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ABSTRACT: As feed-additive aquaculture expands to open ocean areas, there is concern that eco-
logically important habitats may be adversely impacted by sedimentation of farm wastes. In this
study, we investigated assimilation of salmon faecal wastes by an ecosystem engineering bivalve
that occurs in open ocean environments (Atrina zelandica), as well as effects on physiology and
fatty acid metabolism. A. zelandica were subjected to one of 3 treatment diets (fish faeces, 1:1 mix
of algae:faeces and algae) in a 51 d laboratory trial. We found a diet-related response in fatty acid
composition, including increased prevalence of oleic acid (OA) in digestive tissues of A. zelandica
fed on both the fish faeces diet and the mixed diet, indicating fish wastes were assimilated in both
treatments. Fish waste consumption was related to a more marked reduction in fatty acid content
of digestive gland, as well as lower proportions of long-chain polyunsaturated fatty acids (LC-
PUFA) in digestive tissues. Fatty acid composition in gonad and muscle tissues was more strongly
influenced by sex. Regardless of dietary treatment, females accumulated C,g fatty acids in gonad
tissues, particularly OA, which may preclude the use of OA as a fish waste tracer in this organ. The
accumulation of specific fatty acids according to sex may indicate a capacity for preferential selec-
tion and retention or biosynthesis of biologically important fatty acids. If present, these mech-
anisms may increase resilience of A. zelandica to stress from deficiencies in LC-PUFA when using
fish wastes as a trophic subsidy.

KEY WORDS: Finfish aquaculture : Trophic subsidy - Organic enrichment - Environmental effects -
Fatty acids * Fish waste marker - Fatty acid metabolism

1. INTRODUCTION

Sedimentation of faecal waste and uneaten feed
pellets into the marine environment from open cage
finfish aquaculture can cause organic enrichment of
surrounding seabed and adjacent habitats, where it
generates a trophic resource for native consumer
species. Enrichment effects are well studied for soft
sediments and infauna communities (Beveridge 1984,
Carroll et al. 2003, Kalantzi & Karakassis 2006, Keeley
etal. 2012, McMullin et al. 2021), but response of epi-
fauna and other ecosystems to this enrichment is rel-
atively understudied (Keeley et al. 2020, McMullin
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2020, Laroche et al. 2021). As the fish farming industry
expands to more dynamic marine environments with
higher currents, there is potential for reduced local-
ised organic enrichment through dilution of wastes.
However, stronger dispersion spreads wastes over a
larger area, and in dynamic areas containing complex
substrates and bathymetry, it becomes more likely
that farm sedimentation will interact with functionally
different ecosystems that may be less equipped to
deal with this organic loading (Macleod et al. 2007,
Holmer 2010). Accordingly, there is a need for more
research into effects of organic enrichment and fish
farm trophic subsidies on these more diverse marine
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systems, noting that such studies may need to be site
and species specific (Holmer 2010, Laroche et al. 2021).

Previous studies have shown that possible chronic
effects of farm-related trophic subsidies to marine
organisms can include reduced reproductive fitness
in urchins (White et al. 2016, 2018), increased body
condition in fish (Fernandez-Jover et al. 2007) and
decreased condition in crustaceans (Drolet et al.
2022) and bivalves (Both et al. 2012), as well as poten-
tial for enhanced body condition and growth rates
(Cranford et al. 2013, Irisarri et al. 2015). Other
studies have shown no discernible effect (Baltadakis
et al. 2020), which may be related to the abundance of
alternative natural food sources (Cranford et al. 2013)
or species-specific coping mechanisms. While the
effects of farm-derived trophic subsidies to most
organisms remain to be assessed at a population or
ecosystem level (White et al. 2018, Sardenne et al.
2020), understanding how fish waste is assimilated
and the potential physiological implications of this on
native species would be the first step in assessing
broader ecosystem risks.

Atrina zelandica, the largest bivalve and the only
pinnid occurring in New Zealand, inhabits soft sed-
iments in water depths up to 80—90 m (Hay 1990).
Like other pinnid bivalves, A. zelandica is long lived
(>12 yr) (Hay 1990, Hopkins 2002) and often occurs
at bed-forming densities, where both living and dead
valves provide hard, complex structures for refuge
and attachment by other organisms (Hay 1990, Lohrer
et al. 2008). These attributes enhance benthic bio-
diversity and functioning (Norkko et al. 2001) and act
as nurseries for a range of organisms (Cummings et al.
1998, 2001). Like other bivalve beds, A. zelandica beds
also provide critical ecosystem services including filtra-
tion and cycling of nutrients and water column particu-
lates (Jackson et al. 2001, Gibbs et al. 2005), sediment
entrainment (Green et al. 1998) and seabed stabilisa-
tion. Habitats comprising beds of large bivalves such
as A. zelandica are sensitive to disturbance (MacDiar-
mid et al. 2013) based on habitat rarity, intolerance to
damage due to external factors and long recovery
timeframes. The ability of A. zelandica beds to in-
fluence the surrounding benthos makes this species a
useful sentinel organism for monitoring the health
and function of these important benthic ecosystems.

Moreover, beds of A. zelandica exist adjacent to
a proposed open ocean fish farming area in New
Zealand's Marlborough region, with a possibility of
low-level organic enrichment at some of these beds.
Farm-derived sedimentation is nutrient rich and
can represent a readily available food source for
suspension-feeding bivalves. Research performed on

the closely related A. pectinata, which occurs in the
Indo-Pacific and more widely, found that in small
amounts, resuspension of seabed material may en-
hance food supply (Yurimoto et al. 2008). When critical
thresholds of sedimentation were reached, however,
mortality and energetic requirements increased. A.
zelandica feeds on organic matter (phytoplankton,
zooplankton, seston) and is thought to be selective of
filtered particulates, based on food quality para-
meters including particle size, carbon content and
morphology (Hewitt & Pilditch 2004, Safi et al. 2007).
Previous studies on A. zelandica showed signs of
stress and drop in condition with a reduction in par-
ticulate quality (Ellis et al. 2002, Gibbs et al. 2005).
While the addition of farm wastes to marine systems
may boost food availability (Cranford et al. 2013,
White et al. 2018), the fatty acid quality of farm sub-
sidies will differ to that of marine seston. Due to the
increasing use of terrestrial ingredients in fish feeds,
farm wastes often contain lower proportions of essen-
tial omega-3 long-chain polyunsaturated fatty acids
(LC-PUFA) (eicosapentaenoic acid [EPA, 20:5n3] and
docosahexaenoic acid [DHA, 22:6n3]) and higher
proportions of terrestrial polyunsaturated fatty acids
(PUFA) of shorter chain length (C,g), such as oleic
acid (18:1n9), linoleic acid (18:2n6) and alpha-linolenic
acid (18:3n3) (OA, LA and ALA, respectively) (White
et al. 2019). EPA and DHA play functional roles
in important biological processes, including energy
provision, growth and cell membrane structure in
reproductive and larval development (Whyte et al.
1992, Caers et al. 2003, Glencross 2009, Tocher 2015),
and reduced LC-PUFA in tissues may compromise
both reproductive success and important biological
resilience mechanisms such as membrane protection.
Fatty acid nutrition in consumer organisms typi-
cally comes directly from their diet, which is the most
energy-efficient source, but some marine inverte-
brates, including bivalves, can modify fatty acid com-
position endogenously through biological process-
ing. Most marine invertebrates have some capacity to
selectively retain certain fatty acids, and some also
have capacity for de novo biosynthesis (Monroig et al.
2013, Monroig & Kabeya 2018, White et al. 2019); this
capacity is species dependent. The capacity for mar-
ine bivalves to biosynthesise essential LC-PUFA EPA
(20:5n3) and DHA (22:6n3) is thought to be very lim-
ited (Fernandez-Reiriz et al. 2006, Pirini et al. 2007,
Barnathan 2009). However, marine invertebrates, in-
cluding several bivalve species, can readily synthe-
sise non-methylene-interrupted fatty acids (NMI-
FA), which are a different group of PUFA (Monroig et
al. 2013) that can perform similar functional roles to
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EPA (20:5n3) and DHA (22:6n3) (Barnathan 2009).
Thus, some marine invertebrate species receiving fish
waste trophic subsidies may be able to mitigate the
reduced access to dietary LC-PUFA, and associated
risks, if they have the capacity to biosynthesise these
or NMI PUFA.

While fatty acids are good indicators of physiologi-
cal health and functioning, they also present a power-
ful approach for tracing organic matter through the
environment and into the food web (Kelly & Scheibling
2012, Pethybridge et al. 2018, Ericson et al. 2019, Jar-
dine et al. 2020) and, consequently, are increasingly
utilised as tracers of fish waste and to examine fish
farm trophic subsidies to native marine organisms
(Fernandez-Jover et al. 2011, White et al. 2019). Ter-
restrial C;g fatty acids, such as OA (18:1n9), LA
(18:2n6) and ALA (18:3n3), are relatively uncommon
in marine primary producers, but their prevalence in
modern fish feeds can provide a useful means to track
assimilation of farm waste. Unfortunately, the use of
these tracers can be confounded by endogenous pro-
cessing of fatty acids, particularly in invertebrates
(e.g. de novo biosynthesis, dietary sparing) (Kelly &
Scheibling 2012), and therefore a species-specific
understanding of fatty acid metabolism is often nec-
essary to interpret results in particular species.

Here, we investigate the potential for A. zelandica
to ingest and utilise nutrients from salmon farm
organic wastes, with the aim of exploring potential
effects on physiological condition and fatty acid
metabolism. Through a laboratory feeding experi-
ment, we used fatty acid composition, and OA as a
fish waste marker in male and female animals, to
examine waste uptake and assimilation into differ-
ent body tissues. We consider the potential implica-
tions on metabolic processing of fatty acids. Using A.
zelandica as a model organism, this study increases
our understanding of interactions between fish farm-
ing and benthic consumers and provides insights into
the potential physiological consequences of farm-
derived trophic subsidies. Our study also illuminates
sex-specific differences in fatty acid requirements of
these animals and provides important insights into
the efficacy of fatty acid fish waste markers in this
species.

2. MATERIALS AND METHODS
2.1. Experimental setup and design

The ability of Atrina zelandica to filter and assimi-
late fish waste, and effects of this on physiological

condition, were investigated over a 51 d experiment
(12 Oct—1 Dec 2021). A. zelandica with mean (+SE)
shell length 197 + 3.2 mm were collected on 12 August
2021 by SCUBA from Pelorus Sound, New Zealand.
The collection area was a relatively sheltered shallow
(<10 m depth) enclosed embayment, often with high
water turbidity. After collection, individuals were
placed in a damp cloth inside insulated bins to main-
tain humidity and prevent desiccation during trans-
port (Delorme et al. 2021) back to Cawthron's Aqua-
culture Park in Nelson, New Zealand. They were then
mechanically cleaned to remove epibionts (a biosecu-
rity requirement) using fresh water and distributed
among 12 continuously aerated 221 tanks (-9 mussels
per tank) with a flow-through filtered seawater sys-
tem (flow rate of 11 min~!), where they were allowed
to acclimatise to tank conditions for 2 mo prior to the
experiment. During acclimatisation, individuals were
continuously drip fed with a supply of cultured algae
(D: 3.5—12 pm, 6—10 million cells 17!) comprising a
1:1 mix of Tisochrysis lutea and Chaeotocerous mulleri
(supplied concentration approx. 1 million cells 171).
This supply was replenished every few days. Water
temperature of the tanks was incrementally in-
creased, from 12 to 17°C, over 3 wk following collec-
tion and was then held constant at 17°C. The tempera-
ture was raised to increase metabolism and encourage
reproductive development during the subsequent
experimental period (Qiu et al. 2014, Rangel et al.
2017). A 12 hlight:12 h dark cycle was used. Five ran-
domly selected animals were collected from the tanks
(and frozen whole) immediately prior to commencing
the experiment so that baseline fatty acid composi-
tion and physiological condition could be estab-
lished. Excess individuals were also removed from the
tanks at this point, leaving 5 individuals per tank.

The experiment consisted of 3 different diet treat-
ments, each with 4 replicate tanks containing 5 indi-
viduals (20 ind. per treatment). Treatments consisted
of a diet comprising 100% algae (algae diet), 100%
salmon faeces (faeces diet) and a 1:1 mix of algae:
salmon faeces (mixed diet). The food for each diet
was held in 1 slurry tank. Tanks for each treatment
were dosed continuously with food slurry from the
respective slurry tank via the seawater supply lines
using a multi-channel peristaltic pump (Masterﬂex®
L/S® Easy-Load® II).

Algae concentrate used for the experiment was the
same as that used during acclimatisation. The salmon
faeces slurry was formulated every 2 to 3 d using
faeces (see description below) that had been frozen
into small blocks. To mix the faeces diet slurry, the
blocks were sieved into filtered seawater through
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125 pm mesh, with sieving considered complete
when the sieve water ran clear. The mixing rate was 1
sieved block per 51 of filtered seawater. Once all fine
particulates had been rinsed through the sieve, the
larger particle fraction was discarded. Faeces for the
mixed diet slurry were formulated every 2 to 3 d, at
the same time as the faeces slurry was formulated and
using the same method for formulation. The algae for
this diet were replenished each time a new formula-
tion was made.

Slurry tanks were continuously aerated to pre-
vent material from settling on the bottom. However,
some settlement of larger particulate material (in
particular, salmon faeces) was inevitable; thus, the
slurry tanks were also stirred daily to resuspend the
material. The organic matter content of each slurry
tank was standardised across treatments as far as was
practicable to dose approximately uniform amounts
of food among the different treatments throughout
the experiment. To confirm total organic matter levels
across treatments, inflow samples of each tank were
collected, filtered and ashed (Fig. S1 in the Supple-
ment at www.int-res.com/articles/suppl/q016p115
_supp.pdf). Mean organic matter dosing concentra-
tions were 116 to 140 mg m~, across the 3 treatments,
equating to 167—201 mg d~! of organic matter deliv-
ered to each tank (seawater flow rate = 1 1 min™}).
Haemocytometer examination of diet slurries was
also undertaken to provide an idea of particulate size
and shape composition (Fig. S2). As feeding require-
ments of A. zelandica are not well studied, the feeding
regime and dose rates used in the experiment were
established through investigation of past environ-
mental data on organic matter concentrations at the
collection site, dose rates provided to similar-sized
bivalves in laboratory settings, and adjustment and
monitoring of dose rates and animal responses during
a laboratory pilot study.

Tanks were kept free of significant organic buildup
by removing settled shellfish faeces from the tanks
via siphoning several times throughout the experi-
ment. In addition, the tanks were scrubbed midway
through the experiment to remove excess algae bio-
film. Pipework was flushed with clean high-pressure
seawater regularly to avoid feed treatment particu-
lates from clogging these lines.

Frozen blocks of salmon faeces used for the faeces
and mixed-treatment slurries comprised settleable
faecal material collected from within a seawater recir-
culating aquaculture system containing Chinook sal-
mon of approximately 41 cm fork length. The fish
were originally sourced from a commercial hatchery.
The salmon were being fed a standard commercial

pelleted diet (Skretting Orient). This diet is specifi-
cally formulated for Chinook salmon and rainbow
trout, with product information specifying key ingre-
dients as fishmeal, animal meat meals (avian, bovine,
ovine), plant protein meal, wheat, fish oil, vegetable
oil and poultry oil. Faeces were collected in swirl sep-
arators over a 24 h period following feeding and then
gently drained (to avoid breaking up flocculated
material) inside a 0.5 mm mesh bag for 30 min to
remove most of the water. The resulting sludge was
then distributed uniformly into muffin-tray moulds
(6.4 cm diameter) and frozen overnight. The frozen
blocks were then removed from the moulds and
stored (frozen) until required.

2.2. Sample collection
2.2.1. Experimental animals

Feeding ceased 24 h prior to sampling at the end of
the experiment, to allow for gut clearance. All animals
were dissected over 2 d. Shell length, width and depth
were recorded as well as sex and approximate spawn-
ing stage at gross examination; the majority of ani-
mals were ripe at the end of the experiment, but sev-
eral were only at the early development stage. In one
animal, the sex could not be determined. The 5 base-
line animals collected at the beginning of the experi-
ment comprised 1 partially developed male, 2 early-
developed females and 2 ripe females. The gills,
mantle, digestive gland, posterior adductor muscle
and gonad were isolated from the rest of the soft tis-
sue and frozen at —20°C along with the remainder of
the soft body tissue.

2.2.2. Experimental diets

We also sampled 11 of slurry from each treatment
on 3 occasions during a 24 h period of the experiment
for determination of food composition and fatty acid
content. The first samples were taken when the
slurries had been freshly mixed (and all faecal par-
ticulates were all in suspension); the next samples
were taken approximately 12 h later after some settle-
ment had occurred and then, finally, 24 h later and
immediately before the slurry was mixed to resus-
pend the settled material. Once the samples had been
collected from the slurry bins, they were left to settle
during freezing and were then stored frozen until pro-
cessing. Samples were later thawed, excess water was
decanted (disturbing the settled layer as little as
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possible) and the remaining slurry was freeze dried
and homogenised. Because there was seawater re-
maining in the sample after decanting, salts con-
tributed to the sample dry weights. Proportionally
more salt was present in the faeces samples due to
the fine particulates that were easily suspended dur-
ing decanting (so less water was able to be safely
decanted).

2.3. Sample analyses

Shell and all soft tissue samples were freeze dried to
obtain shell weight, total soft body weight and indi-
vidual organ weights for body condition indices.
Indices calculated were physiological condition index
(CI), muscle yield index (MYI) (both calculated as per
Camacho-Mondragén et al. [2012], below), gonado-
somatic index (GSI), digestive gland index (DGI) and
mantle index (MI). GSI, DGI and MI were calculated
in a similar way to MYI, using the weight or the
respective organ against total soft body weight:

CI = (flesh weight/total weight) x 100 (1)
MYI = (muscle weight/soft body weight) x 100 (2)

Fatty acid analysis was carried out on 5 individuals
from 3 randomly selected tanks of each treatment (i.e.
n = 15 ind. per treatment). Dried homogenised feed
slurry (30 mg), digestive gland, muscle and gonad tis-
sue samples (50 mg) were each weighed into glass
tubes for fatty acid analysis. Samples were directly
methylated and analysed for fatty acid composition
following the methods described in Elvines et al.
(2023), except that fatty acid methyl ester was sus-
pended in chloroform instead of hexane. Concentra-
tions of individual fatty acids were determined using
the position and area of the individual peaks relative
to a known concentration of C19:0 standard in the
sample. Data were analysed as percent fatty acids
(>1%), and mean values are presented on both a per
mass basis (g g~!) for dry weight and a percent fatty
acid basis (see Tables S2—S5 in the Supplement).

2.4. Data analysis

To determine overall differences in fatty acid com-
position between the 3 diets and of the various tis-
sues across the diet treatments, percent fatty acid
data were analysed using a permutational MANOVA
(PERMANOVA) with permutations of residuals under
areduced model (2-way crossed) based on a similarity

matrix of sample data using Euclidean distance. The
test used diet as a fixed factor with 3 levels (algae,
mixed and faeces) and tank as a random factor
(nested in diet) with 3 levels. Although the experi-
ment was not designed to explore sex-related differ-
ences, preliminary data analysis indicated strong sep-
aration of fatty acid composition between sexes in
muscle and gonad tissues. On that basis, we in-
cluded sex as a term in the model for these samples
(n = 16 males, n = 27 females, sex unable to be deter-
mined = 1).

Monte Carlo p-values were used for tests where the
number of permutations was <150. Where terms had
large (>0.25) p-values (p) and components of varia-
tion were negative or close to zero, tank and associ-
ated interaction terms were pooled. Pairwise (pw)
comparisons were performed where significant differ-
ences were indicated by the global test. Fatty acids
<1% in all tissue samples were excluded from the
dataset. Data were visualised using principal compo-
nent ordination (PCO) with vectors overlayed using
Pearson correlation to show the fatty acids contrib-
uting to groupings for each tissue type. The above
multivariate analyses were performed in Primer
v7.0.13 with the PERMANOVA+ add-on package
(Anderson et al. 2008, Clarke & Gorley 2015).

To test for significance of fatty acid content in diet
slurries, body condition indices and total fatty acid
content among animals from diet treatment and
baseline groups, we used a generalised linear
model (GLM), with a log transformation applied
to non-normally distributed variables (MI, MYI, CI).
For these univariate measures, we tested differences
only between treatments, which included 4 levels
(baseline and the 3 diet treatments [algae diet, mixed
diet, faeces diet]). Tests were performed in RStudio
(v2022.07.1, Build554).

We also used a GLM to test for significance of dif-
ferences in individual fatty acids and fatty acid
groups between diet treatments, but we used a quasi-
binomial family transformation (link = logit) in the
models. The fatty acid groups were saturated fatty
acids (SFA), monounsaturated fatty acids (MUFA),
PUFA, short-chain PUFA (SC-PUFA), LC-PUFA, sum-
med omega-3 fatty acids (n3), summed omega-6 fatty
acids (n6) and the ratio of n3:n6 fatty acids (n3:n6).
Due to the strong sex-related groupings shown in the
preliminary analysis and potential confounding effect
this unbalanced factor may have had on statistical
power, we tested for effects of treatment on males and
females separately for muscle and gonad tissues. We
also explored differences in individual fatty acids
between male and female adductor muscle and gonad
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tissues using GLMs that included the treatment, sex
and associated interaction term. No significant model
improvement was seen by including the tank term in
any of the models, so this term was not included.
Because we were mainly interested in differences
between diet treatment on fatty acid composition, the
baseline group data were not included in statistical
comparisons, but these data are plotted alongside the
main datasets for context. One individual from the
algae diet treatment was immature, so gonad was
unable to be collected and sex was unable to be deter-
mined; this individual was excluded from all analyses
that included the sex term.

Where the model term was significant in the GLM,
pairwise comparisons were performed using Tukey's
test using the emmeans::pairs, with significance sym-
bols for plotting generated using multcomp::cld. Data
values presented are mean =+ SE.

3. RESULTS
3.1. Diet composition

Mean (*=SE) fatty acid content of the different
diets was similar overall (F, = 0.26, pjs > 0.5); algae
feed was 12.3 = 0.57 mg g, faeces feed was 15.8 =
3.42 mg g~! and mixed feed was 16.1 = 2.39 mg g~
(Fig. 1A). However, both the mixed and faeces diets
had more variable fatty acid content and fatty acid

composition compared to the algae treatment. Fatty
acid composition was significantly different among
all 3 diets (Fy 250 = 14.31, p = 0.004) (Fig. 1B).

The main fatty acids driving the differences in diet
composition (Fig. 1B, Fig. S3) were the fish waste
marker OA (which was relatively higher in faeces and
mixed diets) and the short-chain SFA 16:0, 17:0 and
18:0, as well as 20:1. The algae diet composition was
comparatively richer in 14:0, 16:1 and several PUFA
including 16:2n-4, 18:3n6, EPA (20:5n3, an essential
fatty acid), arachidonic acid (ARA, 20:4n6), steari-
donic acid (SDA, 18:4n3) and ALA (18:3n3).

3.2. Shellfish condition
3.2.1. Condition and organ indices

Mean CI values for Atrina zelandica fed the algae,
mixed and faeces diets were 10.56 + 0.44, 10.43 = 0.44
and 9.83 = 0.33, respectively (Fig. 2A), with no differ-
ences in condition between diet treatments (Fig. 2A,
Table S1) and no significant change in condition
from baseline condition at the beginning of the
experiment.

A significant reduction in MYI between baseline
and animals from all treatments (Fig. 2C) indicates a
proportional decrease in muscle mass during the
experiment, irrespective of diet. There were no signif-
icant differences between treatments or baseline for
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Fig. 1. (A) Mean (*SE) fatty acid content and (B) fatty acid composition of diet treatments used in the feeding trial; principal
component ordination (PCO) vectors using Pearson correlation of >0.9 are overlayed. OA: oleic acid; ALA: alpha-linolenic
acid; ARA: arachidonic acid; EPA: eicosapentaenoic acid; SDA: stearidonic acid
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E 3.3. Shellfish fatty acid composition
30
3.3.1. Fatty acid profile
Fatty acid composition of digestive
gland tissues was significantly dif-
ferent between all diet treatments
20

(Table 1), despite significant among-
% tank wvariability. The difference be-

tween the algae and faeces treatments
was the most highly significant. Vec-
tors on the PCO plot (Fig. 4A) showed
10 OA as one of the main fatty acids con-
tributing to differences between diges-
tive gland fatty acid composition be-
tween diets, with this difference being
most prevalent in digestive tissues
of animals from the faeces treatment.
Two other C,g unsaturated fatty acids
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Fig. 2. Indices of overall condition and of individual organs (mean + SE) of Atrina
zelandica prior to the experiment (baseline, n = 5) and those fed 3 different diet
treatments (n = 15 per treatment). CI: condition index (A); DGI: digestive gland
index (B); MYI: muscle yield index (C); MI: mantle index (D); GSI: gonadoso-

matic index (E)

any of the other body condition indices (Fig. 2B,D,E).
It is also worth noting that the average values of all
treatments for the MI and GSI indices were lower
than baseline means, with high variation in the base-
line group, which had low replication (n = 5).

3.2.2. Fatty acid content

There were significant differences in fatty acid
content of the digestive gland tissues between base-
line and all diet treatments (Fig. 3, Table S2, global
F3=63.66, pr) < 0.001); fatty acid content was signif-
icantly reduced in the digestive gland at the end of
the experiment for all treatments. These reductions
were most marked in the faeces treatment, with fatty
acid content of animals fed the faeces diet being sig-
nificantly lower than that of animals fed the algae
treatment. In addition, animals fed the faeces diet also
showed a significant reduction in fatty acid content in
gonad tissue compared to baseline (global F; = 3.31,
pr = 0.028; p(pw) = 0.023, Fig. 3, Table S3), while
animals in other diet treatments did not. There was no
difference in fatty acid content of adductor muscle
tissues among any groups (F; = 63.52, pjs, = 0.96,
Table S4).

Gl (18:3n6 and 18:4n3 [SDA]) and fatty
acids 14:0 and 16:1 were elevated in
animals from the algae treatment.
There were no diet-related differ-
ences in the fatty acid profile of the
adductor muscle (Table 1, Fig. 4B,C) or
gonad tissues, but fatty acid profiles
of both tissues were different between
males and females. Pearson correlations (>0.9) indi-
cate the main fatty acids contributing to separation
between male and female fatty composition in gonad
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Table 1. Results from permutational MANOVA tests of dif-
ferences between fatty acid profiles of Atrina zelandica tis-
sues between the 3 diet treatments. Bold: significant values

(p < 0.05)
Fatty acid profile df MS F(t) P
Digestive gland
Diet 2 841.41 10.47 0.0022
Sex 1 7173 2.05 0.09
Tank(Diet) 6 82.476 2.18 0.0081
Residual 34 38.84
Adductor muscle
Diet 2 5.57 0.74 0.59
Sex 1 45.82 6.44 0.002
Tank(Diet) 6 7.61 1.07 0.38
Pooled 33 7.11
Gonad
Diet 2 32.69 1.38 0.28
Sex 1 782.82 44.45 0.0001
Tank(Diet) 6 24.00 1.36 0.20
Pooled 33 17.60

tissues were LC-PUFA ARA (20:4n6), DHA (22:6n3),
docosapentaenoic acid (22:5n3) and SFA 170
(Fig. 4C). These fatty acids were more prevalent in
males. Meanwhile, short-chain fatty acids SDA
(18:4n3), 18:3n6, 14:0 and 16:1 were more prevalent in
females (Fig. 4).

In the adductor muscle samples, the male—female
separation was not as strong (Fig. 4B), with 16:0, EPA
(20:5n3) and DHA (22:6n3) as the main contributors to
the sex-related differences in this tissue and DHA
being more prevalent in male muscle tissue.

3.3.2. Individual fatty acids

Diet-related differences. Individual fish waste
markers. OA (18:1n9) and LA (18:1n6) in digestive
gland tissues differed significantly between diet
treatments (Fig. 5, Table S2). OA was more prevalent
in the digestive gland of shellfish fed the faeces diet
(16.8 = 1.36%) compared to the algae diet (5.05 =
0.21%), with the mixed diet having an intermediary
loading (12.4 = 0.53%). LA was significantly higher in
shellfish fed the mixed diet (7.81 = 0.34%) compared
to those fed both faeces (4.97 + 0.36%) and algae
(4.81 £ 0.19%) diets. Proportions of both OA and LA
were lower in the digestive gland in the baseline ani-
mals (OA: 2.27 = 0.37%, LA: 3.84 = 0.39%), indicating
that these fatty acids were accumulated during the
experiment in all treatments.

The same diet-related trend was not observed in the
adductor muscle tissue; no significant difference was

observed in OA (18:1n9) proportions among diets
(Fig. 6, Table S4). However, the mean proportion of
OA in female adductor muscle was higher in the
faeces treatment compared to other diets (Fig. 6A,
Table S5), and there was relatively high variability in
this treatment (3.28 = 0.93% compared to <2.5 +
<0.2% for other treatments).

As with the digestive gland, OA (18:1n9) was also
accumulated in gonad tissues during the experi-
ment, with generally higher OA levels at the end of
the experiment compared to baseline for both sexes
(Fig. 7A,B; baseline female = 4.67 = 1.03%, baseline
male = 1.65% [n = 1]; Fig. S4, Table S2). However, the
effect of treatment differed between sexes (Tables S5
& S6). Female gonads had significantly higher propor-
tions of OA in the mixed diet (7.87 = 0.30 %) compared
to both algae and faeces diets (6.09 = 0.27% and 6.81
+ 0.06%, respectively; Fig. 7, Table S7), while male
gonads had higher OA in both mixed (3.6 = 0.20%)
and faeces (3.54 = 0.38 %) diets compared to the algae
diet (2.03 = 0.09%). Female gonads also had higher
levels of OA than males across all treatments, as well
as in the baseline group (Fig. S4, Table S5).

Other fatty acid indicators. Compared to shellfish
fed the algae treatment (and compared to baseline),
there was a reduction in SC- and LC-PUFA in diges-
tive gland of those fed the faeces treatment, with con-
current increases in MUFA (Fig. 8A, Tables S2—S4).
These reductions in PUFA were attributable to lower
proportions of SC-PUFA SDA (18:4n3), ALA (18:3n3)
and 18:3n6 and LC-PUFA ARA (20:4n6), EPA (20:5n3)
and DHA (22:6n3) in the faeces treatment (Fig. 5).
Similarly, the n3 indicator (EPA, DHA, SDA) was also
lower in the faeces treatment compared to the algae
treatment (and baseline levels) (Fig. 8A, Table S7), but
reductions in EPA and DHA fatty acids were not sig-
nificant among treatments. In addition, EPA showed
marked reductions across all treatments compared to
baseline (Fig. 5). Fatty acids 14:0, 16:1 and 18:1n7
were also significantly lower in digestive tissues of
animals fed the faeces diet compared to the algae diet
and also the mixed diet (14:0 and 16:1). As well as OA
(18:1n9), 16:0 and 18:0 were higher across all treat-
ments compared to baseline and were significantly
higher in digestive tissues of animals given the faeces
diet, when compared with those given the algae (16:0)
and mixed (16:0 and 18:0) diets.

In adductor muscle, males fed the faeces diet showed
lower proportions of 16:1, SDA (18:4n3), LA (18:2n6)
and ALA (18:3n3) compared to the algae treatment and
for LA, also the mixed treatment (Fig. 6). Proportions of
LA were also higher than baseline, suggesting they
were accumulated by animals in the algae and mixed
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treatments during the experiment. Female muscle tis-
sue showed the same shifts as male muscle tissue in
SDA (18:4n3) among treatments, but there were no
other significant diet-related differences in this tissue.

In gonad tissues, as well as shifts in OA (18:1n9) de-
scribed earlier, females showed significantly higher
proportions of LA (18:2n6) in the mixed diet com-
pared to the algae diet (Fig. 7). In contrast, males
showed significantly higher levels of 18:0 in mixed
and faeces diets compared to the algae diet and base-
line, as well as significantly lower 18:1n7 in faeces
compared to algae. Unlike females, there was an
increase in LA in male gonads compared to base-

line across all diets. There were also significant re-
ductions in 14:0 and 16:1 in male gonads compared to
baseline.

Sex-related differences. In addition to the diet-
related shifts in fatty acids, there were strong differ-
ences in fatty acid levels between males and females,
most notably in the gonads (Fig. S4, Table S7), as
already noted with respect to OA (18:1n9). Across
treatments, females had significantly higher propor-
tions of many C;3 MUFA and C;g PUFA (18:1n7, OA,
LA [18:2n6], ALA [18:3n3] and SDA [18:4n3]) than
males, and males had significantly higher proportions
of DHA (22:6n3) and ARA (20:4n6). This is despite
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similar levels of these Cg fatty acids in digestive
gland tissues of both sexes and higher levels of DHA
in female digestive gland. Sex-related differences
seen in the gonad were weakly mirrored in adductor
muscle.

4. DISCUSSION

Our findings show that Atrina zelandica assimilated
fish wastes, even when an alternative algal food
source was available. Due to their terrestrial origins,
fatty acids OA (18:1n9), LA (18:2n6) and ALA (18:3n3)
prevalent in fish feeds have been used as fish waste
markers to demonstrate assimilation of fish wastes by
a range of marine invertebrates (White et al. 2019).
The trend observed in OA in digestive tissues across
the diet treatments was consistent with the propor-
tion of this fatty acid in the respective diets, which
confirms OA as an effective fish waste marker for
detecting waste assimilation by A. zelandica. The bio-
chemical signature of assimilated nutrients is typi-
cally reflected in digestive gland tissues rapidly, in
contrast to slower-turnover tissues, such as muscle,
which more gradually incorporate dietary nutrients.

While LA and ALA are often suggested as being effec-
tive tracers for aquaculture waste (Arechavala-Lopez
et al. 2015, Woodcock et al. 2017, White et al. 2019),
LA was present in similar amounts across the different
feeds supplied to A. zelandica, and ALA was higher in
the algae diet, precluding the use of these 2 fatty
acids as fish waste markers in our study. A similar lim-
itation has been noted in Bergvik et al. (2019), who
provided scallops with fish waste and algae diets to
examine waste assimilation by these shellfish but
found LA to be confounded by algae sources of this
fatty acid. Nonetheless, the strong reflection of dietary
signatures in digestive tissue, including OA and the
overall fatty acid compositional shifts towards that of
fish waste for the mixed and faeces diets, provides
strong evidence that even when A. zelandica are pro-
vided with an alternative food source, they will still
assimilate fish waste.

Assimilation of fish waste nutrients into muscle and
gonad tissues of A. zelandica was less clear. We found
no significant difference related to diet in the multi-
variate analysis for these tissues, and while OA (18:1n9)
in adductor muscles was higher for the faeces treat-
ment, observations were highly variable and were
not significantly different to other treatments. Other
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studies have also noted relatively conservative time-
frames for integration of OA and overall composi-
tional shifts in fatty acids in muscle tissues in relation
to diet changes and digestive gland composition
(Fernandez-Reiriz et al. 2015a,b, Ricardo et al. 2021).
However, diet-related fatty acid shifts have been seen
in muscle tissue of scallops within just 27 d (Bergvik
et al. 2019) and in similar timeframes for other slow
tissues (e.g. blue mussel mantle: 27 d [Redmond et al.
2010] and gill tissue: 28 d [Both et al. 2011, 2012]), so
there are likely to be other factors responsible for the
lack of biochemical shifts in these tissues.

During gonad development and maturation in
bivalves, lipids are allocated strongly toward gonad
tissues, sourced either from stored lipids or glycogen
(e.g. in gonads, digestive gland or mantle) or directly
from the diet (Thompson et al. 1974, Lodeiros et al.
2001, Cartier et al. 2004, Gosling 2008, Zheng et al.
2012, Lee et al. 2015). The high fatty acid content in
the digestive gland at the start of our experiment com-
pared to that of other tissues implicates this organ as
a storage site for lipid energy also in A. zelandica. Our
baseline animals had gonads that were a mixture of
early to late developed, indicating many had already
undergone significant development prior to the ex-
periment. Although not directly tested, it is likely that
this development occurred during the acclimatisation
period when water temperature was increased, as
increased temperatures trigger gonad development
of other pinnid bivalves (Qiu et al. 2014, Rangel et al.
2017). If that was the case, fatty acid composition of
the algae diet fed during acclimatisation would have
been the main source of lipid energy used for gonad
development. Indeed, the fatty acid composition of
females sampled at the end of the experiment is con-
sistent with this; key fatty acids in the digestive gland
of baseline animals and those fed the algae treatment
diet (SDA [18:4n3], 18:3n6, 16:1 and 14:0) were also
more prevalent in gonad tissues across all treatments.

Exposure to waste over a longer timeframe and dur-
ing the full gonad development period is also impor-
tant to consider regarding farmed fish waste con-
sumption by this species. Our experiment was short
term and did not fully capture gonad development.
The production cycle duration for coastal cage cul-
ture is 12 to 18 mo, much longer than our 51 d experi-
ment and long enough to encompass seasonal gonad
development. Under these conditions, gonad and
muscle tissues may show discernible shifts in fatty
acid composition. Accordingly, investigating the
response to fish waste exposure over a longer time-
frame and during the gonad development period
should be focus for future research.

The reduction in fatty acid content of the digestive
gland, with no concurrent increase in other organs,
also suggests that animals depleted their lipid
reserves over the duration of the feeding trial. The
depletion of lipid reserves could have several expla-
nations. Reproductive development is energetically
demanding (Sastry 1963, Hassan et al. 2018), and in
addition to dietary sources, endogenous reserves
(protein, carbohydrate) from other organs (e.g. mus-
cle) can be used to fuel gonad development (Gaspar-
Soria et al. 2002, Lee et al. 2015, Gomez-Valdez et al.
2021). As some of the females appeared ripe at the
beginning of the experiment, and A. zelandica are
suggested to trickle spawn outside of peak spawning
periods (Booth 1979), there is also a possibility that
some animals had already entered the spawning
stage. Even if not directly observed, any spawning
activity would likely have obscured evidence of lipid
reserves being re-allocated from digestive gland to
gonad tissues during the experiment. Digestive gland
lipid reserves may also have been catabolised to
maintain normal metabolism, rather than being used
to further gonad development. Moreover, some spe-
cies will undergo oocyte atresia (reabsorption and
autolysing of gametes) under poor conditions (e.g.
insufficient food supply) to reallocate energy to phys-
iological tasks (Camacho-Mondragon et al. 2012,
Beninger 2017). If feeding ratios were not high enough
to sustain the increased energy demands of reproduc-
tion, these factors could also explain reductions in
A. zelandica gonad fatty acid content.

The adductor muscle is also a major energy storage
site in pinnid bivalves (Baik et al. 2001, Lee et al. 2015,
Deudero et al. 2017), and the proportional muscle
mass decrease seen at the end of our experiment indi-
cates metabolic reserves in this organ were also being
utilised, possibly being catabolised for maintenance.
In other pinnid bivalves, metabolic reserves in the
adductor muscle are catabolised for maintenance
during and post-spawning (Lee et al. 2015, Deudero et
al. 2017), which is associated with a sharp decrease in
muscle condition (Gaspar-Soria et al. 2002, Angel-
Pérez et al. 2007). The depletion of energy reserves
may also have been compounded by stress related to
being in a laboratory setting (Bayne & Thompson
1970, Ericson et al. 2023), increased metabolic rate
due to higher temperatures (Gomez-Valdez et al.
(2021) and/or inadequate feeding rations given dur-
ing the experiment.

Importantly, significantly lower fatty acid digestive
gland content in the faeces treatment compared to
the algae treatment suggests that the algae diet may
also have been energetically superior. This is sup-
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ported by significantly lower gonad fatty acid content
for animals fed the faeces diet and the intermediary
reduction in fatty acid content in digestive gland from
animals fed the mixed diet. We note the possibility
that gradual settlement of faecal particles between
daily stirring events affected food availability in treat-
ments containing faeces, but because the mean fatty
acid content of the feed slurries was still similar
across treatments (Fig. 1), particle settlement is un-
likely to adequately explain disproportional loss in
condition among treatments. It is more likely that
these effects are from seston quality. A. zelandica
have exhibited preferential particle selection based
on size (e.g. algal cells of 2—20 pum) as well as carbon
content and morphology (Safi et al. 2007). In addition
to comprising particles in this range, fish waste typi-
cally also includes larger non-uniformly shaped par-
ticles (Fig. S2; Reid et al. 2009, Law et al. 2014).
Decreasing particle quality has an energetic cost
through increased filtering and particle rejection and
subsequently decreased feeding efficiency. Bergvik
et al. (2019) found reduced clearance rate of salmon
wastes in scallops compared to algae clearance rates,
and such a difference in energetic cost could be
reflected in patterns of A. zelandica condition among
treatments, most notably the faeces diet.

The faeces diet also had lower proportions of PUFA,
particularly n3 fatty acids, which are essential for bio-
logical processes such as reproductive development
and growth (Soudant et al. 1996, Baik et al. 2001), and
such reductions were reflected in the digestive gland
fatty acid composition of A. zelandica fed the faeces
diet, along with increases in MUFA. Other work has
shown reduced overall fatty acid content in blue mus-
sels fed effluent from a cod aquaculture facility (Both
et al. 2012), and while this same species showed
enhanced growth on a diet of crushed fish feed pellets,
consumption of fish faeces provided no such benefits
(Handa et al. 2012). In contrast, our results are consis-
tent with effects of diet quality on A. zelandica con-
dition, due to either a shift in energetic requirements
or nutritional composition associated with fish waste
consumption. However, as we cannot rule out poten-
tial effects from diet rationing in the absence of more
comprehensive food supply data, further work should
be undertaken to confirm this result.

Rather than a diet-related shift, we found a signifi-
cant difference in fatty acid composition between
male and female gonad tissue as well as adductor
muscle. This difference in fatty acid composition
between male and females was strongest in gonad tis-
sues. Fatty acid composition, especially of PUFA in
the gonad and to a lesser extent adductor muscle, has

been shown to shift during reproductive cycling in
female pinnid bivalves (Baik et al. 2001, Qiu et al.
2014), with the strong sex-related differences seen
in our study also likely related to reproductive devel-
opment. The substantial reduction in EPA (20:5n3)
across tissues in both males and females during the
experiment indicates that this essential fatty acid was
catabolised, consistent with catabolism of EPA during
embryonic development in several scallop species
(Marty et al. 1992, Whyte et al. 1992, Caers et al.
2003). Our study highlights the metabolic importance
of EPA to both sexes; however, the significant differ-
ence in fatty acid composition between male and
female gonad and muscle tissues shows that different
sexes also have unique fatty acid metabolism and
requirements. The accumulation of DHA (22:6n3) in
males in our study suggests that this fatty acid may be
more important for male than female reproductive
development. This is similar to other bivalve species,
where DHA was accumulated in gonad tissue of male
clams Ruditapes philippanarum (Ferndndez-Reiriz et
al. 2015b), as well as the mantle of Mytilus gallopro-
vincialis (Ferndndez-Reiriz et al. 2015a), but was rel-
atively absent from the respective organs of females
in these studies. In contrast, higher proportions of
many C;g fatty acids in female A. zelandica in our
study suggest that these fatty acids may be important
for female gonad development and/or maturation.
The association of C;g fatty acids in our female ani-
mals is consistent with positive correlations of OA
(18:1n9) and LA (18:2n6) (as well as 15:0) with gonad
development in female A. pectinata found by Qiu et
al. (2014), who also suggested that OA may be a use-
ful indicator of female gonad maturation.

The sex-related differences in fatty acid composi-
tion of adductor muscle also implicates this tissue in
reproductive development. Although primarily a stor-
age site for protein and carbohydrate reserves (Baik
et al. 2001, Deudero et al. 2017), the adductor muscle
of other pinnid bivalves has been identified as an
important energy store to fuel reproduction. Our
study potentially supports the hypothesis of a capital
breeding strategy in A. zelandica, where energy is
mobilised from other tissues instead of directly from
dietary sources. This could explain why gonad and
muscle tissues did not take on a dietary signature dur-
ing our experiment. The strong sex-related differ-
ences in fatty acid metabolism may also have con-
founded diet-related shifts in gonads, particularly in
females if OA (18:1n9) is associated with female
reproductive development, as it isin A. pectinata (Qiu
et al. 2014). Nonetheless, the absence of diet-related
shifts in gonad tissue indicates that short-term (i.e.
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51 d per our experiment) fish waste assimilation dur-
ing mid- to late-stage gonad development had negli-
gible effects on fatty acid metabolism in these tissues,
despite clear evidence of waste assimilation in diges-
tive tissue. Certainly, if the dietary sparing and bio-
modification pathways involve OA, the paired use of a
source tracer such as compound-specific carbon iso-
tope analysis may help to clarify and separate diet-
related effects from the effects of other physiological
processes in fish waste tracing applications.

An ability to endogenously modify the fatty acid
composition can allow organisms to meet different
fatty acid requirements, even when subjected to the
same, or suboptimal, dietary nutrient source. This mod-
ification can occur via (1) selectively retaining impor-
tant fatty acids in tissues while others are catabolised
or (2) de novo biosynthesis (Monroig et al. 2013). The
disproportional accumulation of several C;g fatty
acids in gonad tissue of our females and of DHA in
males irrespective of diet may suggest that A. zelan-
dica can biomodify fatty acids (Miller et al. 2014).
Molluscs have enzymes that are required for biosyn-
thesising OA from stearic acid (18:0) (Monroig &
Kabeya 2018), and there is evidence suggesting bio-
synthesis of longer-chain fatty acids from C;g fatty
acids OA (18:1n9), LA (18:2n9) and ALA (18:3n3) in
other bivalve species (Caers et al. 2003, Monroig et al.
2013, Ventrella et al. 2013). The Cg fatty acids that we
saw accumulated in females are biosynthetic precur-
sors of LC-PUFA (20:2n6, 20:3n3) and NMI-FA, which
can perform similar functional, biologically important
roles to EPA (20:5n3) and DHA (22:6n3) (Barnathan
2009). Thus, depletions in EPA across all tissues dur-
ing our experiment may have signalled a need for
longer-chain PUFA production, activating biosynthe-
sis through elongation of C,g shorter-chain fatty acids
OA (18:1n9) and LA (18:2n6). Indeed, accumulation of
C g fatty acids as observed in female gonads has been
shown to be associated with production of NMI-FA in
digestive tissues of M. galloprovincialis (Ventrella et
al. 2013). Equally, the presence of DHA and associ-
ated biosynthetic precursors in male gonad and mus-
cle tissues could be related to an ability to selectively
retain, or biosynthesise, these essential fatty acids in
these organs.

Biosynthetic capabilities are not known in A. zelan-
dica, and additional work would be required to deter-
mine if this species does have capacity to selectively
retain and/or biosynthesise certain fatty acids,
including the production of NMI-FA. Further explo-
ration of fatty acid biomodification in A. zelandica is
likely to have implications for understanding fish
waste assimilation and its potential consequences in

this species. While biological modification of tissue
fatty acid composition may obscure the signature of
fish waste in tissues where fatty acids are biomod-
ified, an ability for A. zelandica to preferentially
retain or biosynthesise fatty acids required for bio-
logical functions could reduce the consequences of
lower dietary proportions of essential LC-PUFA (White
etal. 2017).

5. CONCLUSIONS

Our study highlights that fish waste feeding trials
and fatty acid analysis of tissues are a useful approach
for examining potential interactions between benthic
consumers and fish farm organic inputs. We found
diet-related shifts in fatty acid composition of diges-
tive gland tissues in Atrina zelandica, which provided
clear evidence that A. zelandica assimilates fish waste
even in the presence of an algal food source. This sug-
gests that digestive gland OA and fatty acid composi-
tion of A. zelandica may be useful for identifying the
presence of diffuse fish farm wastes in coastal areas.
Fish waste consumption was related to a more marked
reduction in digestive gland and gonad fatty acid
content, likely associated with stronger utilisation of
lipid reserves for these animals. We also saw a reduc-
tion in proportions of LC-PUFA in digestive tissues. In
contrast, gonad and muscle tissues showed no diet-
related shift in composition, possibly owing to repro-
ductive development that may have occurred during
the acclimatisation stage when the animals were pro-
vided with an algae diet. Moreover, fatty acid profiles
were unique between males and females, highlight-
ing that the 2 sexes have differing fatty acid require-
ments. The accumulation of specific fatty acids ac-
cording to sex potentially indicates that A. zelandica
has the capacity to preferentially select and retain bio-
logically important fatty acids or may signal a capac-
ity to biosynthesise them to meet reproductive require-
ments. If present, these biomodification mechanisms
may increase resilience of A. zelandica to physiological
stress related to deficiencies in LC-PUFA when using
fish wastes as a trophic subsidy. However, the ability
to endogenously biomodify fatty acid composition in
gonad tissues, including accumulation of C;g fatty
acids (particularly OA) in females, may also confound
fatty acids as fish waste tracers in this organ.
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