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Introduction

Stable isotopic and microchemistry analyses have recently proven useful in studies of fish
origins and environmental history within freshwater systems (Martinez et al. 2001,
Kennedy et al. 2002, Hobbs et al. 2005, Whitledge et al. 2007). The use of stable
isotopes and microchemistry analyses of bony structures that utilize naturally occurring
chemical compounds from the fish’s environment throughout its lifetime is a promising
measure of its origin and habitat use (Campana 1999). A new geochemical tracer of
stream origins is the isotopic composition of strontium (Sr) as measured by the *'Sr:*Sr
ratio within the calcium carbonate derived hard parts (e.g., otoliths, bones, fin rays) of
fishes. Otolith *’Sr:*Sr has been shown to be positively correlated with *'Sr:**Sr in
rearing waters (Hobbs et al. 2005, Kennedy et al. 2000, Kennedy et al. 2002, Weber
2002, Weber et al. 2005). *’Sr is produced over geologic time by radiogenic decay of
7Rb (Rubidium; half life = 48.8 x 10° years), and the stable **Sr isotope. Therefore,
¥7Sr:%Sr within rivers largely reflect the age (Rb decay) and mineralogy (Rb
concentration) of the surrounding bedrock (Bacon et al. 2004, Palmer and Edmond
1989). Given the direct incorporation of *'Sr:**Sr from water into bony structures
87Sr:*°Sr ratios provide an accurate marker of natal habitats.

Strontium isotope ratios in otoliths have been used to determine natal origins of a wide
range of taxa from around the world, including the barramundi (Latus calcarifer) and
galaxiids smelt from Australia; the Dolly Varden (Salvilinus malma malma) from Alaska,;
Atlantic salmon (Salmo salar) from Vermont; and in the California Central Valley,
Chinook salmon (Oncorhynchus tshawytscha), the Sacramento splittail (Pogonichthys
macrolepidotus), and the endangered delta smelt (Hypomesus transpacificus (Barnett-
Johnson et al. 2008, Feyrer et al. 2007, Hobbs et al. 2005, Woodhead et al. 2005,
Outridge et al. 2002, and Kennedy ef al. 2000). Strontium isotope ratios (*’Sr:**Sr) have
also been validated with pectoral fin rays and applied to determine natal river origins and
out-migration timing in green sturgeon (Acipenser medirostris) in the Klamath River
system (Allen et al. 2008, Hobbs et al. in prep).

Information of natal origins of repatriated razorback suckers (Xyrauchen texanus),
successfully introduced under the Lower Colorado River Multi-Species Conservation
Program, a long-term, multi-agency effort to conserve and work towards the recovery of
endangered species, will be helpful in understanding the composition and history of
razorback suckers in the Colorado River. In this study, we initially attempted to use
strontium isotope ratios to reconstruct the life history of razorback sucker habitat use in
the lower Colorado River between Davis Dam and Parker Dam (Lake Mohave to Lake
Havasu). However, preliminary analysis of 25 wild caught individuals and 10 hatchery
reared juveniles from Willow Beach National Fish Hatchery (NFS) and Achii Hanyo
Native Fish Rearing Facility (NFRF) showed very little variation along this stretch of the
Colorado River which would result in poor discrimination of habitats based on fin ray
strontium isotope ratios. Therefore, due to the lack of isotope variation, we did not
analyze collected water samples. However, we did observe considerable differences of
strontium isotope ratios among fish with a known hatchery origin as recorded in the
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passive integrated transponder (PIT) tag database suggesting we could identify the
hatchery origin for fish with unknown or unrecorded origins. Thus we utilized the
strontium isotope ratios in pectoral fin rays of razorback sucker in the lower Colorado
River between Davis Dam below Lake Mohave and Lake Havasu to determine hatchery
origins of all captured fish in the 2008—2009 sample period (Appendix 1).

Methods

Razorback suckers were trammel netted and electrofished from known sucker habitats
(Park Moabi, Blankenship, Pulpit Rock, Golden Shores, Castle Rock backwaters, and
North Needles) on the Colorado River (Reach 3) between Davis Dam and Lake Havasu
Delta in 2008 and 2009. A small section of razorback sucker pectoral fin ray was
collected from each fish caught by severing the second pectoral fin ray, perpendicularly
to the ray, 1 cm from the base with specialized fin ray chisel clippers (Figure 1). Fish

Figure 1.—Sampling a razorback sucker pectoral fin ray by severing the second pectoral fin ray,
perpendicularly to the ray, approximately 1 centimeter from the base with specialized
fin ray chisel clippers.
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were measured (TL), weighed, and scanned for PIT and wire-coded tags, and quickly
returned to the water. Pectoral fin ray samples were dried and sent to Bio-West, Inc.
(Logan, Utah) for aging. Once the samples were aged, they were shipped to the
University of California, Davis Interdisciplinary Center for Plasma Mass Spectrometry
(Davis, California, http://icpms.ucdavis.edu) for quantifying **Sr:**Sr isotopic ratios.

Fin rays from the initial 38 samples collected in 2008 and 25 juvenile samples collected
from 4 hatcheries (Willow Beach and Dexter National Fish Hatcheries, Achii Hanyo
Native Fish Rearing Facility, and Bubbling Ponds State Fish Hatchery; FH) were
sectioned at the base of the ray with a low speed saw creating a thin section 1 mm in
thickness (Figure 2). Thin sections were then polished with silicon carbide lapidary film
and alumina paste, mounted on petrographic microscope slides, sonicated for 5 minutes
in milli-Q ultra pure water and rinsed with 3M nitric acid. The remaining 296 samples
from field collections in 2009 were previously sectioned and mounted by BioWest, Inc.
The samples were removed from standard microscope slides and remounted onto
petrographic slides, 12 samples per slide.
Additional polishing was necessary to
prepare a clean surface for micro-
chemistry analyses as above. Strontium
isotopes were measured using a multi-
collector inductively coupled plasma mass
spectrometer (MC-ICP-MS; Nu Plasma
HR, Nu Instrument, Inc., Newburyport,
Massachusetts) and was interfaced with an
Nd: YAG 213-nm laser (New Wave
Research, Inc., Fremont, California) for
strontium isotope measurement by laser
ablation (LA-MC-ICP-MS technique).
Seven of the 12 Faraday cups were
employed to collect ion currents on masses
9 82, 83, 84, 85, 86, 87, and 88. A 60-um
Figure 2.—Cross-section of a razorback sucker ~ laser beam traversed across the thin fin ray
fin ray. section from the core (natal regions) to the
edge (just prior to capture) at 10 um per
second, with the laser pulsing at 10 Hz and at 75% power output. Helium carrier gas was
used to maximize sensitivity and minimize sample deposition at the ablation site, and was
mixed with Argon gas between the laser sample cell and the plasma source. Gas blank
and background signals were monitored until *Kr and **Kr (krypton) stabilized after the
sample change (i.e., exposing sample cell to the air) and were measured for 30 seconds.
The laser was typically fired for 90—120 seconds, and background signals were subtracted
from the measured signals automatically. Strontium *’Sr:*°Sr ratios were normalized
relative to **Sr:*Sr = 0.1194 to correct for instrumental mass fractionation using an
exponential mass bias law. Mass 85 was monitored to correct for any *’Rb interference
on ¥’Sr. The analytical precision has been determined by using the results of a replicate
analyses of a modern marine mollusk at the beginning and end of several analytical
sessions. Replicate analyses of this mollusk have yielded *’Sr:*Sr = 0.70919 + 0.000096
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(n = 28), consistent with modern seawater values of 0.70918. To validate the technique
among sampled fin rays, hatchery origin information from PIT tagged fish and fin ray
samples from several hatcheries were used to associate *’Sr:*Srratios with hatchery
location. Strontium voltage was monitored and when necessary corrected for with least
squares analysis and bias correction. Corrected strontium *’Sr:*°Sr ratios were rendered
time resolved with a 5 point average, (as data were collected every 0.2 seconds), then
smoothed with a 6 point (equivalent to the spot diameter) centered running mean. Time
resolved profiles of strontium *’Sr:**Sr ratios were then translated to micron distance
from the core to the edge of the profile scan. All data reduction and isotope ratio
calculations were conducted using Matlab 9.0 (The MathWorks, Inc., Natick,
Massachusetts).

To assess the spatial variation of the lithology of the lower Colorado River watershed, a
GIS map of geological age using data from the U.S. Geological Survey for geological
formations of the United States in Arc GIS Explorer was created. Data for geologic
period are graphically displayed.

Data analyses

To validate the use of strontium isotope ratios to identify hatchery origins in razorback
sucker fin rays, paired t-tests were conducted between the strontium isotope ratios of two
to five individual juvenile fish collected from four different hatcheries with the strontium
isotope ratios of fish with their respective hatchery origins recorded in the Native Fish
Work Group Lower Colorado River database. To examine strontium isotope ratio
differences among the four hatcheries, comparisons were conducted using a one-way
analysis of variance (ANOVA) with the two to five individual juvenile fish as replicates.
Hatcheries with indistinguishable strontium isotope ratios were combined to minimize
classification error when identifying hatchery origins for unknown origin fish. Grouped
hatchery origins with 95% confidence intervals from all hatchery collected fish, and PIT
tag recovered fish with known hatchery origins were used to establish a strontium isotope
signature for each hatchery for classifying field collected razorback suckers with
previously unknown origins to their hatchery origins based on the 95% bootstrapped
confidence rule (values within the 95% confidence interval have an equivalent
assignment probability). The inclusion of PIT tag recovered fish in creating the 95%
confidence rule was done to account for differences in hatchery practices (i.e., fish from a
hatchery being reared in isotopically dissimilar pond habitats at different ages, etc.).
Thus, the resulting strontium isotope ratio would be different than the hatchery collected
samples, but would more closely reflect a signature from an unknown sample that
belonged to that particular hatchery group. Lastly, the proportion of fish from each
hatchery group based on the PIT tag data was compared to the strontium isotope
classification using a chi-square distribution, with the PIT tag data as expected values.

Results

Geology

The geological age and lithology of the bedrock along the lower Colorado River varied
significantly, with primarily young Neogene granitic bedrock upstream of Lake Mead to
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the northeast, and very old Paleozoic sedimentary rocks above the Grand Canyon. From
Lake Mead to Davis Dam, the lithology varied with a mix of young Neogene volcanics
and Quaternary sedimentary rock. From Davis Dam to Lake Havasu, a mix of older
Proterozoic granite and Quaternary sedimentary rock prevailed. The Willow Beach NFH
and Achii Hanyo NFRF were located in the Quaternary sedimentary bedrock, while the
Bubbling Ponds FH occurred in Neogene volcanic rock, and the Hualapai Tribal
Hatchery occurred in older Paleozoic sedimentary rock (Figure 3). The Willow Beach
NFH and Achii Hanyo NFRF are located adjacent to the Colorado River and thus are
likely to be influenced by the mixed river water incorporating both the local lithology and
the water coming from the upstream dams, while the Hualapai Tribal Hatchery, Bubbling
Ponds FH and Dexter NFH are isolated facilities located at great distance off the lower
Colorado River and rely on well water reflecting the lithology of those regions.
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as Vegas =T e North,Ri -
ol Sl . AL NS B iy D Neogene Granitic
* Willuw':Beach L = kG S . .
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Figure 3.—Geological map of study region. Stars denote the location of hatchery facilities for
razorback sucker.

Establishment and validation of hatchery strontium isotopes signatures

Fin ray strontium isotope ratios for juvenile fish collected at three of the four hatcheries
(Willow Beach NFH, Achii Hanyo NFRF, and Bubbling Ponds FH) differed (F = 698,
d.f. =21, p=<0.001). The Willow Beach NFH and Achii Hanyo NFRF had a higher
strontium isotope ratio (0.7106 and 0.7103, respectively) and were statistically different
from each other (Tukey’s test p = <0.001) and different than Bubbling Ponds FH and

Lower Colorado River Multi-Species Conservation Program = Page 5



Strontium Isotope Microchemistry Analyses of Fin Rays Portz et al.

Dexter NFH (Tukey’s test p = <0.001). Bubbling Ponds FH and Dexter NFH had similar
strontium isotope ratios of 0.7077 and 0.7076, respectively (Table 1).

Table 1.—Mean strontium isotope ratios (two to five replicate fish) of the four razorback sucker
hatcheries. Error bars are 2 sigma SE.

Hatchery ¥Sr:%sr +2SE
Willow Beach National Fish Hatchery 0.7107 0.00014
Bubbling Ponds Fish Hatchery 0.7077 0.00012
Achii Hanyo Native Fish Rearing Facility 0.7103 0.00013
Dexter National Fish Hatchery 0.7076 0.00005

Strontium isotope ratios for PIT tag recovered fish with recorded hatchery origins varied
from a low of 0.7078 for Dexter NFH to a high of 0.7114 for the Hualapai Tribal
Hatchery (Table 2). Significant overlap of 95% bootstrapped confidence intervals
occurred for Willow Beach NFH, Bulkhead Cove, and Emerald Canyon Golf Course,
while statistically significant differences occurred between Dexter NFH, Bubbling
Ponds FH, Achii Hanyo NFRF, North Chemehuevi Cove, and Hualapai Tribal Hatchery,
and Willow Beach NFH, Bulkhead Cove, and Emerald Canyon Golf Course fish

(Figure 4).

Table 2.—Mean strontium isotope ratios +2 SE for PIT tagged known hatchery fish.

Hatchery ¥Sr:%sr +2SE
Dexter National Fish Hatchery 0.7078 0.00004
Bubbling Ponds Fish Hatchery 0.7102 0.00010
Achii Hanyo Native Fish Rearing Facility 0.7104 0.00003
Willow Beach National Fish Hatchery 0.7106 0.00005
Bulkhead Cove 0.7105 0.00007
Emerald Canyon Golf Course Ponds 0.7107 0.00004
North Chemehuevi Cove 0.7111 0.00008
Hualapai Tribal Hatchery 0.7114 0.00008

Fin ray strontium isotope ratios of Willow Beach NFH juvenile fish were slightly higher
(0.7106) compared to values for adult fish collected which were PIT tag recorded as
Willow Beach NFH fish (0.7105), however due to the extreme precision of the Nu
Plasma instrument, these differences were statistically significant with a paired t-test
(separate variance: t = 3.1, d.f. = 14, p = 0.01) but both are similar to the natural variation
of the lower Colorado River between Davis and Parker Dams (0.7104-0.7108); as
determined by longitudinal analysis of strontium isotopes across the whole fin ray during
the time period of river residence. Meanwhile, Bubbling Ponds FH juvenile fish were
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Figure 4.—Strontium isotope ratios (95% confidence intervals) for PIT tag recovered fish
with known hatchery origins. Vertical bars depict the natural strontium isotope
ratios for the lower Colorado River between Davis and Parker Dams.

highly significantly different (0.7077) than PIT tag recorded hatchery origins (0.7105)
with a paired t-test, which was also similar to the natural river variation (separate
variance: t = 13.1, d.f. = 5, p <0.001; Figure 5).

Classification of field collected fish to hatchery origins

In total, we examined 311 individual fin ray samples from fall 2008 and spring 2009 field
collections; of those, 123 fish had PIT tags (Table 3). Willow Beach NFH originating
fish made up the majority (62%) of the 123 PIT tagged fish, while fish with a strontium
isotope signature of an unknown origin made up 34% of the PIT tagged fish and the
remaining 4% were from Bubbling Ponds FH and Dexter NFH (Figure 6). To test the
efficacy of strontium isotope ratios to determine hatchery origins for a known origin
subset of the data, those fish with Willow Beach NFH origin designations from PIT tag
records were classified to hatchery origins using the strontium isotope 95% bootstrap
confidence interval approach (i.e.,100% should be classified to Willow Beach NFH).
Only 56% of the test fish had strontium isotope signatures that correctly matched the
validated Willow Beach NFH value. Of the fish not classified to the correct hatchery,
33% were classified as Achii Hanyo NFRF fish, 6% were classified to the Emerald
Canyon Golf Course, and the remaining 5% had isotopic signatures of an unknown origin
(0.7090-0.7099; Figure 6). Since Willow Beach NFH and Achii Hanyo hatcheries
occurred in similar bedrock, were both located adjacent to the river, and had strontium
isotope ratios that were close to each other, we combined Willow Beach and Achii Hanyo
data.
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Figure 5.—Bar plot of strontium isotope ratios for juvenile hatchery fish collected from two
hatcheries (Willow Beach National Fish Hatchery and Bubbling Ponds Fish Hatchery;
blue bars) and PIT tag recovered fish with hatchery origins corresponding to each
hatch (hatchery (red bars). Note Bubbling Ponds’ value is the result of three individual
fish. Error bars are 2 sigma SE, * = p < 0.05, and *** = p <0.001.

Table 3.—Summary of PIT tag known hatchery origin and
unknown counts from the 2008-2009 sample

periods.
Hatchery Count
Achii Hanyo Native Fish Rearing Facility 1
Bulkhead Cove 1
Hualapai Tribal Hatchery 1
North Chemehuevi Cove 1
Dexter National Fish Hatchery 2
Bubbling Ponds State Fish Hatchery 3
Emerald Canyon Golf Course Ponds 4
Willow Beach National Fish Hatchery 110
Unknown 188
Total 311
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Hatchery origins via pit TAG returns Hatchery origins via
strontium isotope ratios

6% 324

® Willow Beach NFH

39, 1%

B Unknown

H Dexter NFH and
Bubbling Ponds FH

® Hualapai Tribal
Hatchery

® Emerald Canyon Golf
Course Ponds (0%)

® Achii Hanyo NFRF (0%)

Adjacent to river sites combined
5%

B Willow Beach
NFH/River
® Unknown

Figure 6.—2009-2009 field caught fish with PIT tags, large chart on left. Unknown fish did not
have hatchery origin information recorded in the Native Fish Work Group Lower
Colorado River database. Small top chart; Willow Beach fish (62%) assigned to
hatchery origin based on strontium isotope ratios signatures. Small bottom chart are
sites along the river with similar strontium isotope signatures combined. Unknowns
are strontium isotope ratios (0.7090-0.7099).

Combining the Achii Hanyo NFRF value (0.7103) with the Willow Beach NFH and other
origins with strontium isotope ratios within the natural variation (0.7104—0.7108) of the
river, results in a 95% correct classification for fish with origins for hatcheries that occur
directly adjacent to the river (Figure 3).

The PIT tagged fish lacking origin information (34% of the total collected in 2009) were
then classified to hatchery origin using the strontium isotope signatures from juvenile
hatchery validation collections, and for hatcheries not sampled for juveniles, values for
PIT tag recovered fish were supplemented. The majority of those fish (54%) had
strontium isotope ratios of an unknown origin (0.7090-0.7099). Willow Beach NFH and
Achii Hanyo NFRF comprised the majority of the remaining portion of fish, 23% and
19% (42% combined), while the Dexter NFH and Bubbling Ponds FH made up 3%, and
Hualapai Tribal Hatchery contributed 1% to the population (Figure 7).

Using the strontium isotope ratio approach on all fish collected in 2009 (311), fish with
strontium isotope ratios of an unknown origin (0.7090-0.7099) made up the greatest
proportion (35%), while the Willow Beach NFH (34%) and Achii Hanyo NFRF (23%),
and fish from the Emerald Canyon Golf Course Ponds made up 6% (63% combined river
sites), and Dexter NFH, Bubbling Ponds FH, and Hualapai Tribal Hatchery made up less
than 3% of the population (Figure 8).
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Figure 7.—2008-2009 field caught fish without PIT tags. Hatchery origins
based on strontium isotope ratios.
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Figure 8.—Hatchery origins of all fish collected in 2008—-2009 determined
by strontium isotope ratios.
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Discussion

The results presented in this study demonstrate the limited utility of fin ray strontium
isotope ratios to determine hatchery origins in razorback sucker. Fish collected from the
Willow Beach NFH had strontium isotope ratios that where similar with signatures from
PIT tag recovered fish, providing validation for the technique. However, a large
discrepancy occurred between fish collected from the Bubbling Ponds FH and the PIT tag
recovered fish that the Native Fish Work Group Lower Colorado River database had
indicated as Bubbling Ponds FH origin. We feel the discrepancy is due, in some degree,
to the two different water sources at Bubbling Ponds FH (i.e., spring-fed aquifer and well
water) which is likely to have different strontium ratios resulting in conflicting fin ray
strontium signatures in repatriated razorbacks. Another plausible theory is the transfer of
some Bubbling Ponds’ fish to grow-out ponds, which do not use mainstem Colorado
River water and thus provide a different strontium signature. Lastly, the Bubbling Ponds’
fish may be undergoing fin ray re-absorption following release in the river, altering the
chemical composition. We cannot rule out that the strontium isotope ratios of PIT tag
recovered fish reflected re-absorption of the fin ray during pond grow-out residence,
which would result in similar signature to those environments and not reflect their natal
origins. Similarly, fish spawned at Dexter and Willow Beach NFHs are reared for a short
period of time and distributed to various grow-out ponds along the lower Colorado River,
resulting in a strontium isotope signature similar to the natural variation within the
geological province.

Geologic age of bedrock of the region can likely explain the variation in strontium
isotope ratios of hatchery collected fish. Willow Beach NFH and Achii Hanyo NFRF
had similar strontium isotope ratios and occurred in similar bedrock lithology along this
stretch of the lower Colorado River. However the more radiogenic signature of strontium
isotopes for these hatcheries likely reflects mixing of very old bedrock from the upstream
region of the system, with the very young bedrock where Willow Beach NFH and Achii
Hanyo NFRF occur. The remaining hatcheries, Bubbling Ponds FH and Dexter NFH
occur in very young, less radiogenic rock and were located far from the river and used
primarily ground water.

The most compelling result was that overall, 54% of the population consisted of fish with
a strontium isotope signature of an unknown source (values 0.709—-0.7099). Given the
conservative mixing properties of strontium isotope ratios, the /ikely source would be
either north of the Willow Beach NFH or east of Lake Havasu where younger bedrock
occurs. Alternatively these fish could originate from the Bill Williams River, which
flows into Lake Havasu and lies within slightly different lithology. Another possible
source of unknown fish may be the downstream passage of razorback suckers through
Davis Dam from Lake Mohave. A third possibility is that these isotope values reflect fish
with a Dexter NFH origin (0.7076) or Bubbling Ponds FH (0.7077) and placed in the
river (0.7107), followed by chemical reworking or re-absorption of fin rays, that would
result in a more radiogenic signature (~0.709). Further studies are needed to determine
strontium isotope microchemistry from hatchery sources that supply fish upstream of
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Davis Dam and grow-out ponds in River Reaches 3 and 4 to further pinpoint the source
of fish that could not be thus far attributed to a razorback sucker hatchery.

Hatcheries that use mainstem Colorado River water (Willow Beach NFH and Achii
Hanyo NFRF) appear to have supplied most of the fish to the population, with only a few
individuals from other locations such as the Emerald Canyon Golf Course Ponds and the
Hualapai Tribal Hatchery based on PIT tag recorded origins. Proportions of fish stocked
from hatcheries and grow-out ponds other than Willow Beach NFH and Achii Hanyo
NFRF were underrepresented. Hatchery records indicate that a large number of Bubbling
Ponds FH fish have been repatriated in the last 10 years, however only a small fraction of
these fish were identified using our methods. These fish may not have been caught for
fin ray sampling, re-absorbed their fin ray and have a new strontium signature (i.e.,
classified as our unknown), or perished after stocking. These results suggest a
reevaluation of the hatchery practices of those hatcheries that did not make significant
contributions to the population. Since the sampling protocol employed in this study was
focused on a relatively localized area during what is thought to be spawning migrations,
it is possible that fish from other hatcheries may reside in areas not sampled or may not
exhibit a migratory spawning behavior. However, this may not be likely based on
unpublished data (R. Wydoski) which has shown that fish captured/stocked at numerous
locations in reach 3 have all keyed on the spawning population in Needles, and there has
been little evidence of other groups based on netting and telemetry.

This study provides a novel approach to supplement a successful PIT tagging program
and provides rearing location information for the endangered razorback sucker in the
lower Colorado River. We were able to successfully validate the use of fin ray strontium
isotope ratios to identify source populations using hatchery collections and known
hatchery origins with PIT tag recovered individuals for some hatchery populations.
Importantly, we found a significant portion of the population were derived from a
currently unknown origin, and found that mainly two of the razorback sucker hatcheries
are successfully supplementing the population in the region of the river that was sampled.
This study highlights future research needs regarding hatchery operations and the
continued efforts to map the spatial variation of strontium isotope ratios throughout the
region including in-river spatial and temporal variation with freshwater flow, additional
sources of hatchery fish, and potential sources outside the immediate study area.
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Appendix 1

Collection, Fish Identification, Rearing, and ®’Sr:*°Sr Ratio
Information for Razorback Suckers Analyzed in 2007—-2009
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