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Determining the transfer and transformation of organic matter in food webs
is a fundamental challenge that has implications for sustainable manage-
ment of ecosystems. Fatty acids (FA) offer a potential approach for
resolving complex diet mixtures of organisms because they provide a suite
of molecular tracers. Yet, uncertainties in the degree of their biochemical
modification by consumers, due to selective retention or metabolism, have
limited their application. Here, we consolidated 316 controlled feeding
studies of aquatic ectotherms (fishes and invertebrates) involving 1404
species—diet combinations to assess the degree of trophic modification of
FA in muscle tissue. We found a high degree of variability within and
among taxa in the %FA in consumer muscle tissue versus %FA in diet
regression equations. Most saturated FA had weak relationships with the
diet (r*<0.30) and shallow slopes (1 <0.30), suggesting a lack of retention
in muscle when fed in increasing amounts. Contrarily, several essential
FA, including linoleic (18:2n-6) and o-linolenic acid (18:3n-3), exhibited sig-
nificant relationships with the diet (m>0.35, r*>0.50), suggesting supply
limitations and selective retention in muscle by consumers. For all FA,
relationships strengthened with increasing taxonomic specificity. We also
demonstrated the utility of new correction equations by calculating the
potential contributions of approximately 20 prey items to the diet of selected
species of generalist fishes using a FA mixing model. Our analyses further
reveal how a broad range of fishes and invertebrates convert or store these
compounds in muscle tissue to meet physiological needs and point to
their power in resolving complex diets in aquatic food webs.

This article is part of the theme issue ‘The next horizons for lipids as
‘trophic biomarkers’: evidence and significance of consumer modification
of dietary fatty acids’.

1. Introduction

Fatty acids (FA) play important roles as key physiologically active compounds
in heterotrophs and as tracers of organic matter pathways in food webs. In this
regard, they are increasingly used as ‘dietary biomarkers’ for consumers [1]. FA
can selectively be retained by organisms as structural components of cellular
membranes (as phospholipids) and as storage lipids (e.g. triacylglycerols)
and/or act as important precursors for regulatory compounds such as eicosa-
noid hormones [2]. The availability of certain FA, especially polyunsaturated
FA (PUFA), differs among food sources [3,4], and animals vary in their ability
to synthesize these compounds de novo [5]. As such, understanding origins and
transformation pathways of FA in both natural ecosystems and animal pro-
duction systems is important for identifying limits on the health and quality
of wild and captive-reared animals [6-8].

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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Tracing the diets of wild animals has long been a subject
of study because food webs underlie ecosystem structure,
and the provision of food can limit animal populations. Sev-
eral options exist for tracing animal diets [9] that range from
traditional methods, such as direct observation or gut content
analysis, to more recent techniques involving isotopic or mol-
ecular markers. For example, the analysis of stable isotope
ratios of carbon and nitrogen in bulk tissues offers a useful
means of identifying foraging behaviours, although it does
not typically allow the identification of individual prey
items because of limits on its resolving power. Most studies
involve only two tracers (**C/'*C and “N/"N) [10] and
resources often have similar isotopic values. Compound-
specific isotope analysis of FA and/or amino acids have
high resolving power and are slowly becoming mainstream
[11,12], but technical challenges remain and limit their wide-
spread adoption (see [13]). Since the potential number of food
items available for consumption can be vast, our ability to
differentiate among single items will always be limited by
the number of tracers that can be applied [9].

FA may offer a compromise between the ease of low-
resolution bulk stable isotope analysis and the technical
demands of high-resolution compound-specific isotope
analysis. There are known differences in FA profiles among
dietary sources within and among food webs [14-16]),
with, for example, aquatic primary producers such as algae
having greater long-chain ©-3 PUFA content than land
plants [3]. Controlled feeding studies of fishes and invert-
ebrates demonstrate strong correlations between dietary
PUFA supply and PUFA in muscle tissues (e.g. [17-19]).
Applying these principles to marine and aquatic mammals,
Iverson et al. [20] first demonstrated how FA profiles in fat
storage tissues (adipose tissue and blubber) could be used
to estimate proportions of dietary resources retained in con-
sumers. They developed quantitative FA signature analysis
(QFASA) by feeding pinnipeds long-term single-source
diets and subsequently measuring specific calibration coeffi-
cients, i.e. the ratio of FA proportions in the stored fat
tissue of the consumer to FA proportions in the diet. They
then applied these calibration coefficients to wild-caught
individuals (marine mammals and seabirds) to estimate
their diet (summarized in [21]). This approach, while success-
ful, has been criticized because of potential species-to-species
variation in the trophic modification of FA from the diet
[22-24], and the choice of values for trophic modification
has clear implications for mixing model outputs [25].

Different species have different FA requirements [5],
especially among tissue types, and as such, it is likely that
different species will alter the relative proportions of a
given FA in a given tissue to varying degrees. Rearing the
species of interest on relevant diets and building a prey FA
‘reference library’ is one way to directly account for trophic
modification [26], but this is largely impractical for most
species, especially in complex, species-rich food webs. In situ-
ations where the number of sources is large, new tools are
available for applying FA data to estimate diet, all of
which involve Bayesian frameworks that allow the creation
of probabilistic distributions [27-29]. Regardless of the mod-
elling approach used, an estimation of organism FA trophic
modification is needed.

The search for replacements for fish oils in fish feeds has
led to a proliferation of controlled feeding studies in fishes
and invertebrates where FA supply is manipulated to

determine minimal and optimal FA levels for growth, repro- [ 2 |

duction and survival [5,30]. Collectively, such studies offer a
rich dataset with which to establish the degree of trophic
modification of FA by ectothermic aquatic animals. We com-
piled a large database (23391 observations) of controlled
feeding studies to answer questions about the trophic modi-
fication of FA within and among fish and invertebrate taxa.
Our overall goal was to compile a dataset of experimentally
generated FA profiles that could be used to quantify cali-
bration coefficients for a broad range of taxa and
parametrize quantitative FA mixing model analyses. We
hypothesized that ectothermic animals would selectively
retain dietary PUFA in their muscle tissue, including the
two essential PUFA linoleic acid (18:2n-6) and o-linolenic
acid (18:3n-3), as well as arachidonic acid (20:4n-6), eicosapen-
taenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-3),
because they cannot be synthesized de novo or are ineffi-
ciently converted. We used the slope of the regression of %
FA in the consumer versus %FA in its diet as an indicator
of FA retention, and predicted that the above-mentioned
PUFA would have the highest slopes. We then demonstrated
the application of the regression equations in estimating diet-
ary source proportions for an Australian freshwater food
web. We conducted these analyses to chart a path forward
for applying FA contents in muscle tissue to determine
animal diet, but also to yield insights on how animals inte-
grate FA profiles from their diets to meet their
physiological needs.

We used Web of Science to find articles containing FA data in
controlled feeding studies of fishes and invertebrates where ani-
mals were fed a single food source. We began by compiling all
papers that cited Iverson et al. [20]. After exhausting that list,
we used search terms that included PUFA’ + ‘fish’ + ‘feeding’,
‘PUFA’ + ‘shellfish’ + ‘feeding’, PUFA’ + ‘shrimp’ + ‘feeding’, etc.
to cover most common aquatic taxa, from freshwater, lacustrine
and marine systems. Altering terms slightly (e.g. PUFA’ to ‘fatty
acid’) returned similar results. We only used studies where tabular
data were available for both diet and consumer. We focused on
muscle tissue because this is the most commonly measured
tissue in feeding studies of fish and invertebrates. We assumed
that all consumers were ‘in equilibrium’ with their diet, meaning
that any dietary FA signal was fully incorporated into the consu-
mer tissues. This assumption likely did not hold in all cases,
especially for short-term studies with adult organisms, and con-
tributes to some of the scatter we observed in the regression
analysis. In very few cases do we know the true tissue-turnover
time for FA, which is an important area for future research [31].
Upon compiling the database, we narrowed it further by
excluding rarely measured FA: any compound with less than
100 observations in the database was excluded. This left us
with 35 individual FA ranging in sample size from n =144
(24:0) to n=1440 (18:2n-6). Of the 121 species represented in
the database, the most common were Atlantic salmon (Salmo
salar; n=149 animal-diet data points), rainbow trout (Oncor-
hynchus mykiss; n=113), European sea bass (Dicentrarchus
labrax; n=83), Nile tilapia (Oreochromis niloticus; n = 65), barra-
mundi (Lates calcarifer; n=>57), gilthead sea bream (Sparus
aurata; n=>56), Senegalese sole (Solea senegalensis; n=238) and
murray cod (Maccullochella peelii; n=31), all finfish species. The
most common non-finfish animals were giant tiger prawn
(Penaeus monodon; n=26), green abalone (Haliotis fulgens; n=
18), green sea urchin (Strongylocentrotus droebachiensis; n=14),



Japanese disc abalone (Haliotis discus hannai; n =13) and Chinese
prawn (Penaeus chinensis; n=12).

We calculated regression parameters (consumer %FA versus
diet %FA) using the nlme package in R [32]. We began by calcu-
lating these statistics for all taxa combined (electronic
supplementary material, table S1). We then recalculated the
same regression parameters by class, order and family. In all
cases, residuals were not distributed normally according to Sha-
piro-Wilk tests (p < 0.05), but regressions are robust to normality
violations when sample sizes are large. A larger concern with the
regressions was the increasing variance observed with increasing
values of the independent variable for some FA (electronic sup-
plementary material, figure S1). That is, error was greater when
the proportion of the given FA was higher in the diet, indicating
heteroscedasticity. This will be an ongoing challenge with the
application of the method, as most data are clustered near the
origin simply due to the diets fed to consumers in experimental
trials, and we know comparatively less about consumer
responses to being fed a diet with a high proportion of a single
FA. We attempted logit transformations [33] for a subset of the
regressions and were unsatisfied with the result (residuals
remained non-normal), so we opted to use the untransformed
proportions and accepted that this could introduce further
error into the models.

To determine how the level of taxonomic specificity affected
the resolution of the regression equations, we ran general linear
models with %FA in the consumer as the response variable, %
FA in the diet as a covariate and taxonomic classification as a
fixed factor. For this fixed factor, we ran the model four separate
times with different levels of specificity (no classification, class,
order and family) and observed the change in model fit *?)
with progressively more specific levels of taxonomy. Because
we did not perform tests on these data or report p-values (focus-
ing only on goodness of fit through r?), we did not transform the
data to improve normality and homoscedasticity.

To test for effects of habitat and diet, we focused on the fish
portion of the dataset (approx. 80% of all observations), and
using Fishbase [34], we classified each species as marine, fresh-
water or diadromous, and its diet as herbivorous, omnivorous
or carnivorous. We then compiled slope estimates for species
belonging to these categories and tested for differences among
them using one-way ANOVAs in R, separately for each FA in
the dataset. Since these data were also not normally distributed,
we re-ran them using a non-parametric test (Kruskal-Wallis test
with Dunn’s test for post hoc comparisons).

To demonstrate the application of the new FA trophic modi-
fication correction equations in a mixing model, we analysed a
dataset for a food web from Australian waterholes [35]. This
dataset contained three dominant fish species—two native
species (bony bream Nematalosa erebi and yellowbelly Macquaria
ambigua) and invasive common carp (Cyprinus carpio). Previous
work on this food web based on stable isotope ratios of C and
N had calculated proportional estimates of diet from four organic
matter pathways—C4 grasses, C3 leaf litter, plankton and per-
iphyton. Model outputs had suggested that bony bream were
most strongly connected to the pelagic zone (plankton), while
common carp had a significant contribution of terrestrial organic
matter (C3 and C4 plants) to the diet [35]. The use of a four-
source, two-tracer (8'°C and §'°N) mixing model in that study
greatly simplified the complexity of this system because there
were greater than 20 different diet items for which data were
available. Thus, it offered an opportunity to apply a FA mixing
model that could resolve more potential sources than were
possible with isotopes alone.

With the model, we attempted to resolve the diets of the three
fish species. We applied the Actinopterygii (ray-finned fishes)
correction equations (table 1) to source data to create expected
FA distributions in muscle for each species if they were feeding

solely on each source. This is theoretically equivalent to creating n

a FA reference library (i.e. [26]), but by rearing each consumer on
several diets and using the average trophic modifications across
various diets as a universal correction for that class of consumer.
Bony bream and common carp both feed on a mix of plant
matter and invertebrates [36], so, from our dataset, we had 20
possible food sources available to their diet (seston, periphyton,
grasses, leaf litter and herbaceous plants, plus 11 families of
insects, three families of crustaceans and mussels). Yellowbelly
do not feed on plants, instead preying on invertebrates and
fishes [36], so there were 21 food sources available to their diet
(11 families of insects, three families of crustaceans, and mussels,
plus large and small bony bream, common carp, goldfish, Hyrtl's
tandan and spangled perch). The equations were linear, so we
substituted each food source’s %FA value in the equation
%FA consumer =M * %FAgiet +b to generate a predicted mixture
value for that source. We used the 20 FA for which we had
data that also had correction equations available, excluding
those FA with weak explanatory power (+><0.20) (table 1). As
an example to show how the correction equations influence FA
distributions, we visualized the yellowbelly data with a non-
metric multi-dimensional scaling (NMDS) plot in PRIMER-e
that displays all FA in the consumer and its sources, both
before and after applying the correction equations. We also
showed data distributions for a subset of individual FA for the
consumer and its sources, before and after correction. We built
these plots to observe whether the mixture remained inside the
‘mixing space’ after correction for trophic modification, a key
criterion for the successful application of mixing models [25,27].
After correcting the sources with our equations as described
above, we ran a 20 FA mixing model (20 food sources for bony
bream and carp and 21 food sources for yellowbelly). We used
MixSIAR [29] with trophic enrichment factors of zero because
the sources were already corrected using the equations. Correc-
tion occurs in a step prior to populating a file for use in
MixSIAR, and the model, designed for stable isotope data,
adds trophic enrichment factors to sources to create mixtures.
To include error associated with the correction equations, we
used the standard deviation of the slopes. This may underesti-
mate error, so further work on optimizing this term is required.
The large number of food sources and FA tracers meant that
the MixSIAR model approached its practical computational
capacity. The smallest consumer dataset (small bony bream,
n=9), run in a ‘very short’ mode, took approximately 6 h to com-
plete. As such, model runs were limited to ‘very short’ mode
conditions (chain length of 10000, burn-in of 5000, thin of 5)
and did not converge according to the Geweke and Gelman-—
Rubin test statistics. Therefore, results are preliminary and
presented as a demonstration of the potential of the method.

From our database summary, in captive rearing conditions,
consumers retained some FA in muscle tissue but not
others. When all taxa were combined, every FA, except for
17:0, 22:0 and 22:4n-6, had a significant regression between
%FA consumer and %FAgiee (p <0.05, electronic supplementary
material, figure S2 and table S1, and when corrected for mul-
tiple comparisons p <0.001 (0.05/35)), though several of the
significant regressions were weak, having r*<0.1. The FA
with the steepest slope (1 =0.85) was 22:6n-3. Other PUFA
had modest slopes that ranged from 0.4 to 0.6, including
18:2n-6, 18:3n-3, 20:4n-6 and 20:5n-3, as did many of the
monounsaturated FA (MUFA) such as 16:1n-9, 18:1n-7,
18:1n-9, 20:1n-7 and 20:In-9 (electronic supplementary
material, figure S2 and table S1). The shallowest slopes (less
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Table 1. (Continued.)

Malacostraca

(1]
=4
(=]
o
g
v
(s~}
o

Echinoidea

Bivalvia

Actinopterygii

10
120

0.93
0.70

0.98
0.45
0.19

0.06
0.30
—0.07

32

0.12
0.27

071
0.11
0.00
0.17

o

037
157
042
037
0.08
721

660

151

0.02
0.88

0.25

0.28
—0.45

27
43

0.54
0.74
0.16

239
0.32
0.47

—0.15

24
1089

0.51
0.72

0.56
041
04
081

0.68

22:5n6
18:3n3*

56
35

31

0.31
0.14
—11.62

1.64
173

0.86
040
038
036
140

39
23

0.75

0.00

31

0.45
0.05
0.17

1.14
1.66

41

661

0.51
0.25

18:4n3*
20:3n3*

0.07
0.05
0.06

0.53
0.12
11.20

18
23

25

339

532
125

0.62

0.05
0.20

026
031

062
032
~235

32

m

024
024
0.15
0.59

o
31
25

119
035

—0.10

032

155
761

18
3

Vil

0.42
0.55
0.35

057
051

20:4n3

56
53
56

0.08
0.24
0.10

0.10

0.77
0.03

439
143
8.21

20:5n3*
22:5n3*

43

m

210
026

050

1.01

27

010
0.08

869
1135

088
088

0.95
5.15

0.08
0.40

0.51
5.40

039

28

0.47

46

0.41

22:6n3*

than 0.2) were observed for some of the saturated FA (SAFA) “

including 12:0, 17:0, 18:0 and 22:0, and other PUFA such as
22:4n-6.

The use of class-specific regression equations led to
improved model performance (figures 1 and 2). Sample
sizes were relatively small for all classes except for the Acti-
nopterygii, but each class had a unique slope for a given
FA and the goodness-of-fit values for common PUFA were
strong (figure 1 and table 1). For example, gastropods had
shallow slopes (but relatively high %) for the two essential
PUFA (18:2n-6 and 18:3n-3) when compared with the other
FA groups (table 1). Even SAFA that had poor fits when all
taxa were lumped together showed better fits when separated
by class, with gastropods showing shallowest slopes
(figure 2). The r* values for individual regressions were
mostly higher when organisms were grouped according to
taxonomy, and this was further observed by higher 1 of over-
all models when the taxonomic level was specified as a factor,
increasing consistently from no specification to the class,
order, family and species level (figure 3). For all FA, the com-
bination of %FA in the diet and species identity accounted for
greater than 38% of the variation in %FA in the consumer’s
muscle tissue, with ¥>>75% for some FA such as 18:2n-6,
18:3n-3, 20:4n-6 and 20:5n-3 (electronic supplementary
material, table S2). Generally, MUFA and PUFA had tighter
relationships between consumers and their diets (higher %)
than did SAFA, irrespective of the level of taxonomic
classification (figure 3).

There was little evidence for differences in slopes among
fish diets or habitats; the results were largely driven by
variability within categories. Marine fish had higher slopes
than freshwater fish for only three (16:0, 18:4n-3 and
20:4n-3) of the 32 FA tested (electronic supplementary
material, figure S3 and table S3), and only 18:4n-3 was sig-
nificant after correcting for multiple comparisons (p <
0.002; 0.05/32). Applying non-parametric tests yielded simi-
lar results, with five of 32 FA (16:0, 18:2n-6, 18:4n-3, 20:4n-3
and 20:5n-3) showing significant differences among habitats
(marine higher than freshwater), but none after correcting
for multiple comparisons. In the diet comparisons, there
were only higher slopes in four of the 32 FA in carnivores
(18:2n-6, 18:4n-3, 22:4n-6 and 24:1n-9) compared with omni-
vores or herbivores, while omnivores were significantly
higher for only one FA, 17:0 (electronic supplementary
material, figure S4 and table S4). None of these tests were
significant after accounting for multiple comparisons (p <
0.002; 0.05/32). The non-parametric tests yielded more sig-
nificant results (eight of 32), and one of these (20:4n-6)
remained significant after accounting for multiple compari-
sons; in that case, carnivores had a steeper slope than both
omnivores and herbivores.

The correction of sources in the Australian waterhole food
web, according to class-specific correction equations, reduced
the overall dispersion of data, both for all FA (figure 44) and
for individual FA (figure 4b). FA profiles of the consumer
(yellowbelly) were in similar multivariate space as the
sources after correction (figure 4a), and for individual FA,
the mean value for yellowbelly typically was near the mini-
mum or maximum of the distribution of sources after
correction.

MixSIAR model outputs differentiated the diets of the
three fish species (electronic supplementary material, table
S5). Dytiscid beetles were the top-ranked diet item for both
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Figure 1. Composition (% of total FA) of animals, separated by class, for commonly measured PUFA as a function of the FA composition (%) of their diets in
controlled laboratory studies. (a) 18:2n-6; (b) 18:3n-3; (c) 20:4n-6; (d) 20:5n-3; (e) 22:6n-3. Each point represents a unique animal-diet experiment. (Online version

in colour.)

carp (proportion =0.60) and large bony bream (0.51), and
these two fish species also had mussels as the next-highest
contributor. Small bony bream had caddisflies (Trichoptera)
as the greatest proportion (0.26) followed by Dytiscidae
(0.22). Yellowbelly had a mixed diet of caddisflies (0.25),
mussels (0.19), dytiscids (0.19) and goldfish (0.14).

4. Discussion

There was a broad range of relationships between FA in con-
sumer muscle tissue and their diets, with higher taxonomic
specificity leading to tighter relationships. This exemplifies
how organisms do not simply accumulate, but rather
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Figure 2. Composition (% of total FA) of animals, separated by class, for commonly measured SAFA and MUFA as a function of the FA composition of their diets in
controlled laboratory studies. (a) 14:0; (b) 16:0; (c) 18:0; (d) 16:1n-7; (e) 18:1n-9. Each point represents a unique animal-diet experiment. (Online version in colour.)

transform and integrate dietary FA in muscle tissue to meet
their physiological and metabolic needs. Our work highlights
the need for additional controlled feeding studies with poorly
studied organisms (i.e. those not commonly raised for aqua-
culture). Nevertheless, the present data allow the application
of taxon-specific correction equations to several groups of
organisms that lack data from controlled feeding studies,

thus advancing the early work of Iverson et al. [20] to
the use of muscle tissue in fishes and invertebrates and
increasing the scope for dietary source tracing with FA.

The large number of FA examined here makes it difficult
to focus on particular compounds, but several are worth
mentioning. Out of all FA, the highest regression slope was
found for 22:6n-3, which suggests that this long-chain ©-3
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PUFA is more efficiently retained in muscle compared to tends to be conserved in animals [5] and serves as a crucial
other FA that are subject to higher FA catabolism. Because molecule for fish reproduction [37]. It is a major FA in fish
22:6n-3 is a poor substrate for B-oxidation, this compound neural tissues and organs, including the retina and the
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brain [38], and deficiencies can lead to symptoms such as
reduced vision [39]. With a regression slope approaching
one across all organisms considered, 22:6n-3 appears to be
retained even when supplied at high proportions. One limit-
ation of our data is that we used proportions as opposed to
mass fractions (i.e. FA weight per unit biomass), as the
former is the most common format in which FA data are
reported. Had we used mass fractions, we could have
tested whether true oversupply leads to limited retention.
At the opposite end of the spectrum was 22:1n-11, which
tends to be readily oxidized and, as such, should be in low
proportions in consumers [5]. Yet, we calculated a relatively
steep regression slope for this compound (0.48), suggesting
that half of the supply is retained in the examined consumers.
These observations point to the need for further research in
determining the metabolic fate of different FA in muscle
tissues.

Other FA that are involved in metabolic pathways leading
to long-chain PUFA showed varying slopes across taxa in
muscle. Most freshwater fish require approximately 1% of
one or both of the two essential PUFA (18:2n-6 and 18:3n-3)
in their diet [5]. The importance of these PUFA to fishes
was corroborated by relatively high slopes (0.52 and 0.41,
respectively) in this class of organisms. However, the other
classes of organisms (Bivalvia, Malacostraca, Gastropoda
and Echinoidea) had much lower regression slopes for
18:2n-6 and 18:3n-3, and gastropods in particular had shal-
low slopes. This could signify a less critical role for these
compounds as, typically, they are either oxidized for fuel or
rapidly converted to other PUFA. Two other key PUFA,
20:4n-6 and 20:5n3, are oxidized to eicosanoid hormones,
and the latter is a key intermediate in the synthesis of
22:6n-3. Unsurprisingly, both of these long-chain PUFA had
steep regression slopes in fishes (0.52 and 0.51, respectively).
Arachidonic acid enhances the production of reproductive
hormones of some fishes [40], but overall requirements for
this -6 PUFA in fish are still poorly understood [41]. We
note that the Malacostraca showed a steep slope (0.63) for
this PUFA, much higher than that for 18:2n-6 (0.24), perhaps
indicating a preference to convert the essential w-6 PUFA
18:2n-6 to 20:4n-6 [42].

We predicted systematic differences in slopes for some FA
in consumer muscle according to diet category and culturing
habitat (with respect to salinity), but this hypothesis was not
strongly supported in our results. Freshwater fish have great-
est requirements for 18:22n-6 and 18:3n-3 [5]; thus, we
expected steeper slopes for these two compounds. Marine
species, meanwhile, are more likely to need 20:5n-3 and
22:6n-3 to be supplied by the diet because they evolved in
environments with plankton that are high in these com-
pounds and thus no longer faced selection pressure for the
ability to elongate 18:3n-3. Long-chain PUFA are most limit-
ing for marine species [5]. However, we found no strong
difference among habitats for any of those four compounds.
Likewise, there were limited differences between herbivores,
omnivores and carnivores despite potential decreases in
PUFA supply with increasing trophic level for lean top
predators [43]. In freshwater, cold-adapted species (e.g. sal-
monids) require mainly 18:3n-3, while warm-water species
(e.g. tilapia) require mainly 18:2n-6 [5]. Yet, the family Salmo-
nidae had a greater slope for both 18:2n-6 and 18:3n-3 relative
to Cichlidae. Recent work has shown that marine fishes in
polar regions have greater PUFA contents than marine

fishes from the tropics [8]. Additional work with our data- [ 9 |

base could test for differences in slopes in warm- and
cold-water species.

Some compounds had shallow regression slopes, but non-
zero intercepts. This shows that the absence of the compound
in the diet does not mean it will be absent in the consumer’s
muscle. Compounds such as 16:0, 18:0, 18:1n-9 and 22:6n-3
had intercepts of approximately 5 (%FA) or more when all
taxa were combined, meaning that organisms that were
deprived of these FA in controlled rearing conditions still
maintained these compounds, likely as components of cell
membranes or for key physiological processes. This could
also be an artefact of experimental design, with few diets
available that are low in these compounds to enable more
data on responses at low levels. It may also indicate that con-
sumers will maintain minimum levels of certain compounds
through FA synthesis, desaturation or elongation from related
precursor molecules (see [31]). Overall, the presence of non-
zero intercepts further evidences the advantage of using
correction equations as opposed to uniform calibration coeffi-
cients, because the latter would assume zero %FA in the
consumer if there was zero %FA in the diet.

The application of the FA correction equations in a Mix-
SIAR model for the Australian waterhole food webs yielded
dietary source proportions that largely aligned with earlier
stable isotope-based models [35], with greater specificity
than was previously possible, but raised some caveats. The
stable isotope model had estimated that carp had almost
half their diet coming from C4 grasses and a top candidate
as channelling this source to carp was grasshoppers; yet,
while this source ranked fourth highest in the FA model, it
had a low mean proportion (only 0.03). The large contri-
bution of dytiscid beetles to the diet of carp could be
responsible for the transfer of C4 carbon into the food web
because dytiscids are semi-aquatic and stable isotopes had
suggested that C4 plants were their greatest source. Stable
isotope ratios estimated that yellowbelly consumed prey
from a mixture of the planktonic (42%) and C4 grass (43%)
pathways [35], in agreement with their consumption of
filter feeders (i.e. mussels and caddisflies) and dytiscids
shown here. However, the similarly high contribution of
dytiscids to the diet of bony bream is difficult to explain
because they are gape-limited and unlikely to feed on large-
bodied dytiscids. Instead, they feed mostly in the water
column when they are small (73% planktonic from the
stable isotope model), which matches the relatively large con-
tribution from Trichoptera we identified with FA. Stable
isotope ratios implied that larger bony bream still fed in the
water column (44%), but also fed more on periphyton
(25%) than they did when they were small [35], but there
was little evidence for a shift to benthic foraging in the
larger bony bream in our FA model. Setting aside time for
long-duration model runs would be necessary to finalize
these source proportion outputs [29].

Our results chart a path forward for the application of FA
mixing models using ‘off-the-shelf’ correction equations for
taxa lacking experimental feeding trial data. By carefully
incorporating the error associated with both food sources
and trophic modification, we can produce more reliable esti-
mates with appropriate uncertainty that resolve fish and
invertebrate diets in complex food webs. Our data show
that species-specific models are likely to be most appropriate
for this purpose (electronic supplementary material, table S2,



[20,22,23]); however, we caution against using a species-
specific equation unless it derives from robust data using
the tissue of interest with a large sample size drawn from
multiple studies. While higher-order taxonomic equations
introduce greater scatter in regressions, they are less likely
to be subject to artefacts of sample design (e.g. diet quality)
that could skew results through the lack of consumption or
incomplete assimilation of the diet by the consumer. For
example, we were able to generate species-specific equations
for carp based on three controlled studies [44—46], but opted
not to use them because of the relatively small sample size
(n=11-15) and the presence of some negative slopes. Since
we see no physiological basis for a negative slope, we
assumed these were artefacts and chose the higher-order
correction equation instead.

Our data also allow for the assessment of inclusion cri-
teria for mixing models based on the goodness of fit of %
FA in consumers as a function of their dietary %FA. Others
have used a variety of approaches for screening that involve
examining the magnitude of means and the degree of var-
iance among diet sources [22,47,48]. While we cannot
define a strict threshold of model fit that should determine
whether a FA is included in a mixing model or not, generally
any compound that has a %FA onsumer versus %FAgiet
regression with *<0.2 should be treated with caution. For
this reason, we excluded three FA (18:0, 22:0 and 20:3n-6)
for which we had data, but the regression fits for the Actinop-
terygii equations were poor. Other reasons for excluding
certain FA include proportions in consumers that are vastly
higher than any measured source [49] that may owe to
de novo synthesis from minor pathways (e.g. 18:1n-7 and
20:1n-7 by elongation from 16:1n-7 in bivales, [50,51]) as
opposed to direct dietary supply. Finally, there is uncertainty
due to the lack of complete FA turnover after short-term diet-
ary switches in controlled studies [52], and in many instances,
turnover is likely incomplete unless the consumer was raised
on the diet from the post-larval stage. These limitations,
which also affect other ecological tracers, will constrain

future application of this model and depend largely on an
individual researcher’s willingness to relax or tighten criteria
for inclusion.

We encourage others to add data to the database (avail-
able as the electronic supplementary material) to refine
regression equations for existing taxa and to produce new
equations for others not currently present, specifically for
other tissues (e.g. adipose tissue) and for endotherms. Some
of the regressions we presented here, including 18:2n-6 for
bivalves and echinoderms, are driven by a small number of
data points with high %FA in the diet, thus exerting strong
leverage. More data will help strengthen these particular
equations. We estimate that there are at least 50% more
data available in the published literature than what we pre-
sented here. Since we limited our approach to tabulated
data, all those studies with data in figures could have the
data added by the primary authors of those studies. This
includes data on adipose tissue in birds and mammals,
which were reported in many of the foundational studies
using a quantitative FA approach [21]. We also strongly
encourage new controlled feeding studies for taxa that are
poorly represented in the database, especially for non-
salmonid fishes and invertebrates. Together, this will
continue to advance our ability to resolve the diets of organ-
isms in complex food webs and offer a window into the
physiology and nutrition of aquatic consumers.

The database used for the analysis is included in the
electronic supplementary material.
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