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Eye lenses reveal ontogenetic trophic and habitat shifts in
an imperiled fish, Clear Lake hitch (Lavinia exilicauda chi)
Matthew J. Young, Veronica Larwood, Justin K. Clause, Miranda Bell-Tilcock, GeorgeWhitman,
Rachel Johnson, and Frederick Feyrer

Abstract: Stable isotopes recorded in fish eye lenses are an emerging tool to track dietary shifts coincident with use of
diverse habitats over the lifetime of individuals. Eye lenses are metabolically inert, sequentially deposited, archival tissues
that can open avenues to chronicle contaminant exposures, diet histories, trophic dynamics and migratory histories of indi-
vidual fishes. In this study, we demonstrated that trophic histories reconstructed using eye lenses can resolve key uncer-
tainties regarding diet and trophic habitat shifts. Clear Lake hitch (Lavinia exilicauda chi), a threatened cyprinid, inhabits a
single lake (Clear Lake, Lake County, California) and utilizes tributary streams for reproduction. Bayesian mixing models
applied to d13C and d15N recorded in eye lenses uncovered ontogenetic diet shifts that corresponded with shifts in occupa-
tion of habitats providing spawning (tributary streams), rearing (littoral lake), and growth (pelagic lake) functions. The
reconstruction of size-structured trophic and habitat information can provide vital information needed to manage and con-
serve imperiled species such as the Clear Lake hitch.

Résumé : Les isotopes stables préservés dans les lentilles des yeux de poissons constituent un nouvel outil pour suivre les
variations des régimes alimentaires coïncidant avec l’utilisation d’habitats variés durant la vie d’individus. Les lentilles des
yeux sont des tissus inertes sur le plan métabolique déposés séquentiellement qui constituent des archives pouvant servir
de registre des expositions aux contaminants, des antécédents d’alimentation, de la dynamique trophique et de l’historique
de migrations de poissons individuels. Nous démontrons que les antécédents trophiques reconstitués à l’aide de lentilles
d’yeux peuvent résoudre d’importantes incertitudes concernant les changements de régimes alimentaires et d’habitats tro-
phiques. Le cyprinidé menacé (Lavinia exilicauda chi) n’habite qu’un seul lac (Clear Lake, Lake County, Californie) et utilise
des affluents pour sa reproduction. Des modèles de mélange bayésiens appliqués au d13C et au d15N de lentilles d’yeux révèl-
ent des changements ontogéniques du régime alimentaire qui correspondent à des changements de l’occupation d’habitats
assurant des fonctions de frai (affluents), d’élevage (lac littoral) et de croissance (lac pélagique). La reconstitution de l’infor-
mation trophique et sur l’habitat structurée par âge peut fournir des renseignements clés pour la gestion et la conservation
d’espèces en péril comme Lavinia exilicauda chi. [Traduit par la Rédaction]

1. Introduction
Many fish species utilize different habitats across ontogeny,

including large-scale migrations across the landscape (e.g., ocean
basin migrations, Block et al. 2001; anadromy, Clemens et al.
2010) or smaller-scale movements into different local habitats
(e.g., marine vertical migration, Hawes et al. 2020; offshore
migrations in lakes, Maciej Gliwicz et al. 2006). Identifying how
and when individuals use these habitats is fundamental to the
conservation of many migratory species (Runge et al. 2014), but
reconstructing these life histories, especially during early life
stage transitions, can be challenging. Traditional sampling tech-
niques are hampered by inefficiency and spatiotemporal uncer-
tainty, and physical tagging and (or) tracking methods can be
logistically prohibitive or impossible.
To get around these limitations, tissues that act as chemical ar-

chives have been increasingly utilized to reconstruct the life histor-
ies of individual fishes (Secor et al. 1995; Tzadik et al. 2017). During
tissue formation and deposition these tissues uptake environ-

mental constituents and are subsequently metabolically inert,
meaning that there is no further resorption or chemical alteration
of the tissue. These tissues thus act as faithful recorders of environ-
mental conditions at the time of tissue formation. Further layers
are sequentially added, continuing to reflect the local environment.
Microchemistry in otoliths has been used to identify movements
or origins based on natural water chemistry (Secor et al. 1995;
Campana 1999; Ingram andWeber 1999), exposure to localized con-
taminants (Dove andKingsford 1998; Johnson et al. 2020), and other
environmental conditions (Limburg et al. 2015). Similarly, fish
endoskeletons, fin spines, and fin rays allow for reconstruction
of lifetime biochemical data (Tzadik et al. 2017). Eye lenses are a
metabolically inert, proteinaceous tissue type that has also been
successfully used to reconstruct biochemical data for individual
fishes (Wallace et al. 2014; Quaeck-Davies et al. 2018; Bell-Tilcock
et al. 2021) and cephalopods (Parry 2003; Hunsicker et al. 2010).
The eye lens grows over the lifetime of an individual fish by

sequentially adding fibrous cytosolic protein layers (or laminae)
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to the lens surface, with older layers near the central core and
younger layers added on top (Nicol and Somiya 1989; Bloemendal
et al. 2004; Dahm et al. 2007). This process starts early in embry-
onic development and continues throughout the individuals’
lifespan, leaving a biochemical record across ontogeny (Dahm
et al. 2007; Wallace et al. 2014). Eye lens volume increases through-
out a fish’s lifetime (Bassnett and Beebe 1992) but the lens growth
rate declines (Bron et al. 2000), which creates a direct relationship
between lens diameter and total body size (Quaeck-Davies et al.
2018; Vecchio et al. 2021). The proteinaceous lens material bonds
well with covalently bonded contaminants (e.g., Pb, Hg; Dove and
Kingsford 1998) and contains carbon, nitrogen and sulfur, facilitat-
ing lifetime biochemical reconstruction and associated ecological
interpretation. Thus, eye lenses can complement analysis of other
structures with different chemical composition (e.g., largely cal-
cium carbonate structures such as otoliths).
Eye lenses have successfully been used to recreate contaminant

exposure (Dove and Kingsford 1998; Kingsford and Gillanders
2000), trophic histories (Simpson et al. 2019; Kurth et al. 2019;
Curtis et al. 2020), and geographic histories (Kurth et al. 2019; Peebles
and Hollander 2020, Vecchio and Peebles 2020; Bell-Tilcock et al.
2021, Vecchio et al. 2021) of marine fishes and cephalopods (Meath
et al. 2019; Liu et al. 2020). In these examples, data gained from eye
lens tissue has been used to reconstruct broad ontogenetic move-
ments (particularly when other tissue types such as otoliths are
unsuitable; Meath et al. 2019; Kurth et al. 2019) and evaluate diet
overlap amongst sympatric species (Simpson et al. 2019). To date,
examples of further ecological interpretation are few, especially
with respect to freshwater systems (see exception Bell-Tilcock et al.
2021). However, Quaeck-Davies et al. (2018) identified three key
uncertainties that need to be tested prior to application of SIA in
eye lenses: establish a species-specific relationship between lens
size and fish size, identify the relationship between lens protein
stable isotope composition and conventional tissues like white
muscle, and evaluate the consistency of isotopic patterns within
and among individuals.
The Clear Lake hitch (Lavinia exilicauda chi) is a potamodromous

cyprinid endemic to a single freshwater lake (Clear Lake, Califor-
nia, USA), and provides an opportunity for ecological interpreta-
tion and validation. The Clear Lake hitch is currently listed as
threatened by the state of California and long-term survival pro-
jections are bleak (Moyle et al. 2013). Recent research using oto-
lith chemical markers (stable isotopes of strontium, Sr) has
resolved key uncertainties regarding the natal origin of individ-
ual Clear Lake hitches, the age at which individuals leave spawn-
ing tributaries and enter the lake and identified local watersheds
important to local production and recruitment (Feyrer et al.

2019a). Despite this advance, there remain key uncertainties
about habitat use once Clear Lake hitches enter the lake. After
leaving spawning tributaries juvenile fish are presumed to rear
in littoral habitats until approximately 50 mm standard length
(SL) and then migrate offshore into pelagic habitats for growth
until reproductive maturity where they return to tributaries to
spawn (Geary 1978; Moyle 2002; Fig. 1). However, this is largely
based on anecdotal capture information predating non-native
species introductions, which have significantly modified the
lake’s ecology (Eagles-Smith et al. 2008a), and field observations
(Feyrer et al. 2019b).
Given large-scale changes to the ecology of Clear Lake and pop-

ulation declines, this study updates understanding of diet and
critical habitat used by Clear Lake hitch across ontogeny, particu-
larly with respect to within-lake shifts in rearing (littoral) and
growth (pelagic) habitats. This study also expands method valida-
tion of stable isotope analysis (SIA) in eye lenses, necessary for
opening avenues for use in native fish conservation. Here, we
(1) assess the suitability of eye lenses for recreation of Clear Lake
hitch isotopic histories and (2) use them to identify ontogenetic
trophic habitat shifts and compare the results with similar analy-
ses using muscle tissue. This study demonstrates the value of eye
lenses for recreating diet-based migration histories, updates cur-
rent understanding of Clear Lake hitch ecology, and highlights
the importance of including multiple archival tissue types in
reconstructing the life history of imperiled freshwater fishes.

2. Materials and methods

2.1. Study area
Clear Lake, located in central California, USA, is the largest

freshwater lake within California (Fig. 2). When full, Clear Lake
has a surface area of�17 700 ha, a total volume of�1.4� 109 m3, a
mean depth of �7 m, and is seasonally hypereutrophic. Inflow
comes from several intermittent streams (predominantly Adobe
and Kelsey creeks), which are driven by seasonal rains associated
with the local Mediterranean climate. These ephemeral water-
ways provide the majority of Clear Lake hitch spawning habitat
(Feyrer 2019; Feyrer et al. 2019a). A legacy of surface mining, local
agriculture, and non-native species introductions have caused
major changes to the ecology of the lake, including elevated envi-
ronmental mercury (Hg) levels (Suchanek et al. 2008, 2009), habi-
tat degradation (Suchanek 2003; Richerson et al. 2008), and local
extinctions and extirpations (Thompson et al. 2013).

2.2. Fish collection and laboratorymethods
Individual Clear Lake hitches were collected during a broad habi-

tat association study in June and July of 2017 using experimental

Fig. 1. Conceptual model indicating functional habitats utilized by Clear Lake hitch across ontogeny. There is diversity in individual timing of
shifts across habitats. Displayed d13C values reflect prey isotopic composition from different habitats (Eagles-Smith et al. 2008a). [Colour online.]
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gill nets deployed at randomized sites (Fig. 2; for more detail see
Feyrer et al. 2019b). The protected status of the Clear Lake hitch
constrained the number of individuals that could be retained
for scientific study; therefore 45 individuals were collected from
32 locations, with one additional incidental mortality retained
from an additional location for a total of 46 individuals. One juvenile
Clear Lake hitch and ten juvenile Clear Lake roach (Hesperoleucus
venustus � H. symmetricus) were collected from Kelsey Creek (Lake
Co.; Fig. 2) for size validation in May 2020. Clear Lake roach were
included for size validation as it is a closely related and morpho-
logically similar species (Baumsteiger andMoyle 2019; Baumsteiger
et al. 2019). Individual fishes were weighed and measured prior to
dissection. Both eyes of each fish were carefully extracted so as not
to puncture the sclera and each eye was frozen intact. Each adult
fish was filleted, with at least 5 g of left posterior dorsal muscle tis-
sue removed and frozen. Each adult fish also had lapilli otoliths
removed for a separate analysis (Feyrer et al. 2019a).
Eye lenses were removed from the left eye of each fish, and the

diameter of each intact eye lens was measured using a dissecting
microscope (set at 20�magnification) and digital camera (Moticam
BTU 8). Each lens was dissected, with individual layers physically
removed one at a time (delamination) using forceps. The eye was
thawed and wetted with deionized water per established methods
(Wallace et al. 2014; Bell-Tilcock et al. 2021) to avoid contamination
observed using embedding techniques (Quaeck-Davies et al. 2018).
After the removal of each layer the diameter of the remaining
intact lens was measured. Once the intact lens reached a diameter

of less than 500 lm the remaining material was described as the
“core” of the eye lens. This core was typically denser than the
surrounding layers and further delamination was difficult. Each
lens layer, including the core, was placed in a tin capsule. Eye
lens material was dried for 12 hours prior to submission for SIA.
For validation purposes ten percent of sampled individuals were
selected at random and had both eye lenses delaminated and
analyzed. Muscle fillets were dried at 60 °C for a minimum of
24 hours, ground to a fine powder, and then a subsample was
placed in tin capsules for SIA. All tissues were analyzed for d13C
and d15N at the University of California, Davis, Stable Isotope
Facility using a PDZ Europa ANCA-GSL elemental analyzer inter-
faced to a PDZ Europa 20-20 isotope ratio mass spectrometer
(IRMS; Sercon Ltd., Cheshire, UK). We did not correct for lipid
content (Post et al. 2007) as C:N ratios were generally low (�3.5).
All isotope values are expressed relative to international stand-
ards Vienna PeeDee Belemnite (V-PDB) and air for carbon and
nitrogen, respectively.

2.3. Data analysis

2.3.1. Assess eye lens suitability for recreation of Clear Lake hitch
isotopic histories
Prior to trophic habitat analysis, we assessed eye lens suitabil-

ity by (1) using a lens diameter and fish length relationship to
reconstruct size-calibrated isotopic histories and (2) establishing
relationships between stable isotopes in eye lenses and those in
muscle tissue. First, for each fish we had ameasurement of intact

Fig. 2. Map of Clear Lake showing sites where fish were collected. Lake collection locations are denoted with a plus and stream collection
locations are denoted with a triangle. Major intermittent tributaries (Adobe and Kelsey creeks) and perennial outflow (Cache Creek)
noted. The map was prepared using ArcGIS Pro (Version 2.5.0; Esri, Redlands, California, USA). Waterways obtained from the CDFW GIS
Clearinghouse (https://wildlife.ca.gov/Data/GIS/Clearinghouse), political boundaries obtained from the USGS National Map (https://apps.
nationalmap.gov/), Lake County topography from NOAA (OCM Partners 2021), and sampling locations from Steinke et al. 2019. [Colour online.]
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eye lens diameter and fish size. To verify the relationship across
ontogeny we included post-larval individuals collected in the
tributaries. We used simple linear regression to develop a rela-
tionship between the two parameters and used it to estimate the
lens size of a newly hatched individual (6 mm; Swift 1965). To
assess consistency between eye lenses of the same individuals we
used an ANCOVA to test for an effect of eye side (left or right)
on the relationship between isotope values and fish size. We
then applied this relationship to intermediate lens diameters
measured during lens delamination and assigned an estimated
fish size (standard length in millimetres) to each intermediate
layer.
Second, we directly compared the stable isotope composition

of fish muscle tissue and the eye lens to evaluate tissue-specific
fractionation for further statistical analysis. Fish muscle tissue
has an approximate isotopic turnover time of weeks to months
based on fish size (Weidel et al. 2011; Vander Zanden et al. 2015);
however, the exact temporal resolution of the eye lens layers is
unknown. One estimate for a temporal lag between diet shifts
and isotopic expression in the eye lens is �55 days (Granneman
2018) which is within the range of isotopic turnover in muscle
tissue, however it is unclear what temporal window is represented
by individual laminae. To address this issue, we compared the
weighted averages of the cumulative carbon and nitrogen stable
isotope values separately in the five outermost lens layers (layer 1,
layer 1+2, layer 1+2+3, etc.) to the isotopic values ofmuscle tissue.
The volume for each layer was calculated by using the equation

for the volume of a sphere (V = 4/3pr3, where r is the radius of the
sphere) and subtracting the volume left after each subsequent
layer’s removal (VLayer X = VDiameter X – VDiameter X – 1). We then took
a weighted average of the isotopic values based on the relative
volumes of each layer used. Using the single outermost layer
resulted in high variability in differences between muscle and
eye lens tissue (i.e., standard deviation; carbon: 2.68, nitrogen:
1.42) and incorporating additional layers generally reduced vari-
ability. The weighted average of the three outermost layers had
the lowest standard deviation (carbon: 2.14, nitrogen: 1.16) that
did not result in exclusion of any individuals from the dataset
(one individual only had 3 layers). We used one-way ANOVA to
test for significant differences between eye lens and muscle tis-
sues for both carbon and nitrogen. When significant, we used the
mean difference in isotopic values between muscle and the eye
lens weighted average to estimate tissue-specific trophic fractio-
nation for further statistical analyses.

2.3.2. Identification of ontogenetic trophic habitat shifts
To simultaneously infer Clear Lake hitch habitat utilization

and compare eye lens stable isotope data with other tissue types
we applied Bayesian mixing models to both eye lens and muscle
stable isotope data. Eye lens models allow for determining the
relative proportion of pelagic and benthic trophic pathways
across a range of fish sizes while using muscle models allowed
for validation of eye lens results. Bayesian mixing models of this
type incorporate uncertainty in source contributions, including
trophic enrichment estimates (Phillips et al. 2014), a common
cause of error in stable isotope diet analyses. By incorporating
this uncertainty our results are conservative relative to the
uncertainty around eye lens trophic enrichment. We used the
package MixSIAR 3.1 (Stock and Semmens 2016) in Program R
(R Core Team 2019) and ran the model using fish size (standard
length in millimetres; estimated for the eye lens model and
measured for muscle model) as a continuous parameter and indi-
vidual fish as a random effect. Consumer data for the eye lens
model was limited to samples where the estimated fish size was
greater than 50 mm SL to limit maternal and (or) core influences
and guarantee exogenous feeding. Both models included process
error, which considers source and consumer variation, but did

not include residual error, consistent with the application of Mix-
SIAR to models with continuous covariates (Stock and Semmens
2016; Stock et al. 2018). Both models were set to run three chains
for 50 000 Markov Chain Monte Carlo simulations, with a burn-in
of 25 000 and thinning of 25. We evaluated model convergence
using the Gelman–Rubin diagnostic, ensuring that fewer than 5%
of values exceeded 1.05.
Source data for both models were obtained from Eagles-Smith

et al. (2008a), which demonstrated separation between d13C values in
invertebrates representing littoral (� –20%), profundal (� –24%),
and pelagic habitats (� –28%). Due to the use of historic data we
focused our analysis on a coarse estimation of trophic habitat
rather than more nuanced analyses using data from particular
diet items. Because d15N values for these habitats were lacking we
only used d13C for mixing model analysis. To minimize underde-
termination in a one-dimensional mixing model littoral and pro-
fundal values were combined a priori so that mixing models
included only two sources, benthic (littoral + profundal: –22% 6
2%) and pelagic (–28% 6 1%; Eagles-Smith et al. 2008a). Trophic
discrimination factors for muscle models (1.1 6 0.35) were
obtained from McCutchan et al. (2003) values for aquatic muscle
tissue with standard errors converted to standard deviation per
MixSIAR requirements. Trophic discrimination factors for eye
lens models (3.46 6 2.17) were calculated by summing the offset
between eye lens and muscle tissue identified earlier (2.366 2.14)
with the aquatic muscle values from McCutchan et al. (2003)
using the following equation to calculate standard deviation for
combined discrimination factors:

SDCombined ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SD2

1 þ SD2
2

q

Model results provided an estimate for the contribution of
benthic and pelagic sources to an individual at different lengths.
The posterior distributions for all individuals were then summar-
ized to obtain median estimates for source contributions across
fish size for each individual and for the sampled population. We
then visually compared model output from muscle and eye lens
models to assess consistency across tissue types and success of
eye lens-based reconstruction. Muscle tissue analysis results
were limited by smaller sample sizes (only one sample per fish),
and a limited range of collected individual sizes. Thus, model
comparisons were only made for sizes well-represented in the
muscle tissue dataset (135 and 250mm SL).
We used median source contribution values of 10%, 50%, and

90% from pelagic sources to identify shifts in trophic habitat (i.e.,
a median value of 50% shows themedian size where an individual
consumed equal amounts of benthic and pelagic prey). For each
individual fish we thus had an estimated size at habitat shift (i.e.,
where pelagic food sources comprised a majority of the contribu-
tion). We used collection location and published data on the na-
tal origin and age at lake entry for the same individual fish
(Feyrer et al. 2019a) to explore causes of variability in the size of
inferred habitat shifts. We used ANOVA to test for differences in
size at habitat shift based on collection location and natal origin
(stream groupings identified in Feyrer et al. 2019a).

3. Data availability
Data collected in support of this study are available in the

US Geological Survey’s ScienceBase catalog. Isotope data are
available from Steinke et al. (2020; doi:10.5066/P98S3SBV) and all
other data are available from Steinke et al. (2019; doi:10.5066/
P9A03OI6) and Feyrer (2018; doi:10.5066/P9IX7L5V).

4. Results

4.1. Fish collection summary
Forty-six individual fish were retained from gill net sampling,

ranging in size from 125 to 310 mm standard length (mean 6
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standard deviation: 192 6 58 mm). Based on published size-age
relationships (Geary andMoyle 1980) estimated ages of individual
fish ranged from 2 to 5+ years old. Due to laboratory measure-
ment error one individual was included for eye lens – muscle
comparison but excluded from the rest of the analysis. Seven ran-
domly selected individuals had both eyes analyzed. Adult Clear
Lake hitch eye lenses averaged approximately 11 layers per lens,
and juveniles averaged approximately 6 layers per lens. Juveniles
collected in May 2020 included one post-larval Clear Lake hitch
(SL = 12 mm), and ten individual Clear Lake roach (SL ranging
between 10 and 38mm).

4.2. Assess eye lens suitability for recreation of Clear Lake
hitch isotopic histories
There was a significant relationship between fish size and

intact eye lens diameter (p < 0.001; R2
adj = 0.96). Based on regres-

sion coefficients (intercept = –29.6, slope = 0.093), the estimated
eye lens diameter at a standard length of 6mm (size at hatch) was
383 lm (Fig. 3), which we then used as a lower bound for fish size
estimation. This regression was used to estimate fish size for ev-
ery intermediate lens diameter. Once intermediate sizes were
estimated, we were able to establish size-calibrated isotopic his-
tories for each individual fish. These isotopic histories showed
ontogenetic shifts for both carbon and nitrogen (Fig. 4). d13C val-
ues ranged from –15.1% to –33.6%, and were generally lower near
the core, increased in intermediate layers, and then decreased
again in the outer layers. d15N values ranged from 3.5% to 11.4%
and were higher in the outer layers and lower in intermediate
layers and near the core. Core values were lower relative to outer
layers for both d13C and d15N and were removed from further
analysis with the assumption that the core represents the mater-
nal contribution to development and not exogenous feeding. Dif-
ferences between left and right eye lenses sampled from the

same individual were minimal (Fig. 5), with no significant effect
of eye lens side (i.e., left or right) on stable isotope values
(ANCOVA; d13C: F[1,68] = 0.02, p = 0.89; d15N: F[1,68] = 0.01, p = 0.94).
Muscle tissue stable isotopes significantly differed from the

weighted average of the three outermost eye lens layers (ANOVA
results: d13C: F[1,49] = 10.4, p = 0.002; d15N: F[1,49] = 8.0, p = 0.007). d13C
differences between muscle tissue and the eye lens ranged from
–1.7 to 7.8 (Fig. 6). d15N differences between muscle tissue and the
eye lens ranged from –3.8 to 0.5. Mean muscle d13C values were
�2.37%more depleted than the eye lens (mean6 standard error:
–2.37% 6 0.3%), with only five individuals with muscle more
enriched than the eye lens. d15N values from muscle tissue were
�1.78% more enriched than the eye lens (1.78% 6 0.2%), and
only three individuals had muscle more depleted than the eye
lens. Variability between muscle and eye lens isotopes was high-
est for smaller fish (<200 mm SL). We tested for associations of
muscle-eye lens variability with other measured parameters (C:N
atomic ratios of the respective tissues, capture region, and natal
origin), with no significant results (p > 0.8). Due to mechanistic
uncertainty regarding cause of muscle-eye lens variability for

Fig. 3. Scatterplot of measured intact eye lens diameter against
standard length. Regression line included, with gray ribbon as 95%
confidence intervals around the mean (regression R2

adj = 0.96,
intercept = –29.7, slope = 0.093), Hollow point represents the
estimated lens size at hatch (6 mm). Triangles represent Clear
Lake hitch (HCH), and circles represent Clear Lake roach (CRCH).
[Colour online.]

Fig. 4. Plot of eye lens stable isotope values against estimated fish
size for Clear Lake hitch (A: carbon, B: nitrogen). The gray points
and lines represent values from individual fish and the blue line
represents a loess curve across all individuals to show broad
trends across the sampled population. [Colour online.]
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smaller fish we added mean and standard deviation of muscle –

eye lens differences to muscle fractionation values (see Materials
and methods), thus retaining uncertainty within the modeling
framework.

4.3. Identification of ontogenetic habitat shifts
Clear Lake hitches exhibited shifts in prey consumption across

ontogeny based on mixing model results (Fig. 7A). Smaller indi-
viduals generally consumed benthic prey items and larger indi-
viduals consumed pelagic prey items. For an average individual,
the shift from benthic to pelagic prey is inferred to have started
at approximately 84 mm SL, where pelagic prey items comprise
10% of the diet. Pelagic prey items comprise a majority (>50%) of
the diet at approximately 158mmSL, and benthic prey are largely
absent from the diet (pelagic prey > 90%) at 232 mm SL. Model
results using eye lens and muscle data were generally consistent,
with median values from the muscle model following within
credible intervals outlined by the eye lens model results (Fig. 7A).
The muscle model took longer to converge and had wider credible
intervals, likely related to fewer data points. For largerfish,muscle-
based results suggested a smaller proportion of pelagic prey than
lens-based results, although there was reciprocal overlap inmedian
values from one model and credible intervals for the other model.
For smaller fish, muscle and lens-based results were nearly
identical.
Although model results indicated generalized ontogenetic size

cutoffs, there was high variability across individual fishes, with
certain individuals shifting to pelagic prey at different sizes
or not at all (Fig. 7B; also refer to online Supplementary Data,
Table S11). Fourteen individuals never reached a median modeled
diet of 10% pelagic prey. Each of these individuals was a juvenile

between 138 and 170 mm SL. Five individuals were always above
the 90% pelagic prey threshold, and their lengths ranged from
145 to 240 mm SL. For the remaining fish which exhibited shifts
from benthic to pelagic prey, standard lengths at which the 50%
pelagic diet threshold was reached varied from 65 to 295 mm SL.
There were no observed relationships between the size at which
a fish crossed the 50% pelagic diet threshold and capture region
within Clear Lake (ANOVA results: F[2,17] = 0.76, p = 0.48) and
stream natal origin (F[3,15] = 0.81, p = 0.51; Supplementary Data,
Fig. S11).

5. Discussion

5.1. Eye lenses and recreating trophic histories
With this study we were able to successfully apply eye lens-

based isotopic analysis to recreate size-calibrated isotopic histor-
ies for individual fish. We were thus able to identify important
ontogenetic habitat shifts and glean insight into ecological proc-
esses that were unavailable with other archival tissues and chem-
ical markers (Feyrer et al. 2019a). Due to the relatively novel
nature of this approach we needed to address key uncertainties
potentially limiting the use of eye lens proteins as accurate
recorders of lifetime stable isotope histories: the species-specific
relationship between lens size and fish size, the relationship
between lens protein stable isotope composition and conven-
tional tissues like white muscle, and the consistency of isotopic
patterns within and among individuals (Quaeck-Davies et al.
2018). Each of these uncertainties was addressed for Clear Lake
hitch.
Clear Lake hitches exhibited a strong relationship between

lens size and fish size, a relationship that has been documented
for other fish species (Quaeck-Davies et al. 2018; Simpson et al.

Fig. 5. Stable isotope values (A: carbon, B: nitrogen) for left (grey points–lines) and right (black points–lines) eye lenses of individual
Clear Lake hitch identified by sample number. There were no significant differences between left and right eye lenses (ANCOVA; d13C:
p = 0.89; d15N: p = 0.94).

1Supplementary data are available with the article at https://doi.org/10.1139/cjfas-2020-0318.
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2019; Curtis et al. 2020; Bell-Tilcock et al. 2021, Vecchio et al. 2021)
but is an essential prerequisite for subsequent inference. Meas-
ured variability in eye lens size relative to fish size was low,
including the early juvenile fishes encompassed in this analysis.
It is, however, still possible that the relationship between fish
size and eye lens size scales differently during early growth,
although Bell-Tilcock et al. (2021) observed a linear relation-
ship in juvenile Chinook salmon (Oncorhynchus tshawytscha). We
observed significant differences in the isotopic composition of
eye lens and muscle tissues, although similar to other studies
(Quaeck-Davies et al. 2018; Simpson et al. 2019) variability in eye
lenses was higher than muscle tissue. It is unclear what drives
this variability, although it may have to do with differences in tis-
sue turnover rates, particularly across different fish sizes (Weidel
et al. 2011). Note that juvenile Clear Lake hitches exhibited higher
variability in the difference between eye lenses and muscle
tissue.
Size-specific fractionation has been observed for other fish tis-

sues, but the magnitude is typically small across size classes
(<1%; Sweeting et al. 2007) and affected by lipid content (Mohan
et al. 2016). Given the large variability observed in this study and
the low lipid content of both eye lenses (Wallace et al. 2014) and

sampled muscle tissue (C:N < 3.5), variability in discrepancies
between eye lens and muscle values likely reflect differences in
tissue turnover timing. This could mean longer or shorter incor-
poration times for eye lenses with respect to muscle tissue, or
simply reflect the difficulty of matching up the time scales repre-
sented by different tissue types. Estimates of eye lens tissue turn-
over from Granneman (2018) range between 30 and 71 days
(mean � 55 days). Although this is somewhat similar to muscle
tissue turnover times, it is difficult to identify the temporal win-
dow represented by a particular lamina for individuals where age
is not precisely known. Regardless, further evaluation of tissue-
specific fractionation and the time scales of incorporation during
the formation of eye lens tissues is warranted. Within-individual
variability in eye lens protein stable isotopes was low, as left and
right eye lenses had similar isotope values; this result is consist-
ent with other studies (Wallace et al.2014). This suggests that the
isotopic trajectories observed within an eye lens are reproducible
and likely due to diet conditions during eye lens formation.
Although within-individual isotopic variability was low, variability
of size-calibrated isotopic histories across individuals was high.
This resulted in variability in modeled size at habitat shift and
could reflect a variety of factors, explored below.
In addition to addressing the validation needs specified by

Quaeck-Davies et al. (2018), we also determined that trophic habi-
tat inferred from eye lens analysis was qualitatively similar to
trophic habitat inferred from muscle tissue analysis. Consistent
model results between the two tissue types suggest that esti-
mated tissue-specific offsets and the modeling approach are
sound.

5.2. Individual variability and ecological inference
In this study we detected no relationship between individual

variability in size at trophic habitat shift andmetrics such as lake
region or natal origin. This observed variability could reflect
other drivers of ontogenetic habitat shifts, including interannual
differences in local productivity (Eagles-Smith et al. 2008b), pre-
dation pressure (Werner et al. 1983; Werner and Hall 1988), or
some other metric of habitat suitability. For example, movement
from juvenile to adult habitat types often represents an explicit
behavioral response to changes in predation risk as a function of
body size, with smaller individuals more tightly tied to habitats
that minimize mortality risk and then shift to more productive,
risky habitats when the potential for growth or other benefit out-
weighs the risk (Werner and Gilliam 1984; Dahlgren and Eggleston
2000). Local differences in predator density, habitat type, or food
availability may therefore mediate the size or timing of offshore
ontogenetic migrations by Clear Lake hitches (e.g., offshore
migration occurring earlier in areas with high littoral predator
density).
Alternately, our sample size may have been insufficient to suit-

ably describe Clear Lake hitch life history variability. Of the
46 collected individuals allowed by state permitting require-
ments, 29 had a standard length less than 175 mm. Based on pub-
lished length at age information (Geary and Moyle 1980), these
individuals were less than three years old and likely not yet
reproductively active. Many of these subadult individuals did not
display the same lifetime trends as adult fish, likely because
many of themmay not have completed theirmigration to pelagic
habitats. Further analyses of fish collected in subsequent years
and other habitats is necessary to fully describe the variability in
limnetic Clear Lake hitch habitat use. Individual and within-
population variability in habitat use can be an important factor
influencing population stability (Bolnick et al. 2003) and is com-
mon in fishes (e.g., Bryan and Larkin 1972; Vander Zanden et al.
2000).
It also should be noted that our current understanding of Clear

Lake food webs may be dated, as it is based on earlier literature
(Eagles-Smith et al. 2008a, 2008b). Although unlikely that basal

Fig. 6. The difference between eye lens and muscle stable isotope
values (A: carbon, B: nitrogen), calculated as dXYeye – dXYmuscle
plotted against fish size for Clear Lake hitch. Eye lens values are a
weighted average of the three outermost eye lens layers.
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carbon signatures would change dramatically, a holistic evalua-
tion of contemporary local food webs is necessary for more
detailed food web characterization. Updated food web characteri-
zation could provide better resolution for prey consumption by
Clear Lake hitches, including corroboration of trophic habitat,
identification of specific prey items and evaluation of competi-
tion with introduced species. Introduced zooplanktivores (pri-
marily threadfin shad, Dorosoma petenense) can heavily reduce
pelagic prey availability in Clear Lake (Eagles-Smith et al. 2008a).
Data on recent threadfin shad abundance are non-existent, but it
is plausible that variability in threadfin shad abundance could
influence the ontogenetic timing of Clear Lake hitch habitat
shifts and thus mediate the exposure of Clear Lake hitches to lit-
toral predators. Largemouth bass (Micropterus salmoides) and other
non-native predators in Clear Lake are postulated to contribute
to population declines of the Clear Lake hitch and other native
fishes (Thompson et al. 2013).

5.3. Updates to current life history understanding and
management implications
The general potamodromous life history of the Clear Lake

hitch has been understood for decades (Moyle 2002), with adults
spawning in tributaries, juveniles outmigrating to the lake’s lit-
toral zone, and eventual offshoremigration into pelagic habitats.
However, the size at which fish make these habitat migrations
has only been estimated from physical capture of individuals.
Previous estimates of offshore migration of juvenile Clear Lake
hitches were between 40 and 50 mm SL. These estimates fall
within the range of values observed in this study, but these previ-
ous estimates suggest that Clear Lake hitches use littoral habitats

less frequently than we observed. Feyrer et al. (2019b) observed
that juvenile fishes less than 175 mm SL were more abundant in
littoral habitats, a finding consistent with our estimates of migra-
tion size. It is possible that Clear Lake hitches may spend time in
pelagic habitats at smaller sizes than found in this study, but
with foraging primarily nearshore. Pairing SIA in eye lenses with
field observations would allow the decoupling of fish presence
with an individual’s feeding ecology. This study’s observed pe-
lagic trophic habitat use may not completely align with other
habitat uses, such as the potential for pelagic refuge from near-
shore predation.
It is also important to note that these previous estimates of size

at habitat shift were made prior to several dramatic ecological
changes to the Clear Lake ecosystem. The introductions of Missis-
sippi silverside (Menidia audens; introduced to Clear Lake in 1967)
and threadfin shad (introduced in 1985; Thompson et al. 2013) are
known to heavily impact local fishes (e.g., Li et al. 1976; Moyle
and Holzhauser 1978) and have heavily altered lake food webs
as local populations fluctuate (Eagles-Smith et al. 2008a). Our
updated estimate (�160 mm SL) may reflect changes to pelagic
productivity, type or availability of littoral habitat, or other
environmental changes. For example, competition with pelagic
threadfin shad may result in individual hitch staying nearshore for
longer. If true, this potentially delayed offshoremigrationmay result
in increased exposure of juvenile Clear Lake hitch to predation from
nearshore predators, particularly largemouth bass.
Current monitoring of the Clear Lake hitch population is lim-

ited due to geographic scope and the rarity of encounters. In this
study the use of eye lens stable isotopes allowed for reconstruc-
tion of individual trophic trajectories for Clear Lake hitches, and,

Fig. 7. Panel A shows the proportion of different prey guilds to Clear Lake hitch as a function of fish size. Solid coloured lines represent
median values from eye lens mixing model results, and shaded ribbons represent 95% credible intervals around the median value. Gray
bars and points represent median values and 95% credible intervals from muscle mixing model results. Diet thresholds of 10%, 50%, and
90% based on eye lens model results are shown, along with corresponding fish standard length. Panel B shows individual variation in
pelagic diet proportion based on eye lens model results. Global median and 95% credible interval values are denoted by thick solid line
and shaded ribbon (same colours as panel A), and individual fishes (n = 44) represented by thin lines and transparent points. [Colour
online.]
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when coupled with analysis of other tissues, allowed for the
reconstruction of virtually the entire life history trajectory of
each individual fish, from natal origin to adult habitat use. These
individual trajectories identify ages and (or) sizes at which nota-
ble migratory or trophic positions take place, which informs the
identification and prioritization of critical habitat for at-risk spe-
cies. Similarly, these trajectories indicate information about the
general life history of a rare species and highlight the diversity
and behavioral plasticity exhibited by that species that may be
important for population resilience. This type of data is highly
valuable to scientists andmanagers tasked with conserving listed
taxa and informs the management and preservation of the Clear
Lake hitch.
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