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Supplementary information  

1. Supplementary methods  
Organic composition of otoliths. Previous studies have quantified the organic constituents of otoliths71–75. 
In brief, the organic fraction is primarily composed of proteins, especially proteoglycans, collagens, and 
non-collagen proteins72,75. Smaller contributions from polysaccharides such as glycosaminoglycans76,77 and 
from lipids74,78 have also been reported. As the majority of N-containing organic substrates are proteins, we 
refer to the bulk organic matrix as proteinaceous. In contrast, certain classes of lipids have been identified 
in coral skeletal matrices, where they are thought to stabilize amorphous calcium carbonate precursors 
during biomineralization79,80. While lipids remain an understudied topic in biomineralization studies77,79, 
they typically lack nitrogen and thus here, focusing on otoliths, we describe proteins as the main N-bearing 
substrate that we oxidize in the laboratory and subsequently measure during carbonate-bound δ15N analysis. 
Otolith N content, a proxy for protein content, averaged 36-42 nmol N mg⁻¹ across the four fish families 
analyzed (Gobiidae, Apogonidae, Atherinidae, and Haemulidae), while coral carbonate-bound N content 
averaged 4.1 ± 0.5 nmol N mg⁻¹ (Table S1).  
 
Trophic metrics. The mean trophic level and food chain length were calculated based on measured δ15N of 
the fish community (Fig. 3a) and on bootstrapped sampling (Fig. 3d). We illustrate how these metrics were 
calculated in Fig. S1 and in main text Fig. 2c (inset, trophic level calculation) and Fig. 2d (inset, isotopic 
niche width). We also calculated ‘unweighted MTL’, the unprocessed mean of all δ15N measurements from 
each time period and region (Table S2, Extended Data Fig. 5).  
 
Specimen selection. Otoliths were extracted from two coral reef sedimentary deposits that are the only 
known mid-Holocene otolith-bearing reef sediments in the Caribbean (Fig. 1, Extended Data Fig.2, Table 
S3). Of the otolith specimens that were measured for δ15N, between 30% (grunts) and 100% (silversides) 
were identified to species-level. When species-level was not feasible due to the challenges in identifying 
otoliths of juvenile fishes, otoliths were identified to genus- or family-level (Table S4).  
  

Locality information. To sample the geographic and temporal range contained within the fossil and modern 
reef sediments, otoliths and coral fragments were selected from bulk sediment bags (sample numbers) with 
unique combinations of locality (site), depth (within each locality), and replicate sample number (two 
replicates were taken per depth). This sampling approach aimed to reduce potential spatial and temporal 
biases by sampling each reef deposit broadly. Supplementary Figs. S2 and S3 summarize the distribution 
of specimens that were analyzed for δ15N by sub-locality (Fig. S2) and by locality (Fig. S3). Intra- and inter-
locality δ15N variations were similar to one another, showing that δ15N variation was not driven by the 
inclusion of sites bearing unique δ15N patterns.  
 

Otolith-based fish size reconstruction. Fish size reconstructions were based on otolith-fish length 
relationships derived from locally obtained modern specimens22. Otolith length was measured using ImageJ 
(version: 1.52k). Power law functions for otolith-to-body length conversions were applied for each taxon, 
revealing fish sizes from 1 to 11 cm (Table S2).  
 

Re-sampling. Bootstrapped community-level trophic metrics were calculated for each region and time 
period using the measured δ15N distribution and the taxonomic composition of the fish community (from 
22). Table S5 summarizes the measured δ15N means, medians, and standard deviations by family for each 
region and time period, along with imputed bootstrapped means (based on 1,000 draws) and fish community 
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proportions. These metrics reflect community-wide nitrogen isotope distributions within the time-averaged 
reef sediments. The high relative abundances of gobies and cardinalfishes reflect their relatively short life 
spans and high mortality rates, which result in greater accumulation of their otoliths in sediments over time 
compared to otoliths of longer-lived, lower-turnover taxa. These data were used to calculate δ15N-based 
trophic structure metrics in the main text (Fig. 2 and Extended Data Figs. 4-6).  
 

2. δ15Noto comparisons with known dietary patterns 
 

Grunts, the most abundant representative of higher trophic level fishes in the fossil sediment record, are 
omnivorous predators that undergo movements to adjacent habitats, where available, ranging up to 5 km to 
feed on diverse crustaceans, mollusks, and some fish81,82. Prior studies on this group of fishes shows that 
their δ15N ranges from 8-10 ‰ in the Caribbean, similar to our results30,83,84.  
 
Cardinalfishes showed a trophic level (TL) that was similar to that of grunts. Cardinalfishes are 
distinguished from other cryptobenthic fishes by the relatively higher frequency of teleost prey items in 
their diet, including fish eggs, larvae, and other parts29, a factor that generates high trophic positions. There 
are few isotope studies on this family30,36,85, but their classification as generalist carnivores is consistent 
with our relatively high δ15N observed in our data. One of the most common cardinalfishes86 in the 
Caribbean, Phaeoptyx conklini, for example, is a nocturnal predator whose prey items include small fish, 
small crustaceans, polychaete worms, and fish eggs29. 
 
Silversides, a small schooling fish that feeds on copepods in the water column above coral reefs51,87,88, 
occupied an intermediate δ15N between gobies and the higher trophic level fishes (cardinalfishes and 
grunts). Their intermediate trophic level was also consistent with stomach content data and previous isotope 
measurements of fish tissues. Silversides primarily feed on zooplankton such as copepods, although shrimp 
larvae, fish larvae, polychaete larvae, barnacle larvae, fish scales, and fish eggs have been found in 
stomachs51,87,88. We have found only three studies reporting δ15N for silversides, which report their δ15N 
and trophic position to be slightly higher than that of co-occurring herbivores31,32,89. Pelagic δ15N is higher 
than benthic δ15N in many coral reef ecosystems, including in Bocas del Toro, Panama (e.g.,33,90). Thus, the 
intermediate δ15N of silversides in our study is consistent with their pelagic foraging and their higher δ15N 
than gobies, the latter of which are considered primarily benthic foragers (e.g.,29).  
 
Gobies showed the lowest relative trophic position, consistent with their known TL patterns based on prey 
items from stomach content studies29,91 and stable isotope studies (e.g.,30) of modern fishes. Prior isotope 
studies found these species to be on average 3-4 ‰ lower than co-occurring species of grunts30, similar to 
our results.  
 
For a subset of goby otoliths, taxonomic identification allowed for examining genus- or species-level 
taxonomic patterns in δ15Noto. These taxon-specific δ15N patterns generally followed the coarser family 
population-level δ15N patterns (Extended Data Fig. 5). The majority of goby otoliths were from 
Coryphopterus personatus and C. glaucofraenum, which are omnivorous cryptobenthic species 92. C. 
personatus primarily consumes copepods93,94. Dietary studies also show relativity high contributions of 
mangrove-derived nutrients in diets of C. personatus during the dry season, perhaps because gobies do not 
distinguish between mangrove debris and copepods suspended in the water column93. C. glaucofraenum 
consumes plants, but also bivalves, ostracods, ophiuroids, and copepods51. While still considered benthic, 
C. personatus gobies can switch their foraging behavior to the water column when wave energy and 
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turbidity are higher93,95. In general, δ15Noto of both Coryphopterus species had intermediate δ15Noto compared 
to other goby taxa, consistent with their omnivorous and varied diets. 
 
We also measured Bathygobius sp., but only in the DR in both time periods, with Bathygobius reported to 
be mainly a generalist detritivore28; and Bollmannia sp., but only in Panama in both time periods, reported 
to be a carnivore consuming mobile benthic crustaceans and which tend to be associated with burrows and 
to live in muddy substrates88,96,97. Consistent with these dietary studies, Bollmannia had the highest δ15Noto 
in both time periods in which it was measured (Panama, both time periods). Bathygobius had divergent 
δ15N patterns through time, with the lowest δ15Noto compared to other gobies in the mid-Holocene DR, and 
among the highest δ15Noto during the modern DR. Species in the Elacatinus genus are the most likely to 
exhibit cleaning behavior in the Caribbean98, which could elevate their δ15N due to feeding on parasites that 
are feeding on higher trophic level reef fish. However, Elacatinus otoliths did not have high δ15N in our 
analyzed specimens (Extended Data Fig. 5). 
 

3. Alternative explanations for reduced δ15N variability 
 

Fish size. Fish size and trophic level (TL) are known to be linked99. Thus, the larger isotopic niches 
observed in our data could be driven by a larger size range of past fishes. We reconstructed fish size 
(Supplementary Fig. S4) based on otolith-fish length relationships from locally obtained modern 
specimens22. Otolith-to-body length conversions were applied for each taxon, revealing fish sizes from 1 to 
4.1 cm (cryptobenthic taxa) and up to 11 cm (Haemulidae) (Extended Data Table 9). We found that inferred 
body sizes from otoliths were, overall, unchanged between the two time periods (Extended Data Fig. 8) 
and, for a given size, the δ15Noto range was narrower today than during the fossil period (Supplementary 
Fig. S4). Thus, the niche width declines were not driven by differences in fish body size.   
 
Community composition. One set of hypotheses for the decreased niche widths of contemporary coral reef 
fishes involves the potential for shifts in the taxonomic identity of fish in each family, where greater 
biodiversity could generate greater family-level niche widths in the mid-Holocene. Most significantly, 
inclusion of otoliths from cleaner fishes in the goby family would have the greatest potential to affect δ15N 
at the family level, with fish that eat ectoparasites having potential to be two trophic levels higher than even 
large reef fishes (e.g., have been shown previously to result in high TL only exceeded by barracuda 
(Sphyraena barracuda); 30). As noted above (‘δ15Noto comparisons with known dietary patterns’), species 
in the Elacatinus genus are most likely to exhibit cleaning behavior in the Caribbean98, yet Elacatinus 
δ15Noto in our data had intermediate δ15N among our analyzed specimens (Extended Data Fig. 3). 
Additionally, overall biodiversity curves are similar between the two time periods in each region22. While 
we cannot completely rule out shifts in fish community composition at the species level, most notably 
among gobies, which are hyper-diverse, the coherent patterns—greater variability, and generally lower 
mean δ15N of Holocene gobies in Panama, for example—were observed across all groups even when 
separating fish by genus or by species, where available, for each family (Extended Data Fig. 3), indicating 
that larger ecological drivers, not differences in relative abundances of component species, are generating 
the observed δ15N patterns.   
 
Time averaging. Another possible explanation is differences in time averaging between mid-Holocene and 
modern time periods. Greater time averaging could result in including coral and or fish from a greater range 
of time periods with distinct ecological characteristics or δ15Nbase if the mid-Holocene samples encompassed 
longer durations of time. However, our radiometric dating shows that samples are spanning similar 
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windows of time, ~100 years, in both time periods (see Methods). Coral reef accretion rates have slowed 
since the mid-Holocene, however, resulting in a pattern in which each mid-Holocene bulk sediment sample 
tends to encompass a shorter duration of time4. Despite the shorter snapshots of Holocene bulk sample bags 
(the units of sediment sampling), we observe similar variability at the sample bag level (i.e., intra-sample 
variability; coral in Fig. S2) to that observed at the Locality level (i.e., intra-Locality variability, Fig. S3) 
and at the Time Period level (Fig. 3), showing that neither different sites nor differences in time averaging 
are likely explanations for the declining variability of coral or otolith δ15N. Therefore, the most likely 
conclusion is that δ15N patterns were generated by ecological conditions operating on timescales that were 
captured equally well by our sampling from each time period. While small sample sizes preclude statistical 
characterization of these patterns, differences in time averaging from different time periods or sample bags 
do not appear to be driving the δ15N variability.  
 
Preservation. Preservation could also affect our results, if variations in preservation were greater during 
one of the time periods and were associated with δ15N differences. Preservation of organic matter is often 
examined using N content, the mass-standardized concentration of nitrogen in a sample100–102. Diagenetic 
alteration generates a fingerprint of diagenetic processes, such that highly altered material tends to show an 
inverse relationship between N content and δ15N resulting from preferential removal of low δ15N material 
in diagenetically altered substrates (e.g., as reviewed in100). However, we observed similar patterns in N 
content, a proxy for preservation of organic matter (e.g., 101), and no co-variation with δ15N (Extended Data 
Fig. 4) and similar patterns of N content and N content variability between time periods (Fig. S5). Thus, 
preservation is not a parsimonious explanation either. We interpret patterns in δ15N as original, as opposed 
to secondary, isotopic signals preserved in the carbonate biominerals.  
 

4. Ecological explanations for reduced δ15N variability 
 

Ruling out non-ecological explanations, we turn to known declines in ecosystem health on coral reefs in 
the Caribbean, to explain the observed niche width and FCL patterns. Previous studies in the region, 
including at our study sites in Bocas del Toro, Panama and in the DR, have used indicator species to 
highlight the broader ecological changes occurring in the region (Fig. S6). There are several mechanisms 
by which ecological changes can explain our observed niche and FCL patterns.  
 
Micro-habitat availability. On small spatial scales, declining micro-habitat availability for small fishes 
likely contributes to reduced δ15N variability in modern fish diets, as coral reef microhabitats exhibit distinct 
prey types and δ15N signatures at localized scales36,103. Mid-Holocene reefs, dominated by Acropora spp.52 
likely contained diverse microhabitats and dietary items. Acropora-associated structural complexity is 
critical for predator refugia and habitat diversity104,105. High structural complexity generates a wide range 
of the shapes and volumes in which fish can find refuge from predation (e.g., 106,107). The heterogeneity of 
habitats also increases the habitat volume, surface area, food resources, and number of available niches 
(e.g., 108,109). Declines in structural complexity2 could narrow prey δ15N diversity, primarily through reduced 
microhabitat availability and complexity, reducing population niche widths. 
 
Limited access to preferred prey could be driven by declines in specific coral species, which in turn host 
distinct foraging opportunities. Fast-growing Acroporid corals, Acropora cervicornis and A. palmata, have 
declined by 99% in the Caribbean3,110. Indeed, fringing reefs in general have become increasingly 
dominated by more competitive coral taxa, in a shift that has become attributed to land use changes and 
eutrophication as opposed to disease vulnerability3. As fishes can exhibit entirely distinct behavior based 
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on their coral104,111,112, changes in coral community writ-large may help to explain the observed fish trophic 
diversity declines.  
 
Predation pressure (non-consumptive effects of predation). Changes in foraging behavior could also be 
driven by declines in predation pressure, although cryptobenthic taxa (gobies, cardinalfishes) like those in 
the our study are relatively invulnerable to top-down control by predators and instead are considered more 
vulnerable to physical changes in the environment (wave energy, habitat availability) (e.g.,86). However, 
overfishing of top predators and mesopredators may have caused shifts in foraging behavior of 
cryptobenthic fishes on modern coral reefs. Predation pressure can shape trophic structure, especially when 
combined with reduced structural complexity of reefs. Specifically, high predation pressure and high habitat 
complexity causes behavioral patterns in prey fish such that prey fishes experience and forage within only 
a small subset of the coral reef113. Reduced predation pressure can weaken the predator-driven trophic 
disparity, allowing fish to consume a larger number of prey items and lessening their observed dietary 
differentiation (e.g.,44). Top-down (predator-driven) effects on food web structure are famously challenging 
to demonstrate in coral reef contexts (e.g.,114), but declines in predator abundances are known to have 
occurred, evidenced by declines in shark dermal denticles4 and historical losses of large groupers and 
snappers115. These changes could diminish niche widths and trophic diversity of prey fishes, especially 
when combined with reduced structural complexity and increased foraging range. 
 
Habitat connectivity. Additionally, mid-Holocene fishes may have had greater historical access to foraging 
in mangroves, which contain relatively high δ15N prey items116–118.  Currently, mangroves provide a 
significant source of food for coral reef animals in the Bocas del Toro food web (e.g., 119), and mangroves 
may have had greater contributions in the prehistorical past, prior to coastal development known to have 
reduced mangroves in the Caribbean120–123. This point is supported by the fact that grunts and 
cardinalfishes—the more mobile groups we examined—exhibited the largest declines in TL over time (Fig. 
4a). Grunts forage up to 5 km from their home reefs and cardinalfishes undergo off-reef movements up to 
0.5 km81,82,124. It has been previously established that variations in habitat use affect observed isotopic niche 
width, such that more highly migratory or mobile individuals or populations tend to have larger isotopic 
variations (e.g., 103,125,126) compared to individuals or populations with high residence time in only one 
habitat type. Currently, there is no clear evidence that mangrove extent has increased or decreased compared 
to mid-Holocene, as more stable sea level today would generate more optimal conditions for mangroves 
compared to the mid-Holocene. At the same time, coastal development is more severe in the neighboring 
coastlines of south DR compared to the coastline of Panama near our sites and mangroves have declined in 
both regions over recent decades, leading us to consider that declining mangrove habitat could be an 
explanation for the more severe δ15N mean value changes in the DR. Specifically, the widespread decline 
in mangrove and seagrass extent in the Caribbean—and in study regions specifically has occurred in recent 
decades120–123, although longer term data on these habitats is lacking. In food web theory and empirical 
studies, mobile consumers facilitate longer food chain lengths due to connecting different habitats with 
distinct energy pathways127–129; thus, greater habitat connectivity of prehistorical coral reefs is also 
consistent with our observation of longer food chains in the past. We conclude that the loss of connectivity 
with adjacent habitats (e.g., mangroves, seagrasses) may be a major factor leading to the decreased trophic 
level and the trophic diversity (isotopic niche widths) of taxa with the largest propensity for off-reef 
movements. Thus, the decline in TL in grunts and cardinalfish may signal a loss of connectivity to adjacent 
habitats in both regions.  
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Shifts from benthic to pelagic foraging. Gobies in Panama increased their TL. This increased TL, coupled 
with the high abundances of gobies, caused the ecosystem MTL to increase slightly (using bootstrapped 
data; P<0.001; Extended Data Table 2). The higher TL indicates decreased reliance on benthic-sourced 
prey and greater consumption of pelagic-sourced organic matter, the latter of which has a higher δ15N than 
benthic primary producers33,90. Gobies in the Coryphopterus genus, which were abundant in our assemblage 
(Extended Data Fig. 5), are known to spend a greater proportion of time feeding in the water column when 
pelagic food resources increase93,95. While still considered benthic, both species shift their foraging behavior 
to the water column when wave energy, turbidity, or primary productivity are elevated93,95. Several lines of 
evidence (increased terrigenous-sourced organic matter, declining proportions of symbiont-bearing 
foraminifera, increased N content of seagrasses, and increased chlorophyll concentrations) suggest that 
Almirante Bay is becoming increasingly eutrophic compared to historical and pre-historical time periods130–
133, a factor that would enhance water column food availability and thus promote pelagic feeding among 
Coryphopterus gobies in response93,95. In Bocas del Toro, pelagic primary consumers are ~3‰ higher than 
benthic primary consumers33,90. Additionally, while not widespread from shore, the influence of human-
sourced nutrients results in elevated δ15N of bivalves and gastropods closest to shore134. The higher modern 
δ15N across each level of taxonomic resolution for gobies (Extended Data Fig. 5) is consistent with their 
greater reliance on pelagic prey (e.g., copepods) rather than benthic crustaceans or detrital material.  

 
Gobies increased δ15N in Panama, consistent with a shift from benthic (lower δ15N) to pelagic (higher δ15N) 
foraging, perhaps in response to greater food availability in the latter. Gobies range from dietary specialists 
to generalists, with diets composed of coral tissue and mucous135 to fish eggs, copepods, mollusks, small 
invertebrates, detritus, algae, and parasites (i.e., cleaner fishes)29,91. Some are herbivores consuming 
filamentous algae91. The majority of goby otoliths were from Coryphopterus personatus and C. 
glaucofraenum, two species of omnivorous cryptobenthic species that primarily consume copepods but also 
bivalves, ostracods, and small echinoderms92.  

 
Shifts in the community composition of pelagic ichthyoplankton. Declines in abundances of high trophic 
level fishes115,136,137 also means declines in the eggs of these higher trophic level fishes, which is one way 
in which non-targeted, low TL fishes could have their food availability—and therefore their δ15N—be 
indirectly affected by fishing. Widespread declines in parrotfishes (e.g., 138,139), a low TL taxon, could also 
mean decreases in the proportion of the lowest TL ichthyoplankton. However, we rule out ichthyoplankton 
changes as a primary driver as the largest changes in both niche width and TL were observed in grunts and 
cardinalfishes, both of which are known to undergo relatively large off-reef foraging forays (while reef fish 
ichthyoplankton abundances are centered on-reef) and consume large proportions of benthic crustaceans as 
opposed to ichthyoplankton.  
 

5. Panama vs. DR coastal health comparisons 
 

In an assessment of global coastal regions with the greatest vulnerability and greatest potential gains from 
conservation, the DR was among the most likely regions to gain from mangrove and coral reef protection140 
due to hurricane vulnerability, forecasted sea level changes, likelihood of bleaching, and mangrove areas 
lost to-date. Today, the DR has less mangrove extent relative to Bocas del Toro Panama, and has 
experienced a greater degree of mangrove and seagrass loss141,142. Along the southern coast of the DR, the 
spatial extent of mangroves was 42 km² in 2020, approximately 12% of the 828 km of the coastline, 
compared to in the Bocas del Toro archipelago alone (including the area of Laguna de Chiriquí), 
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approximately 40% of the coastline is mangrove (18 km2 of the 894 km of coastline estimated 
linearly)123,143.  
 
Studies in Bocas del Toro show that mangrove-sourced food remains important to modern fishes. In a study 
focused on sessile invertebrates on coral reefs in Bocas del Toro, including sponges, file clams, and feather 
duster worms, mangrove-sourced contributions were frequently a large percentage of dissolved organic 
matter (DOM) filtered by these organisms, ranging from 0 to 60% of DOM sources144. In another study 
focused on reef fish communities in Bocas del Toro, proximity to mangrove habitat was a correlate of reef 
fish abundance and biodiversity119.  
 
Analogous studies of mangrove-derived subsidies do not exist for the DR. Yet studies show that coral reefs 
in general are in decline in the DR. All predatory fishes have low abundances; predatory fishes in the 
serranid family, for example, declined most steeply by 80%142 since monitoring began in 2015. 
Additionally, all coral reefs in DR are considered threatened8. DR country-wide status is that coral cover 
has been declining on average 5% per year since 2015142. 
 

6. Niche width and ecosystem stability  
 

The implications of dietary diversity for food web stability continue to be debated128,145,146, with variability 
in diet and dietary resources serving as a buffer or as a vulnerability in different contexts depending on the 
interaction strengths of specific trophic linkages42,129,147–151 and the timescales over which trophic linkages 
occur or are observed128,152–154. However, intra-population variability in (realized/ phenotypic) niche (i.e., 
the ‘portfolio effect’) has generally been considered to be a successful bet-hedging strategy against changes 
in prey availability or environmental conditions127,155. The portfolio effect increases stability by increasing 
the compartmentalization or modularity of food web structure42. Intra-population (intra-specific) 
specialization can be considered a form of compartmentalization by (1) increasing the interaction strength 
between a given pairing of prey and consumer and by (2) simultaneously decreasing the interaction strength 
between that pairing (i.e., that subset of the food web) and the rest of the food web40,145,156. Inter-individual 
niche differentiation (specialization) therefore increase food web stability40,156, as perturbations become 
constrained to a subset of consumers. Food webs containing multiple channels of energy are considered 
more stable42,127,157. 
 
Some species respond to environmental perturbations by changing their diet18,49,158. Behavioral flexibility 
is one way in which fish species mitigate environmental changes (although these changes may occur at a 
physiological cost159). Multiple studies show that predators with flexible foraging strategies are resilient to 
the effects of habitat degradation (e.g.,12,32,49,158) and this behavioral flexibility has been explored as a 
mechanisms providing stability to food web structure152. Consequently, the increased trophic similarity may 
indicate increased trophic redundancy (e.g., 7), often considered a factor that leads to increased stability to 
perturbations (e.g., in food supply). This last observation leads to the hypothesis that the current 
configuration—i.e., narrower population-level isotopic niche widths—may represent a more stable food 
web network, albeit one in which increased competition for resources may lead to other dynamics160,161.  
 
However, ecological theory and observations point to our preferred hypothesis—i.e., that increased trophic 
similarity among individual fish indicates decreased stability, as all individuals in a given family now rely 
on a common pool of overlapping resources—as being more likely. Behavioral flexibility only generates 
trophic redundancy to a point—once the pool of resources is so evenly shared that trophic redundancy leads 
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to competition, a destabilizing force, then collapsed niche widths can potentially lead to extinction or other 
forms of decreased persistence within the food web145,160,162–164.  
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Supplementary figures and tables 
 
 

 
 
Fig. S1 | Illustrations of measured (left) and bootstrapped family-abundance weighted (right) mean 
trophic level (MTL) and food chain length (FCL). Measured MTL and FCL estimates are based on the 
taxon-specific means of measured δ15N; family abundance-weighted metrics are based on the δ15N 
distribution obtained from bootstrapping. See also main text Fig. 2c and d for illustrations of how δ15N 
measurements are used to calculate taxon-specific trophic level and isotopic niche width. 
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Fig. S2 | All measurements plotted by sub-Locality (sub-site). Each sample number (x-axis) specifies a 
unique combination of depth, locality, and replicate sediment bag. Co-occurring specimens of corals, 
gobies, silversides, grunts, and cardinalfishes were measured where possible. Where error bars are shown, 
they denote the 1 sd of technical replicates—specifically, for some Haemulidae otoliths, which were 
relatively large, and for each coral fragment. For large Haemulidae otoliths, each otolith was pulverized 
into a fine powder, the powder was subsampled, and the two subsamples were run separately as technical 
replicates (see Methods). The symbol and error bars for these Haemulidae otoliths are shown as the mean 
± 1 sd of the replicate measurements. Additionally, each coral mean δ15N is comprised of two technical 
replicates that were averaged to generate a specimen (coral fragment) specific mean δ15N. 
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Fig. S3 | All taxa plotted by Locality. Horizontal scatter (“jitter”) was added randomly in R to all 
datapoints to reduce overplotting. Color and symbol correspond to taxa. There are no clear Locality-level 
patterns in δ15N within or across taxa, other than gobies in the two mid-Holocene DR sites (goby δ15Noto 
was higher in Las Clavellinas and lower in Cañon los Rios). Otoliths sampled from Sunset Point seagrasses 
and Sunset Point Coral show similar patterns for the grunts, the only species found in both localities. 
Measurements of otoliths from other reef fishes were measured but not included in the analysis reported in 
the main text due to a lack of conspecifics for comparison. These otoliths were from fish in the following 
families: Engraulidae (anchovies, pink open round symbols; n=21), Lutjanidae (snappers, red triangle 
symbols; n=8), Serranidae (wrasses; n=4), and Gerreidae (‘other reef fishes’ above; n=2). Where error bars 
are shown, they denote the 1 sd of technical replicates as in Fig. S2. 
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Fig. S4 | Taxon-specific trophic level patterns vs. reconstructed fish size (mm). Each symbol represents 
an individual fish except for several measurements for which multiple otoliths were combined in an initial 
batch of measurements (see Extended Data Fig. 4). See also Extended Data Fig. 8 for community overview 
of fish size and δ15N.  
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Fig. S5 | Mean N content and N content variation (1 SD). a, Mean N content of fossil vs. modern otoliths 
and corals from the same groups. Each symbol represents the family-specific mean ± 1 sd of N content 
(nmol N per mg carbonate), a proxy for protein content (see Supplementary information section titled, 
‘Organic composition of otoliths’). Filled symbols represent data from Panama and open symbols represent 
data from the Dominican Republic. b, Variation (1 sd) of N content of fossil vs. modern otoliths and corals 
from the same groups. Each symbol represents the family-specific standard deviation of N content. The 
narrower niche widths (lower δ15N variability) observed among modern otoliths (Fig. 2d) were not 
accompanied by similar patterns in N content, a proxy for organic matter content, showing that the higher 
N isotopic variability of historical samples is not driven by a lower degree of preservation.  
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Fig. S6 | Supporting data from previously published studies. Supporting data showing fossil vs. modern 
comparisons of proxies of shark abundances165, mollusk community composition56,132,166, and coral reef 
accretion rates167 from the same sample sites as the otoliths and corals in our study. a, The accumulation 
rates165 of shark dermal denticles has declined on reefs in the DR and in Panama. b, The relative proportion 
of suspension-feeding mollusks, which serves as an indicator of water quality (with suspension feeders 
having higher proportions in oligotrophic environments56,132,166), have declined relative to the rest of the 
mollusk community. c, The coral reef accretion rate has declined167, showing that the health of the reef has 
been negatively impacted since the mid-Holocene. d, Mollusks groups showing increased relative 
abundance in response to water quality and ecosystem health changes, including benthic herbivorous 
mollusks, infaunal mollusks, and infaunal deposit-feeding chemosymbiotic bivalves, consistent with 
increased turf algae and decreased water quality on modern reefs56,132,166.  
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Fig. S7 | Summary figure showing all observations following bootstrapping results.  
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Table S1 | Range of otolith masses, reconstructed fish lengths, and N content for individuals from 
each of the four fish families. N content is also shown for coral. The total number of individuals (for fish) 
and fragments (for coral) measured in the current study are shown. 
 

Family Otolith mass 
(mg) 

Reconstructed 
length (mm) 

δ15N ‰ 
range 

δ15N ‰ mean 
± 1 SD 

N content (nmols N mg-1 
otolith) mean ± 1 SD 

n individual fish or 
coral fragments 

Goby 0.06-2.91 10-30 1.5-8.2 5.5 ± 1.7 39.5 ± 2.6 45 

Cardinalfish 0.24-5.93 12-41 5.5-11 8.6 ± 1.8 36.4 ± 5.3 40 

Silverside 0.53-5.71 13-33 7.4-9.4 8.2 ± 0.5 37.9 ± 5.1 19 

Grunt 0.18-37.83 10-110 4.4-10.8 8.5 ± 1.2 42.5 ± 10.0 32 

Coral NA NA 3.6-6.5 4.8 ± 0.6 4.1 ± 0.5 35 

 
 
 
 
Table S2 | The unweighted MTL compared with the two MTL metrics referenced in the main text 
(the abundance-weighted MTL the measured MTL). The unweighted MTL is the unprocessed mean of 
all δ15N measurements from each time period (see Extended Data Fig. 4). 
 

 

a Standard deviation estimates for FCL and MTL were calculated using error propagation. For all other categories, the variation (1 SD; niche width) of 
individuals within each family is reported.  
b The abundance-weighted MTL was calculated by resampling the δ15Noto measurements for each family using bootstrapping and applying a resampled 
δ15Noto value to each otolith for each family in the sedimentary record, weighted by the number of otoliths. Thus, the abundance-weighted MTL reflects 
the relative abundances of each family in the sedimentary record (Methods). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Fossil δ15N  
± 1 SD (‰) 

Modern δ15N  
± 1 SD (‰) 

δ15N 
Chang
e (‰) 

Wilcoxon adjusted 
P-value, statistic 
(W), effect size (r) 

Modern δ15N  
(baseline 

corrected) 

δ15N change (‰)  
vs. fossil 

(baseline corrected) 
Panama       

Unweighted MTL  7.74 ± 2.05a 7.90 ± 1.22a 0.16 P=0.99, 
W=1080, r=0.0016 

8.39 0.65 

Abund.-weighted MTLb 

(bootstrapped) 
  

5.84 ± 1.3 7.15 ± 0.79 1.32*** P=2.2x10-16, 
 W=567, r=0.669 

7.64 1.80 

Measured MTL 

 
8.02 ± 0.6a 8.07 ± 0.30 a 0.05 P=1.0, 

 W=8, r=0 
8.56 0.54 

Dominican Republic       

Unweighted MTL 8.12 ± 2.7a 5.47 ± 1.501 -2.65*** P=1.5×10-4,  
W=387, r=0.580 

5.86 -2.26 

Abund.-weighted MTLb 

(bootstrapped) 
  

6.05 ± 1.97 5.24 ± 0.82 -0.81*** P=8.4x10-5, 
W=33018, r=0.176 

5.63 -0.42 

Measured MTL 

 
7.90 ± 1.07 5.72 ± 0.531 -2.18 P=0.4, 

 W=7, r=0.445 
6.11 -1.79 
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Table S3 | Geographic locations of each locality.  
 

 Mid-Holocene (fossil) Geographical Locations 

Region Stations Longitude Latitude 

Panama Sunset Point -82.270 9.360 

 Sweet Bocas -82.271 9.361 

Dominican Republic Cañon los Rios -71.62 18.53 

 Las Clavellinas -71.55 18.50 

 Sub-Recent (modern) Geographical Locations 

Panama Playa Estrella -82.33 9.40 

 Punta Caracol -82.30 9.38 

 Casa Blanca New -82.279 9.3619 

 Casa Blanca -82.284 9.3624 

 STRI Point -82.26 9.35 

 Airport Point -82.26 9.34 

 SW Bocas Island -82.25 9.33 

 Cayo Adriana -82.28 9.36 

Dominican Republic La Caleta Beach Reef -69.69 18.45 

 Hickory Ship, La Caleta -69.68 18.43 

 Wreck Limon La Caleta -69.68 18.42 

 
 
 
 
Table S4 | Highest resolution taxonomic classification of otoliths analyzed for δ15N.   
 

  Family level Genus level Species level 

Goby 33.3% 26.7% 40.0% 

Silverside  NA NA  100.0% 

Cardinalfish 60.0% 40.0%   

Grunt 8.1% 62.2% 29.7% 

Total 29.8% 36.2% 34.0% 
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Table S5 | Summary of data used to impute bootstrapped δ15N community metrics. Measured δ15N for 
each family and fish community composition are shown. The reef sedimentary deposits, which are time-
averaged, capture the predator-excreted deposition of otoliths onto the reef sediments through time. The 
relatively high abundances of gobies (Gobiidae) and cardinalfishes (Apogonidae) reflect the high turnover 
rates (i.e., the short generation times and high mortality rates) of these groups.  
 

Specimen type Measurements Bootstrap results Fish community 

Region Time period Family Mean 
(‰) 

Median 
(‰) 

1 SD 
(‰) n Mean (‰) n subtotals proportion 

Panama Fossil Goby 5.43 5.73 1.59 8 5.44 508  0.91 

  Cardinalfish 9.94 9.91 0.96 7 9.93 49  0.09 

  Grunt 8.80 8.78 0.97 8 8.81 2 559 0.004 

 Modern Goby 6.81 6.89 0.54 9 6.80 935  0.84 

  Cardinalfish 8.98 8.70 0.83 3 8.99 169  0.15 

  Grunt 8.55 8.58 0.51 13 8.55 13 1117 0.01 

Dominican  
Republic Fossil Goby 5.26 6.10 2.85 5 5.26 126  0.95 

  Cardinalfish 9.16 9.24 1.11 4 9.15 27  0.20 

  Grunt 9.41 9.44 0.66 5 9.41 6 132 0.05 

 Modern Goby 4.46 3.90 1.92 6 4.46 174  0.51 

  Cardinalfish 6.01 6.01 0.69 2 6.01 161  0.47 

  Grunt 7.09 6.93 0.40 3 7.09 7 342 0.02 

 
 
 

 


