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Abstract
Stream habitat restoration and supplemental stocking of hatchery-reared fish have increasingly become key

components of recovery plans for imperiled freshwater fish; however, determining when to discontinue stocking
efforts, prioritizing restoration areas, and evaluating restoration success present a conservation challenge. In this
study, we demonstrate that otolith microchemistry is an effective tool for establishing natal origin of the June
Sucker Chasmistes liorus, an imperiled potamodromous fish. This approach allows us to determine whether a fish is
of wild or hatchery origin in order to assess whether habitat restoration enhances recruitment and to further
identify areas of critical habitat. Our specific objectives were to (1) quantify and characterize chemical variation
among three main spawning tributaries; (2) understand the relationship between otolith microchemistry and
tributary chemistry; and (3) develop and validate a classification model to identify stream origin using otolith
microchemistry data. We quantified molar ratios of Sr:Ca, Ba:Ca, and Mg:Ca for water and otolith chemistry from
three main tributaries to Utah Lake, Utah, during the summer of 2013. Water chemistry (loge transformed Sr:Ca,
Ba:Ca, and Mg:Ca ratios) differed significantly across all three spawning tributaries. We determined that Ba:Ca
and Sr:Ca ratios were the most important variables driving our classification models, and we observed a strong
linear relationship between water and otolith values for Sr:Ca and Ba:Ca but not for Mg:Ca. Classification models
derived from otolith element : Ca signatures accurately sorted individuals to their experimental tributary of origin
(classification tree: 89% accuracy; random forest model: 91% accuracy) and determined wild versus hatchery
origin with 100% accuracy. Overall, this study aids in evaluating the effectiveness of restoration, tracking progress
toward recovery, and prioritizing future restoration plans for fishes of conservation concern. Our results have
further application, such as identifying subpopulations that provide the greatest reproductive contribution to a
metapopulation or finding the reproductive area and origin of invasive fishes.

Alarming rates of decline in freshwater fauna throughout
the United States are linked to anthropogenic alterations to
lotic freshwaters, including stream fragmentation, sediment

loading, introduced nonnative species, and revised flow
regimes (Ricciardi and Rasmussen 1999; Jelks et al. 2008).
Identification of threats while prioritizing management and
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restoration considerations presents a challenge for conserva-
tion (Richter et al. 1997). Each year, millions of dollars are
spent on attempts to restore critical spawning and nursery
habitat in order to enhance fish populations (Kauffman et al.
1997; Roni et al. 2002). However, identifying optimal loca-
tions for restoration of critical habitat and assessing the effec-
tiveness of stream habitat restorations are rarely properly
evaluated—often due to time, effort, and financial constraints
(Bond and Lake 2003). This limitation is significant in that
successful larval recruitment to the juvenile stage and juvenile
recruitment to the adult stage are critical components of
endangered fish recovery plans, especially those that include
stream habitat restoration (NCR 1995; Budy and Schaller
2007). Thus, to better manage and conserve imperiled fishes,
we must understand whether habitat restoration improves upon
bottlenecks to recruitment and overall population viability
(Honea et al. 2009).

In addition to habitat restoration, supplemental stocking
of hatchery-reared fish is a common management practice
to restore populations of imperiled fish species (McCleery
et al. 2005; Ebner and Thiem 2009). However, there is
concern that hatchery-reared fish may exhibit reduced sur-
vival compared to wild fish, be naïve to the environment,
and/or lack homing for spawning migrations (Brown and
Laland 2001; Ebner and Thiem 2009). Furthermore, suc-
cess of stocking programs is rarely monitored, and there
are few guidelines to determine when a population is self-
sustaining and when stocking efforts can be discontinued
(Bailey and Zydlewski 2013). Otolith microchemistry can
be used as a tool to confirm natural recruitment, identify
hatchery fish, and help quantify the effectiveness of past
habitat restoration and stocking efforts, thereby better
informing future recovery and management efforts
(Elsdon et al. 2008).

Although a relatively new technique, analysis of otolith
microchemistry has successfully been applied to determine
natal origin (e.g., Pangle et al. 2010; Turner and Limburg
2014), distinguish among localized stream habitats within a
watershed (e.g., Wells et al. 2003), and track migration of
anadromous fishes (e.g., Gemperline et al. 2002; Brenkman
et al. 2007). Thus, otolith microchemistry potentially presents
a valuable tool that can be used by biologists and managers to
determine fish origin and spawning habitat use. Despite these
advances, we know of no studies that have used an in situ
natural cage experiment to examine otolith elemental accretion
and tributary signatures of an endangered potamodromous
fish. Although this approach is lethal, otolith chemistry can
still be applicable to imperiled species in many cases. Many
fishes experience other sources of mortality that can be mono-
polized upon for purposes of otolith collection (e.g., salmon
mortality after a spawning run; or mortality due to the hand-
ling stress experienced during sampling). In addition, elemen-
tal signatures accreted among individuals from the same
location are representative of that group with otolith

microchemistry (Elsdon et al. 2008); thus, when effective,
necessary sample sizes are relatively low.

To better assess recruitment success and the effectiveness
of habitat restoration, we sought to determine whether otolith
microchemistry can be used to establish the natal origin of the
June Sucker Chasmistes liorus, an endangered, endemic spe-
cies in Utah Lake, Utah. Similar to many recovery efforts for
imperiled fishes, habitat restoration and hatchery supplementa-
tion have been implemented in an attempt to enhance the June
Sucker population. Our specific objectives were to (1) quantify
and characterize the extent of chemical variation among
spawning tributaries; (2) understand the relationship between
otolith microchemistry and tributary chemistry; and (3)
develop and validate a model to identify the stream of origin
by using otolith microchemistry data.

This study advances our current understanding of June
Sucker recruitment dynamics in Utah Lake and important
spawning tributaries by improving our ability to determine
the occurrence and location of natural recruitment into the
adult spawning population. In addition, the present results
offer a tool for determining whether a fish is of hatchery or
wild origin and whether natural recruitment is occurring into
the adult population, thus allowing managers to track the
progress of June Sucker recovery and to evaluate restoration
effectiveness. Lastly, the information gained from this study
can be applied widely to potamodromous fishes in addition to
those of conservation concern (e.g., invasive species).

METHODS
Study site and study organism.—Utah Lake is a remnant of

Pleistocene Lake Bonneville (Buelow 2006), one of the largest
natural freshwater lakes west of the Mississippi River, and has
a surface area of approximately 388 km2 (Figure 1). Despite
its large surface area, Utah Lake has a small volume due to its
shallow depth (average depth = 2.9 m; maximum depth = 4.2
m). Utah Lake is fed by three major tributaries (Provo River,
Hobble Creek, and Spanish Fork) and three minor tributaries
(American Fork, Battle Creek, and Spring Creek; Figure 1).
June Suckers have been anecdotally documented as spawning
in all six of these tributaries in recent years, with a notably
large proportion of fish spawning in the Provo River compared
to the other tributaries. However, the historic flow regimes and
morphologic features of these tributaries have been
significantly altered for urban and agricultural purposes. In
addition, the native food web of Utah Lake has been
dramatically altered (Buelow 2006). Historically, the Utah
Lake food web consisted of 14 native fish species; however,
today almost all of its native species have been extirpated, one
species is extinct, and the June Sucker is listed as endangered
(SWCA Environmental Consultants 2002). The June Sucker
and the Utah Sucker Catostomus ardens are the only native
species remaining in Utah Lake, and the 16 nonnative species
in the lake are all potential competitors and predators of the
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June Sucker (Belk et al. 2001; Landom 2010). In addition,
Common Carp Cyprinus carpio make up over 80% of the
lake’s biomass and have been partly responsible for an
ecosystem state change—from a vegetated, clear lake to a
turbid, eutrophic lake. Alterations to tributary flow regimes,
nonnative species introductions, and spawning and nursery
habitat losses all pose a significant threat to the survival and
recovery of the June Sucker.

The endemic June Sucker is potamodromous, with adults
migrating from Utah Lake into now-degraded tributary habi-
tats to spawn (Figure 1). During the peak limb of the hydro-
graph (historically occurring in early June), June Suckers
spawn over coarse gravel to small cobble substrate, where
their eggs incubate for 4–10 d (Modde and Muirhead 1994;
Ellsworth et al. 2010). After emergence, larvae spend approxi-
mately 10 d in the gravel before entering the tributary current,

where they drift nocturnally for approximately 22 d (Ellsworth
et al. 2010). During daylight periods of this migration to off-
shore nursery habitat, larvae enter low-velocity, nearshore
areas to avoid predation (Modde and Muirhead 1994;
Cooperman and Markle 2003; Ellsworth et al. 2010).
However, despite this diel adaptation, recruitment is likely
limited at the tributary–lake interface due to anthropogenic
alterations in spawning tributaries (e.g., channelization) and
thus insufficient nursery habitat.

Over the past 25 years, June Sucker recovery management
efforts have included captive rearing and augmentation,
Common Carp removal, revised tributary flow regimes, and
spawning habitat restoration projects. In 2008, Hobble Creek
underwent a delta restoration project that was designed to
relocate the channel and reconnect it to Utah Lake in order
to promote June Sucker spawning, rearing, and recruitment

FIGURE 1. The location of Utah Lake, Utah, and its major tributaries (Provo River, Hobble Creek, and Spanish Fork) and three minor tributaries (Spring Creek,
American Fork, and Battle Creek). Diamonds indicate the upstream and downstream study sites, where monthly water chemistry samples were collected and
where cages containing June Suckers were deployed during summer 2013.
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(USDOI 2008; Figure 1). A similar delta restoration project is
currently being planned for the Provo River. While significant
efforts have been made to conserve the species, it is unknown
whether sufficient natural recruitment into the population is
occurring.

Quantifying the extent of chemical variation among
spawning tributaries.—To determine the extent of variation
in water chemistry among tributaries, we collected water
samples within each of the major and minor tributaries
(Figure 1). However, we focused on the three major
tributaries for this study due to their significant importance
for the downlisting/delisting of the June Sucker as specifically
stated within the goals of the species’ recovery plan (USFWS
2013). The Provo River watershed has the largest area and
primarily consists of a combination of sandstone, limestone,
alluvium, and volcanic rock types; it eventually flows through
Lake Bonneville deposits (clays) as it nears Utah Lake.
Hobble Creek is the smallest of the three major watersheds
and primarily drains sedimentary rock and Lake Bonneville
clay deposits. The Spanish Fork River watershed comprises a
combination of sedimentary and volcanic rock types along its
length and consists of lake deposits as it drains into Utah Lake
(Supplementary Figure S.1 available in the online version of
this article).

Water samples were taken at documented June Sucker
spawning sites to represent the area where egg development
and initial elemental accretion begin. We collected water sam-
ples each month throughout the summer (June–August 2013; n
= 19) to test for seasonal, intra-annual variation in major and
trace-element chemistry (Elsdon and Gillanders 2006). Within
each tributary, we collected two 60-mL water samples from an
upstream site and a downstream site separated by a distance of
1–3 km. Stream water was filtered on-site through 0.45-μm,
sterilized nylon-membrane filters and was placed in clean,
plastic Nalgene containers. Samples were acidified on site
with concentrated nitric acid to a concentration of 1% of the
60-mL sample, facilitating preservation for up to 6 months.
Water samples were analyzed at Utah State University’s Water
Research Laboratories by using inductively coupled plasma
(ICP) mass spectrometry (MS). In addition, we collected water
quality data with a YSI Professional Plus Series multipara-
meter meter at the time of sampling; measured variables
included temperature, pH, conductivity, salinity, total dis-
solved solids, and dissolved oxygen concentration.

Additional water samples were collected from Utah Lake,
the three minor tributaries, and the Utah Division of Wildlife
Resources’ Fisheries Experiment Station (FES) Hatchery. The
FES Hatchery (Bear River watershed) is located approxi-
mately 209.21 km (130 mi) north of Utah Lake. Hatchery
water samples were collected from the June Sucker rearing
tank in August 2014 (n = 1). We collected two replicate sur-
face water samples from the center of Utah Lake in July 2014
(n = 1). Water samples were also initially collected at all six
Utah Lake tributaries; the three minor tributaries (American

Fork, Battle Creek, and Spring Creek) were found to be
chemically distinct from the major tributaries, the FES
Hatchery, and each other (Supplementary Table S.1).
Therefore, the presence of these other tributaries did not
interfere with the chemical signals from the three major tribu-
taries of interest.

Experimental identification of the unique chemical
signature of the tributaries on otolith microchemistry.—To
determine whether there was adequate variation in June
Sucker otolith microchemistry to discriminate among the
different tributaries, we conducted an in situ natural cage
experiment. We constructed cages out of 6-in-diameter,
polyvinyl chloride pipe and stocked the cages at the
upstream and downstream sites in each tributary with 1-
month-old June Suckers obtained from the FES Hatchery. A
subsample of fish was measured for TL to the nearest
millimeter before being placed in the cages. Three replicate
cages were placed at the upstream location, and an additional
three cages were placed at the downstream location (Figure 1).
The downstream cages were deployed near the mouth of the
stream at the lake interface, where rearing of age-0 June
Suckers takes place, to allow for comparison between lake
influences on tributary signals. The upstream cages remained
at the spawning location to incorporate the posthatch (i.e.,
post-swim-up) natal signature. Due to life history traits, we
believed that larval to age-0 June Suckers spend significant
time in and near the tributary; therefore, the larval and age-0
posthatch signatures should reflect the chemical signature of
the natal tributary (e.g., Zimmerman and Reeves 2000; Turner
and Limburg 2014). Any maternal signal that might be
observed should reflect the environment in which the egg
was formed (for wild June Suckers, that environment is Utah
Lake, which has a different chemical signature; Zimmerman
et al. 2009). Thus, for purposes of this study, we only
examined the posthatch region of the otolith and did not
attempt to interpret the signature from the otolith primordium.

We stocked 10–15 fish into each cage for a total of six
cages per stream, resulting in approximately 60–90 fish/tribu-
tary. To develop a strong elemental otolith signature for each
tributary, the cages remained in the stream from July 17 to
August 30, 2013. All of the cages and fish at the upstream site
within Spanish Fork were lost due to a high-water event, and
two cages at the Provo River upstream site were lost due to
vandalism.

At the end of the experiment, we collected the June Suckers
from the cages, euthanized them, measured their TLs (nearest
1 mm), and immediately transferred them into clean glass
shell vials, which were placed on ice until they could be
frozen. Whole fish were kept frozen until otoliths were
extracted. Lapilli and sagittal otoliths were extracted under a
dissecting microscope with clean tools that were nonmetallic
or otherwise wrapped in Teflon. Once the otolith was removed
from the endolymph sac, it was cleaned of remaining tissue
and rinsed with deionized water. The cleaned otoliths were
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then adhered to glass slides with double-sided tape. Mounted
otoliths were taken to the Plasma Mass Spectrometry Facility
at the Woods Hole Oceanographic Institution, where we ana-
lyzed them for a suite of trace elements using laser ablation
(LA)-ICP-MS.

Otolith microchemistry.—A Finnegan Element MAT 2
high-resolution ICP mass spectrometer equipped with a New
Wave 193-nm LA system was used to analyze otolith
microchemistry. Sagittal and lapilli otoliths were analyzed
for a suite of elements, including Ca, Ba, Mg, Mn, Sr, Pb,
and U. However, initial screening of the data revealed that the
sagittal otoliths had higher and more consistent concentrations
of elements and thus were used for all further analyses. We
measured element concentrations in raw, unsectioned,
unpolished otoliths to capture the most recent time of the
fish’s life (i.e., the time spent in the tributary; Pangle et al.
2010). A 50-µm diametrical transect around half of the
otolith’s outer perimeter was ablated with the laser at a scan
rate of 5 µm/s and an intensity of 10 counts per second (cps;
pulse rate = 20 Hz; 100% laser energy). Analysis time for each
otolith varied depending on size; the average analysis time per
otolith was 103 s. We chose the 50-µm beam size because it
allowed for a sufficient elemental signal to be detected from
the average size of the otoliths (0.6-mm diameter).

To correct for machine drift and background noise and to
normalize the data, a gas blank and two otolith standards
(FEBS-1 and NIES-022) were analyzed before and after
every tenth sample in the ablation sequence (Hand et al.
2008). The raw data output was corrected for background
noise by subtracting the average blank cps values from the
average cps values for each element concentration. The back-
ground-corrected data were then normalized to the FEBS-1 Ca
standard (Lee 2006). For an element to be included in the
analysis, we required it to be above the limit of detection
(LOD) and to be measured precisely (Pangle et al. 2010). To
meet the LOD, the element had to be greater than 3 SDs of the
average background levels for that element. Manganese, Pb,
and U failed to meet their LODs and were removed from
further analysis. The relative standard deviation (RSD),
which served as a measure of precision for each element,
was calculated as (SD/mean) × 100 (Hand et al. 2008). A
lower RSD value indicates lower variability in the data and
greater precision. The lower limit for precision was set at
10.5%; thus, elements with RSD values above 10.5% were
considered to not be measured precisely and were removed
from the data set (Hand et al. 2008). Mean element : Ca values
are reported in mg/L (ppm) for the otolith edge. In addition,
the partition coefficient, defined as the relative concentration
at which elements were incorporated into the otolith with
respect to their occurrence in the ambient water, was
calculated as [(element : Ca)otolith]/[(element : Ca)water]
(Campana 1999).

Statistical analysis.—To analyze the data, we first
calculated descriptive statistics to assess normality and

homoscedasticity for otolith and water element : Ca data
(water chemistry data are provided in Table S.1;
untransformed otolith data are summarized in Table S.2). All
of the data were loge transformed prior to statistical analysis,
which improved normality and heteroscedasticity. To quantify
the extent of chemical variation among the tributaries, we
performed a Kruskal–Wallis nonparametric test in which the
tributary stream was the nominal variable and the water
element : Ca ratio was the ranked measurement variable.
The Kruskal–Wallis test does not assume a normal
distribution; rather, it assigns a rank to each observation in
the dataset to test the null hypothesis that the mean ranks of
the groups are the same (McDonald 2014). To determine
whether there was evidence of intra-annual variation in
tributary water chemistry, we again used the Kruskal–Wallis
nonparametric test, with the element : Ca ratio as the nominal
variable and monthly samples as ranked measurement
variables. This test was performed separately for each
tributary. We used loge transformed water chemistry values
to be consistent with our other analyses, as the results did not
differ from those for untransformed values. To identify the
unique chemical signatures of the tributaries and determine
whether the tributaries were distinguishable based on water
chemistry, we developed two classification models for the
water chemistry data: a classification tree model and a
random forest model (Cutler et al. 2007). We used combined
upstream and downstream element : Ca ratios from monthly
field-collected water samples to predict tributary or FES
Hatchery membership for the water chemistry samples.
Water samples were tested before otolith testing to determine
whether there was adequate variation and whether a water
sample could be correctly classified to the tributary from
which it was obtained.

We first ran a linear regression to explore the potential
relationship between otolith chemistry and tributary chemistry,
where the individual fish otolith element : Ca ratios (indepen-
dent variables) were assumed to be a function of the water
chemistry element : Ca ratios (dependent variables). In addi-
tion, we calculated Pearson’s product-moment correlation
coefficients (Pearson’s r) to determine whether there was a
linear relationship between otolith uptake of Sr, Ba, and Mg
(i.e., the partition coefficients) and water quality variables
(temperature, dissolved oxygen, salinity, and pH). For water
chemistry parameters in the linear regression, we chose mean
element : Ca ratio from our water chemistry data associated
with the date closest to fish removal (August 15, 2013; 15 d
prior to the date of euthanization). Although this approach
required some level of pseudoreplication (only one water
sample per site), it provided a helpful preliminary graphical
representation of the relationship between water chemistry and
otolith chemistry.

We used classification tree analyses and random forest
models to (1) classify individual fish to their respective tribu-
taries and (2) determine whether there was adequate variation
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in otolith element : Ca concentrations to permit discrimination
among tributaries. Classification models take observations of
known classes (e.g., otolith chemistry from known tributaries)
and develop rules based on similarities for assigning the
observations into classes (see Cutler et al. 2007). We used
element : Ca ratios from individual fish otoliths (predictor
variables) to predict tributary or FES Hatchery membership
(response variable). We cross-validated our models by using a
tenfold jack-knife technique, which tests the accuracy and
predictive capabilities of classification models. Lastly, we
performed nonmetric multidimensional scaling (NMDS) ordi-
nation to visually demonstrate otolith microchemistry patterns
among fish from different tributaries as observed in the clas-
sification trees and random forest models. We did not log
transform the data for the NMDS analysis. We performed all
analyses in R version 2.15.1 (R Development Core Team
2012) using the packages MASS version 7.3-18, verification
version 1.37, randomForest version 4.6-7, rpart version 4.1-8,
and vegan.

RESULTS
Water chemistry within each of the main spawning tribu-

taries (i.e., the Provo River, Hobble Creek, and Spanish Fork)
did not vary temporally during June–August (Table 1). Water
chemistry was significantly different among all three spawning
tributaries based on loge transformed Sr:Ca, Ba:Ca; and Mg:
Ca (Table 2; Figure 2). Water chemistry could be accurately
assigned to corresponding tributaries and the FES Hatchery
based on element : Ca ratios. In addition, the classification
models (i.e., classification tree and random forest models)
demonstrated 100% classification accuracy when water

chemistry samples were used to predict tributary membership
(Figure 3). We identified Sr:Ca and Mg:Ca ratios as the most
important variables driving the classification in both models
(Figure 3).

Otolith microchemistry was strongly associated with water
chemistry for each respective tributary. We observed a strong
and significant linear relationship between otolith and water
chemistry values for Sr:Ca (r2 = 0.77, P = 2.2 × 10–16) and Ba:
Ca (r2 = 0.83, P = 2.2 × 10–16) but not for Mg:Ca (r2 = 0.0017,
P = 0.71; Figure 4). Partition coefficients differed among
elements and were calculated as 0.39 for Sr:Ca (SE = 0.004;
n = 80), 0.08 for Ba:Ca (SE = 0.08; n = 80), and 9.4 × 10−5 for
Mg:Ca (SE = 4.6 × 10−6; n = 80); a partition coefficient value
of 1.0 indicates that there is no elemental discrimination
(Campana 1999). Values of Pearson’s r indicated a negative
linear relationship between the Ba partition coefficient and
temperature (Pearson’s r = 0.70) but no significant relationship
for any of the other abiotic variables. However, we did
observe heteroscedasticity in our standardized residuals; as
such, an exponential model fit the data better than a linear
model. No strong linear relationship was observed between the
Sr or Mg partition coefficient and any abiotic variable.

Our exponential model with temperature as an independent
variable violated the assumption of homoscedasticity due to
the high variation in Ba at low temperatures; however, this
model explained a significant amount of variation in the Ba
partition coefficient (R2 = 0.75). The exponential model indi-
cated that the Ba partition coefficient decreased exponentially
as temperature increased.

In general, our otolith classification models performed
similarly. Both models exhibited (1) relatively high overall
classification accuracy; and (2) some classification error asso-
ciated with the Provo River and Spanish Fork. The random
forest model demonstrated an overall classification accuracy
of 91.4%, correctly classifying 88.5% of June Suckers from
the Provo River, 100% of the Hobble Creek fish, 70% of the
Spanish Fork fish, and 83.3% of the FES Hatchery fish. This
model exhibited the most error in association with the Provo
River and Spanish Fork; three June Suckers from Spanish
Fork were misclassified as Provo River fish, and likewise
three Provo River fish were misclassified as Spanish Fork
fish (Table 3). The classification tree showed similar results,
with an overall classification rate of 88.9%, correctly

TABLE 1. Results of nonparametric Kruskal–Wallis tests for intra-annual
variation in element : Ca ratios from water samples obtained within the
three main June Sucker spawning tributaries of Utah Lake, Utah. Water
chemistry ratios within each tributary were not significantly different across
sampling months (June–August 2013).

Element ratio χ2 df P

Provo River
Sr:Ca 0.32 3 0.96
Ba:Ca 5.7 3 0.13
Mg:Ca 1.9 3 0.59

Hobble Creek
Sr:Ca 2.1 3 0.54
Ba:Ca 5.7 3 0.13
Mg:Ca 5.3 3 0.15

Spanish Fork
Sr:Ca 1.4 3 0.7
Ba:Ca 4.7 3 0.19
Mg:Ca 1.4 3 0.7

TABLE 2. Results of nonparametric Kruskal–Wallis tests for differences in
water chemistry among the three main June Sucker spawning tributaries (data
for upstream and downstream sites within each tributary are combined).

Element ratio χ2 df P

Sr:Ca 16.9 2 0.0002
Ba:Ca 8.4 2 0.015
Mg:Ca 15.4 2 0.0005
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classifying 84.6% of the Provo River fish, 94.8% of the
Hobble Creek fish, 70% of the Spanish Fork fish, and 100%
of the FES Hatchery fish. Similar to the random forest model,
three June Suckers from the Provo River were misclassified as
Spanish Fork fish, and three individuals from the Spanish Fork
were misclassified as Provo River fish (Table 3).

The most important variables driving the classification
models were Ba:Ca and Sr:Ca ratios in otoliths (Figure 5).
Hobble Creek had the highest Ba:Ca ratio among all tribu-
taries and was the first condition identified in the classification
tree, followed by further splits in Sr:Ca ratios. The “important

variable selection” procedure for random forest indicated that
the otolith Mg:Ca ratio was the least important variable in the
classification model for otolith chemistry; this pattern was also
observed in our classification tree analysis (Figure 5). The
NMDS ordination clearly demonstrated the separation and
overlaps in otolith chemistry among tributaries (Figure 6).
Otolith chemistries from FES Hatchery and Hobble Creek
demonstrated complete separation; conversely, otolith chemis-
tries from Spanish Fork and the Provo River demonstrated
partial overlap.

DISCUSSION
Our analysis of water chemistry and otolith microchemistry

revealed that analysis of the chemical signatures of otoliths
from June Suckers can be used to establish natal origin and
can serve as a tool to determine whether natural recruitment
occurs in the Utah Lake basin. The primary goal of this study
was to determine whether otolith microchemistry could be
used to identify natal origin (i.e., hatchery versus tributary)
of June Suckers and evaluate whether natural recruitment
occurs after anticipated habitat restoration. When using otolith
microchemistry as a technique to determine natal origin, the
water chemistry of each tributary must be temporally stable,
the tributaries must be significantly different from one another
in terms of chemistry, and the differences in water chemistry
must be reflected in the otolith chemistry (Pracheil et al.
2014).

There was significant variation in water chemistry among
the three major tributaries to Utah Lake, yet the chemistry for
individual streams did not vary temporally throughout the
duration of our study. The variation we observed in water
chemistry among tributaries was likely due to the heterogene-
ity in underlying geology, weathering processes, and ground-
water recharge among their respective drainages (Pangle et al.

FIGURE 2. Box plots of loge transformed element : Ca ratios for combined upstream and downstream water chemistry samples from each June Sucker
spawning tributary: (a) Sr:Ca, (b) Ba:Ca, and (c) Mg:Ca. The horizontal line within each box represents the median; the top and bottom of the box represent the
first and third quantiles. Water samples were collected monthly (June–August 2013) at the upstream and downstream study sites within Hobble Creek, the Provo
River, and Spanish Fork.

FIGURE 3. Classification tree of water chemistry data from the three main
June Sucker spawning tributaries and the Fisheries Experiment Station (FES)
Hatchery. The data represent the average element : Ca ratios (Sr:Ca, Ba:Ca, and
Mg:Ca) in water samples collected from the upstream and downstream loca-
tions within each tributary during June–August 2013. The classification tree is
similar to a dichotomous key, in which there is a series of conditions that, when
met, leads to group membership. Each split in the tree (e.g., loge[Sr:Ca] < 5.2) is
a condition for classification; if a condition is met, the water sample goes to the
left to the next classification criterion until it is classified into a group.
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2010; Pracheil et al. 2014). When geology is heterogeneous,
these mechanisms allow streams within close geographic
proximity to exhibit distinguishable variations in water chem-
istry over small spatial scales (Veinott and Porter 2004). In
addition, anthropogenic impacts of different land uses (e.g.,
urban and agricultural) could also influence the concentration
of trace metals within the tributaries (Chuman et al. 2012;
Pracheil et al. 2014). For example, Fitzpatrick et al. (2007)
reported that surface water concentrations of Sr and Ba were
higher in areas of urban and agricultural land use than in

forested streams; however, urban streams contributed more
trace metals than agricultural streams. Fitzpatrick et al.
(2007) also found that surface waters from agricultural areas
had higher Ca and Mg concentrations than urban sites, indi-
cating increased soil dissolution and fertilization. Regardless
of how they arose, the differences in water chemistry among
tributaries were directly related to the chemistry found in the
otoliths. Accordingly, we observed strong linear relationships
between Sr:Ca and Ba:Ca ratios in the water and those in the
otoliths but no significant relationship for Mg:Ca.

To date, Sr and Ba have been recognized as detectable and
discriminatory trace elements for use in otolith microchemis-
try (Ludsin et al. 2006). Otoliths incorporate Sr and Ba into
the aragonite in proportion to the ambient Sr and Ba concen-
trations in the water (Bath et al. 2000; Gibson-Reinemer et al.
2009). Magnesium is also frequently used in otolith micro-
chemistry analyses; however, in this study, otolith Mg did not
demonstrate a linear relationship with the water chemistry.
Similarly, in a recent study examining the incorporation of

FIGURE 4. Linear regression of June Sucker sagittal otolith chemistry (ppm)
against water chemistry (ppm) for the three main spawning tributaries and the
Fisheries Experiment Station (FES) Hatchery: (a) Sr:Ca (R2 = 0.77, P < 0.001,
n = 78); (b) Ba:Ca (R2 = 0.84, P < 0.001, n = 78); and (c) Mg:Ca (R2 =
0.0017, P = 0.71, n = 78). Note the changes in scale for the x- and y-axes.

TABLE 3. Out-of-bag confusion matrix for the random forest classification
model and tenfold cross-validated confusion matrix for the classification tree
model based on the sagittal otolith chemistry from June Suckers that were
held in cages during 2013 within three spawning tributaries (Provo River,
Hobble Creek, and Spanish Fork; upstream and downstream cage locations
are pooled for each stream) and from June Suckers that were sampled at the
Fisheries Experiment Station (FES) Hatchery. Column headings represent the
streams (or hatchery) to which the fish were classified; row headings represent
the streams where the fish were held in cages (stream of origin). The last
column is the percentage of fish that were correctly classified (PCC) to their
respective streams.

Classification results

Stream of
origin

Provo
River

Hobble
Creek

Spanish
Fork

FES
Hatchery PCC

Random Forest model
Provo

River
23 0 3 0 88.5

Hobble
Creek

0 39 0 0 100

Spanish
Fork

3 0 7 0 70

FES
Hatchery

1 0 0 5 83.3

Classification Tree model
Provo

River
22 0 3 1 84.6

Hobble
Creek

0 37 2 0 94.8

Spanish
Fork

3 0 7 0 70

FES
Hatchery

0 0 0 6 100
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Mg into fish otoliths, Woodcock et al. (2012) found that otolith
Mg did not change in response to the Mg concentration in the
water. This observation suggests that Mg is not a reliable

environmental indicator for otolith microchemistry and that it
could be physiologically regulated by the fish. In addition, Mg
is a major element; therefore, the water contains Mg concen-
trations that are several orders of magnitude higher than those
of the trace elements Ba and Sr. Thus, the amount of Mg that
can be substituted into the CaCO3 matrix of the otolith may be
subject to a limitation, which could be related to saturation of
Mg in the otolith mineral or to a physiological regulation of
how much Mg is incorporated into the otolith (D. Newell,
Utah State University, personal communication). In either
case, we hypothesize that dissolved Mg in the water exceeds
this limit, rendering the otoliths insensitive to fluctuations in
water Mg. Therefore, no linear relationship between water and
otolith Mg was observed. If Mg concentrations are below this
limit in other systems, then Mg in the water may be reflected
in the otoliths.

While most otolith chemistry studies use linear discri-
minant analysis or quadratic discriminant analysis for clas-
sification (Mercier et al. 2011), we chose to use the
classification tree and random forest methods to model
otolith chemistry. These techniques do not require the
assumptions of normality or homoscedasticity to be met,
and they have higher classification accuracy than other
classification models (Carlisle et al. 2009). In addition,
they are relatively easy to interpret (Cutler et al. 2007).
The random forest models build upon classification trees to
improve classification accuracy; they have the capability of
modeling complex interactions, can produce variable
importance plots, and are stable to small perturbations of
the data (Cutler et al. 2007). This study provides an exam-
ple of the effective use of classification trees and random
forest models to predict natal origin from otolith micro-
chemistry—an application of these models that has rarely
been used (Mercier et al. 2011). Our classification models
were successful in predicting fish origin based on otolith
chemistry. Overall, the otolith element : Ca classification
models performed relatively well, with the highest classi-
fication model accuracy of 91.4% from the out-of-bag
random forest model and the lowest classification accuracy
of 88.9% from the tenfold cross-validated classification
tree. For comparison, classification accuracies in other
somewhat similar studies have ranged from 67% to 100%
for juvenile Yellow Perch Perca flavescens in Lake Erie
tributaries (Pangle et al. 2010) and from 89% to 97% for
age-0 Alewives Alosa pseudoharengus and age-0 Blueback
Herring A. aestivalis in the Delaware and Rappahannock
rivers (Turner and Limburg 2014).

In addition, the NMDS ordination visually supported
the findings of both classification models, demonstrating
complete separation of FES Hatchery fish and Hobble
Creek fish and partial overlap between Provo River and
Spanish Fork fish. Water supplying the FES Hatchery is
derived from a spring near Logan, Utah, 209.21 km (130
mi) north of Utah Lake, so it has a distinctively different

FIGURE 5. Classification tree of June Suckers to their respective tributaries
(where they were held in cages) or to the Fisheries Experiment Station (FES)
Hatchery based on loge(element : Ca) ratios in sagittal otoliths. The data
represent the average element : Ca ratio (Sr:Ca, Ba:Ca, or Mg:Ca) as deter-
mined by laser ablation inductively coupled plasma mass spectrometry of the
otolith’s outer edge. The classification tree is similar to a dichotomous key, in
which there is a series of conditions that, when met, leads to group member-
ship. Each split in the tree (e.g., loge[Ba:Ca] < –4.1) is a condition for
classification; if a condition is met, the otolith sample goes to the left to the
next classification criterion until it is classified into a group.

FIGURE 6. Nonmetric multidimensional scaling (NMDS) ordination of sagit-
tal otolith chemistry in June Suckers based on otolith Sr:Ca, Ba:Ca, and Mg:Ca
ratios as predictor variables. The dots indicate element : Ca ratios for individual
otolith samples plotted in ordination space; fish from streams with similar
otolith chemistry are plotted closer together (Provo River, Hobble Creek,
Spanish Fork, and the Fisheries Experiment Station [FES] Hatchery).
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chemical signature than Utah Lake or the Utah Lake tri-
butaries. The overlap in Sr:Ca otolith chemistry between
Provo River and Spanish Fork fish may be due to the small
sample size (n = 10) of fish from Spanish Fork, the lake
influence at the downstream cage site, similarity in under-
lying geology, or some combination of these factors. In
any case, the causes for the observed overlap in otolith
chemistry from these two tributaries should be further
investigated.

Ambient Ca concentrations in water may also contribute
to the observed chemical signature because the uptake of
metals through the gills in freshwater fish is greatly influ-
enced by water Ca concentrations (Campana 1999). As
ambient Ca concentrations increase, the uptake of metals
generally decreases. Therefore, when ambient Ca concentra-
tions are low, a greater proportion of Ca and trace metals
will be absorbed through the gills (Mayer et al. 1994;
Campana 1999). This differential relationship may explain
the overlap in otolith chemistry for Provo River and
Spanish Fork fish because the ambient Ca concentrations
in these tributaries are similar. Additionally, this pattern
may explain the high Ba:Ca ratios observed in Hobble
Creek fish. Hobble Creek had significantly lower ambient
Ca concentrations relative to the other tributaries, resulting
in a high Ba:Ca ratio that was reflected in the water chem-
istry and otolith chemistry. Accordingly, an understanding
of how ambient Ca concentrations can influence otolith
element : Ca ratios is important for accurately characteriz-
ing fish origin and life history in lotic waterbodies.

Despite some relatively minor remaining uncertainties in
underlying mechanisms driving water chemistry and ele-
mental uptake from fish, the models were capable of accu-
rately classifying fish from Utah Lake tributaries and the
FES Hatchery with relatively low error (9–11%). This dis-
crimination is important in that it allows prediction of
whether a fish is of wild origin—that is, if the natal signa-
ture does not match the FES Hatchery signature. Fish of
wild origin provide evidence of successful reproduction,
indicating that some conservation efforts are effective in
enhancing natural recruitment. Furthermore, the classifica-
tion models were able to predict, with relatively high accu-
racy (89% and 91%), which tributary an individual came
from based on otolith chemistry. Identifying the tributary of
origin for individual fish based on their otolith chemistry
offers a useful tool, potentially increasing the ability to
determine whether a fish came from a restored stream.

The June Sucker is endangered, and research mortality is
discouraged; thus, we were unable to collect naturally
spawned fish, and we used hatchery-reared fish as a surro-
gate. Consequently, we could not identify natal origin
directly from the otolith core. However, larval otoliths
begin to incorporate elements during egg incubation
(Campana and Neilson 1985); therefore, we assumed that
the posthatch region of otoliths from naturally spawned

June Suckers reflected the elemental signature of the natal
tributaries. In addition, the downstream location of the
cages accounted for any lake influence that might be
observed in otoliths from fish spending time near the
mouth of the river in potential rearing habitat. Water chem-
istry revealed that Utah Lake had significantly higher Sr:Ca
concentrations than the spawning tributaries and the FES
Hatchery. Thus, it is possible that combining otolith micro-
chemistry with examination of element : Ca concentrations
from a transect across the sectioned otolith (i.e., the post-
hatch region to the outer edge) may reveal when a fish
moved from nursery habitat into lake habitat (Elsdon and
Gillanders 2003).

In future work and as June Sucker abundances increase
through the recovery process, some wild individuals could
be sacrificed, and some are already killed incidentally via
sampling and attempts to eradicate nonnative species. A
trajectory from the otolith core to the outer edge from a
wild fish could provide a record of natal origin, tributary
residence time, and possibly spawning events, allowing for
an even better understanding of life history and habitat use
across the fish’s life span (e.g., Turner and Limburg 2014).
Future research could also focus on sampling otoliths from
new adult fish of unknown origin and using the classifica-
tion models developed herein to predict whether a fish is of
wild or hatchery origin. In addition, investigating the chem-
istry of hard parts such as fin rays as a nonlethal means for
determining natal origin in endangered June Suckers may
also be a beneficial avenue for future research (Wells et al.
2003; Wolff et al. 2013). Water sample collections should
continue, thereby allowing interannual temporal stability of
the water chemistry to be monitored. Prior to this research,
linear discriminant analysis and quadratic discriminant ana-
lysis had been the primary analytical tools used in otolith
microchemistry studies; however, our study shows the
strength and applicability of classification tree and random
forest models for these types of data.

The results from this study provide managers with an
opportunistic tool to track the progress of June Sucker
recovery by (1) allowing determination of whether natural
recruitment into the adult population is occurring and (2)
distinguishing between naturally spawned fish and hatchery
fish. We present a tool that, under the right conditions, is
capable of identifying localities where recruitment has been
successful, predicting the probability that a fish came from a
specific tributary, and distinguishing between naturally
spawned fish and hatchery individuals. This knowledge
can guide managers to pinpoint areas of critical habitat for
conservation, evaluate whether habitat restoration is suc-
cessful in enhancing natural recruitment, and prioritize
among the various management options, thereby bridging
critical gaps in understanding the mechanisms that drive
June Sucker recruitment dynamics. If and when the June
Sucker population sufficiently increases (e.g., natural
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recruitment with supplemental stocking), the use of this tool
can be expanded to further monitor the population. The
information gained from this study also has important
implications for other (i.e., not just imperiled) potamodro-
mous fishes in similar freshwater systems. For example, this
approach could be used to trace the origin of a nuisance
species or to find the spawning area where removal of that
species can be targeted. Furthermore, these findings could
be applied to (1) identifying important spawning and rearing
habitat to protect healthy populations or (2) establishing
potential locations for restoration.
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