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ABSTRACT OF THE THESIS

Tracing Life History Patterns of Pacific Grenadier (Coryphaenoides acrolepis) off Baja

California with Otolith Microchemistry

by

Adrian Castillo

Master of Science in Marine Biology
University of California San Diego, 2022

Professor Octavio Aburto-Oropeza, Chair

Unravelling the elemental patterns and age of fishes using otoliths allow us to better
understand their life history. Pacific grenadier (Coryphaenoides acrolepis) are a species of
deep-sea macrourid fish commonly found in the North Pacific along the continental slope
between depths of 200 to 2000 m. Tracking the life history patterns in deep-sea fish is
inherently difficult, however, examinations into otolith microchemistry offers chronological

insight into potential environmental and endogenous drivers of habitat use. Laser ablation-



inductively coupled plasma-mass spectrometry (LA-ICP-MS) was used to analyze the otolith
microchemistry of 118 mature adult Pacific grenadier (C. acrolepis). Archived samples were
collected in the Northeast Pacific Ocean, offshore of the Baja California Peninsula and
nearshore to Isla Guadalupe, Mexico, between the years of 1967 and 1971. We quantified 12
elemental isotope ratios ('Li, B, Mg, Mg, **Mn, 3P, 3Cu, %Cu, %Zzn, 8Sr, 13¥Ba, and
208pp) from the otolith core towards the dorsal edge for 104 samples. Based on the
relationship between otolith transect ablation length and total length, ablation transects were
divided into larval, settled, and mature stages. 3P, 3Cu, ®*Cu, and %Zn ratios decreased with
distance from the core of the otolith, potentially reflecting a decrease in metabolic activity and
somatic growth with age. 8Sr and **®Ba ratios both steadily increased across lifespan,
indicating movement to saltier and higher ambient concentration waters with depth. >>Mn,
83r, and 13Ba showed elevated ratios within the settlement stage, suggesting a shift in
environment that possibly reflects the hypoxic conditions common to the Oxygen Minimum
Zone. Samples collected near Isla Guadalupe exhibited greater ratios of 'Li, Mg, %3Cu, and
208pp, whereas samples found offshore of Baja were greater in 1B, **Mn, and #Sr, indicating
differences between offshore and near island populations. Overall, element ratios varied only
slightly between offshore Baja and Isla Guadalupe collection sites, with k-means clustering
accurately reclassifying 62.5% of samples. In addition, age estimates for this sample set were
found to be consistent with a previous age and growth study and improved estimates of Von
Bertalanffy growth curve parameters with the inclusion of older and larger samples. Overall,
otolith microchemistry appears to be an effective tool to detect ontogenetic and regional
aspects of C. acrolepis. This information will be key to proper management of C. acrolepis

with potential increased fishing pressure on deep-sea ecosystems.



INTRODUCTION

Macrourids, also known as rattails or grenadier, are the largest family of gadiformes and
the most diverse group of fishes in the deep sea, consisting of over 300 species across 34 genera
(Cohen et al., 1990). Present in every ocean from pole to pole, they are found between depths of
200 to 2000 m along the continental slope. Grenadier are generalist feeders— functioning as
both active benthic predators and demersal scavengers. Using a well-developed set of
chemoreceptors along the mouth and chin, grenadier travel long distances in search of food, with
little observed vertical movement (Priede et al., 1990). Pacific grenadier (Coryphaenoides
acrolepis) is one of the most common species of macrourid found in the North Pacific Ocean
(Cohen et al., 1990). They are distributed across a wide range: spanning from the southern tip of
Japan across the Bering Sea and stretching through Alaska, United States, to Baja California,
México. Grenadier are rarely the target for commercial fishing due to their unpalatable meat,
though, they are a common source of bycatch in bottom-trawls and some species have been
considered and exploited for market use (Devine et al., 2012). C. acrolepis is of particular
interest due to their relatively good edible qualities and abundance off the west coast of the
United States (Matsui et al., 1990). Listed as an Ecosystem Component Species under the Pacific
Coast Groundfish Fishery Management Plan, their stock is not actively managed (Pacific Coast
Groundfish FMP. 2020). The C. acrolepis fishery is considered to be of moderate concern by the
Monterey Bay Seafood Watch, with 111 tons caught in commercial non-hake groundfish
fisheries in 2011, below the estimated over-fishing limit of 1,386 tons (Groundfish, US West
Coast, 2014). However, they are likely vulnerable to extensive fishing pressure, due to their
reportedly slow growth and long lives with age validated estimates as old as 72 years old

(Andrews et al., 1999).



Coryphaenoides abundances in the northeast Pacific have been correlated to the
abundance of epibenthic fauna, suggesting that populations are heavily influenced by bottom-up
controls (Bailey et al., 2006). Carbon and nitrogen isotope analyses into the gut contents of two
macrourids indicate that while grenadier are top predators amongst the benthos, a significant
portion of their nutrition is derived from scavenged remains of epipelagic nekton (Drazen et al.,
2008). Thus, grenadier populations are thought to be sustained partially by the supply of carrion
at depth, and their abundance has been correlated with that of hake, a common nekton off
California (Drazen et al., 2012). C. acrolepis, however, consume a higher proportion of benthic
invertebrates in comparison to other macrourids (Tuponogov et al., 2008).

There exists limited information regarding the life histories of macrourids and other deep-
sea fishes. Hatching from eggs that float up below the thermocline, they exist as planktonic
larvae until settling close the benthos when they grow close to 8 cm total length, reaching
maturity at about 50 cm (Matsui et al., 1990). Like similar species, C. acrolepis exhibit patterns
of ontogenetic vertical migration to deeper waters, with individuals settling as deep as 3700 m
with age (Cohen et al., 1990). This pattern is evidenced by the tendency for larger and older
specimens to be collected at depth and has been confirmed by otolith stable isotope analysis
indicating migration into deeper, colder waters (Lin et al., 2012, Massuti et al., 1995). The diet of
C. acrolepis also suggests a shift in ontogeny, with younger individuals primarily consuming
infaunal polychaetes and amphipods before preying upon larger squid, fish, and crustaceans as
they grow older (Drazen et al., 2001). Seasonal migrations of macrourids are poorly understood,
though some species have been shown to vary in size-class vertical distribution and feeding
activity over the course of a year (Tuponogov et al., 2008; Orlov & Torkranov, 2008). Giant

grenadier appear to exhibit lengthy horizontal migrations (up to 1000 km) off the Russian coast



of the North Pacific Ocean (Tuponogov, 1997). Tracking deep-sea fish populations and
migrations is inherently difficult since many perish due to barotrauma after capture when
brought to surface and thus cannot be tagged and recaptured. Attempts to track grenadier with
ingested transmitters have been limited in range and incapable of following individuals across
lifespan (Priede et al., 1990). Microscopic planktonic larvae moving through a vast ocean are
extremely difficult to follow through conventional tracking methods. Grenadier larvae are
especially rarely encountered and only a single larval C. acrolepis was collected after an
extensive sampling effort (Matsui et al., 1990).

Fish otoliths, also known as ear stones, are an inert calcium carbonate structure that can
be used to estimate and validate the age of fishes (Pannella 1971; Campana 1999; Campana &
Thorrold 2001). Subsequently, these structures have generated many decades of age and growth
studies for various species (Jones & Hynes 1950; Lough et al., 1981; Hoyer et al., 1985). As they
accrete over the course of an individual’s lifespan, otoliths grow with age, incorporating minor,
trace, and major elements from the surrounding environment (Sturrock et al., 2012). These
characteristics present a feasible method of studying the ontogeny of fishes, especially in the
deep sea, where means of observation are limited (Campana, 2005; Gerringer et al., 2018). The
annual periodicity of the growth rings of C. acrolepis are particularly clear and have been
validated through lead-radium isotopic dating (Andrews et al., 1999).

Otolith microchemistry analyses are a promising methodology for tracking an individual
fish’s life history patterns, habitat use, and physiology (Sturrock et al. 2014; 2015; Thomas et al.
2017). The primary ion pathway into an otolith occurs through uptake within the gill and gut
membranes into the blood plasma before entering the endolymph and biomineralizing into the

otolith proteinaceous matrix (Thomas et al. 2017; Hissy et al., 2021). Elements can be



incorporated into the crystal structure through random trapping, substituting for Ca, and binding
to the organic matrix. The pathway into the otolith can vary between elements, with some
elements such as Sr, Ba, and Pb being incorporated into the crystal and salt fraction, likely
through environmental controls. Other elements such as P, Cu, and Zn, are incorporated into the
protein fraction of otoliths via physiological processes. Depending on the pathway within a given
environment, elements found in otoliths can be used as proxies to track patterns in migration
and/or physiology across an individual’s lifespan (Sturrock et al., 2015, Hussy et al., 2021). The
use otolith microchemistry to track migrations in marine fishes are most limited by an
instrument’s ability to measure low concentrations of elements with high spatial resolution
(Sturrock et al., 2012).

Various techniques have been employed to study otolith microchemistry, including 2D
elemental mapping, radiometric dating, and isotopic temperature reconstruction (Andrews et al,
1999, Limburg et al., 2007, Longmore et al., 2011). Laser ablation-inductively coupled-plasma
mass spectrometry (LA-ICP-MS) is a widely used method for measuring elements found in a
solid material. The technique operates across two primary machines: the laser and the mass
spectrometer. A laser beam is focused on a surface to generate fine particles, often in spots or
along a continuous line. The ablated particles are vacuumed out into a plasma torch, exciting the
ions present within. They are then introduced to a mass spectrometer detector to generate data in
counts per second (cps). This data can be used to calculate the concentration of elemental
isotopes across the ablated region using standardized references (Russo et al., 1999). A wide
variety of fields, from geochemical to biological study, have used LA-ICP-MS to observe the

microchemical makeup of various materials with high spatial resolution. Fisheries scientists have



applied this technique to determine life history patterns in migration and growth for species such
as trout, salmon, and cod (Palace et al., 2007, Sanborn et al., 2003, Serre et al., 2018).

Using LA-ICP-MS, we investigated the chemical makeup of otoliths found in C.
acrolepis from the otolith core to the edge, corresponding with the natal origin to the time of
capture. The primary research questions guiding this study are: [1] What can the microchemistry
of C. acrolepis otoliths inform about their life history, particularly across life stages?; [2] Do
these observed patterns correlate with expected environmental and physiological processes?; and
[3] Does C. acrolepis otolith microchemistry vary between collection sites off Baja and Isla
Guadalupe? In this study, we measured the elemental ratios to “3Ca of 12 different elemental
isotopes: 'Li, 1*B, %*Mg, Mg, *Mn, 3P, 53Cu, 55Cu, %zn, #sSr, 13Ba, and 2°®Pb. Additionally,
we estimated the age for C. acrolepis and expanded on previous growth parameters with the
inclusion of larger and older specimens.

In general, we hypothesized that otolith element ratios associated with the environment
would reflect patterns of ontogenetic vertical migration to deeper waters, possibly mirroring
depth profiles (Table 1). #Sr and **®Ba can be proxies for colder and more saline waters, and
measured ratios were predicted to increase further from the core as the fish moved deeper
(Heimbrand et al., 2020). >*Mn is often associated with hypoxic environments and was
anticipated peak some distance from the otolith core, in agreement with oxygen vertical profiles
off Baja California (Papiol et al., 2017). Elements mostly associated with the proteinaceous
fraction of otoliths were expected to reflect patterns of slowing metabolic activity and somatic
growth with age. Therefore, 3P, 3Cu, Cu, and 6Zn were predicted to decrease with distance
from the core. "Li, &Sr, 13¥Ba, and ?®®Pb: isotopes most associated with the crystal and salt

fraction— and therefore potential proxies for environmental processes— are expected to differ



between our collection sites. Unravelling ontogenetic and regional patterns in Pacific grenadiers

will be integral to guiding proper conservation strategies.

Table 1: Hypothesized proxies for 12 different elemental isotopes found within in otoliths.

Hypothesized Environment Physiology (metabolic | Environment +
Prox (salinity, rate, somatic growth, | Physiology

temperature, e.g.)
oxygen, e.g.)

Isotope X 7j 11B 865y 138Bg 31p 63Cy. 65Cu. 557n 24Mg stg S5Mn

208pp
(Thomas et al., 2017; Heimbrand et al., 2020; Hussy et al., 2021)



MATERIALS & METHODS

1. Sample Collection and Processing

One hundred and eighteen C. acrolepis sagittal otoliths were provided courtesy of the
Marine Vertebrate Collection at the Scripps Institution of Oceanography. Samples were collected
from a series of 19 SIO research cruises conducted in the North Pacific Ocean between 1967 and
1971, which primarily used vertical setlines for specimen capture. Of the samples with location
data, 59 otolith samples were collected from locations at least 30 km offshore of the coast of the
Baja California Peninsula, whilst 46 of the samples were collected from nearshore locations off
the east coast of Isla Guadalupe, Mexico (Fig. 1). Depths of collection for sample trawls ranged
between about 1197 and 1993 m beneath the surface and did not differ significantly between the
two locations. All individuals collected were primarily mature adults with sizes ranging from
50.6 to 87 cm in total length (TL). The sexes of 51 C. acrolepis samples were noted; 30 of which

were male and 21 were female.
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Figure 1: Map of 19 collection sites for SIO research cruises conducted between 1967-71. The blue and
green ellipses indicate samples grouped into Baja California (n=59) and Isla Guadalupe (n=46),
respectively. Vertical setlines were used to capture samples.

Otoliths were catalogued, photographed at 0.65 magnification, then weighed and
measured in width, length, and thickness. They were placed in a silicon mold and embedded in a
transparent epoxy resin. After allowing at least 24 hours the epoxy resin to harden, otoliths were
removed from the mold and a precision diamond saw was used to cut transversal sections at the
core of the otoliths about 0.7 mm thick. At least two thin sections were cut and examined under a
microscope; the section with the most visible annual rings was selected for further analysis.
Selected thin otolith sections were then polished with micromesh paper to increase ring clarity.

Ages of individuals were estimated as the total number of annual rings visible when examined



under a compound microscope. Rings were counted starting from the core and following growth
margins to the dorsal ridge. Age estimate data was combined with data from a previous study
courtesy of Dr. Allen Andrews (Andrews et al., 1999). A von Bertalanffy growth curve was
generated in RStudio v. 1.4.1103, combining the two datasets using the FSA package. In
preparation for microchemical analysis, 118 sections were mounted on 11 microscope slides with
double-sided tape.
2. LA-ICP-MS

For this study, a Photon Machine Analyte G2 Excimer laser and a Thermoscientific
ICAP-RQ ICP-MS were used courtesy of the Keck Lab at Oregon State University. The laser
operated with a spot size of 30 um, a repetition rate of 10 Hz, energy at 75% (63.5 J/cm?), and a
scan speed of 10 um/s. Each ablation line was manually charted on the system computer and the
ablation length for each sample was noted. 14 samples were ablated continuously for the full
length of the section, from the edge of the dorsal ridge, following growth margins to the core of
the nucleus, then to the edge of the ventral ridge to assess symmetry. The other 104 samples
were ablated from the ventral edge of the core to the dorsal ridge (Fig. 2). A NIST-612 standard
was used as the primary standard for comparison and was ablated for about 60 seconds between
each sample. A NIST-610 was used as the secondary standard and was ablated after every 5
samples. A MACS-3 standard was used as a safety standard and was ablated after every 10
samples. The elemental isotopes of Li, 1B, ?*Mg, Mg, “3Ca, **Mn, 3'P, 8Cu, %Cu, %Zzn, 8Sr,
13883, and 2°8Pb were selected for measurement. The experiment ran over the course of three
days to generate element profiles for all samples. All LA-ICP-MS data measurements were

downloaded and stored in a .csv file format.
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Figure 2: Example of a plotted ablation track for a thin transversal otolith section of C. acrolepis. The
white line indicates the path of ablation, moving from the ventral edge of the core to the dorsal ridge. Life
stage transitions from larvae to settlement (500 um) and maturity (3125 um) were defined relative to the
estimated core (475 um).

To calculate correction factors to derive isotope ratios, the average isotope counts per
second (cps) values from NIST-612 ablations were calculated and ratioed to “3Ca as the internal
standard. The resulting values were multiplied by known NIST-612 concentrations ratioed to
71% CaO cited in Jochum et al., 2011 to get the m-correction factor for each element. Each
calculated m-correction factor was averaged for NIST-612 ablations conducted between each

slide. The following equation was used to calculate the final ratio for isotope X:

X cps > <Ar,standard (X) )
m

*3Ca cps Ar,standard (Ca)

mol X/*3Ca = <

The resulting values were reported in mmol or umol depending on the relative
abundance of the isotope. This calculation was done for each cps value measured across the
entire ablation length.

3. Quality Control Analysis

10



To evaluate the quality of isotope ratio measurements, multiple factors were
considered. Samples with extremely high average isotope ratios were considered outliers per
Tukey’s definition and withheld from further analysis for that isotope. NIST-612 standards were
run between each sample to account for measurement drift that may occur within the machine.
To assess the precision of the NIST-612 ablation tracks, the standard deviation of isotope ratios
along the ablation line for each standard was calculated. Precision was reported as the coefficient
of variation of the normalized isotope ratios of each calculated using 11 separate NIST-612
standard ablation measurements. To assess measurement accuracy, a MACS-3 standard was
ablated 11 times over the course of the experiment. The mean *3Ca ratios of isotopes in the
MACS-3 standards were calculated, then compared to the known values cited in Chen et. al,
2011 and reported as an average percent correlation. A two tailed t-test with inequal variances
was also conducted between the known and recorded values. For the reported cps of each isotope
of all otolith sample transects, the detection threshold for the ablation line was defined as 3
standard deviations above the mean of the background. This background mean was calculated as
the mean cps between 3 and 19 seconds after the start of the laser run. The mean of the ablation
line was calculated as the mean cps between 25 seconds after the start of the run and 30 seconds
before the end of the run. This test was run for each isotope in all 118 samples and the percent
success was reported. Sample isotope measurements which failed to pass the detection threshold
were withheld from further analysis.

4. Quality Control Results
Overall, a general evaluation of all three quality control factors for the isotope data
indicates mostly reliable results (Table 2). Based on our precision analysis, the *Ca ratios from

the LA-ICP-MS across 11 NIST-612 standards did not vary greatly, with all isotopes but ?*Mg

11



having a coefficient of variation under 10%. Across all 12 isotopes, the average coefficient of
variation was 4.64%, ranging between 1.31% and 13.12%. Isotope concentration measurements
were mostly well correlated with known NIST-612 values, with all but 3 within 15% or their
target value. 1B, 3'P, and 2%Pb overshot their targets by a significant margin. The accuracy of
1B s especially uncertain with an average NIST-612 element ratio 3.67 times the target value.
For all 118 samples, most isotope ratios exceeded the detection limit: 3 standard deviations
above the mean of the background. Three isotopes of note had lower percent success: ’Li, B,
and 2°%®Pb had 12.71%, 17.80%, and 10.17% of samples fail to exceed the detection threshold,
respectively.

The isotopes !B, P, and 2%Pb failed to yield accurate NIST-612 measurements and may
not reflect true values. However, while the calculated ratios are not necessarily accurate to the
known values, they have been found to be precise, indicating that the error may be in the
calculation of ratios rather than the raw data itself. Therefore, the trends visible in their
associated figures can be considered substantial, though the isotope ratios are likely higher than
the actual. Based on this analysis, element isotopes Mg and ¢°Cu were determined to be more
reliable than their 2Mg and ®3Cu isotopic counterparts. Elemental concentrations across distance
for the 14 samples that were ablated the full length of the thin transversal section showed

symmetry across the core for all isotopes (Fig. 3).
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Table 2: Summary of LA-ICP-MS quality control analysis. Precision and accuracy are based on NIST-
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Figure 3: Measured *Ba/**Ca ratios across an ablation line with a picture of the corresponding thin
transverse otolith section sample transposed behind.

5. Statistical Analysis
All calculations and figure generation for statistical analysis were done in RStudio v.
1.4.1103 and Microsoft Excel. The 14 samples that were ablated from edge to edge of the thin
transversal section were excluded from further analysis due their differing ablation patterns.
After having calculated isotope concentration ratios across distance for 104 otolith transects,
smoothed polynomial regression lines were generated using the loess() method in R with a
smoothing span of 50%. Z-score normalization was used to standardize the data across all

samples with the following equation:

After standardizing the data, a final average regression line across all samples was plotted
for each isotope. To estimate the distance of the core, the average distance to the first maxima

across all samples and isotopes were used (475 um), which coincides with the center of the

14



nucleus (Fig. 2). To calculate distances signifying the transition between life stages, the distance
of the core was subtracted from all sample ablation lengths and a linear regression was plotted
with those values against TL, assuming an isometric relationship (y=0.016x; R? = 0.973). With
known TL values at settlement (TL = 8 cm) and maturity (TL =50 cm), the respective distances
along ablation tracks were calculated (Matsui et al., 1990). Using these transitionary distances
separating life stages, the average ratios of each isotope and for each life stage were calculated
and plotted in box-and-whisker plots.

In addition, a principal coordinate analysis (PCA) was conducted with the average life
stage isotope ratios. Each element isotope represented a separate variable in the PCA. Chemical
isotopes 2*Mg and %Cu were excluded from the PCA in favor of more accurate alternative
isotopes Mg and %°Cu as determined through quality control evaluation. The imputePCA()
method from the missMDA R package was used to predict null values which were excluded
previously to account for data that were outliers or below the detection threshold. A
corresponding biplot was generated to visualize the sample averages for each life stage across all
isotopes between the first 2 dimensions.

The average “*Ca ratios for each isotope were calculated for 33 samples collected off the
coast of Isla Guadalupe and 57 samples found elsewhere off Baja California to test for spatial
differences. A similar PCA was performed amongst this sample set between the two locations. In
addition, the same dataset was clustered using k-means clustering with the kmeans() method in
R. Two clusters were found to be most optimal for this data based on an evaluation of silhouette
and gap statistics. The number of samples that were correctly grouped to the cluster that most
corresponds to the collection site were divided by the total to calculate the reclassification

accuracy to compare these clusters with the known location data. A two tailed t-test with inequal

15



variances was used to evaluate the difference in ratio between the two location categories for
each isotope. Similarly, a t-test was conducted comparing the average isotope ratios of 30 male

and 21 female samples to test for differences between sexes, though no significant differences

were found for all isotopes.
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RESULTS
1. Age, & Growth
Age estimates of individuals ranged between 20 and 72 years of age and appear to
integrate well with age-length data from Andrews et al., 1999, despite being generally older and
larger. The resulting von Bertalanffy growth curve and parameters (Loo = 76.7; k = 0.05605; to =
1.142) did not deviate greatly from Andrews et al. 1999, indicating that age readings for C.

acrolepis are consistent and accurate (Fig. 4).

Pacific Grenadier VB Growth Curve
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L.,=76.70 k=0.05605 t;=1.142

Figure 4: A von Bertalanffy growth curve of age estimates (years) combining data derived from this study
(blue triangles) with data obtained from Andrews et al., 1999 (red circles).
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2. LA-ICP-MS Elemental Profiles

Average polynomial regression lines along ablation transects for 104 otolith samples
revealed overall trends in element incorporation for 12 different chemical isotopes (Fig. 5). The
elemental profiles for settler and mature specimens exhibited inflection points along average
regression lines, suggesting a habitat shift in ontogeny. Most isotopes peak in elemental ratio at
the natal origin in the center of the core, except for 8Sr and ***Ba. The average regression line
for most isotopes appears to level off once it passes into the mature phase, though a few isotopes
indicate an increase in concentration. This observed increase is likely due to the lower sample
size at higher lengths skewing the average, however it appears consistent for *!P, 8Sr, and *®*Ba.
The elemental isotopes >*Mn, 86Sr, and **®Ba all exhibit maxima about 1800 pum along the
ablation line, corresponding to specimens at approximately 5-20 years old. The location of this
maxima does not appear to be consistent across each individual sample, though it does

consistently appear within the bounds of the settlement stage along the track.
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Table 3: Summary of elemental ratios (X:*Ca) life stage averages for C. acrolepis otoliths. LA-ICP-MS

was used to measure elemental ratios for 12 isotopes across otolith transversal sections.
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Figure 5: Standardized average otolith elemental ratios fitted with a polynomial regression (n=104). Data
was standardized using a z-score normalization. Grey lines indicate elemental ratios for individual
samples. Blue, yellow, and red shaded areas indicate larval, settler, and mature life stages, respectively.

3. Life Stage Analysis

Box-and-whisker plots of average elemental ratios for each life stage reflect overall

trends depicted in the life history profiles (Fig. 6; Table 3). 'Li, Mg, ?Mg, %3Cu, %Cu, and ®zn

all exhibit a clear decrease in overall elemental ratio from one life stage to the next. Box plots for

11B, 31p, and 2%8Pb exhibited increased ratios during the larval stage, but no clear differences
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between settlement and maturity. 8Sr and *3®Ba both increased with each subsequent life stage.
%Mn is distinct from the other elements as we observed a clear peak during the settlement stage

followed by a reduction during the adult stage.
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Figure 6: Box-and-whisker plots of average ratios between life stages for each isotope (n=104). Blue,
yellow, and red boxes indicate larval, settler, and mature life stages, respectively.
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A principal component analysis (PCA) was employed for all fish otoliths, using the
average elemental ratio of the three life stages (larvae, settler, and mature) to examine elemental
trends across ontogeny. The PCA biplot of the first two dimensions (PC1: 44.6%; PC2: 13.3%)
shows the influence of each isotope with the average life stage isotopic ratio plotted (Fig. 9)
Average life stage groupings clustered somewhat well, with the larval stage exhibiting the
highest amount of variance. Despite some overlap, larval stages were distinct from settlement
and maturity, which clustered together. The PC1 primarily explained variability for the larval
stage with slight skewing from 2%Pb and 5*Mn. Conversely, the PC2 primarily explained
variability for settler and mature fish and was most influenced by 86Sr and *Ba. The settler
stage appears to represent an intermediary phase between the other two stages, with positive PC1
and PC2 trends, potentially corresponding to intermediate depth strata between larval fish at the

surface and mature fish at depth.

2 Stages:

8 E‘ Larvae
: Settler
8 E Mature

o 4

10 -5 0
PC1 (44.6%)

Figure 7: PCA biplot of average isotope ratios among life stages for 10 elemental isotopes (n=104). PC1
= 44.6%; PC2 = 13.3%. Blue circles, yellow squares, and red triangles indicate larval, settler, and mature
stages, respectively for an individual. The largest point of each respective life stage indicates the group
mean and is surrounded by an 95% confidence ellipse.
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4. Spatial Variation

Between the two location groupings— Baja California and Isla Guadalupe— 7 elemental
ratios were determined to differ significantly (Table 4). Box plots of average elemental ratio
between regions showed the trends for each isotope (Fig. 8). 'Li, ?Mg, %3Cu, and 2%®Pb exhibited
higher average elemental ratios and variance in Isla Guadalupe whereas B, *Mn, 8Sr were
higher in Baja, and exhibited similar variances between the two locations.

A PCA of average elemental ratios across individual otoliths collected between these
locations featured a similar pattern to the previous PCA incorporating life stages (PC1=44.9%;
PC2=13.9%). The position of individual fish within the PCA plot is determined mainly by the
PC1 axis and most element variables. Alongside **®Ba and #Sr, *Mn had a strong influence on
the PC2 axis (Fig. 9). Despite high overlap between location groupings, fish otoliths collected off
Baja varied positively with PC1 and negatively with PC2. A secondary PCA plot, this time
clustering groups based on k-means clustering rather than location data, accurately reclassified
62.50% of all samples with 32.45% of samples off Isla Guadalupe and 81.48% of samples off
Baja California (Fig. 10).

No significant differences in average concentration were found between male and female

samples for any of the isotopes (p > 0.05).
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Table 4: Summary of t-tests between collection sites off Isla Guadalupe, Mexico and the Baja California
Peninsula based on the average “*Ca ratio of each isotope. Significant p-values less than an o value of
0.05 are underlined.
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Figure 9: PCA biplot of average element ratios between locations for 10 elemental isotopes (n=89). PC1 =
44.9%; PC2 = 13.9%. Blue circles indicate samples collected offshore of Baja California and green
triangles indicate samples collected near Isla Guadalupe. The largest point of each location indicates the
group mean and is surrounded by an 95% confidence ellipse.
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Figure 10: PCA of average element ratios based on k-means clustering for 10 elemental isotopes (n=89).
PC1 =44.9%; PC2 = 13.9%. The largest point of each cluster indicates the group mean and is surrounded
by an 95% confidence ellipse. Clusters accurately reclassified 62.50% of all samples; 32.45% of samples
off Isla Guadalupe and 81.48% of samples off of Baja California.
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DISCUSSION

Studies evaluating otolith morphology and dimension for C. acrolepis are limited, though
microchemical analysis has been identified as a more efficient means of classification in
roundnose grenadier (Longmore et al., 2010). Reliable age and growth estimates for deep sea
fish are difficult to achieve due to their long lives and temperature-stable environment. However,
age estimates for this sample set are very consistent with previous age and growth study for this
species (Fig. 4, Andrews et al., 1999). The inclusion of older and larger specimens with this
previous dataset further strengthens the credibility of our growth parameters and growth ring
aging method found in C. acrolepis otoliths. The lack of seasonal temperature variability in the
deep sea suggests that this clear annual growth pattern is the result of mechanisms related to
seasonal feeding activity and benthic-pelagic coupling rather than shifts in metabolic rates due to
temperature. This is consistent with the hypothesis that grenadier populations are sustained by
the seasonally mediated supply of carrion to deeper waters (Bailey et al., 2006, Drazen et al.,
2012).

Physiological activity in C. acrolepis is expected to decline with age as metabolism and
growth slow and individuals migrate to deeper waters. Our results are mostly consistent with this
hypothesis. Chemical isotopes that have been related to physiological activity are 3P, ®3Cu, ®Cu,
and %6Zn (Thomas et al., 2017). The elevated ratios of these isotopes closer to the natal origin
have been previously observed and are often related to elevated protein concentrations in the
otoliths of younger individuals (Fig. 5, Ruttenberg et al., 2005; Heimbrand et al., 2020). This
observation could also be an indicator of increased metabolic activity and somatic growth early
in life, which is consistent with the observed growth curve. The elements associated with

physiology all decline with distance, reflecting a decrease in their metabolic activity with age.
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The slight increase of 3P ratios in the mature phase, however, contradicts this, as phosphorus is
also thought to be regulated by metabolic activity. The discrepancy could be accounted for due to
the tendency of some element ratios increase closer to the edge of the section, observed in
isotopes 8Cu, ®Cu, %Zzn, 86Sr, 1¥Ba, and 2®Pb. The element Mg has exhibited seasonal patterns
in some fishes, though it is less clear in species with slower metabolisms (Limburg et al., 2018).
This is consistent with our findings, as *Mg and Mg both fail to show any clear or consistent
seasonal patterns in C. acrolepis, which features a slow metabolism and extended lifespan as
adaptations to the deep sea. The gradual decline in ®6Zn ratio with age is consistent with patterns
observed in roundnose grenadier (Coryphaenoides rupestris) in the North Atlantic (Longmore et
al., 2011).

Variation in environment for C. acrolepis across lifespan is expected to be observable
within otolith element ratios. Isotopes Li, 1B, 8Sr, 13Ba, and 2°®Pb are all evidenced to be
environmentally mediated within otoliths (Sturrock et al., 2012; Cavole et al., 2020). With C.
acrolepis exhibiting a downward ontogenetic vertical migration across lifespan, element ratios
along the ablation track for elements associated with the environment are expected to mimic
element depth profiles in the water column. However, for the measured environmentally
mediated elements, the similarity between ambient concentrations and observed otolith profiles
is unclear (Bruland, 1983). Measured Li, *B, and ?®Pb ratios have patterns similar to the
physiologically mediated elements, however, these isotopes are typically only present in the salt
fraction of otoliths, indicating strong environmental influence (Thomas et al., 2017). The overall
decline of these ratios across ablation distance is not reflected in depth profiles for their
respective elements in the Pacific, which are mostly uniform (Schaule & Patterson, 1981;

Stoffyn-Egli et al., 1984; Uppstrom, 1974). However, the increased elemental ratios for ’Li, !B,
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and Pb are reflective of the increased ambient concentrations of these elements closer to the
surface. In addition, the gradual increase of #Sr and *®Ba with ablation distance appears to
mirror the steady increase of both elements with depth in the Pacific (Chan et al., 1976, de
Villiers, 1999). Sr and Ba are two of the most studied elements for reconstructing environment in
otolith microchemical analyses, since they are primarily influenced by ambient concentrations
(Heimbrand et al., 2020). The isotopes ®Sr and *Ba are the primary variables influencing the
PCAZ2 axis along which the mature stage diverges slightly from settlement (Fig. 7). The steady
increase of Sr and Ba into maturity suggests a shift into a higher ambient concentration
environment as C. acrolepis ages. These observed values could be in response to increased
salinity, though attempts to relate otolith element concentrations directly to salinity have only
yielded slight correlations for both Sr and Ba. Previous studies have used 8Sr and **¥Ba to
monitor migrations between areas of different salinities (Walther & Limberg, 2012). Salinity has
been shown to increase slightly with depth in northern Baja, though whether this shift is
significant enough to influence otolith Sr and Ba ratios is uncertain (Papiol et al., 2017). This
relationship would be consistent with C. acrolepis ontogenetic vertical migration.

The elevated ratios observed for Mn, Sr, and Ba isotopes following settlement suggests a
shift in environment during settlement (Fig. 5). Amongst individuals, these ratios peak at varying
distances along the ablation track, though all maxima fall within the bounds of settlement
estimates. The variation between samples could be explained by differences in timing of
settlement or otolith shape. C. acrolepis ontogenetic migration along the continental slope across
lifespan indicates that a hydrographic feature is encountered within the water column. The
Oxygen Minimum Zone (OMZ) could potentially explain this observation, since previous studies

have related elevated Mn ratios to migrations into hypoxic environments in other fishes such as
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arapaima, cod, and whitefish (Limburg & Casini et al., 2018, Hussy et al., 2021). However,
attempts to observe this pattern experimentally have only shown slight increases in Mn in
relation to hypoxia (Jiang et al., 2022). The OMZ is more pronounced in the southern California
bight off Baja, typically found between 400-600 m depth (Papiol et al., 2017). The maxima
found in the settlement stage could reflect this depth range during C. acrolepis vertical
migration. However, Sr and Ba have not been shown to have very strong correlations to hypoxic
environments in comparison to Mn, generating uncertainty for the exact cause of the observed
maxima in the settlement stage for the three isotopes. Other possibilities for this observation
include the effect of the salinity maximum, there being an intermediary habitat during or before
settlement, or perhaps it reflects the sudden shift in C. acrolepis environment from pelagic larvae
to demersal bottom feeders.

Differences in island activity and proximity to the coast between collection sites could
have yielded observed differences in otolith elemental ratios. A bulk evaluation of average
elemental ratio data through PCA shows a high amount of overlap between the two location
groupings, indicating high connectivity (Fig. 9). Similar to how the mature stage separates in our
life stage analysis, %Sr and *Ba are the primary drivers of difference between the two groups,
which suggests that connectivity is higher during larval and settlement stages as opposed to
maturity. Studies into larval dispersion within Baja California and the Southern California Bight
indicate heterogenous and localized patterns in connectivity (Selkoe et al., 2007; Watson et al.,
2010). While our data does not reflect these patterns, our analysis fails to include many of the
physical factors at play and the sources of our samples in the larval stage are unknown. Overall,
there appears to lack any major differences between the collection sites across our isotope data,

with k-means clustering only accurately grouping 62.50% of samples due to high overlap (Fig.
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10). The increased ratios of “Li, Mg, ®3Cu, and 2%Pb in samples collected near Isla Guadalupe
may be the result of several influences (Fig. 8). Increased L.i ratios in shallower, more enclosed
waters has been observed in the North Atlantic, however this pattern is not reflected in the other
elements (Longmore et al., 2011). Greater ratios of ’Li, Mg, ®3Cu in samples collected closer to
the island indicates that these individuals had generally greater metabolic activity throughout
their lifespan. This observation could be the result of higher productivity closer to the coast of
Isla Guadalupe causing an increase in metabolic activity. The larger C. acrolepis samples were
collected off the coast of Isla Guadalupe, possibly for similar reasons. Samples collected further
off the coast of Baja featured significantly higher 1B, >>Mn, 8Sr ratios on average, suggesting a
difference in environmental parameters. One theory for this result is that these samples were in a
higher salinity environment, with the nearshore environment off Isla Guadalupe having greater
freshwater input from runoff (Webb et al., 2012). However, it is unlikely whether this would
have a significant impact on the salinity or available concentrations of these elements within the
deep sea, as near and offshore salinity doesn’t vary significantly with depth (Saldias et al., 2019).
Perhaps this difference is skewed towards the larval stages of C. acrolepis, when individuals are
expected to be closer to the surface and observed isotope ratios in otoliths were often higher.
The lack of any observed differences in element ratio between sexes indicates similar life
history traits for both male and female C. acrolepis. Age and growth study has yielded only
slight differences in size and growth rate between sexes (Andrews et al., 1999). Based on our
findings, the isotopes observed that are associated with physiological shifts are likely most
related to somatic growth and metabolic activity across life stages, rather than reproductive

changes.

31



Further study is necessary to strengthen the observations found in this study. Because
samples were collected between 1967-71, they may not reflect patterns that would be observed
today. The waters off the coast of Baja California represent the southernmost range of C.
acrolepis in the eastern Pacific, which may be shifting due to increasing temperatures. In
addition, all samples were mature adults between 50.6 to 87 cm, with few juveniles. The use of
the measured isotopes as both physiological and environmental tracers for deep-sea fishes in the
north Pacific is limited. Procuring stronger relationships to associated proxies for these elements
is essential to bolstering our results. Studies into similar ontogenetic vertical migrators or the use
of younger samples can be beneficial in determining the exact nature of the observed maxima for
SMn, #sr, and 13®Ba. The specific shift in habitat or hydrographic feature that drives this
increase in element ratio is uncertain. Experiments observing the effects of hypoxia in related
fishes under similar conditions could be used to determine if it is related to the OMZ. More
rigorous study using otolith microchemistry to track larval dispersion and connectivity in context
of oceanic currents would be valuable. Increasing and fine-tuning our methodologies used to
study organisms in the deep sea, where direct observations are difficult, can further the breath of
information available to us through both space and time. Microchemical techniques can be
applied to any hard accreting structure, both biotic and abiotic, and contribute to the study of
various fields, such as geology and paleontology.

Information on deep-sea organisms, particularly those that are commonly found in
hypoxic environments, is of critical importance as OMZ’s are continually expanding with
changes in climate (Stramma et al., 2008). Understanding the life histories of C. acrolepis and
similar deep-sea fishes is vital to informing proper management and conservation of these

ecosystems. Commercial fishing of deep-sea fishes is increasingly common with pelagic fish
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stocks continuing to decline from overfishing (Watson et al., 2013). Because many deep-sea fish
are ontogenetic vertical migrators, most younger individuals are found in shallower waters. This
younger stock could be fished prior to reaching sexual maturity and are unlikely to survive
capture if released. Grenadier are currently fished in small numbers in the north Pacific;
however, they can be vulnerable if this pressure is increased particularly due to its slow growth
rate and reproduction (Groundfish, US West Coast, 2014; Andrews et al., 1999). As top
predators, reducing populations of C. acrolepis could have significant impacts on the benthic
community in the North Pacific. Increasing further study of the deep-sea ecosystem, the largest

habitat on Earth, is vital to informing proper marine policy and preserving its integrity.

This work is in preparation for submission to publication in a journal to be decided.
Castillo, Adrian; Cavole, Leticia M.; Andrews, Allen H. “Tracing Life History Patterns of
Pacific Grenadier (Coryphaenoides acrolepis) off Baja California with Otolith Microchemistry”

The thesis author was the primary investigator and author of this manuscript.
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SUPPLEMENTAL MATERIALS

Life Stage Estimation:
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Figure 11: Isometric linear regression between C. acrolepis total length and otolith ablation length
(n=104). This relationship was used to estimate life stage transitions along ablation transects.

Otolith Parameters:

Across all 118 C. acrolepis otoliths, the average width (8.32 + 0.72 mm), length (15.11 +
1.43 mm), thickness (3.21 + 0.35 mm), and weight (0.5272 + 0.1353 g) varied slightly (Table 5).
All otolith metrics were positively related with TL and age. Of the four measurements, otolith
weight correlated best (R? = 0.2867) with recorded TL values (Fig. 12).

Table 5: Summary of otolith morphology measurements (n = 118). R? values indicate linear regressions
between TL and the corresponding measurement.

Summary of Otolith Morphology (n=118)

Depth of Otolith Width  Otolith Length Otolith Otolith Weight
TL (cm) Collection (m) (mm) (mm) Thickness (mm) (2)
Average + SD 68.1+72 1507 + 238 832+0.72 1511143 321+035 0.5272+0.1353
R® (TL) ) 0.064 02157 0.1968 0.1815 0.2867

34



90
. .
85 ° .
0
80 . g oo
. o
o ® ® }... Ld ‘@
Es 0,%0 Y B
S ¢ o . o
=
S 7
@ 70 ° o e [ P54 o
g 5 o _es°8 Vet o g ° ot
= & ® o4 © °
] y 0%% o " o
S 60 » .
[ . LY L 0
L °° )

55 . L

S0 e

as

6 65 7 75 8 85 9 95 10 105
Otolith Width (mm) y=4.3317x + 32.882
R*=0.1863
50
-
85 o e
.

80 ° L]
o ole 22 FY Y L) ‘o * L )
E 75 o °%" o [ R
< ° .. . heaeer
=l e L T T ke
= 70 . (]
& ° oW 0% TNV s, o
S 6 P9 8, o o0 . ®
565 T $e P
] L (Y L] , ° ° ®
S 60 e .
(= ° ° . °

L ] o ™Y

55 . e

50 o

45

12 13 14 15 16 17 18 19

Otolith Length (mm)

y =1.8558x + 40.885

R*=0,1332

Total Length (cm)

Total Length (cm)

90

85

80

75

65

oo
* o
% o ... »
o:fe. = o: ° ! @ o* 5 st
. .. .
. ..o !o"'.' <& .
"'.‘vo“".'." ® e g
..oo " o 4 '
. ® <® )
3 35
Otolith Thickness (mm)
oo
%
e® .
D) 0.~.£‘ ..._....

LN )
Ag.‘r.}’ ° %e

8" ae °

. ’. L e o °

o’ (Y .
el °

.

03 04 05 06 0.7

Otolith Weight (g)

08

45
y =8.4976x + 41.593

R*=0.1715
o
L ]
09 1 11
y = 26.306x + 55.058
R*=0.2386

Figure 12: Scatterplots of 4 different otolith morphological parameters (width, thickness, length, weight)
in relation to total length for C. acrolepis samples (n = 118). Corresponding y-axis equations and R?

values are included.
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LIST OF SUPPLEMENTARY FILES
Castillo_PGMasterDataset.xIsx — Master dataset compiling information on each sample
as well as diagrams for the microchemical procedure and a quality control table.

Castillo_PGMicrochem.csv — Calculated elemental ratio data for 104 C. acrolepis otolith
samples with outliers removed.

Castillo_OSUSlideData.rar — Raw counts per second data from the LA-ICP-MS
conducted at the Keck Lab in Oregon State University.
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