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Abstract

In aquatic systems, food web linkages are often assessed using diet contents, stable iso-
tope ratios, and, increasingly, fatty acid composition of organisms. Some correlations
between different trophic metrics are assumed to be well-supported; for example, particular
stable isotope ratios and fatty acids seem to reflect reliance on benthic or pelagic energy
pathways. However, understanding whether the assumed correlations between different
trophic metrics are coherent and consistent across species represents a key step toward
their effective use in food web studies. To assess links among trophic markers, we com-
pared relationships between major diet components, fatty acids, and stable isotope ratios in
three fishes: yellow perch (Perca flavescens), round goby (Neogobius melanostomus), and
spottail shiner (Notropis hudsonius) collected from nearshore Lake Michigan. Yellow perch
and spottail shiner are native in this system, while round goby are a relatively recent invader.
We found some evidence for agreement between different trophic metrics, especially
between diet components, n-3:n-6 fatty acid ratios, and stable isotope ratios (3'3C and
5'°N). However, we also observed significant variation in observed relationships among
markers and species, potentially due to taxonomic variation in the specific diet items con-
sumed (e.qg., chydorid microcrustaceans and Dreissena mussels) and species-specific bio-
chemical processes. In many of these latter cases, the invasive species differed from the
native species. Understanding the effects of taxonomic variation on prey and predator sig-
natures could significantly improve the usefulness of fatty acids in food web studies,
whereas diet contents and stable isotopes appear to be reliable indicators of trophic niche in
aquatic food webs.
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Introduction

Identifying how energy flows through food webs can help ecologists and natural resource man-
agers assess the adaptability of food webs to environmental change, understand how to best
support overall food web structure, and ultimately improve ecosystem resilience [1,2]. Various
trophic metrics can be used to elucidate linkages between communities that occupy different
trophic levels [3], assess the relative importance of basal energy sources [4-6], and identify
key, and different, sources of nutrients supporting ecosystems (e.g., [7]). Some of the more
popular methods of assessing trophic position in a food web include traditional diet (gut) con-
tent analysis (e.g., [8]), analysis of stable isotope ratios, most often 8"°C and 8'°N (e.g., [7D),
and assessment of fatty acid composition of organisms (e.g., [9,10]). While it may be assumed
that trophic metrics that reveal similar patterns are correlated within an individual as well as
consistent across species and systems, explicit assessment of these correlations could lead to
improved assumptions about their informative value given that may they operate over differ-
ent time scales and may vary with diet quality [11,12].

Diet content analysis, either of the guts of dead organisms [13] or analysis of regurgitated
items [14], allows for a very straightforward generation of a food web, as researchers literally
identify who is eating whom. While it reflects some of what has been consumed over the past
few hours or days, regurgitation and variance in the digestibility or assimilation of different
items may lead to pronounced over- or under-estimations of the importance of particular diet
components to an organism (e.g., [15]). In addition, high individual, temporal, and spatial var-
iability in feeding patterns suggests researchers may need to collect specimens multiple times a
year, and over multiple years, to truly identify which organisms are most important to overall
food web structure or determine temporal variation in individual or population niches [16].

Stable isotope ratios of animal tissue are another trophic metric used to evaluate food web
structure. The use of 8'°N and a corresponding conversion to trophic factor [17] is popular for
assessing trophic position within a food web, while §'°C is understood to be a relatively reliable
indicator of different primary production sources in aquatic systems (e.g., [5,18]). Overall, sta-
ble isotope ratios likely reflect integration of diet items over a span of weeks to months depend-
ing on individual growth rates and seasons [19,20]. This may lead to a more complete picture
of food web linkages in some respects. However, the ability to discern individual food web
components relies on adequate collection and quantification of the isotopic signatures of addi-
tional food web members and prey items (which may not be feasible in all studies), as well as
distinct isotopic signatures among prey (which may not be consistent in nature; [21,22]). In
addition, stable isotope ratios are not completely determined by diets; factors such as spatial
variation in underlying trophic processes or geology can influence isotopic signatures of con-
sumers, complicating interpretations across taxa or locations [7,23].

The fatty acid composition of organisms is a potentially powerful trophic metric that
reflects what has been incorporated from an individual’s diet over a time span of a few weeks
(e.g., [24]); however, given that fatty acid synthesis and metabolism may vary among taxa and
individuals, direct interpretations are unclear [25]. In freshwater systems, essential fatty acids
that fish are unable to synthesize, such as the polyunsaturated fatty acids a-linolenic acid
(ALA; 18:3n-3) and arachidonic acid (ARA; 20:4n-6) can be traced from prey to predator to
elucidate food web linkages [26]. Fatty acids can also be combined into more comprehensive
summary indices, such as the total number of omega-3 (n-3) fatty acids, or the ratios of doco-
sahexaenoic acid (DHA; 22:6n-3) to eicosapentaenoic acid (EPA; 20:5n-3) or total n-3 to n-6
fatty acids. The ratio of n-3 to n-6 in particular has been found to influence organismal fitness
and may help identify the dominant energetic pathways on which particular organisms rely
[27]. As with stable isotope ratios, individual fatty acid profiles may be influenced by factors
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unrelated to diet, such as stress level, nutritional status (i.e., well-fed or starving), or growth
rate [25,26,28]. There may also be significant taxonomic variation in how fatty acids are syn-
thesized and metabolized in vivo. For example, fatty acid synthesis and decomposition path-
ways vary between freshwater and marine organisms due to adaptations to different fatty acid
availability between environments [26,29], where marine fishes generally lack the ability of
freshwater fishes to synthesize long-chain polyunsaturated fatty acids like EPA, DHA, and
ARA. In addition, these complex interactions among fatty acid intake, synthesis, and metabo-
lism produce a highly multivariate potential indicator of an individual’s position in the food
web, and quantitative methods designed to handle the multivariate nature of fatty acid infor-
mation may be more informative measures of trophic niche than univariate examinations of
specific compounds. However, assessments of the relationship between multivariate fatty acid
patterns in food webs and other indicators (i.e., diet contents or stable isotopes) and their
informative value beyond measures based on singular fatty acids are lacking.

All three of the analytical methods described above are used in food web studies to draw
conclusions or make inferences, e.g., identifying which underlying energy source supports a
particular population, or what the relative importance of different habitat types are to a given
organism. Understanding whether trophic metrics developed via different methodologies are
correlated within individual wild-collected organisms in a coherent and consistent way is an
important step toward their effective use in food web studies. Though there have been some
assessments of the agreement between different metrics in an individual aquatic organism,
e.g., assessing how well stable isotope ratios or fatty acid composition of fish tissue reflect diet
contents, or how food type influences tissue turnover rates [11,19,25], most such studies have
been performed in controlled laboratory settings using simplified diet compositions (but see
[15]). In the wild, individuals have access to myriad potential trophic niches and diet items,
and temporal and spatial variation in prey availability, consumer isotope ratios, and fatty acid
composition may complicate any observed patterns. In addition, given that fatty acid use as a
trophic marker is expanding, understanding the relative consistency of any relationships
between fatty acids and other well-established and better understood trophic markers may
help researchers interpret fatty acid data.

In an effort to better understand relationships among different trophic indicator metrics
analyzed for a given animal, we conducted a case study using three fish species collected from
Lake Michigan, one of the largest Laurentian Great Lakes in North America, to evaluate the
following questions:

1. For multiple trophic metrics measured on the same individual, are there relationships
between metrics thought to represent similar energy pathways?

2. Are these relationships consistent among species?

In addition, given the relative lack of understanding of how fatty acid signatures help posi-
tion an individual within an aquatic food web, we also considered the full suite of fatty acids
using multivariate techniques and assessed:

3. Does multivariate consideration of fatty acids offer a more informative analysis of trophic
niche compared to univariate comparisons?

We expected that, by measuring multiple trophic markers on the same individual from an
aquatic system (large lake), we would see strong relationships between previously-known indi-
cators of reliance on benthic and pelagic pathways (e.g., 5'°C, EPA, DHA, ARA) and diet
items typically found in benthic (e.g., Chironomidae larvae) or pelagic zones (e.g., microcrus-
tacean zooplankton), respectively (Table 1). If this were the case, it would confirm assumptions
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Table 1. Key components of the three trophic metrics that were compared, pairwise, within an individual fish.

Metric Key component included in analyses (* see Table 2) Expected to be positively correlated with
Diet contents Proportion chironomid larvae Benthic reliance
Proportion microcrustacean® Pelagic reliance, Inverse trophic level

Proportion pelagic*
Proportion benthic*
Fatty acids 18:3n-3 (ALA)
20:4n-6 (ARA)
22:6n-3 (DHA)
20:5n-3 (EPA)
n-3:n-6
Stable isotopes 3"%C
3N
https://doi.org/10.1371/journal.pone.0204767.t001

Pelagic reliance, Inverse trophic level

Benthic reliance

Benthic reliance[9,30]; Dreissena[31]

Benthic/terrestrial reliance[30, 32]; Macroinvertebrates[32]
Pelagic reliance[31]; Copepoda[34]

Pelagic reliance[31], Microcrustacean(9, 35, 36]

Benthic reliance[31, 33, 35]

Benthic reliance[5]

Trophic level[7]

about the informative value of different trophic markers across species, which, to this point,
have rarely been specifically quantified through multiple comparisons in the wild. Alterna-
tively, should relationships between trophic metrics vary among species or markers, this
would suggest that significant care should be taken in the interpretation of food web structure
in the absence of comprehensive, species-specific marker analyses or sufficient temporal reso-
lution of trophic niches defined by each metric [12].

Materials and methods

Fish collection and processing methods are described in detail in [37-39]. Briefly, fish were
collected in summer and fall of 2010 via 2-hour micromesh gill net sets in 2 to 15 m of water
and stored frozen until processing. Fish were collected from 10 different sites (clockwise
around the lake from northeast-most site, all sites in United States of America: Arcadia, MI;
Muskegon, MI; Saugatuck, MI; Michigan City, IN; Calumet, IN; Highland Park, IL; Dead
River, IL; Whitefish Bay, WI; Fox Point, WI; and Sturgeon Bay, WI; see Fig 1 in [39] and S1
Table). Fish specimens for this project were collected and euthanized by multiple field crews,
in accordance with standards set out by 3 different institutions. Methods were generally con-
sistent across institutions, with slight differences in the amount of MS-222 required for over-
dose (see below). Protocols were approved by the Purdue University Animal Care and Use
Committee (protocol number 1112000400), the Illinois Institutional Animal Care and Use
Committee (protocol number 11185), the University of Wisconsin-Milwaukee IACUC (proto-
cols number 16-16#28 and 08-09 #41). After initial counts, the fish being kept will be anesthe-
tized with an overdose of MS-222 (50-100 mg/L) and then flash frozen on dry ice. Once back
at the laboratory the fish were be placed into -80 degree C freezer until ready for shipping.
Field collection permits were also obtained from all state Departments of Natural Resources.
The collection sites vary in local characteristics such as slope, nearby tributary input, and
substrate composition, enabling us to assess relationships between trophic markers across
individuals experiencing a range of environmental conditions. By including fish collected
from a range of sizes and multiple nearshore locations in Lake Michigan across two seasons,
we were able to include a wide range of variation in trophic marker values in this study. Previ-
ous studies in this system have suggested that there is minimal seasonal variation in diet con-
tents for these species [35-37], thus we expected that potential for differences in trophic
markers attributable to different tissue turnover rates between methods would be minimized.
At the same time, these studies suggest spatial variation does exist, which facilitated our ability
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Fig 1. Relationships between 8'3C values and natural log + 1-transformed biomass (mg) of diet content components a) Chironomidae larvae, b)
microcrustaceans, c¢) benthic-derived resources, and d) pelagic-derived resources. Points and lines represent individual fish and modeled relationships for
round goby (black circles, solid black line), spottail shiner (gray boxes, gray line), and yellow perch (white triangles, dashed black line). Species-specific slopes
were significantly different in each comparison, where round goby exhibited significant relationships in panels a, ¢, and d, but no other species exhibited
significant relationships; see Table 3.

https://doi.org/10.1371/journal.pone.0204767.9001

to evaluate the consistency and power of each trophic marker to capture variability in individ-
ual trophic behavior.

To develop correlations between trophic metrics within an individual, each fish included in
the present study had at least two different metrics assessed. Fishes that were stored frozen at
-20°C before processing were assessed for stable isotopes and diet contents only. Fishes stored
frozen at -80°C were assessed for fatty acid profiles and one (or both) of stable isotope ratios
and diet contents. Total length and weight of each fish (S1 Table) were recorded before remov-
ing stomachs of spottail shiner (Notropis hudsonius, STS) and yellow perch (Perca flavescens,
YEP), and entire digestive tracts of round goby (Neogobius melanostomus, ROG). Diet contents
were assessed as described in [37-39]. Briefly, individual diet items were identified to lowest
taxonomic level feasible, photographed, and measured. Whole diet contents were dried and
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weighed, and the measured lengths were used to estimate total biomass of a given prey taxon
via published length-weight equations. After digestive tracts were removed, fish were homoge-
nized and dried homogenate was analyzed for fatty acids and §'°C and 8'°N. When possible,
all three metrics were assessed for an individual; however, small body sizes of some fish pre-
cluded assessment of all 3 metrics on each fish. Because all three analyses were not performed
on every individual fish, three different datasets were developed for each pairwise combination
of trophic metrics (e.g., cases where at least two analyses were performed on an individual):
diet-fatty acid, fatty acid-stable isotope, and diet-stable isotope. Diet data were expressed as
total biomass (mg) of each item type and fatty acids were expressed as a proportion of the total
mass of all fatty acids measured. §"°C values were corrected for individual lipid content using
species- and system-specific mathematical corrections [40].

Though fish used in these analyses were of different sizes and were collected across different
sites and seasons, the power of the current study is in assessing the potential associations of
multiple trophic markers within an individual without an understanding of which external fac-
tors are shaping those patterns. Though certainly preferred, additional information such as
isotopic or fatty acid signatures of diet contents or potential prey is not always available in a
given study. We assessed relationships between key components of diet contents, fatty acids,
and stable isotopes within individual fish, specifically identifying components that are thought
to integrate information about the trophic niche and energy sources supporting development
of individuals (Table 1). Fatty acid and stable isotope data followed normal distributions,
whereas diet content data were natural log + 1—transformed to approximate a normal distri-
bution. Because we were interested in identifying and comparing relationships between tro-
phic metrics that were estimated with error, and there was no clear reason to assign any
variables as predictor or response as in linear regression, we used standardized major axis
regression [41] to evaluate relationships between trophic markers using R package ‘smatr’[42].
Standardized major axis regression minimizes bivariate residuals by minimizing the area of tri-
angles formed by pairs of observations and the predicted regression line, thereby accounting
for errors in both y and x variables and will estimate the same relationship between variables
regardless of their order in the model. For each relationship between trophic markers, we first
tested for equal slopes among species using a x> test comparing models including and exclud-
ing species-specific slopes [42]. When this test was significant (i.e., slopes significantly differed
among species), separate slopes were estimated for each species. When this test was not signifi-
cant (i.e., slopes did not differ among species), a single slope was estimated. The mean and
95% confidence intervals of species-specific slopes were used to compare relationships among
species, and species-specific Pearson correlation tests were used to examine whether trophic
markers were significantly correlated within species. All analyses were performed in program
R version 3.4.3 [43].

The five fatty acid components included in the above analyses (Table 1; ALA, ARA, DHA,
EPA, and the ratio of n-3:n-6 fatty acids), are thought to differentiate between energetic path-
ways in aquatic systems (e.g., [9,44]) and are relatively commonly used to assess food web
structure (reviewed in [45]). At the same time, focusing on single fatty acids or ratios ignores
the highly multivariate and co-dependent nature of organismal fatty acid signatures due to
metabolic and synthesis pathways [28,29]. A more holistic, multivariate indicator of fatty acid
composition could be better related to indicators of diet or isotopic niche than single fatty
acids alone [45], similar to the idea of assessing the cumulative consumption of benthic or
pelagic prey items [18]. To this end, we created orthogonal indicators of individual fatty acid
composition using principal components analysis (PCA) on all 28 fatty acids identified across
species in each of the pairwise datasets including fatty acids (i.e., one PCA each for the fatty
acid-diet and fatty acid-stable isotope datasets). For each PCA, the first three principal
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components (PCs) had the greatest relative explanatory power compared to following PCs and
were easily interpreted, i.e., loadings of individual fatty acids were clear and made ecological
sense (see Results and S2 Table). We then related these multivariate indicators of fatty acid
composition to diet and isotopic indicator components following the modeling methods
described above. Due to the large number of models (N = 56) created during this study, we
sought to control our error rate by only considering relationships as significant at a Holm-cor-
rected o = 0.05 for 56 comparisons, meaning a P < 0.0009 was considered significant.

Results

Summary

Twenty-seven unique diet content categories were identified across the three fish species sam-
pled. In turn, these were grouped into main components to be included in analyses (Table 2).
In total, we identified 30 comparisons between trophic metrics (out of 56) where one species
exhibited a significant correlation between markers. Of these, there were eight comparisons
where at least two species exhibited significant correlations (Tables 3, 4 and 5), and only one

Table 2. Mean biomass (mg) of each diet category for each species included in analysis (ROG = round goby, STS = spottail shiner, YEP = yellow perch). Prey item
signifies the lowest taxonomic resolution to which a prey item was identified, which were then grouped into larger taxonomic and energy source categories for analysis.

Prey item Diet category Energy source ROG STS YEP
Acari Other Benthic 0.014 0.041 0.000
Amphipoda Other Benthic 0.104 0.000 0.001
Chironomidae larvae Chironomidae larvae Benthic 2.057 0.323 0.735
Chironomidae pupae Other Benthic 0.320 0.217 1.588
Chydoridae Microcrustacean Benthic 1.507 0.338 4.036
Decapoda Other Benthic 0.139 0.000 67.100
Eggs Other Benthic 0.276 0.000 0.000
Gastropoda Other Benthic 0.005 0.000 <0.0001
Harpacticoida Microcrustacean Benthic 0.005 0.000 0.000
Hydracarina Other Benthic 0.000 0.000 0.056
Isopoda Other Benthic 0.298 0.000 0.129
Nematoda Other Benthic 0.013 0.000 0.000
Odonata Other Benthic 0.000 0.234 0.000
Oligochaeta Other Benthic 0.005 0.000 0.000
Ostracoda Other Benthic 0.104 0.000 0.008
Sphaeriidae Other Benthic 0.015 <0.0001 0.000
Bosminidae Microcrustacean Pelagic <0.0001 0.000 0.010
Cercopagidae Microcrustacean Pelagic 0.000 0.000 0.034
Unidentified Copepoda Microcrustacean Pelagic 0.000 0.000 0.005
Cyclopoida Microcrustacean Pelagic 0.006 0.001 0.000
Daphnia Microcrustacean Pelagic <0.0001 0.000 0.000
Dreissena Other Pelagic 1.891 0.010 0.009
Mysis Other Pelagic 0.000 0.000 0.129
Nauplii Microcrustacean Pelagic <0.0001 0.000 0.000
Other zooplankton Microcrustacean Pelagic 0.000 0.000 <0.0001
Veliger Other Pelagic 0.001 0.000 0.000
Coleoptera Other Terrestrial 0.000 0.047 0.000
Hymenoptera Other Terrestrial 0.000 0.173 0.000
Fish Fish Fish 0.000 0.000 5.062

https://doi.org/10.1371/journal.pone.0204767.t002
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Table 3. Standard major axis regression results (mean and 95% confidence intervals for species-specific intercepts and slopes) for pairwise relationships between
key diet components and stable isotope ratios within individual fish, with associated test statistics and P-value for likelihood ratio test (LR; 1% 2 d.f.) for equality of
slopes bolded and italicized when significant. Species-specific relationships are bolded and italicized when a within-species correlation test was significant; differences
among species were assessed via overlapping confidence intervals. See visualization of significant relationships in Fig 1. Significance was determined at a corrected

P < 0.0009.

Isotope

sC

s'3C

s'*C

sC

SN

SN

3°N

SN

Diet item

Chironomidae larvae
Microcrustacean
Pelagic

Benthic
Chironomidae larvae
Microcrustacean
Pelagic

Benthic

ROG YEP LR P
Intercept Slope Intercept Slope Intercept Slope
7.30 0.34 3.56 0.16 9.04 0.42 16.64 0.0002
(6.26,8.34) (0.29,0.39) (2.14, 4.97) (0.11, 0.25) (7.39, 10.69) (0.35,0.51)
6.26 0.30 -4.29 -0.22 13.31 0.62 40.92 0.0000
(5.30,7.21) (0.25,0.35) (-6.24, -2.35) (-0.33,-0.15) (10.84, 15.79) (0.52,0.75)
-7.20 -0.38 -0.41 -0.02 -4.60 -0.22 109.34 0.0000
(-8.37,-6.02) | (-0.45,-0.33) | (-0.58,-0.23) | (-0.03,-0.01) | (-5.49,-3.71) | (-0.27,-0.19)
9.63 0.43 7.11 0.32 18.15 0.84 34.11 0.0000
(8.30,10.97) (0.37,0.50) (4.30,9.92) (0.21, 0.48) (14.81, 21.48) (0.69, 1.01)
9.12 -0.99 -3.20 0.38 4.52 -0.47 42.11 0.0000
(7.72,10.51) (-1.16,-0.84) | (-4.68,-1.73) (0.25,0.57) (3.71, 5.33) (-0.57, -0.39)
6.93 -0.77 7.22 -0.77 7.24 -0.77 7.35 0.0253
(6.16, 7.69) (-0.86, -0.69) (6.34, 8.10) (-0.86, -0.69) (6.43, 8.06) (-0.86, -0.69)
-9.26 1.12 0.45 -0.05 2.36 -0.25 217.77 0.0000
(-10.82, -7.70) (0.96, 1.32) (0.29, 0.61) (-0.07, -0.03) (1.92, 2.79) (-0.30, -0.21)
10.26 -1.07 10.36 -1.07 10.36 -1.07 9.73 0.0077
(9.17,11.36) (-1.21,-0.95) (9.10, 11.63) (-1.21, -0.95) (9.20, 11.52) (-1.21,-0.95)

https://doi.org/10.1371/journal.pone.0204767.t003

case where trophic metrics were significantly correlated in the same direction across all three
fish species. While there were many instances where slopes of these relationships differed sig-
nificantly among species, delving further, the species-specific correlations themselves were not
always significant. Below, we primarily focus on comparisons where at least one species-spe-
cific correlation between markers was significant, as we deem these instances most ecologically
relevant to the objective of our study.

In general, §'°C exhibited strong, significant relationships to diet items (Table 3; Fig 1).
Diet contents were significantly related to fatty acid signatures of EPA, DHA, and ARA
(Table 4; Figs 2 and 3), whereas stable isotopes were primarily related to DHA, EPA and ALA
(Table 5; Fig 4). Using n-3:n-6 as a multivariate fatty acid indicator, n-3:n-6 ratios were vari-
ably related to some aspects of diet, but not stable isotope values (Tables 4 and 5; Fig 5). Using
PCA to develop composite indices of fatty acid composition revealed significant relationships
between several principal components and diet items as well as between principal components
and both isotopic indicators (Table 6; Figs 7 and 8). All relationships between different mark-
ers are summarized in Tables 3, 4, 5 and 6, while significant relationships are depicted in Figs
1,2,3,4,5,6,7 and 8.

Relationships between stable isotopes and other trophic markers

8'°C and 5"°N were each significantly related to several diet and fatty acid components (Tables
3 and 5; Figs 1, 3 and 4). However, these relationships were not always consistent among spe-
cies, especially when considering their relationship to the abundances of various fatty acids.
When related to diet contents, 8'°C exhibited positive relationships to chironomid larvae con-
sumption (Fig 1a) and benthic consumption (Fig 1c), and a negative relationship to pelagic
consumption (Table 3; Fig 1d). Although species-specific slopes and correlation strengths var-
ied significantly in these relationships, their directions and magnitudes were similar across
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Table 4. Standard major axis regression results (mean and 95% confidence intervals for species-specific intercepts and slopes) for pairwise relationships between
fatty acids and key diet components within individual fish, with associated test statistics and P-value for likelihood ratio test (LR; %% 2 d.f.) for equality of slopes
bolded and italicized when significant. Species-specific relationships are bolded and italicized when a within-species correlation test was significant at corrected

P < 0.0009; differences among species were assessed via overlapping confidence intervals. See visualization of significant relationships in Figs 2, 3 and 5.

Fatty acid | Diet item ROG STS YEP LR |P
Intercept Slope Intercept Slope Intercept Slope
ALA Chironomidae larvae -1.00 68.85 0.95 -38.12 -0.49 34.18 56.18 | 0.0000
(-1.23,-0.76) (60.76, 78.01) (0.61, 1.28) (-57.42, -25.31) (-0.64, -0.34) (29.86, 39.12)
ALA Microcrustacean -1.00 58.63 -0.88 58.63 -0.99 58.63 6.40 0.0408
(-1.17,-0.84) | (53.61,64.22) | (-1.17,-0.59) | (53.61,64.22) | (-1.23,-0.76) | (53.61,64.22)
ALA Pelagic -1.21 65.48 -0.08 4.81 -0.34 18.20 236.97 | 0.0000
(-143,-098) | (57.75,74.25) | (-0.12,-0.04) (3.30,7.01) (-0.43,-0.26) | (15.86,20.88)
ALA Benthic -0.76 78.62 -0.87 78.62 -0.96 78.62 934 | 0.0094
(-0.99, -0.54) (71.78, 86.18) (-1.26,-0.47) (71.78, 86.18) (-1.26,-0.65) (71.78, 86.18)
ARA Chironomidae larvae 3.02 -41.58 -0.79 20.90 1.74 -24.36 38.24 | 0.0000
(2.70,3.34) | (-46.96,-36.82) | (-1.23,-0.34) | (14.05,31.09) (1.52,1.95) | (-27.79,-21.34)
ARA Microcrustacean 2.57 -37.92 2.07 -37.92 2.61 -37.92 2.59 0.2745
(2.35,2.78) (-41.41,-34.81) (1.74, 2.40) (-41.41,-34.81) (2.33,2.89) (-41.41,-34.81)
ARA Pelagic -1.99 39.55 -0.12 2.64 -0.69 12.97 202.20 | 0.0000
(-2.31, -1.68) (34.87, 44.86) (-0.18, -0.06) (1.76, 3.95) (-0.81, -0.57) (11.31, 14.87)
ARA Benthic 4.02 -50.83 3.08 -50.83 3.89 -50.83 3.05 0.2172
(3.73,4.31) | (-55.52,-46.64) | (2.61,3.55) | (-55.52,-46.64) | (3.55,4.24) | (-55.52,-46.64)
ARA Chironomidae larvae -2.57 20.86 -1.72 20.86 -2.06 20.86 0.15 0.9288
(-2.87,-2.26) (19.09, 22.81) (-1.99, -1.46) (19.09, 22.81) (-2.30,-1.83) (19.09, 22.81)
ARA Microcrustacean -2.64 19.73 2.75 -27.03 -3.29 32.32 28.52 | 0.0000
(-3.03, -2.24) (17.42, 22.34) (1.66, 3.84) (-40.67, -17.97) (-3.79, -2.78) (28.35, 36.85)
ARA Pelagic 3.30 -19.69 -0.22 2.50 -1.20 11.31 89.42 | 0.0000
(2.92,3.68) | (-22.24,-17.42) | (-0.32,-0.13) (1.68, 3.70) (-1.39, -1.02) (9.86, 12.97)
ARA Benthic -3.03 26.99 4.27 -39.04 -3.98 42.61 25.13 0.0000
(-3.55,-2.52) | (23.92,3044) | (2.74,579) | (-58.07,-26.24) | (-4.66,-3.30) | (37.26,48.72)
DHA Chironomidae larvae 2.14 -19.94 -0.75 8.65 2.06 -10.96 50.19 | 0.0000
(1.92, 2.36) (-22.50,-17.67) | (-1.15,-0.35) (5.94, 12.60) (1.81,2.32) (-12.51,-9.61)
DHA Microcrustacean 1.72 -17.55 2.21 -17.55 3.19 -17.55 5.86 0.0533
(1.55,1.88) | (-19.24,-16.07) | (1.86,2.57) | (-19.24,-16.07) | (2.88,3.50) | (-19.24,-16.07)
DHA Pelagic 1.78 -18.97 0.14 -1.09 -0.86 5.84 22142 | 0.0000
(1.56,2.00) | (-21.51,-16.72) | (0.08,0.19) (-1.64,-0.73) | (-1.01,-0.72) (5.09, 6.70)
DHA Benthic 2.87 -23.38 3.27 -23.38 4.65 -23.38 7.90 0.0192
(2.66, 3.08) (-25.56,-21.47) (2.73, 3.80) (-25.56, -21.47) (4.27,5.04) (-25.56,-21.47)
n-3:n-6 Chironomidae larvae -2.32 1.18 1.62 -0.62 -3.76 1.57 22.64 | 0.0000
(-2.71, -1.94) (1.04, 1.33) (1.05, 2.20) (-0.92,-042) | (-4.32,-3.19) (1.37, 1.81)
n-3:n-6 Microcrustacean -2.43 1.12 -1.68 0.84 6.54 -2.40 73.30 | 0.0000
(-2.79,-2.07) (0.99, 1.27) (-2.43,-0.94) (0.58,1.23) (5.67, 7.40) (-2.75,-2.09)
n-3:n-6 Pelagic 3.09 -1.12 -0.16 0.08 2.24 -0.84 95.32 | 0.0000
(2.73, 3.45) (-1.27,-0.99) (-0.24, -0.09) (0.05,0.12) (1.93,2.54) (-0.96, -0.73)
n-3:n-6 Benthic -2.75 1.54 -2.14 1.22 -7.12 3.10 60.22 | 0.0000

(-3.24,-2.26) (1.36,1.73) (-3.31,-0.97) (0.81, 1.83) (-8.26, -5.98) (2.69, 3.56)
https://doi.org/10.1371/journal.pone.0204767.1004

species. 8'°N, conversely, exhibited no significant correlations with diet content in any species
—although species-specific slopes differed for chironomid and pelagic consumption, no single
species correlation was significant. Similarity in species-specific slopes also differed between
8">C and §"°N -all models for 8'°C had significantly different slopes (Fig 1), whereas only rela-
tionships between §'°N and chironomid or pelagic consumption differed among species
(Table 3).
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Table 5. Standard major axis regression results (mean and 95% confidence intervals for species-specific intercepts and slopes) for pairwise relationships between
stable isotope ratios and fatty acids within individual fish, with associated test statistics and P-value for likelihood ratio test (LR; 1% 2 d.f.) for equality of slopes
bolded and italicized when significant. Species-specific relationships are bolded and italicized when a within-species correlation test was significant; differences among
species were assessed via overlapping confidence intervals. See visualization of significant relationships in Figs 3 and 4. Significance was determined at a corrected

P < 0.0009.
Isotope Fatty Acid ROG STS YEP LR P
Intercept Slope Intercept Slope Intercept Slope
s1C ALA -0.06 0.00 -0.09 -0.01 0.30 0.01 71.71 0.0000
(-0.08, -0.05) (-0.01, 0.00) (-0.12, -0.06) (-0.01, 0.00) (0.25,0.36) (0.01, 0.02)
sC ARA 0.18 0.01 -0.13 -0.01 -0.31 -0.02 73.15 0.0000
(0.16, 0.20) (0.00, 0.01) (-0.18, -0.08) (-0.01, -0.01) (-0.38,-0.24) (-0.02, -0.01)
s'*C EPA -0.06 -0.01 0.31 0.01 0.53 0.02 31.77 0.0000
(-0.10, -0.03) (-0.01, -0.01) (0.25,0.37) (0.01, 0.01) (0.45,0.61) (0.02, 0.02)
sC DHA 0.41 0.02 -0.37 -0.02 -0.74 -0.04 56.76 0.0000
(0.36, 0.47) (0.01, 0.02) (-0.51, -0.23) (-0.03, -0.02) (-0.91, -0.56) (-0.05, -0.04)
sC n-3:n-6 5.50 0.17 -2.62 -0.24 3.88 0.30 19.02 0.0001
(4.87,6.12) (0.14, 0.20) (-4.01, -1.24) (-0.32,-0.19) (7.69, 10.07) (0.25,0.37)
SN ALA 0.14 -0.01 0.15 -0.01 0.15 -0.01 6.63 0.0364
(0.13,0.16) (-0.02,-0.01) (0.13,0.16) (-0.02, -0.01) (0.13,0.16) (-0.02,-0.01)
3°N ARA -0.09 0.02 -0.12 0.02 -0.11 0.02 1.84 0.3993
(-0.11, -0.07) (0.02, 0.02) (-0.14, -0.10) (0.02, 0.02) (-0.13, -0.09) (0.02, 0.02)
5°N EPA 0.35 -0.03 0.33 -0.03 0.34 -0.03 12.21 0.0022
(0.33,0.37) (-0.03, -0.02) (0.30, 0.35) (-0.03, -0.02) (0.32,0.37) (-0.03,-0.02)
SN DHA 0.52 -0.05 0.57 -0.05 0.62 -0.05 1.34 0.5119
(0.47,0.57) (-0.06, -0.04) (0.52,0.63) (-0.06, -0.04) (0.57,0.68) (-0.06, -0.04)
5°N n-3:n-6 6.93 -0.57 6.39 -0.45 -0.54 0.34 14.22 0.0008
(6.08,7.77) (-0.67, -0.48) (5.21,7.58) (-0.59, -0.34) (-1.16, 0.08) (0.28,0.42)

https://doi.org/10.1371/journal.pone.0204767.t005

Relationships between stable isotope ratios and single fatty acid profiles were variable
(Table 5). DHA and 8"°C values were significantly positively correlated in round goby, but
non-significant and negatively correlated in spottail shiner and yellow perch, respectively; no
other species-specific relationships were significant between §'°C and fatty acids (Fig 4a and
4c). Every model testing relationships between §'°C and fatty acids exhibited significant differ-
ences in slopes among species, with often contrasting directions between round goby and the
other species (Table 5). In contrast, 8'°N values were consistently negatively related to DHA,
EPA, and ALA across species (Table 5). ALA and §"°N were significantly negatively correlated
in both round goby and yellow perch (Fi. 3d), whereas only yellow perch exhibited a signifi-
cant negative correlation between EPA and §'°N, and only round goby exhibited a significant
negative correlation between DHA and §'°N (Fig 4b and 4d). No model testing relationships
between 5'°N and fatty acids found significantly different slopes among species.

Relationships between fatty acids and diet items

Significant relationships existed between the relative abundance of ARA, EPA, and DHA and
diet contents, whereas no significant relationships were observed between ALA and diet con-
tent (Table 4). EPA exhibited varied relationships to diet content among species. EPA was sig-
nificantly positively correlated with chironomid consumption in round goby and to benthic
consumption in both round goby and yellow perch (Fig 2a and 2e). However, EPA differed
among species in its relationships to pelagic prey, exhibiting a significant negative correlation
in round goby and non-significant, positive correlations in yellow perch and spottail shiner
(Fig 2a, 2¢, 2e and 2g). Similarly, microcrustacean consumption was significantly positively
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Fig 2. Relationships between EPA (20:5n-3; left column) or DHA (C22:6n-3; right column) and natural log + 1-transformed biomass
(mg) of diet content components: Chironomidae larvae (a,b) microcrustaceans (c,d), benthic-derived resources (e,f), and pelagic-
derived resources (g,h). Points and lines represent individual fish and modeled relationships for round goby (black circles, solid black line),
spottail shiner (gray boxes, gray line), and yellow perch (white triangles, dashed black line). See Table 4 for significance of slope and
interaction terms.

https://doi.org/10.1371/journal.pone.0204767.9002
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slope and interaction terms.

https://doi.org/10.1371/journal.pone.0204767.9003

correlated with EPA in yellow perch, but these markers were non-significantly positively cor-
related in round goby. Lastly, DHA exhibited relatively consistent relationships among species
(Fig 2b, 2d, 2f and 2h). DHA was negatively correlated to chironomid and benthic consump-
tion in both yellow perch and round goby, and further negatively correlated to microcrusta-
cean consumption in round goby only, although there was no evidence for different slopes in
that relationship among species (Table 4). ARA was negatively correlated to the consumption
of chironomids and microcrustaceans in both round goby and yellow perch (Fig 3a and 3c),
and also negatively correlated to benthic consumption in round goby (Fig 3b). Again, although
some significant differences in slopes were identified among species, the directions and magni-

tudes were generally similar.
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https://doi.org/10.1371/journal.pone.0204767.9g004

The ratio of n-3:n-6 fatty acids was largely only related to diet contents in round goby,
which exhibited significant positive correlations between n-3:n-6 and microcrustaceans and
benthic consumption, and a negative correlation with pelagic consumption, but these correla-
tions were not significant in the other species (Table 4; Fig 5).

Fatty acid composition as a multivariate trophic marker

Separate PCAs were performed on fatty acid composition of fish in each subset of data (i.e.,
fish that had both fatty acid content and diet contents analyzed; fish that had both fatty acid
and stable isotope ratios analyzed). The full suite of loadings for fatty acids on particular PCs
are included as supplementary material (S2 Table). As mentioned in the Methods section, we
retained the first three principal components (PCs) for each analysis and related them to other
diet and stable isotope ratio values to examine whether a multivariate indicator of fatty acid
composition can better discriminate and define the trophic niche and behavior of individual
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https://doi.org/10.1371/journal.pone.0204767.g005
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Table 6. Standard major axis regression results (mean and 95% confidence intervals for species-specific intercepts and slopes) for pairwise relationships between
fatty acid principal component axis (PCs) and trophic markers within individual fish, with associated test statistics and P-value for likelihood ratio test (LR; 3% 2 d.
f.) for equality of slopes bolded and italicized when significant. Species-specific relationships are bolded and italicized when a within-species correlation test was signifi-
cant; differences among species were assessed via overlapping confidence intervals. See visualization of significant relationships in Figs 6, 7 and 8. Significance was deter-
mined at a corrected P < 0.0009.

FA Axis

PC1

PC1

PC1

PC1

PC1

PC1

PC2

PC2

pC2

PC2

PC2

pPC2

PC3

PC3

PC3

PC3

PC3

PC3

Marker

Chironomidae larvae
Microcrustacean
Pelagic

Benthic

3"°C

3N

Chironomidae larvae
Microcrustacean
Pelagic

Benthic

3°C

3N

Chironomidae larvae
Microcrustacean
Pelagic

Benthic

3"°C

5N

ROG

Intercept

0.62
(0.52,0.72)
0.38
(0.28,0.48)
0.29
(0.17, 0.41)
1.09
(0.97,1.21)
-22.76
(-23.37,-22.14)
9.47
(9.28, 9.66)
-0.14
(-0.29, 0.01)
031
(-0.44, -0.18)
1.01
(0.87,1.15)
0.16
(-0.01, 0.33)
-17.77
(-18.40,-17.14)
9.40
(9.17,9.63)
1.09
(0.96, 1.23)
-0.13
(-0.27,0.01)
-0.16
(-0.29, -0.03)
1.71
(1.54, 1.87)
-21.09
(-21.66, -20.52)

8.84
(8.68, 9.00)

https://doi.org/10.1371/journal.pone.0204767.1006

Slope
-0.32
(-0.36,-0.28)
-0.32
(-0.35,-0.30)
0.30
(0.27,0.34)
-0.43
(-0.47,-0.40)
1.50
(1.27,1.76)
-0.51
(-0.57, -0.45)
-0.55
(-0.62, -0.49)
-0.50
(-0.55, -0.46)
0.52
(0.46, 0.59)
-0.68
(-0.74, -0.62)
1.64
(1.38,1.94)
0.55
(0.50,0.62)
-0.47
(-0.54, -0.42)
0.47
(0.43,0.51)
0.45
(0.40, 0.51)
-0.62
(-0.68, -0.57)
2.46
(2.05,2.94)
-0.65
(-0.73, -0.58)

STS
Intercept

0.11
(-0.05, 0.27)
0.43
(0.15,0.71)
-0.01
(-0.02, 0.01)
0.89
(0.50, 1.28)
-16.91
(-18.03, -15.80)
7.65
(7.31,7.99)
-0.52
(-0.87, -0.16)
1.94
(1.62, 2.26)
-0.08
(-0.13, -0.04)
2.93
(2.50, 3.36)
-20.57
(-21.20, -19.94)
9.37
(9.11,9.63)
0.46
(0.32,0.61)
-0.37
(-0.72,-0.02)
-0.02
(-0.04, 0.00)
1.36
(1.03, 1.69)
2321
(-24.29, -22.13)

7.34
(6.93,7.75)

Slope
0.19
(0.13, 0.28)
-0.32
(-0.35, -0.30)
0.02
(0.02, 0.04)
-0.43
(-0.47, -0.40)
1.11
(0.83,1.47)
-0.51
(-0.57, -0.45)
0.22
(0.15, 0.33)
-0.50
(-0.55, -0.46)
0.03
(0.02, 0.04)
-0.68
(-0.74, -0.62)
-0.94
(-1.25,-0.70)
0.55
(0.50, 0.62)
-0.18
(-0.26, -0.12)
0.47
(0.43,0.51)
0.02
(0.02, 0.03)
-0.62
(-0.68, -0.57)
-1.11
(-1.47,-0.83)
-0.65
(-0.73, -0.58)

YEP

Intercept

0.26
(0.16, 0.36)
0.31
(0.13, 0.50)
0.10
(0.04, 0.16)
0.82
(0.61, 1.02)
-21.06
(-21.39, -20.72)
8.83
(8.52,9.13)
0.68
(0.55, 0.81)
0.95
(0.79,1.11)
0.28
(0.21, 0.35)
1.63
(1.40, 1.85)
-22.09
(-22.54, -21.64)
8.10
(7.84,8.37)
0.77
(0.66, 0.89)
1.01
(0.85, 1.18)
-0.18
(-0.25,-0.11)
-0.01
(-0.28, 0.26)
21.25
(-21.60, -20.90)

9.69
(9.37,10.01)

Slope
-0.24
(-0.27,-0.21)
-0.32
(-0.35,-0.30)
0.13
(0.11, 0.14)
-0.43
(-0.47, -0.40)
-0.61
(-0.73,-0.50)
-0.51
(-0.57,-0.45)
-0.33
(-0.38, -0.29)
-0.50
(-0.55,-0.46)
-0.18
(-0.20,-0.15)
-0.68
(-0.74, -0.62)
0.75
(0.62,0.91)
0.55
(0.50,0.62)
0.34
(0.30, 0.39)
0.47
(0.43,0.51)
-0.18
(-0.21,-0.16)
-0.62
(-0.68,-0.57)
0.66
(0.54, 0.80)
-0.65
(-0.73, -0.58)

LR

14.74

4.88

151.94

2.17

48.46

3.63

38.46

6.72

210.25

5.72

36.28

6.05

28.22

11.92

178.04

11.29

93.01

3.65

P

0.0006

0.0871

0.0000

0.3372

0.0000

0.1629

0.0000

0.0347

0.0000

0.0572

0.0000

0.0487

0.0000

0.0026

0.0000

0.0035

0.0000

0.1614

fish. There were several significant relationships between these multivariate fatty acid indica-
tors and other trophic metrics, primarily in round goby and yellow perch, which are detailed
below.

For the fatty acid-diet PCA, PC1 appeared to represent a gradient between fish high in C16

and C18 fatty acids such as 16:1n-7, 18:2n-6, and 18:3n-6, versus fish higher in C20 and C22
fatty acids like ARA, 22:5n-6, and 22:4n-6 (S2 Table). PC1 was significantly negatively corre-
lated with higher proportions of chironomid larvae consumed in both round goby and yellow
perch, and negatively correlated with microcrustacean and benthic consumption in round
goby only, although the slopes of those relationships did not differ among species (Table 6;
Fig 6). PC2 was most strongly negatively associated with EPA and 22:5n-3, and most strongly
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Fig 6. Relationships between fatty acid principal component 1 (PC1) and natural log + 1-transformed diet item
biomass (mg) of a) Chironomidae larvae, b) microcrustaceans, and c) benthic-derived resources. Points and lines
represent individual fish and modeled relationships for round goby (black circles, solid black line), spottail shiner (gray
boxes, gray line), and yellow perch (white triangles, dashed black line). See Table 6 for significance of slope and
interaction terms.
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positively associated with several C20 acids, namely 20:4n-3, 20:3n-3, and 20:2n-6 (S2 Table).
PC2 was negatively associated with microcrustacean consumption across all species, and sig-
nificantly negatively correlated to microcrustacean consumption in yellow perch. In contrast,
round goby exhibited a significant positive correlation between pelagic consumption and PC2,
whereas the other species exhibited significantly different slopes and negative correlations
(Table 6; Fig 7a and 7b). PC3 was strongly negatively associated with DHA and 16:0, and posi-
tively associated with multiple relatively low abundance acids, including 20:1, 15:0, and 18:1n-
7. PC3 was significantly positively correlated with chironomid consumption in yellow perch,
but negatively correlated to chironomids in spottail shiner and round goby (Fig 7c). PC3 was
further significantly negatively correlated with benthic consumption in yellow perch, and this
relationship was similar across species, although correlations were not significant in round
goby or spottail shiner.

For the fatty acid-stable isotope PCA, PC1 was generally negatively associated with shorter
chain fatty acids (C14 and C18) and positively associated with longer chain fatty acids (C20 or
C22) (S2 Table). PC1 was significantly positively correlated to §'°C values in round goby, but
not the other species, and showed no relationship to 8'°N (Table 6; Fig 8a). DHA and 16:0
were most strongly positively associated with PC2 while a number of generally low-abundance
fatty acids were negatively associated with PC2 (18:1n-7, 15:0, and 20:1 being the most strongly
negatively associated; S2 Table). PC2 exhibited a species-specific interaction in relationship to
8'°C, with a significant positive correlation in round goby but no correlation in other species
(Table 6; Fig 8b). In contrast, PC2 was consistently and significantly positively correlated with
8"°N across species—this was the only case where all three species exhibited significant correla-
tions in the same direction (Fig 8c). PC3 was strongly negatively associated with 20:3n-6 and
20:4n-3, but not significantly correlated to either §'°C or §'°N (Table 6).

Discussion

Understanding which trophic markers are consistently interrelated across species and systems
can add value to ecological field studies on food web structure; however, whether such consis-
tent interrelationships exist across ecosystems is unclear [46]. We have shown that, for three
species of wild fishes inhabiting multiple, distinct habitats in a large lentic system, a large num-
ber of commonly used trophic metrics are indeed related to each other in expected directions.
In particular, our findings support the long-held expectation that §'°C indicates reliance on
benthic energy pathways [5,18,47]. 8'>C was consistently positively related to chironomid and
benthic items consumed and negatively related to pelagic items consumed for all three species
examined in the current study. In addition, 8'°N was generally not related to diet content but
was related to several fatty acid indicators. We also observed several instances where relation-
ships varied among species or opposed expected patterns.

We expected that tissue fatty acid content would be strongly related to diet composition in
our samples. Freshwater fish lack the ability to produce certain fatty acids, notably C18 acids
such as 18:2n-6, ALA, or 18:3n-6, and may acquire many long-chain polyunsaturated fatty
acids, like ARA, DHA, and EPA, directly from their prey [26,48]. When assessing single fatty
acids, we observed that EPA was positively related to microcrustacean and benthic consump-
tion in round goby and yellow perch, whereas ARA and DHA were negatively related to
microcrustaceans and benthic consumption across species. These relationships did not
completely align with other studies (e.g., [31,33,34]), but this inconsistency may be explained
by a single, important diet item in the fishes collected. Chydorids are benthic-oriented micro-
crustaceans that feed primarily on epiphyton [49,50]. Chydorids and other benthic inverte-
brates may serve as EPA-rich prey items to fish [31,33], and EPA is thought to be an important
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Fig 7. Relationships between fatty acid principal components 2 or 3 (PC2: Panels a, b; PC3: Panel c) and natural
log + 1-transformed diet item biomass (mg) of a) microcrustaceans, b) pelagic-derived resources, and c)
Chironomidae larvae. Points and lines represent individual fish and modeled relationships for round goby (black
circles, solid black line), spottail shiner (gray boxes, gray line), and yellow perch (white triangles, dashed black line).
See Table 6 for significance of slope and interaction terms.
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fatty acid for zooplankton growth and fitness [51]. ARA, in contrast, is generally considered to
represent benthic pathways in aquatic systems [30,32] while DHA is thought to represent
pelagic pathways; however, both ARA and DHA may be relatively low in microcrustaceans as
compared to other available prey, meaning chydorids may offer relatively less of these com-
pounds to predators despite their reliance on benthic energy sources [31]. Thus, our results
suggest that, in this particular system, EPA in fish tissue may be reflective of reliance on chy-
dorids, and a general reliance on chydorids as a benthic energy source may alter expected rela-
tionships between fatty acids and foraging behavior.

The lack of clear and consistent relationships between ALA and other trophic metrics in
our study may partially reflect the metabolic importance of this compound in fish. ALA and
18:2n-6 can be used by freshwater fish to synthesize ARA, EPA, and DHA in a chain of reac-
tions terminating in the elongation of DHA from EPA and other eicosanoids [29,48,52]. It is
likely that fish internally regulate the abundance of these compounds in response to the spe-
cific composition of fatty acid contributed from their diet, allowing for adaptation to local
environmental conditions [29]. This may complicate any relationship between various trophic
metrics and concentrations of these fatty acids in the diets and tissues of consumers. This is
important, as these and other polyunsaturated fatty acids have been used to examine a range of
physio- and ecological processes in aquatic systems, from fish health, growth, and reproduc-
tion [53-55] to assessments of habitat quality [56]. We suggest that, while ALA undeniably
represents an important fatty acid for fish development and fitness, inconsistent metabolism
may make it an unreliable trophic marker in fishes, especially when taxonomic information or
prey fatty acid profiles are unknown. In addition, though we do demonstrate relationships
between DHA and some other metrics, we caution that, to mitigate confounding effects of
metabolic processes, interpretations should rely on accurate assessment of DHA in prey.

Although we did not observe any significant relationships between diet content and §'°N,
we did observe multiple correlations between 8'°N and fatty acid indicators, particularly as
negative correlations with ALA, EPA, DHA, and a positive association with PC axis (PC 2; rep-
resenting a benthic to pelagic gradient), all of which would seem to suggest that trophic level
may trend with energy source in this system. One possibility is that the observed correlation
between 8'°N and pelagic energy sources may be driven by food chain length, either via con-
sumption of dreissenid mussels in round goby, or consumption of herbivorous zooplankton in
round goby and spottail shiner. These pelagic prey sources feed primarily on phytoplankton
and may incorporate a broad range of primary and secondary consumers (i.e., diatoms, roti-
fers, algae) compared to benthic organisms like chydorids, which feed primarily on epiphyton
and represent a single step from primary producers to primary consumers [57]. The positive
correlation between 8'°N and pelagic resource use, as indicated by fatty acids, may therefore
be driven primarily by consumption of diet items that are at odds with others in their respec-
tive categories. In addition, the pattern of relationships may be due to differences in the type
and turnover rates of the trophic information these markers characterize. Fatty acid and stable
isotope signatures turn over at slower rates than diets and reflect the outcome of potentially
variable digestion and assimilation rates of different prey species [12], and therefore may be
more likely to reflect energy sources utilized by a consumer than diet content as a function of
their linkage via individual metabolic rates [25]. It should be noted, however, that 813C was rel-
atively well related to diet content, suggesting that a relationship between trophic level and
fatty acid signatures of prey may be a more likely explanation.

Most previous studies have considered the trophic relationships between singular fatty
acids and probable energy sources (reviewed in [9]). However, assessing variation in the entire
fatty acid composition of individuals may provide a more comprehensive interpretation of
their trophic behavior than assessment of individual fatty acids alone. We found several
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significant relationships between composite measures of fatty acid composition and other tro-
phic markers, suggesting that a holistic approach to fatty acid composition may be appropriate.
In the simplest case, the ratio of n-3:n-6 fatty acids was significantly negatively related to
pelagic consumption and positively related to microcrustacean consumption. These patterns
were expected, as benthic prey are generally high in n-3 fatty acids compared to herbivorous
zooplankters [31,33,35]. The relatively high number of significant relationships we observed
between the multivariate fatty acid principal components and various diet content categories
also suggests a more holistic approach to fatty acids has merit in food web studies, especially
when additional examination of taxonomic, spatial and temporal variability in fatty acid signa-
tures is possible [46]. These relationships also appear to make ecological sense. For example,
the fatty acid-diet PC1, which could be interpreted to represent a benthic (negative loadings of
16:1n-7; [33]) to pelagic (positive loadings of C22 fatty acids; [31]) gradient, was generally neg-
atively related to chironomid and benthic consumption. PC2, which represented a similar ben-
thic invertebrate (negative loadings of EPA, DPA, and 18:1n-7; [9]) to pelagic (positive
loadings of C20 eicosanoids; [31]) gradient was positively related to pelagic consumption.
And, in the only instance where all three species exhibited consistent, significant correlations
in the same direction, the fatty acid-stable isotope PC2, which represented a benthic (negative
loadings of 18:1n-7) to pelagic (positive loadings of DHA) gradient was positively related to
8"°N. Our results reinforce the suggestion that using a suite of fatty acids improves under-
standing of an organism’s trophic position over considering a single fatty acid indicator
[45,58,59].

Even though we only assessed three species, our results underline the importance of
accounting for inter-taxa variability when interpreting trophic markers [34,36]. Opposing
directions of associations when comparing species, or correlations in only one species but not
others occurred primarily under two scenarios—when pelagic prey or microcrustacean con-
sumption was considered as a response, and when round goby differed from yellow perch in
slope direction. Specifically, the relationships between EPA, DHA, fatty acid PCs, 8'°N, and
indicators of pelagic or benthic consumption were in different directions between round goby
and either or both of the other two species. While the goal of this paper is not to specifically
understand mechanisms by which relationships between different trophic metrics came about,
we hypothesize that these particular interactions are the result of a combination of taxonomic
differences in fatty acid metabolism between fish species, and unique prey item life history.
First, invasive dreissenid mussels are highly efficient at filtering the water column and have
come to dominate Great Lakes benthic systems [57], likely representing a unique fatty acid sig-
nature that complicates general understanding of patterns in this system. Dreissenids are at
once rich in fatty acids associated with both benthic (ARA) and pelagic (ALA, DHA, and other
long-chain C22 molecules) energy pathways [31]. Round goby were the only of the three fishes
examined in our study to consume many dreissenids, complicating our ability to generalize
our “pelagic” fatty acid results across species. Second, as previously mentioned, freshwater fish
can synthesize long-chain C20 and C22 fatty acids from C18 precursors. Marine fish, due to
adaptations to fatty acid availability in marine environments, generally lack this ability, instead
acquiring these essential fatty acids from their diet [29,48,60]. In their native range in the Black
and Caspian Seas, round goby are primarily a euryhaline demersal species, although they have
invaded freshwater habitats across Europe and the Laurentian Great Lakes [61]. If they lack
the appropriate elongase activity to synthesize long chain fatty acids compared to the native
freshwater species included in this study due to their history as a marine or brackish-water spe-
cies, this could manifest as differences in relationships between round goby fatty acids and
other trophic biomarkers compared to yellow perch and spottail shiner. To our knowledge,
the activity of various elongases has not been quantified in round goby, although there is some
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evidence that they have limited capacity to synthesize DHA or ARA, supporting our hypothe-
sis [62]. Further investigation, including consideration of phylogenetic relationships between
fish species as a potential mechanism for how fatty acids are synthesized, is likely warranted.
By examining relationships among diet contents, stable isotopes, and fatty acid composition
within individual fish across three species inhabiting a large lake, we were able to quantify
sometimes complex relationships between trophic markers that are commonly used to assess
aquatic food web patterns. As previously mentioned, we purposely did not include site and
season as analyzing factors in the current study, as our intent was to understand associations
between metrics without any external understanding of what was shaping relationships. How-
ever, in an unpublished analysis where we did include site and season of collection as explana-
tory factors, the correlations observed were generally unchanged with what is presented
herein. In summary, while diets and stable isotopes were generally well-related and the direc-
tions of correlations were as expected, the relationships between diet contents or stable isotope
ratios and fatty acid signatures of individuals were not so clear. While fatty acid analysis is
gaining popularity as another metric to assess food web structure [58], our study illustrates
that precise inferences about trophic relationships using fatty acids may require extra informa-
tion. Specifically, as noted in previous work [12], understanding the effects of taxonomic varia-
tion in prey and predator signatures, and elucidating metabolic and synthesis pathways among
species with unique natural histories, especially when these species are introduced outside
their native range, could significantly improve the usefulness of fatty acids in food web studies.

Supporting information

S1 Table. Fish sample sizes and lengths. Sample sizes and mean total lengths (+ 1 S.D.) of
Lake Michigan fish whose trophic markers were directly compared, grouped by collection
location (site) and species (ROG = round goby, STS = spottail shiner, YEP = yellow perch).
(PDF)

S2 Table. Fatty acid principal components analysis. Principal component loadings for fatty
acids in the Diet-Fatty acid and Stable isotope-Fatty acid data sets. Values in bold italics are
greater than |0.2|.

(PDF)

Acknowledgments

Thank you to Sara (Creque) Thomas, Austin Happel, James Hart, Lee Henebry, Stephen Hens-
ler, Chris Houghton, Jeff Houghton, David Jude, Joshua LaFountain, Deborah Lichti, Alicia
Roswell, Ben Turschak, Erin Wilcox, and many other personnel for their help in data collec-
tion and processing.

Author Contributions

Conceptualization: Zachary S. Feiner, Carolyn J. Foley, Harvey A. Bootsma, Sergiusz J.
Czesny, John Janssen, Jacques Rinchard, Tomas O. Ho6k.

Data curation: Carolyn J. Foley.
Formal analysis: Zachary S. Feiner.

Funding acquisition: Harvey A. Bootsma, Sergiusz J. Czesny, John Janssen, Jacques Rinchard,
Tomas O. Hook.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204767 October 5, 2018 22/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204767.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204767.s002
https://doi.org/10.1371/journal.pone.0204767

@° PLOS | ONE

Species-specific trophic correlations

Investigation: Zachary S. Feiner, Carolyn J. Foley, Harvey A. Bootsma, Sergiusz J. Czesny,

John Janssen, Jacques Rinchard, Tomas O. Hook.

Methodology: Zachary S. Feiner, Carolyn J. Foley.

Resources: Harvey A. Bootsma, Sergiusz J. Czesny, John Janssen, Jacques Rinchard, Tomas O.

Hook.

Visualization: Zachary S. Feiner, Carolyn J. Foley.

Writing - original draft: Zachary S. Feiner, Carolyn J. Foley.

Writing - review & editing: Harvey A. Bootsma, Sergiusz J. Czesny, John Janssen, Jacques

Rinchard, Tomas O. Hook.

References

1.

10.

1.

12

13.

14.

15.

West JM, Williams GD, Madon SP, Zedler JB. Integrating spatial and temporal variability into the analy-
sis of fish food web linkages in Tijuana Estuary. Environ Biol Fishes. 2003; 67: 297-309. https://doi.org/
10.1023/A:1025843300415

McMeans BC, McCann KS, Tunney TD, Fisk AT, Muir AM, Lester N, et al. The adaptive capacity of lake
food webs: from individuals to ecosystems. Ecol Monogr. 2016; 86: 4—19. https://doi.org/10.1890/15-
0288.1

Nakano S, Miyasaka H, Kuhara N. Terrestrial-aquatic linkages: riparian arthropod inputs alter trophic
cascades in a stream food web. Ecology. 1999; 80: 2435-2441. https://doi.org/10.1890/0012-9658
(1999)080[2435:TALRAI]2.0.CO;2

Gu B, Schelske CL, Hoyer MV. Stable isotopes of carbon and nitrogen as indicators of diet and trophic
structure of the fish community in a shallow hypereutrophic lake. J Fish Biol. 1996; 49: 1233-1243.
https://doi.org/10.1111/j.1095-8649.1996.tb01792.x

Post DM. Using stable isotopes to estimate trophic position: models, methods, and assumptions. Ecol-
ogy. 2002; 83: 703-718. https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2

Vander Zanden MJ, Chandra S, Park S-K, Vadeboncoeur Y, Goldman CR. Efficiencies of benthic and
pelagic trophic pathways in a subalpine lake. Can J Fish Aquat Sci. 2006; 63: 2608—2620. https://doi.
org/10.1139/f06-148

Fry B. Stable isotope ecology [Internet]. New York: Springer; 2006. http://www.springer.com/us/book/
9780387305134

Hyslop EJ. Stomach contents analysis—a review of methods and their application. J Fish Biol. 1980;
17:411-429. https://doi.org/10.1111/j.1095-8649.1980.tb02775.x

Napolitano GE. Fatty acids as trophic and chemical markers in freshwater ecosystems. Lipids in Fresh-
water Ecosystems. Springer, New York, NY; 1999. pp. 21—44. https://link-springer-com.ezproxy.lib.
purdue.edu/chapter/10.1007/978-1-4612-0547-0_3

Peterson BJ, Fry B. Stable isotopes in ecosystem studies. Annu Rev Ecol Syst. 1987; 18: 293-320.
https://doi.org/10.1146/annurev.es.18.110187.001453

Li C-H, Roth JD, Detwiler JT. Isotopic turnover rates and diet-tissue discrimination depend on feeding
habits of freshwater snails. Ito E, editor. PLOS ONE. 2018; 13: e0199713. https://doi.org/10.1371/
journal.pone.0199713 PMID: 29975726

Nielsen JM, Clare EL, Hayden B, Brett MT, Kratina P. Diet tracing in ecology: Method comparison and
selection. Gilbert MTP, editor. Methods Ecol Evol. 2018; 9: 278—-291. https://doi.org/10.1111/2041-
210X.12869

Pierce GJ, Boyle PR. A review of methods for diet analysis in piscivorous marine mammals. Oceanogr
Mar Biol. 1991; 29: 409-486.

Barrett RT, Camphuysen K (C J), Anker-Nilssen T, Chardine JW, Furness RW, Garthe S, et al. Diet
studies of seabirds: a review and recommendations. ICES J Mar Sci. 2007; 64: 1675—-1691. https://doi.
org/10.1093/icesjms/fsm152

Brush JM, Fisk AT, Hussey NE, Johnson TB. Spatial and seasonal variability in the diet of round goby
(Neogobius melanostomus): stable isotopes indicate that stomach contents overestimate the impor-
tance of dreissenids. Can J Fish Aquat Sci. 2012; 69: 573-586. https://doi.org/10.1139/f2012-001

PLOS ONE | https://doi.org/10.1371/journal.pone.0204767 October 5, 2018 23/26


https://doi.org/10.1023/A:1025843300415
https://doi.org/10.1023/A:1025843300415
https://doi.org/10.1890/15-0288.1
https://doi.org/10.1890/15-0288.1
https://doi.org/10.1890/0012-9658(1999)080[2435:TALRAI]2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080[2435:TALRAI]2.0.CO;2
https://doi.org/10.1111/j.1095-8649.1996.tb01792.x
https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
https://doi.org/10.1139/f06-148
https://doi.org/10.1139/f06-148
http://www.springer.com/us/book/9780387305134
http://www.springer.com/us/book/9780387305134
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://link-springer-com.ezproxy.lib.purdue.edu/chapter/10.1007/978-1-4612-0547-0_3
https://link-springer-com.ezproxy.lib.purdue.edu/chapter/10.1007/978-1-4612-0547-0_3
https://doi.org/10.1146/annurev.es.18.110187.001453
https://doi.org/10.1371/journal.pone.0199713
https://doi.org/10.1371/journal.pone.0199713
http://www.ncbi.nlm.nih.gov/pubmed/29975726
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.1093/icesjms/fsm152
https://doi.org/10.1093/icesjms/fsm152
https://doi.org/10.1139/f2012-001
https://doi.org/10.1371/journal.pone.0204767

@° PLOS | ONE

Species-specific trophic correlations

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Roswell CR, Pothoven SA, Ho6k TO. Spatio-temporal, ontogenetic and interindividual variation of age-
0 diets in a population of yellow perch. Ecol Freshw Fish. 2013; 22: 479-493. https://doi.org/10.1111/
eff.12041

Vander Zanden MJ, Rasmussen JB. Variation in 5'°N and 5'3C trophic fractionation: Implications for
aquatic food web studies. Limnol Oceanogr. 2001; 46: 2061-2066. https://doi.org/10.4319/10.2001.46.
8.2061

Vander Zanden MJ, Vadeboncoeur Y. Fishes as integrators of benthic and pelagic food webs in lakes.
Ecology. 2002; 83: 2152—2161. https://doi.org/10.1890/0012-9658(2002)083[2152:FAIOBA]2.0.CO;2

Hesslein RH, Hallard KA, Ramlal P. Replacement of sulfur, carbon, and nitrogen in tissue of growing
broad whitefish (Coregonus nasus) in response to a change in diet traced by 5**S, 5'3C, and 3'°N. Can
J Fish Aquat Sci. 1993; 50: 2071-2076. https://doi.org/10.1139/f93-230

Perga ME, Gerdeaux D. “Are fish what they eat” all year round? Oecologia. 2005; 144: 598—606. https://
doi.org/10.1007/s00442-005-0069-5 PMID: 15891838

Phillips DL, Gregg JW. Source partitioning using stable isotopes: coping with too many sources. Oeco-
logia. 2003; 136: 261-269. https://doi.org/10.1007/s00442-003-1218-3 PMID: 12759813

Galvan DE, Sweeting CJ, Polunin NVC. Methodological uncertainty in resource mixing models for gen-
eralist fishes. Oecologia. 2012; 169: 1083—1093. https://doi.org/10.1007/s00442-012-2273-4 PMID:
22349753

Hobson KA. Tracing origins and migration of wildlife using stable isotopes: a review. Oecologia. 1999;
120: 314-326. https://doi.org/10.1007/s004420050865 PMID: 28308009

Kirsch PE, Iverson SJ, Bowen WD, Kerr SR, Ackman RG. Dietary effects on the fatty acid signature of
whole Atlantic cod (Gadus morhua). Can J Fish Aquat Sci. 1998; 55: 1378—1386. https://doi.org/10.
1139/f98-019

Happel A, Stratton L, Kolb C, Hays C, Rinchard J, Czesny S. Evaluating quantitative fatty acid signature
analysis (QFASA) in fish using controlled feeding experiments. Can J Fish Aquat Sci. 2016; 73: 1222—
1229. https://doi.org/10.1139/cjfas-2015-0328

Tocher DR. Fatty acid requirements in ontogeny of marine and freshwater fish. Aquac Res. 2010; 41:
717-732. https://doi.org/10.1111/j.1365-2109.2008.02150.x

Wiegand MD, Johnston TA, Martin J, Leggett WC. Variation in neutral and polar lipid compositions of
ova in ten reproductively isolated populations of walleye (Sander vitreus). Can J Fish Aquat Sci. 2004;
61: 110-121. https://doi.org/10.1139/f03-146

Bell MV, Henderson RJ, Sargent JR. The role of polyunsaturated fatty acids in fish. Comp Biochem Phy-
siol Part B Comp Biochem. 1986; 83: 711-719. https://doi.org/10.1016/0305-0491(86)90135-5

Tocher DR. Metabolism and functions of lipids and fatty acids in teleost fish. Rev Fish Sci. 2003; 11:
107-184. https://doi.org/10.1080/713610925

Paterson G, Rush SA, Arts MT, Drouillard KG, Haffner GD, Johnson TB, et al. Ecological tracers reveal
resource convergence among prey fish species in a large lake ecosystem. Freshw Biol. 2014; 59:
2150-2161. https://doi.org/10.1111/fwb.12418

Czesny SJ, Rinchard J, Hanson SD, Dettmers JM, Dabrowski K, Smith R. Fatty acid signatures of Lake
Michigan prey fish and invertebrates: among-species differences and spatiotemporal variability. Can J
Fish Aquat Sci. 2011; 68: 1211-1230. https://doi.org/10.1139/f2011-048

Ahlgren G, Vrede T, Goedkoop W. Fatty acid ratios in freshwater fish, zooplankton and zoobenthos—
are there specific optima? In: Kainz M, Brett MT, Arts MT, editors. Lipids in Aquatic Ecosystems.
Springer New York; 2009. pp. 147-178. http:/link.springer.com/chapter/10.1007/978-0-387-89366-2_
7

Ghioni C, Bell JG, Sargent JR. Polyunsaturated fatty acids in neutral lipids and phospholipids of some
freshwater insects. Comp Biochem Physiol B Biochem Mol Biol. 1996; 114: 161—-170. https://doi.org/10.
1016/0305-0491(96)00019-3

Persson J, Vrede T. Polyunsaturated fatty acids in zooplankton: variation due to taxonomy and trophic
position. Freshw Biol. 2006; 51: 887-900. https://doi.org/10.1111/j.1365-2427.2006.01540.x

Torres-Ruiz M, Wehr JD, Perrone AA. Trophic relations in a stream food web: importance of fatty acids
for macroinvertebrate consumers. J North Am Benthol Soc. 2007; 26: 509-522. https://doi.org/10.1899/
06-070.1

Smyntek PM, Teece MA, Schulz KL, Storch AJ. Taxonomic differences in the essential fatty acid com-
position of groups of freshwater zooplankton relate to reproductive demands and generation time.
Freshw Biol. 2008; 53: 1768—1782. https://doi.org/10.1111/j.1365-2427.2008.02001.x

Happel A, Creque S, Rinchard J, Ho6k T, Bootsma H, Janssen J, et al. Exploring yellow perch diets in
Lake Michigan through stomach content, fatty acids, and stable isotope ratios. J Gt Lakes Res. 2015;
41:172-178. https://doi.org/10.1016/}.jglr.2015.03.025

PLOS ONE | https://doi.org/10.1371/journal.pone.0204767 October 5, 2018 24/26


https://doi.org/10.1111/eff.12041
https://doi.org/10.1111/eff.12041
https://doi.org/10.4319/lo.2001.46.8.2061
https://doi.org/10.4319/lo.2001.46.8.2061
https://doi.org/10.1890/0012-9658(2002)083[2152:FAIOBA]2.0.CO;2
https://doi.org/10.1139/f93-230
https://doi.org/10.1007/s00442-005-0069-5
https://doi.org/10.1007/s00442-005-0069-5
http://www.ncbi.nlm.nih.gov/pubmed/15891838
https://doi.org/10.1007/s00442-003-1218-3
http://www.ncbi.nlm.nih.gov/pubmed/12759813
https://doi.org/10.1007/s00442-012-2273-4
http://www.ncbi.nlm.nih.gov/pubmed/22349753
https://doi.org/10.1007/s004420050865
http://www.ncbi.nlm.nih.gov/pubmed/28308009
https://doi.org/10.1139/f98-019
https://doi.org/10.1139/f98-019
https://doi.org/10.1139/cjfas-2015-0328
https://doi.org/10.1111/j.1365-2109.2008.02150.x
https://doi.org/10.1139/f03-146
https://doi.org/10.1016/0305-0491(86)90135-5
https://doi.org/10.1080/713610925
https://doi.org/10.1111/fwb.12418
https://doi.org/10.1139/f2011-048
http://link.springer.com/chapter/10.1007/978-0-387-89366-2_7
http://link.springer.com/chapter/10.1007/978-0-387-89366-2_7
https://doi.org/10.1016/0305-0491(96)00019-3
https://doi.org/10.1016/0305-0491(96)00019-3
https://doi.org/10.1111/j.1365-2427.2006.01540.x
https://doi.org/10.1899/06-070.1
https://doi.org/10.1899/06-070.1
https://doi.org/10.1111/j.1365-2427.2008.02001.x
https://doi.org/10.1016/j.jglr.2015.03.025
https://doi.org/10.1371/journal.pone.0204767

@° PLOS | ONE

Species-specific trophic correlations

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Happel A, Lafountain J, Creque S, Rinchard J, H66k T, Bootsma H, et al. Spatio-temporal description of
spottail shiner (Notropis hudsonius) fatty acid profiles in Lake Michigan’s southern basin. J Gt Lakes
Res. 2015; 41: 179—-184. https://doi.org/10.1016/j.jglr.2015.04.013

Foley CJ, Henebry ML, Happel A, Bootsma HA, Czesny SJ, Janssen J, et al. Patterns of integration of
invasive round goby (Neogobius melanostomus) into a nearshore freshwater food web. Food Webs.
2017; 10: 26-38. https://doi.org/10.1016/j.fooweb.2016.10.001

Turschak BA, Bunnell D, Czesny S, H66k TO, Janssen J, Warner D, et al. Nearshore energy subsidies
support Lake Michigan fishes and invertebrates following major changes in food web structure. Ecology.
2014; 95: 1243-1252. https://doi.org/10.1890/13-0329.1 PMID: 25000756

Smith RJ. Use and misuse of the reduced major axis for line-fitting. Am J Phys Anthropol. 2009; 140:
476-486. https://doi.org/10.1002/ajpa.21090 PMID: 19425097

Warton DI, Duursma RA, Falster DS, Taskinen S. smatr 3—an R package for estimation and inference
about allometric lines. Methods Ecol Evol. 2012; 3: 257-259. https://doi.org/10.1111/j.2041-210X.2011.
00153.x

R Core Team. R: a language and environment for statistical computing. [Internet]. Vienna, Austria: R
Foundation for Statistical Computing; 2017. http://www.R-project.org/

Hanson CE, Hyndes GA, Wang SF. Differentiation of benthic marine primary producers using stable
isotopes and fatty acids: Implications to food web studies. Aquat Bot. 2010; 93: 114-122. https://doi.
org/10.1016/j.aquabot.2010.04.004

Kelly J, Scheibling R. Fatty acids as dietary tracers in benthic food webs. Mar Ecol Prog Ser. 2012; 446:
1-22. https://doi.org/10.3354/meps09559

Dethier M, Sosik E, Galloway A, Duggins D, Simenstad C. Addressing assumptions: variation in stable
isotopes and fatty acids of marine macrophytes can confound conclusions of food web studies. Mar
Ecol Prog Ser. 2013; 478: 1-14. https://doi.org/10.3354/meps10310

Hecky RE, Hesslein RH. Contributions of benthic algae to lake food webs as revealed by stable isotope
analysis. J North Am Benthol Soc. 1995; 14: 631-653. https://doi.org/10.2307/1467546

Henderson RJ. Fatty acid metabolism in freshwater fish with particular reference to polyunsaturated
fatty acids. Arch Fur Tierernaehrung. 1996; 49: 5-22. https://doi.org/10.1080/17450399609381859

Brett M, Muller-Navarra D. The role of highly unsaturated fatty acids in aquatic foodweb processes.
Freshw Biol. 1997; 38: 483—499. https://doi.org/10.1046/j.1365-2427.1997.00220.x

Masclaux H, Bourdier G, Riera P, Kainz MJ, Jouve L, Duffaud E, et al. Resource partitioning among cla-
docerans in a littoral macrophyte zone: implications for the transfer of essential compounds. Aquat Sci.
2014; 76: 73-81. https://doi.org/10.1007/s00027-013-0314-7

Muller-Navarra DC, Brett MT, Liston AM, Goldman CR. A highly unsaturated fatty acid predicts carbon
transfer between primary producers and consumers. Nature. 2000; 403: 74—-77. https://doi.org/10.1038/
47469 PMID: 10638754

Tocher DR, Zheng X, Schlechtriem C, Hastings N, Dick JR, Teale AJ. Highly unsaturated fatty acid syn-
thesis in marine fish: Cloning, functional characterization, and nutritional regulation of fatty acyl A6
desaturase of Atlantic cod (Gadus morhua L.). Lipids. 2006; 41: 1003—1016. https://doi.org/10.1007/
s$11745-006-5051-4 PMID: 17263300

Czesny S, Kolkovski S, Dabrowski K, Culver D. Growth, survival, and quality of juvenile walleye Stizos-
tedion vitreum as influenced by n—-3 HUFA enriched Artemia nauplii. Aquaculture. 1999; 178: 103—115.
https://doi.org/10.1016/S0044-8486(99)00120-9

Abi-Ayad S-ME-A, Kestemont P, Mélard C. Dynamics of total lipids and fatty acids during embryogene-
sis and larval development of Eurasian perch (Perca fluviatilis). Fish Physiol Biochem. 2000; 23: 233—
243. https://doi.org/10.1023/A:1007891922182

Moles MD, Johnston TA, Robinson BW, Leggett WC, Casselman JM. Is gonadal investment in walleye
(Sander vitreus) dependent on body lipid reserves? A multipopulation comparative analysis. Can J Fish
Aquat Sci. 2008; 65: 600—-614. https://doi.org/10.1139/f07-186

Sargent J, Bell G, McEvoy L, Tocher D, Estevez A. Recent developments in the essential fatty acid
nutrition of fish. Aquaculture. 1999; 177: 191-199. https://doi.org/10.1016/S0044-8486(99)00083-6

Vanderploeg HA, Liebig JR, Nalepa TF, Fahnenstiel GL, Pothoven SA. Dreissena and the disappear-
ance of the spring phytoplankton bloom in Lake Michigan. J Gt Lakes Res. 2010; 36: 50-59. https://doi.
org/10.1016/}.jglr.2010.04.005

Iverson SJ. Tracing aquatic food webs using fatty acids: from qualitative indicators to quantitative deter-
mination. In: Kainz M, Brett MT, Arts MT, editors. Lipids in Aquatic Ecosystems. New York, NY:
Springer New York; 2009. pp. 281-308. http://link.springer.com/10.1007/978-0-387-89366-2_12

PLOS ONE | https://doi.org/10.1371/journal.pone.0204767 October 5, 2018 25/26


https://doi.org/10.1016/j.jglr.2015.04.013
https://doi.org/10.1016/j.fooweb.2016.10.001
https://doi.org/10.1890/13-0329.1
http://www.ncbi.nlm.nih.gov/pubmed/25000756
https://doi.org/10.1002/ajpa.21090
http://www.ncbi.nlm.nih.gov/pubmed/19425097
https://doi.org/10.1111/j.2041-210X.2011.00153.x
https://doi.org/10.1111/j.2041-210X.2011.00153.x
http://www.R-project.org/
https://doi.org/10.1016/j.aquabot.2010.04.004
https://doi.org/10.1016/j.aquabot.2010.04.004
https://doi.org/10.3354/meps09559
https://doi.org/10.3354/meps10310
https://doi.org/10.2307/1467546
https://doi.org/10.1080/17450399609381859
https://doi.org/10.1046/j.1365-2427.1997.00220.x
https://doi.org/10.1007/s00027-013-0314-7
https://doi.org/10.1038/47469
https://doi.org/10.1038/47469
http://www.ncbi.nlm.nih.gov/pubmed/10638754
https://doi.org/10.1007/s11745-006-5051-4
https://doi.org/10.1007/s11745-006-5051-4
http://www.ncbi.nlm.nih.gov/pubmed/17263300
https://doi.org/10.1016/S0044-8486(99)00120-9
https://doi.org/10.1023/A:1007891922182
https://doi.org/10.1139/f07-186
https://doi.org/10.1016/S0044-8486(99)00083-6
https://doi.org/10.1016/j.jglr.2010.04.005
https://doi.org/10.1016/j.jglr.2010.04.005
http://link.springer.com/10.1007/978-0-387-89366-2_12
https://doi.org/10.1371/journal.pone.0204767

@° PLOS | ONE

Species-specific trophic correlations

59.

60.

61.

62.

Budge SM, Iverson SJ, Koopman HN. Studying trophic ecology in marine ecosystems using fatty acids:
a primer on analysis and interpretation. Mar Mammal Sci. 2006; 22: 759-801. https://doi.org/10.1111/j.
1748-7692.2006.00079.x

Agaba MK, Tocher DR, Zheng X, Dickson CA, Dick JR, Teale AJ. Cloning and functional characterisa-
tion of polyunsaturated fatty acid elongases of marine and freshwater teleost fish. Comp Biochem Phy-
siol B Biochem Mol Biol. 2005; 142: 342—-352. https://doi.org/10.1016/j.cbpb.2005.08.005 PMID:
16183312

Corkum LD, Sapota MR, Skora KE. The round goby, Neogobius melanostomus, a fish invader on both
sides of the Atlantic Ocean. Biol Invasions. 2004; 6: 173—181. https://doi.org/10.1023/B:BINV.
0000022136.43502.db

Ghomi MR, Von Elert E, Borcherding J, Fink P. Fatty acid composition and content of round goby (Neo-
gobius melanostomus Pallas 1814) and monkey goby (Neogobius fluviatilis Pallas 1814), two invasive
gobiid species in the lower Rhine River (Germany). J Appl Ichthyol. 2014; 30: 527-531. https://doi.org/
10.1111/jai.12312

PLOS ONE | https://doi.org/10.1371/journal.pone.0204767 October 5, 2018 26/26


https://doi.org/10.1111/j.1748-7692.2006.00079.x
https://doi.org/10.1111/j.1748-7692.2006.00079.x
https://doi.org/10.1016/j.cbpb.2005.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16183312
https://doi.org/10.1023/B:BINV.0000022136.43502.db
https://doi.org/10.1023/B:BINV.0000022136.43502.db
https://doi.org/10.1111/jai.12312
https://doi.org/10.1111/jai.12312
https://doi.org/10.1371/journal.pone.0204767

