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ABSTRACT

Understanding the sources of primary production

supporting marine food webs is important for

conserving critical habitats. However, the impor-

tance of allochthonous versus autochthonous pro-

duction is often unclear. We identify the sources of

primary production supporting three species of

predatory fish (Lutjanus carponotatus, Lutjanus fulvi-

flamma, and Lethrinus punctulatus) in the Dampier

Archipelago, Western Australia. The proportions of

mangrove, seagrass, macroalgae, and suspended

particulate organic matter (SPOM) assimilated by

fish of different life-history stages and from differ-

ent habitats were determined using stable isotopes

and Bayesian mixing models. While contributions

of sources varied among species and habitats, we

found that SPOM was an important energetic re-

source for both adults and juveniles of all three fish

species. Juvenile L. carponotatus and L. punctulatus

inhabiting macroalgal habitats assimilated more

seagrass- and macroalgae-derived material than

fish from coral or mangrove habitats, while reliance

on mangrove carbon was generally limited overall.

Assimilation of macrophyte-derived material de-

creased throughout ontogeny for L. carponotatus,

while L. fulviflamma relied on a combination of

SPOM and seagrass into adulthood. The contribu-

tion of macroalgae and SPOM to the diets of juve-

nile L. punctulatus and L. carponotatus from

macroalgal habitats varied spatially but was unre-

lated to seascape configuration, habitat quality, or

hydrodynamic conditions. While mixing models

suggested a modest degree of trophic connectivity,
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cross-habitat trophic subsidies provided by macro-

phytes play a minor role in supporting the studied

fish of either life-history stage. Instead, microalgal

production predominantly fuels the productivity of

predatory fish in this turbid, macrotidal system.

Key words: Connectivity; Fish; Mixing models;

Seascape; Stable isotopes; Cross-habitat subsidy.

INTRODUCTION

Understanding the sources of primary production

supporting marine food webs is important for

identifying and conserving critical habitats (Lon-

eragan and others 1997; Polis and others 1997;

Abrantes and others 2015; Whitfield 2017; Bear-

ham and others 2023). Within coastal seascapes,

macrophytes, such as seagrass, mangroves, and

macroalgae, are prominent primary producers that

form complex three-dimensional structures that

provide shelter for fish (Beck and others 2001;

Horinouchi 2007; Whitfield 2017). However, fish

seeking refuge in macrophyte habitats do not nec-

essarily derive their nutritional resources from the

same habitat (Igulu and others 2013; Vaslet and

others 2015). In tropical seascapes, macrophyte

habitats often co-occur with coral reefs, forming

patch mosaics comprised of multiple habitats that

are biologically (e.g., foraging migrations, prey

movement) and hydrologically (e.g., tidal transport

of detritus) connected (Hyndes and others 2014).

This connectivity can result in spatial separation

between the habitats occupied by fish and those

from which they ultimately derive their nutrition

(Connolly and others 2005)

The importance of different sources of primary

production to animals is in part dictated by the

extent to which habitats are spatially linked and

contiguous (structural connectivity) and the degree

to which a seascape facilitates or impedes move-

ment between habitats (functional connectivity;

Taylor and others 2006; Nagelkerken and others

2008b; Wyatt and others 2012; Abrantes and others

2015). The functional connectivity of a seascape is

generally lower for juvenile fish than for their adult

counterparts as juveniles are comparatively less

mobile (Cummings and others 2010; Green and

others 2015; Nash and others 2015). Despite their

smaller home ranges, juvenile fish in highly-con-

nected coastal seascapes may still obtain some, or

all, of their nutritional resources from neighbour-

ing habitats (Olson and others 2019). Although

there is a growing body of research exploring the

significance of such cross-habitat trophic subsidies

for adult fish (e.g., Connolly and others 2005; Igulu

and others 2013; Davis and others 2014), less is

known about the relative importance of auto-

chthonous versus allochthonous production for

juvenile fish.

An understanding of the sources of production

underpinning the diets of fish, and how this may

change through ontogeny or be affected by seas-

cape configuration, is important when designing

efficient conservation strategies that preserve cru-

cial habitat connections (Connolly and others

2005). In north-western Australia, many species of

fish exhibit preferences for coral or macroalgal

habitats as juveniles (Wilson and others 2010;

Evans and others 2014); however, little is known

about the sources of autotrophic production that

support their diets and how this varies among

habitats. Gaining insight into the trophic ecology of

juvenile fish remains challenging due to their small

size and high mortality rates. Stable isotope ratios

of carbon (13C/12C) and nitrogen (15N/14N) in fish

tissue can provide information on the animal’s diet

over the preceding days to weeks for fast growing

juveniles, or months for older individuals (Herzka

2005; Fry 2006). The isotopic composition of fish

tissue can serve as an indirect indicator of the

source of primary production at the base of the food

chain which can be used to identify trophic link-

ages between habitats, provided that the isotopic

composition of basal sources are sufficiently distinct

(Fry and Sherr 1989; Bouillon and others 2008).

An isotopic value of an animal that differs from its

surrounding habitat may indicate reliance on al-

lochthonous carbon sources or recent immigration

to a population (Polis and others 1997; Fry and

Ewel 2003; Kimirei and others 2013; Olson and

others 2019). For example, several studies have

used isotopic techniques to show that juvenile fish

inhabiting mangrove habitats relied on carbon de-

rived from seagrass meadows (Vaslet and others

2015; Le and others 2019). This knowledge has

important implications for fisheries sustainability

and conservation outcomes as both the residence

habitat and the source of primary production must

be conserved to ensure viable juveniles for popu-

lation replenishment (Connolly and others 2005;

Olds and others 2016).

The Dampier Archipelago, located in northwest-

ern Australia, comprises 42 islands that are fringed

by diverse habitats and provide an ideal opportu-

nity to investigate sources of primary production

underpinning the diets of fish (Figure 1; Morrison

2004; Moustaka and others 2024). The nearshore

benthic habitats of the Archipelago support diverse
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and abundant assemblages of juvenile fishes

(Moustaka and others in review), including le-

thrinid and lutjanid species that are often targeted

by recreational and commercial fishers (Gaughan

and others 2019; Newman and others 2019). Al-

though recent research has shown minimal influ-

ence of seascape configuration on the composition

of fish assemblages (Moustaka and others 2024; in

review), seascape effects on the trophic ecology of

fish remain unexplored. This study therefore had

three objectives: 1) to identify the basal sources

underpinning the diets of juveniles and adults of

three benthic mesopredatory fish species to assess

the extent of allochthonous versus autochthonous

carbon use; 2) to examine how the relative

importance of basal sources differs among nursery

habitats and successive habitats occupied through-

out ontogeny; and 3) to evaluate the influence of

seascape configuration and hydrodynamic condi-

tions on the assimilation of different basal sources

by fish.

Figure 1. Location of sites (indicated by abbreviated site codes; see Table S1) and habitat patches (pink: coral, orange:

macroalgae, green: mangrove) within each site from which samples were collected in the Dampier Archipelago, Western

Australia.
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METHODS

Study Location

The Dampier Archipelago, located on the North

West Shelf of Australia (Figure 1), is characterised

by macrotidal conditions (maximum 5.1 m tidal

range) and a strong cross-shelf turbidity gradient

(Pearce and others 2003). The islands of the Ar-

chipelago are fringed by patch mosaics of habitats,

including coral, macroalgae, mangrove, seagrass,

sand, pavement, and rubble (Figure 1).

Thirteen shallow (< 7 m depth) bays were se-

lected as study sites across the Archipelago based

on the presence of substantial habitat area in

variable configurations (e.g., areal extent of man-

grove habitat in each bay ranged from 0 – 0.35

km2) using pre-existing habitat maps (Moustaka

and others 2024; Figure1). Sampling was predom-

inantly conducted in February 2021, with addi-

tional samples of detrital mangrove leaves collected

in July 2021, and filter-feeding bivalves in

November 2021 (mangrove habitats) and January

2022 (coral habitats). Samples were collected in

each of the main biogenic habitats present in each

bay (i.e., coral reef, macroalgal bed, and mangrove

fringe), although not all bays contained all habitat

types (Table S1).

Sample Collection

Fish collections

Three species of fish were collected for this study:

stripy snapper (Lutjanus carponotatus), blackspot sea

perch (Lutjanus fulviflamma), and bluespotted em-

peror (Lethrinus punctulatus). These species were

selected based on their relative abundance in the

Dampier Archipelago (determined using underwa-

ter visual census surveys conducted in January

2021) and their contrasting patterns of habitat use

and ontogenetic habitat shift (Fulton and others

2020). Additionally, all three species are of value to

commercial and recreational fisheries in Western

Australia (Newman and others 2018; Gaughan and

others 2019). Lethrinus punctulatus exclusively

occupies shallow macroalgal habitats during the

juvenile stage before migrating offshore to deeper

waters as adults (Taylor and others 2017). In con-

trast, juvenile L. carponotatus were observed in both

coral and macroalgal habitats, while adults were

primarily found on coral reefs (Moustaka and

others 2024; in review). Adult L. fulviflamma were

also observed on coral reefs, whereas juveniles

were only recorded in macroalgae and mangrove

habitats (Moustaka and others 2024; in review).

Globally, L. punctulatus is not regarded as a distinct

species but rather a synonym for Lethrinus lentjan

(pink ear emperor). However, for the purpose of

this study the taxon will be referred to as L. punc-

tulatus and recognised as a distinct species, in line

with the classification and management by the

Western Australian Department of Primary Indus-

tries and Regional Development (Newman and

others 2019).

Juvenile fish were collected at 13 sites from each

of the habitats in which they had been observed

(Table S1) using either opera house traps baited

with crushed Sardinops spp. or by scuba divers using

spearguns with pronged heads. Post-capture, fish

were immediately euthanised, placed on ice for

transport, and subsequently stored at - 20 �C. Fish
were classified as juveniles (Age-0 +) or adults

(Age-1 + and older) based on published length-at-

age for each species (L. carponotatus = 125 mm fork

length [FL; Kritzer 2004], L. fulviflamma = 140 mm

FL [Grandcourt and others 2006], and L. punctula-

tus = 155 mm FL [Wakefield and others unpub-

lished results]). To explore how reliance on carbon

sources varied between habitats and throughout

ontogeny, adult L. carponotatus and L. fulviflamma

were also collected from coral habitats. The aim

was to collect 10 individuals per species, per site,

per habitat, and per life history stage; however,

actual sample sizes varied from 2 to 25 (Table S1).

As small sample sizes may not adequately capture

variation in isotopic values, spatial comparisons

should be interpreted cautiously for sites with low

replication.

Source collections

Lutjanus carponotatus, L. fulviflamma, and L. punctu-

latus are generalist carnivores whose diets pre-

dominantly consist of crustaceans (including

shrimp, amphipods, crabs) and small fish (typically

species of Blenniidae), with echinoderms, cepha-

lopods, molluscs, and annelids occasionally con-

sumed to varying extents (Salini and others 1994;

Brewer and others 1995; Connell 1998; Kamukuru

and Mgaya 2004; Kulbicki and others 2005; Farmer

and Wilson 2011; Piggott 2021). As this study

aimed to explore the primary producers under-

pinning fish diets, and given the wide array of

potential prey across the three different habitats,

coupled with the uncertainties surrounding the

diets of the study species during their early life

stages, intermediary prey items were not collected.

Instead, sampling effort focused on achieving

greater spatial replication of both fish and primary
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producers, and comprehensive representation of

fish across the juvenile size range.

Five samples of common primary producers were

collected at each site (where present) including

mangroves (Rhizophora mangle or Avicenna marina;

whichever was most abundant), detrital mangrove

leaves, macroalgae (Sargassum spp.), and seagrass

(Halophila ovalis; Table S1). Live mangrove leaves

were harvested directly from the trees and detrital

leaves were collected from the top layer of sedi-

ment under the canopy. Live macroalgae and sea-

grass samples were collected from macroalgal reefs

by hand then rinsed in fresh water to remove any

epifauna prior to transport. Corals were not in-

cluded as a potential basal source as recent work

has shown a high dependence on heterotrophic

feeding by corals in the Dampier Archipelago

(Travaglione and others 2023). Turf algae was also

omitted from collections because of its low pro-

ductivity and nutritional value in this region

(Tebbett and others 2023). Mangrove epiphytes

were similarly excluded due to their scarcity.

As the fish species targeted in this study are

known to feed on invertebrates (Whitfield 1998;

Piggott 2021) whose diets can include suspended

and deposited particulate matter (e.g., amphipods),

common filter-feeding bivalves (a mix of Mytilidae

[mussels], Ostreidae [oysters] and Pteriidae

[feather oysters]) were collected as a proxy for

suspended particulate organic matter (SPOM;

Fukumori and others 2008; Christianen and others

2017). SPOM baselines are highly variable and

difficult to characterise and as such, invertebrate

filter feeders represent a time-integrated proxy for

this basal resource (see Statistical analyses section for

details of mathematical corrections for trophic

enrichment; Post 2002; Richoux and Froneman

2009; Skinner and others 2022). Filter-feeding bi-

valves can be selective feeders; however, where

selection does occur bivalves typically prefer or-

ganic and living particles over inorganic and dead

particles (Rosa and others 2018). Additionally,

isotopic composition of sediment POM at a subset

of five sites was provided by Beltran and others

(unpublished results; see Text S1 for details of

sediment core collection and processing). All sam-

ples were placed on ice for transport, and subse-

quently stored at - 20 �C.

Sample Preparation

In the laboratory, fish samples were defrosted, and

the fork length (mm) and weight (g) recorded. Fork

length could not be accurately determined for a

small number of L. punctulatus (n = 10) and L. ful-

viflamma (n = 11) samples that were damaged

during collection. In these instances, length was

estimated based on mean otolith weight using a

species-specific polynomial linear regression fitted

to a subset of the observed values (i.e., a training

dataset) and validated with the remaining observed

values (see Text S2, Figure S1, and Table S2 for

further details). White muscle tissue samples were

collected below the dorsal fin, above the lateral line

for fish, and from the foot for bivalves. Muscle

tissue was chosen for stable isotope analysis given

its slow turnover rate, reflecting the isotopic com-

position of food consumed over periods of several

weeks to months (Fry and Arnold 1982; Herzka

2005).

Mangrove and seagrass leaves were removed

from the stems, while macroalgae blades were

separated from stipes and holdfasts. All leaves and

blades were cleaned of any attached epiphytes

using a scalpel. All samples were thoroughly rinsed

in deionised water. The sparse epiphytic filamen-

tous algae present on the thali and blades of

macroalgae samples were also collected. As epi-

phytes were not present in large amounts, samples

were pooled within sites to ensure sufficient

material for SIA yielding one to three replicates per

site (Table S1).

Stable Isotope Analyses

All stable isotope samples were oven dried for 48 h

at 60 �C, ground to a fine homogenous powder,

and weighed into tin capsules. In some instances,

this process yielded insufficient dried seagrass

material for SIA, and in these cases, the smallest

samples from the same site were pooled to provide

enough material for a replicate (Table S1). All

samples were analysed for d15N and d13C (see Text

S3 for full details). The combined analytical

uncertainty of analyses (1 standard deviation) was

0.10 & for d15N and d13C and 0.1 for the ratio of

carbon to nitrogen by weight (C:N).

Variation in the lipid content of animal tissues

affects d13C values. Some of the smallest fish sam-

ples and several bivalve samples had C:N ratios >

3.5, indicating the presence of excessive lipids

(Skinner and others 2016). A mathematical nor-

malisation method was used to correct the d13C
values of these samples (Kiljunen and others 2006;

Post and others 2007; Skinner and others 2016; see

Text S4 for full details), a procedure that is con-

sidered to be an appropriate method for accounting

for lipid presence in samples that are analysed for

both d15N and d13C (Sweeting and others 2006).

922 M. Moustaka and others



Data Analysis

Statistical analyses

Length-isotope and habitat-isotope relationships

were initially explored using analysis of variance

(ANOVA) tests. Fish length was included as a

continuous effect (as opposed to life history stage as

a categorical variable) due to substantial variation

in the abundance of each life history stage among

habitats and sites (of a given habitat type). Separate

tests were conducted for d13C and d15N, and for

each species. Models for L. carponotatus consisted of

a fixed effect of habitat, a continuous effect of

length, and a random effect of site. Since L. punc-

tulatus was exclusively observed and collected in

macroalgal habitats, the model for this species

comprised only a continuous effect of length and a

random effect of site. As L. fulviflamma were not

collected in sufficient numbers for every combina-

tion of habitat and site, samples were pooled to

habitat and models did not include a random effect

of site. Tukey’s Honestly Significant Difference post

hoc tests were used to examine differences between

groups where there were significant differences for

a fixed effect and no interaction with length.

Where interactions between categorical indepen-

dent variables and fish length were significant, ef-

fects were investigated by visually inspecting the

data. Some of the smallest L. punctulatus and L.

carponotatus (< 30 mm, n = 1 & 5, respectively)

individuals were markedly more depleted in 13C

relative to their conspecifics (Figure 2). These

comparatively negative d13C values likely reflect

the larval planktivorous phase in the open ocean

before recent settlement to coastal habitats (Fry

and Sherr 1989; Herzka and others 2001; Cocheret

de la Morinière and others 2003). To prevent any

potential influence of these recently settled fish on

the assessment of habitat and ontogenetic patterns,

ANOVAs were conducted on datasets that both

included and excluded them. Significant differ-

ences were found between the results obtained

from the two datasets (Table S3), and the recently

settled fish (represented in Figure 2 by ‘‘*’’) were

therefore excluded from further analysis. Only the

results from the ANOVAs that excluded these

individuals are discussed herein.

Between-taxa and between-habitat variations in

isotopic values of fish, as well as the proximity of

fish from different habitats to potential sources,

were examined using biplots of d13C and d15N
values. Bivalve d13C and d15N values (proxy for

SPOM [hereon referred to as SPOM*]) were cor-

rected for isotopic discrimination factor to further

analysis by a factor of 0.8 for d13C and 3.6 for d15N
based on the average isotopic discrimination factor

reported by Brauns and others (2018) and Ludovisi

and others (2022) for marine bivalves (Fukumori

and others 2008). To determine whether sources

should be grouped prior to inclusion in isotopic

mixing models, ANOVAs (including a random ef-

fect of site) were used to test for differences in d13C
and d15N values of basal carbon sources. As man-

grove species, live/detrital mangrove leaves, and

SPOM* from different habitats could not be dis-

tinguished by either their d13C or d15N values

(pairwise p > 0.05; Table S4), they were each

pooled for subsequent analysis. All data were in-

spected for normality of residuals and homogeneity

of variance using Q-Q plots. Analyses were con-

ducted in R (version 4.2.0) using the nlme package

(version 3.1–163; R Core Team 2022; Pinheiro and

others 2023). Significance for all analyses was

p < 0.05 and variation around the mean is pre-

sented as standard deviation unless otherwise sta-

ted.

Isotopic mixing models

The relative contribution of different carbon sour-

ces to fish was assessed using Bayesian stable iso-

tope mixing models (SIMM) using the MixSIAR R

package (Stock and others 2018). Mixing models

were run separately for each species and life history

stage (excluding adult L. carponotatus and L. punc-

tulatus in macroalgae due to low sample replica-

tion). To avoid uninformative outputs from the

mixing models, the number of sources included

was limited to four (mangroves, seagrass,

macroalgae, and SPOM*; Phillips and others 2014).

Sediment POM was not included as a source as it

was isotopically indistinguishable from SPOM* and

was only collected at a subset of sites (Table S1 &

S3). Epiphytic algae were also excluded from mix-

ing models due to low replication and low biomass.

As not all sources were able to be collected from all

sites (Table S1), average isotopic values (± stan-

dard deviation) of sources across the Archipelago

were used in mixing models. It should be noted

that the necessary use of source averages and

standard deviations in mixing models may lead to a

loss of information regarding the variability within

each source (Hyndes and others 2013; Phillips and

others 2014). Additionally, as this study was repli-

cated spatially but not temporally, potential sea-

sonal variation in isotopic values was not

considered (Olin and others 2012; Hyndes and

others 2013). Similarly, temporal variation in the

isotopic composition of primary producers may

Suspended Particulate Organic Matter Supports Mesopredatory 923
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have influenced the results of this study as detrital

mangrove leaves and some bivalves were collected

9—11 months after fish.

Corrections for isotopic discrimination were ap-

plied when modelling feasible mixtures (Peterson

and Fry 1987). The degree of isotopic discrimina-

tion between trophic levels (TL) varies considerably

between species, tissues, diets, temperatures, and

growth rates, and is generally higher for 15N (�2.0–

3.5 & per trophic level) than 13C (�0–1.5 & per

trophic level; Minagawa and Wada 1984; Zanden

and Rasmussen 2001; Vanderklift and Ponsard

2003; Caut and others 2009). This variation intro-

duces some uncertainty regarding the isotopic dis-

crimination factor for 15N. Indeed, the d15N values

of fish in this study demonstrated considerable

variation between species, life history stage, and

habitat, as would be expected based on relation-

ships between gape size and prey size, and probable

differences in prey assemblages in each habitat

(Kamukuru and Mgaya 2004; Dunic and Baum

2017; Fraser and others 2020; Nguyen and others

2020). Therefore, using a single TL to estimate total

isotopic discrimination was deemed inappropriate.

Instead, the average TL was calculated for each

combination of species, life history stage, and

habitat following Post (2002; see Text S5 for full

methods and Table S5 for calculated TLs). An iso-

topic discrimination factor of 1.76 ± 0.2 for d13C
and 2.54 ± 0.2 for d15N per trophic level was used

for both TL calculations and mixing models (Caut

and others 2009). Biplots of d13C and d15N values of

sources and consumers (corrected for isotopic dis-

crimination) were inspected prior to running mix-

ing models to ensure that all consumer values fell

within the mixing polygon.

Multiplicative (residual * process) error was

specified in the mixing models as the sampled

animals consume sources via predation events and

to account for variation related to the sampling

procedures (Stock and others 2018). Site was in-

cluded as a random effect in all models, and habitat

as a fixed effect in the L. carponotatus and L. fulvi-

flamma models. Models used uninformative priors

and were run for 3,000,000 iterations with the first

1,500,000 discarded as burn in. Model convergence

was assessed using the trace plots and the Gelman–

Rubin and Geweke diagnostic tests.

Drivers of Spatial Variation in Assimilation of Basal

Sources by Fish

A series of mixing models incorporating different

covariates were run to explore the potential drivers

of spatial variation in source assimilation by juve-

nile L. carponotatus and L. punctulatus from

macroalgal habitats. Lutjanus fulviflamma was ex-

cluded from the analysis due to the limited number

of sites where fish were collected (3 and 5 for

macroalgae and mangrove habitats, respectively).

Four models containing different continuous

covariates were run for each species to assess the

influence of local habitat quality (average percent

cover of macroalgae), seascape configuration (pro-

portional area of macroalgae within a 500 m radius

buffer), and hydrodynamic conditions (average

significant wave height and water residence time).

These variables were selected as the spatial varia-

tion in source assimilation by fish predominantly

reflected differences in the assimilation of

macroalgae and SPOM* (Table S6). For detailed

methods regarding predictor variable data collec-

tion and ecological justification for inclusion see

Table S7 and Text S6. A model containing a ran-

dom effect of site was included in the suite of

candidate models for each species as the null

model. Models were compared using LOOIC (ap-

proximate leave-one-out cross-validation informa-

tion criterion) and model weights. LOOIC was used

to compare models as it is a more robust informa-

tion criterion than WAIC (widely applicable infor-

mation criterion) in cases of weak predictors and

influential observations (Vehtari and others 2017).

RESULTS

Stable Isotope Values of Fish

A total of 523 fish (L. carponotatus n = 292, L. fulv-

iflamma n = 85, and L. punctulatus n = 146) ranging

from 21 – 317 mm in length (Figure 2a; Table S1)

were collected across 13 sites in the Dampier Ar-

chipelago. d13C values of fish ranged from -16.7 to -

9.2 & while d15N values ranged from 7.6 to 11.8 &

(Figure 2c; Table S1; Table S5). d15N increased with

fish length for all species, indicating a shift towards

higher trophic level prey throughout ontogeny

(Figure 2c; Table S3). Lutjanus fulviflamma adults

collected in coral habitats were both larger and

more enriched in 15N than those from macroalgae

bFigure 2. a Size distribution for collected Lutjanus

carponotatus, Lutjanus fulviflamma, and Lethrinus

punctulatus from coral (pink), macroalgae (orange) and

mangrove (green) habitats, and relationship between fish

fork length and b d13C and c d15N values. Recently

settled fish (fork length < 30 mm) that were excluded

from analyses are indicated by ‘*’. Vertical lines indicate

estimated length at Age-1 + for each species (i.e., the

boundary of juvenile to adult).
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and mangrove habitats (post hoc p < 0.001;

Table S3). Juvenile L. fulviflamma from macroalgal

habitats were more 15N enriched than juveniles

collected in mangrove habitats (post hoc

p < 0.001; Figure 2c; Table S3; Table S5). Varia-

tion in the d15N - length trends for L. carponotatus

indicated there were differences in the trophic

ecology of this species among habitats, and d15N
values were generally lower for fish collected in

macroalgal than coral habitats (Figure 2c;

Table S3).

Among all species and habitats, L. fulviflamma

from mangrove and coral habitats exhibited the

widest range of d13C values (from -14.6 to -9.2 &

and from -15.3 to -10.1 &, respectively), with

mangrove L. fulviflamma exhibiting the highest

values (Figure 2b). In contrast, the d13C values of L.

fulviflamma collected in macroalgal habitats were

more consistent and were depleted in 13C (from -

14.3 to -11.4 &) relative to those collected in

mangrove and coral habitats, which did not differ

from each other (Figure 2b; Table S3). There was

no relationship between length and d13C values for

L. fulviflamma nor L. punctulatus. Lutjanus carpono-

tatus became increasingly enriched in 13C as fish

size increased in both macroalgal and coral habi-

tats; however, this relationship was weaker in fish

from coral habitats (Figure 2; Table S3).

Stable Isotope Values of Basal Sources

Primary producers exhibited lower d15N values

than fish (ranging from -2.7 to 6.8 &) and a broad

range of d13C values (from -30.5 to -6.1 &; Fig-

ure 3, Table S1). Live and detrital mangrove leaves

were the most depleted in 13C of the primary pro-

ducers, followed by macroalgae and sediment

POM, while seagrass and epiphytes were the most

enriched (Figure 3). Bivalves collected in man-

grove and coral habitats were indistinguishable

based on either d13C or d15N, implying isotopically

similar SPOM composition across both habitats

(Table S4). The isotopic value of SPOM* was

indistinguishable from sediment POM and was

close to that of macroalgae (Figure 3; Table S4).

Relative Contributions of Basal Sources
to Fish

Isotopic mixing models indicated that SPOM*

contributed substantially to the diets of both adults

and juveniles of the three studied fish species across

coral, macroalgae, and mangrove habitats (Fig-

ure 4; Table 1). Assimilation of macroalgal and

seagrass carbon was more variable among species,

habitats, and life history stages, while reliance on

mangrove carbon was consistently limited (Fig-

ure 4; Table 1). SPOM* was the dominant source of

nutrients assimilated by both juvenile (mean ± SD;

45 ± 11%) and adult L. carponotatus (61 ± 15% for

adults) in coral habitats followed by mangrove

(21 ± 6% for juveniles and 18 ± 4% for adults;

Figure 4; Table 1; Table S6). Variations in source

contributions were more pronounced among dif-

ferent habitats than across ontogeny for L. car-

ponotatus, with juveniles from macroalgal habitats

exhibiting comparable reliance on carbon derived

from mangroves (21 ± 6%), but higher depen-

dence on macroalgae (34 ± 12%) and SPOM*

(32 ± 16%) than their conspecifics from coral

habitats (Figure 4; Table 1; Table S6). Both juvenile

and adult L. carponotatus from coral habitats

exhibited similar patterns of source assimilation

across sites (Table S6). In contrast, juvenile L. car-

ponotatus from macroalgal habitats demonstrated

more variable source reliance among sites (e.g.,

macroalgal assimilation ranging from 17 ± 12% to

56 ± 11% and SPOM* assimilation ranging from

10 ± 6% to 45 ± 21%; Table S6).

SPOM* was also the main basal source assimi-

lated by L. fulviflamma across all three habitats

(average contribution of 39 ± 13%, 49 ± 14%,

and 60 ± 17%), followed by seagrass (30 ± 10%,

24 ± 9%, and 20 ± 8% in coral, macroalgal and

mangrove habitats, respectively; Figure 4; Table 1;

Table S6). Lutjanus fulviflamma assimilated limited

macroalgae (10 ± 10%, 10 ± 10%, and 8 ± 13%)

or mangrove (21 ± 7%, 17 ± 6%, and 11 ± 5% in

coral, macroalgal and mangrove habitats, respec-

tively) material in any habitat (Figure 4; Table 1;

Table S6). Basal source contributions differed more

clearly among habitats than across ontogeny for L.

fulviflamma, with juveniles exhibiting considerable

variation in source assimilation between macroal-

gae and mangrove habitats (Figure 4; Table 1).

Similar to juvenile L. carponotatus from macroal-

gal habitats, juvenile L. punctulatus assimilated

comparable proportions of nutrients derived from

SPOM* (34 ± 9%), seagrass (29 ± 8%), and

macroalgae (25 ± 1%; Figure 4; Table 1; Table S6).

However, L. punctulatus exhibited considerable

spatial variation in assimilation of SPOM* and

macroalgae among sites, with reliance on SPOM*

varying inversely with macroalgae and ranging

from 7 ± 5% to 61 ± 1%, (Table S6).
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Drivers of Spatial Variation in Relative
Contributions of Basal Sources to Fish

The considerable spatial variation in source assim-

ilation exhibited by juvenile L. carponotatus and L.

punctulatus from macroalgal habitats (Table S6) did

not appear to be linked to measures of local habitat

quality, seascape configuration, or hydrodynamic

conditions. For both species, the best model was the

null (random effect of site only) as indicated by the

lowest LOOic value and highest model weight

(Table 2).

DISCUSSION

Using dual stable isotopes and Bayesian mixing

models we show that SPOM (as indicated by a bi-

valve-derived proxy; SPOM*) was a key basal

source underpinning the secondary production of

three benthic mesopredatory fish species in the

Dampier Archipelago, Western Australia. SPOM

was consistently important for both adult and

juvenile fishes across coral, macroalgal, and man-

grove habitats. While juvenile fish collected from

macroalgal habitats also incorporated carbon from

benthic macrophytes (macroalgae/seagrass), mix-

ing models demonstrated that SPOM assimilation

remained substantial. Reliance on benthic macro-

phytes decreased throughout ontogeny for L. car-

ponotatus, while L. fulviflamma continued to

assimilate a combination of SPOM and seagrass into

adulthood. Little mangrove carbon was assimilated

by fish of either life history stage (including those

collected from mangrove habitats), aligning with a

growing body of evidence demonstrating that

fringing mangroves primarily provide refuge rather

than direct energetic resources to fish (Nagelkerken

and others 2008a; Vaslet and others 2012; Igulu

and others 2013; Abrantes and others 2015). Spa-

tial variation in proportional source assimilation by

fish was unrelated to differences in local habitat

condition (cover of macroalgae), hydrodynamic

conditions (SHW and WRT), or seascape configu-

Figure 3. Average (± standard deviation; SD) d13C and d15N values of basal sources, juvenile (Age-0) fish, and adult (Age-

1 +) fish samples collected from coral (pink), macroalgae (orange) and mangrove (green) habitats in the Dampier

Archipelago Western Australia. Recently settled fish (fork length < 30 mm) were excluded. Colours indicate sample type

for sources and collection habitat for fish. MD mangrove detritus, M live mangrove, SP* suspended particulate organic

matter proxy (bivalve d13C and d15N values corrected for isotopic discrimination), SD sediment particulate organic matter,

MA macroalgae, E epiphytes, SG seagrass, LC Lutjanus carponotatus, LF Lutjanus fulviflamma, LP Lethrinus punctulatus.
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ration (PA macroalgae) at the scale (sites span-

ning �30 km) of this study. Although mixing

models suggested a modest degree of trophic con-

nectivity among benthic habitats, cross-habitat

trophic subsidies from macrophytes (e.g., man-

groves and macroalgae) typically repre-

sented < 30% of resources assimilated by

predatory fish in this system. The ubiquitous sig-

nificance of SPOM-based trophic pathways evident

in this system may be a function of the relatively

high nutritional value of microphotoautotrophs

compared to other primary producers (Mann 1988;

Atkinson and Falter 2020) and the frequent

resuspension and mixing of POM driven by strong

tidal currents (Abrantes and others 2015). While

similar reliance on SPOM-based food chains by

predatory fish (Wyatt and others 2012; McMahon

and others 2016; Skinner and others 2021) and

invertebrates (Kang and others 2003; Bearham and

others 2023) has been observed elsewhere, it has

rarely been reported for juvenile fish (but see Wells

and others 2008). Overall, our results demonstrate

that SPOM is the primary source underpinning

secondary productivity of predatory fish in this

macrotidal system, regardless of seascape configu-

ration or prevailing hydrodynamic conditions.

bFigure 4. Posterior distributions from the isotopic

mixing models showing the relative proportional

contribution of sources to Lutjanus carponotatus and

Lutjanus fulviflamma, and Lethrinus punctulatus a adults

in coral habitats and juveniles in b coral, c macroalgal,

and d mangrove habitats. Sources included in the model

included a proxy for suspended particulate organic

matter (SPOM*; bivalve isotopic values corrected for

isotopic discrimination, macroalgae, mangrove, and

seagrass. Recently settled fish (fork length < 30 mm)

were excluded.

Table 1. Relative Contributions of Basal Sources to Juvenile and Adult Fishes

Mean (± SD) proportional contribution

Species LHS Habitat Macroalgae Mangrove Seagrass SPOM*

L. carponotatus Juvenile Coral 0.16 ± 0.07 0.25 ± 0.06 0.14 ± 0.04 0.45 ± 0.11

Juvenile Macroalgae 0.34 ± 0.12 0.21 ± 0.06 0.13 ± 0.05 0.32 ± 0.16

Adult Coral 0.09 ± 0.12 0.18 ± 0.04 0.11 ± 0.03 0.61 ± 0.15

L. fulviflamma Juvenile Macroalgae 0.10 ± 0.10 0.17 ± 0.06 0.24 ± 0.09 0.49 ± 0.14

Juvenile Mangrove 0.08 ± 0.13 0.11 ± 0.05 0.20 ± 0.08 0.60 ± 0.17

Adult Coral 0.10 ± 0.10 0.21 ± 0.07 0.30 ± 0.10 0.39 ± 0.13

L. punctulatus Juvenile Macroalgae 0.25 ± 0.10 0.12 ± 0.04 0.29 ± 0.08 0.34 ± 0.09

Relative contributions of basal sources to juvenile and adult Lutjanus carponotatus, Lutjanus fulviflamma, and Lethrinus punctulatus in coral, macroalgae, and mangrove
habitats in the Dampier Archipelago, Western Australia (for site-specific values and posterior density quantiles see Table S6). Recently settled fish (fork length < 30 mm) were
excluded. LHS life history stage, SD standard deviation.

Table 2. Comparison of Mixing Models Estimating Source Assimilation by Juvenile Fishes

Taxa Habitat Model LOOIC DLOOIC Weight

L. carponotatus Macroalgae Site (random) - 207.9 0 0.996

Mean SWH - 196.9 11 0.004

PA macroalgae - 184.2 23.7 0

% cover macroalgae - 184.1 23.8 0

WRT - 183.4 24.5 0

L. punctulatus Macroalgae Site (random) - 683.1 0 1

Mean SWH - 587.8 95.3 0

PA macroalgae - 547.8 135.3 0

% cover macroalgae - 544.2 138.9 0

WRT - 537.2 145.9 0

Comparison of mixing models estimating the assimilation of basal sources by juvenile Lutjanus carponotatus and Lethrinus punctulatus from macroalgal habitats in the
Dampier Archipelago. Recently settled fish (fork length < 30 mm) were excluded. LOOic approximate leave-one-out cross-validation information criterion, DLOOic delta
LOOic, Weight relative support for each model based on Akaike weights, SWH significant wave height, PA proportional area within 500 m buffer.
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SPOM was an important energetic resource for

both adults and juveniles of all three fish species,

regardless of collection habitat. As SPOM is com-

posed of a variable mixture of plankton, detritus,

bacteria and exudates (Volkman and Tanoue 2002;

Briand and others 2015; Bearham and others

2023), determining the ultimate source of primary

production fuelling SPOM-based food chains can

be challenging. In macrotidal systems, such as the

Dampier Archipelago, resuspended benthic

microalgae can also make a significant contribution

to the organic carbon in the water column (Kang

and others 2003; Hernández Fariñas and others

2017). Indeed, the overlapping isotopic values of

SPOM* and sediment POM observed here likely

indicate a high degree of bentho-pelagic coupling

in this system (Hernández Fariñas and others

2017). The average d13C value of SPOM* in this

study (-17.5 ± 0.6 &) fell between that of

macroalgae (-15.7 ± 1.9 &) and the value for

phytoplankton reported elsewhere in north-west-

ern Australia (-24 ± 0.1 &; Wyatt and others

2013). Although we did not observe or collect

benthic microalgae, their isotopic value is likely

similar to that of SPOM* as they are, on average, –5

& more enriched relative to phytoplankton in

marine systems (Doi and others 2010). The isotopic

composition of SPOM* observed here is therefore

indicative of macro- and microalgal material. Par-

ticulate material in water samples collected

throughout the Archipelago had C:N ratios (aver-

age of 5.2 ± 0.9; Table S8; Text S7) close to those

typical of phytoplankton and benthic microalgae (–

6.6; that is, the Redfield Ratio; Atkinson and Smith,

1983) and far lower than those observed for

macrophytes in this study (average of 75.1 ± 43.4,

47.2 ± 16.6, and 19.2 ± 5.3 for mangroves,

macroalgae, and seagrass, respectively; Table S1).

Collectively, these data suggest that microalgae

constitute the bulk of the SPOM, and thus provide

the majority of energetic resources to fish, while

macrophytes primarily serve as refugia. It should

however be noted that a dual-tracer approach was

used in this study which limited the number of

sources that could be included in mixing models

(Phillips and others 2014). Consequently, several

sources of primary production (e.g., turf algae and

other macroalgal taxa) and microbial organisms

associated with decomposition were not consid-

ered. Future work would benefit from more ad-

vanced isotopic approaches (e.g., compound-

specific SIA) or the use of additional tracers (e.g.,

sulphur; d34S) to confirm these findings and to

clarify the importance of pelagic versus benthic

microalgal production (McMahon and others 2011;

Connolly and others 2014).

Our results add to the growing body of evidence

demonstrating significant regional variation in the

proportional contribution of primary producers to

the diets of predatory fish. While several studies

have reported similar reliance on microalgal re-

sources by demersal fish (Yeager and Layman 2011;

McMahon and others 2016; Skinner and others

2019; Zgliczynski and others 2019), others have

found that seagrass (Connolly and others 2005;

Davis and others 2014; Vaslet and others 2015; Le

and others 2018) or macroalgal (Kieckbusch and

others 2004; Wells and others 2008; Olson and

others 2019) productivity underpinned food

chains. The importance of microalgal productivity

to coastal food webs observed in this study and

others could be a consequence of the greater

nutritional value (more N relative to C) of

microalgae compared to macrophytes (Mann 1988;

Atkinson and Falter 2020). Although the focal fish

species in this study are generalist carnivores and

do not consume microalgae directly, their diets

include a range of pelagic and demersal inverte-

brate (predominantly crustaceans) and piscine

(e.g., cryptobenthic teleosts) prey (Connell 1998;

Kamukuru and Mgaya 2004; Kulbicki and others

2005; Farmer and Wilson 2011) that may selec-

tively feed on organic matter of higher nutritional

value and palatability (Cruz-Rivera and Hay 2000;

Park and others 2013; Kang and others 2015;

Brandl and others 2018). Alternatively, it has been

suggested that the contribution of primary pro-

ducers to food webs in coastal seascapes depends on

their relative availability (Abrantes and others

2015). Microalgae have lower light requirements

compared to benthic macrophytes (Herbert 1999;

Lee and others 2007), which may lead to higher net

community productivity of both pelagic and ben-

thic microalgae, potentially explaining the impor-

tance of the SPOM-based trophic pathway in this

turbid, macrotidal system.

Although reliance on SPOM remained consis-

tently high, mixing models indicated that propor-

tional contributions of benthic macrophytes to fish

differed among habitats. However, this variation

appeared to predominantly reflect increased re-

liance on local sources, rather than trophic subsi-

dies provided by adjacent macrophyte habitats. For

example, fish inhabiting macroalgal habitats

assimilated a greater proportion of carbon derived

from macroalgae than those from coral and man-

grove habitats. Despite observing transport of

detrital mangrove leaves and macroalgal wrack into

adjacent habitats by currents, we found little evi-
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dence that this transported material was a signifi-

cant energetic resource for fish in recipient habi-

tats. These results contrast with a number of past

studies conducted in coastal seascapes (e.g., Con-

nolly and others 2005; Davis and others 2014;

Vaslet and others 2015; Le and others 2019; Car-

traud and others 2021). However, it should be

noted that we cannot exclude the possibility of

cross-habitat trophic subsidies in the form of ben-

thic microalgae, given that sediment POM was

isotopically indistinguishable from SPOM. On a

similar note, our mixing models revealed that

assimilation of seagrass was higher than antici-

pated, considering its relative sparsity in the Ar-

chipelago (Moustaka and others 2024). As seagrass

frequently occurs in small patches, interspersed

among other habitats, we cannot determine if this

represents an allochthonous carbon source, or in-

stead, an unquantified autochthonous source

within coral, macroalgal, and mangrove habitats.

We found considerable variation in source

assimilation throughout ontogeny for L. carponota-

tus. However, as both juvenile and adult L. car-

ponotatus from coral habitats exhibited lower

reliance on macroalgal production than juveniles

from macroalgae habitats, this variation is likely a

function of residence habitat, rather than life his-

tory stage. Comparable patterns of decreased re-

liance on planktonic resources in back-reef habitats

have been observed elsewhere in Western Aus-

tralia (Wyatt and others 2012) and in the Red Sea

(McMahon and others 2016). This variation in

basal source assimilation among habitats may

simply reflect the greater availability of macroalgal

(or benthic microalgal) and seagrass carbon in

macroalgal habitats, both in terms of benthic cover

and SPOM contribution (Litvin and Weinstein

2003; Abrantes and others 2015; Claudino and

others 2015; Gruber and others 2018), alongside a

concurrent decrease in availability of planktonic

production to food webs (Wyatt and others 2012;

Morais and Bellwood 2019). Alternatively, as the

studied fish species are generalist carnivores

(Farmer and Wilson 2011), these patterns may be a

product of adaptive foraging on the different types

of prey available in each habitat (Yeager and others

2014; Hempson and others 2017; Martı́nez-Juárez

and others 2024). Indeed, d15N values increased

with length for all three fish species, indicating a

gradual shift to feeding on higher trophic level prey

throughout ontogeny, a pattern commonly ob-

served in many carnivorous species (e.g., Cocheret

de la Morinière and others 2003; Vaslet and others

2015) as a consequence of increasing gape size

(Dunic and Baum 2017). Macroalgal habitats typi-

cally support greater diversity and productivity of

epifaunal invertebrates (an important food source

for juvenile fishes) compared to coral reefs, seagrass

meadows, and mangroves, which may account for

the higher reliance on benthic carbon exhibited by

fish in these habitats (Cocheret de la Morinière and

others 2003; Cowles and others 2009; Tano and

others 2016; Chen and others 2021; Chen 2022).

The composition of mobile invertebrate assem-

blages also varies considerably among coastal

habitats (Nagelkerken and Faunce 2008; Stella and

others 2010; Chen and others 2020). Given that

mobile invertebrates serve as an important conduit

for transferring benthic production to higher

trophic levels, differences in the composition of

invertebrate assemblages (and their associated

dietary strategies) among habitats are likely to

influence the extent to which carbon sources

contribute to the diets of predatory fish.

Lutjanus carponotatus collected in coral habitats

exhibited relatively consistent reliance on SPOM

across all sites. In contrast, assimilation of SPOM

and macroalgae by juvenile L. carponotatus and L.

punctulatus from macroalgal habitats varied signifi-

cantly among sites, but was unrelated to local

habitat quality, seascape configuration, or hydro-

dynamic conditions. These findings diverge from

other studies that reported differences in propor-

tional contributions of primary producers to fish

diets as a function of shelf position (Wyatt and

others 2012; McMahon and others 2016), hydro-

dynamics (Bergamino and others 2011), and seas-

cape configuration (Davis and others 2014;

Gorman and others 2023). The lower spatial vari-

ability in source assimilation demonstrated by fish

from coral habitats, compared to those in

macroalgal habitats, may reflect differences in the

relative availability of high-quality (i.e., microal-

gae) nutritional resources among habitats. Intense

feeding on SPOM resources by coral reef commu-

nities of different sizes, combined with variation in

hydrodynamic conditions, may result in consider-

ably lower pelagic resource availability in back-reef

habitats at some sites compared to others (Hamner

and others 2007; Bergamino and others 2011;

Skinner and others 2022). Exploring how compo-

sition of SPOM changes among habitats within a

site, and comparing the magnitude of such differ-

ences among sites, may provide insights into the

mechanisms underlying these patterns.

This study sheds light on the sources of primary

production underpinning the productivity of three

commercially and recreationally valuable fish spe-

cies in north-western Australia. Our findings

emphasise the importance of SPOM-based food
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chains for both juvenile and adult fishes across

various habitats within a coastal seascape. Whilst

the contribution of SPOM to fish diets varied spa-

tially, these differences did not relate to local

habitat quality, seascape configuration, water resi-

dence time, or significant wave height. Our mixing

models suggest that assimilation of cross-habitat

trophic subsidies derived from mangroves and

macroalgae by mesopredatory fish is relatively

limited in the Dampier Archipelago. Instead, our

findings indicate that microalgal production plays a

key role in supporting the secondary production of

predatory fish species in macrotidal environments.
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Hernández Fariñas T, Ribeiro L, Soudant D, Belin C, Bacher C,
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