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Abstract

1. Understanding consumer trophic status and long-term dietary changes can yield

information about impacts of altered habitats on their ecology. In Hawai'i, coastal

ecosystems have been significantly modified by the introduction of invasive

seaweeds and mangroves, high nutrient load and overfishing, but so far, much is

still to be understood about how these changes have affected the green turtle

(Chelonia mydas).

2. This study analyzed stable carbon, nitrogen, and sulfur isotope ratios in the bone

tissue of modern and museum specimens of green turtles collected from 1901 to

2020 in Oahu and the North-western Hawaiian Islands to understand how their

isotopic niche has changed through time, a crucial step towards restoring the

ecological role of a formerly decimated species.

3. The standard ellipse size and the total area of the convex hull of the isotopic

niche of green turtles in three periods (1901–1951, 1992–2008, and 2018–2020)

were calculated.

4. The stable isotope values of ancient green turtles (1901–1951) suggest that they

relied heavily on macroalgae even before the introduction of exotic species and

eutrophication promoted the development of algal pastures.

5. However, a few ancient green turtles relied heavily on seagrasses, and others

complemented their macroalgae-based diets with significant amounts of animal

matter. Such diet specialists were missing from the sample of current green sea

turtles, suggesting that these foraging strategies are less common or perhaps

even absent in the current population. The results suggest that green turtles have

converged on the use of the most abundant resource, red macroalgae, likely

because of the homogenization and simplification of coastal habitats and food

webs due to anthropogenic influences.
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6. Restoring the population size of herbivorous fishes and a more diverse ecosystem

structure may be necessary to recover the array of trophic strategies formerly

present in the Hawaiian green turtle population.

K E YWORD S

carbon, Chelonia mydas, isotopic niche, nitrogen, stable isotopes, sulfur, tissue archive, trophic

ecology

1 | INTRODUCTION

Human activity dramatically reduced the abundance of many marine

species worldwide during the 20th century (McCauley et al., 2015).

Changes in population size were often associated with diet shifts

(Cardona et al., 2020; Hanson et al., 2009; Zenteno et al., 2015) and

hence altered the structure and dynamics of food webs, even when

no species went extinct (Bas et al., 2019; Ólafsd�ottir et al., 2021).

Only recently have some populations started to increase as a result of

protection (Duarte et al., 2020). Yet even with ongoing recovery of

some species, restoration of ecological communities requires that

former food web structure and species richness are achieved

(Heithaus et al., 2014). The introduction of exotic species may make

the restorations of food webs even more difficult, as these species

may become major predators, competitors or prey for native species

(Anton et al., 2020; Roemer et al., 2002). Thus, there is an urgent

need to understand historical changes in the diets of consumers and

the structure of marine food webs to provide adequate baselines for

ecosystem restoration.

Green turtles Chelonia mydas are marine megaherbivores

rebounding in warm-temperate and tropical marine ecosystems

worldwide after several decades of conservation efforts (Casale

et al., 2018; Kondo et al., 2017). Seagrasses are the staple food of

green turtles in some locations, whereas in other places, macroalgae

prevail in their diet (Esteban et al., 2020). Green turtle population

increase has been particularly vigorous in the Hawaiian Archipelago

(Kittinger et al., 2013), inhabited by a geographically and genetically

discrete population (Seminoff et al., 2015). Nothing is known about

the Hawaiian green turtle's population size in pre-human settlement

times, but green turtle numbers are thought to have declined since

human settlement in the archipelago (Van Houtan & Kittinger, 2014).

The trend was reversed with the enactment of Reg 36 of the State of

Hawai'i Department of Land and Natural Resources, banning all

commercial harvest of green turtles in 1974, and the inclusion of

green turtles in the US Endangered Species Act in 1978. Both were

enforced by entirely shutting down commercial taking of green turtles

in Hawai'i, and the Hawaiian green turtle population has been

growing steadily since then (Balazs et al., 2015).

However, the recovery of Hawaiian green turtles is challenging

because it takes place within a coastal setting highly modified by

human activity, including the introduction of mangroves and several

species of macroalgae (Allen, 1998; Russo, 1977), the decline of

roving herbivorous fishes as a result of fishing (Helyer &

Samhouri, 2017) and coastal development and increased nutrient

loading resulting from human population growth and fertilizer runoff

from coastal farmland (Murray et al., 2019). During the second half of

the 20th century, these processes operated synergistically to cause a

reduction in the abundance of coral in favour of turf or macroalgae,

which in turn might have been beneficial for the recovery of green

turtles through providing more food for them. Diet analysis conducted

since the 1970s revealed that Hawaiian green turtles rely largely on

several species of exotic macroalgae, particularly at Kaneohe Bay on

the island of Oahu (Russell & Balazs, 2015). However, the original

diet of green turtles in the Hawaiian Archipelago remains unknown,

and the potential contribution of the native seagrass Halophila

hawaiiana is particularly intriguing, considering its former widespread

occurrence and high productivity (Herbert, 1986) and the relevance of

seagrasses in the diet of green turtle populations elsewhere (Esteban

et al., 2020).

Identifying historic diet changes is challenging due to the absence

of direct information from gut content analysis, but the stable isotope

ratios in the tissues of museum specimens can provide some clues

(Conrad et al., 2018; Saporiti et al., 2014). This is because the relative

abundance of heavy and light isotopes of several chemical elements in

the tissues of animals reflect those in their diets (Fry, 2006), and

hence, stable isotope ratios offer a coarse proxy for trophic level and

the contribution of major food sources (if isotopically distinct) to the

diet of consumers (Swan et al., 2020). Furthermore, the stable isotope

ratios in museum specimens are conserved through time, such that

stable isotope analyses of ‘old’ bones can give insights from the diet

when the bones were originally formed during somatic growth.

The stable isotope ratio informs about the relative abundance of

the heavy and light isotopes of a chemical element in a sample

compared to those in a reference material, and the stable isotope

ratios in animal tissues are usually enriched in the heavy isotopes of

any particular element compared to those of their diets, because of

several physiological processes that are often not fully understood

(Fry, 2006). For any given element, the difference in stable isotope

ratios between an animal's tissue and diet is called the trophic

discrimination factor (TDF). This value is tissue, diet and species

specific (Hobson & Clark, 1992), and knowledge about TDF is an

essential component of diet reconstructions using stable isotope

mixing models (Turner Tomaszewicz et al., 2017). Major changes in

the type of resources consumed (e.g., coastal vs. oceanic, benthic

vs. pelagic and macroalgae vs. seagrasses) and the trophic position of

the consumer can also be detected by means of stable isotope
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analysis. Furthermore, a foraging population's trophic niche and

diversity of individual foraging strategies can be depicted by metrics

such as the convex hull total area (TA) and the standard ellipse area

(SEA), which are both derived from isotope ratios of all individuals in

the population (Quevedo et al., 2009). These metrics are informative

of the diversity of food sources consumed by a population and the

degree of individual dietary specialization, depending on the turnover

rate of the tissue analysed (Drago et al., 2017). The latter is

particularly relevant, because the degree of individual specialization

may change in response to intraspecific and interspecific competition

and resource availability (Pagani-Núñez et al., 2019).

In this study, stable isotope analysis was conducted on bone

tissue from Hawaiian green turtle specimens housed at three museum

collections from around the world to assess changes in isotopic niche

over the last 120 years for this insular population. More precisely, the

carbon, nitrogen and sulfur ratios (δ13C, δ15N and δ34S) of green turtle

bones were measured, and changes through time in the isotopic niche

breadth were assessed by SEA and TA. We tested the hypotheses

that (1) reliance on macroalgae by green turtles has increased during

this long-time span and (2) that trophic niche breadth has decreased

since the 1970s due to increased green turtle population and

macroalgae availability. Understanding how Hawaiian green turtle diet

has shifted through decadal time scales could help pinpoint the

potential environmental drivers for such change and provide insight

about historic baselines and conservation measures necessary to

restore the trophic ecology of Hawaiian green turtles.

2 | METHODS

2.1 | Prey sample collection

Previous gut content studies revealed that the diet of Hawaiian green

turtles foraging in the coastal waters off Oahu from 1977 to 2012

was dominated by red macroalgae (Acanthophora spicifera, Gracilaria

salicornia and Hypnea musciformis), with the seagrasses Halophila

decipiens and H. hawaiiana supplying less than 15% of the ingested

material and terrestrial vegetation having a very minor contribution

(Russell & Balazs, 2015). In order to understand the variability of δ13C,

δ15N and δ34S values across those major diet sources, the following

prey items were collected from Wailupe, K�ane'ohe flats, K�ane'ohe

reef, K�ane'ohe sandbar and Wawamalu: the macroalgae A. spicifera,

G. salicornia and H. musciformis; the seagrass H. hawaiiana; and red

mangrove (Rhizophora mangle) leaves and turf algae. Turf algae are

dense, multi-species assemblages of filamentous benthic algae,

including small patches of macroalgae and cyanobacteria, typically less

than 1 cm in height (Swierts & Vermeij, 2016). Macroalgae and turf

samples were collected at the end of the dry (September 2018) and

rainy seasons (February 2019), and the red mangrove leaves were

collected in March 2021. Sample size was 10 for all the species.

2.2 | Turtle sample collection

A total of 39 samples were analyzed for this study. One set of

samples was from museum collections of 25 bones from Hawaiian

green turtles collected between 1901 and 2008 from Oahu (n = 18)

and the North-western Hawaiian Islands (n = 7). These 25 bones

had been preserved at the Smithsonian National History Museum

(n = 7), the San Diego Natural History Museum (n = 5), and the

Bishop Museum (n = 13). An additional set of samples was collected

from 14 dead-stranded green turtles in Oahu between 2018 and

2020 (Figure 1).

Museum specimens were mostly skulls, but six had only ribs, and

one had only a vertebra available. A previous study showed no

significant differences in the δ13C, δ15N, and δ34S values of paired

samples of squamosal bone and rib (Velasquez-Vacca et al., 2023), so

any specimen represented by the squamosal bone (skull), rib or

vertebra was sampled for analysis. The contemporary, dead-stranded

turtles were frozen at �20�C when found, and then necropsies were

conducted by the Pacific Islands Fisheries Science Center (NOAA)

staff in Oahu, Hawai'i. For each turtle, curved carapace length (CCL)

was measured, and a piece of the skull (squamosal bone) or rib (when

the skull was missing) was removed, washed, and air-dried. A cross-

section of bone for all samples was then drilled using a Dremel™ tool

with 0.1-in. drill bits.

CCL information was missing from most of the museum

specimens, so the data from the 14 dead-stranded turtles collected

F IGURE 1 Origin of green turtles
analyzed, according to the museum

records or dead-stranding records. Dots
indicate locations where green turtles
were collected (blue dots denote turtles
from museums, and green dots were
dead-stranded turtles). Any given location
includes more than one turtle. Maps
modified from R tmap (Tennekes, 2018).
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from 2018 to 2020 in Oahu were used to calculate the correlation

between skull length and CCL (Equation 1). Later, the skull length of

each museum specimen was measured in centimetre and used for

Equation (1) to calculate the expected CCL.

CCL¼4:3257� skull length�0:09 ð1Þ

2.3 | Stable isotope analysis

Bone samples were dried at 50�C and processed for analysis of δ13C,

δ15N and δ34S, without further treatment. Following Velasquez-Vacca

et al. (2023), the δ13C values of unprocessed samples were corrected

for lipid content, based on their C:N ratio (Equation 2).

δ13Cale ¼ δ13Cunprocessed�3:658þ 3:372� ln C :Nð Þunprocessed
� �

, ð2Þ

where δ13Cale (ale = acidification and lipid extraction) denotes the

δ13C value expected after acidification and lipid extraction,

δ13Cunprocessed denotes the δ13C value in unprocessed samples and

C:Nunprocessed is the corresponding elemental ratio of unprocessed

samples.

Samples of diet sources were cleaned of sand and debris, rinsed

with distilled water, dried at 50�C for 24 h and ground to a fine

powder.

After processing, all the samples were sent to the Stable Isotope

Core Laboratory at Washington State University for stable isotope

analysis (SIA). Only one sample was analyzed for each specimen,

because of the small amount of bone powder available from the

museum specimens. For carbon and nitrogen isotope analysis, 5 mg of

bone powder or 15 mg of dietary sources was weighed and loaded

into tin cups, combusted in an elemental analyzer (ECS 4010, Costech

Analytical Valencia, CA), with resultant gases separated with a 3-m

gas cromatograhy column and analyzed with a continuous-flow

isotope ratio mass spectrometer (Delta Plus XP, Thermo Finnigan,

Bremen) (Brenna et al., 1997). Isotopic reference materials were

interspersed with samples for calibration. To correct the contribution

of 17O in CO2, the Santrock correction was applied using the isotope

ratio mass spectrometry (IRMS) software (Santrock et al., 1985).

Carbon isotopic results are reported in parts per thousand relative to

VPDB (Vienna Peedee Belemnite) using National Bureau of Standards

19 and lithium isotopes in lithium carbonate as anchor points.

Nitrogen isotope ratios are reported in parts per thousand relative to

N2 in air.

Sulfur isotope analysis was conducted independently. Sample

powder was weighed (10 mg in bone and 5 mg in diet items) and

encapsulated, combusted with the same type of elemental analyser as

for δ13C and δ15N analyses, and SO2 gases were separated with a

0.8-m GC column (100�C) and analysed with a continuous-flow

isotope ratio mass spectrometer (Delta Plus XP, Thermo Finnigan,

Bremen) (Qi & Coplen, 2003). The final determination of δ34S was

based on the collection of Ions 64 and 66 in SO2. A dual-reactor

configuration was used (Fry et al., 2002), with the second reactor full

of quartz chips to buffer 18O contribution to the SO2. Approximately

5 mg of niobium pentoxide was amended to each sample to improve

combustion. No correction for oxygen isotope contribution was made.

Four isotopic reference materials were interspersed with samples for

calibration (Costech Analytical BBOT, Alfa Aesar BaSO4, Salt Lake

Medals Ag2S, Acros elemental S). A grizzly bear hair (Ursus arctos

horribilis) sample from Pullman, WA, where the stable isotope

laboratory is located, was also run with all samples as a blind quality

control. Isotopic results are expressed in delta (δ) notation relative to

VCDT (Vienna-Canyon Diablo Troilite) in parts per thousand.

2.4 | Statistical analysis

Turtles were grouped into three periods for analysis: 1901–1951

(n = 12), 1992–2008 (n = 13), and 2018–2020 (n = 14). Analysis of

variance (ANOVA) was used to compare the CCL and stable isotope

ratios of green turtles from three considered periods. Turtles from

the first study period were sampled both at Oahu (n = 5) and at the

North-western Hawaiian Islands (n = 7), whereas all the turtles from

the other two study periods came from Oahu exclusively. Fisher

F test and Student t-test were used to compare the variance and the

average of the three stable isotope ratios of the turtles from the first

study period collected in the North-western Hawaiian Islands and

Oahu. As differences were not statistically significant (see

Section 3), samples from the two locations were pooled for further

analysis, and location was not considered as a factor in the following

analyses.

General linear models (GLMs) were run in R version 4.1.1 (R-

Team, 2021) to assess whether stable isotope ratios changed through

time; CCL was included as a covariate. Location was not included as a

factor because only during the first study period were some turtles

collected at the North-western Hawaiian Islands, and hence, all the

turtles from the two latter study periods were collected from Oahu.

Furthermore, no statistically significant differences were observed in

the variance and the mean of any stable isotope ratio of the turtles

from Oahu and the North-western Hawaiian Islands from the first

study period. To be able to compare these three periods, the change

in the δ13C baseline resulting from the burning of fossil fuels needs to

be considered, because the emissions were greatly increased during

the industrial era. To do this, the SuessR (Clark et al., 2022), an R

package for applying mathematical corrections for the Suess and Laws

effects with 1850 as the reference year, was used, because that is the

onset of the industrial era and the beginning of exponential increases

in anthropogenic CO2 emissions into the atmosphere and ocean

(Ruddiman, 2013). SuessR makes corrections at a regional scale (Clark

et al., 2021), because changes in the δ13C resulting from the burning

of fossil fuels are dependent on surface water residence time, water

temperature and biological production of CO2 (Eide et al., 2017). The

settings for this R function calculate the regional uptake constant

4 VELASQUEZ-VACCA ET AL.
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used to modify the global Suess effect curve to make it specific to a

region. In this case, the Aleutian Islands values were used because

they were not different from data for Hawai'i (Eide et al., 2017), and

the SuessR package is still in development and adding more regions.

The δ13C and δ15N TDF values of green turtle cortical bone have

been derived experimentally by Turner Tomaszewicz et al. (2017).

Although they are not adequate to run mixing models on the basis of

the stable isotope ratios of mixtures of cortical and trabecular bones

(Velasquez-Vacca et al., 2023), they can be used as a benchmark.

ANOVA was used to assess differences in the stable isotope ratios of

diet items. Macroalgae and turf differed statistically from seagrasses

in their δ13C and δ15N values (see Section 3), and G. salicornia was the

macroalgae with the highest variability and the most extreme values,

which were always higher than those of seagrass and encompassed

those of other macroalgae and turf (range: 2.8‰–5.2‰; Table 1).

According to the TDF of δ15N reported for cortical bone

(+5.1 ± 1.1‰), the δ15N values of the bone of green turtles

consuming exclusively G. salicornia may range from 6.8‰ to 11.4‰,

and hence, turtles with δ15N above and below those thresholds are

unlikely to rely solely on macroalgae or turf.

Stable Isotope Bayesian Ellipses in R (SIBER) (Jackson et al., 2011)

was used to calculate the TA in the δ13C–δ15N, δ13C–δ34S, and

δ15N–δ34S isospaces, the most frequent estimate of the area covered

by the standard ellipses (SEA), the most frequent estimate of the area

covered by the standard ellipse corrected for small samples size

(SEAc) and the Bayesian estimate of the area covered by the standard

ellipse (SEAb) in each period. The standard ellipse contains

approximately 40% of the data (Batschelet, 1981), and the Bayesian

approach allows for calculating their 95% credible intervals (Jackson

et al., 2011). Estimating the credible intervals allows for assessing the

statistical significance of differences in SEAb.

3 | RESULTS

The stable isotope ratios of vegetal food sources from Oahu are

shown in Table 1. According to the ANOVA, they differed largely in

their stable isotope ratios (δ13C: ANOVA, F5,54 = 76.50, p < 0.001;

δ15N: ANOVA, F5,54 = 64.68, p < 0.001; and δ34S: ANOVA,

F5,54 = 42.09, p < 0.001; see Table S2 for the result of post hoc tests).

Red mangrove leaves had the lowest δ13C and δ34S values and the

highest δ15N values of all the food sources considered (Table 1).

The seagrass H. hawaiiana had the highest δ13C values and the lowest

δ15N values, and the three macroalgae species (A. spicifera,

G. salicornia and H. musciformis) and turf had the highest δ34S values

(Table 1). Turf had δ15N values similar to those of macroalgae, but the

δ13C of turf was lower than that of macroalgae.

The CCL of sampled turtles ranged 62–131 cm

(mean ± SE = 80.2 ± 31.4 cm) in 1901–1951, 47–127 cm

(mean ± SE = 86.3 ± 27.5 cm) in 1992–2008 and 46–103 cm

(mean ± SE = 66.4 ± 18.9 cm) in 2018–2020. The individual values

are shown in Table S1. There were no statistically significant

differences in the average carapace length (CCL) of the turtles from

the three study periods (ANOVA, F2,36 = 22.062, p = 0.141).

Turtles from the first study period from Oahu and the North-

western Hawaiian Islands did not differ in their mean stable isotope

ratios (t-test; δ13C: p = 0.974, δ15N: p = 0.565 and δ32S: p = 0.752)

and hence were pooled for further analysis. The average δ13C, δ15N

and δ32S values of the museum turtles from each period and the

contemporary dead-stranded ones are shown in Figure 2 and

the individual values in Table S1. Individual δ13C values were

corrected with SuessR for Suess and Laws effects. No statistically

significant differences were found between the average of the three

periods in any of the three stable isotope ratios (δ13C: ANOVA,

F2,36 = 1.46, p = 0.246; δ15N: ANOVA, F2,36 = 0.10, p = 0.897; and

δ34S: ANOVA, F2,36 = 0.98, p = 0.383).

When using GLM to analyze the effect of CCL and year

(Figures 3 and 4), neither independent variable had a significant

effect on δ13C (GLM, F36,35 = �33.33, p = 0.110), δ15N (GLM,

F33,32 = �3.84, p = 0.840) or δ34S (GLM, F37,36 = 0.81, p = 0.960).

Furthermore, the standard ellipses of the three periods overlapped

broadly (Figures 5 and 6), although the areas of the standard ellipses

of the most recent period (2018–2019) were significantly smaller than

those of the two earlier periods (Table 2, 1901–1951 vs. 2018–2020:

p < 0.001 and 1992–2008 vs. 2018–2020: p < 0.001). There was no

difference between the size of the ellipses of the two first periods

(1901–1951 vs. 1992–2008: p = 0.645).

4 | DISCUSSION

The results reported here revealed no significant change in the

average δ13C, δ15N and δ34S values in the bone tissue of Hawaiian

green turtles from 1901 to 2020 but a significant and major reduction

of the isotopic niche breadth in the most recent study period (2018–

2020). Such reduction was particularly relevant in the δ13C–δ15N and

TABLE 1 Stable isotope ratios of the
Hawaiian green turtle major diet sources
in Oahu.

Diet source δ13C δ15N δ34S n

Halophila hawaiiana (seagrass) �8.1 ± 0.6 2.1 ± 0.3 18.5 ± 2.3 10

Acanthophora spicifera (macroalgae) �14.4 ± 0.2 3.0 ± 0.2 22.2 ± 1.2 10

Gracilaria salicornia (macroalgae) �16.3 ± 0.7 4.7 ± 1.2 21.5 ± 1.9 10

Hypnea musciformis (macroalgae) �14.5 ± 0.8 3.7 ± 0.3 22.1 ± 1.7 10

Turf (short, filamentous algae) �21.5 ± 6.6 4.9 ± 0.5 20.5 ± 2.2 10

Rhizophora mangle (red mangrove) �30.3 ± 0.3 6.2 ± 0.3 12.6 ± 1.1 10

VELASQUEZ-VACCA ET AL. 5

 10990755, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aqc.4063, W

iley O
nline L

ibrary on [11/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



δ13C–δ34S isospaces, where current standard ellipses are less than

30% the size of standard ellipses from the two previous study periods.

This suggests that, even though the average isotope values were

statistically similar in the three considered periods, the scatter of the

data was much smaller in the most recent period, despite a similar

sample size. This is likely because of the absence of individuals with

extreme δ13C, δ15N and δ34S values in the most recent period relative

to the two previous periods and likely indicative of lesser individual

dietary specialization during the most recent sample period.

Extreme δ13C, δ15N and δ34S values observed in some of the

historical turtles analysed here are unlikely to be artefacts resulting

from sampling biases and storage procedures, for three reasons. First,

the average CCL of the turtles from the three study periods was not

statistically different, and neither δ13C, δ15N nor δ34S is currently

F IGURE 2 δ13C, δ15N and δ34S in green turtle bone samples from Hawai'i from 1901 to 2020. Individual δ13C values were corrected with
SuessR for Suess and Laws effects. The whiskers represent the minimum and maximum values, and the dots are the outliers. The mean is shown
as an x, and the median as a horizontal line. The box represents the interquartile range (the bottom line of the box represents the median of the
bottom half or first quartile, and the top line of the box represents the median of the top half or third quartile).

F IGURE 3 Curved carapace length
(CCL) of green turtles from Hawai'i versus
stable isotope ratios (δ13C, δ15N and δ34S)
in the bone tissue. There were no
correlations between CCL and stable
isotope ratios. δ13C values were
corrected for the Suess and Laws effects
(see Section 2). All turtles are from Oahu
except for the ones marked with an
asterisk, which are from the North-
western Hawaiian Islands. Each period is
denoted by a color: 1901–1951 in light
green, 1998–2008 in light blue and
2018–2020 in dark blue.
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correlated with CCL in Oahu (Velasquez-Vacca et al., 2023), the origin

of most of the samples analysed here. It should be noted, however, that

nothing is known about the relationship between stable isotope ratios

and CCL in turtles from the North-western Hawaiian Islands. Second,

the inclusion of some green turtles from the North-western Hawaiian

Islands in the first study period can also be ruled out as a reason for a

broader isotopic niche, because this was also true for the second study

period, when only turtles from Oahu were analysed. Furthermore, the

results reported here revealed no statistically significant differences in

the δ13C, δ15N and δ34S values of the green turtles from Oahu and the

North-western Hawaiian Islands collected during the first study period,

although further research is needed to confirm the absence of

geographic variability in stable isotope ratios of food sources. Third, the

use of consolidants and preservatives is a matter of concern when

analysing bone samples from archaeological contexts (Groombridge &

Luxmoore, 1989; Reynaga et al., 2023), but they are not used for the

preservation of bone samples prepared from fresh specimens. Hence,

the narrower isotopic niche observed in the most recent study is

probably real and indicative of a lower variability in individual stable

isotope ratios in green turtles. If so, the stable isotope ratios reported

here suggest no major changes in the average diet of green turtles in

the study locations during the past 120 years, although their current

isotopic niche is much narrower than during the two previous study

periods. The pattern might be different in other parts of the Hawaiian

Archipelago, as green turtle diet varies across the archipelago (Arthur &

Balazs, 2008; Velasquez-Vacca et al., 2023).

The absence of significant temporal changes in the average δ15N

values of the population is noteworthy, because sewage and farm

F IGURE 4 Collection or stranding year versus stable isotope ratios (δ13C, δ15N and δ34S) in the bone tissue of green turtles from Hawai'i.
δ13C values were corrected for the Suess and Laws effects. Turtles in green had δ15N values too low (<6.8‰), and turtles in purple had δ15N
values too high (>11.4‰) for diets based solely on macroalgae and turf, according to the trophic discrimination factor (TDF) of δ15N reported for
cortical bone (Turner Tomaszewicz et al., 2017) and the δ15N values in macroalgae (this study).

F IGURE 5 Values of individual green turtles in the isospace and standard ellipses (SEAc) of the population in the three periods: 1901–1951,
1992–2008 and 2018–2020. δ13C values were corrected for the Suess and Laws effects with SuessR (see Section 2).

VELASQUEZ-VACCA ET AL. 7
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runoffs are two major anthropogenic drivers of the δ15N baseline in

coastal areas of the Hawai'i Islands (Murray et al., 2019). Kaneohe Bay

has a long history of nitrogen loading (Conklin & Stimson, 2004;

Jouffray et al., 2015), and other populations of green turtles inhabiting

similar habitats with a high N loading exhibit a consistent increase in

their δ15N values (Seminoff et al., 2021). Eutrophication resulting

from high N loads may also modify the S baseline, because the higher

organic matter load of the sediment caused by increased primary

production results in a lower oxygen content in the sediment and a

lower redox potential, which enhances the product S�2 and hence the

depletion in 34S of the seagrasses rooted there (Connolly et al., 2004;

Fry, 2006). In this scenario, the absence of any consistent change in

the δ15N and δ34S values of green turtles during the study period

indicates that any change in the δ15N and δ34S baselines that might

have happened during the 1970s and 1980s had been reverted

by 1992.

F IGURE 6 Bayesian estimates of the area of the standard ellipses (SEAb) in the δ13C/δ15N (top), δ13C/δ34S (middle) and δ15N/δ34S isospaces
(bottom) by period. Black dots represent the mode, the red x represents the mean and the shaded boxes represent the 40%, 95% and 99%
credible intervals from dark to light grey. Periods on the horizontal axes are the same for the three figures and shown only for the lower panel.
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Adequate TDF values for the squamosal or rib bone of green

turtles are missing (Velasquez-Vacca et al., 2023), which prevents the

use of mixing models to reconstruct the diet of turtles on the basis of

the δ13C, δ15N and δ34S values of such bones. Nevertheless, the δ13C,

δ15N and δ34S values in the squamosal and rib bone of modern

Hawaiian green turtles are indicative of the isotopic composition of

diet, as they vary consistently with diet across ontogenetic stages and

localities (Velasquez-Vacca et al., 2023). Currently, green turtles from

Oahu rely primarily on red macroalgae, with seagrasses as a secondary

diet source and terrestrial vegetation or mangrove leaves as a third,

minor source (Russell et al., 2003; Velasquez-Vacca et al., 2023).

Accordingly, the combination of δ13C, δ15N and δ34S values observed

in the bone tissue of the most recent green turtles analysed here

should be indicative of that mixed diet. On this grounds, the absence

of significant temporal changes in the mean δ13C, δ15N and δ34S

values of green turtle bone during the past 120 years suggests that a

mixed diet, dominated by macroalgae and including smaller amounts

of seagrass and mangrove/terrestrial vegetation, was also consumed

during the two previous periods considered here. However, the

existence of individuals with extreme δ13C, δ15N or δ34S values in

the populations of the first two study periods might suggest the

existence of diet specialists in the past, currently missing from the

modern population.

Stable isotope analysis of different sections of metabolically inert

tissues (e.g., bone, keratin and feathers) offers a valid alternative to

assess individual specialization in species that can be captured only

once (Araújo et al., 2011), and the analysis of thin sections of green

turtle carapace scutes has demonstrated that generalist adult

populations may be composed of individual specialists foraging

consistently on the same resources through time (Vander Zanden

et al., 2013). Most of the green turtle specimens in the museum

collections analysed here are skulls (e.g., https://vertnet.org), and

stable isotope ratios in tissues with a low turnover rate, such as bone,

integrate dietary information over months to years, and hence,

individual values, when compared across the whole sample group,

may also reflect the degree of dietary specialization (Drago

et al., 2017). If so, the reduced individual variability reported here for

the most recent study period suggests the absence of specialists in

the population and the convergence of most of the population

members on a similar diet, dominated by macroalgae. Including some

specimens from the North-western Hawaiian Islands in the first study

period might have increased artificially the isotopic variability of the

sample if isotopically distinct, but their variance and average did not

differ from those from Oahu from the same study period.

Furthermore, individual variability was also high during the second

study period, when only individuals from Oahu were analysed, and

hence, the recent loss of diet specialist is a robust conclusion.

The most obvious group of specialists absent in the most recent

study period is seagrass consumers, characterized by high δ13C and

low δ15N values, represented by a few specimens in both 1901–1951

and 1992–2008 (Figure 4). Another absent group is the one

characterized by low δ13C and high δ15N and δ34S values, probably

consuming significant amounts of animal prey and equally absent

from the most recent study period in Oahu. The absence of such diet

specialists explains the narrower isotopic niche of the modern

population and might be caused by homogenization and simplification

of coastal habitats and food webs, although sample size is small and

further research is necessary to confirm that conclusion. Furthermore,

identification of such specialists relies on the assumption that the

variability of the stable isotope ratios of prey items was similar in

the past, which remains unknown.

Optimal foraging theory predicts that the breadth of the isotopic

niche results from the interplay between resource availability and

interspecific and intraspecific competition (Araújo et al., 2011). The

population of the Hawaiian green turtle has been growing steadily

since they were legally protected in 1974 from all commercial

hunting (Piacenza et al., 2016), and hence, intraspecific competition

might have increased since then. However, the abundance of roving

herbivorous fishes has declined simultaneously (Friedlander

et al., 2003; Helyer & Samhouri, 2017), and exotic macroalgae have

become dominant in the coastal ecosystems of Oahu (Allen, 1998;

Russo, 1977), thus potentially increasing food availability for green

turtles. Nothing is known about the extent of seagrass meadows in

the past, to the best of our knowledge, but the former existence of

some green turtles with stable isotope ratios consistent with

seagrass-dominated diets can be explained only if more extensive

seagrass meadows existed in the past (Campos & Cardona, 2020). In

this scenario, the increasing homogenization and simplification of the

coastal ecosystems in Oahu emerges as the leading reason for

the current reduction of the isotopic niche of green turtles. If so,

restoring the original diversity of trophic strategies in Hawaiian green

turtles would require reverting the simplification of coastal

ecosystems caused by macroalgal expansion and the decline of coral

and, perhaps, seagrasses. Herbivorous fishes are major consumers of

macroalgae, and the recovery of their populations is critical to

restoring the structure of coral reef communities in the Hawaiian

TABLE 2 Ellipse sizes for periods 1901–1951, 1992–2008 and
2018–2020 calculated with SIBER in R (Jackson et al., 2011).

1901–1951 1992–2008 2018–2020

δ13C–δ15N
�TA 29.6 58.6 9.0

�SEA 14.7 17.4 2.9

�SEAc 16.5 18.3 3.1

δ13C–δ34S
�TA 46.2 50.5 11.2

�SEA 18.1 15.3 4.2

�SEAc 19.9 16.0 4.5

δ15N–δ34S
�TA 54.8 15.9 17.9

�SEA 26.1 14.7 15.5

�SEAc 12.9 5.1 5.4

Abbreviations: SEA, standard ellipse area; SEAc, standard ellipse area

corrected for small sample size; TA, total area of the convex hull.
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Archipelago (Stimson et al., 2001). Increased competition with

herbivorous fishes is expected to result in lower food availability for

green turtles, which may trigger major changes in their foraging

behaviour and diet (Velasquez-Vacca et al., 2023; Wabnitz

et al., 2010). Hence, restoring the populations of herbivorous fishes

can be considered a prerequisite to restoring the diversity of trophic

strategies employed by Hawaiian green turtles, although such

changes may adversely affect the body condition of green turtles.

This is a reminder that restoring the population size of previously

decimated species is often easier than restoring their ecological role

in current, anthropogenically impacted ecosystems and that

actions on the populations of competitors and prey should also be

required to restore the ecological role of iconic species such as green

turtles.
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