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Abstract

Knowing when a fish spawns is fundamental to understanding and sustainably managing it. The 

annual reproductive cycle of the iteroparous, total-spawning sand lances and sandeels 

(Ammodytidae) has been described almost exclusively using gonadal macroscopy and 

gonadosomatic indices (GSI), with little attention to gamete changes indicative of imminent 

ovulation and spawning. The latter was the focus of this study, in which spawn readiness of a 

southeastern Alaska population of Pacific sand lance (Ammodytes personatus) with unknown 

spawning phenology was assessed using light microscopy of whole oocytes. Oocytes were 

cannulated from spawning-capable females age-3 to age-9, measured for diameter, and classified 

into five developmental stages based on the coalescence of lipids and the position and integrity 

of the germinal vesicle. Oocyte maturation lasted 5-6 weeks, as determined by weekly 

cannulation of captive females. Diameter and developmental stage of oocytes were more precise 

metrics of readiness to spawn than macroscopy or GSI and indicated spawning in early- to mid

December. The examination of nonlethally collected whole oocytes is a quick, easy, and low

cost approach to the accurate and reliable assessment of spawn readiness in Pacific sand lance 

and offers the potential of success with congenerics and other total-spawning fish species.
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Introduction

Knowing when a species spawns is fundamental to understanding and sustainably managing it 

(Wright and Trippel 2009; Lowerre-Barbieri et al. 2011b; Neuheimer and MacKenzie 2014; 

Ganias and Lowerre-Barbieri 2018). A number of approaches have been used to determine 

spawn timing, including direct observation of spawning aggregations and events (Dick and 

Warner 1982; Robards et al. 1999b; Lowerre-Barbieri et al. 2013), documentation of presence 

and development of eggs and/or larvae (McGurk and Warburton 1992; Penttila 2007; Davoren et 

al. 2012), and examination of reproductive tissues (Forberg 1983; Winters and Wheeler 1996; 

Peterson et al. 2010). The latter approach, encompassing a variety of techniques (e.g., 

macroscopic gonadal staging, indices of relative weight of gonads to body, and microscopic 

oocyte staging using whole oocytes and histologically prepared ovarian tissue) is widely used to 

determine the spawning phenology of species and specific spawn timing within the overall 

reproductive cycle of fish species (West 1990).

The reproductive cycle of all fish species includes five phases of gonadal development: 

immature, developing, spawning capable, regressing, and regenerating (Brown-Peterson et al. 

2011). The developing phase is characterized by progressive stages of vitellogenesis, wherein 

yolk accumulates in oocytes prior to the spawning season. Spawning occurs between the 

spawning-capable and regressing phases. The spawning-capable phase is characterized by 

maturation, in which oocytes that have completed the last stage of vitellogenesis proceed through 

more advanced development stages in a process called oocyte maturation (OM) (Jalabert 2005). 

Briefly, OM entails migration of the germinal vesicle (GV, i.e., nucleus) from the center of the 

oocyte to the periphery, the subsequent breakdown of the GV, and hydration (Selman and 

Wallace 1989; West 1990; Lubzens et al. 2010). Ovulation, which occurs after OM, involves the 

release of mature oocytes from ovarian follicles into the ovarian lumen, at which time the 

oocytes become eggs that can be released through the act of spawning (Jalabert 2005; Lubzens et 
al. 2010).

Oocyte maturation progression, from the start of GV migration (GVM) to the completion 

of GV breakdown (GVBD), can be monitored to reveal spawn readiness and to predict spawn 

timing (Lowerre-Barbieri et al. 2011b). Detection of GVM and GVBD stages is more effectively 

accomplished by direct examination of oocytes than observations of ovary characteristics (West 

1990). Gonadal macroscopy and gonadosomatic indices (GSI) are useful for tracking gonadal 

1



growth and determining relative spawn readiness over time, but are generally inefficient for 

reliably detecting the stages of OM. In contrast, whole oocyte microscopy and ovarian histology 

can reliably identify cellular OM indicators of imminent spawning. To that end, the microscopic 

examination of whole oocytes and histological sections of ovarian tissue have been used to 

develop species-specific OM timelines in fish species that are cultured (Mylonas et al. 1997; 

Hoque et al. 1999; Migaud et al. 2003), commercially fished (Macewicz and Hunter 1993; 

Kjesbu et al. 1996; Kurita et al. 2011), recreationally fished (Lowerre-Barbieri et al. 2009), and 

of conservation concern (Foltz et al. 2012).

Despite the importance of knowing when a species spawns, large knowledge gaps in 

spawning ecology remain for ecologically important fish species in Alaska (Doyle et al. 2009; 

Ressel et al. 2019). For instance, spawning phenology of Pacific sand lance (Ammodytes 

personatus), one of the most widely distributed and abundant forage fish species in southeastern 

Alaska (Fig. 1a) (Johnson et al. 2005, 2008, 2012), is largely unknown. The best indicators of 

spawn timing in the region come from the opportunistic capture of Pacific sand lance larvae of 

unknown length and age in Auke Bay (Fig. 1b) during March in the late 1980s (Haldorson et al. 

1993) as well as documentation of a range-wide, fall-winter spawning window beginning as 

early as late September in Kachemak Bay, Alaska (Robards et al. 1999b) and ending as late as 

February in Puget Sound, Washington (Penttila 2007).

Sand lances and sandeels (genus Ammodytes, family Ammodytidae) are iteroparous, 

capital-breeding marine fish species that rely on stored energy reserves for somatic maintenance 

and gonadal growth while buried in sandy substrate during months-long periods of dormancy 
without feeding (Robards et al. 1999a; Boulcott and Wright 2008; Wright et al. 2017b; Kuzuhara 

et al. 2019). Seasonal dormancy occurs during winter in most species (Quinn 1999; Robards et 

al. 1999b; Sisson et al. 2017) and summer in species in the waters of Japan (Tomiyama and 

Yanagibashi 2004). Regardless of season and species, dormancy is briefly interrupted by the 

emergence of fish to spawn on sand-gravel beaches in the upper intertidal zone (Reay 1970; 

Pinto 1984; Robards et al. 1999b). Species of Ammodytes are total spawners with fecundity of 

1,000 to about 42,000 depending on species and fish length (Robards and Piatt 1999). The single 

clutch of developing oocytes exhibits a unimodal size distribution within the ovary (Smigielski et 
al. 1984; Gauld 1990; Boulcott and Wright 2008). Eggs are demersal, slightly adhesive, 

transparent with a single oil globule, and typically about 1 mm in diameter (Pinto 1984;
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Smigielski et al. 1984; Robards and Piatt 1999). Time to hatch varies with water temperature, 

with incubation lasting an estimated 13 and 62 days at 15.7° and 2°C, respectively (Robards and 
Piatt 1999).

Figure 1. Maps of study area. (a) Proximity of the study area (star) in southeastern Alaska to 
locations where Pacific sand lance (Ammodytes personatus) spawn timing is known 
(circles). (b) Study area showing field collection site at Mendenhall River estuary and lab 
facilities at National Marine Fisheries Service, Ted Stevens Marine Research Institute in 
Juneau, Alaska.

Spawn readiness of Pacific sand lance and other Ammodytes species has been assessed 

almost exclusively using gonadal macroscopy and GSI. Based on these methods, it is known that 

females of Ammodytes mature later in the season than males (Nelson and Ross 1991; O'Connell 

and Fives 1995; Robards et al. 1999b), but ultimately surpass the GSI of males (Brethes et al.
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1992; Robards et al. 1999b; Bergstad et al. 2001). In both sexes, gonads that are macroscopically 

staged as ripe fill the body cavity of both females and males (Macer 1966; Robards et al. 1999b) 

and can account for more than 30% of total body weight (Smigielski et al. 1984; Robards et al. 

1999b; Bergstad et al. 2001). Although gonad-scale metrics are useful for tracking gonadal 

growth and determining relative spawn readiness of a population over time, actual readiness to 

spawn of individuals is best determined through the detection of oocyte-scale, cellular changes 

like the onset and progression of OM (West 1990; Lowerre-Barbieri et al. 2011a). To date, there 

has been no gamete-scale assessment of the accuracy and reliability of the long-standing and 

routinely used gonad-scale methods in determining spawn readiness in Pacific sand lance.

The focus of this study is on the microscopic classification of whole oocytes collected 

from spawning-capable Pacific sand lance females located in Juneau, Alaska. Specific objectives 

of this study are to: 1) determine spawning season timing, 2) document and classify oocyte-scale 

changes associated with OM, 3) develop an OM timeline, and 4) identify accurate and reliable 

indicators of spawn readiness.

Materials and methods

Field sampling
Overwintering Pacific sand lance were captured at the mouth of the glacially fed and intertidally 

influenced Mendenhall River in a southeastern Alaska estuary near Juneau (Fig. 1). The 

collection site in the Mendenhall estuary was characterized by freshwater influx, tidal currents, 

and depositional lobes and ridges of well-aerated, coarse-grained (1-3 mm) sand, all of which 

are known habitat preferences of the species (Quinn 1999; Robards et al. 1999b; Baker et al. 

2019). Sand deposits in shallow waters of the estuary were used as burying habitat by immature 

and adult Pacific sand lance throughout the year (personal observations). Sampling occurred 

during negative tides on a total of 20 nights from 18 September to 4 December in 2009 and 23 

October to 31 December in 2010. In 2010, water temperature and salinity were measured at a 

water depth of approximately 15 cm with hand-held thermometer and refractometer.

Fish were captured either by hand or with a fyke net. Hand capture was achieved by 

forcing fish to the substrate surface via active foot stomping on wet coarse sand exposed to the 

air. This method was used exclusively in September-October 2009 when sand deposits used by 

Pacific sand lance for burying were routinely exposed at negative tides during periods of low 
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river flow. Starting in November 2009, relatively high river flows kept most sand deposits 

submerged during even the lowest tides, curtailing capture by hand. Consequently, in 2010 a 

fyke net with a centrally located 4-mm mesh, 1-m long codend and two 5-m long wings was 

used. Wings were opened upriver and set 3 m apart in sandy substrate and up to 60 cm of water. 

Once secured, the net was fished by actively disturbing sand upriver of the net opening to flush 

out buried sand lance. Beginning at a distance of about 25 m upriver of the net opening, two 

people walked in tandem downriver to the net opening along a 3 to 3.5 m, cross-channel swath in 

a vigorous, foot stomping and shuffling manner. Following the disturbance of the area between 

the wings, the codend was checked and emptied. Captured Pacific sand lance were placed in an 

aerated, 5-gallon bucket of seawater containing a 3-6 cm layer of sand on the bottom, and all 

other fish species were released. This sampling sequence was repeated multiple times during an 

evening's 90- to 120-minute low-tide window, with each effort initiated in a sandy area that had 

not been previously disturbed that night. Fish were transported live to Ted Stevens Marine 

Research Institute (TSMRI), a National Marine Fisheries Service facility (Fig. 1b). Approval to 

capture, transport, and hold Pacific sand lance was gained from the University of Alaska 

Fairbanks Institutional Animal Care and Use Committee (IACUC #154712-3, Appendix A) and 

Alaska Department of Fish and Game (permit #SF2010-261, Appendix B).

Lab sampling
Prior to sampling in the lab, fish were either anesthetized or euthanized in a seawater solution of 

100 mg/L or 250 mg/L tricaine methanesulfonate (MS-222), respectively for approximately five 

minutes. Anesthetized fish recovered quickly after sampling, reburying themselves in a layer of 

sand within five minutes of their return to aerated seawater. Euthanized fish were sampled for 

gonadal development and then stored frozen.

Size. Anesthetized fish were measured to the nearest 1 mm fork length (FL), weighed to the 

nearest 0.1 g, and photographed on a measuring board. A Fulton's condition index was 
calculated as (weight/length3) x 100 (Ricker 1975).

Age. Sagittal otoliths were excised from partially thawed specimens. Otoliths were wiped clean 

of tissue and stored dry as pairs in labeled vials. Prior to aging, otoliths were cleared by 
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immersion in 95% ethanol for a minimum of six weeks. Cleared otolith pairs were placed 

proximal-side up in a dish of water and then photographed with reflected light at 60X 

magnification using Nikon® NIS-Elements software optically calibrated to a Nikon® SMZ-1500 

stereomicroscope (10X eyepiece and P-HR Plan Apo 1X objective) and DS-2MV color camera 

system.

Annual growth rings, i.e., annuli, were used to estimate age. Opaque, summer annuli 

appeared light in color in the reflected light, whereas translucent, winter annuli appeared dark. 

All otoliths had a translucent outer edge, as observed in other winter-caught Pacific sand lance in 

Alaska (Robards et al. 2002). Because annuli quality often differed between otolith pairs, the 

otolith with the most distinct annuli was used for aging. Each translucent, winter annuli beyond 

the otolith core and towards the outer edge was enumerated as one year of age (Fig. 2) (Scott 

1973; Robards et al. 2002). The otolith core (i.e., first year of life or age-0) was characterized by 

a central opaque nucleus surrounded by numerous alternating transparent and opaque growth 

zones. Identification of the core and the following two winter annuli were aided by the use of a 

length guide developed from the average lengths of the first (i.e., core), second, and third winter 

annuli from 67 clear otolith pairs from fish age-3 or older; averages were 0.90 mm (n = 31), 1.67 

mm (n = 67), and 2.09 mm (n = 18); annuli lengths are in Appendix C. All otoliths were read a 

minimum of three times by one person. Age discrepancies were reviewed a fourth time, and 

cases of continued uncertainty were resolved by recording the youngest age estimate. Age 

designations were based on a January 1 hatch date, with second-year fish designated as age-1 and 

tenth-year fish designated as age-9.

Sex. Species of Ammodytes are sexually monomorphic (Robards and Piatt 1999). Sex was 

determined in 2009 by visually assessing the gonads of euthanized fish; all fish ≥ 130 mm FL 

were adults. In 2010, fish ≥ 130 mm FL were cannulated to distinguish between the sexes. The 

cannula, a 10-cm length of 1.57 mm outer-diameter (OD) polyethylene tubing (0.045 in inner- 

diameter x 0.062 in OD; SAI Infusion Technologies, IL), was carefully inserted into the 

urogenital pore of anesthetized Pacific sand lance. In spawning-capable males, the cannula was 

not easily inserted beyond the pore. Whereas the cannula entered the pore readily in spawning- 

capable females and could be easily inserted into the oviduct. Sexing via cannula was 100% 

accurate for all spawning-capable females and males ≥ 130 mm FL, as ultimately confirmed
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Figure 2. Otolith of a 194 mm FL Pacific sand lance (Ammodytes personatus) estimated to be at 
least age-8. Summer annuli are marked, and the otolith core is superimposed by a to-scale, 
1.0 mm black line. The fish was euthanized in Juneau, Alaska in December 2010.
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through gonad macroscopy. Sexing via cannulation was not effective in resting fish, regardless 

of length. Fish of unknown sex (i.e., all fish < 130 mm FL and resting fish > 130 mm FL) were 

held in captivity until the end of the experiment at which time they were euthanized and 

macroscopically checked for sex.

Gonads. Whole gonads of euthanized fish were excised, photographed in-situ, removed, and 

weighed to the nearest 0.1 g. Gonads were assessed by eye for sex determination and 

developmental stage. Sex was recorded as female, male, or unknown. Gonad stage was recorded 

as immature, resting, developing, ripe, running, spent, or recovering (Macer 1966; Robards et al. 

1999b). The gonadosomatic index (GSI) was expressed as a percentage and calculated as (gonad 

weight)/(whole body weight) x 100.

Ovarian biopsy. Whole oocytes were collected nonlethally from females via cannulation in 

2010. In anesthetized fish, a cannula was inserted into the oviduct a distance of about 20 mm and 

then slowly withdrawn while applying gentle suction with an attached 1-cc, blunt tip syringe.

Biopsy samples contained 30-50 whole oocytes and were aspirated into labeled vials filled with 

Ringer's solution diluted with 4.5 parts deionized water. The concentrated Ringer's solution was 
1M NaCl (100 parts) + 1M KCl (3.5 parts) + 0.66M CaCl2 (1.5 parts) + 0.66M MgCl2 (2.4 parts) 

with pH adjusted to 7.5 with NaHC03 (Yanagimachi 1953). Vials were swirled gently by hand 

for 15 seconds to reduce oocyte clumping. Each swirled sample was evaluated immediately in its 

entirety for oocyte opacity (i.e., opaque or transparent) and oocyte adhesion to the vial wall (i.e., 

yes or no). Biopsied fish recovered within five minutes of their return to aerated seawater, as 

evidenced by burial into a bottom layer of sand.

Oocytes. Oocyte samples were refrigerated and processed within 10 days of extraction. Up to 50 

fresh oocytes were removed from a vial, placed into 65-mm glass petri dishes in groups of 10-15 

oocytes, immersed in the diluted Ringer's solution, and photographed at 30X magnification 

using Nikon® NIS-Elements software. Each group of fresh oocytes characterized by opaque 

cytoplasm were then exposed to a few drops of Serra's fixative (6:3:1 volumetric ratio of 95% 

ethyl alcohol, formalin, and glacial acetic acid), a solution used for cytoplasm clearing (Fortuny 

et al. 1988; Stoeckel 2000; León et al. 2008). Oocyte clarity peaked in under two minutes, at 
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which time additional photographs at 30X magnification were taken. Both fresh and cleared 

oocyte images were assessed later using NIS-Elements software.

Images of fresh oocytes were assessed for oocyte diameter and signs of alpha-stage 

atresia and ovulation. Diameter was measured in fresh oocytes because the clearing process 

swelled the outer envelope of oocytes. Oocyte diameter was measured to the nearest 0.1 mm, and 

mean oocyte diameter per biopsied ovary was calculated to the nearest 0.1 mm. Alpha-stage 

atresia is a degenerative process in which one or more oocytes and their follicles are broken 

down and reabsorbed (Hunter and Macewicz 1985a), and it is indicated by irregularities in 

oocyte shape, relative size, integrity of the outer envelope, and cytoplasm texture (Óskarsson et 

al. 2002; Kennedy et al. 2008; Boulcott and Wright 2011). Atretic oocytes were enumerated, and 

each biopsy was scored for atretic prevalence and intensity. Prevalence was the occurrence of at 

least one atretic oocyte in a biopsy and scored as present or absent, and intensity was the 

proportion of atretic oocytes in a biopsy and scored as a percentage (Óskarsson and Taggart 

2006). Ovulation was present when a biopsy sample contained one or more oocytes emerging 

from a follicle, ovulated eggs, or empty (i.e., postovulatory) follicles.

Images of cleared oocytes were assessed in this study for developmental stage based on 

lipid coalescence and GV position and integrity. Lipid and GV characteristics are important 

morphological indicators of the onset and progression of oocyte maturation (West 1990; 

Lowerre-Barbieri et al. 2011b). Five developmental stages were identified for Pacific sand lance 

in this study: tertiary vitellogenesis (Vtg3), early germinal vesicle migration (GVM1), middle 

germinal vesicle migration (GVM2), late germinal vesicle migration (GVM3), and germinal 

vesicle breakdown (GVBD) (Fig. 3, Table 1). The Vtg3 stage marked the completion of yolk 

accumulation and entry into the spawning-capable phase of the reproductive cycle. Oocytes 

undergoing Vtg3 in this study were characterized by oocytes densely filled with tiny lipid 

droplets surrounding a centrally located, round GV. Migration of the GV from a central position 

marked the beginning of OM.

Oocyte maturation included the three GVM stages and GVBD. The GVM stages were 

characterized by multiple lipid droplets and a visible GV positioned between the oocyte center 

and the peripherally located micropyle. The micropyle is an opening through which a single 

sperm enters an oocyte (Lubzens et al. 2010) and is evident in Fig. 3 as a funnel-shaped opening 

situated at the top of the oocytes. The GVM1 oocytes had approximately 25-50 small lipid

9



10

Figure 3. A days-to-spawning timeline showing oocyte indicators of morphological change in Pacific sand lance (Ammodytes personatus) 
in Juneau, Alaska during October through December 2010. Development stages include tertiary vitellogenesis (Vtg3), early 
germinal vesicle migration (GVM1), middle GVM (GVM2), late GVM (GVM3), and GV breakdown (GVBD). The GVM and 
GVBD stages comprise oocyte maturation, while all five stages are included in the spawning-capable phase. See Table 1 for 
detailed classification information for each stage.



Table 1. Classification of five spawning-capable developmental stages for Pacific sand lance (Ammodytes personatus) sampled during 
October-December 2010 in Juneau, Alaska. Classification is based on wild and captive fish. Stages are tertiary vitellogenesis 
(Vtg3), early germinal vesicle migration (GVM1), middle GVM (GVM2), late GVM (GVM3), and GV breakdown (GVBD). Each 
stage is described in terms of macroscopic characteristics of fresh whole oocytes and the ovary, gonadosomatic index (GSI), 
oocyte diameter of fresh whole oocytes, and microscopic morphology of cleared whole oocytes. GSI values and oocyte diameter 
are mean ± standard error in first line, minimum to maximum in the second line, and sample size in parentheses. Sample size is 
number of females for GSI and both number of oocytes and biopsies from which came diameters. Asterisk (*) denotes 
macroscopic ovary stage. See Fig. 2 for representative photographs of each stage.

11

Stage Macroscopy GSI Oocyte diameter Microscopy
Vtg3 • oocytes opaque, settle to vial floor

• ovary orange in color
• developing*

• 17.4% ± 0.0
• 17.4 - 17.4%
(1)

• 0.62 mm ± 0.00
• 0.46-0.70 mm 
(129, 10)

• ~100 lipid droplets uniformly spread throughout 
oocyte

• GV round, located at center of oocyte
GVM1 • oocytes opaque, settle to vial floor

• ovary orange
• developing*

• 21.6% ± 3.5
• 18.2 - 25.1%
(2)

• 0.69 mm ± 0.00
• 0.57-0.82 mm 
(325, 15)

• 25-50 lipid droplets concentrated at oocyte center
• GV round, at center of droplets or off center

GVM2 • oocytes opaque, settle to vial floor
• ovary orange
• developing*

• 25.2% ± 0.8
• 16.7 - 30.7%
(26)

• 0.75 mm ± 0.00
• 0.64-0.86 mm 
(856, 41)

• 5-20 lipid droplets concentrated near oocyte center
• GV round, on polar side of droplets, up to ½ way to 

micropyle

GVM3 • oocytes opaque, settle to vial floor
• ovary orange
• developing*

• 29.1% ± 1.0
• 26.6 - 34.7%
(7)

• 0.78 mm ± 0.00
• 0.69-0.93 mm 
(253, 13)

• 1-3 oil globules concentrated near oocyte center
• GV round, on polar side of globules, about ¾ way 

to micropyle
GVBD • oocytes clear, can adhere to vial wall

• ovary yellow
• ripe* or running*

• 33.3% ± 1.2
• 18.6 - 41.8%
(23)

• 0.91 mm ± 0.00
• 0.76-1.0 mm
(1755, 87)

• 1 oil globule
• GV not intact, breaking down
• Signs of ovulation can be present



droplets concentrated around a round GV located near or slightly off center. Oocytes undergoing 

GVM2 had < 25 moderately sized lipid droplets concentrated near center and a round GV 

located on the micropyle side of the droplets. The GVM3 oocytes had 1-3 oil globules of equal 

or larger size than the GV, and the GV was round and located near or at the micropyle. Upon 

reaching the micropyle, the GV began to breakdown. The GVBD stage was characterized by a 

single, large oil globule coupled with either an amorphous or undetectable GV.

Once each oocyte in a biopsy was staged, a single developmental stage was assigned to 

each biopsy (i.e., biopsy stage) based on the most abundant oocyte stage observed in the biopsy. 

Overall stage assignment based on dominance is appropriate for total-spawning fish species 

(Migaud et al. 2003; Zarski et al. 2011, 2012). Because more than one stage (e.g., GVM1 and 

GVM2) was frequently present within each biopsy, individual oocytes of known diameter from 

multiple biopsies were also classified to developmental stage to more accurately determine mean 

diameter per stage (Table 1). The developmental stage of an individual oocyte is hereafter 

referred to as oocyte stage.

The tenet that a single sample of cannulated oocytes was representative of the entire 

ovary was examined. In two females, the ovary was examined for oocyte homogeneity 

throughout via four discrete samples: one in-situ cannulated biopsy as previously described and 

one biopsy each from the anterior, middle, and posterior regions of the excised ovary. As 

expected for a total-spawning species, no difference in oocyte diameter, atresia, or dominant 

development stage was evident within the ovary.

Captivity. In 2010, a subset of captured Pacific sand lance was held in captivity between 20 

October and 31 December. Ammodytes species have been successfully housed in captive 

conditions for months at a time (Boulcott and Wright 2008; VanDeurs et al. 2011; Wright et al. 

2017a), and several species, including Pacific sand lance, have spawned in captivity without 

environmental or hormonal manipulation (Winslade 1974a; Pinto 1984; Smigielski et al. 1984). 

Captive Pacific sand lance (n = 61) were maintained in an indoor, 2800 L fiberglass tank (2.4-m 
diameter, 60-cm depth) at TSMRI (Fig. 1b).

The tank was fitted with 14 46-cm diameter bins made of perforated sheets of 

polypropylene (2.5-mm holes and 25 holes per cm2; AMETCO Manufacturing Corporation, 

OH), such that 11 bins formed an outer circle surrounding three centrally located bins.
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Spawning-capable males (n = 12) were held in the three central bins, four to a bin; males were 

kept in the tank in an effort to improve the likelihood that female reproductive development 

would advance in a normal manner (Asturiano et al. 2000). Spawning-capable females (n = 28) 

were held in seven of the outer bins, four to a bin. Each female was uniquely marked with a 

visible-implant alphanumeric tag (VI-alpha tags, Northwest Marine Technology, WA) inserted 

into the top of the rostrum and secured with a drop of Super Glue®. Individuals of unknown sex 

(n = 21) were evenly distributed among the four outer bins not occupied by females.

In each bin, a 10-12 cm layer of silt-free, coarse sand (0.5-3.0-mm diameter) was 

maintained; when denied burying habitat in captivity, Ammodytes have suffered 100% mortality 

(Tomiyama and Yanagibashi 2004). Seawater was pumped continuously from a depth of 80 m 

directly west of TSMRI into the holding tank. Water depth was maintained at 35-40 cm, with 

continuous flow piped into the bottom of each bin's sand layer; a preference by Ammodytes for 

water flow in the substratum is evident in both lab (Pinto et al. 1984) and field (Macer 1966; 

Meyer et al. 1979; Hobson 1986) settings. Tank water was measured once per week with hand

held thermometer and refractometer at a depth of approximately 15 cm. A natural photoperiod 

for the latitude of Juneau was simulated with programmed artificial lighting mounted inside a 

black-plastic covered wooden frame that covered the tank. Food was not provided; Ammodytes 

do not normally feed while overwintering (Winslade 1974a; Robards et al. 1999a) and have been 

housed in captivity without food for up to 100 days during an overwintering lab experiment 
(Wright et al. 2017b).

Sampling protocols for captive fish varied by sex. Captive males and fish of unknown sex 

were euthanized at the end of the experiment and sampled for fork length, body weight, gonad 

weight, sex, and age. Females were sampled in a weekly rotation with one bin or group of 

females sampled each day. As a result, each female was sampled repeatedly once each week over 

the course of the study; some fish were sampled twice in the final week. Serial, cannulated 

ovarian biopsy of the same individuals over time has been used successfully in many studies, 

with between biopsy intervals lasting 30 minutes (Fortuny et al. 1988), 1 hour (Neidig et al. 

2000), 2-4 hours (Kurita et al. 2011), 8 hours (Alvarino et al. 1992), 1 day (León et al. 2008; 

Unuma et al. 2011; Zarski et al. 2011), 1 week (Shehadeh et al. 1973; Asturiano et al. 2000), and 

1 month (Skjjaraasen et al. 2017). At each sampling event, females were anesthetized, measured 
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for length, weighed, photographed, and cannulated for ovarian biopsy. After the final sampling 

event, females were euthanized, gonads were removed and weighed, and otoliths were excised.

Data analysis
All fish data were integrated into a single relational database implemented in Access (Microsoft 

Corporation). Data were grouped into 10 discrete periods of time between 18 September and 31 

December across 2009 and 2010 (Table 2). Sampling periods 1 and 2 were 32 and 19 days long, 

whereas periods 3 through 10 covered seven or fewer days. Sample size of females includes both 

wild and captive fish unless noted otherwise. Means are reported with standard error.

Most analyses were made with nonparametric statistical methods because data did not 

always meet the assumptions of both normality and constant variance, even with transformation. 

Statistical tests were performed in R 3.2.5 (R Development Core Team). Kruskal-Wallis 

ANOVA was used to test for differences among fish length and otolith size measurements within

Table 2. Number of Pacific sand lance (Ammodytes personatus) collected in Juneau, Alaska across 
10 periods during September through December 2009-10. Fish were spawning-capable 
females (F) and males (M), resting or regressing individuals of unknown (U) sex, or 
immature (I) individuals of unknown sex. In 2009, all fish were euthanized and sampled 
within a day of capture. In 2010, fish were either sampled as in 2009 or held in captivity 
over the course of the study; captive fish are denoted by asterisk and parentheses for time 
of capture and euthanasia.

Sampling period 2009 2010
No. Month/Day F M U F M U I

1 09/18 - 10/19 16 15
2 10/20 - 11/07 3 13 1 12
3 11/08 - 11/14 2 2 5, 28* 20, 9* 2* 14*
4 11/15 - 11/21
5 11/22 - 11/28 27 11
6 11/29 - 12/05 15 5 12 8 6 1 2
7 12/06 - 12/12
8 12/13 - 12/19
9 12/20 - 12/26 1 (4) 3 1

10 12/27 - 12/31 (24) (9) 3 (2) 4 (14)
1-10 09/20 - 12/31 36 35 12 53 (28) 49 (9) 7 (2) 7 (14)

Total catch by year 83 105 (53)
Total catch 241
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age groups, among GSI and oocyte diameter within developmental stages, and fish condition 

within developmental stages. Kruskal-Wallis ANOVA was also used to test for three differences 

between wild and captive fish: oocyte diameter per developmental stage, stage per sampling 

period, and diameter per sampling period. Significant differences in ANOVA were examined 

with pairwise comparisons using the Wilcoxon rank sum test with Bonferroni p-value 

adjustment. An independent, two-tailed Welch t-test was used to test for differences in GSI 

between gonads macroscopically staged as either developing or ripe. A significance value of 

0.01 was used unless noted otherwise. Pearson product moment correlation was used to assess 

the strength of discrete temporal relationships between biopsy stage and the length and age of 

females. Simple linear regressions were made in Excel (Microsoft Corporation) to evaluate the 

relationships of oocyte diameter to GSI, biopsy stage to GSI, and biopsy stage to diameter.
Duration of OM and each of its intermediate stages (i.e., GVM1, GVM2, GVM3, and 

GVBD) were estimated as number of days per captive fish. The daily count for OM started on 

the first day of a GVM1 biopsy and ended on the first day a GVBD biopsy showed signs that one 

or more oocyte had ovulated. Evidence of ovulation indicated the end of OM in this study 

because ovulation occurs after OM (Jalabert 2005; Brown-Peterson et al. 2011). Duration 

estimates for OM and GVM were restricted to only those fish that were undergoing Vtg3 at the 

time of capture, whereas the GVBD duration estimate included all captive fish because each 

underwent GVM in captivity. Further, the recorded daily count for each OM stage started and 

ended on the first and last day of said stage; days in the week immediately prior to and after the 

first and last biopsy documented for each stage were not included because the actual day of stage 

transition was unknown. For example, consider a fish with nine consecutive weekly biopsies of 
Vtg3, GVM1, GVM2, GVM2, GVM3, GVBD, GVBD with an ovulating oocyte, GVBD, and 

GVBD. This hypothetical fish would have daily durations of one for GVM1, eight for GVM2, 

one for GVM3, 22 for GVM in its entirety, eight for GVBD, and 40 for the entire OM process. 

Note that the hypothetical tallies for GVBD and OM include neither the 8th or 9th biopsy 

because the 7th biopsy showed signs of ovulation. As calculated, number of days is admittedly 

not a precise representation of time and is likely underestimated. Therefore, daily durations 

reported herein are minimum estimates.
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Results
Abiotic conditions
Water at the intertidally influenced, riverine field site was consistently colder and fresher than at 

the marine wet lab. The field site had a mean water temperature and salinity of 3.5 ± 0.3°C and 

16.5 ± 2.3 psu. Outside of the river, in Fritz Cove (Fig. 1b), daily sea surface temperature was 

warmer, averaging 8.8 ± 0.1°, 7.2 ± 0.2°, and 5.6 ± 0.2°C during October, November, and 

December of 2010 (NOAA Tides and Currents 2017). In the lab tank, water temperature ranged 

from 7.4 ± 0.0°C in late October to 6.0 ± 0.0°C in December, with an overall mean temperature 
of 6.6 ± 0.0°C and salinity of 30.3 ± 0.3 psu.

Fish

A total of 241 Pacific sand lance were captured across 10 sampling periods during the 2-year 

study (Table 2). In 2009, 83 fish were captured and euthanized in four periods. In 2010, across 

eight sampling periods, a total of 155 fish were captured of which 28 adult females were held in 

captivity and sampled repeatedly over the duration of the study.

Spawning in Juneau was evident in early- to mid-December. The first evidence of 

imminent spawning in this study was the 24 November 2010 capture of a female in the final 

stage of OM (i.e., GVBD). Active spawning was evident on 4 December in both 2009 and 2010 

with the capture of one or more fish in the regressing phase.

Size and age. Fish ranged in size from 104 to 213 mm FL, with more than half exceeding 160 

mm FL. Both mean and median lengths of spawning-capable and regressing fish were 164 mm 

FL (n = 217). Age estimates (n = 196) indicated the presence of eight consecutive age groups, 

starting with age-2, with length generally increasing with age (Fig. 4). The majority of minimum 

and maximum lengths per age group were smaller than the minimum and maximum lengths of 

the next oldest cohort, but because maximum lengths were usually larger than the corresponding 

minimums of each older cohort, lengths invariably overlapped across age groups. The single 

exception to inter-age length overlap was for age-2 fish, which were always shorter than fish 

from all other age groups. Despite the widespread overlap of lengths across age, a significant 

difference in fork length was detected among age groups (H = 149, df = 7). Pairwise 

comparisons showed that fish length differed significantly between age-2 and all other ages 
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except age-3, age-3 and all others, and age-4 and all others. There were no significant differences 

in length among fish ≥ age-5 (Fig. 4).

More than 77% (n = 18) of age-2 fish were immature, whereas all fish older than age-2 

were adults. The smallest and youngest adult female and male were 132 mm FL (age-3) and 104 

mm FL (age-2), respectively. The largest and oldest were 213 mm FL (age-7) and 207 mm FL 

(age-9), respectively (Fig. 4). The three most abundant cohorts, age-3 through age-5, collectively 

accounted for 78% of the total adult sample; the remainder was comprised of age-6 through 
age-9 (20%) and age-2 (2%).

Figure 4. Fork length of Pacific sand lance (Ammodytes personatus) by age group. Fish were 
captured in Juneau, Alaska during September-December 2009-10. Male, female, wild, 
and captive fish are included. For each boxplot, mean and median lengths are Xs and solid 
lines, and boxes represent the first and third quartiles. Whiskers represent the largest 
observation less than or equal to the box, plus or minus 1.5 times the interquartile range, 
and open circles represent outliers. Letters indicate significant difference (P < 0.01) in 
pairwise comparisons of lengths between age groups; sample size too small for statistical 
analysis of age-9.

Gonadal growth. Gonadosomatic index and gonadal macroscopy showed gonadal growth over 

time. Gonadosomatic index of spawning-capable wild fish (n = 155) generally increased from 

sampling period 1 through period 5 in 2009 and from sampling period 2 through 6 in 2010 

(Fig. 5). Up through period 3 of both years, GSI was greater in males than in females, but 

females ultimately attained a higher GSI. Maximum GSI for wild females was 39.5% and males
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Figure 5. Gonadosomatic index (GSI, n = 155) of wild Pacific sand lance (Ammodytes personatus) that were either spawning-capable or 
regressing when captured near Juneau, Alaska during seven sampling periods in 2009 and 2010. Sampling periods 4, 7, and 8 are 
not shown since fish were not captured during these periods. No sampling occurred during periods 7-10 in 2009 or period 1 in 
2010. Sample size is shown above box for females, males, and individuals of unknown sex for each sampling period by year. For 
each boxplot, mean and median GSIs are Xs and solid lines, and boxes represent the first and third quartiles. Whiskers represent 
the largest observation less than or equal to the box, plus or minus 1.5 times the interquartile range, and open circles represent 
outliers. Occurrence of developmental phase by sampling period is indicated above the graph. Fish of unknown sex were 
regressing, with the exception of the asterisked individual in period 6 that was resting.



was 31.4%. In females, GSI differed significantly between the macroscopic ovary stages of 

developing and ripe (t = 5.61, df = 40). Evidence of active spawning was first detected in both 

2009 and 2010 on 4 December in period 6, as indicated by the capture of one or more regressing 

wild fish. Nonetheless, peak spawning appeared to occur earlier in 2009 than 2010 because 

annual catch in period 6 was dominated in 2009 by regressing fish and an overall median GSI of 

1.5% and in 2010 by spawning-capable fish and overall median GSI of 27.1%. Correspondingly, 

no wild fish captured during period 6 in 2009 exuded gametes, whereas 27% of 27 wild females 

exuded oocytes during period 6 in 2010.

Oocyte maturation and spawn readiness. A total of 6,639 fresh oocytes were measured from 

272 developmentally staged biopsies. Thirty-nine of the biopsies came from wild fish, and the 

remaining 233 biopsies were collected from 28 captive fish. Each captive female was weighed 

and biopsied weekly, for a total of six to nine (mode = 7) samples. Cannulation had no apparent 

deleterious effects on the health of individuals or the progression of OM.

Oocyte size and developmental stage changed over time. Mean oocyte diameter of 

biopsies increased from 0.62 mm ± 0.01 in period 2 (n = 70) to 0.92 mm ± 0.00 in period 10 

(n = 943, Fig. 6a). Developmental stage advanced from 90% Vtg3 in period 2 (n = 10 biopsies), 
to 100% GVM in period 4 (n = 17), to 100% GVBD in period 9 (n = 25, Fig. 6b). The regression 

of oocyte diameter on oocyte stage showed a strong positive linear relationship (R2 = 0.83), 
wherein 98% of 129 Vtg3 oocytes were < 0.70 mm, 82% of 1,434 GVM oocytes were between 

0.70 and 0.84 mm, and 94% of 1,755 GVBD oocytes were ≥ 0.85 mm (Fig. 7a). There was a 

significant difference in oocyte size among the five oocyte stages (n = 3,318 oocytes, 166 

biopsies from 46 sand lance; H = 2,622, df = 4). Pairwise comparisons showed that oocyte 

diameter increased significantly (P < 0.05) with each successive stage from Vtg3, through all 
three stages of GVM, and into GVBD.

The oocyte-scale metrics of size and stage were not consistently reflected in gonad-scale 

metrics. Ovaries macroscopically staged as developing (i.e., oocytes visible to the naked eye, 

Macer 1966) encompassed vitellogenesis and all of GVM, thereby precluding detection of OM. 

Macroscopically staged ripe ovaries (i.e., oocytes with prominent oil globule visible to the naked 

eye, Macer 1966) did, however, coincide with GVBD. Gonadosomatic index had only a 

moderate relationship with biopsy stage (R2 = 0.56, Fig. 7b) and oocyte diameter (R2 = 0.54,
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Figure 6. Changes in (a) oocyte size (n = 6,639 oocytes), (b) developmental stage (n = 272 
biopsies), and (c) fish condition (n = 269) over time for female Pacific sand lance 
(Ammodytes personatus) captured near Juneau, Alaska and sampled October through 
December 2010. Developmental stages are tertiary vitellogenesis (Vtg3), early germinal 
vesicle migration (GVM1), middle GVM (GVM2), late GVM (GVM3), and GV 
breakdown (GVBD). Fish condition is calculated as (weight/length3) x 100. Sample size is 
provided for each metric by sampling period; wild and captive fish included. For boxplots, 
mean and median diameters and conditions are Xs and solid lines, and boxes represent the 
first and third quartiles. Whiskers represent the largest observation less than or equal to the 
box, plus or minus 1.5 times the interquartile range, and open circles represent outliers.
The first day of sampling is provided for each sampling period.
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Figure 7. Relationship between oocyte developmental stage of female Pacific sand lance 
(Ammodytes personatus) and (a) oocyte diameter and (b) gonadosomatic index (GSI). 
Developmental stages are tertiary vitellogenesis (Vtg3), early germinal vesicle migration 
(GVM1), middle GVM (GVM2), late GVM (GVM3), and GV breakdown (GVBD). 
Sample size is denoted above boxes within each panel; top panel (a) includes 3,318 
oocytes from 166 biopsies (n = 46 females: 18 wild and 28 captive), and bottom panel (b) 
includes 36 biopsies (n = 36 females: 18 wild and 18 captive). Fish were collected in 
Juneau, Alaska during October through December 2010. For each boxplot, mean and 
median diameters or GSIs are Xs and solid lines, and boxes represent the first and third 
quartiles. Whiskers represent the largest observation less than or equal to the box, plus or 
minus 1.5 times the interquartile range, and open circles represent outliers. Significant 
pairwise differences are denoted with different letters; sample size is too small for 
statistical analysis of Vtg3.
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Figure 8. Relationship between mean oocyte diameter (mm) and gonadosomatic index (%) for 36 
(18 wild and 18 captive) female Pacific sand lance (Ammodytes personatus) captured and 
sampled in Juneau, Alaska during October through December 2010. Symbols depict 
developmental stage of biopsy: tertiary vitellogenesis (Vtg3), middle germinal vesicle 
migration (GVM2), late GVM (GVM3), and GV breakdown (GVBD).

Fig. 8). A significant difference was detected in GSI between biopsy stages (n = 36 biopsies from 

36 fish, H = 19, df = 3), but pairwise comparisons showed that differences were limited to 

GVM2 and GVBD (P < 0.05). No significant difference was detected in GSI with mean oocyte 
diameter (n = 3,318 oocytes from 36 fish; H = 22, df = 18, P = 0.24).

Oocyte stage and diameter were more precise metrics of spawn readiness than gonadal 

macroscopy and GSI. Figure 9 shows a comparison illustrating disparity in whole ovaries and 

biopsied oocytes from two spawning-capable females captured and euthanized on the same day. 

As shown, the ovaries of both females were very similar; both were macroscopically staged as 

developing and had a GSI of about 17%. In contrast, the oocytes biopsied from the two ovaries 

showed clear differences in size and developmental stage; mean diameter differed by 0.12 mm, 

and the female with the smaller oocytes was undergoing Vtg3 while the other was in the second 
GVM stage of OM (Fig. 9).

Developmental stage and diameter of oocytes were compared among wild and captive 

fish. Stage was comparable between wild and captive fish during each of the three periods (i.e., 

3, 5, and 6) in which multiple wild and captive fish were sampled. During these same times, 

mean oocyte diameter of Vtg3 biopsies was comparable between wild and captive fish, but
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Figure 9. Two Pacific sand lance (Ammodytes personatus) females (A and B), each with three photographs showing (1) macroscopic view 
of ovary, (2) 30X microscopic view of fresh oocytes, and (3) 30X microscopic view of cleared oocytes. Macroscopic stage and 
gonadosomatic index, oocyte diameter mean ± standard error, and biopsy stage of A and B individuals were (1) developing and 
17.4%, and developing and 16.7%, (2) 0.63 mm ± 0.00 (n = 44) and 0.76 mm ± 0.00 (n = 33), and (3) tertiary vitellogenesis (i.e., 
Vtg3) and middle germinal vesicle migration (i.e., GVM2). Fish A and B were age-5 and age-3, respectively, with fork lengths of 
165 and 135 mm. Both fish were captured and euthanized in period 6 on 4 December 2010 in Juneau, Alaska.



oocytes undergoing OM were significantly larger in wild fish than their captive counterparts; 
GVM2 (H = 236, df = 1), GVM3 (H = 29, df = 1), and GVBD (H = 79, df = 1).

There was little evidence to suggest that the timing of OM was related to the size or age 

of spawn-capable females. On four separate days across four different sampling periods (i.e., 2, 

3, 5, and 6; Fig. 5), the developmental stage of oocytes biopsied from multiple wild, spawn- 

capable females was only weakly related to FL and age group. The only significant correlation 

among OM timing, size, and age was between FL and biopsy stage in sampling period 5 
(r = 0.56, df = 25).

Fish condition was a proxy for oocyte hydration. A total of 269 condition indices was 

collected from 68 wild and captive females. Condition declined from 0.35 ± 0.01 for five females 

in period 2 to 0.32 ± 0.00 for 55 females in period 5 and increased to 0.37 ± 0.01 for 25 females 

in period 9 (Fig. 6c). The overall mean increase in condition of captive females from time of 

capture to peak condition was 11.2% ± 0.6 (n = 27). Condition in captive females differed 

significantly with oocyte stage over time (H = 54, df = 7), and pairwise comparisons showed that 

condition differed significantly (P < 0.05) between the last week of GVM and the first three 

weeks of GVBD (Fig. 10). The largest weekly change in condition occurred between the last 

week of GVM and the first week of GVBD, with an increase of 11.9% ± 0.8. During this same 

1-week period, mean oocyte diameter increased 17.6% ± 1.1 (Fig. 10). The rapid increase in 

oocyte size resulted in diameters approaching those of eggs, indicating that oocyte hydration 

occurred near the onset of GVBD, prior to ovulation. Despite variation among individuals, the 

mean percent change in oocyte size approached zero by the second week of GVBD.

The entire OM process lasted about 40 days, with GVM taking roughly six times longer 

than GVBD (Fig. 3). Specifically, based on weekly biopsies of captive females, mean duration of 
OM and its stages were calculated; OM at 39.4 ± 2.2 days (n = 62 biopsies from 10 fish), GVM 

at 29.6 ± 2.6 days (n = 48, 10), and GVBD at 5.2 ± 1.1 days (n = 43, 27). This 5.2-day duration 

for GVBD was based on the truncation of OM at the first sign of ovulation as described in the 

Methods section, thus biopsies staged as GVBD were actually collected over a mean of 19.4 ± 

1.5 days. Within GVM, mean durations were 4.5 ± 1.9 days (n = 15 biopsies from 10 fish) for 
GVM1, 14.6 ± 1.6 days (n = 47, 16) for GVM2, and 2.3 ± 0.9 days (n = 18, 14) for GVM3. 

Because mean duration of GVM1 and GVM3 was less than one week, these stages were not 

observed in all individuals. Thirty percent of 10 captive fish biopsied during Vtg3 advanced to
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Figure 10. Fish condition and percent change in mean oocyte diameter in captive Pacific sand lance 
(Ammodytes personatus) females (n = 27 from 139 sampling events) during the last week 
of germinal vesicle migration (GVM - last) and six consecutive weeks of germinal 
vesicle breakdown (GVBD - W1 through GVBD - W6; left axis). For boxplots, mean and 
median conditions are Xs and solid lines, and boxes represent the first and third quartiles.
Whiskers represent the largest observation less than or equal to the box, plus or minus 1.5 
times the interquartile range, and open circles represent outliers. Light curved lines are 
percent change in oocyte diameter in individual females, and the superimposed dark 
black curve is the mean (right axis). Fish were captured in Juneau, Alaska in October 
2010 and held in captivity up to 31 December 2010. Fish condition was calculated as 
(weight/length3) x 100. Significant pairwise differences are denoted with different letters.

GVM2 within a 1-week period, thereby precluding the detection of GVM1 in those fish. 

Similarly, 48% of all captive fish advanced from GVM2 to GVBD in one week, precluding the 

detection of GVM3 in almost half of captive females. In contrast, GVM2 staged biopsies were 

present for three or four consecutive weeks in 69% of captive females (Fig. 6b) previously 

biopsied during GVM1 (n = 16).

Simple macroscopic characteristics of fresh biopsies were indicative of developmental 

stage (Fig. 11). Fresh oocytes from biopsies of wild and captive females staged as Vtg3 or GVM 

always appeared opaque and never adhered to the vial wall upon aspiration into Ringer's 

solution. During GVBD, fresh oocytes became transparent in both wild and captive females. In 
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addition, GVBD oocytes frequently exhibited adhesive properties. Notably, adhesive oocytes 

were not detected in all captive fish, and adhesiveness was not evident in GVBD oocytes 

biopsied from wild fish (n = 5), two of which were exuding oocytes with handling. By the third 

week of GVBD, most captive females had at least one weekly biopsy with transparent (96.3%) 

or adhesive (66.7%) oocytes. The first occurrence of adhesive oocytes in individual captive fish 

ranged from the first to the sixth week of GVBD, with none exhibiting adhesive oocytes for 

more than three consecutive weeks. During the first three weeks of GVBD, all captive females 

had one or more biopsied sample with at least one ovulating oocyte, egg, or post-ovulatory 

follicle. One sample from a captive fish showed signs of ovulation in its fourth consecutive week 

of GVM2; developmental stage advanced to GVBD the following week.

Figure 11. Percentage of developmentally staged Pacific sand lance (Ammodytes personatus) 
ovarian biopsies (n = 232 from 27 captive females) exhibiting transparency, 
adhesiveness, ovulation, and atresia. Left axis values are cumulative percentages of 
captive fish per stage having exhibited one or more biopsy with transparent oocytes, 
adhesive oocytes, or signs of ovulation. Right-axis values are the percentage of biopsies 
per stage with one or more atretic oocyte. Developmental stages are tertiary 
vitellogenesis (Vtg3), early germinal vesicle migration (GVM1), middle GVM (GVM2), 
late GVM (GVM3), and six consecutive weeks of germinal vesicle breakdown (GVBD- 
W1 through GVBD-W6). Fish were captured in Juneau, Alaska during October 2010 and 
sampled weekly in captivity up to 31 December 2010.
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Atresia and skipped spawning. Oocyte atresia occurred in both wild and captive females. One 

or more atretic oocytes were found in 56.4% of wild biopsies and 50.8% of captive biopsies. 

Every captive female had at least one biopsy with signs of atresia over the course of the 

experiment. Atresia was most prevalent in biopsies undergoing GVM (78.7% of 150) and least 

prevalent during GVBD (18.2% of 110) (Fig. 11). Most biopsies had low rates of atresia; 

intensity was < 10% in 88.2% of atretic biopsies. Atretic intensity was highest during GVM 
where 20.7% of 150 biopsies had intensity ≥ 10% and lowest during GVBD where 0.9% of 110 

biopsies had intensity ≥ 10%.

Skipped spawning was indicated in a total of four fish. On 4 December 2010 (Fig. 5, 

period 6), 1 of 15 adults captured in the field and euthanized was staged as resting, putting it in 

stark contrast with the 14 that were spawning capable. The 165 mm FL, age-4 resting fish 

showed no evidence of gonadal growth or recent spawning, GSI was 0.1%, and sex was 

indeterminate. Whereas, the 14 spawning-capable fish had a mean GSI of 26.0 ± 1.4% across 

males and females, and all females were undergoing OM. As a result, the resting fish was 

considered to be a skipped spawner of the resting type (Rideout et al. 2005). On 22 December 

2010 (Fig. 5, period 9), a lone wild fish was captured and euthanized. The 148 mm FL, age-3 

female had a GSI of 18.6% and mean oocyte diameter of 0.97 mm, but all of the entrained 

GVBD oocytes were undergoing atresia. This instance of mass atresia was evidenced by grainy- 

textured cytoplasm in all of the oocytes, and the fish was recorded as a skipped spawner of the 

retaining type (Rideout et al. 2005). Notably, this atretic fish had a stomach full of copepods (i.e., 

dozens of at least one Pseudocalanus spp., several Metridia pacifica, a few Calanus pacificus, 

and one Euchaeta elongata), a few gammarid amphipods, and one ostracod. With the exception 

of the retaining skipped spawner and two age-2 juveniles that appeared to have a small quantity 

of highly digested prey in their stomachs, all fish collected during this study had empty 

stomachs. Finally, on 31 December 2010, two adult-length fish of indeterminate sex that were 

held in captivity since 8 November 2010 were euthanized. These age-4 fish, 150 mm FL and 156 

mm FL, showed no sign of gonadal growth and were staged as resting; GSI was < 0.5%, sex 

remained indiscernible, and both fish were recorded as resting skipped spawners.
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Discussion

The spawning season timing of a local population of Pacific sand lance in southeastern Alaska 

was identified for the first time. While investigating metrics of spawn readiness, several 

unexpected observations were made (e.g., longer life span than previously reported, indications 

of energetic stress, and adhesive oocytes), underscoring how much there is to learn specifically 

about Pacific sand lance and species of Ammodytes in general. Refined measures of spawn 

readiness were developed through the use of nonlethal ovarian biopsy and whole oocyte 

microscopy. Oocyte maturation was classified into several discrete stages and monitored over 

time, thereby elucidating the first OM timeline of cellular-level changes in a total-spawning 

forage fish. The resulting timeline, with its easily detectable stages of GVM and GVBD, 

provides a tool by which imminent spawning can be accurately and reliably identified with speed 

and low cost.

Spawning season
Pacific sand lance spawned in Juneau during late November through early December, suggesting 

a closer coincidence of spawn timing between southeastern Alaska and Puget Sound, 

Washington than other areas of Alaska. In Puget Sound, approximately 1,300 km southeast of 

Juneau (Fig. 1a), Pacific sand lance spawn November-February with a peak in November and 

December (Penttila 2007). In contrast, roughly 1,000 km west of Juneau in the Kodiak Island 

Archipelago and Kachemak Bay areas of the northern Gulf of Alaska (GOA) (Fig. 1a), this 

species spawns September-November with a peak in early- to mid-October (Dick and Warner 
1982; Robards et al. 1999b).

Intra-specific, geographic variation in spawning seasons of fish species has been 

attributed to temperature (Leggett and Carscadden 1978; Hutchings and Myers 1994; Neuheimer 
and MacKenzie 2014), photoperiod (Vinagre et al. 2009; O'Malley et al. 2010), and 

demographics (Carscadden et al. 1997; Óskarsson and Taggart 2009; Wright et al. 2017a). While 

it is beyond the scope of the current study to untangle why the spawning season of Pacific sand 

lance spans a 6-month period across its distribution, it is likely that the sheer size of the species 

range is part of any answer. Pacific sand lance are distributed across more than 65 degrees of 

longitude and 24 degrees of latitude, from southern California west to the Aleutian Islands and 

28



north to the southeastern Bering Sea (Orr et al. 2015), thereby exposing the species to a wide 

range of water temperatures, photoperiods, and growth conditions.

Unexpected discoveries
Large size and old age. Spawn-capable Pacific sand lance captured during this study in the 

Mendenhall estuary were larger and older than reported in the northern GOA. Overall median 

and maximum size of spawning-capable and regressing fish in the estuary was 164 mm FL and 

213 mm FL. In contrast, < 1% of fish captured with a beach seine in Kachemak Bay during the 

spawning season exceeded 165 mm FL, and maximum size was 173 mm FL (Robards et al. 

1999b). Most (83%) age-2 fish captured in the estuary were immature, and the most abundant 

spawning-capable cohort was age-4. In the Kodiak Archipelago, age-2 was also the youngest 

spawning-capable cohort, but the cohort accounted for 50% of the total catch (Dick and Warner 

1982). In Kachemak Bay, age-1 accounted for 64% of the total spawning-capable catch (Robards 

et al. 1999b). The oldest spawning-capable cohort in the Mendenhall estuary was age-9, and 20% 

of the adults captured were ages 6-9. The oldest spawning-capable cohorts in Kodiak and 

Kachemak Bay were age-5 and age-6, with each accounting for only 33% and 0.1% of the catch, 

respectively. Prior to this study, maximum lifespan of Pacific sand lance was considered age-6 
(Robards et al. 2002).

Gear selectivity and habitat preference may be the cause of the preponderance of large 

and old fish captured in this study. First, beach seining and intertidal digging were both used to 

capture Pacific sand lance in the Kodiak Archipelago and Kachemak Bay, but fish dug from the 

sand were noticeably larger and older (Dick and Warner 1982; Robards et al. 1999b, 2002). The 

largest fish captured by beach seine and digging in Kachemak Bay were 173 mm FL and 199 

mm FL (Robards et al. 1999b). The predominate age classes captured in Kodiak were age-1 by 

beach seine and age-2 by digging (Dick and Warner 1982). Neither a beach seine or intertidal 

digging per se were used in the current study, but the two capture methods that were used 

specifically targeted fish that were buried in the sand. Second, the well-aerated, coarse-grained 

sand habitats of the hydrographically dynamic Mendenhall estuary may simply provide an 

important refuge for large and old sand lance. In spring 1999, an abundance of large Pacific sand 

lance was captured in two beach seine hauls made in the Mendenhall estuary within 0.5 km of 

the 2009-10 field site (Mitch Lorenz, unpublished data). In those catches, a total of 148 fish 
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exceeded 165 mm FL. Overall mean size was 184.4 mm FL, and maximum size was 219 mm 

FL. Thus, the abundance of large and old fish encountered during the current study is not an 

artifact of sampling bias, but instead evidence that the Mendenhall estuary provides an important 

year-round habitat for large and old Pacific sand lance.

Large and old iteroparous fish species are typically associated with high annual and 

lifetime fecundity because the number of eggs spawned increases with fish size, and each year 

lived provides another opportunity to spawn (Berkeley et al. 2004). Although fecundity was not 

determined in the current study, insight can be gleaned from Kachemak Bay. There, Pacific sand 

lance fecundity was significantly linearly correlated with body length (Robards et al. 1999b), and 

fecundity was estimated as about 6,000 at 124 mm FL (mean length of age-1), 8,000 at 142 mm 
FL (mean length of age-2), 10,000 at 160 mm FL, and 20,000 at 200 mm FL. Assuming that the 

length-fecundity regression for Kachemak Bay fish is applicable to the population studied in the 

Mendenhall estuary, 64% of the females study had a fecundity between 10,000 and 20,000. 

Thus, compared to Kachemak Bay where 95% of the annual fecundity came from individuals 

with fecundities between 1,468 and 9,000, Pacific sand lance in the Mendenhall estuary are 

likely more fecund because of their larger size.

Fecundity regulation. This study provides the first unequivocal evidence of skipped spawning 

in a species of Ammodytes. Numerous iteroparous fish species omit spawning occasionally 

(Rideout et al. 2005; Rideout and Tomkiewicz 2011). Omissions of spawning are commonly 

attributed to low energy reserves (Maddock and Burton 1994; Kennedy et al. 2010; Rideout and 

Tomkiewicz 2011), to which the species of Ammodytes are vulnerable during dormancy. Reserve 

depletion rates in lesser sandeel (A. marinus) juveniles during overwintering were estimated to 

exceed the mean standard metabolic rate (VanDeurs et al. 2011), and a third of stored reserves 

were depleted by the halfway point of overwintering (Wright et al. 2017b). Costs of 

overwintering are especially high for adults because of their additional stored energy investments 

in reproduction. Consequences of these cumulative costs were seen in the Kachemak Bay 

population of Pacific sand lance, where fish collected in the latter half of overwintering were 

emaciated, had no visible mesenteric fat, and had the year's lowest levels of protein biomass and 

energy density (Robards et al. 1999a, 1999b).
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Although skipped spawning has not previously been verified in a species of Ammodytes, 

there was suggestive evidence in Alaska. In Kachemak Bay during September-October, when 

Pacific sand lance were presumably undergoing vitellogenesis and OM, 2% of age-4 fish 

captured showed no macroscopic sign of gametogenesis (Robards et al. 1999b), implying that 

these fish were skipped spawners of the resting type (Rideout et al. 2005). Resting as well as 

retaining skipped spawning were evident in the current study, where the former was 

characterized by resting gonads and the latter by mass atresia of GVBD oocytes some two weeks 

after the active spawning period.

Atresia is reported in lesser sandeel when undergoing vitellogenesis (Boulcott and Wright 

2008), but neither mass atresia or atresia during OM has previously been documented in a 

species of Ammodytes. In the current study, with the exception of the singular full-batch retention 

of GVBD oocytes, atretic prevalence and intensity were common in ovarian biopsies staged as 

GVM and rare in those staged as GVBD. This pattern of atretic decline with advancing stage is 

reported in a number of fish species including Atlantic herring, Clupea harengus, (Óskarsson et 

al. 2002; Kurita et al. 2003; Óskarsson and Taggart 2006) and plaice, Pleuronectes platessa 

(Kennedy et al. 2008). While atresia can occur at any point during oocyte growth and at any 

intensity (Tyler and Sumpter 1996), it may be adaptive to downregulate fecundity via atresia 

early in the oocyte development process because it requires less energy to break down and 

absorb a small oocyte than a large oocyte (Kurita et al. 2003).

Active feeding. The high metabolic cost of overwintering was further evident in this study with 

the capture of an actively feeding adult in late December. Ammodytes species can avoid 

overallocation of stored reserves with immature individuals delaying both maturation (Boulcott 

and Wright 2008; Kuzuhara et al. 2019) and the onset of dormancy (Baker et al. 2019), and 

adults reducing reproductive investment (Wright et al. 2017b, 2017a). However, feeding by an 

adult during dormancy has not been suggested as a possible energy-conserving tactic. For years, 

overwintering has been unanimously characterized as a period when Ammodytes species refrain 

from feeding while buried in the sediment (Winslade 1974b; Robards et al. 1999b; Boulcott and 

Wright 2008; Sisson et al. 2017). While feeding during winter is likely rare for Ammodytes, its 

occurrence in the present study does show that feeding and dormancy are not necessarily 

mutually exclusive. The only actively feeding adult captured in the present study was notably the 
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lone female undergoing mass atresia, suggesting that winter feeding is a tactic used by only the 

most energetically compromised individuals.

Oocyte size disparity. Although captive fish in this study were good proxies for wild fish in 

terms of OM progression rate and diameter of vitellogenic oocytes, the oocyte diameters of 

captive fish undergoing GVM and GVBD were significantly smaller than those of wild fish. 

Smaller oocyte diameter at OM stage observed in captive fish could be attributed to water in the 

lab being 3.0 to 5.5°C warmer than in the field. Metabolic rates of fish are known to rise with 

increased ambient temperature (Gillooly et al. 2001; Brown et al. 2004). In small sandeel (A. 

tobianus), 5°C increases in water temperature markedly increased resting metabolism (VanDeurs 

et al. 2011), which could have a variety of energetic consequences in fish, from somatic 

maintenance to reproductive investment (Wright et al. 2017a, 2017b). The body condition of 

western sand lance (A. japonicus) when fully rationed declined with increases in water 

temperature (Tomiyama and Yanagibashi 2004). In lesser sandeel, significant reductions in 

oocyte diameter occurred with temperature increases of 2°C (Wright et al. 2017a), and GSI of 

females averaged about 50% smaller with an increase of 5.1°C (Wright et al. 2017b). This 

decline in lesser sandeel GSI was likely due proximately to a reduction in oocyte size, while 

declines in both metrics of reproductive investment in lesser sandeel probably resulted ultimately 

from temperature-induced increases in somatic energy demands (Wright et al. 2017b, 2017a). 

Similarly, compared to wild counterparts, captive Pacific sand lance were exposed to warmer 

ambient water temperatures that might have triggered increased metabolism, increased energy 

expenditure, and reduced energy reserves that resulted in smaller oocytes.

Adhesive oocytes. No mention of adhesive oocytes was found in the Ammodytes literature. 

Nonetheless, adhesive GVBD oocytes were observed in the current study, and water-activated 

stickiness of developmentally advanced oocytes has been reported in other total-spawning forage 

fish species that spawn adhesive eggs. In Pacific herring (C. pallasii), the outer layer of oocytes 

expands and becomes sticky upon contact with seawater during the onset of ovulation (Gillis et 

al. 1990a). In capelin (Mallotus villosus), oocytes loosely contained in the follicles released an 

adhesive substance when exposed to water (Forberg 1983). Evidence of preovulatory stickiness 

in these two well-studied species of forage fish indicates that the adhesive oocytes described 
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herein for Pacific sand lance are likely not an artifact of this study. Moreover, this apparent 

commonality among the three species suggests that other species of Ammodytes and forage fish 

species with similar reproductive strategies also have adhesive oocytes that could be used as a 

quick, easy, and inexpensive indicator of imminent spawning.

Because Pacific sand lance spawn adhesive eggs, the ultimate loss of stickiness observed 

during this study in the oocytes of captive females undergoing GVBD was likely due to the 

oocytes being held in the ovary for too long. Excessive holding of mature oocytes can result in 

the over-ripening and degeneration of oocytes (Stevens 1966; Rideout et al. 2005; Samarin et al. 

2015). Although, preovulatory holding is not necessarily deleterious and can be advantageous. 

Pacific herring retained preovulatory oocytes for up to three weeks while in captivity with no 

effect on egg viability (Hay 1986), and natural spawning populations commonly held mature 

oocytes for more than one week prior to spawning (Ware and Tanasichuk 1989). Such delays in 

spawning of wild Pacific herring enabled synchronization of ovulation and large spawning 

waves, with the duration of preovulatory retention dependent on the amount of variability in 

development rates among individuals in the spawning population (Gillis et al. 1990b). The 

propensity of Pacific sand lance to hold GVBD oocytes in the wild is unknown, but the variation 

in gonadal development observed in the current study among wild fish and the persistence of 

adhesiveness for one to three weeks in captive females suggests capacity and possible utility.

Ovarian biopsy
Prior to this study, sex and reproductive staging of Ammodytes species were attained only from 

the evaluation of sacrificed fish (Macer 1966; Robards et al. 1999b; Boulcott and Wright 

2008).The longstanding reliance on destructive methods in the reproductive study of Ammodytes 

species is likely due to four reasons. First, it is largely considered acceptable to sacrifice short

lived and abundant species of forage fish for the purposes of scientific study. Second, sacrifice is 

a necessity of gonadal macroscopy and GSI, the primary reproductive metrics used in 

Ammodytes research for more than 50 years (Macer 1966; Robards et al. 1999b; Wright et al. 

2017b). Third, species of Ammodytes are sexually monomorphic. In the absence of individuals 

exuding eggs or milt, sex determination has before now required euthanasia followed by 

macroscopy or histology. Fourth, familiarity with the nonlethal, in vivo collection and 

microscopic examination of whole oocytes is not widespread outside of the aquaculture field.
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The minimally invasive method of cannulation was introduced many years ago as a way 

to nonlethally collect gamete-scale ovarian tissue (Stevens 1966) and identify sex in sexually 

monomorphic fishes (Ross 1984). Nonlethal oocyte collection via cannulation was nascent in the 
1970s (Shehadeh et al. 1973; Kuo et al. 1974; Goetz and Theofan 1979; Harvey and Hoar 1979), 

but has since become the most common method to monitor oocyte development in commercial 

broodstocks (Mylonas et al. 2010). Aquaculturists remain the primary users of cannulated 

ovarian biopsy, but the sampling technique is increasingly used in the study of wild stocks in 
both the laboratory (Ottera et al. 2012; Rhody et al. 2013; Skjjaraasen et al. 2017) and field 

(Fairchild et al. 2013; Lowerre-Barbieri et al. 2014; Smith et al. 2014; Koenig et al. 2017). 

Likewise, the technique was shown here as an effective nonlethal means of determining sex and 

collecting whole oocytes in Pacific sand lance.

Whole oocyte microscopy
Whole oocytes, similar to histological sections of ovarian tissue, can be examined 

microscopically to accurately detect and classify cellular changes that occur with OM (West 

1990). The migration and breakdown of the germinal vesicle during OM have been documented 

in sand lances with whole oocyte microscopy in the current study and with histology in a study 

of western sand lance (A. japonicus; formerly Japanese sand lance [Yamada and Kuno 1999]). In 

both studies, the position and integrity of the germinal vesicle as well as the coalescence of lipids 

during GVM and GVBD were comparable and equally apparent. This commonality was 

anticipated, as all Ammodytes species share similar life histories, and the accuracy and reliability 

of whole oocyte microscopy has been validated by histology in many species (Forberg 1983;

Davis and West 1993; Rhody et al. 2013). In common snook (Centropomus undecimalis) for 

example, whole oocyte microscopy was as accurate and reliable as histology in detecting the 

onset and progression of both GVM and GVBD (Neidig et al. 2000). Granted, histology 

provided additional cytological precision (i.e., shape of protein yolk globules and process of yolk 

homogenization), but these details were considered superfluous to the detection of the four OM 

stages of interest. Similarly, six discrete stages of OM were accurately detected in Eurasian perch 

(Perca fluviatilis) using both whole oocytes (Zarski et al. 2011) and histology (Zarski et al. 

2012). Again, histology provided more precise cytological details, but whole oocyte microscopy 

accurately and reliably detected all of the GVM and GVBD stages.
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The accuracy and reliability of whole oocyte microscopy is complemented by its time- 

and cost-effectiveness as well as its allowance for nonlethal implementation. Whole oocyte 

microscopy is quick, easy, and cheap, whereas histology is time consuming, high skill, and 

expensive (West 1990). While histology is the gold standard of precision (Lowerre-Barbieri et al. 

2011b), the gold standard is not always necessary or practical (Midway et al. 2013; Rhody et al. 

2013). Indeed, histology could have been used in the current study to show more precise 

cytological detail, but the appropriate level of precision needed to classify stages of OM in 

Pacific sand lance was efficaciously provided with simple light microscopy of nonlethally 

collected whole oocytes.

Advantages of whole oocyte microscopy are seen not only in comparisons with histology, 

but also with gonadal macroscopy and GSI. While the speed, ease, and low cost of gonadal 

macroscopy and GSI rivals that of whole oocyte microscopy, gonad-scale methods require 

sacrifice of the animal and are not known for their accuracy or reliability (West 1990). In the 

current study, macroscopy and GSI were unable to distinguish between whole oocytes 

undergoing Vtg3 and GVM. Specifically, ovaries macroscopically staged as developing (i.e., 

oocytes visible to the naked eye) encompassed vitellogenesis and all of GVM, thereby 

precluding the detection of OM onset. Likewise, the relative weight of ovaries was 

indistinguishable among individuals undergoing Vtg3, GVM1, GVM2, or GVM3 - again 

curtailing detection of the start of OM. Similar deficiencies in the ability of macroscopy and GSI 

to detect OM and its stages are reported in other species. In winter flounder (Pseudopleuronectes 

americanus), for example, ovarian macroscopy was unable to distinguish between advanced 

vitellogenesis and GVM, resulting in erroneous staging and a delay in OM detection (Mcbride et 

al. 2013). Likewise, GSI was unable to detect the onset of GVM or GVBD in round scad 

(Decapterus punctatus) (McBride et al. 2002).

Oocyte maturation
The microscopic analysis of morphological changes in ovarian tissue, be it whole oocytes or 

fixed sections, can be used to create species-specific time series of OM progression. Oocyte 

maturation timelines are valuable tools for assessing spawn readiness and imminent spawning 

(Lowerre-Barbieri et al. 2011b). Certainly, knowing how long OM lasts in a particular species 

can help narrow down when spawning will likely occur. Despite the utility of OM timelines, they 
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are uncommon in the literature. The OM timeline presented herein is not only the first estimate 

of OM duration in a species of Ammodytes, but the first for any forage fish with a total-spawning 

pattern. Moreover, a total of only 15 unambiguous timelines of the OM process in its entirety 

were discovered in the literature (Table 3).

The compiled list of species-specific OM timelines is illuminating in four ways. First, 

oocyte maturation is a lengthy process for Pacific sand lance; the estimated duration of roughly 

5-6 weeks exceeds that of the other fish species. Second, the duration of OM appears to be 

linked to spawning pattern; the entire OM process is completed in 1 to 6 weeks in total spawners 

and 4 to 48 hours in batch spawners (Table 3). Temporal disparity in OM duration between 

spawning patterns stems from differences in oocyte recruitment processes. Total spawners recruit 

a single clutch of secondary growth oocytes into the ovary prior to the spawning period, which 

provides a long development window that accommodates slow oocyte growth (Ganias and 

Lowerre-Barbieri 2018). In contrast, batch spawners recruit multiple clutches of secondary 

growth oocytes into the ovary during the spawning period, resulting in several short development 

windows that require fast oocyte growth. Third, regardless of spawning pattern, the duration of 

GVM is longer than that of GVBD. Migration of the GV, when reported, takes roughly three to 

six times longer to complete than its breakdown; the single exception is mummichog (Fundulus 

heteroclitus), in which there is no clear difference (Greeley et al. 1986). Fourth, detection of the 

onset of GVBD offers precision in terms of imminent spawning on the order of days in total 

spawners and hours in batch spawners.

Spawn readiness
The most accurate and reliable indicators of spawn readiness in Pacific sand lance are the 

coalescence of lipids and the location and integrity of the GV during OM, as determined in this 

study with whole oocyte microscopy. Lipids and the GV, in combination or alone, are often the 

most readily detected cellular-scale indicators of OM progression in teleosts (West 1990; 

Mylonas et al. 2010; Lowerre-Barbieri et al. 2011b). While cellular-scale indicators are readily 

detected with microscopy, gonad-scale methods usually fall short. Thus, prior to using methods 

such as gonadal macroscopy and GSI, it is considered best practice to first microscopically 

validate the accuracy of gonad-scale metrics in assessing ovarian development (West 1990; 

Lowerre-Barbieri et al. 2011b).
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Table 3. Duration of oocyte maturation (OM) in weeks (w), days (d), and hours (h), and the developmental stages of germinal vesicle 
migration (GVM) and breakdown (GVBD) therein, among and between fishes with a total- or batch-spawning pattern. Methods 
and metrics used in each study are listed; methods of whole oocyte microscopy (o) and histology (h), and metrics of reproductive 
stage (s) and oocyte diameter (d). Three other details are listed: habitat as marine (m), freshwater (f), or anadromous (a); use of 
captive (c) or wild (w) fish; and reported water temperature (°C). Overall, species are listed in decreasing order of OM duration.

PatternPattern Species
Duration Methods/ 

Metrics Details SourceGVM GVBD OM
Total Pacific sand lance, Ammodytes personatus 4-5 w 4-7 d 5-6 w o / s m / c / 8 this study

Eurasian perch, Perca fluviatilis 3-4 w 2-3 d 4-5 w h / s f / w / - (Zarski et al. 2011)
Dark flounder, Pseudopleuronectes obscura > 2 w h / s m / w / - (Yamamoto 1956)
Burbot, Lota lota 13-18 d o / s f / c / 4 (Foltz et al. 2012)

Striped bass, Morone saxatilis 1-2 w <24 h 1-2 w o, h / s a / c / 13-20 (Mylonas et al. 1997)

Batch Seagrass rabbitfish, Siganus canaliculatus 2 d h / s m / c / 21-27 (Hoque et al. 1999)

Gulf killifish, Fundulus grandis <48 h o / s m / c / 23 (Hsiao and Meier 1988)

Japanese flounder, Paralichthys olivaceus 30 h h / s m / c / 15 (Kurita et al. 2011)

Silver seabream, Pagrus auratus <24 h o / s, d m / c / 16-18 (Pankhurst and Carragher 1992)
Northern anchovy, Engraulis mordax <24 h h / s, d m / w / - (Hunter and Macewicz 1985b)
Jack mackerel, Trachurus symmetricus ~24 h h / s m / w / 13-15 (Macewicz and Hunter 1993)
Spotted seatrout, Cynoscion nebulosus 14 h 2 h 16 h h / s m / w / - (Lowerre-Barbieri et al. 2009)
Mummichog, F. heteroclitus 4-8 h 4-8 h 8-16 h o / s, d m / w / - (Greeley et al. 1986)

Atlantic cod, Gadus morhua 10 h h / s, d m / c / - (Kjesbu et al. 1996)

Round scad, Decapterus punctatus ~10 h h / s m / w / - (McBride et al. 2002)

Black porgy, Acanthopagrus schlegeli 4-6 h 2 h 6-8 h o / s, d m / c / - (Yueh and Chang 2000)



This study provides the first gamete-scale assessment of the accuracy and reliability of the 

most routinely used gonad-scale methods in determining spawn readiness in an Ammodytes 

species. The results show a stark difference in ovary-scale detectability of GVM and GVBD in 

Pacific sand lance. None of the three GVM stages were reliably detected by macroscopy or GSI 

due to an inability to distinguish between Vtg3 and the roughly month-long process of GVM. This 

indistinctness precluded detection of the onsets of both the spawning-capable phase and OM. 

Deficiencies in the ability of gonad-scale methods to detect the onset of OM have been recognized 

and bemoaned for decades (West 1990; Lowerre-Barbieri et al. 2011b). In contrast, GVBD was 

accurately and reliably detected by macroscopy and GSI in the present study, thereby validating 

the ability of these metrics to identify a strong indicator of imminent spawning in Pacific sand 

lance. The breakdown of the GV, when indicated by a clear cytoplasm and hydration as in Pacific 

sand lance, is detectable by gonad-scale methods in other species (Davis and West 1993; Arocha 

2002). While the confirmation of gonad-scale metrics as proxies for GVBD in Pacific sand lance 

should aid in the accurate assessment of spawn readiness in the species, the current study shows 

that readiness to spawn is best assessed overall through examination of gamete-scale, whole 

oocytes.

Conclusions

The examination of nonlethally collected whole oocytes is a quick, easy, and low-cost approach to 

the accurate and reliable detection of gamete-scale, OM indicators in Pacific sand lance. The 

advantages offered by this whole oocyte approach were epitomized in this study by the real-time, 

naked-eye detection of GVBD in live fish. The ease and speed in which indicators of both GVM 

and GVBD are detected in whole oocytes from Pacific sand lance offers the potential to facilitate 

large-scale assessments of spawn readiness of this indisputably important forage fish (Piatt et al. 

2018; von Biela et al. 2019). While whole oocyte macroscopy and microscopy have been shown to 

be advantageous in various species (Arocha 2002; Midway et al. 2013; Rhody et al. 2013), the 

techniques had not been used previously to detect OM stages in a total-spawning, marine forage 

fish. Success in using the whole oocyte approach to assess spawn readiness in Pacific sand lance 

offers the potential of success with not only congenerics, but other cold-water, total-spawning fish 

as well.
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Appendix A

IACUC Approval Letter

(907) 474-7800 

(907) 474-5638 fax 

fyiacuc@uaf.edu 

www.uaf.edu/iacuc

Institutional Animal Care and Use Committee
909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270

October 6, 2010

To: Brenda Norcross, PhD
Principal Investigator

From: University of Alaska Fairbanks IACUC

Re: [154712-3] Spawn timing of a local aggregation of Pacific sand lance in Juneau, Alaska

The IACUC reviewed and approved the New Project referenced below by Full Review.

Received September 27, 2010

Approval Date: October 6, 2010

Initial Approval Date:

Expiration Date:

October 6, 2010

October 6, 2011

This action is included on the October 18, 2010 IACUC Agenda.

The Pl is responsible for acquiring and maintaining all necessary permits and permissions 
prior to beginning work on this protocol. Failure to obtain or maintain valid permits is 

considered a violation of an IACUC protocol, and could result in revocation of IACUC approval.
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Appendix B

Collection Permit

STATE OF ALASKA Permit# SF2010-261
DEPARTMENT OF FlSH AND GAME

P.O. BOX 115525 Expires: 12/31/2010
junea, alaska 99811-5525 "

Collections Report Due: 1/31/2011
FISH RESOURCE PERMIT

(For Scientific/EducationaI Purposes)

This permit authorizes Darcie Neff (whose signature is required on page 2 for permit validation) 
person

of SFOS, University of Alaska Fairbanks at Box 210696, Auke Bay, AK 99821
agency or organization address

to conduct the following activities from September 10, 2010 to December 31, 2010 in accordance with AS 16.05 930:

Purpose: To generate detailed reproductive-related information of the target species

Location: Mouth of the Mendenhall River

Species Collected: Pacific Sand Lance

Method of Capture: Fyke net

Final Disposition: ≤500 adults may be captured, measured, VIE tagged and released alive at the capture site.
≤200 adults may be captured and transported live to a TSMRI laboratory.
Any biological material brought to the lab must either be preserved as voucher specimens or 

used in other studies (Stipulation #5)
TSMRI effluent must be treated with a high enough level of ozone to kill all pathogens before 

discharge in Favorite Channel.

-Continued on Back-

COLLECTIONS REPORT DUE January 31, 2011. The report, using a data submission form furnished by ADF&G), shall 
include species, numbers, dates, and locations of collection (datum/GPS coordinates in the decimal degrees format (dd.ddddd)) 
and disposition, and if applicable, sex, age, and breeding condition, and lengths and weights of fish. It must also include the 
date/time the local biologist was contacted tor final authorization to carry out collecting activities. A completion report (abstract, 
background, methods, data, analysis), if not submitted with the collection report described above, must be submitted to the 
department by. JUNE/2011. Data from such reports are considered public information. The report shall also include other 
information as may be required under the permit stipulations section.

GENERAL CONDITIONS, EXCEPTIONS AND RESTRICTIONS
1. This permit must be carried by person(s) specified during approved activities who shall show it on request to persons 

authorized to enforce Alaska's fish and game laws. This permit is nontransferable and will be revoked or renewal denied by 
the Commissioner of Fish and Game if the permittee violates any of its conditions, exceptions or restrictions. No 
redelegation of authority may be allowed under this permit unless specifically noted.

2. No specimens taken under authority hereof may be sold or bartered. All specimens must be deposited in a public museum 
or a public scientific or educational institution unless otherwise stated herein. Subpermittees shall not retain possession of 
live animals or other specimens.

3. The permittee shall keep records of all activities conducted under authority of this permit, available for inspection at all 
reasonable hours upon request of any authorized state enforcement officer.

4. Permits will not be renewed until the department has received detailed reports, εs specified above.
5. UNLESS SPECIFICALLY STATED HEREIN, THIS PERMIT DOES NOT AUTHORIZE the exportation of specimens or the 

taking of specimens in areas otherwise closed to hunting and fishing; without appropriate licenses required by state 
regulations; during closed seasons; or in any manner, by any means, at any time not permitted by those regulations.

Fish Resource Permit Coordinator Director Date
Division of Sport Fish Division of Sport Fish
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SF2010-261 continued (page 2 of 2)

Authorized Personnel: The following persons may perform collecting activities under terms of this permit:

Gwen Baluss, Andrew Eller, Pat Harris, Jon Kamler, Scott Johnson, John Moran,
Darcie Neff, John Thedinga, JJ Volenweider

Employees and volunteers under the direct supervision of, and in the presence of, one of the authorized personnel listed above may 
participate in collecting activities under terms of this permit.

Permit Stipulations:
1) The local Area Management Biologist (AMB), Brian Glynn (465-4318; brian.glynn@alaska.gov) Juneau, must be 

notified prior to you engaging in any collecting activities. The time/date of this contact must be included in your 
collections report (using the "data submission form" furnished by ADF&G). This AMB has the right to specify 
methods for collecting, as well as limiting the collections of any species by number, time and location.

2) If anadromous fish species new to permitted streams and rivers are found, the permit holder will work closely 
with ADF&G to see that information is included in the database for the Catalog of Waters Importantfor 
Spawning, Rearing or Migration of Anadromous Fishes. Anadromous fish include Oncorhynchus spp., Arctic char, 
Dolly Varden, sheefish, smelts, lamprey, whitefish, and sturgeon. Please direct questions to J. Johnson, 267-2337 
or j.iohnson@alaska.gov

3) If samples suitable for genetic analysis are collected under this permit and are still in the permittee’s 
possession, the permittee agrees to provide them to ADF&G within three months of a request.

4) Atlantic salmon and other non-native invasive aquatic species encountered should be killed. Contact the nearest 
AMB (Stipulation #1) immediately with species identification or description, capture or sighting location, number 
captured, size, and sex. Preserverturn in the whole specimen to the nearest ADF&G office.

5) This permit will fulfill the requirements of 5AAC 41.005 -41.060 pertaining to fish transport permits (FTP's), with 
the condition that the transported species be destroyed when the permit expires and not be released to the wild.

6) A copy of this permit, including any amendments, must be made available at all field collection sites and project 
sites for inspection upon request by a representative of the department or a law enforcement officer.

7) Issuance of this permit does not absolve the permittee from compliance in full with any and all other applicable 
federal, state, or local laws, regulations, or ordinances.

8) A report of collecting activities, referenced to this fish resource permit number, must be submitted to the Alaska 
Department of Fish and Game, Division of Sport Fish HQ, P.O. Box 115525, Juneau, AK 99811-5525, Attention: 
Bob Piorkowski (465-6109; Robert.Piorkowski@alaska.gov). and to the BioIogist(S) listed under Stipulation #1 
within 30 days after the expiration of this permit. This report must summarize the number offish captured by date, 
by location (provide GPS c∞rdinates and datum), and by species, and the fate of those fish. Fish length, weight, 
sex, and age data should be included if collected. A completion report (abstract/background/methods 
∕data∕analysis), if not submitted with the collection report described above, must be submitted to the department 
within six months of permit expiration. Data from such reports are considered public information. A report is 
required whether or not collecting activities occurred.

PERMIT VALIDATION requires permittee's signature agreeing to abide by permit conditions before beginning 
collecting activities:

cc: Brian Glynn, Division of Sport Fish, Juneau
Kevin Monagle, Division of Commercial Fisheries, Juneau
Jackie Timothy, Division of Habitat, Juneau
Fish and Wildlife Protection, Juneau
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Appendix C

List of age, fork length (mm), sex (male, female, juvenile, and unknown adult), and otolith 
measurements of 194 Pacific sand lance (Ammodytes personatus) collected in Juneau, Alaska during 
September through December 2009-2010. Otolith weights previously reported in Munk 2012; citation 
listed on the final page of the table.

Fish Otolith
Age Fork length Sex Perimeter (mm) Length (mm) Weight (g)

2 104 M 4.46 1.78
2 105 J 4.59 1.82
2 106 J 4.52 1.79
2 106 J 4.91 1.89
2 107 J 4.47 1.80
2 107 J 4.87 1.99
2 108 J 4.68 1.90
2 109 M 4.86 1.98
2 110 M 4.70 1.87
2 111 J 4.68 1.95
2 112 J 4.95 2.02
2 114 J 4.43 1.80
2 115 J 4.74 1.96
2 115 J 4.97 2.05
2 118 J 4.75 1.89
2 119 J 5.01 2.05
2 121 J 4.89 2.00
2 122 J 5.11 2.09
3 132 F 5.74 2.35
3 132 F 5.74 2.35
3 132 F 5.74 2.35
3 132 F 5.74 2.35
3 132 F 5.74 2.35
3 132 F 5.74 2.35
3 132 F 5.74 2.35
3 132 F 5.74 2.35
3 132 F 5.74 2.35
3 132 F 5.74 2.35
3 132 F 5.74 2.35
3 135 F 5.03 2.02
3 138 F 5.87 2.42
3 138 F 5.90 2.43
3 138 F 5.90 2.43
3 138 F 5.90 2.43
3 138 F 5.90 2.43
3 138 F 5.90 2.43
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Fish Otolith
Age Fork length Sex Perimeter (mm) Length (mm) Weight (g)

3 138 F 5.90 2.43
3 138 F 5.90 2.43
3 138 F 5.90 2.43
3 138 F 5.90 2.43
3 138 F 5.90 2.43
3 138 M 5.30 2.12
3 138 M 5.30 2.12
3 139 F 5.92 2.46
3 139 F 5.92 2.46
3 139 F 5.92 2.46
3 139 F 5.92 2.46
3 139 F 5.92 2.46
3 139 F 5.92 2.46
3 139 F 5.92 2.46
3 139 F 5.92 2.46
3 139 F 5.92 2.46
3 139 F 5.92 2.46
3 139 M 5.76 2.36
3 139 M 5.76 2.36
3 141 U 5.33 2.17
3 142 M 5.77 2.38
3 142 M 5.93 2.39
3 144 M 6.08 2.52
3 146 F 6.05 2.50 0.0019
3 146 M 5.50 2.22 0.0017
3 146 M 5.77 2.40 0.0018
3 146 M 6.21 2.44
3 146 M 6.21 2.44
3 146 M 6.21 2.44
3 146 U 6.19 2.49 0.0026
3 147 F 5.94 2.47
3 147 F 5.94 2.47
3 147 F 5.94 2.47
3 147 F 5.94 2.47
3 147 F 5.94 2.47
3 147 F 5.94 2.47
3 147 F 5.94 2.47
3 147 F 5.94 2.47
3 147 F 5.94 2.47
3 147 M 5.71 2.30
3 147 U 5.93 2.44
3 147 U 6.10 2.61
3 148 F 5.76 2.34
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Fish Otolith
Age Fork length Sex Perimeter (mm) Length (mm) Weight (g)

3 148 F 6.06 2.49
3 148 F 6.06 2.49
3 148 F 6.06 2.49
3 148 F 6.06 2.49
3 148 F 6.06 2.49
3 148 F 6.06 2.49
3 148 F 6.06 2.49
3 148 F 6.06 2.49
3 148 F 6.06 2.49
3 149 F 5.83 2.31 0.0021
3 150 F 5.95 2.40
3 150 F 5.95 2.40
3 150 F 5.95 2.40
3 150 F 5.95 2.40
3 150 F 5.95 2.40
3 150 F 5.95 2.40
3 150 F 5.95 2.40
3 150 F 5.95 2.40
3 150 F 5.95 2.40
3 150 F 5.95 2.40
3 150 F 5.97 2.42
3 150 F 6.02 2.52
3 150 M 6.21 2.53
3 150 M 6.21 2.53
3 150 M 6.21 2.53
3 150 U 6.00 2.33
3 150 U 6.12 2.48 0.0023
3 152 F 6.28 2.59
3 152 M 6.05 2.54
3 153 F 6.05 2.49
3 153 F 6.05 2.49
3 153 M 5.71 2.33
3 153 M 5.99 2.45 0.0028
3 153 U 6.13 2.45
3 154 M 5.91 2.48
3 154 M 5.91 2.48
3 154 M 6.21 2.55
3 154 M 6.23 2.54 0.0029
3 156 F 6.23 2.50
3 156 F 6.23 2.50
3 156 F 6.23 2.50
3 156 F 6.23 2.50
3 156 F 6.23 2.50
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Fish Otolith
Age Fork length Sex Perimeter (mm) Length (mm) Weight (g)

3 156 F 6.23 2.50
3 156 F 6.23 2.50
3 156 F 6.23 2.50
3 156 M 5.75 2.33 0.0020
3 160 M 6.01 2.49
3 160 M 6.01 2.49
3 162 F 5.96 2.42 0.0022
3 163 F 6.18 2.43 0.0024
3 163 M 5.79 2.32 0.0020
3 165 F 6.15 2.50
3 165 F 6.15 2.50
3 165 F 6.15 2.50
3 165 F 6.15 2.50
3 165 F 6.15 2.50
3 165 F 6.15 2.50
3 165 F 6.15 2.50
3 165 F 6.15 2.50
3 165 F 6.15 2.50
3 166 M 6.10 2.51
4 144 F 5.94 2.50
4 146 U 6.33 2.57 0.0022
4 149 F 6.39 2.67
4 150 M 6.03 2.47
4 150 M 6.14 2.59 0.0019
4 150 M 6.73 2.85
4 150 U 6.61 2.71
4 151 F 6.49 2.67
4 151 F 6.49 2.67
4 151 F 6.49 2.67
4 151 F 6.49 2.67
4 151 F 6.49 2.67
4 151 F 6.49 2.67
4 151 F 6.49 2.67
4 151 F 6.49 2.67
4 151 F 6.49 2.67
4 151 F 6.53 2.73
4 151 F 6.53 2.73
4 151 F 6.53 2.73
4 151 F 6.53 2.73
4 151 F 6.53 2.73
4 151 F 6.53 2.73
4 151 F 6.53 2.73
4 151 F 6.53 2.73
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Fish Otolith
Age Fork length Sex Perimeter (mm) Length (mm) Weight (g)

4 151 F 6.53 2.73
4 151 F 6.53 2.73
4 151 U 6.25 2.57
4 152 F 6.27 2.55
4 152 M 6.27 2.59
4 152 M 6.32 2.58
4 152 M 6.32 2.58
4 152 M 6.32 2.58
4 152 U 6.29 2.58 0.0024
4 153 M 6.23 2.52
4 153 M 6.23 2.52
4 153 M 6.43 2.68 0.0024
4 154 F 6.34 2.59 0.0028
4 154 M 6.48 2.66
4 155 F 6.10 2.55 0.0030
4 155 F 6.40 2.58 0.0026
4 155 F 6.54 2.72
4 155 F 6.55 2.73
4 156 F 6.47 2.68
4 156 F 6.48 2.60
4 156 U 6.35 2.63
4 156 U 6.35 2.63
4 157 F 6.84 2.85
4 158 F 6.87 2.87
4 158 F 6.87 2.87
4 158 F 6.87 2.87
4 158 F 6.87 2.87
4 158 F 6.87 2.87
4 158 F 6.87 2.87
4 158 F 6.87 2.87
4 158 F 6.87 2.87
4 158 F 6.87 2.87
4 158 F 6.87 2.87
4 158 M 6.48 2.63
4 160 M 6.12 2.51
4 161 F 6.45 2.65
4 162 M 6.43 2.71
4 162 M 6.49 2.73
4 162 M 6.49 2.73
4 162 M 6.79 2.83
4 163 F 6.47 2.68
4 163 F 6.56 2.71
4 163 F 6.56 2.71
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Fish Otolith
Age Fork length Sex Perimeter (mm) Length (mm) Weight (g)

4 163 F 6.56 2.71
4 163 F 6.56 2.71
4 163 F 6.56 2.71
4 163 F 6.56 2.71
4 163 F 6.56 2.71
4 163 F 6.56 2.71
4 163 M 6.50 2.69
4 163 M 6.75 2.75
4 163 M 6.78 2.68
4 164 M 6.75 2.75
4 164 M 6.83 2.85
4 165 M 6.46 2.64
4 165 M 6.46 2.64
4 165 U 6.85 2.81
4 166 F 6.14 2.52
4 166 F 7.14 2.95
4 169 F 6.54 2.73
4 169 F 6.54 2.73
4 169 F 6.54 2.73
4 169 F 6.54 2.73
4 169 F 6.54 2.73
4 169 F 6.54 2.73
4 169 F 6.54 2.73
4 169 F 6.54 2.73
4 169 M 6.70 2.80
4 169 M 7.07 2.94
4 170 M 6.66 2.77
4 170 M 7.02 2.86
4 171 F 6.52 2.67
4 171 F 6.52 2.67
4 171 F 6.52 2.67
4 171 F 6.52 2.67
4 171 F 6.52 2.67
4 171 F 6.52 2.67
4 171 F 6.52 2.67
4 171 F 6.52 2.67
4 171 F 6.52 2.67
4 171 F 6.77 2.81
4 173 M 6.93 2.84
4 174 M 6.55 2.60
4 175 M 6.49 2.70
4 180 M 6.25 2.58 0.0023
4 180 M 7.22 2.89
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Fish Otolith
Age Fork length Sex Perimeter (mm) Length (mm) Weight (g)

4 182 F 6.69 2.75 0.0028
4 183 F 7.34 3.01
4 185 F 7.28 3.01 0.0034
4 186 F 6.79 2.75
5 153 F 6.55 2.57
5 162 F 6.87 2.79
5 162 F 6.87 2.79
5 162 F 6.87 2.79
5 162 F 6.87 2.79
5 162 F 6.87 2.79
5 162 F 6.87 2.79
5 162 F 6.87 2.79
5 162 F 6.87 2.79
5 163 F 6.35 2.59
5 164 M 6.69 2.77
5 164 M 6.69 2.77
5 165 F 6.68 2.77
5 166 M 6.55 2.64
5 166 M 6.55 2.64
5 166 M 6.55 2.64
5 167 M 6.87 2.87
5 167 M 6.87 2.87
5 168 F 6.97 2.89
5 168 F 6.97 2.89
5 168 F 6.97 2.89
5 168 F 6.97 2.89
5 168 F 6.97 2.89
5 168 F 6.97 2.89
5 168 F 6.97 2.89
5 168 F 6.97 2.89
5 168 F 6.97 2.89
5 168 F 6.97 2.89
5 168 F 6.97 2.89
5 168 F 7.02 2.83
5 168 F 7.21 3.03
5 170 F 6.63 2.79
5 170 F 6.63 2.79
5 170 F 6.63 2.79
5 170 F 6.63 2.79
5 170 F 6.63 2.79
5 170 F 6.63 2.79
5 170 F 6.63 2.79
5 170 F 6.63 2.79
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Fish Otolith
Age Fork length Sex Perimeter (mm) Length (mm) Weight (g)

5 170 F 6.63 2.79
5 170 F 6.71 2.73
5 170 F 7.04 2.95 0.0028
5 170 F 7.42 3.00 0.0034
5 170 M 6.78 2.79
5 171 F 6.81 2.79
5 171 F 7.06 2.97
5 172 F 6.79 2.76 0.0027
5 173 F 6.68 2.75
5 173 F 6.68 2.75
5 173 F 6.68 2.75
5 173 F 6.68 2.75
5 173 F 6.68 2.75
5 173 F 6.68 2.75
5 173 F 6.68 2.75
5 173 F 6.68 2.75
5 174 F 7.41 2.93
5 174 F 7.41 2.93
5 174 F 7.41 2.93
5 174 F 7.41 2.93
5 174 F 7.41 2.93
5 174 F 7.41 2.93
5 174 F 7.41 2.93
5 174 M 7.15 2.99
5 174 U 7.52 3.08 0.0037
5 175 M 7.15 2.82
5 176 F 7.22 3.01
5 176 F 7.22 3.01
5 176 F 7.22 3.01
5 176 F 7.22 3.01
5 176 F 7.22 3.01
5 176 F 7.22 3.01
5 176 F 7.22 3.01
5 176 F 7.22 3.01
5 176 F 7.22 3.01
5 177 F 6.85 2.84
5 177 F 6.85 2.84
5 177 F 6.85 2.84
5 177 F 6.85 2.84
5 177 F 6.85 2.84
5 177 F 6.85 2.84
5 177 F 6.85 2.84
5 177 F 6.85 2.84
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Fish Otolith
Age Fork length Sex Perimeter (mm) Length (mm) Weight (g)

5 177 F 6.85 2.84
5 177 F 6.85 2.84
5 177 M 7.46 3.04
5 177 U 7.40 2.99 0.0031
5 178 M 7.33 3.07
5 180 F 7.00 2.76
5 182 F 7.24 2.88
5 182 F 7.24 2.88
5 182 F 7.24 2.88
5 182 F 7.24 2.88
5 182 F 7.24 2.88
5 182 F 7.24 2.88
5 182 F 7.24 2.88
5 182 F 7.24 2.88
5 182 F 7.24 2.88
5 182 M 6.59 2.67
5 183 F 7.42 3.07
5 183 M 7.02 2.81 0.0030
5 189 F 7.63 3.11
5 189 F 7.63 3.11
5 189 F 7.63 3.11
5 189 F 7.63 3.11
5 189 F 7.63 3.11
5 189 F 7.63 3.11
5 189 F 7.63 3.11
6 167 F 6.70 2.63 0.0028
6 168 M 7.05 2.93
6 173 F 7.15 3.07
6 173 F 7.15 3.07
6 173 F 7.15 3.07
6 173 F 7.15 3.07
6 173 F 7.15 3.07
6 173 F 7.15 3.07
6 173 F 7.15 3.07
6 173 F 7.15 3.07
6 173 F 7.15 3.07
6 173 F 7.15 3.07
6 176 F 7.57 3.03
6 177 F 7.17 2.89
6 178 M 7.56 3.02 0.0041
6 180 F 7.54 3.16
6 180 F 7.54 3.16
6 180 F 7.54 3.16
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Fish Otolith
Age Fork length Sex Perimeter (mm) Length (mm) Weight (g)

6 180 F 7.54 3.16
6 180 F 7.54 3.16
6 180 F 7.54 3.16
6 180 F 7.54 3.16
6 182 U 7.81 3.19 0.0037
6 184 U 7.23 3.01 0.0031
6 186 U 7.59 3.01 0.0036
6 188 F 7.38 3.06
6 188 F 7.38 3.06
6 188 F 7.38 3.06
6 188 F 7.38 3.06
6 188 F 7.38 3.06
6 188 F 7.38 3.06
6 188 F 7.38 3.06
6 188 F 7.38 3.06
6 192 F 7.53 3.07
6 200 M 7.91 3.26 0.0041
7 172 M 6.94 2.69
7 174 M 6.91 2.75 0.0033
7 175 F 7.67 3.26
7 179 F 7.17 2.84
7 179 F 7.17 2.84
7 179 F 7.17 2.84
7 179 F 7.17 2.84
7 179 F 7.17 2.84
7 179 F 7.17 2.84
7 179 F 8.23 3.45
7 183 F 7.78 3.17 0.0042
7 189 M 7.38 3.02
7 189 M 7.38 3.02
7 191 F 7.70 3.13
7 196 F 7.59 3.09 0.0034
7 200 M 7.77 3.18 0.0044
7 205 F 8.15 3.40 0.0040
7 210 F 7.75 3.16
7 210 F 7.75 3.16
7 210 F 7.75 3.16
7 210 F 7.75 3.16
7 210 F 7.75 3.16
7 210 F 7.75 3.16
7 212 F 7.98 3.19
7 213 F 8.44 3.56 0.0049
8 180 F 7.14 2.79 0.0030
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Fish Otolith
Age Fork length Sex Perimeter (mm) Length (mm) Weight (g)

8 181 F 7.11 2.98
8 182 M 7.63 2.98
8 184 F 7.72 3.19
8 185 F 7.65 3.13 0.0041
8 187 M 7.83 3.27
8 187 M 7.83 3.27
8 187 M 7.83 3.27
8 194 F 7.23 2.94 0.0036
9 184 M 7.97 3.26
9 184 M 7.97 3.26
9 207 M 8.51 3.32

Munk, K. M. 2012. Somatic-otolith size correlations for 18 marine fish species and their importance to 
age determination. Alaska Department of Fish and Game, Regional Information Report 5J12-13, 
Anchorage.
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