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ABSTRACT: Methods for identifying origin, movement, and foraging areas of
animals are essential for understanding ecosystem connectivity, nutrient flows, and
other ecological processes. Telemetric methods can provide detailed spatial coverage
but are limited to a minimum body size of specimen for tagging. In recent years, stable
isotopes have been increasingly used to track animal migration by linking landscape
isotope patterns into movement (isoscapes). However, compared to telemetric
methods, the spatial resolution of bulk stable isotopes is low. Here, we examined a
novel approach by evaluating the use of compound-specific hydrogen and carbon
stable isotopes of fatty acids (6*Hg, and 6°Cp,) from fish liver, muscle, brain, and eye
tissues for identifying site specificity in a 254 km® sub-alpine river catchment. We
analyzed 208 fish (European bullhead, rainbow trout, and brown trout) collected in
2016 and 2018 at 15 different sites. 5'3Cp, values of these fish tissues correlated more
among each other than those of 5*Hp, values. Both 5*Hp, and §'°Cp, values showed
tissue-dependent isotopic fractionation, while fish taxa had only small effects. The highest site specificity was for §*Cpy, values,
while the 6°H isotopic difference between linoleic acid and alpha-linolenic acid resulted in the highest site specificity. Using linear
discrimination analysis of FA isotope values, over 90% of fish could be assigned to their location of origin; however, the accuracy
dropped to about 56% when isotope data from 2016 were used to predict the sites for samples collected in 2018, suggesting temporal
shifts in site specificity of 6°Hp, and 6"°Cg,. However, the predictive power of °Hp, and 6°Cp, over this time interval was still
higher than site specificity of bulk tissue isotopes for a single time point. In summary, compound-specific isotope analysis of fatty
acids may become a highly effective tool for assessing fine and large-scale movement and foraging areas of animals.

KEYWORDS: carbon stable isotopes, compound-specific isotope analysis, hydrogen stable isotopes, fatty acids, fish migration, site specificity

B INTRODUCTION and recapture of the same individuals or detection in close
range (i.e., in case of transponder tags), and are hence biased
to the location of marking effort, and so do not yield detailed
information about finer-scale habitat use by individuals.'”
Telemetric studies using satellite, acoustic, or radio telemetry
can provide fine spatial and vector detail but are limited by the
body size and number of individuals."> More recently, intrinsic
spatial markers, such as stable isotopes, DNA barcoding, and
fatty acid (FA) profiles have been successfully applied."*
Methods using stable isotopes of animal tissues (e.g, H, Bc,
5N, 180, 3, 8¢/ 87Sr) are fundamentally based on exploiting
larger-scale spatial isotope patterns caused by temperature,
altitude gradients, ecozone, or biogeochemical processes.15
Isotopic techniques allow for unbiased sampling because no
recapture is required and hence provide important information

Knowledge of fish migration and movement is central to
understanding of processes at individual and population levels
over various temporal (e.g, seasons) and spatial (e.g.,
spawning and feeding grounds) scales.' Migration ultimately
plays an essential role in connectivity, adaptation, and gene
flow among populations.”’ Movement of fish within or among
stream ecosystems at various scales is important for ecosystem
functioning including nutrient transfer, food web structure,”
and bioturbation or substrate erosion.”® Hydropower and flow
regulation (e.g,, dams and weirs) often create physical barriers
to migrating fish, disconnecting important spawning, nursery,
and foraging sites and affecting the continuum of stream
habitats.” In addition, pollution, eutrophication, and habitat
loss pose a global threat to stream ecosystems.”” Thus, new
approaches for quantifying the large- and small-scale move-
ment patterns of potamodromous fishes and identifying their Received: March 25, 2022 E
breeding and feeding grounds are required for deriving Revised:  June 28, 2022
environmentally informed conservation and management Accepted: July 6, 2022
Strategies.lo’ll Published: July 21, 2022
Several methods are currently used to track migration and
movement of fishes. Mark-recapture methods require tagging
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about where individuals acquired their dietary energy to build
their tissues. Bulk tissue isotope analyses (e.g.,, muscle, fins, and
scales) are widely used to investigate larger-scale animal
migration in terrestrial, marine, and freshwater ecosys-
tems,”'°™'? however, bulk isotope methods rely on the
presence of distinctive isotopic gradients amongst migratory
habitats and usually over larger distances, that is, 100—1000’s
of km (but see ref 19). Using */*’Sr, it was possible to identify
the spawning sites of salmon with over 90% accuracy in a large
river catchment covering several 100 km.*

Finer-scale spatial resolution for isotope provenance assign-
ment might be achieved by using compound-specific isotope
analysis (CSIA), as shown by using 6"°C and §"°N in amino
acids.”’ Depending on the metabolic requirements of
individuals, a combination of dietary source acquisition and
metabolic processes may lead to spatially explicit & values of
essential and non-essential components that ultimately depend
on the isotopic composition and food web structure of the
local environment in space and time.”* Fatty acids, whose 5*H
and 6"C isotopic composition can potentially provide more
detailed smaller spatial resolution than bulk tissue stable
isotope methods, have never been tested or exploited for
animal migration and provenance studies.”

Several 5"°C (bulk tissue) gradients have been identified so
far, for example, in correlation with moisture content for
terrestrial plants,”* as well as a positive increase of 1—2%o
km™! altitude in terrestrial grazers,25 hummingbirds,26 and
terrestrial leaves.””** Temperature and pCO, are suspected to
be the main driver of increasing 5'°C-DIC values by altitude,
however, soil respiration rate, instream metabolism, and
anaerobic respiration cumulatively contribute to significant
spatial variations in 6"*C-DIC as well” and subsequently
influence bulk and compound-specific §"*C values of primary
producers and consumers.*’

The aim of this study was to measure patterns of FA carbon
and hydrogen stable isotope values in fish tissues at small
spatial scales (1—S km) to assess their potential for studying
fish migration and movement ecology and to evaluate the
temporal isotope value stability. We evaluated sampling
location (site specificity) as variation factor of 8*H and/or
5"3C of FA in tissues (liver, brain, eyes, and muscle tissues) of
three fish species (European bullhead, Cottus gobio; brown
trout, Salmo trutta; and rainbow trout, Oncorhynchus mykiss)
along reaches of a sub-alpine stream catchment in 2016 and
2018. In addition, bulk FA stable isotope values from same fish
species were also examined. Bullheads generally have low
migration range, rarely move beyond several hundred meters,
and hence should exhibit high isotopic site specificity.”’ In
contrast, salmonids like brown trout can migrate distances of
100 km or more,*” but in small mountainous catchments are
also often stationary,” and thus could exhibit high or low
isotopic site specificity.

B METHODS

Study Area. The study area was the sub-alpine River Ybbs
catchment, Austria (47° 84’ S0” N, 15° 81’ 20” E, Figure 1), a
small watershed with a drainage area of ca. 254 km> The River
Ybbs tributaries and mainstem are first to fifth order streams
(Strahler). The maximum distance between fish sampling sites
was 35 km between “Weife Ois” and “Gostling” (Figure 1),
which are the highest and lowest altitude sites in the catchment
at 1070 and 525 m asl, respectively. Fish migration or
connectivity is disrupted in several places in the watershed by

wmmm high barrier
m=um |ow barrier

Figure 1. Map of the river Ybbs catchment (47° 84’ 50" N, 15° 81
20" E) with fish sampling sites. Thick lines indicate impassable (high)
migration barriers. Dashed lines indicate low impact migration
barriers such as fish ladders or weirs that might be seasonally passable.

natural and manmade obstacles. Detailed descriptions of the
study catchment with its sampling sites, including water
chemistry parameters are reported in detail elsewhere.”*

For §"*C and §”H analyses of FA in tissues, fish (n = 159 in
2016; n = 49 in 2018) were sampled and analyzed from 15
sites of 10 streams during base-flow conditions (fall season,
Figure 1). Samples collected at the same sites in two different
years allowed us to conduct a first-order temporal evaluation of
site-specific repeatability of FA stable isotope data. Three fish
species (O. mykiss, S. trutta, and C. gobio) were collected by
electrofishing and euthanized in accordance with the Austrian
Federal Act on the Protection of Animals (http:/ /www.ris.bka.
gv.at). All fish were dissected for samples of dorsal muscle and
liver, eyes, and brain for FA analysis. Detailed analysis of fish
tissue lipid composition for our samples was reported
previously.*”

Gas Chromatography and 6'3C and 6°H Analyses of
FA. Lipids of the selected tissues were extracted as described
by Heissenberger et al. (2010). Briefly, freeze-dried tissue
samples were homogenized and mixed with chloroform/
methanol (2:1 vol/vol) following sonication, and vortexed and
centrifuged three times to remove non-lipid materials. The
solvent-extracted lipids were evaporated to a final volume of
1.5 mL under N,. For fatty acid methyl ester (FAME)
formation, lipid samples were incubated with a sulfuric acid/
methanol mixture (1:100 vol/vol) for 16 h at 50 °C, following
the addition of KHCO; and hexane. Samples were then
shaken, vortexed, and centrifuged, and the upper organic layers
were collected, pooled, and concentrated under N2.36

All 5C and 5°H analyses of FA were conducted following
the analytical methodology described previously.”® Briefly, a
Thermo Trace 1310 GC (ThermoFisher Scientific, Waltham,
MA) was connected via a ConFlo IV (ThermoFisher
Scientific) to an isotope ratio mass spectrometer (IRMS,
DELTA V Advantage, ThermoFisher Scientific). FAMEs were
separated using either a VF-WAXms 60 m column, 0.25 mm
ID, film thickness 0.25 um; or a VF-WAXms 30 m column,
0.32mm ID, film thickness 1 ym (both Agilent, Santa Clara,
CA) and then for §C analysis oxidized to CO, in a
combustion reactor, filled with Ni, Pt, and Cu wires, at a
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Figure 2. 5°H and §"°C values of FA in fish samples by sampling site altitude. A strong correlation was observed for 6*C, which showed all fatty
acids getting isotopically lighter with altitude. No significant correlation with altitude was observed for 6*H values of fatty acids, with some fatty

acids showing weak positive or negative correlations.

temperature of 1000 °C, or for 5*°H analysis reduced to H, by
passing through a high thermal conversion reactor kept at 1420
°C. Due to better isotope-ratio mass spectrometry detection
limits for CO, gas compared to H,, the total number of FA
peaks identified for §*H was less than for 6'*C, which however,
did not affect our analysis.

Samples were reference scale-normalized using three-point
calibration with certified FAME stable isotope (Me-C20:0)
standards (USGS70: 6°C = —30.53%0, &H = —183.9%o,
USGS71: 6°°C = =10.5%0, 6"H = —4.9%o, and USGS72: §°C
= —1.54%o0, 5°H = +348.3%0), which were also used to check
and correct for instrumental drift and linearity. The §"*C and
5*H values of individual FAME were determined by automated
peak integration by defining 0.5 mV/s as the start and end
point of a FAME peak and by using dynamic background
removal calculation. All peaks were validated and corrected
manually if necessary. FA §°C and 6°H values (8Ig,) were
corrected for the methyl group addition during methylation
according to the formula*

Olgy = ((n + 1) X Slgpyg — Shyeon)/n

where Slgag are the 6°H or §°C values of the measured
FAME and 6l the 8°H or 6"C values of the methanol
used during methylation, and n equals the total number of H-/
C-atoms of the FAME molecule. Values for §%C are
referenced to Vienna PeeDee Belemnite

13 12
c/ Csa.mple

—F— — 1| X 1000
13C/12CVPDB

513CFA —

Values for 6°H are standardized against Vienna Standard
Mean Ocean Water

11053

2 1
H/ Hsample

T — 1| X 1000
H/ HVSMOW

52HFA =

Integrated “bulk” FA values for both 6°H (8*Hpp) and
5BC (8"Crppui) were calculated by summing the isotopic
value by the mass fraction of all identified peaks of a sample
and divided by the sum of their mass fractions. These
composite values were used as proxies for “bulk lipid” stable
isotope values for comparison with individual FA.

Data Analysis. Data and graphical analyses were
performed in R (version 4.0.2) using the packages rstatix,
gaplot2, ggpubr, Ime4, car, CCA, ccp, candisc, rptR, mass, and
Morpho. A Shapiro—Wilks test was used to affirm normal
distribution of the data. Significance of the linear models was
evaluated using ANOVA using Type II and III sums of squares
for models without and with significant interaction terms,
respectively, thereby controlling for tissue type, sampling
location, and taxa where necessary. For post-hoc univariate
analysis of compound-specific effects, p-values were adjusted
for simultaneous inference by term using the Holm method.””
Estimated marginal means for post-hoc group comparisons
were calculated using the emmeans package and its pairs()
function while applying Sidak adjustments. Canonical
correlation analysis (CCA) was performed (CCA package)
using the 6"*C and 6°H values of FA as covariates. Significance
of dimensions was tested using the ccp package and Wilks’
Lambda F-approximation. Canonical coefficients (ccoef) were
calculated using the candisc package.

Site specificity of FA and 6"C and 6°H data was analyzed by
performing canonical variate analysis using the cva() function
of the Morpho package and linear discriminant analysis (LDA)
provided by the mass package. Overall, site classification
accuracy is given before and after (in parenthesis) cross-
validation by running 999 bootstrapping analyses. Site-specific
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Table 1. Group-Specific Assignment of Fish Based on Canonical Variate Analysis of CSIA Data without and with Considering

Bootstrapping Cross-Validation

CVA-cluster +bootstrap CV
tissue site-specific <1 mismatch site-specific <1 mismatch
C. gobio muscle (n=159) 55 (93%) 57/59 (97%) 47 (80%) 52/59 (88%)
brain (n = 56) 54 (96%) 51 (91%)
liver (n=47) 43 (91%) 37 (79%)
eye (n=52) 52 (100%) 42 (81%)
O. mykiss muscle (n = 30) 28 (93%) 29/30 (97%) 25 (83%) 24/30 (80%)
brain (n=29) 27 (93%) 19 (66%)
liver (n=17) 17 (100%) 14 (82%)
eye (n =26) 21 (81%) 18 (69%)
S. trutta muscle (n=159) 57 (97%) 55/59 (93%) 51 (86%) 48/59 (81%)
brain (n=58) 56 (97%) 48 (83%)
liver (n = 39) 38 (97%) 27 (69%)
eye (n=54) S1 (94%) 43 (80%)
CSIA-accuracy FAy -accuracy
CVA bootstrap-CV CVA bootstrap-CV
overall muscle (n = 148) 93.20% 73.60% 38.50% 34.50%
brain (n = 143) 92.70% 71.50% 43.10% 37.10%
liver (n =103) 94.40% 69.40% 38.90% 33.30%
eye (n=132) 91.40% 73.60% 40% 37.90%

Table 2. Pearson Correlation of CSIA with Fatty Acid Bulk Values and Site-Specific Repeatability

correlation with

site-specific repeatability 6*H

bulk site-specific repeatability 6°C
r3C r*H brain eye liver

14:0 0.734 0.313 0.33 = 0.11 0.61 + 0.12 0.16 £ 0.09
16:0 0.925 0.778 0.71 + 0.10 0.61 + 0.12 0.62 + 0.12
16:1 0.700 0.696 0.63 + 0.11 0.45 + 0.12 0.38 + 0.13
18:0 0.851 0.833 0.60 + 0.12 0.59 £+ 0.12 049 + 0.14
18:1 0.908 0.826 0.74 + 0.10 0.71 = 0.10 0.45 + 0.14
LIN 0.610 0.217 0.37 + 0.12 0.55 + 0.13 0.38 + 0.13
ALA 0.645 —0.122 0.56 + 0.12 0.65 + 0.11 0.59 + 0.13
SDA 0.443 0.217 0.62 + 0.12 037 £ 0.12 0.26 + 0.12

ARA 0635 —0449 052 +0.12 063 +012 040 + 0.13
ETA  0.630 0392 058 +0.12 060+ 012 063+ 0.12
EPA 0.808 0385 079 £0.09 055+012 063 + 0.12
DPA 0728 0620 074 +0.10 041 +012 057 = 0.13
DHA  0.897 0375 084 +007 076+ 009 066 + 0.12
FAgg ~ 1.000 1.000  0.83 +0.07 068+ 011  0.66 + 0.11

muscle brain eye liver muscle

0.60 + 0.12 0.59 + 0.12 0.45 £ 0.12 0.37 £ 0.13 0.33 £ 0.11
0.81 + 0.08 0.50 + 0.12 042 + 0.12 0.38 + 0.13 0.44 + 0.12
0.56 + 0.12 0.41 £ 0.12 0.33 £ 0.12 0.31 £ 0.13 0.15 + 0.08
0.59 £+ 0.12 0.39 + 0.12 0.35 = 0.11 0.52 + 0.13 0.12 + 0.07
0.70 = 0.10 0.30 £ 0.11 0.32 £ 0.12 0.23 + 0.11 0.20 + 0.09
043 £ 0.12 0.19 + 0.09 0.32 + 0.11 0.27 £ 0.12 0.59 + 0.12
0.76 + 0.09 0.43 + 0.12 0.58 + 0.12 0.47 + 0.13 0.67 + 0.11
0.25 £ 0.10 0.18 £ 0.12 0.18 + 0.09 0.13 + 0.10 0.10 £ 0.07
0.59 + 0.12 0.38 + 0.12 0.40 + 0.12 0.46 + 0.14 0.42 + 0.12
0.56 + 0.12 0.08 + 0.07 0.49 + 0.14 0.12 + 0.10 0.16 + 0.09
0.80 + 0.09 0.45 + 0.12 0.52 + 0.12 0.37 + 0.13 0.29 + 0.11
0.80 + 0.09 0.43 £ 0.12 0.49 £ 0.13 0.36 + 0.13 0.20 £+ 0.10
0.79 £ 0.09 0.34 £ 0.11 0.28 + 0.11 0.52 + 0.13 0.24 £ 0.10
0.80 + 0.08 0.41 £ 0.11 042 + 0.11 0.51 + 0.12 0.35 + 0.10

repeatability, describing the relative partitioning of variance
into within-group and between-group sources of variance,”®
was calculated for each isotope and FA compound individually,
while controlling for other group variables (e.g, taxa and
organ) using the rptR package with 1000 bootstrapping
analyses.

Unless otherwise mentioned, individual § values are reported
as the mean =+ standard deviation, while site-specific isotopic
values are provided as estimated marginal means [lower and
upper 95% confidence interval].”

B RESULTS

Variation in FA Isotopic Data by Compound, Site,
Taxa, and Tissue Type. For the evaluation of sampling site-
specific FA stable isotope values (6"*Cr, and 6°Hg,), we used
fish samples (n = 159; including 64 bullheads, 36 rainbow
trout, and 59 brown trout) of the larger and comprehensive
2016 data set to ensure robust results. For this data set, 10,138
GC-IRMS FAME peaks were used for §"*C and 9,183 for §’"H

analysis (Figure 2). In this pooled data set, FA compounds
explained most of the variation for both isotopes (5"*C: Fioo111
=285.7, p < 0.001; 5°H: F, 7705, = 2199.8, p < 0.001). The FA
5"C values differed significantly across sampling sites (F; 911
=216.8, p < 0.001) and tissue types (Fs9,;; = 594, p < 0.001)
and to a lesser degree across fish taxa (Fy;;; = 11.0, p =
0.00002). The 6°Hp, values were predominantly influenced by
fish taxa (F,;95, = 52.8, p < 0.001) and tissue type (Fs;gq, =
41.6, p < 0.001) and to a lesser extent by the sampling site
(Fis7982 = 5.8, p < 0.001). In a post-hoc analysis (ANOVA,
Holm method), all FA compounds showed significant (unless
otherwise mentioned; p.adj < 0.001) sampling site-specific
differences for both 6"*Cp, and 6Hg,. The tissue types also
explained some of the variation in compound-specific 6"*Cg,
and 6”Hg, values, except for the n — 6 PUFA ARA and LIN,
and additionally for EPA and ETA for 6"Cg,. Significant taxa-
specific influence of 5"*C values was only observed for 16:1
and ALA (p.adj = 0.019), while 5H had taxa-specific
differences in 14:0, 16:0, 16:1 (p.adj = 0.025), 18:0, LIN
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site-specific separation was achieved when plotting the first three dimensions of a linear discrimination analysis, which can be seen in the interactive
view of the online Supporting Information of this article (Figure S3: §°H and 6"3C values of 11 FA quantified in all samples; proportions of trace:

LDI1 = 48.2%, LD2 = 23.6%, LD3 = 7.8%).

(p-adj = 0.020), ALA (p.adj = 0.037), ARA (p.adj = 0.023),
20:3n — 3, ETA, DPA, and DHA. Hydrogen isotope
differences among taxa were found mainly between bullheads
and salmonids, while the only significant difference between
rainbow and brown trout was observed in 6*H,g, (—40.4%o
[—46.4; —34.4] vs. —69.1%0 [—73.3; —65.0], Sidak, p.adj <
0.001). Large hydrogen isotopic differences between bullheads
and salmonids were observed for 5*H and 5"*C values of 20:3n
— 3, ETA, and DPA. No significant correlation or patterns
between isotope values and physiological parameters such as
size, weight, or Fulton’s K were identified.

As individual FA compounds were the most important
factors explaining variation in 5*H and §“C, a lipid “bulk”
isotopic value was calculated for each fish sample to assess the
contribution of each compound to bulk *H and '*C variations
(Table S1). Correlations among §*Cg, versus 6"*Cpypyy were
significantly higher compared to the corresponding 5°H values
(mean Pearson correlation vs FAg,, 6"3C: 0.732 + 0.142; 6*H:
0.391 + 0.378; Table 2).
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Paired 5*H and 6"*C-isotope data for 14:0, 16:0, 16:1, 18:0,
18:1, LIN, ALA, ARA, EPA, DPA, and DHA were measured in
all samples and used for further investigation of sampling site
specificity. HTA was measured in all brain samples and was
considered when comparing brain samples. For further
investigation of the effect of taxa, tissue type, and site on the
variation of FA isotope data, CCA of §"*C and 6°H values of
the eleven FA species was performed. The first seven
dimensions of the CCA were significant (Wilks’ Lambda, p <
0.05). The first dimension had a canonical correlation of 0.721
(Wilks’ Lambda F-approx;; 4141 = 9.1, p < 0.001) and was
primarily explained by the isotopic variation between the tissue
types, particularly the brain (ANOVA Type 1J, tissue: F; =
326.7, p < 0.001; site: Fyg = 11.6, p < 0.001; taxa: F, = 4.5, p =
0.011). Separation of brain § values from other tissues was
higher for O. mykiss and S. trutta than for C. gobio (Figure 3A)
and was primarily influenced by §C4, (ccoef = —1.21),
5" Crpp (ccoef = 0.83), 5*H ., (ccoef = 0.62), 5*H 4 (ccoef =
—0.47), 6"H,4, (ccoef = —0.36), and 6"3C,g, (ccoef = 0.36).
Similarly, the second dimension showed a separation of isotope
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Table 3. Mean Change of 6 Values between 2016 and 20187

S3C values 5?H values

16:0 16:1 18:0 181 LIN ALA ARA EPA DPA DHA 160 16:1 180 18:1 LIN ALA ARA EPA DPA DHA
Faltlbach 11 12 11 03 01 03 -10 -13 -03 -09 -55 -139 -36 69 66 -3.7 115 -7.0 -292 -7.9
Holzhiittenboden 0.7 -07 08 -04 -19 -16 -16 -17 -23 -10 -42 32 175 21 -209 55 235 33 -103 4.2
Taglesbach 19 03 03 -03 -29 -29 -41 02 -17 -19 -29 -48 141 99 -7.7 -84 289 -19 -11.4 08
Kothbergbach 01 07 -12 -12 -16 -36 -41 -13 -26 -25 -21 -06 166 -31 -26 -87 190 21 -128 7.2
Bodingbach 07 01 10 00 27 -08 -18 -11 -02 -08 05 73 69 17 -191 244 -140 73 -46 59
Seebach 07 17 10 02 -11 -07 -26 -12 04 -17 -09 -17 157 39 -264 16 05 113 51 156
Lunz (Ybbs) 08 02 -04 -10 -23 -30 -44 08 01 -20 -205 -90 106 -143 -112 -30.6 68 -7.6 ~-2.8 9.2
GroRau (Ybbs) 05 -09 ~-15 26 -42 -37 -25 -11 -15 -26 -231 -187 -85 -12.7 60 302 272 -54 -294 5.1
Gostling (Ybbs) 08 13 10 03 -09 -14 -25 -10 -14 -07 66 80 187 69 -213 -7.8 -228 26 -156 -03

“Red indicates statistically significant (t-test, p < 0.05) changes of § values between both sampling time points.

Table 4. Site Prediction of Samples from 2018 Based on the Training Set from 2016“

Faltlbach  Holzhiittenboden

Faltlbach 17 2 0 2
Holzhiittenboden 1 4 6 0
Taglesbach 0 8 1 1
Kothbergbach 10 0 1 9
Bodingbach 1 0 3 1
Seebach 0 6 0 0
Lunz (Ybbs) 0 7 1 1
Grofau (Ybbs) 0 3 0 1
Gostling (Ybbs) 0 2 4 0

Taglesbach ~ Kothbergbach Bodingbach  Seebach  Lunz (Ybbs)

Groflau (Ybbs)  Géstling (Ybbs)

2 0 0 0 0
7 0 2 6 0
9 0 0 0 0
2 0 0 0 0
11 0 3 1 0
1 10 0 1 1
6 0 6 1 0
3 7 2 0
2 4 3 2

“34% of all samples from 2018 were assigned to the correct location based on the isotopic composition of FA.

values between eye and other tissues, particularly in C. gobio.
The third dimension (canonical correlation 0.484; Wilks’
Lambda F-approxg;345 = 4.7, p < 0.001) was highly taxa-
specific and separated between C. gobio and salmonids (Figure
3B), but fish liver from other tissues (ANOVA Type I, taxa: F,
=79.7, p < 0.001; tissue: F; = 50.7, p < 0.001; site: F;5 = 17.6,
p < 0.001) due to high canonical coefficients of 5'*C ;4 (1.06),
6YCpua (=0.78), 8°Cyyp (0.68), 8Hara (0.66), 5°Hyg
(0.63), and 6*Hpy, (—0.49). We thus concluded that FA
isotope discrimination among the tissue types was too large to
allow for pooling of the FA isotope data; subsequently, all
further analyses were conducted by tissue type.

Site Specificity of CSIA versus Bulk Tissue. Boot-
strapping repeatability analysis was performed to assess to
which extent the variability among isotopic data of a particular
FA could be explained by the sampling site (Figure 2A).
Repeatability varied among compounds depending on the
tissue type (Table 2). In the case of §"°C, no individual FA
compound provided significantly better site repeatability than
FAp, [mean: 74% + 10]. 6"*C,_; ;c.pura values had similar
site-specific repeatability as §"*Cpapyo particularly in the brain
and muscle tissue, while the repeatability for n — 6 PUFA was
poor across all tissue types. Among the non-essential (i..,
saturated and mono-unsaturated) FA, §"*C ¢, had the best site
repeatability, especially for the muscle tissue [81.0% + 10],
which is higher than bulk sample repeatability, while 5"°C g,
showed high site repeatability in brain [74% + 10] and eye
tissue [71% =+ 10]. In contrast, several FA showed better site-
specific repeatability in their 5°H values compared to the 6°H-
FApg [mean: 42% + 11]. The §*Hyp, values performed
particularly well among all tissue types [mean: $4% =+ 12],
while site-specific repeatability for 5*Hj;y was high for the
muscle tissue [59% + 12]. §*Hpyy, showed some site-specific
repeatability only for the liver tissue [$2% + 13], while those
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of 16:0 and 14:0 performed equally or better than FAg in the
brain and eye tissue. The highest repeatability for any of the
compound-specific §°H values among all samples was achieved
when using the difference between 5°Hj 1y and 5*H,;, (Figure
4A). Site-specific repeatability of the individual FA for both
5"H and 5"C did not change significantly when considering
different sampling years.

Best-performing variables for site specificity (6"*Cpy, and
5*Hyn.ara) revealed several site-specific clusters (Figure 4B).
However, site-specific resolution was further improved by
linear discrimination analysis based on a multivariate isotope
approach (>2 FA). Highest site specificity was achieved for
muscle samples, followed by eye, brain, and liver samples
(Table 1). In total, in 141 of 148 fish considered (95%), and
for 124 of the 148 fish when including bootstrapping cross-
validation (84%), at least three out of the four tissue types
were assigned correctly (Table 1). Site specificity accuracy was
not improved by taxa-separated analysis but decreased when
isotope data of different tissue types were combined.

Based on their close Mahalanobis distance in the 6*°Hy, and
5C, as well as their close geographical sampling locations
(Figure 1), the fish samples from all sampling sites in
Kothbergbach, Seebach, Weiler Ois, as well as Lunz and
Lunz Groflau were pooled to simplify further analysis. Data
pooling further improved the site specificity of §°H and §"C
(muscle: 94.6% [cv: 81.4%], eye: 94.3% [cv: 76.2%], brain:
95.4% [cv: 78.8%], liver: 95.4% [cv: 75.9%]). In linear
discrimination analysis, the proportions of variation explained
for the combined first three dimensions were >70% for all
tissues (muscle: 48.2, 23.6, and 7.8%; eye: 40.2, 20.7, and
11.4%; brain: 54.1, 17.7, and 10.7%; liver: 54.1, 14.9, and
8.5%) and provided good visual discrimination of the site-
specific clusters in a 3D plot (see online Supporting
Information).
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Site-Specific Changes of FA Stable Isotope Values
over Time. For evaluating the 6°Hg, and 6"°Cg, values in the
sedentary bullheads over time (site repeatability), we
compared the §’Hg, and 5"Cp, data of 2018 with those of
2016 from the same sampling sites. Both §*Hp, and 6"3Cg,
values showed significant between-year isotopic differences in
various tissues and locations (Table 3, Figure S3). In general,
omega-6 PUFA frequently had larger isotopic differences than
omega-3 PUFA. Saturated FA showed small changes in mean
5"C values. Changes in 6°H g,y values were accompanied by
an inverse proportional change in 5*Hj;y and 5*H g,

Using caret (R package), a training data set (grand means of
LDA) of bullhead samples from 2016 was generated to predict
the sites of the bullhead samples from 2018. 34% of samples
from 2018 were assigned to the correct location from the 15
sampling sites based on the isotopic composition of FA. This
proportion increased to 54%, if accounting for assignments to a
spatially close sampling location (< 1 km). In general, samples
from tributaries at higher altitudes had a higher probability of
being assigned to the correct location than samples from the
further downstream sites of this study catchment (Table 4).

B DISCUSSION

The 6°H and §"C analyses of individual FA in fish tissues
provided more accurate information on fish site specificity than
their bulk FA stable isotope compositions. Our compound-
specific stable isotope analysis of FA showed that within a
short distance (e.g., <S5 km) between sampling sites of these
streams, fish tissues had unique 6*Hg, and §°Cpy, values that
allowed assignment of fish origin at a small spatial scale.

The 6"Cg, values of fish were more negative at higher
altitude sites, and the §"*C values of individual FA were highly
correlated with each other.

In contrast to changes in SBC values with altitude, no such
effect was observed for 6°H and the variation among FA was
not explained by a calculated §*Hyyy value. It is possible that
different physiological requirements for fish at the higher and
lower altitude sampling sites altered fish metabolism, which is
already known to change 5°H values of long-chain (>18)
PUFA.*® Thus, 5’H values of individual FA, for example,
highly required EPA and DHA, likely change because of FA
bioconversion processes in case of insufficient dietary supply.*’
This is also reflected by the fact that the difference in isotopic
values 6°H a1 showed the highest site specificity for 6°Hp,
values. Consumers are not able to synthesize LIN or ALA de
novo,"" and thus, the isotope values likely reflect those of the
base of the food web, whose structure can also show site-
specific differences. This suggests that §*Hg, showed less site
specificity compared to 5 Cp,, although 6°Hp, values can
reveal fine-scale structures in small geographical areas where
larger-scale 5*H patterns of water are absent.

The n — 3 PUFA DHA, EPA, and ALA, as well as the
saturated FA 16:0 and the mono-unsaturated FA 18:1 had high
predictive 5"°C values of sampling site specificity. It is likely
that these FA are important for maintaining tissue function, are
required in high quantities, and are retained in storage and
functional membrane lipids,42 thereby keeping the dietary
isotopic values. While 16:0 and 18:1 are non-essential FA and
thus might be also synthesized de novo by consumers, they are
also available in high levels from the diet (e.g., invertebrates),
and hence, their isotopic values are also more likely to reflect
local food sources. Interestingly, LIN dual-isotope data did not
correlate with the sampling site, in any tissue, despite being an

essential FA. LIN is the precursor of the n — 6 LC-PUFA ARA,
an important tissue FA regulating inflammatory processes in
vertebrates.”” It thus might be used mainly for energy
production, as the precursor for elongation to ARA or to
regulate n — 3 to n — 6 bioconversion rates because n — 3 and
n — 6 PUFA use the same bioconverting enzymes.** All the
above involve several biochemical conversion processes that
might induce significant isotopic fractionation of LIN,thereby
blurring site-specific isotopic information of this FA.

In addition to sampling site-specific FA isotope variation,
tissue and species type also differed isotopically. For example,
brain FA had comparatively higher 5"°Cgpy and 8Cyypa
values and lower 6°Hggs and 8*Hyyps values compared to
muscle or liver tissues, which may be due to the unique
metabolism of the brain; (1) relying more on carbohydrates
than fat for ATP production;*> (2) being separated by the
blood—brain barrier restricting the exchange of molecules
between blood and the rest of the body, and/or (3) relying on
its own FA synthesizing complex, for example, for building very
long-chain FA that isolate axons as part of the myelin sheet.*
Fatty acids are thereby synthesized, particularly during growth
phases of an individual, using ketone bodies (e.g., 8-
hydroxybutyrate and acetoacetate) as sources, in contrast to
acetate, which is used for FA synthesis in the liver.** These
different biochemical synthesizing pathways might therefore
explain these isotopic differences in saturated and mono-
unsaturated FA between brain and the other tissues.

When using 5*Hp, and §°Cp, values as site-specific markers
in canonical variation analysis (Table 1), it was possible to
classify fish samples with over 90% accuracy to their spatial
origin, and over 70% when performing bootstrapping analysis,
which was considerably better than concomitant bulk FA
isotope values (~40% accuracy). Isotopic overlap and wrongly
assigned samples could be due to the proximity of some
sampling sites (e.g, between the contributary stream
Bodingbach and Lunz: ~1 km; and between Lackenbach and
Alte Sage/Ois: ~300 m) despite being supplied by different
water sources that might share similar local physiological and
isotopic properties, such as evaporation, or food sources
leading to similar isotopic discrimination of FA in fish tissues.
Also, fish were more likely to have moved between these sites,
thereby averaging the signal of their tissues. Therefore, our
data support the use of CSIA of FA as site-specific markers,
although their application across larger spatial areas with strong
H-isotope gradients (isoscapes) remains to be investigated, as
well as the implication’s limitation relating the natural range of
isotopic variation to the spatial resolution.

The 5"°Cp, values differed slightly, but significantly, between
the 2016 and 2018 samples, revealing that isotopic patterns
vary over time and that samples from different time points
cannot be compared across periods of time (i.e., across several
seasons). Nevertheless, this study provides compound-specific
isotopic evidence that the fish origin within this stream
network (ie., site specificity) could be ensured with 54%
accuracy across the two years, which was more precise than
using only bulk stable isotopes for site specificity within a
single season. Compound-specific isotope values generally have
higher variation than bulk stable isotope values on larger
isoscapes,”' """ implying that local food web and community
structures as well as physiological processes have a higher
influence on stable isotope composition of FA than
meteorologic isotopic fractionation. Naturally occurring inter-
annual §°’H and §"C variations at the molecular level might be
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more sensitive to small environmental changes, which are
largely smoothed out when analyzing bulk tissues with longer
turnover times (e.g., muscle tissues and brain), while changes
are quickly reflected in high-turnover tissue, such as liver. In
this case, tissue FA isotopic differences could potentially be
used to improve tracking migration of individual fish. This
finding might provide a meaningful estimate of the fish origin,
especially if considering larger-scale catchments. However, the
natural range of FA isotopic variation needs to be better
defined by location and over time.

Unfortunately, there are no movement data for this
retrospective assessment, however, we found relatively small
isotopic differences between salmonids and bullheads
compared to the overall isotopic variations. Therefore, these
differences are possibly attributed to different feeding
behaviors rather than different movement patterns, which
remains to be clarified in future studies.

Our findings suggest that the FA isotope composition in fish
tissues can help better identify the provenance of fish samples,
even at small geographical scales. We summarize the following
aspects as recommendations for future research:

(1) No clear spatio-temporal patterns in the FA isotopic
composition can be applied for all cases. Resident fish
grown in enclosures, ponds, or with limited capacity for
migration need to be sampled to assess the isotope
variation within the area of interest before evaluating
samples of unknown origin (“known-diet source
approach”). Controlled captive studies using isotope
gradients in the sources (water and diet) and different
levels of dietary quality to quantify the mechanisms that
drive the isotopic flow and dynamics in FA are needed
to understand the strengths and caveats of these CSIA to
better assign the origin of fish in aquatic ecosystems.

(2) One technical aspect for the use of this isotope tool is
how researchers determine the FA-CSIA baseline to
distinguish between sites or areas of interest. Whether a
resident fish species to discriminate among sites or the
use of a lower trophic level organism, such as
macroinvertebrates or periphyton, dependent on the
FA type (essential vs non-essential) and time of
sampling.

(3) As with bulk tissue isotope methods, more detailed
knowledge is warranted for specific tissue/s FA isotope
turnover times and integration period (muscle vs brain;
summer vs winter; “ecophysiological approach”).

(4) The use of multi-isotope molecular approaches is
recommended to improve data and spatial assignment
resolution in other environments. The current study
focused on a small sub-alpine stream catchment, and the
applicability of this methodological approach to other
stream systems or by using anadromous species remains
to be elucidated. Well-known and predictable hydrogen
isotope gradients in water based on latitude or marine
versus freshwater studies may enhance the potential of
using FA H-isotopes for this method. The dual-isotope
approach at the FA level makes site discrimination easier
without increasing time on sample treatment; however,
it will require two separate CSIAs.

(5) Statistical approach of large data sets: multivariate data
analysis including several FA is recommended for a
priori site specificity, but refined protocols with a wider
selection of FA can be investigated. As most of the

variation among the data originates from the FA
compound, CCA can be a useful tool to assess the
influence of other factors than location and to decide for
which samples a pooled analysis can or should not be
performed.

(6) Finally, the addition of CSIA of amino acids might add
another dimension to further increase accuracy and may
be included in future studies.

In conclusion, the combination of §'3Cy, and §*Hp, values
provided higher spatial resolution assignment of fish origin in
this stream network than bulk FA isotopic analysis. The
isotopic patterns resulted from a combination of physicochem-
ical processes that had a strong influence on §"°C values, and
possible ecophysiological processes with effects mainly on 6°H
values of individual FA. The compound-specific isotopic
composition of the samples gained from individuals thus
reflects the integrated effect of element isoscapes, diet, and
metabolism. The latter has the potential to induce significant
metabolic fractionation, especially for 6°H values, disrupting
the preservation of isotopic values of the diet. In that sense,
this method primarily compares individuals regarding their
similarity in life history, among which residency and feeding at
a particular location is an important factor, without requiring a
baseline or knowledge about all potential food sources. How
topological and ecophysiological properties influence the
isotopic patterns of FA, how isotopic patterns of FA change
in response to different trophic levels or at larger spatial scales,
and if non-migrant fish require to establish local isotopic
patterns remain questions for future migration ecology
research. This introduced method enhances our capacity to
trace foraging and migration of fishes where other telemetric
methods are not applicable, and it can provide vital
information about habitat degradation of endangered species
and spread of an invasive species.”” Specific examples of such
application are to determine the impact of vertical barriers on
migration of small fish species (e.g, from genus Cottus or
Gobio). The CSIA of FA of eggs and early life stages recovered
at the spawning grounds can provide important information on
foraging grounds of adults® and lipid-rich tissues with slow
turnover (e.g.,, brain and eye lens) could also help assess the
hatchery or wild origin of fish stocked to the natural systems.>’
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