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Abstract

Long-chain polyunsaturated fatty acids (LC-PUFA) are critical for the health of aquatic
and terrestrial organisms; therefore, understanding the production, distribution, and abundance of
these compounds is very important. Although the dynamics of LC-PUFA production and
distribution in aquatic environments has been well documented, a systematic and comprehensive
comparison to LC-PUFA in terrestrial environments has not been rigorously investigated. Here
we use a data synthesis approach to compare and contrast fatty acid profiles of 369 aquatic and
terrestrial organisms. Habitat and trophic level were interacting factors that determined the
proportion of individual omega-3 (n-3) or omega-6 (n-6) PUFA in aquatic and terrestrial
organisms. Higher total n-3 content compared with n-6 PUFA and a strong prevalence of the n-3
PUFA eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) characterized aquatic
versus terrestrial organisms. Conversely, terrestrial organisms had higher linoleic acid (LNA)
and alpha-linolenic acid (ALA) contents than aquatic organisms; however, the ratio of ALA:
LNA was higher in aquatic organisms. The EPA + DHA content was higher in aquatic animals
than terrestrial organisms, and increased from algae to invertebrates to vertebrates in the aquatic
environment. An analysis of covariance revealed that fatty acid composition was highly
dependent on the interaction between habitat and trophic level. We conclude that freshwater
ecosystems provide an essential service through the production of n-3 LC-PUFA that are
required to maintain the health of terrestrial organisms including humans.
Keywords: Aquatic ecosystems, conservation, eicosapentaenoic acid, docosahexaenoic acid,

food webs
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Introduction

Long-chain (i.e. > 20 carbons long) polyunsaturated fatty acids (LC-PUFA) are critically
involved with key physiological functions of aquatic and terrestrial vertebrates, including
humans, in supporting brain function, cardiovascular health, growth, reproduction, and the
immune response (Arts et al. 2001; Brenna et al. 2009; Simopoulos 2011; Parrish 2013). The
LC-PUFA with distinct critical functions for vertebrate health include eicosapentaenoic acid
(EPA; 20:5n-3), docosahexaenoic acid (DHA; 22:6n-3), and arachidonic acid (ARA; 20:4n-6).
The long carbon chain and highly unsaturated nature of these compounds is important for cell
membranes, as it allows for both structure and fluidity (Arts and Kohler 2009), as well as quick
conformational changes (Sargent et al. 2002). Because of its unique structure, DHA plays a
critical role in the development and functioning of neural and ocular tissue (brain and eye)
(Parrish 2009; Lands 2009; Raji et al., 2014), but also has been shown to have important roles in
cognition, behaviour, and mood (Kidd, 2007). In addition, ARA is crucial for brain functioning,
cell signalling and is a precursor for endocannabinoids (Turcotte et al. 2015), and eicosanoids
(Calder, 2015a). The omega-3 PUFA EPA and DHA are known to have anti-inflammatory
effects, lower risks of cardiovascular disease, influence immune functions and defense against
infections, and protect against some cancers (as reviewed by Calder, 2015b).

These LC-PUFA are produced from their omega-3 (n-3) and omega-6 (n-6) precursors:
alpha-linolenic acid (ALA; 18:3n-3) and linoleic acid (LNA; 18:2n-6) (Fig. 1). Vertebrates lack
the enzymes necessary to form ALA (via delta-15 desaturase) and LNA (via delta-12 desaturase;
Cook and Mcmaster 2004) from 18:1n-9, thus these short-chain fatty acids are considered
essential in their diet. However, their direct physiological function in organisms is limited, as

their main purpose is to act as a precursor to the physiologically-essential LC-PUFA: EPA,
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DHA, and ARA (Tocher 2003). ALA and LNA are found in reasonable abundance and are
typically not limiting to animals (Cunnane 2000). While consumption of the n-3 and n-6
precursor is an essential requirement for all vertebrates, consuming pre-formed EPA, DHA, and
ARA is highly advantageous for many vertebrates, especially if they have a limited ability to
synthesize them (Parrish 2009).

LC-PUFA are mostly synthesized by primary producers at the base of freshwater and
marine food webs. Some algal taxa (e.g. diatoms, dinoflagellates, cryptophytes) produce
relatively large amounts of EPA and DHA (Brett and Miiller-Navarra 1997, Galloway and
Winder 2015) and these LC-PUFA are progressively consumed and generally selectively
retained by other aquatic organisms (e.g. zooplankton, benthic invertebrates, molluscs, and fish)
higher up in the food chain, which makes these fatty acids effective dietary biomarkers in food
webs (Daalsgard et al. 2003; Kainz et al. 2004; Lands 2009; Taipale et al. 2013). The LC-PUFA
composition of algae is an important determinant of food quality for consumers, and is a
powerful tool to track different consumer diets in an aquatic food web (Budge et al. 2002;
Dalsgaard et al. 2003; Taipale et al. 2013). Conversely, primary producers in terrestrial
ecosystems produce ALA and LNA; and the evidence is lacking that they have the ability to
synthesize EPA, DHA and ARA (Sayanova and Napier 2004). The inherent difference in LC-
PUFA production between aquatic and terrestrial ecosystems is largely rooted at the base of food
webs in these habitats, and therefore has important physiological consequences for all
consumers.

It is generally assumed that fatty acid composition (including the production, abundance
and distribution) of aquatic vs. terrestrial species are distinctly different, mainly on account of

LC-PUFA (Olsen 1999; Gladyshev et al. 2009); however, this has yet to be systematically and

4

https://mc06.manuscriptcentral.com/er-pubs



Page 5 of 42

Environmental Reviews

quantitatively supported; particularly for freshwater species. The role of LC-PUFA in the aquatic
environment has been well documented (Arts and Wainmann 1999; Kainz et al. 2004; Arts et al.
2009; Parrish 2013); however, a direct and quantitative comparison has not been made to the
terrestrial environment. It is also poorly documented whether all animals in the terrestrial
environment have a universal dependency on LC-PUFA. However, there is evidence to suggest
that LC-PUFA are needed for functioning of some tissues (e.g. neural, ocular; Bohm et al. 2014),
and/or certain stages in development, and/or during certain seasons (Gladyshev et al. 2009). Yet
terrestrial animals (most studies focus on humans or human models) are known to be poor at
desaturating and elongating ALA and LNA to their LC-PUFA products (Supplementary Table
S1). The amount of LC-PUFA in terrestrial animal tissues may be related to their accessibility to
available dietary LC-PUFA, as well as their ability to synthesize LC-PUFA. It is therefore
important to distinguish differences in the production, distribution and abundance of LC-PUFA
between aquatic and terrestrial organisms.

Freshwater ecosystems are of particular interest in terms of the potential for LC-PUFA
transfer from aquatic to terrestrial organisms because there is a high level of connectivity
between freshwater and surrounding terrestrial landscapes in these systems (Gladyshev et al.
2009; Gladyshev et al. 2013). Because of this high degree of connectivity, wetlands are likely
particularly efficient sources of LC-PUFA and easily spread to terrestrial animals that live in and
around these habitats. The transfer of LC-PUFA may occur via direct or indirect dietary
trajectories from wetlands to terrestrial consumers (Gladyshev et al. 2013). Some species have
both aquatic and terrestrial life cycles, such as insects and amphibians. Alternatively, terrestrial
consumers may have direct access to aquatic diets, for example piscivores like herons, eagles,

osprey, otters, bears, etc. Thus, we must be cognizant of the production and transfer of LC-PUFA
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from freshwater to surrounding terrestrial environments. However, it must also be established
whether there is indeed a systematic difference in LC-PUFA production between organisms in
these environments, and whether freshwater ecosystems are providing an essential resource to
animals living in adjacent terrestrial ecosystems.

The distinction between the types and amounts of PUFA in aquatic and terrestrial
environments must be well documented in order to investigate the degree of terrestrial
dependency on LC-PUFA produced in aquatic ecosystems. The n-3 and n-6 PUFA, in particular
ALA, LNA, EPA, DHA, and ARA, are of special interest due to their essentiality and
physiological functions in organisms (Parrish 2009); therefore we focused on these fatty acids.
We focused on freshwater organisms due to the high level of connectivity between freshwater
and surrounding terrestrial ecosystems and the potential for LC-PUFA transfer. The primary
objective of this data synthesis was to define and quantify the difference in fatty acid profiles
(ALA, LNA, EPA, DHA, ARA) in freshwater and terrestrial organisms at varying trophic levels
to more rigorously quantify the distinct and natural variation in LC-PUFA production,

distribution, and abundance that exists between these ecosystems.

Methodological Approach
Data collection

Fatty acid data from freshwater and terrestrial species were collected from the primary,
peer-reviewed, scientific literature and from the author’s unpublished sources. Articles were
retrieved from the following databases: JSTOR; Scholar’s Portal; Web of Science; and the
University of Toronto Article Reserve. The following search algorithm was used when
conducting literature reviews: ‘Fatty Acid’ or ‘ALA’ or ‘LNA’ or ‘ARA’ or ‘EPA’ or ‘DHA’ (in

6
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all fields) and ‘Freshwater’ or ‘Terrestrial’ or ‘Lipid’ (in all fields). To qualify for inclusion in
the data set, the data were required to present all fatty acids of interest: ALA, LNA, EPA, DHA,
ARA; and sums of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and PUFA
(or total fatty acids along with a complete list of fatty acids to calculate these sums). The fatty
acid data must have been presented as relative fatty acid %. Although it would have been
preferable to perform a data synthesis on fatty acid contents expressed as mass-fractions (mg g
h, the majority of studies present fatty acid data on a proportional basis (i.e., %); therefore, using
proportional data increased the number of fatty acid profiles available to include in the data
synthesis. Although reported values of proportional fatty acid data depend on the total number of
identified fatty acids, our main objective was to investigate differences in fatty acid patterns
between aquatic and terrestrial organisms, and as such, analytical differences among the
investigated studies were considered of minor importance. Outliers were managed by reviewing
the data compiled for each fatty acid within a functional group (described below) and a Grubb’s
outlier test was conducted to determine significant outliers (p < 0.05). If a significant outlier was
detected, the original source of the data was reviewed and if an error was perceived, the data
were removed.

In several cases, fatty acid data (M. T. Arts, Environment Canada, unpublished) for a
single species were available for different seasons or from different locations. Within a single
location, a grand mean was calculated from the fatty acid data from that location, regardless of
season; this value represented the average fatty acid profile of that species in that location.
Different locations were considered as separate data and were not amalgamated to provide a
grand mean for that particular species.

Data organization
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The central database (369 fatty acid profiles) was stratified into 9 sub-databases which
included the following simplified functional groups: (1) terrestrial plants, (2) terrestrial insects,
(3) terrestrial mammals, (4) algae, (5) freshwater insects, (6) zooplankton, (7) benthic
invertebrates, (8) freshwater molluscs, and (9) fish.

Multivariate analyses

All multivariate analyses were conducted in PRIMER (Plymouth Routines in
Multivariate Ecological Research; PRIMER-E Ltd, Version 6.1.15, Ivybridge, UK). Analysis of
similarities (ANOSIM), cluster analysis and multidimensional scaling (MDS) were used to
define differences in fatty acid profiles among the different groups (algae, aquatic insects,
zooplankton, etc). Fatty acid data were square root transformed prior to analysis in PRIMER to
achieve homogeneity of variance in fatty acid data in studies collected from different sources.
ANOSIM is multivariate analysis that uses a resemblance matrix, the latter carries out an
approximate analogue of ANOVA. ANOSIM generates a value of R that ranges between 0 and
1; a value of zero representing the null hypothesis (no difference among a set of samples) and 1
(complete dissimilarity among set of samples) (Clarke and Warwick 2001). The non-metric
Bray-Curtis dissimilarity statistic was used to quantify the compositional dissimilarity between
samples (Bray and Curtis 1957). This measure delivers robust and reliable dissimilarity results,
and is one of the most commonly applied measurements to express relationships in ecology,
environmental sciences and related fields (Clarke and Warwick 2001). The purpose of MDS is to
construct the data points in a multi-dimensional space, which configures the data in a
similarity/dissimilarity matrix. The MDS method places samples on a two dimensional “map” in
such a way that the distance between samples on the map agrees with the rank order of the

matching similarity/dissimilarity taken from a similarity matrix (Clarke and Warwick 2001).
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Therefore, MDS provided a visual representation of the similarities among fatty acid profiles of
the different habitats and species groups.
Analysis of covariance

A model was tested to determine if trophic level, habitat or their interaction, affects fatty
acid composition. An analysis of covariance (ANCOVA) was performed (Minitab 16 Statistical
Software), using fatty acid data (square root transformed) as the response variable (the same data
from individuals used in the multivariate statistic analysis, n=369). The model was run for each
fatty acid (ALA, LNA, ARA, EPA, DHA) or fatty acid group (SFA, MUFA, PUFA). Factors
included in the model were: habitat (fixed categorical variable = aquatic or terrestrial), functional
group (loosely based on trophic level or position in a food web, as fixed covariate with 9 levels
= terrestrial plant [1], algae [2], aquatic insects [3], terrestrial insects [4], zooplankton [5],
benthic [6], mussels [7], fish [8], terrestrial mammals [9]), and the interaction between habitat
and trophic level (habitat*trophic level). The functional groups ranged from plants (primary
producers) to invertebrates (primary and secondary consumers) to vertebrates (higher
consumers). The purpose of arranging these functional groups was to establish a basic hierarchy
of positions in a food web within each habitat. However, the groupings we used were
approximate because, for example, some invertebrates can differ in their trophic levels, as some
can be primary or secondary consumers (e.g. zooplankton), while some vertebrates can be
primary or secondary consumers too (e.g. filter feeding planktivorous fish). Therefore, our use of
the term “trophic functional groups” only approximates the true trophic position of the various
taxa in the respective food webs. Residuals were examined for homogeneity of variance,

independence, and normality.
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Data Synthesis Results
Fatty acid profiles

A total of 369 fatty acid profiles (ALA, LNA, EPA, DHA, and ARA as well as total SFA,
MUPFA, PUFA) from different species of either aquatic or terrestrial habitats were included in the
statistical analyses. The fatty acid profiles were further grouped according to taxonomic
similarity: terrestrial plants (n = 84), terrestrial insects (n = 50), terrestrial mammals (n = 43),
algae (n = 17), aquatic insects (n = 19), zooplankton (n = 21), benthic invertebrates (n = 17),
molluscs (n =31), and fish (n = 87) (Table 1).
Multidimensional scaling

The MDS plots illustrated the difference in fatty acid profiles among trophic groups and
habitats that configured the data in a similarity/dissimilarity matrix. Each data point in the plot
represents a fatty acid profile (ALA, LNA, EPA DHA, and ARA, total SFA, total MUFA, and
total PUFA) for one individual. When individual fatty acid profiles (ALA, LNA, EPA, DHA,
ARA, and total SFA, MUFA, PUFA) were grouped according to habitat only (aquatic or
terrestrial), there was a divide in the plot, where terrestrial species were located on the top left
side of the plane and aquatic species were plotted on the bottom right side of the plane (Fig. 2a).
Fatty acid vectors were directionally-oriented in this plot, indicating an association between the
vector and the fatty acid profile of individuals in the vicinity of the vector. The LC-PUFA
vectors EPA, DHA, and ARA were located on the bottom right side of the plot, indicating an
association with aquatic fatty acid profiles. In the opposite direction, the vectors pointing toward
the top left side of the plot indicating an association with terrestrial fatty acid profiles were the n-

3 and n-6 metabolic precursors (ALA and LNA).
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The separation between fatty acid profiles from organisms in aquatic and terrestrial
habitats was still evident when they were organized according to functional group (within
taxonomic classification). However, organizing the data by functional group provides greater
detail in terms of which category was most responsible for the divide between aquatic and
terrestrial fatty acid profiles (Fig. 2b). Terrestrial plants and fish had the least similar fatty acid
profiles, as they were more spread spatially from each other. Terrestrial species clustered on the
left side of the plot, while aquatic species clustered on the right side of the plot, with FA vectors
LNA (terrestrial) and EPA, DHA, and ARA (aquatic) driving this spatial difference. However,
data points belonging to a particular functional group did not necessarily tightly cluster together,
with the exception of fish. Terrestrial insects tended to group within the “terrestrial” half of the
plot, but did not form a tight cluster. Similarly, terrestrial mammals occupied a space between
terrestrial plants and fish, but again did not form a distinct cluster. Algae occupied the space
between aquatic and terrestrial habitats.

ANOSIM

ANOSIM quantified differences in fatty acid profiles (ALA, LNA, EPA, DHA and ARA,
and, total SFA, MUFA, and PUFA) of individuals categorized by habitat (aquatic or terrestrial)
and functional group (those of similar taxonomic classification: plants, invertebrates, vertebrates)
(Table 2). A total of 34 pairwise comparisons were made. An R-statistic close to 1 indicates that
the pair is very different; an R-statistic close to 0 indicates that the pair is not very different.
Nearly all pairwise comparisons of fatty acid profiles were significantly different (global R-
statistic = 0.421; p = 0.001). Only terrestrial plants and terrestrial insects were not significantly
different from one another (R-statistic = 0.049; p = 0.062). Most of the comparisons were

different because the groups were different by both habitat and functional grouping.
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Fatty acids and fatty acid group ratios

Because fatty acid content was different in aquatic and terrestrial habitats (based on Fig.
2), these groups were separated along a “trophic gradient” within each habitat (organized by
functional groups including plants, invertebrates and vertebrates). The 9 functional groups
represent organisms in two habitats (aquatic and terrestrial) and are loosely based on position in
a food web. While the hierarchal levels are approximate, there are three major groups in this
system, which generally represent producers (plants), primary consumers (invertebrates) and
secondary or tertiary consumers (vertebrates). The sum of LNA + ALA was higher in terrestrial
than aquatic organisms, while the sum of EPA + DHA was higher in aquatic animals than
terrestrial organisms (Fig. 3). The terrestrial plant fatty acid profiles that we had investigated did
not contain EPA and DHA. LNA decreased with increasing “trophic level” (from plants to
invertebrates to vertebrates), which was sorted by habitat (terrestrial to aquatic), and was higher
in terrestrial compared to aquatic organisms (Fig. 4; see ANCOVA results below). Conversely,
DHA increased with trophic level (see ANCOVA results below) and was higher in aquatic
compared to terrestrial organisms (Fig. 4). The ALA: LNA ratio was higher in primary producers
than secondary and tertiary consumers in both aquatic and terrestrial ecosystems (Fig. 5);
however did not decrease with increasing trophic level. The mean ALA: LNA ratio was higher in
aquatic (1.4: 1) than terrestrial organisms (0.4: 1) according to a two-tailed t-test (p = 0.033). The
total n-3 PUFA content (sum of ALA, EPA and DHA) in aquatic organisms was higher than
terrestrial organisms (Fig. 4). The mean n-3 PUFA content was 19.4% of total fatty acids in
aquatic organisms, compared to 7.3% in terrestrial organisms. The total n-6 PUFA content (sum
of LNA and ARA) in aquatic organisms was 9.7% of total fatty acids, compared to 24.4% in

terrestrial organisms. The mean n-3: n-6 PUFA ratio (based on % total FA) in aquatic organisms
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(3.4: 1) was higher than terrestrial organisms (0.6: 1) according to a two tailed t-test (p = 0.004).
Aquatic organisms in this study contained 6 times more n-3 PUFA than terrestrial organisms. A

summary of the data in this section can be found in Supplementary Table S3.

ANCOVA

To determine if habitat (aquatic or terrestrial) and functional group (“trophic level”) were
significant factors in influencing the fatty acid composition of organisms, a model was designed
to test the effect of either habitat or functional group, or the interaction. All individual fatty acids
as well as total MUFA and PUFA in all organisms (n=369) depended on the interaction between
habitat and functional group (Table 3), while total SFA did not depend on the interaction,
functional group or habitat. ARA was the only individual fatty acid that did not depend on
habitat (p = 0.181). ALA and LNA were negatively related with functional group (trophic
covariate coefficients for ALA =-1.11; LNA = -1.18); while EPA (0.57), DHA (1.08) and ARA

(0.24) were positively related with functional group.

Summary and Perspective
Data synthesis

The data synthesis identified quantifiable differences in fatty acid content between
freshwater and terrestrial organisms. Both habitat and functional group (“trophic level”) were
important factors in determining the fatty acid composition of the organisms investigated in this
study. Aquatic organisms contained higher n-3 LC-PUFA (EPA and DHA), while terrestrial
organisms contained higher LNA content. This fundamental difference caused a significant

divide in the fatty acid composition of aquatic vs. terrestrial organisms. While this difference
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between aquatic vs. terrestrial organisms has been observed in numerous individual studies, this
is the first time this comparison has been made in a systematic and comprehensive study. The
collection of fatty acid profiles in this study was thorough, given the selection criteria imposed
on data collection. Within each of the 9 functional groups in the study, between 9 and 43 families
were represented. Fatty acid profiles of certain functional groups were better represented in the
literature than others; for example, terrestrial plants and fish profiles were more easily obtained
than benthic invertebrate profiles. Grouping species together also assumed some degree of
variability within a functional group, as the fatty acid composition of different species is not
identical even when in the same habitat and position in a food web. This natural variation also
demonstrated the range of species used within a functional group in the analysis. Phylogeny is
often a driver of fatty acid composition (Budge et al. 2002, Dalsgaard et al. 2003, Galloway et al.
2013, Galloway and Winder 2015); therefore, different taxa within a functional group may have
different fatty acid compositions. However, despite species differences, the variation within
functional groups was minimal compared to the differences between functional groups; and the
data analysed were generally representative of organisms in freshwater and terrestrial
environments.

The MDS analysis revealed that the fatty acid profiles representing aquatic versus
terrestrial organisms broadly formed two clusters (Fig. 2a). While total SFA and total PUFA
were characteristic in organisms in both habitats, specific fatty acids were responsible for the
distinction between aquatic and terrestrial organisms: EPA, DHA, and ARA were closely
associated with aquatic organisms, while ALA and LNA were more closely associated with
terrestrial organisms. The position of these vectors coincides with the general assumption that

aquatic fatty acid profiles are distinct due to the presence of LC-PUFA (i.e. EPA, DHA, and
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ARA). Since the SFA and PUFA vectors were pointing in opposite directions, it suggests a
fundamental difference in these fatty acid groups, rather than a difference due to habitat. These
vectors drive the overall difference in data points within the MDS plots, demonstrating that
freshwater organisms (high in EPA, DHA and ARA) are fundamentally different from terrestrial
organisms (high in ALA and LNA).

When the data set was further distinguished by functional group, it became more apparent
which groups of organisms overlapped, indicating similar fatty acid compositions (Fig. 2b). The
aquatic primary producers (algae) occupied the overlapping space between the terrestrial and
aquatic habitat sides of the plot. It is important to note that algae differ in their ability to produce
PUFA (Brett and Miiller-Navarra 1997). For example, diatoms, cryptophytes, and dinoflagellates
synthesize significant amounts EPA and DHA (Ahlgren et al., 1992; Gladyshev et al. 2013).
Other algal taxa, such as green algae and cyanobacteria, do not produce EPA and DHA and
contain fairly large amounts of ALA and LNA (Gugger et al. 2002, Taipale et al. 2013);
therefore, the fatty acid profiles of these taxa resemble that of terrestrial plants (containing ALA
and LNA). The data points further away from the overlapping region in aquatic organisms
contain increasingly higher LC-PUFA, with increasing trophic level. For example, terrestrial
plants and fish were the furthest apart on the plot.

Analysis of individual fatty acids and groups of fatty acids further supported that habitat
and functional group (“trophic level”’) were important determinants of fatty acid composition in
organisms in this study. The sum of EPA + DHA was higher in aquatic compared to terrestrial
organisms; while the opposite was true for ALA + LNA (Fig. 3). Because of this natural
difference in habitats, a trophic gradient was irrelevant without consideration of habitat;
therefore the trophic gradient was separated by habitat. Thus, the sum of ALA + LNA (as well as
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individual) decreased with increasing trophic level, irrespective of habitat. This relationship
indicates that not only does ALA + LNA decrease from terrestrial to aquatic organisms, but
primary producers contained higher contents of these fatty acids than secondary and tertiary
consumers in each habitat. Conversely, EPA + DHA (as well as each fatty acid individually)
increased with trophic level (Fig. 3), indicating that consumers had higher contents of these fatty
acids than primary producers. However, the relationship with ARA and trophic level was weaker
than that of EPA and DHA (according to ANCOVA) and fits with the observation that
accumulation of ARA depends on season, species, and developmental stage (Hartwich et al.
2013) and that ARA may not have a clear relationship with trophic level (Strandberg et al.
2015b). This demonstrates that EPA and DHA in particular are progressively retained by aquatic
organisms (e.g. zooplankton, benthic invertebrates, molluscs, and fish) higher up the food chain,
reinforcing the findings of Kainz et al. (2004). The assimilation and retention of EPA and DHA
in consumers is fundamental to the optimal physiological performance of animals in aquatic food
webs (Kainz et al. 2004).

Both LNA and DHA showed particularly strong associations with habitat; where LNA
decreased and DHA increased from terrestrial to aquatic habitats (Fig. 4). The predominance of
DHA in aquatic organisms as well as the tendency for LNA to decrease going from terrestrial to
aquatic food webs has been previously observed (Koussoroplis et al. 2008; Strandberg et al.
2015b). When LNA and ALA were grouped together, there was an association with terrestrial
organisms. However, the ALA: LNA ratio clearly demonstrates that aquatic organisms contain
relatively higher ALA than LNA content compared to terrestrial organisms (Fig. 5). Both
terrestrial and aquatic primary producers synthesize ALA and LNA; however, the n-3 precursor

(ALA) is more predominant than LNA in freshwater aquatic ecosystems. This is also apparent
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when considering the n-3: n-6 ratio, which was an average of 6 times higher in aquatic than
terrestrial organisms. This estimate of the n-3: n-6 ratio agrees with previous studies that have
estimated this difference as 5 to 20 times (Henderson and Tocher 1987; Ahlgren et al. 1994).
This reflects the abundance of n-3 PUFA in aquatic ecosystems, and the abundance of n-6 PUFA
(LNA) in terrestrial ecosystems (ARA was not strongly associated with either trophic level or
habitat). Therefore, gradual transitions in fatty acid proportions are observed from one food web
to another (Koussoroplis et al. 2008); and as we report here (Figs. 3 and 4). It is important to
note however that terrestrial mammals, although grouped on the terrestrial side of the x-axis (Fig.
3) contain higher EPA and DHA contents in their muscle tissue than terrestrial plants and insects.
This suggests that terrestrial mammals obtain EPA and DHA from aquatic resources, or
synthesize these LC-PUFA from ALA derived from their diets. Whether EPA and DHA are
deemed essential for an organism likely depends on the fatty acid composition of their common
prey items, and the extent to which a given species can convert one n-3 or n-6 fatty acid to
another (Parrish 2009).

The ANOSIM and ANCOVA models were employed to elaborate on the underlying
causes of these differences. In ANOSIM, the main difference observed between groups was due
to habitat. Within the same habitat, groups were often different because they occupied different
trophic levels. Organisms were likely to have different fatty acid profiles when one was a
predator and one was the prey, even within the same habitat. Considering that certain fatty acids
with high physiological priority are not only conserved, but are often selectively retained and
accumulated within a food web, organisms at higher trophic levels often have higher content of
these fatty acids (Kainz et al. 2004; Koussoroplis et al. 2008; Strandberg et al. 2015b). For

example, fish and algae were one of the most different pairs in the fatty acid data set according to
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ANOSIM. Because both habitat and trophic level are factors that can distinguish fatty acid
composition among groups of organisms, most pairwise comparisons were found to be
significantly different. Terrestrial plants and terrestrial insects were the only groups compared
that were not significantly different. Clearly these groups have very similar fatty acid
compositions, despite that many terrestrial insects are herbivores and consume terrestrial plants.
It is possible that within the terrestrial habitat, the difference between trophic level is not as great
as observed in aquatic habitats, because ALA and LNA are not selectively retained and
conserved as EPA and DHA. Therefore, retention of fatty acids in a terrestrial food web is not at
a scale that is causing a large difference between predator and prey, as observed in aquatic food
webs. Pairwise comparisons among terrestrial organisms (terrestrial mammals vs. plants and
insects) were among one of the lowest R-statistics, although still significantly different.

Fatty acid composition was dependent upon functional group (loosely trophic level;
grouped by plants, invertebrates and vertebrates), with consideration of habitat (Figs. 3 and 4).
We used an ANCOVA to determine which factor (trophic level or habitat) is more influential in
determining the fatty acid composition of organisms. Fatty acid composition depended on habitat
type (fixed categorical variable), “trophic level” (covariate at 9 levels) and the interaction
between the two factors. All individual fatty acids, as well as total MUFA and PUFA, were
different among groups due to the interaction between habitat and “trophic level”. This
summarizes the observations, analyses and conclusions made from the MDS and ANOSIM
analyses that fatty acid composition depends on both habitat and “trophic level”. Total SFA were
the exception to this, as they did not differ among organisms in this study as function of habitat
type, “trophic level” or the interaction between the two. This was also observed in the MDS,

where the SFA vector was positioned at the interface between aquatic and terrestrial groups. This
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may indicate that SFA remains constant or in balance regardless of environment and habitat. For
example, isopods fed a range of different algal diets in experimental feeding trials had very
similar SFA, regardless of the SFA content in diet (Galloway et al. 2014). Although the
interaction between habitat and trophic level influences ARA composition, habitat alone did not
determine the ARA composition of organisms in this study. Based on this and its weak
relationship with “trophic level”, it appears that ARA composition in organisms cannot be
predicted based on habitat and trophic level alone and that there is little evidence to support the
claim that this LC-PUFA is either predominantly an aquatic or terrestrial resource. Therefore,
considering the fatty acid profiles of organisms in freshwater and terrestrial habitats and different
trophic levels, most fatty acids (except for total SFA) were different in organisms as a function
of the interaction between their habitat and trophic level. Freshwater organisms inherently
contain high n-3 LC-PUFA, which originate in some taxa of algae and are selectively retained
and accumulated successively throughout the food chain in freshwater food webs.
EPA and DHA requirements and synthesis

Based on these results, it is clear that freshwater ecosystems are a primary originating
source of EPA and DHA. It is well known that vertebrates (and mammals in particular) depend
on EPA and DHA for different physiologically important functions (Calder, 2015a; Calder,
2015b; Calder, 2014; Stonehouse et al., 2013; Mozaffarian and Wu, 2012; Swanson et al., 2012;
Arts et al. 2001). However, if the terrestrial environment does not produce and drive the transfer
of EPA and DHA, terrestrial vertebrates without access to marine shorelines must exploit
freshwater ecosystems to obtain these fatty acids for health and survival, or synthesize these FA
themselves from the precursor ALA. Most terrestrial vertebrates have a limited ability to convert

ALA to EPA and DHA. This has been investigated in terrestrial mammals; however, the subjects
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of a majority of studies are humans (or rodents as human models). The rate of conversion from
ALA to DHA is broadly defined for terrestrial vertebrates, but appears to vary between 0 to 9
percent (Supplementary Table S1). Species, age, diet, and gender are factors that can contribute
to the conversion rate (Supplementary Table S1). The question remains that if all vertebrates
require EPA and DHA for survival, why have they not evolved the universal ability to synthesize
these compounds, or conversely, why have we lost this ability? This is likely related to access to
aquatic resources. For example, marine mammals require higher contents of EPA and DHA than
cattle to survive. Thus, the ability to synthesize EPA and DHA is likely related to the inverse of
access to these LC-PUFA. Organisms without access to aquatic resources rich in EPA and DHA
likely have a better ability to synthesize EPA and DHA, while those with access to aquatic
resources have a very limited ability because it is available and consumed through the diet.
Humans, for example, may have evolved in tandem with dietary access to LC-PUFA from
aquatic resources (Joordens et al. 2014), as our ability to synthesize EPA and DHA is very low
(Supplementary Table S1). Furthermore, expansion of hominin brain in an environment
providing a pre-formed source of DHA is consistent with the developmental requirements in
modern humans (Brenna and Carlson, 2014). This is the basis of the shore-based hypothesis of
human brain evolution, which proposes that sustained access by certain groups of early Homo to
aquatic food sources were key to human brain development (Cunnane and Crawford, 2014). In
the absence of dietary EPA and DHA, controlled feeding studies have shown that carnivorous
marine fish fed a formulated diet without EPA and DHA show up-regulation of the genes
responsible for EPA and DHA synthesis; while those fish fed a diet containing sufficient content
of EPA and DHA do not upregulate these genes (Xue et al. 2014; Xue et al. 2015). Similarly,

results from feeding trials of freshwater fish showed that Arctic charr (Salvelinus alpinus) and
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rainbow trout (Oncorhynchus mykiss) also converted ALA to EPA and DHA when fed on EPA-
and DHA-deprived feeds (Murray et al. 2014; Hixson et al., 2014). Conversely, grazing
terrestrial mammals that typically do not consume aquatic resources or live near aquatic
ecosystems still contain appreciable contents of DHA in the brain, such as deer (8.9% total fatty
acids), elk (9.6%), zebra (18%) and elephant (25%) (Crawford et al. 1976; Cordain et al. 2002);
which suggests that these organisms synthesize DHA de novo from ALA. To summarize, the
necessity to synthesize EPA and DHA depends on of the level of access to pre-formed EPA and
DHA in the diet. This also indicates that perhaps independent of habitat and trophic levels, there
can also be very strong intrinsic factors in certain taxa to control their fatty acid patterns, through
endogenous synthesis of certain fatty acids, namely EPA and DHA.

Aquatic resources provide consistently greater amounts of pre-formed EPA and DHA
than those of the terrestrial ecosystem. Dietary DHA 1is 2.5-100 times higher for equivalent
weights of fish or molluscs compared to terrestrial animal muscle tissue (Broadhurst et al. 2002).
Terrestrial animals that do not inhabit marine shoreline areas meet their EPA and DHA
requirements from their own synthesis or from freshwater ecosystems, such as lakes, rivers, and
wetlands. Lakes, rivers, streams, and wetlands are highly connected spatially with terrestrial
ecosystems, and this connectivity allows terrestrial organisms to more easily access aquatic food
resources (Gladyshev et al. 2009). Thus, these aquatic resources provide the best opportunity for
terrestrial organisms to access pre-formed EPA and DHA in their diet, emphasizing the need to
conserve these resources globally.

Implications
There are several factors that threaten the production of ALA, EPA and DHA in

freshwater ecosystems; in particular increased water temperature due to climate change and

21

https://mc06.manuscriptcentral.com/er-pubs



Environmental Reviews Page 22 of 42

eutrophication. Temperature has a profound influence on lipid composition and hence the
function and stability of cell membranes. Cells adapt to changing temperatures by remodelling
the structural integrity and dynamic functioning of their cell membranes. This is accomplished
primarily by changes in lipid class and fatty acid composition by varying the length of fatty acids
(numbers of carbon atoms) and changing the number of double bonds (Guschina and Harwood
2006; Arts and Kohler 2009; Parrish 2013). As temperature increases, cells adapt by decreasing
the number of double bonds in the fatty acids contained in their cell membranes to achieve
greater structural rigidity (i.e. less fluidity). As a result, less PUFA is expected as ambient
temperature increases (Arts and Kohler 2009; Fuschino et al. 2011). Temperature can also affect
ecosystem FA content through re-structuring phytoplankton communities; therefore taxonomic
composition as a response to increasing temperature may affect PUFA production (Galloway and
Winder 2015). Increasing water temperature as a result of global warming is therefore predicted
to reduce the amount of EPA and DHA produced by algae, which will impact aquatic food webs
and the terrestrial animals that rely on them.

Increasing nutrient loads results in eutrophication of freshwater ecosystems.
Eutrophication (and increased water temperature) favors the growth and population of harmful
algal blooms (e.g. cyanobacteria) in planktonic algae (Kosten et al. 2012; Paerl and Paul 2012).
Cyanobacteria reduce the DHA and EPA content in the ecosystem in two ways. First,
cyanobacteria are rich in 16- and 18- carbon fatty acids, and the majority of species do not
produce EPA and DHA (Caramujo et al. 2008). Second, cyanobacteria compete with and often
dominate other species of planktonic algae. The mass development of cyanobacteria increases
turbidity in the water, which restricts light penetration, and leads to further suppression of algae

(e.g. diatoms) that are known to produce EPA and DHA (Paerl and Paul 2012).
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Compounding these threats, a recent prediction suggests that the current global supply of
EPA is barely sufficient to meet the current nutritional demand of the world population (Budge
et al. 2014). As the world’s population increases, this resource may become inadequate to meet
demands and if EPA and DHA production is further limited due to rising water temperatures
and/or eutrophication. The impact may be highly deleterious for both ecosystem and human
health. Thus, it is important to conduct research designed to quantify how, where, and when
global warming and other factors that limit the supply of LC-PUFA, such as continuous
overfishing and eutrophication of freshwater ecosystems, will threaten the production of EPA
and DHA in aquatic ecosystems with consequent effects on terrestrial consumers. We must put
forth efforts to conserve highly connected freshwater resources, as these valuable areas connect

terrestrial organisms with unique aquatic resources, namely EPA and DHA.

Conclusions

The fatty acid composition of freshwater organisms is distinctly different from organisms
in terrestrial ecosystems. Both habitat and trophic level were important factors in determining the
proportion of individual n-3 or n-6 LC-PUFA or groups of fatty acids (total MUFA and PUFA)
in both aquatic and terrestrial organisms. EPA and DHA show a different relationship with
trophic level and habitat compared to ALA and LNA; supporting the hypothesis that EPA and
DHA are selectively retained throughout a food web and are also proportionally higher in aquatic
than terrestrial food webs. These PUFA are found in different proportions in aquatic and
terrestrial organisms due to the interaction between their habitat and trophic level in the food
web. Because terrestrial vertebrates require EPA and DHA for health and survival and are

generally poor at converting ALA to EPA and DHA, they depend on access to aquatic resources
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to obtain these fatty acids, since the production of EPA and DHA in terrestrial ecosystems is
orders of magnitude less than in freshwater ecosystems. While ARA is also critically important
for vertebrate health, the data suggests that ARA production is not limited to aquatic ecosystems.
For terrestrial vertebrates that live away from marine coastlines, access to EPA and DHA must
predominantly stem from freshwater ecosystems. These areas are under threat due to climate
change and eutrophication. Therefore, in order to retain this essential ecosystem service provided
by freshwater we need to focus efforts on wetland and freshwater ecosystem conservation to
ensure health of both terrestrial wildlife and humans that derive nutritional benefits from

consuming freshwater resources.
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Table 1. Summary of taxa included in data analysis from each functional group.
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Functional Group Total number Families Genera Species'
Terrestrial plants 84 43 69 78
Terrestrial insects 50 21 25 25
Terrestrial mammals 43 12 19 23
Algae 17 14 15 17
Aquatic insects 19 17 14 6+
Zooplankton 21 9 9 9+
Benthic invertebrates 17 9 11 15
Molluscs 31 15 21 24+
Fish 87 21 50 60+

' “+ sign indicates that one or more species were represented in a single fatty acid profile from

the literature
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Table 2. Pairwise comparison between fatty acid profiles of terrestrial and aquatic organisms;
similarities and differences based on ANOSIM results

Group Pairwise comparison R-statistic P-value
Terrestrial insect Zooplankton 0.756 0.001
Algae Fish 0.686 0.001
Terrestrial insect Fish 0.657 0.001
Terrestrial insect Mussels 0.655 0.001
Terrestrial plant Fish 0.634 0.001
Algae Mussels 0.565 0.001
Terrestrial plant Zooplankton 0.518 0.001
Terrestrial mammal Zooplankton 0.506 0.001
Terrestrial mammal Algae 0.483 0.001
Terrestrial insect Algae 0.455 0.001
Terrestrial insect Benthic invertebrate 0.439 0.001
Algae Zooplankton 0.411 0.001
Aquatic insects Zooplankton 0.386 0.001
Algae Aquatic insects 0.377 0.001
Terrestrial mammal Mussels 0.370 0.001
Terrestrial mammal Fish 0.365 0.001
Terrestrial insect Aquatic insect 0.342 0.001
Aquatic insect Mussels 0.355 0.001
Terrestrial plant Benthic invertebrate 0.303 0.001
Aquatic insect Fish 0.300 0.001
Terrestrial plant Algae 0.266 0.001
Terrestrial plant Aquatic insect 0.261 0.001
Terrestrial plant Terrestrial mammal 0.243 0.001
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Terrestrial insect
Benthic invertebrate
Benthic invertebrate
Benthic invertebrate
Zooplankton
Zooplankton
Benthic invertebrate
Terrestrial mammal
Mussels

Benthic invertebrate

Terrestrial plants
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Terrestrial mammal
Zooplankton
Terrestrial mammal
Algae

Fish

Mussels

Aquatic insect
Aquatic insect

Fish

Mussels

Terrestrial insects

0.226
0.213
0.211
0.207
0.198
0.194
0.161
0.149
0.138
0.111
0.049

0.001
0.001
0.001
0.001
0.005
0.002
0.002
0.009
0.005
0.039
0.062

“Fatty acid profiles of species (n = 369) were categorized into 9 groups (terrestrial plants, aquatic
insects, mammals; aquatic algae, zooplankton, terrestrial insects, aquatic benthic invertebrates,
mussels, fish). Pairwise comparisons are listed according to significance and to the R-statistic
(higher R-statistics indicate greater difference between two groups, while lower and negative R-
statistics indicate a smaller difference between two groups).

34

https:/mc06.manuscriptcentral.com/er-pubs

Page 34 of 42



Page 35 of 42 Environmental Reviews

Table 3. Results of ANCOVA model (p-value presented) used to detect differences in fatty acid*
profiles according to habitat (fixed categorical variable= aquatic or terrestrial) and trophic level
(covariate= 9 trophic levels)

Fatty Acid Habitat term Trophic level term Interaction term
SFA 0.307 0.731 0.392
MUFA 0.002 0.001 0.002
PUFA 0.257 0.099 0.017
ALA 0.010 0.001 0.010
LNA 0.000 0.000 0.003
EPA 0.000 0.021 0.001
DHA 0.021 0.000 0.000
ARA 0.181 0.000 0.003

“Trophic levels (grouped by plant to invertebrate to vertebrate): terrestrial plant (1), algae (2),
aquatic insects (3), terrestrial insects (4), zooplankton (5), benthic (6), mussels (7), fish (8),
terrestrial mammals (9).
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Figure captions

Figure 1. Biosynthesis pathways of n-3 and n-6 polyunsaturated fatty acids from the saturated
18-carbon fatty acid in vertebrates.

Figure 2. Multidimensional scaling (MDS) of fatty acid profiles of organisms in aquatic and
terrestrial ecosystems, organized by, a) habitat type and, b) trophic group.

Figure 3. Comparison of ALA (18:3n-3) and LNA (18:2n-6) with EPA (20:5n-3) and DHA
(22:6n-3) content (mean standard + deviation) in different terrestrial and aquatic plant and
animal groups along a trophic gradient (plants to invertebrates to vertebrates), separated by
habitat.

Figure 4. The LNA and DHA content (% total fatty acids) in groups of organisms sorted
according to habitat (terrestrial to aquatic) and trophic level (from plant to invertebrate to
vertebrate).

Figure 5. The ratios of ALA: LNA and total n-3: total n-6 PUFA in groups of organisms sorted

according to trophic level (from plant to invertebrate to vertebrate) and habitat (terrestrial to
aquatic).
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