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Fossil isotope evidence for trophic 
simplification on modern Caribbean reefs

Jessica A. Lueders-Dumont1,2,3,4,5,8 ✉, Aaron O’Dea1,6,8, Erin M. Dillon1, Brigida de Gracia1, 
Chien-Hsiang Lin7, Sergey Oleynik4, Seth Finnegan1,5, Daniel M. Sigman4 & 
Xingchen Tony Wang2 ✉

Caribbean reefs have experienced major human-driven changes to their coral and  
fish communities1–4, yet how these changes have affected trophic dynamics remains 
poorly understood owing to challenges in reconstructing the trophic structure  
of pre-human-impact reefs. Advances in fossil-bound protein nitrogen isotope 
(15N/14N) analysis now enable the reconstruction of ancient trophic dynamics5,6,  
as the 15N to 14N ratio reflects an animal’s trophic position7. Here we apply this 
method to modern and prehistoric (7,000-year-old) fish otoliths (ear stones) and 
corals from Caribbean Panama and the Dominican Republic, focusing on fishes 
occupying low to middle trophic levels. We find that although the trophic level 
typically declined in high-trophic-level fishes over time, it increased or remained 
unchanged in low-trophic-level fishes, indicating that modern food chains are  
60–70% shorter than on the prehistoric reefs in both Panama and the Dominican 
Republic. Furthermore, across all trophic groups, we observed a marked reduction 
in dietary variation, with a 20–70% lower trophic range on the modern reefs 
compared to the prehistoric reefs. This pattern is best explained by less dietary 
specialization in modern reefs, consistent with less ecological complexity than in 
prehistoric reefs. These differences document and quantify the trophic simplification 
that has occurred on modern Caribbean reefs, a change that may increase their 
vulnerability to ecosystem collapse.

Coral reefs are among the most vital marine ecosystems in low-latitude 
regions. These biodiverse environments provide essential habitats for 
at least 25% of marine species, including many reef fishes8. Moreover, 
the health of coral reefs is closely linked to the health, storm protec-
tion and nutrition of approximately one billion people—about 13% of 
the global population—who rely on reefs owing to proximity (that is, 
living within 100 km of coral reefs)9. Yet global coral cover across reef 
ecosystems has declined owing to climate change, eutrophication, 
overfishing and disease1,2. For instance, average stony coral cover in 
the Caribbean has decreased by 50% since the 1970s3, leading to a shift 
from coral- to algae-dominated ecosystems.

One crucial aspect of coral reef biodiversity and resilience is trophic 
diversity—the range and specialization of feeding roles within the com-
munity. Reef fishes perform critical and varied ecological functions, 
including ectoparasite cleaning, algae farming, symbiotic relationships 
with invertebrates and poaching10,11. Even in fishes considered general-
ists, high-resolution studies show intraspecific prey specialization12–14. 
This wide range of trophic interactions in these ecosystems underpins 
their extraordinary biodiversity and productivity15,16 and thus supports 
the services that they provide17.

Despite well-documented losses in coral cover and fish biomass, 
it remains unclear whether the diets of fish communities have been 

altered by ecological degradation of coral reefs. Many of the impacts 
leading to coral reef ecosystem change, including overfishing, 
eutrophication and shifts in coral community composition, began 
before modern recordkeeping3,4. Thus, reconstructing pre-human 
trophic structures is critical for understanding whether and how human 
activities have altered energy flow in these and other marine ecosystems 
compared to their historical baselines.

Stable isotopes are commonly used in modern ecological studies as 
tracers of trophic structure and energy flow7,18. Recent methodological 
advancements5,6,19 have enabled isotopic analyses of organic nitrogen 
in proteins bound within the fossil skeletons of diverse organisms, 
including fish otoliths, coral, foraminifera and teeth. These innova-
tions make it feasible to reconstruct past marine food web structure 
and trophic diversity using an ecosystem-based nitrogen-isotope 
approach, particularly when multiple taxa co-exist at a given fossil 
reef site. Otoliths—ear stones involved in vestibular function in bony 
fishes—have taxon-specific shapes and are composed of calcium car-
bonate (>99.6% by mass) and organic constituents (<0.4%)20 (Sup-
plementary Methods). In fossil and subfossil specimens, the mineral 
lattice protects the organic constituents from factors leading to poor 
preservation. The high-sensitivity otolith-bound nitrogen isotope 
(δ15Noto, where δ15N = [(15N/14Nsample)/(15N/14Nair) – 1] × 1,000) approach 
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enables individual- and community-level δ15N analyses from fossil 
specimens but has only begun to be applied to study ecosystems5,21. 
The δ15N patterns in otoliths—as in muscle tissue—convey informa-
tion about the proportional contribution of food items with distinct 
isotopic values (Methods).

Here we measure the δ15N of fossil-bound organic matter in 
~7,000-year-old Caribbean coral reef deposits (Fig. 1), one in Panama 
(Bocas del Toro) and the other in the Dominican Republic (Enriquillo 
Basin), to reconstruct coral reef trophic structure before widespread 
human impacts for comparison with the trophic structure of nearby 
modern reefs. Fish otoliths and corals are preserved within the coral 
reef sediments at these sites22, alongside other biogenic hard parts (for 
example, spines, denticles, teeth, spicules, shells) from diverse organ-
isms such as molluscs, urchins, sharks and sponges4. We focus on coral 
(Porites furcata; family Poritidae) and four fish families (Fig. 2a), gobies 
(Gobiidae), cardinalfishes (Apogonidae), silversides (Atherinidae) and 
grunts (Haemulidae), all of which are important prey fish. As prey fish 
otoliths are primarily deposited onto reef sediments through preda-
tor excretion23, otolith abundances reflect the relative contributions 
of different fishes to energy flow in the overlying food web averaged 
over the timescale of sedimentary deposition. These families were 
therefore chosen for their high abundances in sedimentary deposits 

as well as their distinct ecological roles. Moreover, apart from grunts, 
these families are not routinely targeted by fisheries, reducing fishing-
driven biases in the dataset24.

We use δ15N to quantify three complementary metrics: mean trophic 
level (MTL; the mean of δ15Noto measurements for a family or the whole 
community), isotopic niche width (as reflected by the standard devia-
tion of δ15Noto measurements for a given family or the whole commu-
nity25) and food chain length (FCL; the range in mean family δ15Noto) 
(Supplementary Fig. 1). Below, population refers to individual oto-
liths within a family, whereas community refers to the assemblage 
of the studied families. Together, these metrics trace fish behaviour, 
dietary diversity and energy-flow pathways across individuals (each 
otolith), families (means and variance across individuals within each 
family) and the partial communities (mean and variance across the 
families). As diets are averaged within individual fish, high levels of 
specialization—each fish relying on a distinct subset of prey—can yield 
relatively large within-family δ15N variance compared with prey δ15N 
variance14,25. For example, a large isotopic niche width within a given 
family, in this context, indicates dietary specialization at the level of 
individual fish. If fish engage in more generalist foraging, or if resource 
diversity (that is, the ‘menu’) has become more homogenous, then 
we would observe greater trophic similarity among individuals and 
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Fig. 1 | Geographic regions and workflow. a, Caribbean regional map and 
sampling locations within Bocas del Toro, Panama (southwest Caribbean, left) 
and the Dominican Republic (eastern Caribbean, right) (refer to Extended Data 
Fig. 1 and Supplementary Table 3 for detailed locality information for modern 
(red) and fossil (blue) sites). b, Sediment sampling of the coral reef framework 
in modern and fossil coral reefs. c, Assorted specimens of coral reef matrix- 
sourced fossil fish otoliths viewed under a dissecting microscope and inset 
showing example scanning electron microscopy (SEM) images of the cleaned 

otoliths and coral skeletal material. From top to bottom in the inset we show 
representative otoliths from each family (Fig. 2a) in the current study: grunts 
(Haemulidae), cardinalfishes (Apogonidae), silversides (Atherinidae) and 
gobies (Gobiidae), with the bottom-most image showing fragments of branching 
finger coral (Poritidae). Scale bars, 1 mm. Fossil and modern reef images in b 
and images of assorted specimens and otolith SEM in c reproduced from ref. 22; 
PLoS, under a CC0 1.0 Creative Commons license.

http://creativecommons.org/publicdomain/zero/1.0/
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a narrow within-family isotopic niche width12,25. On modern reefs, we 
predicted that coral loss, predator depletion and habitat fragmenta-
tion would reduce resource diversity and promote generalist foraging, 
leading to greater trophic similarity among individuals. If fish diets also 
become more similar among families, then FCL is expected to decrease. 
Ecological theory also predicts that decreased habitat connectivity 
should lead to decreased FCL26,27.

We analysed 136 fish otoliths and co-occurring corals from both fossil 
(mid-Holocene, 7,000 years ago; ka) and modern Caribbean reefs to 
reconstruct prehistoric and contemporary reef fish trophic structures 
(Supplementary Table 1). Cleaning and analysis techniques ensured 
that only fish- and coral-native organic matter was analysed for δ15N  
(Methods). The δ15N of coral-bound organics (δ15Ncb) co-varies with 
regional patterns in the isotopic baseline (δ15Nbase), that is, the nitro-
gen isotope composition of nutrients consumed by primary produc-
ers at the base of the food chain (Methods). We found that δ15Nbase did 
not change significantly over time in either region (Fig. 2c; Wilcoxon, 

Panama, P = 0.45, t = 109, effect size r = 0.3; Dominican Republic, 
P = 0.62, t = 14, r = 0.33; Extended Data Table 1), enabling us to examine 
trophic-level patterns without adjusting for δ15Nbase shifts.

Otolith δ15N tracks trophic roles
The resulting δ15N data of fossil fishes (Fig. 2b) generally conformed to 
expected trophic levels (refer to the ‘δ15Noto comparison with known die-
tary patterns’ section in the Supplementary Information), with grunts 
and cardinalfishes occupying higher trophic levels compared with gob-
ies and silversides. Gobies showed the lowest relative trophic level, con-
sistent with known patterns based on prey items from stomach-content 
studies28,29 and tissue-stable-isotope studies (for example, ref. 30) 
of modern fishes in the Caribbean. Past isotope studies have found 
that these species were 3–4‰ lower than co-occurring grunts30, similar 
to our results. Silversides (small pelagic schooling fishes that primarily 
consume copepods and fish larvae) had higher δ15N than gobies, but 
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Fig. 2 | Coral- and otolith-bound δ15N for fossil (~7 ka) and modern (0.1 ka) 
time periods. a, Descriptions of the taxa analysed in both time periods to 
generate an ecosystem nitrogen isotope distribution for coral reef trophic 
reconstruction. Top row: larger reef-associated fishes; middle rows, smaller 
reef-associated fishes; bottom row, primary consumers. b, Measurements of 
otolith- and coral-bound nitrogen isotopes (δ15N) for each fish family, where 
each symbol denotes an individual coral fragment or fish otolith. Each symbol 
represents the mean ± 1 s.d. of replicate measurements from individual otoliths 
or coral fragments. The n value below each category reflects the number of 
biologically independent individuals (coral fragments or fish) measured for each 
family, time period and region. c, Family-level patterns in δ15N (trophic level) for 
fossil and modern time periods (where n is the same as for b). Statistical tests 
for whether mean δ15N has changed since the mid-Holocene are shown below 
each fish silhouette (Wilcoxon, two-sided; *P < 0.05, **P < 0.01, ***P < 0.001). 
δ15N declined for Dominican Republic cardinalfishes (P = 2.5 × 10−4, W = 100, 

r = 0.873) and grunts (P = 0.048, W = 20, r = 0.82) (Extended Data Table 2). Data 
from Bocas del Toro, Panama, are shown on the left; data from the southeast 
Dominican Republic are shown on the right for b and c. d, Regional and family- 
level patterns in isotopic niche width (diet-driven δ15N diversity), calculated  
as the 1 s.d. of the individual-level measurements in b. The percent decline 
compared with the mid-Holocene niche width is shown above each modern bar. 
Statistical tests for whether the variances have changed since the mid-Holocene 
are shown below each fish silhouette (F-test, two-sided; *P < 0.05, **P < 0.01, 
***P < 0.001). Panama gobies (P = 0.043, F = 3.0), silversides (P = 0.0042, F = 8.53) 
and grunts (P = 0.0004, F = 10.22) declined significantly (Extended Data Table 4). 
Grey arrows (from b, pointing towards c and d) indicate that the metrics shown 
in c (trophic position) and d (dietary diversity) are calculated from all data 
shown in b. Insets in each of c and d illustrate how each metric was calculated. 
Fish silhouettes in a–d reproduced from ref. 51, GitHub, under a GPL-2 license.

http://www.r-project.org/Licenses/GPL-2
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lower δ15N than cardinalfish and grunts. In previous studies, modern 
silverside tissue δ15N and trophic level were typically higher than that of 
co-occurring herbivores31,32, probably due to the higher δ15N of pelagic 
versus benthic organisms in coral reef settings, including in Bocas del 
Toro, Panama33. Thus, the δ15N elevation of silversides relative to gob-
ies in our study is consistent with pelagic foraging by silversides and 
primarily benthic foraging by gobies29. Grunts, the most abundant 
representative of higher-trophic-level fishes in our fossil sediment 
record, are omnivorous or carnivorous predators that move among 
adjacent habitats, where available, ranging up to 5 km to feed on diverse 
crustaceans, molluscs and some fish34,35. Modern tissue studies on this 
group of fishes show that their δ15N ranges from 8–10‰ in the Carib-
bean, similar to our otolith results33–35. Cardinalfishes showed a trophic 
level that was similar to that of grunts. There are few modern tissue 
isotope studies on this family36, but their classification as generalist 
carnivores is consistent with the relatively high otolith δ15N observed 
here. This alignment with known dietary behaviours supports the valid-
ity of our fossil trophic-level estimates.

Trophic-level decline in higher-trophic-level fishes
δ15Noto indicates that the different fish families have experienced dif-
ferent degrees of dietary change since the mid-Holocene (Fig. 2c). In 
Panama, we observed no significant changes in family trophic levels 
(Fig. 2c, Extended Data Tables 1 and 2). In the Dominican Republic, mod-
ern grunts and cardinalfishes occupied lower trophic levels (that is, had 
lower average δ15Noto) than their fossil counterparts (Fig. 2c). Specifically, 
during the modern time period, mean δ15N was 2.4‰ lower in grunts 
(Wilcoxon, P = 0.048, W = 20, r = 0.82) and 3.7‰ lower in cardinalfishes 
(P = 2.5 × 10−4, W = 100, r = 0.873; Extended Data Table 2). As the trophic 
level changes in Panama were relatively subtle and required more sam-
ples to increase the statistical power, we used a resampling approach 
to generate bootstrapped δ15N data (Methods). With the bootstrapped 
resampling (1,000 iterations), Panama’s data echo the changes observed 
in the Dominican Republic, with higher mid-Holocene δ15N in grunts 
and cardinalfishes in Panama, but with a much lower amplitude (grunts: 
0.3‰ decline, Wilcoxon, P = 0.033, W = 26, r = 0.572; cardinalfishes: 
1.0‰ decline, P = 2.2 × 10−16, W = 8,281, r = 0.722; Extended Data Table 3). 
Gobies and silversides were similar to or higher than their fossil coun-
terparts in both regions. Specifically, modern goby δ15Noto was higher 
than fossil by 1.4‰ (Wilcoxon, P = 2.2 × 10−16, W = 0, r = 0.828) in Panama 
and lower by 0.8‰ in the Dominican Republic (P = 2.2 × 10−16, W = 21,732, 
r = 0.840); silversides were lower by 0.3‰ in Panama (P = 6.52 × 10−6, 
W = 1,169, r = 0.342) and were not measured in the Dominican Republic 
owing to a lack of specimens (Extended Data Table 3).

Community shifts in mean trophic level
We also examined community metrics (Fig. 3), including the MTL. 
Declining MTL in commercial fisheries—termed fishing down the food 
chain—is well-documented globally, yet most modern studies assume 
fixed trophic levels for each species, potentially overlooking dynamic 
changes in trophic level, trophic niche width and FCL. By contrast, 
nitrogen isotopes capture ‘realized’ trophic diversity, akin to an Elto-
nian niche, thus reflecting dynamic patterns in prey availability and 
consumer behaviour7,25,37.

Here we estimated MTL in fossil and modern reef fish communities 
using two approaches: (1) the ‘measured MTL’ (Fig. 3a) of the partial 
fish community, calculated by averaging the mean δ15N values of each 
of the measured fish families, and (2) the family ‘abundance-weighted 
MTL’ (Fig. 3d) that incorporates the numerical abundances of each 
family (Extended Data Table 5). The latter approach uses the previ-
ously described abundances22 of our target fish groups and applies a 
resampled (bootstrapped) δ15N measurement to each individual fish 
(otolith) recovered from the fossil and modern reefs, generating a 

modelled family-weighted (or scaled) distribution of fish community 
δ15N (refer to the ‘Ecosystem nitrogen isotope distribution’ section in 
the Methods). The abundance-weighted MTL is then calculated as the 
mean of the resulting distribution (Supplementary Fig. 1). As the relative 
abundances of different component families as well as the measured 
δ15Noto can shift the δ15Noto distribution, the ecosystem nitrogen isotope 
approach can be considered a dynamic metric for tracking MTL. We 
included only the three fish families found in both time periods and 
regions, thus excluding silversides, which were found in high abun-
dances only in Panama.

We found that measured MTL (Fig. 3a) remained stable in Panama 
(Wilcoxon, P = 1.0, W = 8, r = 0) and in the Dominican Republic (Wil-
coxon, P = 0.4, W = 7, r = 0.445) (Fig. 3a, Extended Data Table 2 and Sup-
plementary Table 2). The family abundance-weighted MTL (Fig. 3d), in 
contrast, increased in Panama from 5.8 to 7.2‰ (Wilcoxon, P = 2.2 × 10−16, 
W = 56,693, r = 0.669) and decreased in the Dominican Republic from 
6.1 to 5.2‰ (Wilcoxon, P = 8.4 × 10−5, W = 33,018, r = 0.176; Extended 
Data Table 5). Notably, the significant MTL increase in Panama emerged 
only in the abundance-weighted metric, driven by elevated goby δ15N, 
which outweighed the δ15N declines in cardinalfishes and grunts owing 
to the high abundance of gobies during both time periods (84–91% of 
the partial community in Panama; Supplementary Tables 4 and 5). The 
elevated δ15N of modern gobies is consistent with increased reliance 
on pelagic prey (refer to the ‘Ecological explanations for reduced δ15N 
variability’ section in the Supplementary Information). In the Domini-
can Republic, MTL declined owing to the δ15N declines in each family, 
although the numerical dominance of gobies (51–95% of the partial 
community in the Dominican Republic) set the magnitude (0.81‰) of 
the decline. Goby δ15N declined only modestly (0.42‰) compared to 
the larger magnitude declines (2.4‰ in grunts, 3.7‰ in cardinalfishes) 
in the less abundant taxa, thus yielding the observed 0.81‰ family 
abundance-weighted MTL decline. We conclude that the comparison of 
the measured MTL, which is stable through time, to the family-weighted 
MTL, which showed divergent trends by region, adds context to the 
ecosystem nitrogen isotope approach for determining changes in reef 
community trophic structure.

Declines in dietary breadth within taxa
Isotopic niche width (Fig. 2d), calculated from δ15N variation within 
each family (1 s.d.; ref. 25) and at the community level (Fig. 3c), was 
consistently greater in fossil fishes than in modern ones. These niche 
widths during the mid-Holocene (19 to 69%; Extended Data Table 4) 
were statistically significant for gobies, silversides and grunts in Pan-
ama (F-test to compare variances, P < 0.05 to P < 0.001 depending on 
species; Extended Data Table 4). No significant niche width changes 
were observed in the Dominican Republic, probably owing to limited 
statistical power. Nevertheless, bootstrapped results revealed mod-
ern declines in niche widths for Dominican Republic gobies (F-test to 
compare variances, 55% decline, P < 2.2 × 10−16, F = 4.91, d.f. = 125) and 
cardinalfishes (100% decline, P < 2.2 × 10−16, F = Inf, d.f. = 26) and signifi-
cant shifts in the δ15N distributions for all Dominican Republic families 
(Kolmogorov–Smirnov, gobies, P < 2.2 × 10−16, D = 0.93; cardinalfishes, 
P < 2.2 × 10−16, D = 1; and grunts, P = 0.0031, D = 1; Extended Data Table 3).

Within a population, isotopic niche width reflects dietary variation 
among individual fish. The observed declines therefore suggest a 
reduction in individual-level dietary specialization on modern reefs 
(Fig. 3b and Extended Data Table 4). This is consistent with optimal 
foraging theory38, which predicts that specialization improves energy 
efficiency by reducing handling time for each prey item. On degraded 
modern reefs, limited access to preferred prey probably forces fish to 
consume a broader array of suboptimal prey, resulting in individuals 
with more generalized diets39. Unintuitively, this leads to narrower 
population-level isotopic niches, as dietary overlap among individuals 
increases and δ15N converges12,14,25,40 (Fig. 4b). We emphasize that we 
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observed no niche widening in any family, contrary to predictions from 
the distributed stress model41. This suggests that reduced specializa-
tion, not diversification, is the dominant trend.

Alternatively, the narrowing of isotopic niches may reflect a loss in 
δ15N diversity among available prey, rather than a behavioural shift in 
foraging; however, this scenario is less likely, given evidence that many 
reef fishes increase the number of prey items consumed when preferred 
prey decline (for example, ref. 39). It is also improbable that remaining 
prey would coincidentally span a δ15N range similar to prehistoric means 
across multiple fish families. In any case, the δ15N of a prey item gener-
ally reflects its trophic position. Thus, regardless of the mechanism, the 
outcome is the same: increased trophic similarity among individual fish 
and reduced isotopic niche width at the population level. This emer-
gent pattern highlights a trend towards homogenized trophic roles on 
modern Caribbean reefs. The decline in family-level niche widths might 
cause decreased stability as changes in the availability of a given prey 
item would affect many individual fish in the consumer population40,42, 
as discussed below. Overall, the observed changes reveal previously 
unknown aspects of how human-caused alteration of coral reef eco-
systems has affected energy flow on modern reefs, potentially leading 
to new ecosystem-based indicators of ecosystem health.

Reduced food chain lengths
In both Panama and the Dominican Republic, FCL—the range in mean 
δ15Noto across taxa—on the modern reefs was about 40% shorter than 
during the mid-Holocene (Fig. 3c and Extended Data Table 2). To further 
assess community-level trophic structure, we calculated FCL from the 
ecosystem nitrogen isotope distribution (bootstrapped δ15N data), 
which uses a resampling approach to weight δ15N to the proportional 
abundances of each family (as described above and in the Methods). The 
analysis (Fig. 3d) revealed a marked decline in community-level δ15N var-
iance in both regions (Kolmogorov–Smirnov test, D = 0.91, P = 2.2 × 10−16 
for Panama; D = 0.47, P = 2.2 × 10−16 for Dominican Republic; Extended 
Data Table 5). The modern δ15N distributions were compressed (Fig. 4), 
with inter-quartile ranges (95%) reduced by 53% (Panama) and 60% 
(Dominican Republic) (Extended Data Table 5). The family-weighted dis-
tributions show decreased variance (by 2.68–4.05-fold, F-test; Panama, 
P = 2.2 × 10−16, F = 2.68, d.f. = 558; Dominican Republic, P = 2.2 × 10−16, 
F = 4.04, d.f. = 158) and had lower kurtosis and skewness (Extended 
Data Table 5), further recording the contraction of trophic diversity 
observed in the FCL results.
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Fig. 3 | Community-level changes. a, Measured MTL, calculated as the mean of 
mean family δ15N (± 1 s.e.) in each region and time period (where n represents 
families per average) (Supplementary Fig. 1). Measured MTL did not change for 
Panama (left, Wilcoxon, two-sided, P = 1, W = 8, r = 0) or the Dominican Republic 
(right, Wilcoxon, P = 0.4, W = 7, r = 0.445) (Extended Data Table 2). Grey symbols 
show the taxon trophic level (± 1 s.e.) (the symbols are the same as for Fig. 2b). 
NS, not significant. b, Isotopic niche width, calculated as the mean of all family 
s.d. values within each region and time period. To identify changes, we first 
normalized the isotope niche widths from Fig. 2d. We found that the community 
mean niche widths declined in both Panama (Paired t-test, two-sided, t = 4.23, 
d.f. = 3, P = 0.0242) and the Dominican Republic (Paired t-test, t = 17.073, d.f. = 2, 
P = 0.00341; data were screened for normality using the Shapiro–Wilk test for 
Panama, P = 0.42, W = 0.90; and for the Dominican Republic, P = 0.12, W = 0.80). 
For modern data, the mean niche ± 1 s.e. values are plotted; for the fossil data, 
no s.e. values are shown because data were scaled to mid-Holocene data from 
each region, removing variation. Grey symbols show the isotopic niche width 
for each family (same data as Fig. 2d). c, FCL, calculated as the range of mean 
family δ15N (see Supplementary Fig. 1). As the FCL is a calculated range, we did 
not conduct statistical tests. d, Family abundance-weighted δ15N distributions 
were modelled by applying bootstrapped δ15N to each otolith in the sedimentary 
record (refer to the ‘Ecosystem nitrogen isotope distribution’ section in the 
Methods). A smoothing function (4× binwidth kernel) was applied to the 
bootstrapped data to illustrate the distributional changes and therefore focus 
on the large-scale δ15N distribution. We calculated community metrics: the 
family abundance-weighted MTL and the family abundance-weighted FCL  
(95% interquartile range; Extended Data Table 5 and Supplementary Fig. 1).
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The reduction in FCL reflects a loss of trophic diversity at both the 
upper and lower extremes of the food web, suggesting a simplification 
of energy flow pathways among the reef fishes (Fig. 4). This observation 
might be explained by changes in structural habitat complexity and 
predation pressure (refer to the ‘Ecological explanations for reduced 
δ15N variability’ section in the Supplementary Information). For exam-
ple, historically abundant predatory fishes4 may have created a ‘land-
scape of fear’ that constrained prey movement, leading to localized 
foraging behaviour and supporting fine-scale trophic partitioning43. 
Likewise, greater structural complexity in mid-Holocene coral reefs 
before human-driven shifts in coral community composition2,3 prob-
ably increased both refugia (from predators) and prey diversity2,44 by 
supporting distinct microhabitats with different δ15N (refs. 36,37). 
Access to mangrove foraging grounds, which contribute to macroscale 
habitat complexity and contain relatively high δ15N prey34,35, may have 
further supported longer food chains during the mid-Holocene. In 
food web theory, declines in habitat connectivity (that is, habitat frag-
mentation) should generate shorter FCLs26,27. As an empirical example 
of how habitat connectivity affects FCL, coastal habitat fragmenta-
tion in the Bahamas results in decreased FCL (and population niche 
widths) of predators12. Fragmentation reduces the diversity of prey, 
especially higher-trophic-level prey items, decreasing the specializa-
tion opportunities for the predators while lowering their trophic level 
and the ecosystem FCL12, echoing the results from freshwater ecosys-
tems showing that reduced connectivity decreases the FCL in some 
contexts26,27,45. The greater trophic changes in the Dominican Repub-
lic are consistent with the greater intensity of human impacts in the 
Dominican Republic compared with Panama, including greater losses 
of mangroves and higher degrees of overfishing8 (refer to the ‘Panama 
versus Dominican Republic coastal health comparisons’ section in 
the Supplementary Information). Although the relative contribution 
of each driver (habitat diversity, predator presence, prey availability) 
is not yet clear, modern coral reef ecosystems clearly show reduced 
heterogeneity in energy channels.

Importantly, trophic changes were observed across all fish taxa ana-
lysed in both regions, including gobies—the lowest trophic level fish 
species examined. These small, short-lived fishes have outsized roles in 
energy cycling on coral reefs as both consumers28,29 and prey29, compris-
ing up to 80% of fish consumed on coral reefs46. Thus, the reconstructed 
changes in energy flow (prey availability and consumption) would 
also have impacted the sources, rates and quality of energy supplied 
to large fishes.

Implications for ecosystem resilience
Using a new ‘ecosystem nitrogen isotope’ approach that analyses 
co-existing otolith and coral fossils, this study provides the first direct 
reconstruction of coral reef fish trophic structure before substantial 
human impact, and it reveals ecosystem-wide trophic compression 
across family, community and regional scales. We find that trophic 
diversity, indicating the breadth of resource use within and across coral 
reef taxa, has declined markedly. This reduction seems to reflect a loss 
of dietary specialization and reduced prey availability at the upper and 
lower ends of food webs.

Our findings show that recent changes on these reefs have short-
ened reef food chains while also reducing the dietary specialization of 
reef-associated fishes, similar to comparisons of fished and unfished 
coral reef food webs in remote oceanic atolls in the Pacific47. Modern 
comparison studies typically find that trophic responses to coral reef 
degradation are highly context- and species-specific18,32,48,49 in contrast 
to our results showing universally reduced niche widths across each 
family and decreased FCL in both regions.

Our findings have implications for ecosystem stability. The observed 
family-level shifts in trophic niche width and trophic level suggest that 
reef fish have already adapted their behaviour to changing prey avail-
ability, foraging opportunities and habitat connectivity, demonstrating 
a degree of resilience (refer to the ‘Niche width and ecosystem stability’ 
section in the Supplementary Information). However, as anthropogenic 
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impacts become progressively more severe, the intrinsic buffering 
capacity of the food web network is now limited. The reductions in 
both FCL and niche diversity indicate a contraction in the number of 
distinct energy pathways that support the ecosystem. Ecological theory 
predicts that such a decline in diversity can erode stability by weaken-
ing the network’s ability to buffer shocks1,27,50. If all individual fish in 
a population rely on an overlapping, common pool of resources, as 
opposed to highly individualized feeding preferences, the population 
will no longer be buffered against changes in food availability. By con-
trast, under the mid-Holocene condition of greater intra-population 
specialization, a given change in food availability would have affected 
only a subset of individuals. Our reconstruction suggests that modern 
coral reef ecosystems operate with fewer trophic pathways and reduced 
functional redundancy, reducing their capacity to withstand ongoing 
and future stressors and increasing the risk of ecosystem collapse.
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Methods

Taxa
Our main goal was to assess long-term changes in the trophic struc-
ture of coral reef-associated fishes compared to prehistoric trophic 
structure before widespread human impacts. As different stressors 
can affect different components of marine food webs, we analysed 
otoliths from key taxa representing the most abundant species from 
different ecological niches. Gobies (Gobiidae) are abundant, small, 
cryptobenthic fishes that forage in reef crevices. Cardinalfishes (Apogo
nidae) are cryptobenthic taxa that exhibit nocturnal off-reef foraging29. 
Silversides (Atherinidae) are small, pelagic planktivores that feed in 
schools above reefs52 and grunts (Haemulidae) are relatively larger 
omnivores that forage in both reef and adjacent seagrass and mangrove 
habitats35. For taxonomic identification based on otoliths, we used a 
Caribbean otolith reference collection comprised of locally obtained 
modern specimens22. Owing to the diagnostic limitations of identify-
ing very small otoliths from early life history stages, only a portion 
(30–100%, depending on the family; Supplementary Table 4) could be 
identified to the genus or species, whereas the remaining specimens 
were assigned to family (8–60%).

Study regions
Otoliths were extracted from two coral reef sedimentary deposits that 
are the only known mid-Holocene otolith-bearing reef sediments in 
the Caribbean, located in Bocas del Toro, Panama (9° N × 82° W; Fig. 1 
and Supplementary Table 3), and the Enriquillo Basin, Dominican 
Republic (18° N × 71° W). These sites contain well-preserved fossil reef 
assemblages spanning the mid-Holocene (around 7000 years before 
present; bp) and modern (around 100 bp) time periods22,53. Multiple 
sub-localities were sampled in each region (Extended Data Fig. 1). 
Bulk sediments, around 9 kg per sample, were collected from reef 
frameworks using different methods depending on the time period 
as described in ref. 22. At the mid-Holocene sites, sediments were 
excavated from 3-m-deep trenches, whereas in modern reefs, SCUBA 
divers collected sediment from 10–15-cm-deep strata adjacent to liv-
ing corals. Samples were sieved into size fractions (2 mm, 500 µm, 
250 µm and 106 µm) and then otoliths were manually extracted under 
a dissecting microscope.

Dating
Radiometric dating of coral skeletal material using U-Th and calibrated 
radiocarbon techniques was previously published for Panama4,22,53 
and the Dominican Republic54–56. For both regions and time periods, 
fossil samples spanned around 100 years. U-Th dates showed a larger 
date range than ages obtained from radiocarbon dating, with ages 
falling between 6345 and 7164 bp (819 y range) for U-Th, and between 
6533 to 6638 bp for 14C (105 y range4). Similarly, dates for the modern 
samples ranged from 1152 to 1984 bp (832 year range3) for U-Th, with 
the majority of 14C dates between 1926 to 2014 CE for modern (that is, 
approximately the past 100 years22,53,57).

Otolith specimen selection
We selected otolith and coral specimens across multiple reef 
sub-localities to capture spatial and temporal variability (Supplemen-
tary Table 3). In total, 91 fish otolith specimens were analysed from 
Panama (42 mid-Holocene, 49 modern) and 42 from the Dominican 
Republic (21 mid-Holocene, 21 modern). To select otoliths from the 
collection, a list of sample numbers (specifying a unique combination 
of locality + depth + bulk bag replicate) were selected on the basis of 
obtaining samples from a wide distribution of sub-localities in each 
region. Otoliths were then randomly chosen from each sample number 
until n = 10–30 otoliths for each taxon from each country and time 
period were selected (Supplementary Fig. 2 shows the spatial distribu-
tion of specimens across different sub-localities). Localities close to 

banana plantations (for example, Punto Donato) were avoided, as were 
sites with known time-averaging problems (Airport Point) or distinct 
exposures (Cayo Adriana, which is oceanographically connected); 
however, for Atherinidae and Haemulidae, samples were needed from 
each of these localities for sufficient sample size.

Furthermore, five modern grunts (family Haemulidae) were meas-
ured from the reference collection. Other reef fishes (n = 35) were also 
measured but not included owing to a lack of conspecifics for compari-
son, including fishes in the Engraulidae (21), Lutjanidae (8), Serranidae 
(4) and Gerreidae (2) families (Supplementary Fig. 3). These data were 
not included in the main text owing to a lack of comparisons across 
time periods or regions.

Coral specimen selection
The ecosystem nitrogen isotope approach allowed for direct compari-
sons of fish-trophic-level shifts using otolith-bound δ15N from multiple 
taxa while controlling for possible isotopic baseline δ15N variability 
using coral-bound δ15N. δ15Ncb patterns are known to reflect variations 
in δ15Nbase, the nitrogen isotope composition of nutrients consumed by 
primary producers at the base of the food chain58,59. Although corals are 
mixotrophic, and heterotrophic feeding can increase the δ15N due to 
decreased reliance on symbionts60, the primary signal is the δ15N of inor-
ganic nutrients58,61,62. We used coral fragments (as per ref. 63), allowing 
for similar spatiotemporal sampling of otoliths and corals across sites. 
We analysed fragments (n = 3–5 per locality and time period) of branch-
ing Porites furcata (Panama, n = 26; Dominican Republic, n = 9). Where 
possible, coeval corals and otoliths from the same sub-localities and 
depth horizons bags were analysed (Supplementary Fig. 2 and Fig. 3).

Pre-processing of coral and otolith specimens
Three regions of each coral fragment were exposed with a rotary disk 
drill (Dremel 4000) and visually inspected for encrusting organisms. 
Powders were removed by drilling with a rotary tool using a 1.4 mm 
diamond drill bit (Shofu). The powder drilled from each fragment was 
homogenized and subsampled into two subsamples that were analysed 
separately for coral-bound δ15N using previously established meth-
ods19,58. Subsamples were then averaged to generate a mean value for 
each coral fragment.

Otoliths were photographed (Leica KL1500 LCD), weighed and pre-
pared for δ15N analysis. Specimens were pulverized and homogenized 
before chemical cleaning, following established protocols5. Otoliths 
with initial masses of over 5.5 mg were subsampled into masses between 
3.5 and 4.5 mg. For otoliths with initial masses of less than 5.5 mg, the 
otolith was pulverized and the powder from the entire otolith was 
analysed. Initial nitrogen isotope analyses involved pooled otoliths 
(Extended Data Fig. 2) to ensure sufficient nitrogen content for meas-
urements out of an abundance of caution to ensure sufficient nitro-
gen for analysis. All subsequent isotopic analyses were conducted on 
individual otoliths, including specimens as small as 0.06 mg (60 µg) 
(Supplementary Table 1).

Previous studies show that the δ15N patterns in otoliths—for example, 
muscle tissue—convey information about the proportional contri-
bution of food items with distinct isotopic values64. This method has 
been validated through calibration studies showing consistent trophic 
information compared with the commonly measured tissues20,64. δ15Noto 
studies have reconstructed trophic information on centennial and 
million-year timescales5.

δ15N measurements
For coral and otolith powders, cleaning of the biomineral powder 
entailed sequential treatments with sodium polyphosphate (clay 
removal), dithionite-citric acid (metal oxide removal) and sodium 
hypochlorite (non-bound organic removal), as described in ref. 19 and 
ref. 5. Once cleaned, powdered samples were dissolved in ACS-grade 4 N 
HCl, and organic nitrogen was oxidized with basic persulfate oxidizing 



reagent. Nitrate concentrations were determined using chemilumi-
nescence65. To convert nitrate to N2O, sample aliquots amounting to 
10 nmol nitrogen were injected into vials of concentrated denitrifying 
bacteria and digested at room temperature for 3–6 h (refs. 66,67). The 
15N to 14N ratio of the sample analyte, N2O, was analysed on a MAT253 
GC-IRMS interfaced with a purpose-built N2O purification and extrac-
tion system at Princeton University (Isodat v.3.0)66,67. Long-term ana-
lytical precision (1 s.d.) was 0.08‰ for N2O standards and 0.3‰ for 
in-house otolith standards.

Food web metrics
To assess shifts in trophic structure, we calculated several metrics (Sup-
plementary Fig. 1). For each family, we calculated the taxon trophic 
level and the isotopic niche width (1 s.d.; for example, ref. 68). For 
the fish community, we report (1) the MTL, which is calculated as the 
mean of each family’s trophic level, and (2) the FCL, the number of 
trophic steps in the food web, calculated as the isotopic difference 
between the lowest- and highest-trophic-level family means from 
each time period and region. Our calculations, based on family-level 
trophic-level as opposed to the trophic-level of individual fish, are a 
conservative measure of the trophic distance between the highest- 
and lowest-trophic-level taxa due to the low sample sizes of the fish 
measured. Isotopic niche width, calculated as the variation (1 s.d.) in 
δ15N within each family, is an indicator of breadth—that is, the dietary 
dissimilarity—of the community. Baseline-corrected δ15N were stand-
ardized by the respective regional (Panama or Dominican Republic) 
and temporal δ15Ncb (Extended Data Table 2). As FCL is a relative, not 
absolute metric, baseline δ15N does not affect its value.

When examining our data by species- and genus-level, where 
otolith-based identification allowed for higher taxonomic resolution, 
we found that δ15N followed the same patterns as the family-level δ15N 
patterns (Extended Data Fig. 3). DNA metabarcoding of stomach con-
tents also supports this observation, showing that family-level pat-
terns in coral reef fish diet are consistently better predictors of fish 
diet than trophic group or guild69,70. Consequently, for the purposes of 
interpreting the family-level isotope data, family-level patterns can be 
considered indicators of species- or population-level trophic patterns.

Potential artifacts—such as changes in fish community composition, 
differences in sample time averaging or preservation-related effects 
on δ15N—could influence family- or community-level patterns (refer to 
the ‘Community composition’, ‘Time averaging’ and ‘Preservation’ sec-
tions in the Supplementary Information). Shifts in the size distribution 
of the sampled fishes could also influence trophic structure, as size 
and trophic level are tightly linked in most fish (refer to the ‘Fish size’ 
section in the Supplementary Information); however, our collected 
samples reveal consistency in each variable, suggesting stable species 
distributions, temporal sampling (80–100 years; refer to the ‘Dating’ 
section above), fish size (Extended Data Fig. 4a and Supplementary 
Fig. 4) and preservation (Extended Data Fig. 4b and Supplementary 
Fig. 5) across periods. Thus, consistent with previous studies show-
ing fossil versus modern declines in aspects of coral reef ecosystem 
health in the region (Supplementary Fig. 6), the trophic changes are 
more likely explained by the multiple stressors acting upon modern  
coral reefs.

Ecosystem nitrogen isotope distribution
To assess the impacts of our observed δ15N changes at the scale of the 
fish community, we modelled taxon-weighted distributions of δ15N for 
each region and time period. Community composition data was used 
to weight the δ15N to generate a model of community-weighted δ15N 
distributions. Matrices containing the proportional contributions of 
each of the three taxonomic groups found in both regions for both time 
periods—gobies, grunts and cardinalfishes—and their corresponding 
mean and median δ15N were used to model δ15N distribution at the 
community level (Supplementary Table 5).

Pseudo-replicated δ15N values (that is, for samples where multiple 
otoliths were combined to make one measurement and each otolith 
treated separately for the purposes of the main text) were removed 
before calculating the means and medians. To minimize the influence 
of outliers, localities with n ≤ 2 were excluded. The mean δ15N was  
calculated from the raw data in those cases.

To obtain proportional contributions, each locality was treated as a 
sample owing to the low otolith counts in some sub-locality bulk sample 
bags. Then, the proportions were averaged across all localities within 
each period and region.

Bootstrapped sampling distributions were generated to capture more 
of the variation across δ15N measurements. For each family-region-age 
group, the original δ15N values were sampled (sample size n = 100) with 
replacement, and a mean was calculated from each bootstrapped sam-
ple (with n = 1,000 iterations). This generated a distribution of means 
for each group, from which values were randomly pulled and then 
assigned to each otolith found in the bulk samples. The new distribu-
tions were then plotted from these values. Following these analyses, 
we provide a figure summarizing the patterns observed in each region 
(Supplementary Fig. 7).

Statistics
We used R (R Core Team, 2024) to perform statistical tests and plot our 
data. Fish shapes for grunts, gobies and cardinalfishes were obtained 
from the R package fishualize51 (v.0.2.3). All data analysis was conducted 
using R software (v.4.1.2), via the tidyverse (v.1.3.1), boot (v.1.3-28), rlist 
(v.0.4.6.2), onewaytests (v.2.7), rstatix (v.0.7.0), forcats (v.0.5.1) and 
tidyr (v.1.3.1) packages. We used the following packages for other sta-
tistical and mapping operations in R: ggmap (v.3.0.0), ggrepel (v.0.9.3), 
ggsn (v.0.5.3), cowplot (v.1.1) and grid (v.4.1.1).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data used in this study are available from FigShare at https://doi.org/ 
10.6084/m9.figshare.28811663.

Code availability
The code used for bootstrapping (Fig. 3d and Extended Data Fig. 5) and 
other R scripts used to create figures are available at https://doi.org/ 
10.6084/m9.figshare.28811663.
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Extended Data Fig. 1 | Detailed maps of localities from which otoliths and 
corals were measured. a, overview map of the Caribbean Region, b, Dominican 
Republic map showing both fossil and modern localities, c, Panama map 
showing both fossil and modern localities, d, zoomed map on Panama fossil 

localities, e, Dominican Republic fossil localities, and f, Dominican Republic 
modern localities. b–f, Google Earth imagery copyright 2022. All base maps 
were created using the R package ggmap71 (v.3.0.0).
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Extended Data Fig. 2 | Number of otoliths analysed for each measurement. All measurements were n = 1 otolith other than measurements for which numbers 
(n) are shown in labelled text, for a, gobies, b, silversides, c, cardinalfishes, and d, grunts. Fish silhouettes reproduced from ref. 51, GitHub, under a GPL-2 license.

http://www.r-project.org/Licenses/GPL-2


Extended Data Fig. 3 | δ15Noto (mean ± 1 s.d.) plotted by the most highly 
taxonomically resolved identification (species, genus, or family). Data shown 
for a, gobies (Gobiidae; n = 45 biologically independent samples/ animals),  
b, cardinalfishes (Apogonidae; n = 40 biologically independent samples/ 
animals), and c, grunts (Haemulidae; n = 32 biologically independent samples/ 
animals) for fossil (F) and modern (M) time periods. δ15Noto patterns, which in 
the main text (Fig. 2) are aggregated by family, are retained at each level of 
taxonomic identity. Thus, family-specific patterns reported in the main text are 

representative of more highly resolved taxonomic identity, where available, of 
fishes in both regions and time periods. Taxonomic identity of all otoliths in the 
study was challenged by the fact that otoliths of young fishes have not developed 
some of the diagnostic morphological features, limiting the taxonomic 
identification of all otoliths to genus or species level. For this reason, the δ15Noto 
data in the main text are examined at their coarsest, family-level taxonomic 
identity. Fish silhouettes reproduced from ref. 51, GitHub, under a GPL-2 license.

http://www.r-project.org/Licenses/GPL-2
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Extended Data Fig. 4 | δ15N versus fish size and versus the N content for each 
otolith. a, δ15N versus reconstructed fish size. Each symbol corresponds to an 
individual fish otolith for which fish standard length (mm) was reconstructed. 
Where error bars are shown, they denote the 1 s.d. of two (n = 2) whole-process 
replicates from the same otolith specimen. A total of n = 131 biologically 
independent otolith specimens were measured for fish length for Panama  
(44 fossil, 44 modern) and for the Dominican Republic (21 fossil, 22 modern). 
Fossil and modern fish size (standard length, in mm) did not change in Panama 
(Wilcoxon, two-sided, P = 0.796, W = 936, r = 0.0280) or the Dominican Republic 
(P = 1, W = 231, r = 0). For Panama, fossil fish size was 24.2 ± 2.1 mm (1 s.e.) and 
modern was 26.5 ± 2.1 mm (1 s.e.); the Dominican Republic fossil fish size was 
32 ± 4.9 mm (1 s.e.) and modern Dominican Republic was 22.6 ± 4.8 mm (1 s.e.). 
Symbols shapes as for Fig. 2. See also Supplementary Fig. S4 for intra-family 
patterns in δ15N versus fish size. b, Comparing N content for otoliths shows no 
difference between time periods for Panama (Wilcoxon, two-sided, P = 0.13, 
W = 1275, r = 0.157) but does show a difference for the Dominican Republic 
(P = 0.03, W = 319, r = 0.327) (Extended Data Table 1) (n = 136 biologically 
independent samples for which fish δ15N and N content were reconstructed for 
Panama (44 fossil, 49 modern) and the Dominican Republic (21 fossil, 22 modern). 
For coral N content data, see Extended Data Table 1 and Supplementary Fig. S5.



Extended Data Fig. 5 | Distribution and statistical significance of 
bootstrapped resampling for each family. For Panama, shifts in mean δ15N 
were significant for grunts (Wilcoxon, two-sided, P = 0.033, W = 26, r = 0.572), 
cardinalfishes (P = 3.3 × 10−26, W = 8281, r = 0.722), silversides (P = 8.7 × 10−6, 
W = 1169, r = 0.342), and gobies (P = 2.1 × 10−216, W = 0, r = 0.828) and shifts in the 
variance were significant for cardinalfishes (Kolmogorov-Smirnov, two-sided, 
P = 2.2 × 10−16, D = 1), silversides (P = 2.9 × 10−6, D = 1), and gobies (P = 2.2 × 10−16, 
D = 1). In the Dominican Republic, shifts in mean δ15N were significant for grunts 
(P = 0.003, W = 42, r = 0.834), cardinalfishes (P = 4.6 × 10−42, W = 4347, r = 0.993), 
and gobies (P = 1.9 × 10−47, W = 21732, r = 0.840) and shifts in the variance were 
significant for grunts (P = 0.0031, D = 1), cardinalfishes (P = 2.2 × 10−16, D = 1), 
and gobies (P = 2.2 × 10−16, D = 0.93) (Extended Data Table 3). Fish silhouettes 
reproduced from ref. 51, GitHub, under a GPL-2 license.

http://www.r-project.org/Licenses/GPL-2
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Extended Data Table 1 | Temporal and regional comparisons of measured δ15Noto and δ15Ncb

a, Results of pairwise Wilcoxon statistical tests for measured δ15Noto (otolith-bound proteins), δ15Ncb (coral skeletal-bound proteins), and N content for each intra-taxon comparison are shown 
(Benjamini-Hochberg P adjust method for all comparisons); b, Results of Wilcoxon statistical tests (not pairwise, and thus not corrected for multiple comparisons) for measured δ15Noto and  
N content are shown for Panama and the Dominican Republic (DR).



Extended Data Table 2 | Summary statistics for mean δ15N, food chain length (FCL), and mean trophic level (MTL)

FCL was calculated as the range of taxon-specific means. Measured MTL was calculated as the mean of δ15Noto for each family. Baseline-corrected δ15N were standardized by the regional 
(Panama or Dominican Republic) and temporal δ15Ncb patterns. Wilcoxon (two-sided, Benjamini-Hochberg adjusted) P-values and effect sizes (r) are shown. Bolded cells indicate significant 
temporal differences.
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Extended Data Table 3 | Statistical tests for family-level bootstrapped δ15N metrics

a, Bootstrapped results of mean δ15N (Wilcoxon, using Benjamini-Hochberg P adjust method for all comparisons). b, Bootstrapped results of δ15N variation. See Extended Data Fig. 5 for δ15N 
distributions and Supplementary Table S5 for the isotopic and taxonomic data used to impute the bootstrapped δ15N.



Extended Data Table 4 | Summary statistics for niche width and variance comparisons of measured δ15N across time periods 
within each family

Ratio of variances was assessed using the F test (two-sided; P, F, df), with comparisons of homogeneity of variance from the one-sided Brown-Forsythe (parametric, robust to non-normality; P, F) and 
the two-sided Fligner-Killeen (non-parametric; P, χ2) tests, which together assess whether group variances differ. P-values were adjusted for multiple comparisons using the Benjamini-Hochberg 
method.
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Extended Data Table 5 | Statistical tests for community metrics as calculated with bootstrapped δ15N

To estimate the Food Chain Length (FCL) from the bootstrapped and smoothed distributions in Fig. 3d, the interquartile range (IQR = 95%) was used. The modern FCL decline (‰) was calculated, 
as well as the kurtosis and skewness of each distribution. Statistical tests for differences in variation (two-sided F-test for variation) and distribution (two-sided Kolmogorov-Smirnov) were 
conducted using R.
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