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INTRODUCTION

The intentional or accidental introduction and spread 
of invasive species threatens freshwater ecosystems and 
organisms worldwide (Sala et  al.  2000; Jenkins  2003; 
Dudgeon et al. 2006; Leprieur et al. 2009). Consequently, 

understanding the current state and pathways of inva-
sions is crucial for management and conservation efforts. 
Throughout the previous approximately 150 years, state 
and federal agencies have intentionally introduced a vari-
ety of fish species to new waterways in the USA to increase 
recreational fishing opportunities (Nico and Fuller 1999; 
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Abstract
Objective: The illegal introduction of fish species can disrupt ecosystems, collapse 
food webs, and undermine recreational fishing opportunities. Determining whether 
introduced fish are locally reproducing is important for resource managers. Here, 
we used the geochemical analysis of otoliths to investigate the potential illegal in-
troduction of a Walleye Sander vitreus caught in 2022, in Lake Cascade, Idaho. Lake 
Cascade is known for its recreational Yellow Perch Perca flavescens fishery and has 
no documented resident population of Walleye.
Methods: To determine if the Walleye was spawned in Lake Cascade or introduced 
from elsewhere, we analyzed otoliths for strontium isotopes (87Sr/86Sr) and com-
pared them to local water samples and three locally caught Yellow Perch.
Result: The Walleye otolith revealed a shift from higher 87Sr/86Sr values (0.70878) in 
its early life to a period of intermediate value (0.70842) equal to Payette Lake water, 
then finally to a lower value (0.70807) comparable to the Lake Cascade water and 
resident Yellow Perch otoliths.
Conclusion: These results suggest that the Walleye was initially transplanted to the 
Payette Lake area from a currently unknown source in 2020, 2 years before its cap-
ture. It resided there briefly before migrating south into Lake Cascade. This study 
further highlights the benefit of geochemical analyses to identify the illegal introduc-
tion of fish and to provide resource managers with a powerful tool for early detection 
and prevention of the establishment of illegally introduced fish species.
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Nielsen  1999; Rahel  2004). However, the establishment 
of reproducing populations of introduced fish can cause 
drastic shifts in fish assemblage structures and food web 
dynamics (Pejchar and Mooney 2009; Bernery et al. 2022). 
This often leads to a decline of important fisheries, with 
consequent effects on the ecological and economic values 
that are associated with aquatic systems (McMahon and 
Bennett 1996; Haubrock et al. 2022).

In recognizing these adverse effects, there has been 
a shift in focus to maintaining current fish assemblages 
and limiting the institutional introduction of new species 
(Johnson et  al.  2009). Illegal fish introductions are now 
a primary cause of nonnative fish spreading into novel 
waterways in the USA (Rahel 2004; Johnson et al. 2009). 
These introductions circumvent regulatory oversight and 
planning and can have catastrophic effects on ecosys-
tems and undermine recreational angling opportunities. 
Furthermore, illegal introductions divert scarce agency re-
sources that could be better used to manage and improve 
existing fisheries.

The rapid detection and evaluation of newly intro-
duced species is crucial because reducing the densities 
of introduced species is difficult or impossible to reverse 
once a species becomes established (Vander Zanden and 
Olden 2008; Marr et al. 2010). Consequently, determining 
whether an introduced species is already reproducing lo-
cally or the result of continued introductions is crucial for 
resource managers.

The geochemical analysis of strontium isotopes 
(87Sr/86Sr) in otoliths (ear stones) is a robust and well- 
established method for determining the provenance 
of invasive fishes (Campana 1999; Morissette and 
Whitledge 2022). Otoliths are formed throughout the life 
of a fish by the incremental accretion of layers of calcium 
carbonate and protein with trace elements such as Sr sub-
stituting for Ca atoms in the CaCO3 crystalline matrix 
(Campana and Thorrold  2001; Doubleday et  al.  2014). 
The value of the 87Sr/86Sr ratio for a water body is de-
termined by the chemical weathering of the watershed 
geology. Variation across watersheds is created by dif-
ferences in the age and composition of the local geology 
based on the radioactive decay of 87Rb to 87Sr over geo-
logic time. Therefore, watersheds that have older lithology 
or higher rubidium concentrations (e.g., granites) have 
higher 87Sr/86Sr isotope ratios (Faure 1977). The 87Sr/86Sr 
ratio in the otoliths is in equilibrium with the 87Sr/86Sr 
ratio of the surrounding water, owing to negligible bio-
logical fractionation. Strontium isotopes have become an 
ideal marker for tracking provenance and fish movement 
among water bodies (Kennedy et al. 2000, 2002; Barnett- 
Johnson et  al.  2008; Brennan et  al.  2015). For example, 
Wolff et al. (2012) used 87Sr/86Sr to investigate the origins 
of invasive piscivores in the upper Colorado river. Crook 

et  al.  (2013) employed 87Sr/86Sr isotopes combined with 
trace elements to identify recruitment hot spots of non-
native carp in the Lachlan River, Australia. Bourret and 
Clancy  (2018) tracked the timing and source of Walleye 
Sander vitreus introductions in Swan Lake, Montana.

Here, we used the geochemical analysis of otoliths to 
investigate the potential illegal introduction of a Walleye 
that was caught in 2022 in Lake Cascade, Idaho (Figure 1). 
Walleye are historically native to most of Canada and the 
northern USA (Colby et  al.  1979; Hartman  2009). Their 
culinary and economic value make them popular among 
anglers (Hoslman and Scott 2021). This popularity has led 
to their introduction into areas where they are not native, 
such as in the lakes and waterways of the intermountain 
western USA. In many of these locations where they be-
come established outside of their native range, Walleye 
drastically alter the existing fisheries as prolific predators 
(Yule et  al.  2000; Baldwin et  al.  2003; Quist et  al.  2005; 
Ryan et al. 2021). Lake Cascade is a reservoir that is known 
for providing a world- class recreational fishery for Yellow 
Perch Perca flavescens, which draws more than 250,000 h 
of angling effort each year (Idaho Fish and Game, unpub-
lished data). The establishment of Walleye in this fish-
ery, where Yellow Perch serve as the main forage base, 
could compromise the status of this world- class fishery. 
No Walleye had been found in Lake Cascade, Idaho, 
until 2018, when an angler reported catching a 483- mm 
Walleye. The fish was reportedly released back to the lake. 
A second individual was caught in May 2022, which is the 
subject of this study. These captures raised concerns of the 
presence of a resident, self- sustaining Walleye population, 
necessitating the need to evaluate whether the recently 
caught fish hatched locally or was an illegal transplant 
from another location.

METHODS

Fish collection

The Walleye specimen was captured via hook and line 
in Lake Cascade on May 7, 2022, and was brought to the 

Impact statement

Otolith geochemical analyses reveal that an in-
vasive Walleye caught in Lake Cascade, Idaho, 
did not originate there but was instead illegally 
introduced. This showcases the potential of this 
tool to provide independent evidence of illegal 
introductions.



   | 3FORENSIC OTOLITH GEOCHEMISTRY

Idaho Department of Fish and Game office in McCall, 
Idaho, to determine total length (mm) and weight (g) 
and remove hard structures and tissue samples for 
analysis. Yellow Perch that are natal to Lake Cascade 

were captured using sinking- style experimental gill nets 
(46 × 2 m; six panels of 19- , 25- , 32- , 38- , 51- , and 64- 
mm bar- measure mesh) set in Lake Cascade overnight 
in June 2022.

F I G U R E  1  Map showing Payette Lake, Lake Cascade, the major tributaries of Lake Cascade, and the geology of the surrounding 
watershed. The sites of water collection for the 87Sr/86Sr analysis are labeled as follows: Payette Lake outflow (A) and Lake Cascade outflow 
(B). Sources: Reed S. Lewis, Paul K. Link, Loudon R. Stanford, and Sean P. Long: Idaho Geological Survey and Esri, National Atlas of the 
United States and the U.S. Geological Survey.
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Otolith preparation and aging

The sagittae otoliths were extracted from the Walleye and 
three Yellow Perch from Lake Cascade. The otoliths from 
the three locally reproduced Yellow Perch functioned as a 
proxy for the 87Sr/86Sr ratio of species that are local to Lake 
Cascade over time to compare with the isotopic value of 
the Walleye otoliths. All the otoliths were given a double- 
sided polish using 600 and 1500 grit wet/dry sandpaper on 
the sagittal plane to expose the core and annuli. The oto-
liths were given a final fine polish with 3- μm lapping film. 
The otoliths were then imaged using Image- Pro Premier 
at 100× magnification and the annuli counted following 
established methods (Dembkowski et al. 2017; Long and 
Grabowski 2017).

Otolith strontium isotope analysis

The 87Sr/86Sr ratios of the otoliths were measured at the 
University of California Davis Interdisciplinary Center 
for Plasma Mass Spectrometry using a Nd:YAG 213- 
nm laser (New Wave Research UP213) coupled to a Nu 
Plasma HR MC- ICP- MS (Nu032) following established 
methods (Barnett- Johnson et al. 2008). The otolith ma-
terial was ablated with a transect of laser spots (40 μm in 
diameter) from the core to edge at a laser pulse rate of 
10 Hz. The data- reduction process included normaliza-
tion for mass bias, 87Rb interference correction, and on- 
peak subtraction for 86Kr. The accuracy and precision 
of the instrument was evaluated using a marine White 
Seabass Atractoscion nobilis otolith as an in- house refer-
ence material. Replicate analyses for the White Seabass 
yielded an 87Sr/86Sr value of 0.70907 ± 0.00009 (mean 
± 2SD; n = 12) in good agreement with the global aver-
age 87Sr/86Sr value of modern seawater of 0.70918. To 
account for any instrument drift during the analysis, all 
the sample 87Sr/86Sr ratios were corrected based on the 
measured versus the known values of the White Seabass 
reference material (correction factor 1.000155). The in-
dividual spots displaying a transitional signature under-
went a reexamination of their analysis profiles, and only 
the surface data were used if they exhibited significant 
isotopic changes in the Z direction.

The otoliths were reimaged after analysis, and the laser 
spots were compared with the annuli. The occurrence and 
location of potential shifts in the Walleye 87Sr/86Sr profile 
were identified based on break- point analysis, where the 
model selection was performed comparing the Bayesian 
information criterion and residual sum of squares using 
the R package “strucchange” (Zeileis et  al.  2002, 2003). 
All the data analysis was carried out using R 4.2.3 (R Core 
Team 2023).

Water collection and Sr isotope analysis

To compare the Sr isotopic composition of the rearing 
water to that of the otolith samples, water was collected 
from the outlet of Lake Cascade as well as the outlet of 
Lake Payette (Figure 1), which is approximately 25 river 
kilometers upstream of Lake Cascade and provides 
between 15% and 30% of the inflow to Lake Cascade. 
Samples were taken from locations that presented thor-
oughly mixed lake water before ice- out in April 2023. 
The water samples were prepared for isotopic measure-
ment using standard laboratory procedures (see Kennedy 
et al. 2000), and the isotope ratios were measured on an 
IsotopX Phoenix multicollector thermal ionization mass 
spectrometer (MC- TIMS) at the University of Idaho's 
Laboratory of Integrative Fish Ecology. Two samples of 
NIST − SRM 987 (87Sr/86Sr = 0.710248) analyzed concur-
rently with samples measured 87Sr/86Sr ratios of 0.710243 
(SD = 0.000019) and 0.710243 (SD = 0.000020). A long- 
term analysis of NIST − SRM 987 over the lifetime of the 
instrument (2106–present, n = 140) reports an average 
value of 0.710244 (SD = 0.000005).

RESULTS

The Walleye was estimated to be age 4 (Figure  2), 
whereas the Yellow Perch varied from age 3 to age 5 
(Table  1). The 87Sr/86Sr ratios of the three Yellow Perch 
(Table  1) showed no shifts in their lifetime profiles and 
similar values of 0.70806 ± 0.00021 (mean ± 2SD; n = 37), 
of 0.70803 ± 0.00022 (n = 45), and of 0.70793 ± 0.00023 
(n = 65). The water samples that were taken from Lake 
Cascade's largest input (Payette Lake's outflow) and larg-
est output provided an 87Sr/86Sr baseline across the local 
watershed and measured 0.70842 and 0.70800 respec-
tively. The 87Sr/86Sr values across the lifetimes of all three 
Yellow Perch overlapped with those of Lake Cascade 
(Table 1; Figure 3).

F I G U R E  2  A 100× microscope image of the prepared Walleye 
otolith with laser spots and corresponding annuli labeled.
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The break- point analysis indicated that the Walleye 
87Sr/86Sr profile was characterized by a single shift, split-
ting the lifetime profile into two distinct parts (Figure 3). 
The early life had a higher value of 0.70878 ± 0.00022 
(n spots = 26), and the later period had a lower value 
of 0.70807 ± 0.00027 (n spots = 15). At the boundary 
is a narrow transitional zone with a 87Sr/86Sr ratio of 
0.70842 ± 0.00013 (n spots = 3). Transitional spots were 
not included in the calculation of either early or late life 
mean 87Sr/86Sr. Compared with the mean 87Sr/86Sr value 
of the Yellow Perch samples from Lake Cascade, the 
Walleye early life 87Sr/86Sr values were significantly differ-
ent (t = 36.32, df = 25, p < 0.0001), whereas the later period 
87Sr/86Sr values were similar to the mean for Lake Cascade 
(t = 1.92, df = 14, p = 0.074). This transition in the Walleye 
from high to low 87Sr/86Sr ratios started between the sec-
ond and third annuli.

DISCUSSION

In Idaho, great effort has gone into preventing Walleye 
from spreading into new watersheds because once they are 
initially introduced, their population can rapidly increase 
and become difficult if not impossible to eradicate (Ryan 
et al.  2021). Across the western United States, there are 
many examples of prized sport fisheries being disrupted 
by illegal Walleye introductions (e.g., McMahon and 
Bennett  1996; Baldwin et  al.  2003; Johnson et  al.  2017). 
Lake Cascade currently supports a world- renowned 
Yellow Perch fishery. Walleye have the potential to reduce 
the value of this nationally recognized fishery by decreas-
ing the abundance of Yellow Perch through competition 
and predation (Pierce et al. 2006). Consequently, the dis-
covery of even a single Walleye is great cause for concern 
to fisheries managers.

T A B L E  1  Summary of the 87Sr/86Sr ratios and ages of the Walleye; three locally caught Yellow Perch in Lake Cascade, Idaho; and water 
measurements of the outflows of Payette Lake and Lake Cascade.

Sample Species Habitat Mean 87Sr/86Sr 2 SD Spot n Age

Walleye Walleye Unknown 0.70878 0.00022 26 4

Transition 0.70842 0.00013 3

Lake Cascade 0.70807 0.00027 15

Yellow Perch 1 Yellow Perch Lake Cascade 0.70806 0.00021 37 3

Yellow Perch 2 Yellow Perch Lake Cascade 0.70803 0.00022 45 3

Yellow Perch 3 Yellow Perch Lake Cascade 0.70793 0.00020 64 5

Payette Lake outflow Water Payette Lake 0.708422 0.00004

Lake Cascade outflow Water Lake Cascade 0.708000 0.00003

F I G U R E  3  The lifetime transect of 87Sr/86Sr ratios for the Walleye (colored by age) and three Yellow Perch (gray lines) caught in Lake 
Cascade, Idaho, in 2022. The measured 87Sr/86Sr water values for Lake Cascade and the outflow of Payette Lake are shown as black dashed 
lines. The first 26 spots of the Walleye otolith show an elevated ratio (mean = blue line) before transitioning to lower values that are similar 
to those of the Yellow Perch and Lake Cascade water.
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In this study, we used otolith geochemistry to inves-
tigate the potential illegal introduction of a Walleye that 
was caught in Lake Cascade, Idaho, in 2022. The 87Sr/86Sr 
values for water from the Lake Cascade outflow are con-
sistent with our expectations based on the values for res-
ident fish and can be considered representative of the 
entire lake, as Lake Cascade is a relatively shallow and 
well- mixed reservoir. There are also no known examples 
in the literature of heterogeneity in 87Sr/86Sr in large lake 
systems, even when the source water from different tribu-
taries varies in 87Sr/86Sr (Feyrer et al. 2019).

The otoliths from locally caught Yellow Perch supple-
mented the water data and tracked any possible 87Sr/86Sr 
changes over time. The analysis of Lake Cascade's inputs 
and outflows supports variation in Sr isotope ratio data for 
resident perch between 0.7082 and 0.7078, suggesting that 
the tributary inputs from the north are slightly more ra-
diogenic (higher 87Sr/86Sr) but that other inputs (ground-
water or unmeasured tributaries) provide lower Sr isotope 
values, with a mean lake value approximating 0.7080. 
A lack of significant shifts in their lifetime 87Sr/86Sr ra-
tios indicate that these fish spent their entire life in Lake 
Cascade.

In the Walleye, we identified a shift that began between 
the second and third annuli from higher to lower 87Sr/86Sr 
ratios, which indicated a change in watershed, consistent 
with being transplanted. The lower 87Sr/86Sr ratios of the 
Walleye matched those of the Lake Cascade water and the 
locally caught Yellow Perch, suggesting that it arrived in 
Lake Cascade in 2020, 2 years before its capture. The 120- 
μm span of transitional material at the boundary is larger 
than a quick trip between water bodies would suggest. 
The average 87Sr/86Sr value of this area is 0.70842, identi-
cal to the water value of Payette Lake's outflow. The most 
likely explanation for the presence of the Walleye in Lake 
Cascade is that it was originally stocked in the Payette 
Lake area, resided there briefly, and then migrated into 
Lake Cascade. The lack of a comprehensive Sr isoscape of 
Idaho currently prohibits determining the Walleye's exact 
original source.

The possible source regions for the illegal introduction 
of a Walleye into Lake Cascade span a diverse geologic 
landscape with large regions of isotopic similarity (e.g. 
Columbia River basalts) interspersed by smaller regions 
of tremendous geologic heterogeneity. The geologic diver-
sity of potential natal habitats provides the opportunity 
to identify sources of illegal introductions when stocked 
fish are captured and sampled. Lake Cascade geograph-
ically straddles a well- established suture zone between 
the island arc terranes that remained following subduc-
tion under the old North American craton to its east, a 
region that is now characterized as the western edge of 
ancient Laurentia (Armstrong et  al.  1977; Kistler and 

Peterman  1973). The suture has resulted in the identifi-
cation of an isotopic transition from west to east named 
“the 0.706 isopleth” (Armstrong et  al.  1977; Gaschnig 
et  al.  2011). Large regions to the west of Lake Cascade 
have lower Sr isotopic values, whereas rivers draining the 
eastern watersheds of the Snake and Salmon rivers can 
have either very radiogenic (higher) Sr isotopic values that 
reflect billion- year- old mountain building or intermedi-
ate values that reflect either the Columbia River Basalt or 
the Idaho batholith (0.7083–0.7090; Hegg et  al.  2013; B. 
P. Kennedy, unpublished data). Consequently, there are 
several reservoirs that sit along the southern Snake River 
plain that represent isotopically plausible sources for this 
introduction.

This study highlights the potential of geochemical 
analyses to identify the illegal introduction of fish and 
provides resource managers with a powerful tool for 
early detection to prevent the establishment of nonna-
tive species. Our results suggest that this Walleye was 
illegally transplanted to the Payette Lake area before 
migrating to Lake Cascade. Targeted monitoring for 
Walleye in 2022 did not find any further indications of 
the species in the system. Additionally, biologists with 
the Idaho Department of Fish and Game and the Idaho 
Cooperative Fish and Wildlife Research Unit set more 
than 10 km of gill nets over a 12- month period in 2022 and 
2023 and did not find any other Walleyes. Additionally, 
no other Walleye catches have been reported. This is en-
couraging, as it suggests that the current abundance of 
Walleye in Lake Cascade is low to absent. Consequently, 
management to prevent illegal stocking is likely the best 
management response.

ACKNOWLEDGMENTS
We thank Justin Glessner for his help during sam-
ple analysis at the University of California Davis 
Interdisciplinary Center for Plasma Mass Spectrometry. 
Furthermore, we thank Chris Weber and Mike Thomas 
for collecting the Walleye that was caught in Lake 
Cascade in 2022. Bryce Marciniak collected the Yellow 
Perch that we used in this study. Sung- A Lee, Larisa 
Thatcher, and Paloma Herrera- Thomas created the 
map in Figure  1. Support for this work was provided 
by the U.S. Geological Survey Idaho Cooperative Fish 
and Wildlife Research Unit, which is jointly sponsored 
by the University of Idaho, U.S. Geological Survey, 
Idaho Department of Fish and Game, and Wildlife 
Management Institute. Any use of trade, firm, or prod-
uct names is for descriptive purposes only and does not 
imply endorsement by the U.S. Government.

CONFLICT OF INTEREST STATEMENT
There is no conflict of interest declared in this article.



   | 7FORENSIC OTOLITH GEOCHEMISTRY

DATA AVAILABILITY STATEMENT
All data are openly available in a public repository (https:// 
github. com/ Malte Willm es/ Walle yeFor ensics) and upon 
reasonable request from the authors.

ETHICS STATEMENT
This study adheres to the principles and practices of the 
“Guidelines for the Use of Fishes in Research” published 
by the American Fisheries Society.

ORCID
George Whitman   https://orcid.
org/0000-0002-0701-0282 
Rachel C. Johnson   https://orcid.
org/0000-0002-0278-7826 
Malte Willmes   https://orcid.org/0000-0001-8734-5324 
Carson Jeffres   https://orcid.org/0000-0001-6532-6851 

REFERENCES
Armstrong, R. L., Taubeneck, W. H., & Hales, P. O. (1977). Rb- 

Sr and K- Ar geochronology of Mesozoic granitic rocks and 
their isotopic composition, Oregon, Washington, and Idaho. 
Geological Society of America Bulletin, 88(3), 397–411. 
https:// doi. org/ 10. 1130/ 0016-  7606(1977) 88< 397: RAKGO 
M> 2.0. CO; 2

Baldwin, C. M., McLellan, J. G., Polacek, M. C., & Underwood, K. 
(2003). Walleye predation on hatchery releases of kokanees and 
Rainbow Trout in Lake Roosevelt, Washington. North American 
Journal of Fisheries Management, 23(3), 660–676. https:// doi. 
org/ 10. 1577/ M02-  021

Barnett- Johnson, R., Pearson, T. E., Ramos, F. C., Grimes, C. B., & 
MacFarlane, R. B. (2008). Tracking natal origins of salmon 
using isotopes, otoliths, and landscape geology. Limnology and 
Oceanography, 53(4), 1633–1642. https:// doi. org/ 10. 4319/ lo. 
2008. 53.4. 1633

Bernery, C., Bellard, C., Courchamp, F., Brosse, S., Gozlan, R. E., 
Jarić, I., Teletchea, F., & Leroy, B. (2022). Freshwater Fish 
Invasions: A comprehensive review. Annual Review of Ecology, 
Evolution, and Systematics, 53(1), 427–456. https:// doi. org/ 10. 
1146/ annur ev-  ecols ys-  03252 2-  015551

Bourret, S. L., & Clancy, N. G. (2018). Using forensic geochemis-
try via fish otoliths to investigate an illegal fish introduction. 
Canadian Journal of Fisheries and Aquatic Sciences, 75(11), 
1778–1783. https:// doi. org/ 10. 1139/ cjfas -  2018-  0082

Brennan, S. R., Zimmerman, C. E., Fernandez, D. P., Cerling, T. E., 
McPhee, M. V., & Wooller, M. J. (2015). Strontium isotopes de-
lineate fine- scale natal origins and migration histories of Pacific 
salmon. Science Advances, 1(4), Article e1400124. https:// doi. 
org/ 10. 1126/ sciadv. 1400124

Campana, S. E. (1999). Chemistry and composition of fish oto-
liths: Pathways, mechanisms and applications. Marine Ecology 
Progress Series, 188, 263–297. https:// doi. org/ 10. 3354/ meps1 
88263 

Campana, S. E., & Thorrold, S. R. (2001). Otoliths, increments, and 
elements: Keys to a comprehensive understanding of fish pop-
ulations? Canadian Journal of Fisheries and Aquatic Sciences, 
58(1), 30–38. https:// doi. org/ 10. 1139/ f00-  177

Colby, P. J., McNicol, R. E., & Ryder, R. A. (1979). Synopsis of bi-
ological data on the Walleye Stizostedion v. vitreum (Mitchill 
1818) (Fisheries Synopsis No. 119). Food and Agriculture 
Organization of the United Nations.

Crook, D. A., Macdonald, J. I., McNeil Dale, D. G., Gilligan, D. M., 
Asmus, M., Maas, R., & Woodhead, J. (2013). Recruitment 
sources and dispersal of an invasive fish in a large river system 
as revealed by otolith chemistry analysis. Canadian Journal of 
Fisheries and Aquatic Sciences, 70(7), 953–963. https:// doi. org/ 
10. 1139/ cjfas -  2012-  0504

Dembkowski, D. J., Isermann, D. A., & Koenigs, R. P. (2017). Walleye 
age estimation using otoliths and dorsal spines: Preparation 
techniques and sampling guidelines based on sex and total 
length. Journal of Fish and Wildlife Management, 8(2), 474–486. 
https:// doi. org/ 10. 3996/ 05201 7-  JFWM-  038

Doubleday, Z. A., Harris, H. H., Izzo, C., & Gillanders, B. M. (2014). 
Strontium randomly substituting for calcium in fish otolith ara-
gonite. Analytical Chemistry, 86(1), 865–869. https:// doi. org/ 10. 
1021/ ac403 4278

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z.- I., 
Knowler, D. J., Lévêque, C., Naiman, R. J., Prieur- Richard, A.- H., 
Soto, D., Stiassny, M. L. J., & Sullivan, C. A. (2006). Freshwater 
biodiversity: Importance, threats, status and conservation chal-
lenges. Biological Reviews, 81(2), 163–182. https:// doi. org/ 10. 
1017/ S1464 79310 5006950

Faure, G. (1977). Principles of isotope geology (2nd ed.). Wiley.
Feyrer, F. V., Whitman, G., Young, M., & Johnson, R. C. (2019). 

Strontium isotopes reveal the role of ephemeral streams to the 
early life migration and recruitment success of an imperiled 
potamodromous cyprinid. Marine and Freshwater Research, 
70(12), 1689–1697. https:// doi. org/ 10. 1071/ MF18264

Gaschnig, R. M., Vervoort, J. D., Lewis, R. S., & Tikoff, B. (2011). 
Isotopic evolution of the Idaho batholith and Challis intrusive 
province, Northern US Cordillera. Journal of Petrology, 52(12), 
2397–2429. https:// doi. org/ 10. 1093/ petro logy/ egr050

Hartman, G. F. (2009). A biological synopsis of Walleye (Sander vit-
reus) (Canadian Manuscript Report of Fisheries and Aquatic 
Sciences No. 2888). Fisheries and Oceans Canada.

Haubrock, P. J., Ahmed, D. A., Cuthbert, R. N., Stubbington, R., 
Domisch, S., Marquez, J. R. G., Beidas, A., Amatulli, G., Kiesel, 
J., Shen, L. Q., Soto, I., Angeler, D. G., Bonada, N., Cañedo- 
Argüelles, M., Csabai, Z., Datry, T., de Eyto, E., Dohet, A., 
Drohan, E., … Haase, P. (2022). Invasion impacts and dynam-
ics of a European- wide introduced species. Global Change 
Biology, 28(15), 4620–4632. https:// doi. org/ 10. 1111/ gcb. 16207 

Hegg, J. C., Kennedy, B. P., & Fremier, A. K. (2013). Predicting stron-
tium isotope variation and fish location with bedrock geology: 
Understanding the effects of geologic heterogeneity. Chemical 
Geology, 360, 89–98. https:// doi. org/ 10. 1016/j. chemg eo. 2013. 10. 010

Hoslman, R., & Scott, A. (2021). Angler opinions about Walleye fish-
ing and management in Wisconsin (Fisheries Management 
Report No. 159). Wisconsin Department of Natural Resources, 
Bureau of Environmental Analysis and Sustainability.

Jenkins, M. (2003). Prospects for biodiversity. Science, 302(5648), 
1175–1177. https:// doi. org/ 10. 1126/ scien ce. 1088666

Johnson, B. M., Arlinghaus, R., & Martinez, P. J. (2009). Are we doing 
all we can to stem the tide of illegal fish stocking? Fisheries, 
34(8), 389–394. https:// doi. org/ 10. 1577/ 1548-  8446-  34.8. 389

Johnson, C. F., Johnson, B. M., Neebling, T. E., & Burckhardt, J. C. 
(2017). Walleye introduction eliminates predation refuge for 

https://github.com/MalteWillmes/WalleyeForensics
https://github.com/MalteWillmes/WalleyeForensics
https://orcid.org/0000-0002-0701-0282
https://orcid.org/0000-0002-0701-0282
https://orcid.org/0000-0002-0701-0282
https://orcid.org/0000-0002-0278-7826
https://orcid.org/0000-0002-0278-7826
https://orcid.org/0000-0002-0278-7826
https://orcid.org/0000-0001-8734-5324
https://orcid.org/0000-0001-8734-5324
https://orcid.org/0000-0001-6532-6851
https://orcid.org/0000-0001-6532-6851
https://doi.org/10.1130/0016-7606(1977)88%3C397:RAKGOM%3E2.0.CO;2
https://doi.org/10.1130/0016-7606(1977)88%3C397:RAKGOM%3E2.0.CO;2
https://doi.org/10.1577/M02-021
https://doi.org/10.1577/M02-021
https://doi.org/10.4319/lo.2008.53.4.1633
https://doi.org/10.4319/lo.2008.53.4.1633
https://doi.org/10.1146/annurev-ecolsys-032522-015551
https://doi.org/10.1146/annurev-ecolsys-032522-015551
https://doi.org/10.1139/cjfas-2018-0082
https://doi.org/10.1126/sciadv.1400124
https://doi.org/10.1126/sciadv.1400124
https://doi.org/10.3354/meps188263
https://doi.org/10.3354/meps188263
https://doi.org/10.1139/f00-177
https://doi.org/10.1139/cjfas-2012-0504
https://doi.org/10.1139/cjfas-2012-0504
https://doi.org/10.3996/052017-JFWM-038
https://doi.org/10.1021/ac4034278
https://doi.org/10.1021/ac4034278
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1071/MF18264
https://doi.org/10.1093/petrology/egr050
https://doi.org/10.1111/gcb.16207
https://doi.org/10.1016/j.chemgeo.2013.10.010
https://doi.org/10.1126/science.1088666
https://doi.org/10.1577/1548-8446-34.8.389


8 |   WHITMAN et al.

adfluvial Cutthroat Trout and Rainbow Trout. Transactions of 
the American Fisheries Society, 146(2), 252–267. https:// doi. org/ 
10. 1080/ 00028 487. 2016. 1254114

Kennedy, B. P., Blum, J. D., Folt, C. L., & Nislow, K. H. (2000). 
Using natural strontium isotopic signatures as fish markers: 
Methodology and application. Canadian Journal of Fisheries and 
Aquatic Sciences, 57, 2280–2292. https:// doi. org/ 10. 1139/ f00-  206

Kennedy, B. P., Klaue, A., Blum, J. D., Folt, C. L., & Nislow, K. H. 
(2002). Reconstructing the lives of fish using Sr isotopes in oto-
liths. Canadian Journal of Fisheries and Aquatic Sciences, 59(6), 
925–929. https:// doi. org/ 10. 1139/ f02-  070

Kistler, R. W., & Peterman, Z. E. (1973). Variation in Sr, Rb, K, Na 
and initial Sr87/Sr86 in Mesozoic granitic rocks and intruded 
wall rocks in central California. Geological Society of America 
Bulletin, 84(11), 3489–3512. https:// doi. org/ 10. 1130/ 0016-  
7606(1973) 84< 3489: VISRK N> 2.0. CO; 2

Leprieur, F., Brosse, S., García- Berthou, E., Oberdorff, T., Olden, J. 
D., & Townsend, C. R. (2009). Scientific uncertainty and the as-
sessment of risks posed by non- native freshwater fishes. Fish 
and Fisheries, 10(1), 88–97. https:// doi. org/ 10. 1111/j. 1467-  
2979. 2008. 00314. x

Long, J. M., & Grabowski, T. B. (2017). Otoliths. In M. C. Quist & 
D. A. Isermann (Eds.), Age and growth of fishes: Principals 
and techniques (pp. 189–219). American Fisheries Society.

Marr, S. M., Marchetti, M. P., Olden, J. D., García- Berthou, E., Morgan, 
D. L., Arismendi, I., Day, J. A., Griffiths, C. L., & Skelton, P. H. 
(2010). Freshwater fish introductions in mediterranean- climate 
regions: Are there commonalities in the conservation problem? 
Freshwater fish introductions in mediterranean- climate re-
gions. Diversity and Distributions, 16(4), 606–619. https:// doi. 
org/ 10. 1111/j. 1472-  4642. 2010. 00669. x

McMahon, T. E., & Bennett, D. H. (1996). Walleye and Northern Pike: 
Boost or bane to northwest fisheries? Fisheries, 21(8), 6–13. https:// 
doi. org/ 10. 1577/ 1548-  8446(1996) 021< 0006: WANP> 2.0. CO; 2

Morissette, O., & Whitledge, G. W. (2022). Listening with the inva-
sive fish ear: Applications and innovations of otolith chemis-
try analysis in invasive fish biology. Environmental Biology of 
Fishes, 105(2), 327–343. https:// doi. org/ 10. 1007/ s1064 1-  022-  
01217 -  9

Nico, L. G., & Fuller, P. L. (1999). Spatial and temporal patterns of 
nonindigenous fish introductions in the United States. Fisheries, 
24(1), 16–27. https:// doi. org/ 10. 1577/ 1548-  8446(1999) 024< 
0016: SATPO N> 2.0. CO; 2

Nielsen, L. A. (1999). History of inland fisheries management in 
North America. In C. C. Kohler & W. A. Hubert (Eds.), Inland 
fisheries management in North America (pp. 3–30, 2nd ed.). 
American Fisheries Society.

Pejchar, L., & Mooney, H. A. (2009). Invasive species, ecosystem 
services and human well- being. Trends in Ecology & Evolution, 
24(9), 497–504. https:// doi. org/ 10. 1016/j. tree. 2009. 03. 016

Pierce, R. B., Tomcko, C. M., & Negus, M. T. (2006). Interactions 
between stocked Walleyes and native Yellow Perch in Lake 
Thirteen, Minnesota: A case history of percid community dy-
namics. North American Journal of Fisheries Management, 
26(1), 97–107. https:// doi. org/ 10. 1577/ M05-  034. 1

Quist, M. C., Hubert, W. A., & Rahel, F. J. (2005). Fish assemblage 
structure following impoundment of a Great Plains river. 
Western North American Naturalist, 65(1), 53–63.

R Core Team. (2023). R: A language and environment for statistical 
computing [Computer software]. R Foundation for Statistical 
Computing.

Rahel, F. J. (2004). Unauthorized fish introductions: Fisheries 
management of the people, for the people, or by the people? 
In M. Nickum, P. Mazik, J. Nickum, & D. MacKinlay (Eds.), 
Propagated fish in resource management (Symposium 44, pp. 
431–443). American Fisheries Society.

Ryan, R. G., Corsi, M. P., & Rust, P. (2021). Characteristics of an 
introduced Walleye population with implications for suppres-
sion. North American Journal of Fisheries Management, 41(6), 
1863–1877. https:// doi. org/ 10. 1002/ nafm. 10706 

Sala, O. E., Stuart Chapin, F., Iii, J. J., Armesto, E., Berlow, J., 
Bloomfield, R., Dirzo, E., Huber- Sanwald, L. F., Huenneke, 
R. B., Jackson, A., Kinzig, R., Leemans, D. M., Lodge, H. A., 
Mooney, M., Oesterheld, N. L., Poff, M. T., Sykes, B. H., Walker, 
M., & Wall, D. H. (2000). Global biodiversity scenarios for the 
year 2100. Science, 287(5459), 1770–1774. https:// doi. org/ 10. 
1126/ scien ce. 287. 5459. 1770

Vander Zanden, M. J., & Olden, J. D. (2008). A management frame-
work for preventing the secondary spread of aquatic invasive 
species. Canadian Journal of Fisheries and Aquatic Sciences, 
65(7), 1512–1522. https:// doi. org/ 10. 1139/ F08-  099

Wolff, B. A., Johnson, B. M., Breton, A. R., Martinez, P. J., & 
Winkelman, D. L. (2012). Origins of invasive piscivores deter-
mined from the strontium isotope ratio (87Sr/86Sr) of otoliths. 
Canadian Journal of Fisheries and Aquatic Sciences, 69(4), 724–
739. https:// doi. org/ 10. 1139/ f2012 -  009

Yule, D. L., Whaley, R. A., Mavrakis, P. H., Miller, D. D., & Flickinger, 
S. A. (2000). Use of strain, season of stocking, and size at stock-
ing to improve fisheries for Rainbow Trout in reservoirs with 
Walleyes. North American Journal of Fisheries Management, 
20(1), 10–18. https:// doi. org/ 10. 1577/ 1548-  8675(2000) 020< 
0010: UOSSO S> 2.0. CO; 2

Zeileis, A., Kleiber, C., Krämer, W., & Hornik, K. (2003). Testing 
and dating of structural changes in practice. Computational 
Statistics & Data Analysis, 44(1–2), 109–123. https:// doi. org/ 10. 
1016/ S0167 -  9473(03) 00030 -  6

Zeileis, A., Leisch, F., Hornik, K., & Kleiber, C. (2002). strucchange: 
An R package for testing for structural change in linear regres-
sion models. Journal of Statistical Software, 7(2), 1–38. https:// 
doi. org/ 10. 18637/  jss. v007. i02

https://doi.org/10.1080/00028487.2016.1254114
https://doi.org/10.1080/00028487.2016.1254114
https://doi.org/10.1139/f00-206
https://doi.org/10.1139/f02-070
https://doi.org/10.1130/0016-7606(1973)84%3C3489:VISRKN%3E2.0.CO;2
https://doi.org/10.1130/0016-7606(1973)84%3C3489:VISRKN%3E2.0.CO;2
https://doi.org/10.1111/j.1467-2979.2008.00314.x
https://doi.org/10.1111/j.1467-2979.2008.00314.x
https://doi.org/10.1111/j.1472-4642.2010.00669.x
https://doi.org/10.1111/j.1472-4642.2010.00669.x
https://doi.org/10.1577/1548-8446(1996)021%3C0006:WANP%3E2.0.CO;2
https://doi.org/10.1577/1548-8446(1996)021%3C0006:WANP%3E2.0.CO;2
https://doi.org/10.1007/s10641-022-01217-9
https://doi.org/10.1007/s10641-022-01217-9
https://doi.org/10.1577/1548-8446(1999)024%3C0016:SATPON%3E2.0.CO;2
https://doi.org/10.1577/1548-8446(1999)024%3C0016:SATPON%3E2.0.CO;2
https://doi.org/10.1016/j.tree.2009.03.016
https://doi.org/10.1577/M05-034.1
https://doi.org/10.1002/nafm.10706
https://doi.org/10.1126/science.287.5459.1770
https://doi.org/10.1126/science.287.5459.1770
https://doi.org/10.1139/F08-099
https://doi.org/10.1139/f2012-009
https://doi.org/10.1577/1548-8675(2000)020%3C0010:UOSSOS%3E2.0.CO;2
https://doi.org/10.1577/1548-8675(2000)020%3C0010:UOSSOS%3E2.0.CO;2
https://doi.org/10.1016/S0167-9473(03)00030-6
https://doi.org/10.1016/S0167-9473(03)00030-6
https://doi.org/10.18637/jss.v007.i02
https://doi.org/10.18637/jss.v007.i02

	Forensic geochemistry identifies the illegal introduction of Walleye into Lake Cascade, Idaho
	Abstract
	INTRODUCTION
	METHODS
	Fish collection
	Otolith preparation and aging
	Otolith strontium isotope analysis
	Water collection and Sr isotope analysis

	RESULTS
	DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


