded are expressed as negative 

and newly accreted volumes are positive. No change in volume is marked as a horizontal dashed 

line. Data are summarized by both site and gulf, and are standardized by time and surface area to 

reflect rates of change in volume per unit area. 

Figure 6. Principal component analysis (PCA) of (A) sites and (B) carbonate blocks, based on 

environmental and accretion/erosion variables, respectively. In each PCA, sites/blocks are 

indicated by points, and variables by vectors. Point shapes/colors indicate site/gulf (red = Gulf of 

Chiriquí, blue = Gulf of Panamá). The coordinates of the vector arrowheads indicate the relative 

contributions of those variables to the first two PC axes, determined by the corresponding PC 

eigenvectors of each variables, which are scaled by 0.25 for clarity. (A) Gulfs differentiate on the 

first PC axis, which is primarily driven by mean temperature, temperature variation, and 

chlorophyll-a concentration at each site. Sites further differentiate within gulfs according to 

grazer density. (B) BARs largely differentiate by gulf on the first PC axis, which is constructed 

nearly equally by a number of accretion/erosion variables. BARs further differentiate on both 

PC1 and PC2, driven by taxon-specific erosion/accretion. 
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Figure 1. Location of the three study sites in each of two gulfs on the Pacific coast of Panamá. 

Scale bars in the inset of each gulf are 10 km.
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Figure 2. A, Bioerosion accretion replicate (BAR) freshly installed on a pocilloporid reef using 

rebar and a hose clamp. A CT scan of five BARs including: B, three-dimensional reconstruction; 

C, a two-dimensional axial slice; and D, a two-dimensional sagittal slice. Colors represent 

volumetric quantification of different carbonate-altering functional groups.
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Figure 3. Temperature, chlorophyll-a, and CO2 within the Gulfs of Panamá (blue) and Chiriquí 

(red). The wet season is denoted by light-blue shading. Temperature data are the means (solid 

line) and standard deviations (shading) of three sites within each gulf. Chlorophyll-a data are 

presented for each site (dots) as well as averaged across the entire extent of each gulf (lines). 
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Figure 4. Changes in total mass and density of skeletal material that remained unbored by 

macroborers by site, and averaged across sites within each gulf. Total mass and density boxplots 

represent the medians (solid horizontal lines) and interquartile ranges (boxes). Error bars 

(whiskers) are 1.5 times the interquartile range. The plot on the right shows the relationships 

between change in mass and volume by site, with regressions conducted for each gulf (GoC, y = 

0.944x + 48.3, r2 = 0.82; GoP, y = 1.21x + 733, r2 = 0.89). Values in all plots are time and 

surface-area standardized to represent rates of change per unit area.



29 
 

 
Figure 5. Total (net) volumetric change, accretion, macroboring, and external bioerosion of the 

bioerosion accretion replicates (BARs). Boxplots represent the medians (solid horizontal lines) 

and interquartile ranges (boxes). Error bars (whiskers) are 1.5 times the interquartile range. 

Points represent significant outliers. Volumes that have been eroded are expressed as negative 

and newly accreted volumes are positive. No change in volume is marked as a horizontal dashed 

line. Data are summarized by both site and gulf, and are standardized by time and surface area to 

reflect rates of change in volume per unit area.



30 
 

 
Figure 6. Principal component analysis (PCA) of (A) sites and (B) carbonate blocks, based on 

environmental and accretion/erosion variables, respectively. In each PCA, sites/blocks are 

indicated by points, and variables by vectors. Point shapes/colors indicate site/gulf (red = Gulf of 

Chiriquí, blue = Gulf of Panamá). The coordinates of the vector arrowheads indicate the relative 

contributions of those variables to the first two PC axes, determined by the corresponding PC 

eigenvectors of each variables, which are scaled by 0.25 for clarity. (A) Gulfs differentiate on the 

first PC axis, which is primarily driven by mean temperature, temperature variation, and 

chlorophyll-a concentration at each site. Sites further differentiate within gulfs according to 

grazer density. (B) BARs largely differentiate by gulf on the first PC axis, which is constructed 

nearly equally by a number of accretion/erosion variables. BARs further differentiate on both 

PC1 and PC2, driven by taxon-specific erosion/accretion. 


