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1.  INTRODUCTION

Mangrove forests are important coastal wetlands
in most of the tropics and subtropics, supporting the
base of the coastal food web and fisheries. To effec-
tively restore and conserve the remaining mangrove
forests in the world, a better understanding of the
functional aspects of mangrove forests is required
(Lee et al. 2019), e.g. food web dynamics. However,
studying mangrove food webs that involve both
plants and microbes (such as bacteria) and fungi is
methodologically challenging. Stable carbon (δ13C),
nitrogen (δ15N) and sulfur (δ34S) isotope analysis of
total organic matter (bulk SIA) has generally been

used to quantify the relative contributions of organic
matter sources to food webs (Bouillon et al. 2008), but
the variety of organic matter inputs in these ecosys-
tems often results in complex mixtures that are not
well resolved based on the isotopic separation of the
sources (Geraldi et al. 2019).

A newer technique, compound-specific isotope
analysis of amino acids (CSIA-AA), has shown greater
potential to quantify the contribution of  different or-
ganic matter sources to food webs because isotopic
compositions in individual amino acids differ among
organic matter sources, likely due to the difference in
amino acid biosynthesis (Larsen et al. 2013, Chika -
raishi et al. 2014). For example, δ15N values of pheny-
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lalanine (Phe) in vascular plants are relatively en-
riched in 15N compared to those of microalgae. This
enrichment is likely associated with deamination of
Phe during lignin biosynthesis, a process specific to
vascular plants (Kendall et al. 2019). δ15N values in
AAs are also useful for estimating the trophic levels of
organisms, as trophic fractionation of 15N between 2
groups of AAs (source AAs and trophic AAs) differ
substantially. While the former group, including Phe,
shows little to no enrichment during each trophic
transfer (0.4 ± 0.5‰) and is useful for estimating the
basal δ15N values, the latter, including glutamic acid
(Glu), shows substantial 15N enrichment during each
trophic step (8 ± 1.2‰) and is useful for estimating
trophic position (TP) (Chi karaishi et al. 2009, Ohk-
ouchi et al. 2017). Furthermore, Larsen et al. (2009)
demonstrated that a com bination of δ13C values in 3
AAs — leucine (Leu), iso leucine (Ile) and lysine
(Lys) — can distinguish among plant, fungal and bac-
terial origins of AAs. These AAs clearly distinguish
detritivores (e.g. enchytraeids and collembolans),
which rely on AAs derived from bacteria and fungi,
from herbivores (e.g. moths), which rely on plant-de-
rived AAs (O’Brien et al. 2003, Larsen et al. 2013,
Larsen et al. 2016, Fig S1 in Supplement 1 at www.
int-res. com/ articles/ suppl/ m681p013 _ supp1. pdf). Al-
though our understanding of how biochemical pro-
cesses control isotope variations in individual AAs is
still limited, substantial isotope variations in AAs
among different organic matter sources exist, so
CSIA-AA can potentially help us understand complex
food web interactions in estuaries (Larsen et al. 2012,
Vane et al. 2018, Harada et al. 2020a).

Here, food sources at the base of a mangrove food
web were explored using CSIA-AA of the 2 most
common and functionally important components of
the mangrove macrofauna — fiddler crabs and se -
sarmid crabs. Our specific aims were to (1) estimate
the TPs of organisms and relative contributions of
mangrove and microalgae to the consumers using
δ15Nphe and δ15Nglu following the method of Ishikawa

et al. (2014) and (2) evaluate feeding dependen -
cies on fungi, bacteria and plants (mangrove and
microalgae) using δ13C values in 3 AAs (Leu, Ile, Lys)
following the method of Larsen et al. (2009). We
expected that increasing detritivory (higher con-
sumption of fungi and bacteria) results in higher TP
because microbes (fungi and bacteria) convert non-
living organic matter into living microbial biomass,
thus introducing an additional trophic step (Steffan
et al. 2017).

2.  MATERIALS AND METHODS

2.1.  Field sampling

Two mangrove species and microphytobenthos
(MPB) (as primary producers) and 3 crab species (as
consumers; see Table 1) were collected from a man-
grove forest at Tallebudgera Creek (28° 06’ 25.5’’ S,
153° 26’ 49.5’’ E), Queensland, Australia, between
January and March 2017. The sampling site was
located approximately 2 km from the river mouth.
The maximum tidal range was about 1.5 m. Rhizo -
phora stylosa (red mangrove) and Avicennia marina
(grey mangrove) were the dominant mangrove spe-
cies. All samples were collected within 150 m of each
other at the location. Senescent yellow leaves of A.
marina and R. stylosa were harvested from trees as
being most representative of mangrove organic mat-
ter that enters food webs. MPB were collected from
the surface sediment (top 0.5 cm) and later isolated in
the laboratory. For consumers, 3 crab species were
collected, including 2 putative leaf-eating sesarmid
crab species (Neosarmatium trispino sum and Paras-
esarma erythodactyla) and a fiddler crab species
(Gelasimus vomeris) that putatively feeds on MPB.
After the collection, samples were thoroughly washed
in distilled water and kept on ice until they were
transported to the laboratory at Griffith University,
Gold Coast, QLD, Australia. Imme diately after arriv-
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Group Common name Putative food source Species Code

Consumer Sesarmid crab Leaves Neosarmatium trispinosum Sesarmid 1
Sesarmid crab Leaves Parasesarma erythodactyla Sesarmid 2
Fiddler crab Sediment Gelasimus vomeris Fiddler

Mangrove Grey mangrove Avicennia marina
Red mangrove Rhizophora stylosa

Microalgae MPB

Table 1. Field samples (n = 3 for all samples) collected for the present study. MPB: microphytobenthos

https://www.int-res.com/articles/suppl/m681p013_supp1.pdf
https://www.int-res.com/articles/suppl/m681p013_supp1.pdf


Harada et al.: Compound-specific isotope evaluation of detritivory

ing at the laboratory, MPB were  isolated from the
sediment by density gradient cen trifugation in col-
loidal silica (Ludox, Sigma) following the method
described in Bui & Lee (2014). The isolated MPB
were examined under a microscope and consisted of
mostly cyanobacteria and diatoms. Muscle tissue
samples of crabs were obtained from the claws. All
samples were freeze-dried and homo genised to a
fine powder using a mortar and pestle for CSIA-AA.

2.2.  CSIA-AA

Dry, homogenised sample materials were weighed
into 8 mg (animal tissues) or 30 mg (plant tissues)
aliquots and transferred to borosilicate vials with
heat- and acid-resistant caps. The samples were
flushed with N2 gas, sealed and hydrolysed in 0.5 ml
(animal tissues) or 2 ml (plant tissues) of 6 M HCl at
150°C for 70 min. The samples were then dried in a
heating block at 60°C under a stream of N2 gas. The
dried samples were derivatised by esterification-
acetylation (N-acetyl amino acid isopropyl esters
for δ15NAA measurements) or methoxycarbonylation
(methoxycarbonyl amino acid methyl esters for
δ13CAA measurements) as described elsewhere (Walsh
et al. 2014, Yarnes & Herszage 2017). AA derivatives
were separated by a Trace GC Ultra gas chromato-
graph (Thermo Scientific) using a DB-1301 (Agilent,
60 m × 0.25 mm, 1 μm film) for δ15NAA measurements,
and using a DB-23 column (Agilent, 30 m × 0.25 mm,
0.25 μm film) for δ13CAA measurements at the stable
isotope facility at the University of California, Davis.
The gas chromatograph was interfaced with a Delta
V Plus isotope ratio mass spectrometer via a GC
IsoLink (Thermo Scientific). For quality control and
assurance, L-norleucine was used as an internal stan-
dard and to calculate provisional values for each sam-
ple. Mixtures composed of pure AAs with known
δ15N and δ13C values were co-measured with
samples. One mixture was used for final isotopic cali-
bration of each AA, while the other served as the
scale normalisation standard. Additionally, a third
mixture served as the primary quality assurance stan-
dard (unused in corrections), while 2 well-described
materials were co-measured as secondary quality as-
surance materials. δ15N values were determined for
alanine, aspartic acid, Glu, glycine, hy droxyproline,
Ile, Leu, Lys, Phe, proline, serine, threonine and va-
line. δ13C values were determined for alanine, aspar-
tic acid, Glu, glycine, Ile, Leu, Lys, Phe, proline and
valine. Exogenous carbon from the derivatisation was
accounted for using the procedure of Docherty et al.

(2001). All samples were measured twice; the average
values are reported. The isotope values are expressed
as parts per thousand in delta (δ) notation: δ = ([Rsample/
Rstandard] − 1) × 1000, where R is the ratio of the heavy
to the light isotope; the standard is atmospheric air
(AIR) for N and Vienna Pee Dee Belemnite (VPDB)
for C. For δ15N values, mean SD for the reference AA
materials was ±0.71‰. For δ13C values, mean SD for
the reference AA materials was ±0.43‰.

2.3.  Data analysis

Using the δ15NGlu and δ15NPhe values, the TPs of
animals were estimated as follows:

(1)

where δ15NGlu and δ15NPhe are the δ15N of Glu and
Phe of the animal studied, respectively, and βGlu/Phe is
the difference between δ15NPhe and δ15NGlu in the pri-
mary producer. Trophic enrichment factors (TEFs) of
8.0 ± 1.2‰ for δ15NGlu and 0.4 ± 0.5‰ for δ15NPhe were
used (Chikaraishi et al. 2009, 2014, Ishikawa 2018).
However, in ecosystems such as wetlands, rivers and
estuaries where basal resources potentially come
from both terrestrial and aquatic primary producers,
Eq. (1) cannot simply be used to estimate the TPGlu/Phe

of animals, as the βGlu/Phe value differs substantially
between vascular plants (i.e. 8.4 ± 1.6‰) and micro-
algae (i.e. −3.4 ± 0.9‰) including eukaryotic and
prokaryotic photoautotrophs (Chika raishi et al. 2009,
2014). For this reason, βGlu/Phe values must be cor-
rected for animals that rely on both terrestrial and
aquatic resources to accurately assess their TPGlu/Phe

(Hebert et al. 2016, Choi et al. 2017). For any given
consumer, the relative contribution (f ) of vascular
plants (i.e. mangrove) (0 ≤ f ≤ 1) was obtained using a
2-source mixing model as follows (Ishikawa et al.
2014):

(2)

where 0 ≤ f ≤ 1 and [C], [V] and [A] represent levels
in consumers, vascular plants and microalgae, respec-
tively. TEFGlu and TEFPhe are TEFs for δ15NGlu (8.0 ‰)
and δ15NPhe (0.4 ‰), respectively (Chikaraishi et al.
2009, Ishikawa et al. 2014). For the end-members,
the mean (±SD) value of 6 mangrove samples (17.8 ±
3.6‰ for δ15NPhe, 7.0 ± 2.5‰ for δ15NGlu) was used
and the mean value of 3 MPB samples (3.2 ± 0.1‰ for
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δ15NPhe, 6.7 ± 0.2‰ for δ15NGlu) was used. Following
the determination of f-values, for each consumer,
βGlu/Phe in Eq. (1) was defined as follows:

(3)

TPGlu/Phe for consumers that rely on resources
derived from both vascular plants and microalgae
was calculated using Eq. (1), with βGlu/Phe replaced by
Eq. (3). See Fig. 1 for a visually simple presentation
for calculating TP and source mixing. Mean TP and
propagated error values (σTP) for each species are
reported. Errors associated with the TEFGlu (1.2‰),
TEFPhe (0.5‰), βGlu/Phe, δ15NPhe and δ15NGlu values
were propagated as follows:

(4)

The calculated σTP values for the 3 consumers
ranged from 0.1−0.4. To test the effect that the
selected TEFs had on the σTP values, σTP values asso-
ciated the error of TEFGlu (1.2‰) and TEFPhe (0.5‰)
were assessed. The σTP values associated with the
TEF error ranged from 0.1−0.2.

For the δ13CAA data set, in addition to the data from
the present study, data from the literature on primary
producers including mangroves and MPB and con-
sumers from mangrove forests from 2 other geo-
graphic locations, including tropical northern Aus-
tralia (Harada et al. 2020a) and Spanish Cayes Belize
(Larsen et al. 2012), were included in the analysis.
From Harada et al. (2020a), we used grey mangrove
Avicennia marina (n = 6), MPB (n = 2), fiddler crab
Tubuca signata (n = 6), sesarmid crab (Sesarmidae
sp.; n = 5), gastropod Telescopium sp. (n = 6) and oys-
ter Crassostrea sp. (n = 4). From Larsen et al. (2012),
we used buttonwood mangrove Conocarpus erectus
(n = 1), dwarf red mangrove Rhizophora mangle (n =
1), white mangrove Laguncularia racemosa (n = 1),
MPB (n = 1), oyster C. rhizophorae (n = 2), sesarmid
crab Aratus pisonii (n = 1), gastropod Littoraria sp. (n =
1) and snapper Lutjanus griseus (n = 1). Because MPB
generally consists of diatoms and cyanobacteria, 5 di-
atom species and 4 cyanobacteria species from Larsen
et al. (2013) were included in the microalgae group.
Following the methods described by Larsen et al.
(2009), differences in δ13C values between Ile and Leu
(δ13CIle-Leu) and Ile and Lys (δ13CIle-Lys) were used to
produce a scatterplot to distinguish 4 groups — vascu-
lar plants, microalgae, fungi and bacteria — and to as-
sess the biosynthetic origins of AAs in mangrove con-
sumers. For this analysis, 9 species of fungi and 12

species of bacteria from Larsen et al. (2013) were
used. Additionally, the biosynthetic origins of AAs
were compared among the mangrove consu mers,
 terrestrial detritivores including enchytraeids and
collembolans isolated from peatland soils of northern
Alaska and reared enchytraeids (from Larsen et al.
2016) and terrestrial herbivores including eggs of
reared hawkmoths Amphion floridensis that had been
fed grape leaves as larvae and nectar (sucrose solu-
tion) as adults (from O’Brien et al. 2002; Figs. S1 & S2).
A full list of samples and data used in this study is pro-
vided in Table S1 in Supplement 2 (www. int-res. com/
articles/ suppl/ m681p013_ supp2. xlsx). ANOVA was
performed to explore the differences be tween group
means. Before performing ANOVA, the assumptions
of homogeneity of variance and normality in distribu-
tion were checked by performing Levene’s test and
Shapiro-Wilks tests, respectively. All statistical analy-
ses were conducted in R version 3.4.3 with RStudio in-
terface version 1.1.414, with α set at 0.05.

3.  RESULTS

The δ15NPhe values differed significantly between
mangroves and microalgae, with mangroves having
much higher δ15NPhe values than the microalgae
(ANOVA F1,7 = 46.5, p < 0.001; Fig. 1). Relative con-
tributions (f ) of mangroves to consumers ranged from
0−0.7. TPs of consumers ranged from 1.5−1.9 (Fig. 1).
The δ13C values in 3 AAs (Ile, Lys and Leu) separated
plants (mangroves and microalgae), fungi and bacte-
ria (Fig. 2). The δ13CIle-Lys and δ13CIle-Leu values both
differed significantly among the microalgae, bacte-
ria, fungi, plant and consumer groups (ANOVA F4,79

= 61.2, p < 0.001 and F4,79 = 62.4, p < 0.001, respec-
tively). While the fungi group was characterized by
higher δ13CIle-Lys values, the bacteria group had a
lower δ13CIle-Leu value, the mangrove group had a
higher δ13CIle-Leu, value and the microalgae group
had an intermediate δ13CIle-Lys value. While the con-
sumers did not overlap with the fungi and bacteria
groups, there was a strong overlap between the con-
sumers and the microalgae group.

4.  DISCUSSION

Food webs are thought to be based either on
energy obtained from the consumption of living bio-
mass by herbivores or the consumption of dead bio-
mass by detritivores (Moore et al. 2004, Holt 2006).
However, most real food webs represent an interplay
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between the two, with many consumers feeding on
food items from both living-autotroph and detritus-
based webs (Wolkovich et al. 2014). Colonisation of
decaying mangrove leaves by fungi and bacteria is
thought to provide an important food resource to
consumers at the base of estuarine
food webs (Odum & Heald 1975);
however, our results from the CSIA-
AA approach did not suggest an
importance of AAs derived from fungi
and bacteria in 2 common mangrove
macrofaunal groups — fiddler crabs
and se sarmid crabs — suggesting that
they are more grazers than microbi-
vores. Microbivory can increase the
TP of primary consumers in a detrital
food web, as microbes convert nonliv-
ing organic matter into living micro-
bial biomass, thus adding a trophic
step (Steffan et al. 2017). However, the
mangrove consumers from the present
study that showed a TP approaching 2
(i.e. herbivores) did not support micro-
bivory. Consistent with this finding, a
combination of δ13C values in Leu, Ile
and Lys showed that the mangrove
consumers rather relied on AAs origi-
nating from plants, especially micro-
algae. The consumers were more sim-

ilar to herbivores (hawkmoth) than
detritivores (enchytraeids and collem-
bolans; see Fig. S2). This trend was
also consistent for other consumers
from 2 other mangrove sites, including
fish, bivalves and gastropods. This
result also partially agrees with many
other isotope studies of mangrove
food webs that have shown the impor-
tance of microalgae (e.g. Larsen et al.
2012, Harada et al. 2020a,b). Similarly,
studies of mangrove food webs using
fatty acids generally support the im -
portance of algal food sources (Mezi -
ane & Tsuchiya 2000, Guo et al. 2020).

In a quantitative sense, the 2-source
mixing model using δ15NPhe and δ15NGlu

values showed a strong contribution
from microalgae (100%) and no con-
tribution from mangroves to the fid-
dler crab. Since the characterisation of
the microalgae endmember was not
satisfactorily archived for the fiddler
crab, the contribution of microalgae

was possibly overestimated. However, consistent
with our mixing model result, field observations
showed that fiddler crabs feed on bulk sediment in
canopy gaps of the mangrove forest where light
availability promoted MPB abundance (Harada et al.
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2020b). Strong reliance on microalgae with a mini-
mal contribution from mangroves was therefore ex -
pected for this crab. On the other hand, the sesarmid
crab Neosarmatium trispinosum (Sesar mid 1), which
builds mounds and burrows under stilt roots of red
mangroves and actively feeds on freshly fallen
leaves, showed a considerable contribution from
mangroves (70%). Consistent with this finding, the
gut content analysis showed that vascular plant
material was the dominant food item (83.3 ± 4.6%)
(Harada & Lee 2016). A mixing model using δ34S val-
ues of red mangrove (−14.8‰), MPB (10.2‰) and N.
trispinosum (−6.7‰) produced a similar result in that
the mangrove contribution was 68% (Table S1). The
other sesarmid crab, Parasesarma erythodactyla (Se -
sarmid 2), which also feeds on mangrove leaves,
showed a stronger reliance on microalgae (80%)
than on mangrove leaves (20%), suggesting that
even when mangrove litter is ingested it is not neces-
sarily assimilated by the animal. The mixing dynam-
ics are relatively well resolved in the δ15N data set
(Fig. 1) but not in the δ13C data set, with missing end-
members likely associated with microalgae (Fig. 2).
This is probably because carbon isotopic composi-
tions in AAs of microalgae vary considerably in the
marine environment (Larsen et al. 2020, Skinner et
al. 2021). Overall, the assessment of feeding depend-
ency generally shows that most mangrove consumers
rely on more easily assimilable microalgae rather
than refractory mangroves, and the use of mangrove
leaves is limited for specialised consumers such as N.
trispinosum. These findings partially support the
assertion that the mangrove food web is a grazing
food web rather than a detrital food web, with most
consumers in the food webs being algivores.

Although our understanding of how and what bio-
chemical processes determine isotope variations in
individual AAs is still limited, consistent with several
other studies (e.g. Larsen et al. 2012), substantial iso-
tope variations in AAs among different source or -
ganic matter exist, and such variations are especially
useful for disentangling complex food webs that
involve microbes. The CSIA-AA approach provided
molecular-level information, but similar to the con-
ventional bulk SIA approach, obtaining the right
endmembers was not easy. Sampling a wider range
of consumers with different feeding types may iden-
tify missing but important food resources assimilated
by the consumers in the mangrove food web (Then et
al. 2021). The bacteria and fungi samples used in the
study were not directly collected at the mangrove
sites, and more detailed sampling and characterisa-
tion of bacterial and fungal endmembers in man-

grove food webs are needed. Based on the assump-
tion that δ13CAA fingerprints are associated with the
difference in AA biosynthesis among major phylo-
genic groups and are consistent among different eco-
systems (Larsen et al. 2009), the current data did not
support the importance of AAs derived from fungi
and bacteria in the mangrove food web. Likely
explanations for these results include that (1) miner-
alisation of decaying leaves by bacteria and fungi
support the production of more easily assimilated
microalgae by supplying nutrients such as N (Fry &
Ewel 2003, Maie et al. 2008); and (2) bacteria and
fungi as intermediates also incorporate plant-derived
AAs into their biomass, which are then passed to the
consumers (Talbot et al. 2008, Steffan et al. 2015,
Yamaguchi et al. 2017). The existence of such bacte-
rial and/or fungal intermediates was partially evi-
dent from the δ15N data set that slightly underesti-
mated the TP of the primary consumers (i.e. 1.5−1.9).
For example, bacterial and/or fungal intermediates
could possibly incorporate dissolved inorganic N
available in the environment (such as ammonium)
and then reset the nitrogen baseline and shift the
trophic level of primary consumers downwards from
the 2.0 value expected for herbivores. TP estimates
are also sensitive to TEFs, which are thought to vary
depending on protein intake and quality (McMahon
& McCarthy 2016). In our case, the typical TEFs (8.0
± 1.2‰ for δ15NGlu and 0.4 ± 0.5‰ for δ15NPhe) under-
estimated the TP of mangrove consumers, suggest-
ing that the use of the typical TEFs for mangrove
detritivores should be carefully evaluated in the
future. Overall, the results suggest that the involve-
ment of bacterial and fungal intermediates is possi-
bly significant in the mangrove food web but was not
apparent from the CSIA-AA approach. A more de -
tailed characterisation of endmembers in future
research is needed to improve mangrove food web
analyses.

Acknowledgements. We acknowledge support from Hols -
worth Wildlife Research Endowment—Equity Trustees
Charitable Foundation and the Ecological Society of Aus-
tralia. R.C. acknowledges the Global Wetlands Project, sup-
ported by a charitable organisation which neither seeks nor
permits publicity for its efforts.

LITERATURE CITED

Bouillon S, Connolly RM, Lee SY (2008) Organic matter
exchange and cycling in mangrove ecosystems:  recent
insights from stable isotope studies. J Sea Res 59: 44−58

Bui THH, Lee SY (2014) Does ‘you are what you eat’ apply
to mangrove grapsid crabs? PLOS ONE 9: e89074

18

https://doi.org/10.1016/j.seares.2007.05.001
https://doi.org/10.1371/journal.pone.0089074


Harada et al.: Compound-specific isotope evaluation of detritivory

Chikaraishi Y, Ogawa NO, Kashiyama Y, Takano Y and oth-
ers (2009) Determination of aquatic food-web structure
based on compound-specific nitrogen isotopic composi-
tion of amino acids. Limnol Oceanogr Methods 7: 
740−750

Chikaraishi Y, Steffan SA, Ogawa NO, Ishikawa NF, Sasaki
Y, Tsuchiya M, Ohkouchi N (2014) High-resolution food
webs based on nitrogen isotopic composition of amino
acids. Ecol Evol 4: 2423−2449

Choi B, Ha SY, Lee JS, Chikaraishi Y, Ohkouchi N, Shin KH
(2017) Trophic interaction among organisms in a sea-
grass meadow ecosystem as revealed by bulk δ13C and
amino acid δ15N analyses. Limnol Oceanogr 62: 
1426−1435

Docherty G, Jones V, Evershed RP (2001) Practical and the-
oretical considerations in the gas chromatography/com-
bustion/isotope ratio mass spectrometry δ13C analysis of
small polyfunctional compounds. Rapid Commun Mass
Spectrom 15: 730−738

Fry B, Ewel KC (2003) Using stable isotopes in mangrove
fisheries research — a review and outlook. Isotopes En -
viron Health Stud 39: 191−196

Geraldi NR, Ortega A, Serrano O, Macreadie PI and others
(2019) Fingerprinting blue carbon:  rationale and tools to
determine the source of organic carbon in marine depo-
sitional environments. Front Mar Sci 6: 263

Guo F, Lee SY, Kainz MJ, Brett MT (2020) Fatty acids as
dietary biomarkers in mangrove ecosystems:  current sta-
tus and future perspective. Sci Total Environ 739: 139907

Harada Y, Lee SY (2016) Foraging behavior of the mangrove
sesarmid crab Neosarmatium trispinosum enhances food
intake and nutrient retention in a low-quality food envi-
ronment. Estuar Coast Shelf Sci 174: 41−48

Harada Y, Connolly RM, Fry B, Maher DT and others
(2020a) Stable isotopes track the ecological and bio -
geochemical legacy of mass mangrove forest dieback in
the Gulf of Carpentaria, Australia. Biogeosciences 17: 
5599−5613

Harada Y, Fry B, Lee SY, Maher DT, Sippo JZ, Connolly RM
(2020b) Stable isotopes indicate ecosystem restructuring
following climate-driven mangrove dieback. Limnol
Oceanogr 65: 1251−1263

Hebert CE, Popp BN, Fernie KJ, Ka’apu-Lyons C, Rattner
BA, Wallsgrove N (2016) Amino acid specific stable
nitrogen isotope values in avian tissues:  insights from
captive American kestrels and wild herring gulls. Envi-
ron Sci Technol 50: 12928−12937

Holt RD (2006) Asymmetry and stability. Nature 442: 
252−253

Ishikawa NF (2018) Use of compound-specific nitrogen iso-
tope analysis of amino acids in trophic ecology: assump-
tions, applications, and implications. Ecol Res 33:825-837

Ishikawa NF, Kato Y, Togashi H, Yoshimura M, Yoshimizu
C, Okuda N, Tayasu I (2014) Stable nitrogen isotopic
composition of amino acids reveals food web structure in
stream ecosystems. Oecologia 175: 911−922

Kendall IP, Woodward P, Clark JP, Styring AK, Hanna JV,
Evershed RP (2019) Compound-specific δ15N values
express differences in amino acid metabolism in plants of
varying lignin content. Phytochemistry 161: 130−138

Larsen T, Taylor DL, Leigh MB, O’Brien DM (2009) Stable
isotope fingerprinting:  a novel method for identifying
plant, fungal, or bacterial origins of amino acids. Ecology
90: 3526−3535

Larsen T, Wooller MJ, Fogel ML, O’Brien DM (2012) Can

amino acid carbon isotope ratios distinguish primary pro-
ducers in a mangrove ecosystem? Rapid Commun Mass
Spectrom 26: 1541−1548

Larsen T, Ventura M, Andersen N, O’Brien DM, Piatkowski
U, McCarthy MD (2013) Tracing carbon sources through
aquatic and terrestrial food webs using amino acid stable
isotope fingerprinting. PLOS ONE 8: e73441

Larsen T, Ventura M, Maraldo K, Triadó-Margarit X and
others (2016) The dominant detritus-feeding inverte-
brate in Arctic peat soils derives its essential amino acids
from gut symbionts. J Anim Ecol 85: 1275−1285

Larsen T, Hansen T, Dierking J (2020) Characterizing niche
differentiation among marine consumers with amino
acid δ13C fingerprinting. Ecol Evol 10: 7768−7782

Lee SY, Hamilton S, Barbier EB, Primavera J, Lewis RR
(2019) Better restoration policies are needed to conserve
mangrove ecosystems. Nat Ecol Evol 3: 870872

Maie N, Pisani O, Jaffé R (2008) Mangrove tannins in
aquatic ecosystems:  their fate and possible influence on
dissolved organic carbon and nitrogen cycling. Limnol
Oceanogr 53: 160−171

McMahon KW, McCarthy MD (2016) Embracing variability
in amino acid δ15N fractionation:  mechanisms, implica-
tions, and applications for trophic ecology. Ecosphere 7: 
e01511

Meziane T, Tsuchiya M (2000) Fatty acids as tracers of
organic matter in the sediment and food web of a man-
grove/intertidal flat ecosystem, Okinawa, Japan. Mar
Ecol Prog Ser 200: 49−57

Moore JC, Berlow EL, Coleman DC, de Ruiter PC and others
(2004) Detritus, trophic dynamics and biodiversity. Ecol
Lett 7: 584−600

O'Brien DM, Fogel ML, Boggs CL (2002) Renewable and
non renewable resources: amino acid turnover and allo-
cation to reproduction in Lepidoptera. Proc Natl Acad Sci
USA 99:4413–4418

O’Brien DM, Boggs CL, Fogel ML (2003) Pollen feeding in
the butterfly Heliconius charitonia:  isotopic evidence for
essential amino acid transfer from pollen to eggs. Proc R
Soc B 270: 2631−2636

Odum WE, Heald EJ (1975) The detritus-based food web of
an estuarine mangrove community. In:  Cronin LE (ed)
Estuarine research, Vol 1. Academic Press, New York,
NY, p 265−286

Ohkouchi N, Chikaraishi Y, Close HG, Fry B and others
(2017) Advances in the application of amino acid nitro-
gen isotopic analysis in ecological and biogeochemical
studies. Org Geochem 113: 150−174

Skinner C, Mill AC, Fox MD, Newman SP, Zhu Y, Kuhl A,
Polunin NVC (2021) Offshore pelagic subsidies domi-
nate carbon inputs to coral reef predators. Sci Adv 7: 
eabf3792

Steffan SA, Chikaraishi Y, Currie CR, Horn H and others
(2015) Microbes are trophic analogs of animals. Proc Natl
Acad Sci USA 112: 15119−15124

Steffan SA, Chikaraishi Y, Dharampal PS, Pauli JN, Guédot
C, Ohkouchi N (2017) Unpacking brown food-webs:  ani-
mal trophic identity reflects rampant microbivory. Ecol
Evol 7: 3532−3541

Talbot JM, Allison SD, Treseder KK (2008) Decomposers in
disguise:  mycorrhizal fungi as regulators of soil C
dynamics in ecosystems under global change. Funct Ecol
22: 955−963

Then AYH, Adame MF, Fry B, Chong VC, Riekenberg PM,
Zakaria RM, Lee SY (2021) Stable isotopes clearly track

19

https://doi.org/10.4319/lom.2009.7.740
https://doi.org/10.1002/ece3.1103
https://doi.org/10.1002/lno.10508
https://doi.org/10.1002/rcm.270
https://doi.org/10.1080/10256010310001601067
https://doi.org/10.3389/fmars.2019.00263
https://doi.org/10.1016/j.scitotenv.2020.139907
https://doi.org/10.1016/j.ecss.2016.03.017
https://doi.org/10.5194/bg-17-5599-2020
https://doi.org/10.1002/lno.11387
https://doi.org/10.1021/acs.est.6b04407
https://doi.org/10.1038/442252a
https://doi.org/10.1007/s11284-018-1616-y
https://doi.org/10.1007/s00442-014-2936-4
https://doi.org/10.1016/j.phytochem.2019.01.012
https://doi.org/10.1890/08-1695.1
https://doi.org/10.1007/s10021-020-00561-0
https://doi.org/10.1111/j.1365-2435.2008.01402.x
https://doi.org/10.1002/ece3.2951
https://doi.org/10.1073/pnas.1508782112
https://doi.org/10.1126/sciadv.abf3792
https://doi.org/10.1016/j.orggeochem.2017.07.009
https://doi.org/10.1098/rspb.2003.2552
https://doi.org/10.1111/j.1461-0248.2004.00606.x
https://doi.org/10.3354/meps200049
https://doi.org/10.1002/ecs2.1511
https://doi.org/10.4319/lo.2008.53.1.0160
https://doi.org/10.1038/s41559-019-0861-y
https://doi.org/10.1002/ece3.6502
https://doi.org/10.1111/1365-2656.12563
https://doi.org/10.1371/journal.pone.0073441
https://doi.org/10.1002/rcm.6259


Mar Ecol Prog Ser 681: 13–20, 2022

mangrove inputs and food web changes along a refor-
estation gradient. Ecosystems 24: 939−954

Vane K, Larsen T, Scholz-Böttcher BM, Kopke B, Ekau W
(2018) Ontogenetic resource utilization and migration
re construction with δ13C values of essential amino
acids in the Cynoscion acoupa otolith. Ecol Evol 8: 
9859−9869

Walsh RG, He S, Yarnes CT (2014) Compound-specific δ13C
and δ15N analysis of amino acids:  a rapid, chloroformate-
based method for ecological studies. Rapid Commun
Mass Spectrom 28: 96−108

Wolkovich EM, Allesina S, Cottingham KL, Moore JC, Sandin
SA, de Mazancourt C (2014) Linking the green and brown

worlds:  the prevalence and effect of multichannel feed-
ing in food webs. Ecology 95: 3376−3386

Yamaguchi YT, Chikaraishi Y, Takano Y, Ogawa NO,
Imachi H, Yokoyama Y, Ohkouchi N (2017) Fractionation
of nitrogen isotopes during amino acid metabolism in
heterotrophic and chemolithoautotrophic microbes across
Eukarya, Bacteria, and Archaea:  effects of nitrogen
sources and metabolic pathways. Org Geochem 111: 
101−112

Yarnes CT, Herszage J (2017) The relative influence of
derivatization and normalization procedures on the com-
pound-specific stable isotope analysis of nitrogen in
amino acids. Rapid Commun Mass Spectrom 31: 693−704

20

Editorial responsibility: Erik Kristensen,
Odense, Denmark

Reviewed by: T. Larsen and 2 anonymous referees

Submitted: March 4, 2021
Accepted: October 7, 2021
Proofs received from author(s): December 26, 2021

https://doi.org/10.1002/ece3.4471
https://doi.org/10.1002/rcm.6761
https://doi.org/10.1002/rcm.7832
https://doi.org/10.1016/j.orggeochem.2017.04.004
https://doi.org/10.1890/13-1721.1



