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ABSTRACT

There is growing interest in the co-culture of macroalgae and filter-feeding bivalves due to anticipated trophic benefits that may
enhance the productivity of both organisms. Detritus from cultured macroalgae has the potential to supplement bivalve diets, yet
few studies have directly examined this relationship in co-culture systems. This review synthesizes findings from over 70 studies
encompassing a broad range of macroalgae and bivalve species to assess the potential for macroalgal material to contribute to
bivalve nutrition. No consistent patterns of macroalgal utilization by bivalves were found across regions, seasons, bivalve taxa,
or macroalgal groups. In situ trophic assessments using stable isotopes and fatty acids produced divergent estimates of macroal-
gal dietary contributions, averaging 23.7% and 6.1%, respectively. Feeding studies of bivalves fed various forms of macroalgal
material found that while relatively high rates of assimilation efficiency were measured for some bivalve species, the generally
poor performance of bivalves in longer term feeding studies strongly indicated that the nutritional composition of the macroal-
gal material is insufficient, and/or that the macroalgal material contains compounds that actively inhibit bivalve growth. The
majority of feeding studies found that regardless of the diet preparation method or species of macroalgae used, bivalve growth
was reduced when macroalgae was incorporated at rates higher than a 25% replacement of feed dry weight. Overall, the findings
point toward a generally limited potential for filter feeding bivalves to benefit significantly from co-culture with macroalgae,
although specific pairing of macroalgae and bivalve species may derive greater advantage from co-culture.

1 | Introduction available suspended organic matter to sustain the growth of bi-

valves at the high densities typically used in aquaculture [3-5].

The development of the co-culture of more than one aquacul-
ture species in the same location holds promise for increasing
the efficiency and sustainability of production provided it is ben-
eficial to the growth and health of each species [1, 2]. Bivalve
aquaculture is commonly included in multi-species aquaculture
initiatives because of their ability to filter feed on organic par-
ticles in the water column and their minimal requirements for
husbandry [2]. However, for bivalve aquaculture to be efficient,
site selection becomes very important to ensure there is sufficient

For bivalve aquaculture, there is often interest in adding mac-
roalgal aquaculture to already existing aquaculture sites given
some similarities in infrastructure requirements while adding
another extractive species with low husbandry requirements
[2, 6-7]. Bivalve aquaculture can take the form of bottom cage
culture, rack culture, continuous longlines, raft culture, or hang-
ing cage/lantern nets in locations ranging from intertidal to
coastal waters of up to 20-30m depth, while macroalgal aquacul-
ture can be done on longlines or raft culture within the top first
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few meters of water [7-9]. Suspension feeding bivalves generally
feed on organic particulates 2-250 um in diameter but can ingest
particles up to 500 um, which are selectively retained from the
water column as they pump water across their gills using cilia
[4, 10-12]. There is also the potential for positive trophic interac-
tions between bivalves and macroalgae that can improve overall
aquaculture productivity, for example, nutrient excretion from bi-
valves contributing to the nutrient requirements of macroalgae,
and macroalgal detritus contributing suspended food particles to
the diet of cultured bivalves [1, 13-15]. A detailed understand-
ing of how macroalgae or bivalves species interact trophically in
the natural environment can help to characterize the nature of
the potential trophic relationship arising from the co-culture of
bivalves and macroalgae, as well as other interactions that may
affect normal growth and behavior [4, 7-9, 16-17]. While mac-
roalgae are well known to benefit from increased dissolved nu-
trients in the water column due to the presence of bivalve species
in a co-culture situation [15, 18-19], it is less clear if there is a
consistently positive effect of macroalgae on bivalve growth or
nutritional condition. Some bivalves have the capacity to con-
sume organic material other than phytoplankton, although there
are differences in this capacity among bivalve species, and there
is also significant differences in the composition of the organic
material that is available to suspension feeding organisms, such
as bivalves [4, 20-22]. Research of trophic interactions, as well as
feeding and growth studies, has the potential to provide insight
into the nature of the potential relationship between macroalgae
and bivalves in co-culture [23-25].

Trophic interaction studies measuring tracers, such as stable
isotopes (SI) and fatty acids (FA), offer a snapshot of interac-
tions of species through the flow of carbon and nitrogen in an
ecosystem, helping to elucidate how energy and nutrients are
utilised by different organisms within an environment [26].
These methods are especially useful for indirectly determining
the food sources utilized by bivalves, as direct measures of the
food resources used by suspension or filter feeders are difficult
to obtain and are often extremely variable across temporal and
spatial scales [26-28]. Meta-analyses of trophic studies using
SI indicate that carbon from macroalgae makes a large contri-
bution to coastal ecosystems, including trophic contributions
to many organisms, such as suspension feeders [25]. The re-
sults of these studies indicate that suspension feeders, such as
bivalves, would be able to benefit from consuming and incor-
porating macroalgal detritus if it is available in an aquaculture
setting. However, the broad trophic classifications in SI studies
can result in estimates of an individual carbon source catego-
rized by the type of feeding method, thus the category of sus-
pension feeders often includes bivalves, sponges, polychaetes,
crustaceans, and so forth [25, 29-30]. Hence, the actual con-
tribution of macroalgae to the nutrition of bivalves may not be
consistent with other groups of suspension feeders [25, 29-30].
Stable isotope analysis has been widely used to investigate tro-
phic interactions, with 8'3C and 83N being the most commonly
measured isotopes. The isotope 8'3C is primarily used to identify
the sources of primary production in a food chain, while 85N
decreases when passing through each successive trophic level
[26, 31-32]. Analyses of ST of animal tissues reflect the isotope
values of food that is consumed and utilized to some degree, pro-
viding an integrated representation of the diet and trophic level

of an organism [26, 31-33]. However, it becomes more complex
when attempting to make estimates of dietary contributions for
individual species and when the SI signatures of primary pro-
ducers overlap [26, 27]. The overlap of SI signatures for primary
producers is problematic when determining dietary sources for
suspension feeders because there are many potential sources of
particulate organic matter in coastal waters, including phyto-
plankton, zooplankton, decaying macroalgae, terrestrial matter
and suspended sediments [21, 22, 34-37].

Fatty acid analyses (FAA) can provide qualitative and “semi-
quantitative” markers of dietary and trophic linkages in marine
food webs due the conservation of some fatty acids (FA) through
trophic levels [38]. Fatty acid analysis can be an effective tool
to use alongside SI analyses to help provide deeper insights of
trophic interactions in an ecosystem [39-42]. Primary producers
(i.e., phytoplankton, macroalgae, vascular plants, and bacteria)
are the main sources of fatty acids within the marine environ-
ment and specific FAs and ratios of specific FAs can be used as
trophic markers for tracing sources of food [38]. There is some
overlap between sources of FA, because the amounts of FAs pro-
duced by algae can be affected by light, nutrients, and growth
phase, and there are often similarities within taxa [38-40]. The
FA profile of trophic sources is conserved to some degree be-
tween food source and consumers due to the limited ability of
most animals for the de novo synthesis and conversion of some
FAs, which helps in retaining the unique ratios of FAs specific
to phytoplankton and macroalgal food sources [38-40, 43]. In
general SI and FA analyses face similar constraints, whereby too
much overlap can confound the mixing models that are used for
translating the SI and/or FA data into estimating relative trophic
contributions from different sources, and therefore sampling
across temporal and spatial scales is encouraged to help parse
out natural variation [38, 39, 41-42]. Rather than just report-
ing the differences between the isotopic composition between
sources, mixing models can be used to estimate the contribu-
tions of different food sources to organisms based on the isotopic
composition of the consumers and their possible food sources,
often by using trophic discrimination factors (TDFs) which pro-
vide an estimate of how an organism incorporates food sources
[26, 44-45]. These estimates are typically used to determine
how much an organism may utilize or rely upon a specific food
source.

Feeding and growth studies of bivalves can contribute to an un-
derstanding of their feeding biology, including particle selection
and rejection, as well as ingestion and assimilation efficiency of
different carbon sources, which are important considerations
to understanding the role bivalves have in marine ecosystems
[2, 46-47]. Macroalgae have an important role in providing hab-
itat and food for other organisms and contribute significantly
to the dissolved and particulate organic matter in the environ-
ment, and are significant sources of detritus in coastal ecosys-
tems [14, 48]. Understanding the potential connections between
bivalves and macroalgae aids in clarifying how these organisms
interact with each other in natural and aquaculture environ-
ments. Hence, by reviewing the existing body of literature of
trophic field studies and laboratory feeding studies, it should be
possible to determine the potential contribution of macroalgal
material to bivalve nutrition.
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2 | Methods
2.1 | Trophic Studies

For locating publications regarding trophic studies—the key-
words “stable isotopes” OR “fatty acids” AND “suspension
feeder” AND “macroalgae” were used in Google Scholar and
Scopus searches up to 09/2024 and limited to publications in
English. Publications were reviewed by titles, and if relevant,
then the abstracts and the body of the text of the manuscript
were reviewed. Additional sources were obtained from the ref-
erences cited in publications that were identified to be directly
relevant. In total, 75 publications (i.e., peer-reviewed journal
articles and theses) were selected that investigated the contri-
bution of macroalgal material to individual or collective taxa of
bivalves using stable isotopes (SI), fatty acids (FA), or both. In
all, 63 papers analysed SI only, eight analysed only FA, and four
analysed both SI'and FA, for a total of 75 studies. Information on
the species of bivalves, species of macroalgae, types of organic
tissues collected, type of mixing model used, trophic enrich-
ment factors for §'3C and §'°N (TEFs), and phytoplankton/POM
sampling methods were collated. If possible, individual data
points were separated by month, and months were classified
by seasons (winter, spring, summer, autumn) according to the
appropriate global Hemisphere (Northern or Southern). Global
ecoregions were assigned based on Marine ecoregions classified
by Spalding et al. [49]. Data from publications were extracted
using Data digitizer (https://apps.automeris.io/wpd/) and in-
cluded: means/medians, range or confidence intervals of the
estimates of consumption of macroalgae by suspension feeders
were extracted from graphs using Data digitizer if values were
not explicitly provided in the text.

If possible, estimates for macroalgal contribution to bivalve
nutrition were separated for different bivalve and macroal-
gal species, but this was not always the case due to the type of
taxonomic groupings used by the mixing models that estimate
trophic contributions from SI and/or FA data. For this review,
the species of suspension feeding bivalves were classified into
orders of bivalves to make broader groupings, while macroalgae
were grouped by Class or Division. If macroalgal species were
not identified in publications, or listed as an entity (e.g., turf-
ing algae), the reference was listed as a mix and taxonomically
unknown. Species of macroalgae and suspension feeders were
checked and updated with currently accepted taxonomic names
according to the World Register of Marine Species (https://
www.marinespecies.org/) and AlgaeBase (https://www.algae
base.org/). If the date/month of the sampling was identified,
the data were classified according to the season in the respec-
tive Hemisphere, and if presented, means were averaged over
more than three seasons, the mean was considered a yearly esti-
mate. The bivalve tissues sampled were classified as whole soft
body, muscle, or by the specific organs. The amount and type
of macroalgal tissue sampled was noted when specified, other-
wise samples were classified as whole or partial samples. It was
also recorded when corrections were made to 8'3C values due
to lipid content for trophic models using SI [50]. If studies only
used FAs or included both FAs and SIs analyses, the estimates of
algal contribution to bivalves were grouped separately from the
SI analyses alone.

To determine if there was any relationship between the bivalve
orders, macroalgal Phylum/Class, and seasons, the mean es-
timates of macroalgal contribution were limited to the largest
groups that contained sufficient data for comparisons. Likewise,
the most common estimates for the separate seasons (i.e., spring,
summer, autumn, winter) and the publications with yearly mea-
surements were segregated. The bivalve orders with more than
10 estimates for macroalgal trophic contribution, and macroal-
gal Phylum/Class estimates with more 10 estimates for the se-
lected orders were isolated. The selected mean estimates for
macroalgal trophic contribution to bivalves were compared
with generalized linear mixed models using the R package glm-
mTMB. The model was run for the interaction of Phylum/Class
X Bivalve order with seasons and carbon TEFs as a covariates
and study ID as a random effect. The model was run with a
Tweedie (log transformed) distribution. The R package Dharma
was used to confirm the residuals and dispersion of the data
complied with model assumptions. All means are presented as
+ standard error.

2.2 | Feeding Experiments

To identify publications regarding bivalve feeding experi-
ments the search terms “bivalves” AND “macroalgae” AND
“detritus” AND “feeding” and minus the terms - “ascidian”,
- “sponges” “holothurian”, -“cnidaria”, - “coral”, -“polychaete”
were used as search terms in Google Scholar and Scopus. The
term detritus was used in addition to macroalgae to address the
consumption by bivalves of organic material other than phyto-
plankton, as well as the terminology for kelp derived-detritus
used to characterize the contribution kelp detritus has in some
coastal locations [4, 20, 25, 51]. Publications that included only
vascular plants as food sources were excluded, but studies that
included both macroalgae and vascular plants (i.e., seagrasses)
were included. Information regarding the species of bivalves
and macrophytes were extracted along with diet preparation,
absorption efficiencies (AE), and mortality rates if provided.
Information on feeding duration (hours, days, weeks) and rel-
ative measures of growth in bivalves were recorded, as well as
any comparisons for measurements of growth against phyto-
plankton controls. Feeding experiments were diverse and gen-
erally divided into three categories that is, feeding of fresh/
freeze-dried material, feeding aged material with natural
bacteria, or feeding single cell detritus following bacterial or
enzymatic digestion (single cell detritus, SCD). If studies pre-
sented absorbance efficiency (AE), the methodology used was
recorded as AE, which is currently considered to be a measure
of the immediate capability of the gut for digesting food and
the availability of the organic content provided, rather than the
assimilation efficiency, which is a measure of an organism's
uptake of energy and nutrients into tissues when fed on a spe-
cific diet and after accounting for respiration and excretion loss
[52]. Other metrics of health or growth in the studies included
shell growth, rates of mortality/survival, condition index (CI),
spawning rates, or live weight. Growth or health of the bivalves
on macroalgal diets regardless of the specific metric that was
used, was classified as positive, negative, or neutral in com-
parison to the referenced controls, which typically consisted of
unfed or phytoplankton-only diets.
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3 | Results
3.1 | Stable Isotope Studies
3.1.1 | Ecoregions and Seasons

Studies examining the trophic contribution of macroalgae to bi-
valves using SI only were heavily skewed toward the Temperate
Northern Atlantic and Temperate Northern Pacific, making up
49% and 19% of the 67 studies that made SI measurements, re-
spectively (Table 1). In all, macroalgal trophic contributions to bi-
valves in temperate locations accounted on average for 23% +20%
(n=435 data observations), while in Polar locations macroalgal
contribution accounted for 38% +21% (n=25) and Tropical loca-
tions 18%+6% (n=11). Although global bivalve species richness
is highest in tropical locations, bivalve species are utilized by hu-
mans in large numbers in both temperate and tropical coastlines,
where upwelling and coastal mixing makes these locations ideal
for bivalves in providing the conditions for growth, and thus ex-
ploitation and aquaculture [4, 120]. In contrast, global macroalgal
primary production is highest in the temperate locations, which
primarily consist of species in the Class Phaeophyceae as major
primary producers in coastal waters [121, 122]. The net primary
production in tropical coastal locations is dominated by phyto-
plankton, but there is a gradual shift toward greater contribution
to production from macroalgae with increasing latitude, which
is the dominant primary producer toward the poles [122]. Thus,
the overlap between bivalve species and macroalgae is highest at
temperate locations, which is also a location of interest due to har-
vesting and aquaculture of bivalve and macroalgal species. There
was not a large variation in the trophic contributions of macroal-
gae to bivalves among the individual seasons (spring, summer, au-
tumn, winter), which had a combined mean of 24% +20% (n =286

observations) (Figure 1). In comparison, measures taken over a
year were low at 14% + 15% (n =63 observations).

The majority of SI studies were for the purpose of investigating
trophic food webs of different natural environments and species
(n=61). Only six studies used SI to investigate relationships be-
tween organisms and their environment for the purpose of aqua-
culture [55-57, 68, 123-124]. One study used SI to determine
competition and overlap between bivalve species [123], while
four investigated the potential impacts of possible food sources
near to existing bivalve farms [55-57, 69]. Only one study used SI
to investigate potential food sources for the possibility of future
aquaculture in a location [68].

3.1.2 | Bivalve Species

In all there were 72 species of suspension feeders studied or 13
taxonomic Superorders/orders of suspension feeders. Of those
taxa, species in the order Mytilida made up 34% of all feed-
ing studies, followed by order Cardiida (17%), Ostreida (14%),
Venerida (8%), and Pectinida (8%), while the remaining eight
orders each represented 1%-4% of all species studied. The es-
timate of macroalgal trophic contribution in the order Mytilida
amounted to a mean of 24%=+22% (n=195 measures), while
Ostreida and Cardiida accounted for 22%+19% (n=380) and
22%+22% (n=98), respectively. In the order Venerida mac-
roalgal contribution accounted for 24%+19% (n=31), while
Pectinida and Carditida had a mean contribution of 46% +24%
(n=12) and 18% + 18% (n=15) (Figure 2).

The focus of studies on species in the orders Mytilida, Ostreida,
Cardiida, and Pectinida is not unexpected, as numerous species

TABLE 1 | Allstudies that applied models using stable isotopes for determining the relative dietary contribution of macroalgae to bivalves as a

mean macroalgal contribution with standard deviation (total studies N=67).

Number
of bivalve Number Number of
Number taxonomic of bivalve macroalgal Mean macroalgal
Ecoregion of studies orders species species contribution (%) Sources
Arctic 2 6 7 9 51.6+19.9 [53, 54]
Temperate 13 7 18 42 22.6+23.6 [55-67]
Northern Pacific
Temperate 32 10 23 86 20.9+19.2 [34,68-99]
Northern Atlantic
Tropical Atlantic 1 1 1 1 15.5+0.0 [100]
Central Indo 3 3 6 8 19.4x11.0 [101-103]
-Pacific
Temperate 2 3 5 10 29.3+20.1 [104, 105]
Southern Africa
Temperate South 3 6 8 11 13.1+10.9 [106-108]
America
Temperate 5 6 10 16 30.8+23.5 [109-113]
Australasia
Southern Ocean 6 5 5 15 26.1+21.3 [99, 114-119]
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FIGURE 2 |

Boxplot of the median macroalgal trophic contributions to bivalves, regardless of species, by seasons collated from a total of n=67

published studies using stable isotopes to examine the trophic relationship. Results reported in studies from combined seasons as well as individual

seasons are presented. Dark horizontal line represents the median and the so
the 1.5 X IQR. Data outliers are bolded points outside of the 1.5XIQR.

in these orders are harvested from the wild or cultured for
human consumption, as well as recognized as ecosystem engi-
neers [2, 8, 120, 125-126].

3.1.3 | Macroalgal Sources

For macroalgal sources of nutrition for suspension feeders in-
cluded in all studies there was a total of 169 named macroalgal

lid boxes represent the interquartile range (IQR) and whiskers represent

species, three cases of only the Phylum being named and three
unidentified as macroalgal turf mix. There were 258 individual
specimens of macroalgae collected for analyses. When grouped
by macroalgal Phylum/Class, individual species in the Class
Phaeophyceae dominated those sampled in published stud-
ies, making up 42% of all species examined (n=69) or 40% of
individual samples (104 of 258), while species in the Phylum
Rhodophyta made up 38% or 62 species that were sampled or
31% of individual samples (79 of 258). Species in the Phylum
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FIGURE3 |

Boxplot of the median macroalgal trophic contribution to individual bivalves as measured with SI when partitioned by the contribu-

tions of different Phylum/Class groupings of the macrophytes sampled in the studies. Dark horizontal line represents the median and the solid boxes
represent the interquartile range (IQR) and whiskers representing the 1.5 IQR. Data outliers are bolded points outside of the 1.5XIQR.

Chlorophyta comprised 19% of all species or 28% of individual
samples (72 of 258). Comparing the trophic contributions to bi-
valves as estimated by SI, macroalgae in the class Phaeophyceae
contributed on average 29% + 25% (n = 154 measures) compared
to 19%+17% (n=175) and 20%+21% (n=50 estimates) for
Chlorophyta and Rhodophyta, respectively (Figure 3). In stud-
ies that combined all macroalgal species, the measurements of
the average macroalgal trophic contribution to bivalves for the
sampled Chlorophyta, Rhodophyta, and Phaeophyceae was
29% +24% (n=33) (Figure 3).

A total of 22 studies provided measurements of the trophic con-
tribution to bivalves based on sampling of SI data from differ-
ent components of the various macroalgal species, for example,
parts of whole macroalgae in situ, detached or drift macroalgae,
macroalgal detritus and so forth. Of those studies, six analysed
detrital or drift macroalgae [53, 58, 70-72, 102]. The remaining
16 studies identified which part of the macroalgal tissue was
sampled, that is, apical, basal, distal, thallus, or recent growth
tissues [59, 73-74]. The remaining studies [45] did not specify
which part of the macroalgae was sampled, mentioning only the
species sampled and how it was treated prior to analyses (e.g.,
removal of epiphytes, rinsed with deionized water).

3.1.4 | Lipid Normalization and Trophic Enrichment
Factors/Trophic Discrimination Factors

Trophic enrichment factors/trophic discrimination factors
(TEFs/TDF) are used to represent the stepwise increases that
occur as the trophic levels of organisms increase and these are
used within SI mixing models to estimate trophic contributions
to an organism [26]. In general, with each increasing trophic

level there is a 1%o increase in 8'3C and 3.4%o increase in §°N
as determined by controlled feeding studies and meta-analyses
[31-33, 44, 127]. The specific TEF/TDFs applied in a mixing
model can have a significant effect on the estimated trophic con-
tribution of a food source to an organism [75]. Carbon TEF/TDFs
in the sampled publications ranged from 0%-2.2%o, with a 1 %o
(28% of publications) and 0.8 %o (13% of publications) TEF rep-
resenting the most common enrichment factors applied to §'3C
in models. Two studies did not report the enrichment factors
they used [60, 115]. The most common nitrogen TEF/TDFs were
3.4%0 (25% of publications), 2.3%. (8% of publications), and 3.8%o
(10% of publications), with a range from 1%0—4%o. and 10 of 67
publications not using/providing §'°’N TEF/TDFs in the mixing
models, as some studies did not apply nitrogen isotopes. Trophic
enrichment factors have only been calculated for a few species of
suspension feeders (i.e., Magallana gigas, Mytilus edulis, Mactra
veneriformis, and Ruditapes philippinarum) and involves con-
trolled feeding experiments to establish an organism's baseline
813C and 8'N and how quickly these change with the provision-
ing of a specific food source over time (i.e., typically 1-3 months
for bivalves) until reaching an asymptote for changes in §'*C
and 8'°N [123, 128]. Trophic enrichment factors can be differ-
ent depending upon the specific tissues that are sampled, as it
is effectively a calculation of the tissue replacement/turnover
[123, 127, 129]. For understanding species-specific utilization of
carbon and nitrogen sources, a more precise TEF adds to the
understanding of how much of an available food source is assim-
ilated into tissues, and thus how different diet composition alters
the rates of carbon and nitrogen turnover within the organism
[128, 130-134].

Aslipid is typically low in 8'3C compared to protein and carbohy-
drate, processes such as lipid extraction from tissues prior to SI

6 of 23

Reviews in Aquaculture, 2026

95U8917 SUOWIWIOD SAITERID 3|qealdde ay) Ag peusenoB a1e sajone WO ‘esn J0 Sajn. 1o} Akeiqiaul U AS|IM UO (SUONIPUOO-PUR-SWLRIL0D A8 | 1M ARe1q 1 BUI|UO//:SANY) SUONIPUOD Pue SWiS 1 8u1 39S *[9202/0T/7T] Uo Akeiqiauliuo AS|IM ‘S2T02 Bes/TTTT 0T/I0p/W00 Ao 1M Alelq iUl UD//:SANY WOJ) pepeojuMod ‘Y ‘9202 ‘TETSEGLT



100 .

oo
°

Predicted macroalgal contribution (%)
3 a
*

N
o

e co®
o

®e 008 600 o
e o ceo

0.0 0.5

Carbon trophic discrimination factor

FIGURE4 | Model of predicted macroalgal contribution to bivalves with increasing carbon trophic discrimination factor (TDF) plotted with 95%

CI in gray and overlaid by carbon TDFs from studies.

analyses or mathematical corrections for the lipid content of an
organism's tissues are sometimes applied in SI studies, depend-
ing upon the amount of lipid present in a sample (typically over
5%) [50, 127, 135]. Correction for tissue lipid content in SI studies
was applied in the published studies more widely after 2006, al-
though this was not consistent across all studies. The application
of a lipid correction needs to account for the importance of lipid
and carbohydrate in a specific organism's diet and for their cata-
bolic reserves, as applying a correction based on lipid content or
C:N ratios will change the 8'3C of the source and consumers used
in mixing models and thus estimates of source contributions
[50, 135-136]. The choice and application of TEFs and correction
for lipid can significantly alter the estimated trophic contribu-
tors to an organism and therefore needs to be applied with care-
ful consideration [76]. In the studies identified in this review,
lipid or C:N corrections were only applied in a limited number
of studies (n=10) [53, 54, 75, 76, 106, 107, 109, 116, 117, 124].
Of those studies, four used mathematical C:N corrections from
Post et al. (2007) [75, 76, 109, 116], four applied lipid corrections
[106, 107, 117, 124], one applied both lipid and C:N corrections
[54], and one study used lipid extracted samples for SI analy-
ses [53].

3.1.5 | Macroalgal Phylum/Class X Order

The covariate carbon trophic discrimination factor had a signif-
icant effect on the estimated macroalgal contribution (x*>=5.31,
df=1, p=0.02). The factor of Phylum/Class was marginally
significant (x?=12.29, df=6, p=0.056), as was the interac-
tion of Phylum/Class X order (x*>=16.60, df=9, p=0.055). The

bivalve order (x*>=6.09, df =4, p=0.19) and covariate of seasons
(x*=17.51, df=4, p=0.11) had no significant effect on macroal-
gal contribution. The model accounted for some of the variance
for the estimated macroalgae contribution (marginal R?=0.22,
conditional R?=0.54), indicating that differences between stud-
ies accounted for 33% of the total variance. As the carbon tropic
discrimination factor increased, there was a decrease in the esti-
mated macroalgal contribution (=-0.36£0.16, 95% CI [-0.67,
—0.05]), at a rate that a 1-unit increase resulted in a 30% decrease
in macroalgal contributions (Figure 4).

The bivalve order of Cardiida, Carditida, Venerida, and Ostreida
had no differences for the estimates of the trophic contributions
of different macroalgae, but there were some slight differences
for the order Mytilida (Figure 5). The order Mytilida had the
most estimates of macroalgal trophic contributions [61] and the
largest differences between estimates of trophic contribution
derived from among the macroalgal Phylum/Class groupings
(Figure 5). In the estimates for the order Mytilida, the macroal-
gal group Phaeophyceae (18.5+3.1,95% CI[11.8,29.0]) (p=0.01)
and Chlorophyta, Phaeophyceae, and Rhodophyta (33.1+10.7,
95% CI [13.1, 78.6]) (p<0.01) were larger than the estimates
for Rhodophyta (3.4+1.8, 95% CI [0.8, 14.1]) (Figure 5). There
were no other differences between the remaining macroalgal
groupings.

3.2 | Fatty Acids and Essential Amino Acids

The number of studies that analysed FA contributions to bi-
valves was small (i.e., n =10 out of a total of 75 studies that were
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Phylum/Class. Different letters represent significant differences in macroalgal Phylum/Class contributions within bivalve orders.

reviewed) and of those 10 studies, only three provided separate
analyses for both SI and FA [53, 68, 102] (Table 2). As most of
the studies were on the trophic transfer of energy, the majority
of analyses used multivariate analysis to compare the specific
FAs ratios of the primary producers to those of the consumers to
make estimates for the trophic contribution of FAs of macroalgae
to bivalves. However, one study used mixing models that incor-
porated both FA and SI to make estimates of macroalgal trophic
contributions [77]. Overall, the mean trophic contribution by
macroalgae to bivalves as estimated by FA alone was 6.1% + 6.2%
(range: 0.1%-28.3%) (Table 2) and there was no significant dif-
ference in trophic contributions by macroalgae among Phylum/
Class, as the majority were estimated at under 10% overall con-
tribution (Figure 6). Of the two studies that had at least one
measurement above 10%, one was in a unique shallow water
bight [137]; and the other considered multiple macrophytes for
FA contribution, where the highest estimated contribution was
from decaying vascular marine seagrasses and epiphytes, which
due to bacterial colonization would be likely to result in different
biochemical composition and digestibility of the material [77]
(Figure 6). One study also incorporated essential amino acids
(EAA) into the analysis, from which the estimated contribution
of macroalgae to bivalves was 7.6% + 5.2%. Although including

EAA is thought to provide greater capacity to trace the transfer
of biochemical components through the ecosystem, the process-
ing of samples is time consuming, more complex and expensive
to undertake [138].

3.3 | Feeding Experiments

In total there were 30 feeding studies that utilized macroalgae
diets, of which 12 used aged or bacterial degraded macroalgal
tissue, 12 used dried/freeze-dried particles, and six used single
cell detritus (SCD). The feeding studies accounted for 16 bivalve
species in total covering some seven orders of bivalves. The bi-
valves R. philippinarum and M. gigas each accounted for 17% (5
studies) and 20% (6 studies), while C. edule accounted for 10%
(3 studies). The bivalves Abra segmentum, M. edulis, M. trossu-
lus, Aulacomya atra, and Placopecten magellanicus each repre-
sented 7% (2 studies each), while the remaining bivalve species
represented less than 4% (1 study) each. For the feeding exper-
iments there were 32 species of macroalgae, 6 vascular species,
and 12 species of phytoplankton represented. Of the macroalgal
species used, Ulva spp. was the most commonly used species at
34% (18 studies). Macroalgae in the phylum Chlorophyta and
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Rhodophyta represented 19% (6 species) and 22% (7 species)
each, while those in the class Phaeophyceae represented 59% (19
species). Diet preparations for dried/freeze-dried material in-
volved drying fresh/cleaned material and grinding and sieving
to less than 100 um particles. A small number of studies added
silt or diatomaceous earth to alter the inorganic content of the
diets [139, 140]. Experimental SCD diets were prepared by enzy-
matic digestion, with the exception of one study that used fresh-
water to induce cell lysis [141]. Studies using aged or bacterial

TABLE 2
bivalves as estimated by FAs for six ecoregions for 11 published studies

| Mean trophic contribution (+SD) from macroalgae to

examining the trophic relationship between macroalgae and bivalves.

Number
of Number of

Ecoregion studies = measurements Mean=+SD
Arctic 3 6 41x2.1
Temperate 3 7 6.8+7.0
Northern
Pacific
Temperate 2 5 11.8+9.8
Northern
Atlantic
Central 1 4 2.8+0.3
Indo-Pacific
Temperate 1 1 3.3+0.0
Southern
Africa
Temperate 1 3 4.2+0.5
Australasia

820

S

3

1)

& 10

[}

=

particles to feed bivalves applied a variety of methods including
aging whole sections of lamina and filtering the residual par-
ticles/bacterial biofilm [24, 142], aging the whole lamina and
grinding [143, 144], or grinding and aging the particles in natu-
ral seawater/bacteria [145-147]. It should be noted that there are
established estimates of ingestion and absorption efficiency of
macrophytes/vascular marsh plants by bivalves in the literature;
however, as this review was focused on the contribution by mac-
roalgae, these studies were not included in this current analysis
of the feeding studies [148-154].

3.3.1 | Descriptive Feeding Studies

The metrics used in the 19 studies that classified growth in met-
rics other than AE ranged from ingestion, clearance rates (1h™1),
shell growth, condition index, mortality, survival, wet weight/
live weight, dry weight, nitrogen incorporation, standard met-
abolic rate, and digestive gland dry weight (Supplementary
Table 1). The time scales used ranged from minutes—hours (5
studies), days [1-30] (8 studies), and months [1-6] (6 studies). The
majority of studies compared simply feeding macroalgae or phy-
toplankton alone [23, 130, 142-147, 155-157|. A smaller number
of studies included mixed phytoplankton/macroalgae diets (dw/
dw) at various concentrations of both [24, 141, 158-163]. The ma-
jority of the studies tested only solid macroalgal particles, but a
small number of studies tested the effects of dissolved organic
matter derived from macroalgal particles [24, 143-144]. There
was one study that included the growth of oysters fed SCD from
Saccharina latissima, as well as growth of oysters fed the feces
of urchins that had been fed S. latissima [160].

Of the studies that included mixed phytoplankton/macroal-
gae, results that included a 25% replacement of phytoplankton
with macroalgae typically had similar or slightly improved
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FIGURE 6 | Mean macroalgal trophic contributions to bivalves as estimated with FA (18:2w6 and 18:3w3) for individual and grouped macroalgal

Phylum/Class for 11 published studies which examined the trophic relationship between macroalgae and bivalves using FA.
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health metrics compared to a phytoplankton only diet (i.e.,
similar wet weight; 90% to 88% survival, or 60% to 70% spawn-
ing) [134, 141, 161]. For bivalves fed a 50:50 diet of phyto-
plankton:macroalgae, the growth of the bivalves was found
to decline slightly, but not significantly from the 75:25 diet of
phytoplankton:macroalgae, but on a 25:75 phytoplankton:mac-
roalgae diet, bivalves typically experienced a dramatic decline
in health and growth in comparison to the other diets (Table S1)
[134, 141, 161-162]. There was only one study where the diet of
only macroalgae resulted in a similar growth to the diet of only
phytoplankton [156], while in all other studies a 100% macroal-
gal diet resulted in significantly lower growth/health metrics
compared to the phytoplankton or mixed diets, although the
diet preparation methods (fresh/aged/SCD) varied among the
studies [134, 141, 146, 155, 158-163]. Rarely did growth on a
mixed diet of phytoplankton and macroalgae exceed a diet of
only phytoplankton, and in cases where it did, the macroalgae in
the diet was an addition to a baseline phytoplankton diet, not as
a replacement for any phytoplankton in the diet [159].

The choice of macroalgae species used in the preparation of ex-
perimental diets for bivalves were generally native or naturally
occurring wild species of macroalgae or vascular plants (i.e.,
seagrasses) that occur in similar locations as the bivalves spe-
cies studied, but in some cases commercially available ground
macroalgal material was used [130, 161-162]. Three studies with
SCD macroalgal diets resulted in 100% mortality of the fed bi-
valves, two studies with bivalve larvae and juveniles fed Pyropia
spp. and one study with larvae fed S. latissima [141, 155, 158].
Several other studies report feeding juvenile bivalves particles
from a range of macroalgal species in the Phylum Rhodophyta
(Gracilaria sp., Chondrus sp., Corallina sp., Rissoella sp.) with no
increase in mortality or positive ingestion rate [140, 144, 163-164].
The complete mortality of the larval and juvenile bivalves on the
Pyropia spp. could indicate that the mortality in the studies with
Pyropia spp. is related to the specific biochemical components
in the macroalgal or a lack of digestibility of the material, but as
the studies involved different species of bivalves and macroal-
gae [141, 155] this is only speculative. The other study to focus
only on larval bivalves, tested ingestion on a presence/absence
basis, so it is unclear if the life stage used was a contributing
factor to the increases in mortality [142]. Many macroalgae
contain anti-grazer chemical compounds, such as polyphenols
(Phaeophyceae) and halogenated compounds (Rhodophyta),
that deter grazing by herbivores and can bind to proteins, thus
potentially limiting the potential nutritional value of macroalgal
material consumed by bivalves [165]. Polyphenol concentrations
in macroalgae were only measured in two published studies, in
which polyphenol concentrations displayed an exponential re-
duction over 8days and did not affect ingestion of the macroal-
gal material by bivalves [145, 147]. Three out of the 19 studies
measured changes in enzyme activity in the digestive gland and
the alimentary canal of bivalves when fed macroalgal material
or for seasonal changes for wild populations depending upon
the diet (macroalgae:phytoplankton ratios). These findings in-
dicate that bivalves are able to adjust their digestive processes
to the available food sources, with the changes in the digestive
enzymes appearing to reflect the different biochemical compo-
sition (i.e., lipids, proteins, carbohydrates) of the available mac-
roalgae [23, 134, 155]. Some macroalgal diets were damaging to
the bivalves, as shown in the histology of the digestive gland for

M. gigas fed on U. clathrate which showed tissue damage and
atrophy [155].

3.3.2 | Absorbance Efficiency for Experimental Feeding

The 12 feeding studies that measured AE for bivalves that were
experimentally fed a range of macroalgae and vascular plant
material (i.e., seagrasses) produced varying estimates among
species and diets (Table 3). This may be due in part to differences
in the experimental arrangements among studies, which have
included static feeding over varying timescales of hours to min-
utes to weeks (Table 3). The lowest macroalgal AE (3%-9% AE)
from over 12 published studies which measured AE in bivalves
fed macroalgal material, occurred in the species A. segmentum,
in feeding studies that used *C radiolabelled macroalgal diets
to measure the transfer of nutrients between diets and bivalve
tissues [164, 166]. Radiolabelled macroalgal diets were also used
in three other studies that resulted in moderate AE (25%—-53%)
for the bivalve species A. ater and P. viridis, indicating it may
be a related to the species of bivalve or macroalgae used, but
it is difficult to draw any conclusions without a phytoplankton
AE baseline for comparison [164, 166-168, 170]. The one study
using enriched isotopes found comparable AE between phyto-
plankton (54%) and macroalgae (54%-71%), but the number of
bivalves that consumed the macroalgal material (25%-30%) was
significantly lower than for the phytoplankton (75%) [157]. The
methodology for measuring absorbance of nutrients from food
by filter feeding organisms has changed over time. Originally,
Conover's mass balance model was widely used, which ac-
counted for the organic content of the food ingested compared
to the egested feces. Increasingly, this model has been modi-
fied to also account for the production of pseudofeces and the
metabolic cost of digestion that processing particulate organic
matter can incur [20, 173-174]. For this reason, two studies only
reported measurements of gross rates of absorption, as they
were unable to account for losses in bivalve tissues during diges-
tion of the ingested macroalgal material [171, 172]. Four of the
12 published studies reporting AE for bivalves feeding on mac-
roalgal particles used either Conover's method or a variation on
the method as detailed by Iglesias et al. (1998), which is the cur-
rently accepted standard method for measuring gross absorp-
tion efficiency in bivalves [23, 139, 140, 157, 169]. Only one study
looked at AE in wild bivalve populations utilizing diets derived
from naturally occurring macrophytes among seasons, and the
results indicated that the AE of the different diets was related to
changes in the digestive capabilities of the bivalves [140].

In the five published studies measuring AE in bivalves feed-
ing on macroalgal material where there was a phytoplankton
control diet, the corresponding mean AE for the phytoplank-
ton diet (42%-77%) was not significantly different from the AE
of the macroalgal diets (45%-80%) [140, 157, 167, 171]. In cases
where vascular plant material was used (i.e., seagrasses), the
mean AE for the plant material was typically slightly lower
than that measured for the phytoplankton or macroalgae pos-
sibly indicating that there are components present in vascular
plant material, such as lignocellulose, that are indigestible by
bivalves [23, 140, 164, 166, 169]. The dietary material used in
these feeding experiments was fresh freeze dried plants or mac-
roalgae which could be expected to have a different biochemical
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TABLE 3 | Compilation of published studies (n=12) that calculated absorbance efficiency (AE) of bivalves fed on different experimental diets
incorporating phytoplankton, macroalgal, or vascular plant material. Means are grouped by bivalve species, diet macroalgal classification, and diet

preparation. Means and SD are collated from individual measurements.

Author and feeding
Bivalve species  Diet preparation Diet classification n Mean AE (+ SD) duration
Abra segmentum Freeze dried/ Chlorophyta 2 83+1.7 Charles et al. [164] (4-48h)
ground Phaeophyceae 7 5.0+3.7 Charles [166], Charles
et al. [164] (2h) (4-48h)
Rhodophyta 2 9.2+3.5 Charles et al. [164] (4-48h)
vascular 2 2.8+0.4 Charles [166], Charles
et al. [164] (2h) (4-48h)
Aulacomya ater Aged particles/ Phaeophyceae 34 52.6+8.7 Stuart et al. [167, 168] (4h)
bacterial growth phytoplankton 4 48.8+10.3 Stuart et al. [168] (4h)
Cerastoderma Freeze dried/ Chlorophyta 14 54.3+12.1 Arambalza et al. [23,
edule ground 140, 169] (3-10days)
phytoplankton 3 42.3+12.5 Arambalza et al. [140] (3days)
Rhodophyta 3 45.3+31.5 Arambalza et al. [140] (3 days)
vascular 12 33.0+£21.7 Arambalza et al. [23,
140, 169] (3-10days)
Mercenaria Freeze dried/ Benthic microalgae 2 46.6 1.8 Secrist [157] (2-3h)
mercenaria ground Chlorophyta 2 54.0+6.3
phytoplankton 2 54.5+17.3
Rhodophyta 2 70.9+9.6
Laternula Freeze dried/ Phaeophyceae 4 41.5+11.4 Tatian et al. [139] (30 min)
elliptica ground
Perna viridis Aged particles/ Chlorophyta 1 25.3+0.0 Pan & Wen-Xiong [170] (3 days)
bacterial growth )0 ohviaDOM 1 0.01+0.0
Placopecten Aged particles/ Phaeophyceae (C, N) 4 80.5+13.6 Cranford & Grant [171],
magellanicus bacterial growth phytoplankton (C, N) 5 77.0+10.4 Grant & Cranford [172]

(8 weeks, 52days)

and microbial composition compared to eroding/decaying ma-
terial [23, 140, 164, 166, 169, 175-177]. Typically macroalgal
and vascular marine plant material has a higher C:N ratio than
phytoplankton, which can be used as a proxy measurement of
nutritional suitability, and is altered by aging/bacterial coloni-
zation of particulates [147, 177-179]. Overall, the mean AE mea-
sured for bivalves feeding on phytoplankton and macroalgal
material ranged greatly among the 12 studies (5%-80% AE), but
there was no clear pattern among the species of bivalve or mac-
roalgae, and/or diet preparation (Table 3).

4 | Discussion
4.1 | Feeding Studies and SI Studies
The majority of the SI studies reviewed were focused on map-

ping the transfer of energy for natural populations of organisms,
rather than for organisms in an aquaculture setting, although

there were six studies that used SI and/or FA for determining
contributions of macroalgae to bivalves in an aquaculture setting
in the field [55-57, 68, 69, 78]. The feeding studies were primar-
ily focused on understanding consumption of detritus by bi-
valves or determining methods for the production of alternative
food sources for raising bivalve larvae and juveniles. The results
of the studies of experimental feeding of bivalves with macroal-
gal material are consistent with the SI studies of ambient diets in
natural environments, with both sets of studies confirming that
bivalves can generally consume and assimilate macroalgal de-
tritus [23, 53-55, 58, 61-63, 70, 76, 79-83, 109-111, 134, 140, 141,
145,155,157, 158, 160-163, 169]. However, the collective growth
metrics from these feeding studies suggest macroalgal trophic
contributions to growth are typically inferior when compared to
a phytoplankton diet. This is in line with some trophic studies
that have found differences in the SI of bivalves between areas
with and without kelp, but find that bivalve growth is primarily
tied to phytoplankton abundance [110, 180]. The short term AE
studies would indicate that bivalves have the capacity to ingest
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and make some use of macroalgal material, which in some in-
stances can be comparable to AE of a phytoplankton diet, but the
long-term feeding studies indicate that macroalgal material is
inferior for supporting growth in bivalves in the same manner as
phytoplankton [130, 134, 146, 160, 161, 163]. The widely applied
AE measurements provide a useful snapshot measure of the
consumption of material and even though material is ingested, it
does not mean it is assimilated at the same efficiency over longer
time periods [173, 174, 181-182]. The lack of alignment between
the results of short-term AE measurement and long-term feed-
ing experiments for bivalves fed with macroalgal material indi-
cate that research is yet to fully understand the ability of bivalves
to derive nutrition from detrital organic material from sources
other than phytoplankton [23, 134, 145, 146, 161, 163, 168]. The
reason for the indigestibility of the macroalgal material could
be due to several reasons, either the biochemical makeup of the
macroalgal material limits the availability of the material to
bivalves or the macroalgal material contains compounds that
actively inhibit bivalve growth [165, 178]. Feeding studies that
deliver enzymatically digested macroalgal material created
through the use of hydrochloric acid, cellulose and endogluca-
nase enzymes or the addition of bacteria would have altered the
polysaccharides of the macroalgae, potentially making them
more digestible to bivalves [24, 134, 142, 145, 146, 155, 158-160].
In some cases, this degraded macroalgal material resulted in
higher ingestion rates or better growth in the bivalves, but this
was not consistent among macroalgal species likely due to dif-
ferences in biochemical composition among macroalgal species
and the varying capacity of bivalve species to digest the material
[24, 134, 142, 145, 146, 155, 159]. In the small number of studies
where bivalve growth was comparable or greater on macroalgal
material than phytoplankton, the amount of macroalgal mate-
rial needed was often a magnitude or more than the amount of
phytoplankton required to achieve the same growth [24, 159].

4.2 | Stable Isotopes and Macroalgal Contributions

The total average macroalgal contribution to the diets of bi-
valves as estimated by SI from all the field studies combined
was 23.7% £ 21.6%, but with a range of 0%-99% depending upon
the seasons and location of the measurements [61, 62, 74, 183].
For the bivalve orders where it was possible to use the data in a
model, the covariates of the macroalgal Phylum/Class, season,
and carbon TEF/TDF only accounted for 22% of the model vari-
ation, whereas the random factor of study ID was responsible
for another 33%, suggesting that differences among individual
studies had a strong influence on the estimated macroalgal con-
tribution to bivalves. Overall, there are still variables that can-
not be explained by the model. There was a strong relationship
between the decline in macroalgal contribution to bivalves with
increasing carbon TDF. The large influence that the TDFs had
on determining estimates of macroalgal utilization by bivalves
emphasizes that the mixing models have inherent biases de-
pending upon the parameters chosen [184, 185]. Indeed, some
authors are clear that there can be significant differences based
on the TDFs chosen, and that understanding how much of spe-
cific food sources are available in an environment and how an
organism feeds can help to determine which TDFs are best ap-
plied for the organisms in question [70, 76, 123, 186]. The TDFs
determined for bivalves are typically based on specific TDFs

determined for a few specific bivalve species fed phytoplankton
diets or based on general TDFs determined for organisms based
on their metabolism (poikilotherms vs. homeotherms) and envi-
ronment (aquatic vs. terrestrial) [31, 32, 123, 127, 128, 184].

For the majority of the bivalve orders, there was no clear differ-
ence in the trophic contributions among the various Phylum/
Classes of the macroalgae. Only the order Mytilida had greater
trophic contributions from among different macroalgal Phylum/
Classes. This could be expected as the order Mytilida accounted
for 34% [187] of estimates in total and is among the most stud-
ied of the different bivalve orders [4, 120]. The higher trophic
contributions for the combination of macroalgal Phylum/Class
over individual Phylum/Classes may relate to the potential for a
mix of macroalgae to provide a more diverse diet nutritionally,
potentially overcoming any deficiencies from relying on feeding
on a single macroalga and also more realistic in terms of the mix
of particles from different macroalgae that would be present in
the seston in situ. This lack of difference could be related either
to aspects of the bivalve physiology/feeding methods, the mac-
roalgal biochemical composition or degradation state, and the
general availability of the detritus in the water column among
different locations in which it has been measured for these pub-
lished studies.

There is evidence that the parts of macroalgae sampled will
have different SI signatures [147, 188-189]. The SI signatures
of macroalgal meristematic or growing tissues are affected by
environmental characteristics (i.e., nutrients, light, tempera-
ture, carbon availability), and longer-lived perennial species
can have different SI signatures for growing and eroding tissues
[190, 191]. Additionally, as different macroalgal species have
different growth morphology (i.e., basal or apical meristematic
growth) the sections of macroalgae sampled for ST analyses can
have an impact on the SI signature when used in mixing models
to assess the utilization of macroalgal material by bivalves if it is
assumed that material available to the bivalves is coming from
the eroding sections rather than the fresh material [175, 189].
For annual macroalgal species, such as some species of Ulva
(Chlorophyceae) and Undaria pinnitifida and Nereocystis lu-
etkeana (Phaeophyceae), the trophic contributions to bivalves
would be expected to be higher during their senescence, but
there was not enough evidence to distinguish a difference be-
tween seasonal estimated consumption of these macroalgae to
bivalves from the published studies [57, 61, 62, 70, 84, 112, 123].

The degradation of kelp and other macroalgal material is an as-
pect of trophic studies that can be difficult to capture and define
due to the changing composition of detrital matter in coastal
ecosystems [21, 25, 36, 192]. Often there are changes in mac-
roalgal and phytoplankton contribution to particulate organic
matter (POM) that result in gradients of the macroalgal con-
tributions along coastal areas or create seasonal differences as
measured by SI methods in bivalves [21, 25, 35, 193-194]. In SI
trophic studies, the practice of using the SI of offshore phyto-
plankton as a baseline for adjusting samples from coastal waters
which contain contributions from both phytoplankton and other
organic sources has been criticized as it can artificially inflate
the contribution from macroalgae and other sources due to fun-
damental biological differences between coastal and oceanic
phytoplankton [36, 37, 195]. Some research has tried to clarify
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the differences in macroalgal/phytoplankton contributions to
bivalves and has found spatial differences in contributions due
to weather and upwelling/downwelling effects altering SOM/
POM composition [21, 73-76, 113]. Other techniques have been
developed to separate organic detritus and phytoplankton in
seston so their SI contribution can be measured separately, for
example microscopically [192], via density fractionation [196],
staining [197], or flow cytometry [198] but these techniques
can be difficult and time consuming to implement, and there-
fore not always feasible. As such, the focus has turned toward
implementing complementary techniques such as FA analysis
or EAA tracing of specific biochemical components in an effort
to more accurately elucidate the trophic contributions of mac-
roalgae to bivalves [25, 199-200]. Additional methods such as
the addition of enriched isotopes or radioactive tracers added
to environments are useful in accounting for the role that bac-
terial organisms have in recycling materials [201]. Collectively,
these techniques allow further investigation into how POM and
dissolved organic matter (DOM) breaks down in coastal envi-
ronments, and how bacteria and detrital processes alter the bio-
chemical composition of POM that cannot always be elucidated
with ST alone [202-205]. Research on the decay processes and
microbial colonization of macroalgal material (POM and DOM)
shows clear changes in the amount and types of microbes, as
well as the changes in C:N ratios that occur as the macroalgae
decays, although the exact biochemical changes are not well de-
scribed [145, 175-177, 179, 206-207].

4.3 | Feeding Experiments and Macroalgal
Composition

As macroalgae usually have high amounts of complex carbohy-
drates (i.e., polysaccharides) in comparison to phytoplankton,
changes in their biochemical composition (i.e., carbohydrates,
proteins, lipids) may serve to make the macroalgal particles di-
gestible to the bivalves either through the addition of bacteria or
the breakdown of the various polysaccharides by the bacteria
from the kelp material [178, 208-210]. For the optimal growth
and survival of larval and juvenile bivalves, the optimal diet
typically consists of multiple species of phytoplankton to com-
pletely meet their nutritional needs (lipid, carbohydrate, and
protein) as the biochemical composition of different phyto-
plankton will differ significantly between species [211, 212].
The general biochemical composition of macroalgae as a whole
(i.e., lipid: 3%, protein: 10%, carbohydrate: 49%) [178] is very
different from phytoplankton which tend to have a higher lipid
and protein content (i.e., lipid: 17%, protein: 32%, carbohydrate:
15%) and a lower C:N ratio [211, 213-214]. Lipid, especially the
essential FAs of docosahexaenoic acid, eicosapentaenoic acid
and arachidonic acid, are crucial in bivalve diets, and without
good dietary sources, growth can be limited, especially in early
developmental stages [211, 212, 215]. Bivalve feeding studies
that have compared the biochemical composition of available
phytoplankton to macroalgae have consistently found they are
very different [23, 134, 155, 161-162]. These differences would
explain the reduced growth for bivalves in long term feeding
experiments after a certain percentage of replacement (50%—
100%) of phytoplankton with macroalgae in the diet, despite
the often similar rates of AE for bivalves fed macroalgae and
phytoplankton, indicating that the biochemical composition of

the macroalgal material does not support the same growth rates
as the phytoplankton material [23, 134, 141, 160, 161, 168]. In
addition, the biochemical composition of the polysaccharides in
macroalgae are very diverse and can sometimes affect the di-
gestion and gut microbial composition of organisms that con-
sume some macroalgae [210, 216-219]. Based on the changes
in digestive enzymes of bivalves fed on different diets, clearly
some bivalves have the ability to adjust their capacity to digest
different food sources [23, 140, 155]. However, the results of the
long term feeding experiments suggest there is reduced growth
due to incomplete nutrition or interference to the digestive sys-
tem of the bivalves when consuming most macroalgal material
[23, 134,155, 169]. With the application of microbial and enzyme
degradation of macroalgal material to simulate the natural
decay process or make particles more palatable or more bio-
available for bivalves, it would be expected that the biochemical
differences would affect ingestion or absorption by the bivalves
[134, 140, 144, 175, 179, 206, 220]. However, bivalve feeding
studies comparing diets of fresh and aged particles have gener-
ally produced mixed results with differences appearing to result
more from the macroalgal species that are used. This would in-
dicate that biochemical differences among macroalgal species,
including after degradation, are probably an important factor af-
fecting the capacity of bivalves to digest the material [145, 146].
Whichever metrics are used to measure consumption, digestion,
or growth in the feeding experiments, it is clear that the species
of macroalgae from which the particles are derived have a large
effect on the ability of bivalves to utilize them. Several feeding
studies have tested multiple macroalgal species, and even for the
same genus of macroalgae, have found differences in the mea-
sured characteristics [143-146, 155, 157, 163].

The mortality of some bivalves in feeding experiments suggest
that damage by ingesting macroalgae is dependent on the spe-
cies of macroalgae used in the diet and while the majority of the
macroalgae species appear to be digestible by bivalves at lower
rates than phytoplankton, some macroalgal species (Pyropia
spp.) may contain compounds that are actively harmful to bi-
valves when consumed [141, 155]. Macroalgae produce a num-
ber of secondary metabolites (i.e., phlorotannins, halogenated
compounds, etc.), which serve a wide variety of purposes, such
as UV protection and wound healing [187, 221-222] as well as
impacting grazers [165, 223]. While only two studies measured
and noted a decline in concentrations of one type of metabolite
(i.e., phlorotannins) in macroalgal particles over time, which
was correlated with a slight increase in CR of one macroalgal
species, there is not currently enough evidence to determine
what effect phlorotannins have on bivalve feeding and digestion
[145, 147]. Additional research on the effects of secondary me-
tabolites on bivalve feeding could determine which macroalgal
species and compounds are harmful to bivalves.

4.4 | Fatty Acids

The degree to which FAs from macroalgae are estimated to con-
tribute nutritionally to bivalves was relatively low (Table 3). As
macroalgae typically have relatively low lipid (3%) content com-
pared to most phytoplankton (17.3%), it is not surprising that the
estimated contributions of macroalgae FAs to bivalves are low as
well [40, 178, 214, 224]. Additionally, the FA content of bivalves
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varies with species, age, and reproductive stage; thus, contribu-
tions from macroalgae would be expected to change depending
upon the individuals sampled and the time of year sampled
[40,178,225]. Although FA tracers provide another useful tool for
understanding complex trophic relationships, the dominance of
carbohydrates/polysaccharides in macroalgae greatly limits the
effectiveness of these methods for tracking trophic contributions
from macroalgae in comparison to phytoplankton, which gener-
ally have higher lipid content [40, 41, 178, 212, 226]. Therefore,
to create a complete picture of macroalgal utilization by bivalves
in the wild, it is desirable to use SI in conjunction with FA or AA
tracers to provide a more complete understanding of the food
sources utilized by bivalves based on the biochemical composi-
tion of different food sources [25, 178].

4.5 | Implications for Aquaculture

The determination of the nutrition of organisms in natural food
webs relies extensively on SI methods, but these methods are
also used in aquaculture to determine how organisms assimi-
late different formulated feeds and interact with their environ-
ment [26, 227]. Successful examples of co-culture have used SI
to monitor how the inputs from some organisms affect the com-
position of the co-cultured organisms when compared to each
of the species grown alone [228-230]. The SI studies that were
reviewed were rarely targeted primarily for aquaculture, and if
they were, the majority focused on the different available food
sources in an environment and the contribution they made to
the farmed bivalves [55, 57, 68, 123]. One study looked at the
impacts of cultivated kelp on the diets of wild populations of bi-
valves, and there was only one study that made estimates for the
dietary contribution of farmed macroalgae to farmed bivalves in
a specific co-culture setting [56, 69]. Research has advocated for
co-culture in aquaculture based on the potential positive effects
through taking advantage of the ability of bivalves to filter feed
on different organic sources, as well as the ability of macroalgae
to absorb dissolved nutrients derived from co-cultured animals
[1]. There may be other benefits derived from co-cultivation, such
as improving water clarity for macroalgal growth and potential
amelioration of ocean acidification impacts under certain hydro-
dynamic conditions [19, 231]. While there may be growth benefits
to aquaculture organisms when co-culturing fed and extractive
species, this review of SI and feeding studies demonstrates that
there is likely to be a limited growth benefit to bivalves when
co-cultured with macroalgae if macroalgae detritus is consid-
ered as an additional food source to the bivalves [2, 232-233].
The hydrodynamic conditions within a location are important
when considering aquaculture, as currents within an area would
impact the availability of detrital material to bivalves, especially
the amount of kelp particulates available to bivalves and thus
their contribution to bivalve diets [55-57, 68, 69, 78]. Examples
of successful co-culture in aquaculture frequently involve either
fed species and extractive species or take place in an enclosed or
semi-enclosed environment where water or nutrient exchange is
limited [232, 234-237]. While some research has demonstrated
a benefit from bivalves to macroalgae, with increased growth
for macroalgae placed near or on shellfish farms, potentially
due to increases in light or increases in nutrients, this depends
greatly upon the hydrodynamics of an aquaculture location and
the overlap in suitable locations and environmental conditions to

promote growth for the species involved [18, 19, 238-239]. Based
on the review of stable isotope studies alone, it could be presumed
that macroalgal carbon is readily consumed by different bivalve
species when available. The feeding studies have more mixed re-
sults, as in the short term bivalves can digest some macroalgae
at the same level as phytoplankton, but as demonstrated in long-
term studies, macroalgal can only replace phytoplankton up to a
limited amount and mostly does not result in higher growth rates
for bivalves [134, 158, 160, 169].

5 | Conclusions

Based on this literature review, the potential for bivalves to bene-
fit from consuming macroalgal material in a multi-trophic aqua-
culture environment appears to be limited. Stable isotope and AE
studies show that bivalves will consume the macroalgal material
when it is available and that typically some portion of the mate-
rial is digestible and assimilated, but feeding studies indicate that
it does not necessarily improve the growth of the bivalves. The
estimates of consumption of macroalgal material of wild bivalve
populations appears to be more influenced by TDF chosen in
mixing models rather than factors related to macroalgal species
and season. The disconnect between the relatively high absor-
bance efficiencies measured in short-term feeding experiments
with bivalves fed on macroalgal material and the reduction in
growth or increased mortality of the bivalves fed on macroal-
gal material in the long-term would signify that the nutritional
composition of the macroalgal material limits the ability of the
bivalves to digest and utilize the material in the same manner as
phytoplankton. Whether this is due to the high carbohydrate (i.e.,
polysaccharides) content of the macroalgae, or potentially harm-
ful compounds (i.e., polyphenols, halogenated compounds), or
the presence of materials that are physically harmful to the diges-
tive tract is unclear and requires further investigation [165, 178].
Determining which species of macroalgae and the aspects of the
material are harmful to bivalves would be possible to undertake
in the laboratory, but there needs to be consideration of how the
decay and microbial colonization affects the biochemical com-
position of the macroalgal and how this will affect bivalve con-
sumption and digestion [145, 175, 240]. Laboratory feeding and
digestion experiments can determine if there are harmful effects
due to the consumption and digestion of macroalgae by bivalves.
Even if the digestibility of macroalgal particles by bivalves is
limited, site locations and water turnover of an aquaculture set-
ting has significant influence on the growth of bivalve species
in aquaculture and may limit any harmful effects from the co-
culture of macroalgae with bivalves [3, 241-242].
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Supplementary Table 1 Descriptive
feeding studies which fed macroalgal material to bivalves. Data are sep-
arated by diet preparation methods (Aged/bacterial, fresh/freeze dried,
or single cell detritus). Details of how each diet was prepared, bivalve
species used, macroalgal species, duration and amount of feeding, and
bivalve health/growth metric. The effect of each diet was classified
based upon the control diet used (s), with diets having a similar effect to
the control marked as (O), while positive effects compared to control (+),
and negative effects compared to control (— or —).
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