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ABSTRACT

Sex allocation and reproductive ecology ofsandbuITowers (Family Creediidae) were

investigated in four studies. The first study examined gonad morphology and size-dimorphism

for two creediid species native to Hawaii. Specimens of Crystallodytes cookei and Limnichthys

donaldsoni exhibited multiple signs of sex change including the presence ofdelimited ovotestes

in juveniles and males, presence of transitional gonads which contained free spermatozoa and

vitellogenic oocytes, and presence offemale-active individuals with vestigial testes. Female

active individuals were significantly larger than male-actives, but did not differ significantly with

transitionals. These results indicate that C. cookei and 1. donaldsoni are protandrous

hermaphrodites.

The second study examined oocyte development, batch fecundity, and seasonal and lunar

trends in reproductive effort for females of C. cookei and 1. donaldsoni collected from Hawaiian

waters. Four stages of oocytes were present. Batch fecundity ranged between 25-162 and 32-143

oocytes for C. cookei and 1. donaldsoni respectively and was positively correlated with body

length. Both species spawned throughout the year, but C. cookei exhibited a significant

reduction in reproductive effort during September and October. Spawning of C. cookei was also

correlated with the lunar cycle. Reproductive effort was elevated around the new- and quarter

moon phases, and was depressed around the full moon.

The third study examined the effects of sex-ratio on sex change in artificially constructed

social groups of C. cookei. Males were maintained in social groups with and without females for

30 days. Gonads of three individuals showed evidence ofprotandrous sex change; however, the

proportion of groups in which sex change occurred did not differ significantly between groups in
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which females were present or removed. In contrast, the ratio of testis-to-ovary was significantly

lower in males of the female-removal groups. Together, these results indicate that males allocate

a greater proportion of gonad volume to ovarian tissue in the absence of females, but they do not

become functional as females over a period of 30 days. Future experiments should maintain

experimental groups for longer time periods in order to determine ifmales with ovary-biased

gonads eventually assume female function.

The fourth study examined the distribution of the delimited ovotestis morphology in the

family Creediidae and its sister groups. Delimited ovotestes were present in specimens of

Chalixodytes tauensi$ Crystallodytes pauciradiatus, Limnichthys nitidus, and 1. fasciatus and

were not present in Apodocreedia vanderhorsti, Creedia haswelli, 1. rendahli, 1. polyactis, and

Tewara cranwellae. Representative species from sister group taxa Percophidae and

Trichonotidae also lacked delimited ovotestes. When transposed onto phylogenetic relationships

proposed for the family and its sister groups, these results suggest that delimited ovotestis

morphology and protandrous sex change evolved within the family Creediidae, but are not shared

by all derived species.
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Chapter I. General Introduction

Overview of sex change in coral reef fishes

Coral reef fishes exhibit the greatest variation in patterns of sex allocation of all

vertebrates. Thee distinct modes of reproduction are present in fishes including gonochorism, in

which sexes are separate, simultaneous hermaphroditism, in which an individual can reproduce

as both male and female, and sequential hermaphroditism, in which an individual matures

initially as one sex and changes to the other with greater size (Atz, 1964). Of the two types of

hermaphroditism, sequential hermaphroditism (sex change) is the most common, and occurs in

approximately 17 families of reef fishes.

The size-advantage hypothesis (Ghiselin, 1969) predicts that sex change is likely to

evolve in populations where the reproductive success of the sexes increases at different rates with

size or age, that is, where an individual obtains greatest reproductive success by maturing as one

sex at a small size, then changing to the other sex with greater size. The direction through which

sex change will proceed can be predicted based on the social organization and potential for

polygyny within a species (Ross, 1990). Polygyny potential is the ability of males to obtain

multiple mates simultaneously.

Protogyny (female-to-male sex change) typically occurs in species where polygyny

potential is high, and large males are able to obtain a much greater number ofmating

opportunities than smaller males (Asoh, 2001). This disparity in reproductive success between

males of different sizes may result either because large males are more successful at guarding

females directly (termed mate defense polygyny) or resources that are important to female

reproductive success (resource defense polygyny). As an example of the former, the Potter's
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angelfish, Centropyge potteri live in small, non-permeable social groups in which a single

dominant male monopolizes matings with resident females (Lutneskey, 1989). In comparison,

bluehead wrasse, Thalassoma bifasciatum, live in large social groups, where large males compete

for spawning sites frequented by females, an example of resource defense polygyny (Warner,

1987). Over 14 coral reef associated families are known to contain protogynous species,

including the Labridae (Warner, 1975; Ross, 1982), Pomacentridae (Shpigel and Fishelson,

1986), Scaridae (Robertson et aI., 1982) Serranidae (Smith, 1975), Cirrhitidae (Donaldson, 1990;

Sadovy and Donaldson, 1995), Trichonotidae (Kusen et aI, 1991) and Pomacanthidae

(Lutneskey, 1989; 1992).

Protandry (male-to-female sex change) typically occurs in species where there is a low

potential for polygyny (Berglund, 1999) and where small size greatly constrains female fecundity

but not male fecundity (Ghiselin, 1969). Such constraints are typically termed anisogamic

constraints, referring to the great disparity in size between male and female gametes, as well as

the reproductive organs that produce them. Unlike protogynous hermaphrodites, terminal sex

individuals (females) ofprotandrous species are not known to defend male mates directly

(Berglund, 1999), but may defend critical resources from non-group members. For example,

anemonefishes of the genus Amphiprion (Pomacentridae) are obligate symbionts of sea

anemones and usually live in small groups consisting of a single mating pair and several juvenile

fishes. Females aggressively defend anemones from other conspecifics, but do not defend males.

Protandry is hypothesized to be the prevailing direction of sex change in Amphiprion because

reproductive success in monogamous species is limited by the fecundity of the female. In contrast

to protogyny, protandry is less common among reef-fish families. In addition to the
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Pomacentridae (Fricke, 1977) protandry is known to occur in four other reef-associated families:

Muraenidae (Shen et aI., 1979), Sparidae (Buxton and Garratt, 1990), Polynemidae (Longhurst,

1965), and Platycephalidae (Fujii, 1970; 1971; 1974). With the exception ofAmphiprion, little is

known about the social structure or reproductive biology ofprotandrous reef fishes.

Study Group

The family Creediidae is composed of 16 species and seven genera ofsmall, cryptic

fishes, which are found mostly in shallow waters of the Indo-Pacific (Table 1.1). Known by the

common names of ,sandburrowers' (Randall et aI., 1990), 'sand lances' (Collin and Collin, 1988),

and 'sand divers' (Paulin and Roberts, 1992), creediids live buried in coarse-grained calcareous

sand. Cozzi and Clark (1995) examined the swimming behavior of a species of creediid in the

Red Sea. Limnichthys nitidus makes extremely quick (up to 0.5 m/s) darts, both into the water

column as well as along the surface ofthe sand. Similar behavior has been described for 1.

fasciatus (Pettigrew et aI., 2000) and may likewise be characteristic of other members of the

family.

Two species of creediids are native to Hawaiian waters. Crystallodytes cookei (65 mm

maximum SL) occurs over a wide variety of habitats, ranging from intertidal to deep spur and

groove (Greenfield, 2003). Two subspecies of C. cookei are recognized in the literature.

Crystallodytes cookei enderburyensis is currently known from the Phoenix Islands, Pitcairn

Island group, and American Samoa, whereas C. cookei cookei is a Hawaiian endemic (Nelson

and Randall, 1985). As my work on C. cookei was confined exclusively to Hawaiian populations

of the species, all references to C. cookei in this dissertation pertain specifically to the subspecies

C. cookei cookei unless otherwise stated.
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Table 1.1 Taxonomic status and geographical distribution of creediid species. Taxonomic
status from Froese and Pauly (2003) unless otherwise noted. All distributions from Rosa
(1993).

Species

Apodocreedia

vanderhorsti

Chalixodytes

chameleontoculis

tauensis

Creedia

Describer

de Beaufort, 1948

Smith, 1957

Schultz, 1943

Taxonomic Status

Valid

Jr. synonym of
C. tauensis (See Rosa, 1993)

Valid

Distribution

Southeast Africa

Indo-Pacific

alleni

bilineatus

Nelson, 1983 Valid

Shimada and Yoshino, 1987 Valid

Southwestern Australia

Yaeyama Islands, Japan

clathrisquamis

haswelli

partimsquamigera

Crystallodytes

Ogilby, 1898

Ramsay, 1881

Nelson, 1983

Jr. synonym of C. haswelli
(See Jones and Kumaran,
1967; Rosa, 1993)

Valid

Valid

Southeastern Australia

Eastern Australia

cookei cookei

cookeienderburyens~

pauciradiatus

Limnichthys

Fowler, 1923

Schultz, 1943

Nelson and Randall, 1985

Valid; Subspecies of C. cookei Hawaiian Islands

Valid; Subspecies of C. cookei Phoenix Islands, Pitcairn
Group, and American
Samoa

Valid Easter Island

donaldsoni

fasciatus

nitidus

orientalis

polyactis

rendahli

Schizochirus

insolens

Tewara

cranwellae

Schultz, 1960

Waite, 1904a

Smith, 1958

Yoshino et a!., 1999

Nelson, 1978

Parrott, 1958

Waite, 1904b

Griffin, 1933

4

In debate: See Rosa, 1993;
Yoshino et a!., 1999; and
Greenfield, 2003

Valid

Valid

Valid

Valid

Valid

Valid

Valid

Central Pacific to Hawaii

Indo-Pacific

Indo-Pacific

Northwestern Pacific

New Zealand

New Zealand

Eastern Australia

New Zealand



The second Hawaiian species, Limnichthys donaldsoni (30 mm maximum SL), is

typically found only in deeper or more protected waters and is common in deep spur and groove

habitat outside Kane'ohe Bay, Oahu (Greenfield, 2003). The taxonomic status ofL. donaldsoni

is currently in debate. Yoshino et al. (1999) synonymized L. donaldsoni with L. nitidus based on

similarities in meristic characters between Japanese specimens of both species; however, they did

not directly examine material from the type locality for either species. Rosa (1993) found a

similar overlap in meristic counts ofthe two species, but tentatively recognized the subspecies L.

nitidus nitidus and L. nitidus donaldsoni based on differences in color patterns between the two

species. In my dissertation, I follow Greenfield (2003) in recognizing L. donaldsoni as valid

until a more thorough examination of the two forms can be made.

Both C. cookei and L. donaldsoni feed on small marine invertebrates (Longenecker,

2001) and are reported to spawn pelagic eggs over a protracted reproductive season (Leis, 1982;

Watson and Leis, 1974). Greenfield (2003) reported that C. cookei and L. donaldsoni are among

the most numerous demersal fishes in Kane'ohe Bay. Despite this abundance, little is known of

the adult biology of these species or others in the family. Longenecker (pers. corom.) found that

large individuals of C. cookei and 1. donaldsoni collected from Hawaiian waters were

predominantly female based on macroscopic observation of their gonads. Nelson and Randall

(1985) recorded similar findings for the sub-species C. cookei enderburyensis. Because skewed

sex ratios may indicate sequential hermaphroditism (Sadovy and Shapiro, 1987), I undertook a

histological study of gonadal tissue in the species of the family Creediidae.
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Dissertation organization

This dissertation examines sex allocation and reproductive biology of species of the

family Creediidae. Each of the four chapters in this dissertation was written for separate

submission for publication, thus some repetition of introductory information was necessary.

Chapter two examines gonad morphology and development of the Hawaiian creediids,

Crystallodytes cookei and Limnichthys donaldsoni. The hypothesis that both species may be

protandrous hermaphrodites is tested using histological and demographic criteria which are

indicative of sex change in fishes.

Chapter three examines seasonal and lunar trends in reproductive effort for specimens of

C. cookei and 1. donaldsoni using gravimetric and histological indices ofgonad maturity. Batch

fecundity is estimated using oocyte size-frequencies and is compared with other small-bodied

tropical fishes.

Chapter four examines the proximate factors regulating protandrous sex change in C.

cookei. The hypothesis that sex change is socially regulated is tested by comparing frequency of

sex change among males placed in artificial social groups.

Chapter five examines gonad morphology and population demographics in the remaining

five genera ofthe family Creediidae as well as species from the sister taxa Percophidae and

Trichonotidae. The hypothesis that the delimited ovotestis morphology and protandry evolved

within the family Creediidae is tested by comparing patterns of gonad morphology and

development in these groups with phylogenetic relationships of the family and its sister groups.

The final chapter integrates and summarizes results of the previous four chapters and

proposes directions for future study of sex change in creediid fishes.
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Chapter II. Histological evidence of sequential hermaphroditism in
Hawaiian sandburrowers Crystallodytes cookei and Limnichthys

donaldsoni (Teleostei: Creediidae)

ABSTRACT

Crystallodytes cookei and Limnichthys donaldsoni are small, sand-dwelling fishes that
occur in high densities throughout Hawaiian waters. Gonadal tissue of both species was
examined histologically to determine whether the species are hermaphroditic. Individuals of both
species have ovotestes in which ovarian and testicular tissue are divided by a connective tissue
barrier. In juveniles and males, the ovarian and testicular regions are approximately equal in
cross-sectional area, whereas in females the testicular portion is absent or greatly reduced. Based
on this gonad morphology as well as the presence of transitional individuals and a strong sex
based bimodal size distribution, C. cookei and L. donaldsoni are diagnosed as protandrous
hermaphrodites. This study reports the first known occurrence of hermaphroditism in the family
Creediidae.

INTRODUCTION

The family Creediidae consists of 16 species of elongate, cryptically colored, fishes that

inhabit near-shore waters of the tropical and sub-tropical Indo-Pacific (Chapter 1; Nelson, 1985).

Known by the common names of sanddivers and sandburrowers, creediids typically live in

coarse-grained calcareous sand. Several creediid species are reported to occur in large

aggregations. For instance, Limnichthys nitidus exceeds 50 individuals per m 2 in the Red Sea

(Cozzi and Clark, 1995). Despite this abundance, little is known regarding the life history ofany

members ofthe family.

Two creediid species are native to Hawaiian waters. Crystallodytes cookei (65 mm

maximum SL) occurs over a wide variety of calcareous sand habitats, ranging from intertidal to

shallow and deep spur-and-groove habitat, whereas Limnichthys donaldsoni (30 mm maximum

SL) is found in deep spur-and-groove habitat and open patch reef exposed to moderate surge

(Gosline, 1965; Greenfield, 2003). The taxonomic status ofL. donaldsoni is currently in debate.
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Yoshino et aI. (1999) synonymized 1. donaldsoni with 1. nitidus based on similarities in meristic

characters between Japanese specimens of both species; however, they did not directly examine

material from the type locality for either species. Rosa (1993) found a similar overlap in meristic

counts of the two species, but recognized the subspecies 1. nitidus nitidus and 1. nitidus

donaldsoni based on differences in color patterns between the two species. In this paper, I follow

Greenfield (2003) in recognizing 1. donaldsoni as valid until a more thorough examination of the

two forms can be made.

Both Hawaiian creediids occasionally dart into the water column to capture small

invertebrates (amphipods, chironomids, and gastropods) that are knocked loose by wave action

(Longenecker,2001). Watson and Leis (1974) and Leis (1982) report that both species are

pelagic spawners and reproduce throughout the year; however, nothing is known of the mode of

sexuality in either of these species. Both species appear to be predominately female based on

macroscopic investigation of their gonads (K. Longenecker, pers. comm.). Nelson and Randall

(1985) recorded similar findings for the subspecies C. cookei enderburyensis. Because skewed

sex ratios may indicate sequential hermaphroditism, I sought to determine whether C. cookei and

1. donaldsoni are sequential hermaphrodites. Using the criteria for the diagnosis of

hermaphroditism in fishes outlined by Sadovy and Shapiro (1987), I undertook a histological

analysis of gonadal tissue of the two Hawaiian creediid species.

MATERIALS AND METHODS

Specimens were collected from the island ofO'ahu, Hawai'i between October 1997 and

June 2000. Crystallodytes cookei was collected from three locations: Makapu'u Beach Park (N

21"18'53" W 157"39'39"; n = 18), Diamondhead Beach Park, (N 21°15'32" W 157"48'23" ; n =

8



22), and the barrier reef outside Kane'ohe Bay (N 21 °28'25nW 157"46'41 n; n = 14). Limnichthys

donaldsoni was collected only from Kane'ohe Bay barrier reef (n = 24). Additional specimens of

both species (22 C. cookei and 34 1. donaldsoni) were obtained from preserved fish collections

made during a rotenone sampling program of Kane'ohe Bay between 1991 and 1995 (see

Greenfield, 2003). All specimens were fixed in a 10% solution of seawater-buffered formalin for

7 days, rinsed in fresh water, and transferred to 60% isopropanol. The standard length (SL) of

each specimen was measured to the nearest 0.1 millimeter following Hubbs and Lagler (1958).

All measurements reported are in rom SL unless otherwise stated. The head and tail were

removed and the remaining trunk portion was decalcified in Cal-Ex (Fisher Scientific) for 24

hours and rinsed in tap water for an equal period. This body portion was embedded in paraffin,

sectioned transversely at 7 microns and stained with Harris' hematoxylin and alcoholic eosin.

Gonad sections were examined microscopically and evaluated for presence of testicular and/or

ovarian tissue, as well as the relative development of each.

Gonads were classified into four morphological categories based on the type of germ cells

present as well as their distribution within the gonad. Gonads containing germ cells of only one

sex (unisexual gonads) were classified as ovaries if they consisted entirely of ovarian tissue

(oocytes and oogonia) or testes if they consisted entirely of testicular tissue (spermatogonia,

sperrnatocytes, and spermatozoa). Gonads that consisted of both ovarian and testicular tissue

(ovotestes) were classified as delimited ovotestes (DOT) if ovarian and testicular portions were

separated by a connective tissue barrier. Finally, gonads that consisted of somatic and gonial

cells were termed undifferentiated (UD). Oocytes were classified into four stages following

Wallace and Sellman (1981). Testicular tissue was classified according to Grier (1981).
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Gonads from each morphological category were further classified into functional

categories based on the presence or absence ofmature gametes. A gonad was termed male-active

(m) ifit contained spermatozoa and female-active (f) ifit contained oocytes in stage III or

beyond. Gonads that contained both spermatozoa and stage II or III oocytes were termed

transitional (t). Gonads that did not contain mature gametes of either sex were termed inactive

(-). For example, an individual with an inactive ovotestis is termed DOT(-) whereas one that

contains spermatozoa and stage I oocytes is DOT(m).

For individuals with ovotestes, the cross sectional area of ovarian and testicular regions

were estimated as the product of the two largest perpendicular dimensions ofeach (as measured

with an ocular micrometer). Measurements were made in the center of the gonad, just posterior

to the stomach, where the testicular and ovarian portions were most equal. Only one gonad lobe

was measured for each fish. Testicular area was expressed as a percent of the total cross

sectional area of the gonad.

RESULTS

Three types of gonad morphology were found in C. cookei and 1. donaldsoni: 1) an

undifferentiated gonad that consisted of somatic and gonial cells, the latter that were

unidentifiable as to sex, 2) a delimited ovotestis, in which ovarian and testicular tissue were

separated by a connective tissue barrier, and 3) a strictly ovariform gonad that contained only

oogenic tissue. The numbers of individuals in each category are listed in Table 2.1 (c. cookei)

and Table 2.2 (1. donaldsoni).
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Table 2.1. Size class (in mm SL) and gonad classification for C. cookei.

Delimited Ovotestisun
SL (mm)

10-20 3 3

20-30 2

30-40 1

40-50

50-60

19

14

4

M

2

3

T

1

F

2

Ovary

5

15

2

F

Undifferentiated Individuals

Of the 76 specimens ofC. cookei examined, three specimens had undifferentiated gonads

(Table 2.1). In each ofthese individuals, the gonad consisted of two small lobes «100 flm in

diameter) suspended from the dorsal portion of the peritoneal cavity, above the gut. The lobes

did not appear to unite posteriorly nor did they appear to be subdivided into separate ovarian and

testicular portions. No oocytes or spermatogenic tissue were visible. Instead, each lobe contained

densely packed somatic cells and a few gonial cells. All 58 individuals of1. donaldsoni

examined had differentiated gonads.
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Table 2.2. Size class (in mm SL) and gonad classification for
L. donaldsoni.

UD Delimited Ovotestis

SL (mm) I I M I T I F

10-.15 5 2

15-20 3 19

20-25 6 5 1

25-30 2

Ovary

I F

11

3

Table 2.3. Proportion of testicular tissue in gonad cross-section for
delimited ovotestis classes.

C. cookei L. donaldsoni

Classification range mean±SD range mean±SD

DOT(-) 31.6-71.4 47.2 ± 15.6 23.2 -75.0 50.7 ± 23.7

DOT(m) 31.6-84.7 54.1 ± 14.5 27.8 - 84.0 52.4 ± 13.7

DOT(t) 6.7 - 27.0 17.0±7.4 1.01-31.8 17.3 ± 12.1

DOT(f) 0.8 0.8 0.88 - 18.5 7.4 ± 9.7
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Individuals with delimited ovotestes (DOTs)

Inactive DOTs

Six specimens of C. cookei and eight of L. donaldsoni had inactive DOTs (Tables 2.1 and

2.2). As with UD fishes, gonads in DOT(-) fishes were bilobed; however, each lobe was further

subdivided into a dorsal ovarian and ventral testicular region (Figures 2.1 A and 2.2 A). These

two portions were separated by connective tissue (delimited type of Sadovy and Shapiro, 1987)

and remained distinct throughout the entire length of the gonad. Ovarian and testicular portions

ofthe gonad were approximately equal in cross-sectional area (Table 2.3). In the majority of

specimens, the testicular portion consisted of a solid mass of eosinophilic somatic cells and small

(4-5 !lm) gonial cells. Sperm ducts were not visible nor were spermatozoa evident. Ovarian

tissue of inactive hermaphrodites contained numerous small (20-30 !lm) stage I (primary growth

stage) oocytes that stained darkly with hematoxylin. No ovarian lumen was visible.

Male-active DOTs

A total of 37 individuals of C. cookei and 27 ofL. donaldsoni had male-active DOTs

(Tables 2.1 and 2.2). Gonads of DOT(m) fishes were larger than those of DOT(-) fishes (Figures

2.1 Band 2.2 B) although the proportion of ovary-to-testis remained approximately equal (Table

2.3). As with DOT(-) fishes, ovarian and testicular regions were completely separated by

connective tissue, and remained distinct throughout the entire length of the gonad. In DOT(m)

individuals, left and right lobes of the gonad united posteriorly to form a sinus, herein referred to

as the testicular sinus. The testicular sinus constricted to form a testicular duct that exited

through the urogenital papilla.
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Figure 2.1. Gonad morphology and development in Crystallodytes cookei. A) DOT of a 19.5 mm
inactive individual. B) DOT of 25 mm male-active individual. C) DOT of a 44 mm transitional
individual. D) DOT of a 50 mm female-active individual. E) Ovary of a 56 mm female-active
individual. 0: ovary, T: testis, s: spermatozoa. Oocyte stages: I (primary growth), II (cortical vesicle
stage), III ~itellogenesis ), IV (maturation), pof (post-ovulatory follicle). Scale bar is 100 !Jm.
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Figure 2.2. Gonad morphology and development in Limnichthys donaldsoni. A) DOT of a 12.5 mm
inactive individual (juvenile). B) DOT of a 19 mm male-active individual. C) DOT of a 21.5 mm
transitional individual. D) DOT of a 27.5 mm female-active individual. E) Ovary of a 24.5 mm
female-active individual. Abbreviations follow Figure 2.1. Scale bar is 100 !Jm.
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Figure 2.3. Cellular structure of testicular tissue in L. donaldsoni and C. cookei A) testicular tissue
from a male-active DOT ofL. donaldsoni (from 2.2 B). B) testicular tissue from a transitional DOT of
C. cookei (from 2.1 C). BM: basement membrane, s: spermatozoa, sc: spermatocyte,
sg: spermatogonia. Scale bar is 50 !Jm.



Figure 2.4 Anterior to posterior gonadal sections from a transitional DOT ofL. donaldsoni (23 mm).
A) anterior gonad. B) union of ovarian lobes. C) anterior gonadal sinuses. D) posterior gonadal
sinuses. E) anterior testicular duct and oviduct. F) posterior testicular duct and oviduct. 0: ovary,
T: testis, od: oviduct, os: ovarian sinus, td: testicular duct, ts: testicular sinus. Scale is 100 Jlm.
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Testicular tissue of DOT(m) fishes was composed of a central geminal portion bound by

a thin (4-5 /lm) testicular wall (Figure 2.3 A). Septa occasionally extended inward from the

gonad wall into the geminal portion of the testis. Spermatogenic tissue was most abundant at the

lateral margins of the testis, and consisted primarily of densely packed cells that stained darkly

with hematoxylin. The majority of these cells ·could not be identified to any stage of

spermatogenesis, although some formed large (15-30 /lm), spherical aggregates of spermatocytes.

In contrast, the medial region of the testis was usually vacuous and typically contained large

numbers of isolated spermatogonia (each 4-5 f.1m in diameter) and free spermatozoa. No discrete

sperm ducts were present within the testicular tissue ofany DOT(m) fishes. Spermatozoa were

most abundant in the vacuous, medial portion of the testis and posterior testicular duct, indicating

that sperm transport may occur through the main body of the testis rather than a peripheral sperm

duct.

The ovarian region in DOT(m) fishes contained stage I oocytes that were slightly larger

and more elliptical than those found in DOT(-) fishes (Figures 2.1 Band 2.2 B). A few of these

oocytes were identified as perinucleolus stage (see Wallace and Selman, 1981) by the dark,

hematoxylin staining ooplasm and presence of numerous provitelline nucleoli within the nucleus.

Ovarian atresia was not visible in any DOT(m) gonads. As with the testicular portion ofthe

gonad, the two lobes of ovarian tissue in DOT(m) fishes united posteriorly to form a common

sinus, referred to here as the ovarian sinus. Primary growth oocytes were occasionally seen

within ovarian lamellae that projected into the ovarian sinus.
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Transitional DOTs

Five individuals of C. cookei and five ofL. donaldsoni had transitional DOTs (Tables 2.1

and 2.2). In contrast to DOT(-) and DOT(m) fishes, the gonads of transitional individuals were

predominantly ovarian in cross-section (Table 2.3; Figures 2.1 C and 2.2 C). In the majority of

DOT(t) fishes (all five ofC. cookei and four of five for 1. donaldsoni), the testicular portion of

the ovotestis was similar in architecture and absolute size to those of DOT(m) fishes; testicular

tissue of the left and right lobes ofovotestis united posteriorly to form a common sinus that was

separate from the sinus formed by the ovarian portions of the ovotestis (Figure 2.4).

Spermatozoa were particularly abundant in these individuals, forming dark masses in the medial

portion ofthe ovotestis, testicular sinus, and posterior testicular duct; however, in one DOT(t) L.

donaldsoni (23 mm SL) the testicular portions of the ovotestis were extremely reduced and did

not unite to form a posterior testicular sinus, despite the fact that spermatozoa were present in the

anterior part of the testis.

Internal structure and organization of geminal tissue in DOT(t) fishes differed somewhat

from that of DOT(m) individuals. Spermatogenic tissue tended to be less densely aggregated

than that of DOT(m) fishes, and contained a greater number of readily identifiable spermatocytes

(Figure 2.3 B). Spermatozoa, were visible throughout the body ofthe testis, although they were

most abundant in the lateral margins.

Ovarian tissue ofDOT(t) fishes contained oocytes ranging in development from stage I

through stage II (cortical vesicle stage). Early stage II oocytes were approximately twice as large

as perinucleolus-stage oocytes, had dark-staining ooplasm, and a well-defined nucleus. Small,

circular (1.5-6.5 J-tm) pale vesicles were visible at the periphery ofthe ooplasm. Late stage II

oocytes were approximately four times larger than stage I oocytes, had a less clearly defined
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nucleus, and were bound by a conspicuous chorion (zona radiata) and follicular layer: Stage II

oocytes contained many large (to 25 /-lm) clear vacuoles that were distributed throughout the

central ooplasm. These vacuoles likely represent oil droplets that have been lost in the xylene

steps of tissue processing (Cole and Hoese, 2001). Some individuals also contained early stage

III (vitellogenic) oocytes. These oocytes were similar in appearance to late stage II oocytes, but

also contained small vitelline globules around the oocyte periphery. Atretic oocytes were

occasionally visible in DOT(t) fishes.

Structurally, the ovarian portion of the ovotestis of transitionals differed from DOT(m)

fishes by the presence of distinct ovigerous lamellae and luminal spaces. Luminal spaces opened

towards the periphery of the ovary rather than forming a central lumen typical of some teleost

species. Both the ovarian lamellae and lumen were most evident in ovotestes that contained only

a small number of stage II oocytes, whereas neither structure was clearly visible in fishes that

contained a preponderance oflarge stage II or III oocytes. As with DOT(m) fishes, the ovarian

regions of the left and right gonadal lobes joined posteriorly to form a. common ovarian sinus.

This sinus constricted further to form an oviduct located dorsal to the sperm duct (Figure 2.4).

Stage I and II oocytes were frequently seen within ovarian lamellae that projected into the

posterior ovarian sinus but none were seen within the oviduct.

Female-active DOTs

One individual of C. cookei and three of1. donaldsoni had female active DOTs (Table

2.1). Gonads of DOT(f) fishes were almost entirely ovarian in cross section; testicular tissue

comprised less than 1% and 7% of gonad area for C. cookei and 1. donaldsoni respectively

(Table 2.3). Unlike testicular regions ofDOT(m) and most DOT(t) fishes, those of DOT(f) did

not extend throughout the entire range of the ovary nor did they join to form a common testicular
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sinus. Instead, the testicular tissue was restricted to small lobes at the ventro-medial portion of

the gonad, well anterior to the colon (Figures 2.1 D and 2.2 D). Internally, the testicular tissue

contained dense aggregations of somatic cells and germ cells. Small, basophilic cells, that may

have been spermatids, were also occasionally visible within the testis, but no flagellated sperm

were apparent.

Ovarian tissue in DOT(f) individuals was identical in structure to those ofDOT(t) fishes;

left and right ovarian portions of the gonad united to form a posterior ovarian sinus and oviduct.

Distinct ovarian lamellae and lumina were visible only in non-gravid fishes. Oocyte

development in DOT(f) fishes was within the range ofthose found in DOT(t) fishes except that

most stage III oocytes were in an advanced state ofvitellogenesis. These oocytes were almost

twice as large as Stage II oocytes. The ooplasm stained lightly and contained large numbers of

eosinophilic yolk globules, each 10-15 !Jm in diameter, which were distributed throughout the

ooplasm. Nuclei were occasionally visible at the periphery of the ooplasm. Post-ovulatory

follicles (POF) were also present in the ovary of the single DOT(f) specimen of C. cookei,

indicating recent ovulation. POFs consisted of a highly folded ring of thecal and follicular cells,

200-300 !Jm in overall diameter.

Unisexual Ovaries

A total of 22 individuals of C. cookei and 14 of L. donaldsoni had unisexual ovaries

(Tables 2.1 and 2.2). Gonads in these individuals were strictly ovarian and contained no trace of

spermatogenic tissue (Figures 2.1 E and 2.2 E). Ovarian tissue in unisexual females was

identical to that ofDOT(f) fishes and contained oocytes ranging from stages I to III. In addition,

stage IV (maturation) oocytes were also present. Early stage IV oocytes were slightly larger than

stage III oocytes and contained large (40-60 f.lm) inclusions ofvitelIine within the ooplasm. Oil
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droplets in early stage IV oocytes were coalesced into vacuoles of similar size (to 80 f.lm). In late

stage IV oocytes (hydration), the follicle diameter was nearly double in size compared to stage

III, although the oocyte itself was usually shrunken to half this diameter as a result of tissue

dehydration (Figure 2.1 E). Within the ooplasm, vitelline globules had completely coalesced to

form a homogenous mass. Stage IV oocytes were not found in 1. donaldsoni, although POFs

were occasionally seen in the ovaries of both species.

Inactive Ovaries

Two individuals of C. cookei had inactive ovaries (Table 2.1). As with other unisexual

females, the gonad was entirely ovarian. The ovary ofone individual (44.5 mm SL) contained

both stage I and II oocytes whereas the other (46 rom SL) contained only stage I oocytes. Both

fishes were taken in the same collection.

Statistical Comparisons

Figures 2.5 and 2.6 show the size (SL in mm) distributions for male-active (DOT(m)),

female-active (unisexual females +DOT(f)), and transitional individuals of C. cookei and 1.

donaldsoni respectively. Mean body-size for individuals from each of the three classifications

was compared using an ANOVA and Tukey's pairwise comparison (family error rate = 0.05).

There was a significant difference among the three classifications for both C. cookei (P<O.OOO, F

= 43.56, DF = 64) and 1. donaldsoni (P <0.000, F = 38.07, DF = 48). Female-active fishes were

significantly larger (p<O.05) than male-active fishes for both species. Transitional individuals

were also significantly larger than males but did not differ significantly with females for either

specIes.
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DISCUSSION

Crystallodytes cookei and Limnichthys donaldsoni are diagnosed as protandrous

hermaphrodites based on four criteria. Firstly, the bimodal size distribution of functional males

and females of both species is typical of that which would be expected for protandrous

hermaphrodites; a decrease in the frequency of mature males with greater size is accompanied by

an increase in the number of females. Moreover, the complete absence of functional females

within small size ranges appears to indicate that both 1. donaldsoni and C. cookei are

monogynic, all females being secondarily derived from previously mature males. Secondly, the

gonads ofjuveniles contain both ovarian and testicular tissue. Ovotestes are known to occur in

juveniles of sequentially hermaphroditic (Reinboth, 1970) as well as gonochoristic (Asoh, 1997)

species; however in the latter, degeneration of tissue of one sex occurs concomitantly with

maturation of that of the other sex. No signs of degeneration or atresia were evident in the

ovarian tissue of functional males ofeither species. In fact, oocytes in male-active individuals

were increased in number relative to DOT(-) individuals. Therefore, the presence ofovarian

tissue in juveniles and functional males appears to be a precursor of future female function.

Thirdly, transitionals were present in both species. Ten individuals (six in C. cookei and four in

1. donaldsoni) contained both active testicular and ovarian tissue. These individuals were

intermediate in size between males and females, as would be expected if they were transitioning

from a male-active to female-active state. Presence ofhistologically transitional individuals is

typically considered strong evidence for sequential hermaphroditism (Sadovy and Shapiro,

1987). Lastly, in fishes examined in this study, the gonads of a few mature females had testicular

remnants. Four individuals, (one of C. cookei and three ofL. donaldsoni) were found that had

fully mature ovaries, but that also bore reduced testicular lobes. Unlike DOT(m) fishes, testes of
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these fishes lacked connections to the posterior gonad and urogenital papillae, and so could not

be functional in terms of gamete release. Presence of vestigial testicular tissue adjacent to

functional ovarian tissue is known to occur in protandrous sparids (Reinboth, 1970) and so may

likewise be evidence of previous male function in C. cookei and 1. donaldsoni.

Each ofthese criteria, when presented individually, may have alternative explanations

and thus are not necessarily diagnostic ofhermaphroditism (Sadovy and Shapiro, 1987);

however, in combination they provide compelling evidence for the existence ofprotandry in both

species. They consistently suggest a sequence ofdevelopment in which juvenile fishes having an

immature ovotestis mature initially as male, transition through a state in which both testicular

and ovarian portions are active, and eventually change to a functional female state in which the

testicular portion of the gonad is lost or greatly reduced.

It is unclear whether the 10 transitionals found in the course of this study were

functioning as male and female simultaneously, or were simply in a transitional state between the

two sexes. The majority of the transitional individuals had copious amounts of sperm in the

posterior region of the ovotestis and testicular sinus, indicating that they could function as males;

however, the ovarian tissue in these individuals typically contained a smaller number of

developing oocytes than was found in unisexual females. Also, none of the oocytes in

transitionals had reached maturation, and so were not mature enough to be ovulated. Among

protogynous sex changers, the production of sperm and developing oocytes do not typically

coincide, even among transitional individuals; however, in many of the species, the gonad is

mixed or non delimited. Production of gametes of the terminal sex necessitates at least partial

destruction of gonadal tissue of the primary sex. In species with delimited gonads, ovarian and

testicular portions of the reproductive tract are completely separated, and maturation of terminal
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sex gametes can occur spatially independent of those of the primary sex. Persistence of initial

sex gametes also differs markedly, dependent on the direction of sex change. Among many

protogynous species, initiation of sex change results in the onset ofalmost immediate

degeneration of the primary sex tissue (oogonia and oocytes); however, in some protandrous

species, spermatogonia continue to mature into spermatozoa once change to the female sex is

initiated (Godwin, 1992). The co-occurrence ofdeveloping oocytes and spermatozoa in C.

cookei and 1. donaldsoni may therefore be an artifact of gonad type and direction of sex change

rather than an indicator of true simultaneous hermaphroditism.

In contrast to reports of female-biased sex ratios in populations of C. cookei and 1.

donaldsoni (Longenecker, pers comm.) as well as C. cookei enderburyensis (see Nelson and

Randall, 1985), male-active individuals were more abundant than female-active individuals for

fishes sampled in this study. Overall male-to-female ratios were 1.6:1 for C. cookei and 1.9:1 for

L. donaldsoni (from Tables 2.1 and 2.2). Although exact ratios are affected by the manner in

which the fishes were collected, it is probable that male-bias is a real phenomenon, and not an

artifact of sampling. Sampling distributions for this study were approximately normalized, with

greatest sampling effort in the mid-to-large size classes, whereas that ofa biological population is

typically skewed, with greatest abundance in the smallest, and presumably youngest size classes

(Everhart and Youngs, 1992). Assuming that these smaller individuals are more likely to be

male than female, sex ratios in this study may, in fact, underestimate the proportion ofmale

active individuals in the population. Reports of female-biased populations in Hawaiian creediids

(Longenecker, pers. comm.) are probably erroneous, and may be attributed to the fact that

individuals sexed macroscopically are more likely to be classified as female than male, as gonads

of both male and female-active fishes contain ovarian tissue, which is more easily recognized
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than testicular tissue. The presence of male-bias in collections of the two species does not

necessarily indicate that females mate with several males (polyandry). The aneomonefish,

Amphiprion clarkii exhibits male-bias similar to C. cookei and L. donaldsoni, as social groups

typically contain a single female and three to four males; however, the operational sex ratio is

one-to-one, as only the largest male in each group mates with the female (Moyer and Bell, 1976).

Thus, a study of spawning behavior in the Hawaiian creediids is necessary in order to determine

the operational sex ratios of the two species.

The delimited ovotestis morphology found in some individuals of C. cookei and

L. donaldsoni is similar to that described for protandrous sparids (Buxton and Garratt, 1990). In

both groups, ovarian tissue is located within the dorsal part of the ovotestis and is divided from

testicular tissue (located ventrally) by a connective tissue barrier. Unlike sparids, which have a

central ovarian lumen, the ovarian lumen of C. cookei and L. donaldsoni opens peripherally at

the ventrum of the ovary. The majority ofother protandrous species have non-delimited

ovotestes in which ovarian and testicular tissue remain spatially separated, but are not divided by

a connective tissue boundary. No protandrous species has been reported to have an ovotestis in

which male and female tissue are intermixed, a morphology that is found in several protogynous

speCIes.

Because this study examined sex change through a developmental series ofindividuals

rather than a demographic one, the mechanism by which sex change is mediated is unknown.

The complete absence of females in lowest size ranges of both species may reflect a

developmental minimum, below which sex change is unprofitable because of the reduced female

fecundity associated with small size (Chapter 3). In other words, despite social conditions that

may be conducive to sex change, small males may instead postpone sex change until they reach a

size at which realized female fecundity exceeds male reproductive success. A test of these
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hypotheses awaits completion of sex change induction experiments. These experiments can

confirm sequential hermaphroditism and also may more clearly resolve the degree to which

developmental constraints and social cues playa role in initiation ofsex change in these fishes.
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Chapter III. Spawning dynamics of Hawaiian sandburrowers,
Crystallodytes cookei and Limnichthys donaldsoni

ABSTRACT

The family Creediidae contains 16 species of small, sand-burrowing fishes that are found
throughout the Indo-Pacific. Little is known about the reproductive ecology of these fishes. In
this study, I examine batch fecundity, seasonal and lunar trends in reproductive effort for two
creediids native to Hawaiian waters. Crystallodytes cookei and Limnichthys donaldsoni spawn
small batches (25-162 oocyteslbatch) of pelagic eggs over a protracted reproductive season. In C.
cookei, reproductive effort varied significantly with season. Spawning initiates in the winter
months ofNovember-January and continues through the early summer and abates for 1-2 months
in the late fall (October-December). Similar patterns were evident in 1. donaldsoni but were not
significant. This seasonal trend is wide-spread among Hawaiian near-shore species; however, the
adaptive advantage of this pattern is unclear. Both species exhibit lunar variation in reproductive
effort. In C. cookei, spawning occurs throughout the lunar month, but is less frequent around the
full moon. In 1. donaldsoni, spawning occurs around each of the lunar phases, but is appears to
be less intense on the full moon and last quarter. These lunar patterns indicate that spawning is
not directly correlated with periods of high tidal flow which would maximize dispersal of eggs
away from spawning habitats. Instead, individuals of C. cookei and 1. donaldsoni may simply
use lunar phases as a cue to synchronize reproduction with conspecifics, thereby reducing
predation pressure on individual egg clutches.

INTRODUCTION

Studies on the reproductive biology of tropical reef fishes are typically confined to large-

bodied species that are economically or culturally important. Small bodied (adult size <10 em

SL) species have been virtually ignored, despite the fact that they account for a large proportion

of species on coral reefs and surrounding habitats (Munday and Jones, 1998). Due to their high

numeric abundance, small fish species may constitute an important trophic link between

demersal invertebrates and larger-bodied fish species (K. Longenecker, unpublished data), thus

an understanding of the life history and reproductive ecology of these species may be useful in

management ofcoral-reef fisheries.
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Fishes of the family Creediidae compose an important but relatively unstudied component

of the Indo-Pacific fish fauna. The family Creediidae is composed of 16 species and seven

genera of small, cryptic fishes, which are found mostly in shallow waters of the Indo-Pacific

(Rosa, 1993). Known by the common names of 'sandburrowers' (Randall et aI., 1990), creediids

live buried in coarse-grained calcareous sand.

Two species of creediids are native to Hawaiian waters. Crystallodytes cookei (65 mm

maximum SL) occurs over a wide variety ofhabitats, ranging from intertidal to deep spur-and

groove, whereas Limnichthys donaldsoni (30 mm maximum SL) is typically found only in deeper

or more protected waters (Greenfield, 2003). The taxonomic status ofL. donaldsoni is currently

in debate. Yoshino et al. (1999) synonymized L. donaldsoni with L. nitidus based on similarities

in meristic characters between Japanese specimens of both species; however, they did not

directly examine material from the type locality for either species. Rosa (1993) found a similar

overlap in meristic counts of the two species, but recognized the subspecies L. nitidus nitidus and

1. nitidus donaldsoni based on differences in color patterns between the two species. In this

paper, I follow Greenfield (2003) in recognizing L. donaldsoni as valid until a more thorough

examination ofthe two forms can be made.

Both species feed on small marine invertebrates (Longenecker, 2001) and are protandrous

hermaphrodites (Chapter 2). Watson and Leis (1974) and Leis (1982) examined the eggs and

larvae of C. cookei and 1. donaldsoni from plankton collected around O'ahu, Hawai'i. They

reported that both species spawn pelagic eggs which are 0.96-1.08 mm in diameter for

C. cookei and 0.78 mm in L. donaldsoni. Based on the distribution of eggs and larvae in

plankton samples, they predicted that both species spawn year-round. Greenfield (2003) reported
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that C. cookei is among the most numerous demersal fishes in Kane'ohe Bay. Despite this

abundance, little is known of the reproductive biology of this species or others in the family.

In this paper I examine reproductive seasonality for females of C. cookei and

1. donaldsoni using histological and gonadosomatic indices. Objectives for this paper were to

describe oocyte development, analyze seasonal and lunar trends in reproductive effort, and to

quantify fecundity for individual females. These data will constitute the first detailed study of

the reproductive ecology for species of the family Creediidae.

MATERIALS AND METHODS

Collections

Fishes were collected two to four times a month between July, 1999 and April, 2001.

Crystallodytes cookei (n = 298) was collected in sub-tidal sand at Makapu'u Beach Park

(N 21 °18'53" W 15T39'39"). Limnichthys donaldsoni (n = 197) was collected from spur and

groove habitat in Kane'ohe Bay (N 21 °28'25" W 15T46'41"), O'ahu, Hawai'i. Most collections

were made between 0800 and 1600 hrs. Makapu'u collections were made at depths between

0.25-1.25 m. Sand was scooped haphazardly from the substrate using 1L plastic buckets. The

sand was then drained in geologic sieves (0.5 mm mesh), fish were removed by hand, and sand

was returned to the habitat. Kane'ohe Bay collections were made between 10 and 20 musing

SCUBA. Sand was scooped into 5 gallon buckets and brought to the surface using lift bags.

Fish were then sorted as above and sand was returned to the habitat. Upon capture, specimens

were euthanized with the anesthetic MS-222 (Crescent Chemical), preserved in 15% formalin

and transferred to 60% isopropanol 5 days later. Standard length (SL) and total length (TL) were
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measured to the nearest 0.5 mm following Hubbs and Lagler (1958). Fishes were weighed to the

nearest 0.05g. All measurements are in mm SL unless otherwise stated.

Gonad analyses

Ovaries of females were removed and weighed to the nearest milligram using a Cahn

C-30 microbalance. Two indices of reproductive effort were calculated for each fish I) A

gonadosomatic index (GIS) was calculated as the ratio of ovary weight to ovary-free body

weight. 2) A histological index was created by staging oocytes based on size and cytological

properties. For histological analysis, preserved ovarian tissue was imbedded in paraffin,

sectioned serially at 7-10 Jlm, and stained with Harris' Hematoxylin and alcoholic eosin

(Humason, 1967). Ovaries were examined microscopically and classified into stages following

Wallace and Selman (1981). Briefly, these stages are primary growth (stage I), yolk-vesicle stage

(stage II), vitellogenesis (stage III) and maturation (stage IV). Ovaries were classified according

to the most advanced stage of oocytes present. Thus, an ovary containing mature oocytes was

ranked as stage IV, even ifvitellogenic or cortical vesicle oocytes were also present. Spawning

was assumed to be imminent for all individuals which contained stage IV oocytes or post

ovulatory follicles (POFs).

Fecundity estimates

Fishes were collected periodically throughout the spawning season for fecundity

estimates. Batch fecundity (BF) was estimated using two different methods. In the first, BF was

estimated by counting the total number of hydrated oocytes in the ovary. For the second method,

BF was estimated by counting the largest size-mode of non-hydrated oocytes.
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Statistical comparisons

Seasonal and lunar trends in gonadosomatic index (GIS) were modeled using cosine

curves following the methods ofCryer (1986). Cosine curves are used to model cyclical data

where a smooth transition from one time period to the next is expected. The user chooses the

period by specifying the number of observations (frequency) that it will take for the curve to

complete one oscillation. In this study, monthly (for seasonal data) and daily (lunar day data)

GIS means were modeled using a cosine curve with the equation G/St= Po+ PI cos(2TIt/j) + pz

sin(2llt/j) where pis the amplitude,fis the frequency, and GISt is the predicted mean GIS at time

t. For seasonal data, I chosef= 12 (12 months in a year). For lunar data, I chosef= 28 and

seven (assuming 28 days in a lunar month and seven days between lunar phases). Because

spawning data were tested for both lunar and seasonal trends, a Bonferroni correction was used to

account for multiple testing. Assuming an alpha less than 0.05 as significant for a single

statistical test, an alpha of 0.016 (0.05/3 tests) or less was necessary to reject the null hypothesis

that reproductive effort was not correlated with seasonal or lunar cycles.

The relationship between body size and batch fecundity was modeled using linear and

quadratic regressions. Two-sample t tests were used to compare mean size of unisexual and

bisexual individuals. All analyses were carried out using Minitab® 12 statistical software.

RESULTS

Description of oocyte growth and development

Four developmental stages of oocytes were present within the ovaries of C. cookei and

1. donaldsoni (Figure 3.1 and Table 3.1). The first three stages were similar in appearance in

both species. Stage I oocytes (primary growth) were small ellipsoid cells which stained darkly
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Figure 3.1 Oocyte classification for C. cookei. A) Primary growth (stage I) and late cortical
vesicle stage (stage II b) oocytes. B) Early cortical vesicle stage oocyte (stage II a) .
C) Vitellogenic oocyte (stage III) D) Oocytes undergoing final maturation (stage IVa).
E) Hydrated oocytes (stage IV b). F) Post-ovulatory follicles (POF). Scale bar is
approximately 100 /lm.
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with hematoxylin and contained a well defined nucleus which typically was more than 30 % of

the oocyte diameter. Within the nucleus multiple nucleoli were often evident. Stage II oocytes

(cortical vesicle stage) were approximately two to four times larger than primary growth oocytes.

Like primary growth oocytes, the ooplasm stained darkly with hematoxylin, however, it also

contained large numbers of oil droplets and had a less clearly defined nucleus. Late-stage

cortical vesicle oocytes were enveloped by a conspicuous follicular layer bordered internally by

an acellular layer, the zona radiata. Stage III (vitellogenic) oocytes were twice as large as stage II

oocytes, on average. The ooplasm stained lightly with hematoxylin and contained small,

eosinophilic (2 to 5 Ilm) yolk globules, which began to coalesce by the end ofvitellogenesis.

Stage IV oocytes differed in appearance and size between C. cookei and L. donaldsoni. In C.

cookei, early stage oocyte maturation (IV A) was characterized by migration of yolk globules into

a heterogeneous mass in the center of the ooplasm. Stage IV B (hydration) oocytes were

approximately twice as large as vitellogenic oocytes, although the exact dimensions were

difficult to calculate as the oocyte membrane was typically distorted during alcoholic tissue

infiltration. Within the ooplasm, the yolk globules had coalesced into a homogenous yolk mass

which stained lightly and uniformly with eosin. The follicle surrounding the oocyte was typically

distended and therefore less thick than in the previous stage. In 1. donaldsoni, stage IV A

initiated with the appearance of a small ring of non-staining vesicles around the oocyte periphery.
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Table 3.1 Oocyte diameters in ovaries of C. cookei and L. donaldsoni. Values
are listed in /lm as range (mean ± standard deviation).

Stage C. cookei L. donaldson;

I Primary Growth 17-85 (49± 15) 38-65 (48 ± 9)

II Cortical Vesicle 120-260 (178 ± 30) 103-175 (132 ± 20)

III Vitellogenisis 220-570 (360 ± 67) 175-391 (298 ± 48)

IVa Maturation 440-700 (558 ± 53) 309-463 (374 ± 37)

IVb Hydration 650-1100 (891 ± 107) 391-484 (449 ± 28)
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This was accompanied by fusion ofyolk globules into larger yolk masses in the center of the

oocyte. Stage IV B oocytes in 1. donaldsoni were approximately 1.5 times larger than those in

stage III, but were uncommon in the sample. Post-ovulatory follicles (POFs) were small,

collapsed rings ofcells which were present after ovulation. In specimens which had recently

ovulated, the rings were open and consisted of recognizable layer ofgranulosa and thecal cells.

Because POFs typically degrade quickly, the presence ofopen POFs within the ovaries of C.

cookei and 1. donaldsoni was assumed to indicate recent spawning.

Seasonal trends in GIS and oocyte development

Crystallodytes cookei

Figure 3.2 A shows the monthly distribution of GIS values for females of C. cookei

collected between July 1999 and April 2001. In 1999, mean GIS peaked in July and was

followed by a decrease in GIS in August-September reaching a low point in October. Mean GIS

increased in November-December 1999. Mean GIS was lower in January 2000 than the

preceding month but began to increase in February. Gonadosomatic mean values peaked in

March but remained elevated through July, and decreased again in August-September reaching

an annual low in October. Mean GIS values remained low in November, but began to increase

again in December 2000-January 2001. GIS means ascended to the highest levels in the

collection period in February-April 2001 and were twice that of the peak values from March-July

of the previous year.

There was a significant seasonal trend in GIS values over a 12 month period (Table 3.2;

Figure 3.2 A). The cosine model predicted rising GIS values throughout the winter and spring

months ofNovember-April followed by a decrease in summer months May-September, with

lowest values predicted for October.
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Figure 3.2 Seasonal variation in reproductive output for female C. cookei collected between
1999-2001. The top figure (A) shows seasonal variation in gonadosomatic index (GIS) values.
Solid circles are individual GIS values. Open circles are GIS means. Triangles are predicted
monthly means based on cosine regression withf=28 (Table 3.2). Bottom figure (B) indicates
the proportion of females containing oocytes from each of the four classes.

41



1999 2000 2001

I
April

•

•
••

•
I •

I
Jan

I
Oct

••
•

I I
April July

I

I I
Jan

I
Oct

•••

•

•
C0 ~

. ! • :
~ 0

. I
• I

I
July

2

6

4

8

o

50

25

75

10 .----------<>-------------->----
I I
I I
, I'. '
I I
I I
I I, ,
, I

: .. :
I • ' •: . :. .
, II. ' I: •• •• ·:0
, I

.:.. • • ° :. i'10 .0',' I

.: • n '
• ' 0· • • • 0:. •

I: • 0••• I : • °
~:. ~ I : • I • 1... :. ,

I,
• I

I,,
I
I

o
100

B-._-~.-j

Bll Stage I lZ2J Stage II o Stage III • Stage IV & POF

Figure 3.3 Seasonal variation in reproductive output for female 1. donaldsoni collected
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figure (B) indicates the proportion of females containing oocytes from each of the four classes.
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Table 3.2 Cosine regression models for seasonal and lunar trends in GIS data. Frequency (f) is
the total number ofvalues chosen for one oscillation of the curve. Time (t) is the month (1-12 for
January- December) or lunar day (0-27 where 0 = new moon, 7 = first quarter, 14 = full moon, 21
= last quarter). M = predicted monthly GIS means. L = predicted lunar day GIS means.

Species Regression Equation f P r n

C. cookei M = 5.03 - 1.22 Cos (2IIt/12) + 2.74 Sin (2llt/12) 12 months 0.000 16.5 298

L = 5.71 + 1.25 Cos (2IIt/28) - 0.998 Sin (2llt/28) 28 days 0.000 5.9 298

L = 5.768 + 0.637 Cos (2IIt/7) - 0.798 Sin (2IIt/7) 7 days 0.084 1.0 298

1. donaldsoni M = 3.50 - 0.202 Cos (211t/12) + 0.529 Sin (2IIt/12) 12 months 0.046 4.2 147

L = 3.54 + 0.106 Cos (211t/28) + 0.553 Sin (2IIt/28) 28 days 0.072 3.6 147

L = 3.54 + 0.523 Cos (211tl7) + 0.106 Sin (2IIt/7) 7 days 0.021 5.2 147
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Figure 3.2 B shows the proportion of ovaries sampled containing oocytes from each of

the four developmental phases. Although oocytes from stages I and II were present in the ovaries

ofall individuals in the study, the majority of these individuals also contained oocytes from

stages III or IV (e.g. Figure 3.1 C & D) and thus were ranked with the more advanced stages.

Individuals whose ovaries contained only stage I or II oocytes were present periodically

throughout the study period, but exceeded 25% the ofovaries sampled only in October 1999.

Ovaries with stage III oocytes were present in all months of the collection period suggesting that

mature oocytes are recruited directly from those undergoing vitellogenesis rather than primary

growth or cortical-vesicle stage oocytes. The proportion of females whose ovaries contained

stage IV oocytes or POFs roughly mirrored GIS trends in Figure 3.2 A. Ovaries with stage IV

oocytes or POFs were present in all months except October 1999 and August 2000, and

December 2000. October 1999 had a higher proportion of individuals with oocyte stages I or II ,

suggesting that ovarian recrudescence occurred during non-spawning periods.

Together, GIS and oocyte data indicate that C. cookei has a protracted spawning season

which initiates in the early winter months, continues through the spring and early summer, and

terminates for 1-2 months sometime in autumn or late summer.

Limnichthys donaldsoni

Figure 3.3 A shows the monthly distribution of GIS values for females ofL. donaldsoni

collected between July 1999 and April 2001. In 1999, mean GIS values were elevated from July

September but dropped abruptly to an annual low in October. Gonadosomatic index values

increased slightly in November-December. Mean GIS dropped again in January 2000; however,

only two females were collected during the month, so it is doubtful that the GIS mean accurately

reflects reproductive effort of the population. Mean GIS increased in February-April and reached
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an annual high in May. Gonadosomatic values remained elevated during June and July, although

only two specimens were collected in the later month. No females of1. donaldsoni were

collected in the months of August-October due to inclement weather and logistical difficulties.

Mean GIS was elevated when collections resumed in November 2000 and ascended further in

December and January 2001, although only two females were collected in each month. GIS

remained elevated in February but was followed by a sight drop in March. Only one female 1.

donaldsoni was collected in April 2001. Gonadosomatic index ofthis individual was similar to

mean GIS for individuals collected in February.

Although the autumn low in GIS values in 1. donaldsoni was similar to that of C. cookei,

the cosine model failed to detect a significant seasonal trend in GIS data over a 12 month period

(Table 3.2). This may be due to the lower sample-size for 1. donaldsoni and lack of data for

August-October 2000.

Figure 3.3 B shows the proportion of ovaries sampled containing oocytes from each of

the four developmental phases. As was seen in C. cookei, individuals with only stage I or II

oocytes occurred infrequently throughout the sampling period whereas individuals in which stage

III was the most advanced ovarian stage were present in all months of the sample except for July

and December of2000 and April 2001. In July, only two individuals were sampled, both of

which contained stage IV oocytes whereas in November, only one individual was sampled which

also had stage IV oocytes. In addition, only one individual was collected in April 2001. The GIS

index was relatively high (5.2) in this individual, and it contained open POFs indicating recent

ovulation. Excluding the three months with low sample-sizes, the proportion
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of individuals with stage IV oocytes or POFs roughly followed GIS trends in Figure 3.3 A.

Individuals with stage IV oocytes or POFs were present throughout July-December 1999 and

February-July and November-January 2000. In 2001, individuals with stage IV oocytes or POFs

were present only in February and April. It is probable that spawning may have also occurred in

March 2001, but was not detected from the small sample size (4 individuals).

Lunar trends in GIS and oocyte development

Crystallodytes cookei

Figure 3.4 A shows the distribution of GIS values for females ofC- cookei grouped by

lunar day. No ovaries were sampled for six days of the lunar cycle (days 1, 6, 12, 17,20, & 23).

In addition, sample size was low (less than five individuals) for an additional three days of the

lunar month (days 3, 16, and 19). Gonadosomatic means were elevated throughout the first

seven days of the lunar month and peaked on the first quarter (GIS = 8.6). This was followed by

a decrease in GIS values, descending to 3.8 on the full moon. GIS values rose again on the days

following the full moon, peaked on the third quarter (GIS = 11.4), and remained elevated

through the next new moon, where they peaked a third time (GIS =8.6). There was a significant

lunar trend in mean GIS values over a 28 day period (Table 3.2; Figure 3.4 A). The model

grouped the days preceding the new moon and leading up to the first quarter under one peak.

This was followed by a decrease in days following first quarter, reaching a low one to two days

before the full moon. The cosine regression predicted increasing GIS values two days after the

full moon and through the last quarter and days leading up to the next new moon. A cosine

regression with a period of seven days was not significant, thus C. cookei does not synchronize

reproduction around each lunar phase.
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Figure 3.4 B shows the proportion of ovaries sampled which contained oocytes from each

of the four developmental phases. The proportion of individuals with stage IV oocytes or POFs

approximated GIS trends in Figure 3.4 A. The proportion of individuals which contained stage

IV oocytes or POFs was greatest on first and third quarters, and new moon, reaching or

surpassing 50% of individuals in each. In contrast, the proportion of individuals with stage IV

oocytes or POFs was lowest in days surrounding the full moon. The proportion of individuals

which contained oocytes in stages I and II was highest in the days surrounding the full moon,

suggesting that ovarian recrudescence occurs during this period..

Together, GIS and oocyte data indicate that C. cookei spawns throughout the lunar month,

but that reproductive effort is greatest around the new moon and quarter moon phases.

Limnichthys donaldsoni

Figure 3.5 A shows the distribution of GIS values for females of1. donaldsoni grouped

by lunar day. Because of the small sample size, no ovaries were sampled for five days of the

lunar cycle (days 5, 9, 13, 17 & 20). In addition, sample size was low (less than five individuals)

for an additional ten days of the lunar month. Relative to most intervening days, GIS means were

elevated on the new moon and first quarter, but were somewhat lower on the full moon and last

quarter. The available data suggest that reproductive effort was synchronized with each of the

four moon phases, as the p-value for a cosine regression with period of seven days was much

lower than that ofa cosine regression with a 28-day period (Table 3.2); however, both p-values

were larger than the alpha value (ps:0.OI6) and therefore were not significant.

Figure 3.5 B shows the proportion of ovaries sampled which contained oocytes from each

of the four developmental phases. As suggested by GIS means (Figure 3.5 A), oocyte data
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indicated that spawning occurred throughout each of the four lunar phases. The proportion of

individuals with stage IV oocytes or POFs was highest on the day before the first quarter;

however, only three individuals were sampled for that period, thus it is probably biased by the

small sample-size. Smaller peaks were evident two days following the full moon, on the last

quarter, and new moon. Each of these phases was separated from the others by lunar days for

which no data were available, thus, it is unclear if spawning also occurs on intervening days.

Individuals which had only stage II oocytes were found only three days before the full moon and

three and four days before the new moon.

Together, GIS and oocyte data suggest that spawning in 1. donaldsoni may be

synchronized around the four lunar phases; however, additional data need to be examined before

this hypothesis can be confirmed.

Bisexual Females

Gonads of some functional females of C. cookei and 1. donaldsoni contained testicular

tissue. In all individuals, the testicular portion was separated from the ovary by a connective

tissue barrier and was considerably smaller than the ovarian portion of the gonad. In most of

these individuals the testicular portion did not contain mature spermatozoa. Of the specimens

which were examined histologically, 39 of C. cookei (16%) and 16 of1. donaldsoni (14%) had

testes. In both species, individuals with bisexual ovaries were significantly smaller than those

with unisexual ovaries (p<O.OOO). Figure 3.6 shows the proportion of bisexual individuals

throughout all months of the collection period. In C. cookei, bisexual females were present in

most months, but were absent in September-October 1999, July 2000, and December-January

2000-2001. In L. donaldsoni, bisexual females were absent in July of both years, December-

50



100

90 C. cookei
80

70

60

50
~
Q) 40
~

~ 30Q)
~

,.:= 20

11- 11 __ 111~ 10 II_- IIIeJllllllll

~ 0
~ 100Q)
~

e'd 90 L. donaldsoniS 80Q)

~ 70

~ 60
~

50

40

30

20

II10
I 1.1_- __ I_-a

I I I I I I I I
July Oct Jan April July Oct Jan April

Figure 3.6 Seasonal variation in the proportion of females with testicular tissue for C. cookei
and 1. donaldsoni

51



January 2000-2001, and March- April 2001. No specimens ofL. donaldsoni were collected

between August-October 2000. Cosine regression indicated that the proportion of bisexual

individuals was not significantly correlated with season in either species.

Batch Fecundity

Multiple size-modes of yolked oocytes were present in individuals of C. cookei (Figure

3.7) and L. donaldsoni (Figure 3.8), indicating that both species have group-synchronous oocyte

development. In C. cookei, both hydrated and non-hydrated oocytes were present within the

ovaries of several individuals. Figure 3.9 shows the relationship between batch fecundity and SL

using both the hydrated oocyte method and oocyte size-frequency method. The estimate of BF

differed greatly between these two methods, with considerable more variation in estimates using

the hydrated oocyte method. In practice, the hydrated oocyte method should only be used to

estiJPate fecundity in ovaries which do not contain open post-ovulatory follicles (POFs), and thus

have not recently ovulated (Hunter et aI., 1985). Otherwise, counts of hydrated oocytes may

underestimate batch fecundity.

In the histological examination of ovaries of C. cookei, nine percent of ovaries that

contained hydrated oocytes also contained POFs, thus it is possible that some of the individuals

sampled had already ovulated and that BF estimates using HO method would underestimate

actual batch fecundity. Because there is a possibility of sampling an individual which had

already begun spawning, the oocyte size-frequency method is probably the more precise

estimator ofBF in this species. In most specimens, the largest non-hydrated oocyte mode ranged

between 300 and 500 Jlm in diameter. Using the oocyte size-frequency method, the relationship

between BF and SL was best described by a quadratic function (Table 3.3). Batch fecundity
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ranged from 25 oocytes in a 37.5 mm individual to 162 oocytes in a 52 mm individual. Mean

batch fecundity was 64 oocytes.

In 1. donaldsoni, hydrated oocytes were infrequently observed in specimens examined

histologically and were not present within any ofthe ovaries used to estimate batch fecundity,

thus only the oocyte size-frequency method could be used. The largest size-mode ofnon

hydrated oocytes was 300 to 500 IJ.m in diameter. The relationship between batch fecundity and

SL was linear (Figure 3.10) and ranged from 32 to 143 oocytes for a 19.5 and 27 mm specimen

respectively. Mean batch fecundity for 1. donaldsoni was 73 oocytes.
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Table 3.3 Relationship between SL (in mm) and various life history parameters for C. cookei
and 1. donaldsoni.

Species Regression Equation P r n

C. cookei TL(mm) = 1.33 +1.06 SL 0.000 98.8 28

Body Weight (mg) = 55.84 -6.81 SL + 0.25 SL2 0.000 85.4 28

Batch fecundity (# LNHM oocytes) = 45.6 - 4.16 SL + 0.11 sU 0.000 66.4 45

Batch fecundity (# hydrated oocytes) = - 43.42 + 2.18 SL 0.025 11.6 43

1. donaldsoni TL (mm) = 1.59 + 1.l0 SL 0.000 90.4 21

Body Weight (mg) = -12.48 + 2.38 SL - 0.03 SL2 0.000 90.9 21

Batch fecundity (# LNHM oocytes) = - 192.61 + 11.73 SL 0.000 66.6 23
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DISCUSSION

Spawning seasonality

Gonadosomatic index and oocyte data in this study indicate that C. cookei has a

protracted reproductive season. Spawning initiates in the winter months ofNovember-January,

continues through spring and early summer months, and abates for one to two months in the late

fall (October-December) before resuming again. Limnichthys donaldsoni appears to exhibit

similar seasonality; however, the data set for this species was incomplete and this hypothesis

cannot be confirmed. The rarity of hydrated oocytes in the ovaries of1. donaldsoni may indicate

that hydration and spawning occur in the late evening and early morning. If so, hydrated oocytes

would not likely be detected by collections made during daylight hours.

The seasonal trends in reproductive effort for C. cookei in this study support the findings

of Watson and Leis (1974) and Leis (1982). These two studies examined the abundance and

distribution of eggs and larvae of C. cookei in the waters off of Kane'ohe Bay and Kahe Point

(O'ahu, Hawai'i) respectively. In the Kane'ohe Bay study, seasonal maxima of C. cookei eggs

occurred in December-April and June-July 1971-1972. In the Kahe Point population, seasonal

maxima occurred February-September 1975. Despite the different collection periods, methods,

and locations, all three studies point to a year-round spawning period punctuated by an autumn

low, indicating that this trend may be typical of C. cookei throughout Hawaiian waters.

This seasonal trend is not unique to C. cookei,but is a pattern observed in several other

Hawaiian reef and near-shores species. Walsh (1987) analyzed spawning and recruitment data

for 54 species of Hawaiian reef fish species and found that the majority of species initiated

spawning in the early winter months, experienced peak reproduction during late winter and early

summer, and declined rapidly in fall months of September-October. He states that the autumn
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decline in reproduction was associated with annual maxima in surface seawater temperatures.

Despite the prevalence of this type of reproductive cycle among Hawaiian fishes, the adaptive

significance of the cycle is as yet unknown.

Hypotheses which attempt to explain seasonal variation in the reproductive effort of

fishes can be divided into two categories: 1) those that assume spawning cycles are adapted to

provide optimal conditions for eggs and larvae; 2) those that assume that spawning cycles are

tailored to provide the best spawning conditions for adults (Robertson, 1990). The

overwhelming majority of studies have been framed in terms ofthe first assumption and have

attempted to correlate adult spawning with several factors important to survivorship and growth

oflarvae. These include larval food supply, predation pressure, and the occurrence of favorable

or unfavorable current patterns. The last factor has received considerable attention in Hawaiian

studies because the islands are isolated from other reef areas, and any larvae which do not remain

near the islands are assumed to be lost. Lobel (1988) examined the spawning patterns of four

Hawaiian reef fish species. He found that peak reproduction ofthese species coincided with

months when mesoscale eddies were most likely to occur. Because the eddies often remain in

place for several weeks, reef fish species may be able to complete their planktonic larval phase

within the eddies while remaining close to suitable settlement areas (Lobel and Robinson, 1989).

There is some limited evidence that short-period eddies may playa role in the retention of larval

creediids in nearshore areas of O'ahu. Leis (1978, 1982) examined onshore-offshore movements

ofcohorts of newly spawned eggs of C cookei off of Kahe Point. He observed that C. cookei

began spawning in the late afternoon and early evening and that newly spawned eggs moved

offshore in four to six hours, but were returned inshore 36 hours later. He tentatively suggested

that these onshore-offshore movements may have been the result of a nearshore eddy.
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Lunar periodicity

Crystallodytes cookei exhibited significant lunar variation in reproductive effort. Lunar

spawning periodicity is widespread among reef and near-shore fishes, although it is more

common in demersal than pelagic spawners (Thresher, 1984). Walsh (1987) observed that less

than half the Hawaiian species for which reproductive information is available spawn on a lunar

cycle. Several hypotheses have been proposed as to why some fishes spawn on a lunar cycle.

The spawning-settlement linkage hypothesis (Christy, 1978) states that spawning patterns should

be adapted to maximize numbers of larvae that are competent to settle during lunar periods most

suitable for settlement. This hypothesis cannot be evaluated for creediids because settlement was

not monitored in this study. The flow-dispersal hypothesis (see Robertson, 1991; Johannes,

1978) contends that lunar patterns in spawning effort are optimized to disperse eggs and larvae

away from reef or near-shore areas where predation on these stages is most intense. Because

spring tides are more often associated with the new and full moon phases than quarter moons,

spawning should be synchronized around these phases. My own observations for C. cookei in

intertidal areas indicate that adults are most abundant in semi-enclosed tidal pools or beaches

which are separated from offshore waters by fore-reef. These habitats are often partially or

entirely isolated at low tide, and are nursery grounds for several reef-fish species which could be

potential predators on eggs as well as adults. Timing spawning to coincide with the ebb of a

spring tide would make intuitive sense, as eggs could be quickly exported out of the area and

away from egg predators; however, this hypothesis is only partially supported by the data, as

spawning was high on the new moon, but significantly lower on the full moon. In contrast,

adults ofL . donaldsoni typically occur in deeper habitats that are not enclosed at any point

during the tidal cycle and thus should not be constrained to spawning on spring tides. Spawning
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in 1. donaldsoni occurred around each of the four moon phases, but was greatest on the new

moon and first quarter.

Regardless ofwhether lunar spawning aids in the dispersal of creediid eggs away from

predators, it is probable that moon phases and associated tidal changes constitute an external cue

which is likely apparent to the fishes (Robertson, 1991). This cue could allow individuals to

synchronize reproductive activities with others in the local population. Synchronization of

reproductive effort would not only increase the probability ofan individual locating a mate that is

also ready to spawn, but may also reduce the potential predation pressure on individual clutches

by flooding the area with eggs from several females (Johannes, 1978). The benefits of such a

strategy seem substantial given the extremely small batch fecundity and lack of parental care in

Hawaiian creediids.

Batch fecundity and spawning mode

In comparison to larger-bodied reef fishes, which typically spawn thousands or millions

ofeggs in a single spawning event, batch fecundity was extremely low in C. cookei and

L. donaldsoni. Mean batch fecundity was 64 and 73 oocytes respectively and was positively

correlated with SL. Because oocyte diameter does not scale with body size, reduced batch

fecundity «1000 eggs/batch) is typical ofalmost all small bodied «10 cm SL) fishes including

gobies (Lachner and Karnella, 1980; Privitera, 2001), schindleriids (Whittle, Pers. Comm),

dragonets (Sadovy et aI., 2001) small-bodied cardinal fishes, and triplefin blennies (Longenecker

and Langston, In Press). Most small-bodied species exhibit compensatory reproductive

strategies, including increased spawning frequency and duration (Robertson, 1991; Munday and

Jones, 1998), increased bestowal (allocation of yolk to an oocyte), and a high incidence of

parental care (Barlow, 1981). Results from this study indicate that Crystallodytes cookei and 1.
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donaldsoni do spawn over a protracted reproductive season; however, both species spawn pelagic

eggs (Watson and Leis, 1974) and thus are assumed not to provide parental care.

Given the small batch size, it is unclear why demersal spawning and parental care have

not evolved in C. cookei and L. donaldsoni. One possibility is that the coarse-grained sand and

high-energy environment in which they live is unsuitable for rearing demersal eggs; however,

reproductive data for small-bodied species which co-occur with Hawaiian creediids are

equivocal. In Kane'ohe Bay, dragonets (Family Callionymidae) are sometimes present with

creediids in spur and groove habitat (Pers. Obs). Where known, all callionymids produce small

batches ofpelagic eggs (Jeyaseelan, 1998; Russell, 1976; Sadovy et aI., 2001), and thus would

support this hypothesis. In contrast, the Hawaiian sand dart, Kraemeria bryani (Family

Kraemeridae) are also collected with creediids in spur and groove habitat as well as tide pools

(Greenfield, 2003). My histological data for K. bryani (In Prep) indicate that ripe eggs of this

species have egg caps and that males have an accessory testicular gland which appears to have a

secretory function. The presence of these structures are strongly suggestive of demersal

spawning. Thus, it is not possible to conclude that creediids are limited to a pelagic spawning

mode by habitat type.

Another possibility is that the small body size of males makes them poor potential

defenders ofegg clutches. Crystallodytes cookei and L. donaldsoni are both protandrous

hermaphrodites. Juveniles first mature as males which are significantly smaller in size than

females (Chapter 2). In most fish species which provide care, it is the male that guards the eggs.

In many of these species, males are larger than females, and thus have a size-advantage over

females in defending eggs from predators. It is possible that males of C. cookei and 1.

donaldsoni may be ill-suited to defending nests from egg predators because of their small body
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size. In the protandrous anemonefishes Amphiprion clarkii and A. melanopus males are much

smaller than females, yet provide the majority of parental care (Moyer and Bell, 1976; Ross,

1978). Thus, it is unlikely that the small size ofmales relative to females has restricted the

evolution of demersal spawning and parental care in the Hawaiian creediids.

A third possibility is that pelagic spawning in these species is a result ofphylogenetic

constraints. Spawning mode has not been confirmed for any of the other 14 species in the family

Creediidae. Robertson (1973) and Roper (1981) speculated that Limnichthys rendahli and

Tewara cranwellae from New Zealand may spawn demersally, however, my histological

examination ofgonads from these species (Chapter 5) do not support this hypothesis. Creediids

are currently placed within the suborder Trachinoidei, a group which includes ten other families

(Pietsch and Zabetian, 1989). Of these, nothing is known about the eggs or spawning mode for

only one family, the Cheimarrichthyidae. Families for which pelagic spawning has been reported

include the Champsodontidae (Watson, 1989) Pinguipedidae (Leis and Rennis, 2000 a),

Leptoscopidae (Breder and Rosen, 1966), Trachinidae (Russell, 1976), and Uranoscopidae

(Tmski and Leis, 2000). Demersal spawning has been reported for species of the families

Trichodonidae (Okiyama, 1990) and Ammodytidae (Russell, 1976; Stevens et aI., 1984) although

pelagic spawning was suggested for the ammodytid Ammodytoides pylei by Randall et aI. (1994);

however, this has not been confirmed (Okiyama et aI., 2000). The families Percophidae and

Trichonotidae are likely the most closely related sister taxa to the Creediidae. Nothing is known

about the spawning mode of percophids (akiyama, 2000) although pronounced sexual

dimorphism in the size of the urogenital papillae in some species (Thompson and Suttkus, 1998)

suggests that they may be demersal spawners. Trichonotids are demersal spawners (Leis and

Rennis, 2000 b). Clark and Pohle (1996) suggested that Trichonotus halstead mouth brood
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demersal eggs based on the presence of eggs in the buccal cavity of a single male specimen;

however, subsequent work on the species failed to find any supporting evidence for this

hypothesis (Leis and Rennis, 2000 b). The presence of both pelagic and demersal spawning

modes within the Trachinoidei suggests that pelagic spawning mode of C. cookei and 1.

donaldsoni may be a result of ecological or life history pressures rather than a result of

phylogenetic constraints.

Each of these three hypotheses presents possible constraints which may limit C. cookei

and 1. donaldsoni to a pelagic spawning mode; however, given the arguments above, no one

hypothesis seems more likely than the others. A better understanding of the reproductive biology

oftrachinoid fishes as well as other species which spawn in similar habitats is necessary before

any conclusions can be made.

Bisexual females

Some females of C. cookei and 1. donaldsoni had bisexual gonads which consisted of

mature ovarian tissue separated from mature or immature testicular tissue by a tissue barrier. The

proportion of these individuals did not differ significantly with season. If individuals with

bisexual gonads represent recent sex changers, then sex change occurs throughout the year and is

not restricted to spawning or non-spawning periods. These results differ from those ofDipper

and Pullin (1979) who found that sex change in the labrid species Labrus bergylta and 1.

ossifagus occurred only during non-spawning periods.
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Chapter IV. Effects of female removal on gonad allocation and sex
change in males of the Hawaiian sandburrower,

Crystallodytes cooke;

ABSTRACT
In many sequentially hermaphroditic reef-fish species, sex change is regulated by the sex

and size ratio ofmembers of the social group. Removal of terminal sex individuals from the
social group induces sex change in primary sex individuals. The majority of these studies have
focused on protogynous species. With the exception of anemonefishes (genus Amphiprion),
social control of sex change has not been documented for any protandrous fish species. In this
study, I examine the effects offemale removal in the protandrous sandburrower Crystallodytes
cookei. Twenty social groups, consisting of six males and four females, were maintained in the
laboratory for 45 days. Fifteen days after initial setup, females were removed from half of the
groups. At the end of the experiment, gonads of all remaining males were processed
histologically. Gonads of three individuals showed evidence ofprotandrous sex change;
however, the proportion of groups in which sex change occurred did not differ significantly
between groups in which females were present or removed. The ratio oftestis-to-ovary was
significantly lower in males of the female-removal groups. Together, these results indicate that
males allocate a greater proportion of gonad volume to ovary in the absence of females, but they
do not complete sex change in 30 days. Future experiments should maintain experimental groups
for longer time periods in order to determine if males with ovary-biased gonads eventually
assume female function.

INTRODUCTION
Sex change mechanisms in fishes

Two hypotheses have been proposed regarding the regulation of sex change in sequential

hermaphrodites. The developmental regulation hypothesis (Liu, 1944; Bullough, 1947) states

that a closed genetic program controls the size or age at which an animal will change sex, and

that sex change will occur irrespective of environmental conditions. There is some evidence for

developmental regulation in invertebrates, including shrimps and polychaete worms (Berglund,

1990), however, it has yet to be effectively demonstrated in fishes (Shapiro, 1987; Lutneskey,

1996).
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In contrast, the external control hypothesis (e.g., Reinboth, 1980; Shapiro, 1981) states

that sex change is mediated by external factors, such as changes in temperature and photoperiod

(Harrington, 1971) or changes in social structure (e.g., Fishelson, 1970). Of the two hypotheses,

the external control hypothesis has received the greatest support in coral-reef fishes, with

emphasis placed on social effects. Several models have been proposed regarding the way in

which social factors initiate sex change in coral-reef fishes. Among them, the sex-change

suppression model (Ross, 1990) states that members of the primary sex are inhibited from

changing sex directly, through aggressive encounters with members of the terminal sex. This

model has typically been applied to species that live in small, non-permeable social groups,

where removal of a single dominant individual results in sex change ofthe next largest primary

sex individuaL In contrast, the sex-change induction model (Ross, 1990) is characteristic of

species that live in large, permeable groups where maintenance of strict dominance hierarchies

through aggression is unlikely. Instead, sex change in the largest individuals of the primary sex

is triggered by the addition of other primary sex individuals or juveniles, either by recruitment or

local migration. Other models require the combined presence of induction and removal of

inhibition (e.g., Cole and Robertson, 1988) or emphasize the importance of threshold levels of

aggression (e.g., Lutneskey, 1992) in triggering sex change.

Regardless of the model of sex change that is invoked, the hypotheses that sex change is

regulated by social factors is typically tested by manipulating the size- or sex ratio ofa social

group, either through introduction of subdominant individuals of the primary sex (induction) or

removal of large dominant individuals of the terminal sex (release of inhibition) or both.

Incidence of sex change among primary sex individuals of these modified groups is typically
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compared to that of unmodified controls, with significant differences between the two interpreted

as evidence for social control. Experimental manipulations of sex ratio in captive or field

populations have successfully demonstrated that sex change may be socially induced for several

groups of fishes, including sea-basses (Fishelson, 1970; Quinitio et aI., 1997) wrasses (Ross,

1982), anemonefishes, (Fricke, 1979; Fricke, 1983) angelfishes (Lutneskey, 1989), and gobies

(Cole and Shapiro, 1995). These, and other studies, have contributed to the synthesis of social

regulation as the central paradigm of sex change regulation in all sequentially hermaphroditic

coral reef fishes (e.g., Ross, 1990).

Blanket application of the social-control hypothesis may be premature, as it is based

almost entirely on data from protogynous species. With the exception of species in the genus

Amphiprion, social facilitation of sex change has never been demonstrated (Berglund, 1999) or,

to my knowledge, even tested in a protandrous reef fish. Some protandrous species may

potentially exhibit patterns of sex change that differ from those of protogynous species because

the potential benefits of changing sex differs between the two types of sex change. For

protogynous species, the potential benefit of changing to the terminal sex (male) is dependent on

the ability of the individual to obtain mates once change to the male sex is complete. This ability

is usually dependant on the size-rank of the individual within the social group, with the largest

males within the group having greatest reproductive success. In contrast, reproductive success of

terminal sex individuals (females) in protandrous species is dependent directly on the number of

oocytes that can be produced. Because female fecundity is typically correlated with absolute size

(Roff, 1992), rather than size-rank within a social group, the reproductive success of terminal sex

individuals (females) is a function of absolute body size and does not vary with social rank.
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Furthermore, for females there is a direct trade-off between growth and reproduction. Energy

channeled into the gonads detracts from somatic growth and hence future fecundity (Roff, 1983).

As a result, males of small-bodied protandrous species may postpone sex change until they reach

a size at which realized female fecundity compensates for the loss of male function.

Study species

The family Creediidae is composed of 16 species of small «80 mm standard length)

sand-burrowing fishes which are found in intertidal and subtidal waters of the Indo-Pacific

(Chapter 1). Two species of creediids occur in Hawaiian waters. Limnichthys donaldsoni (to 30

mm standard length) is found primarily in sand channels within deep spur-and-groove habitat,

whereas Crystallodytes cookei (to 65 mm standard length) is found both in spur-and-grove as

well as intertidal sand habitats (Greenfield, 2003). Both species are protandrous hermaphrodites

and have a delimited ovotestis, a gonad that is divided into ovarian and testicular portions by a

connective tissue barrier (Chapter 2). The proportion of ovary and testis within the gonad differs

significantly between male-functional and female-functional individuals. In juveniles and males,

the testicular and ovarian portions of the ovotestis are approximately equal in cross section,

whereas in females, the testicular portion is lost or greatly reduced. Mean body size (standard

length) also differs between the sexes; females are significantly larger than males. Despite

considerable demographic and histological evidence ofprotandry in C. cookei and 1. donaldsoni,

nothing is known about the mechanisms regulating sex change in either species.

The objective for this paper was to test the hypothesis that protandrous sex change in

males of Crystallodytes cookei is affected by the presence of females in the social group. This

objective is divided into two questions. 1) Do groups of male fish change sex when isolated
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from females? If so, does the proportion ofmales changing sex differ from groups in which

females are included? 2) Does the proportion of testicular tissue within the ovotestis ofmales

differ between groups in which females are included or excluded? I tested the hypothesis that

sex-change is regulated by social factors by manipulating sex ratio ofartificially constructed

social groups of captive fishes.

MATERIALS AND METHODS

Collections

Specimens of C. cookei were collected from Makapu'u Beach Park (N 21
0

18'53" W

15T39'39") and Diamond Head Beach Park (N 21
0

15'32" W 15T48'23") and transported to the

Hawai'i Institute of Marine Biology in Kane'ohe Bay, O'ahu, Hawai'i. Captured fishes were

"field-sexed" based on size (SL) and presence of vitellogenic oocytes. Individuals below 35 mm

SL were assumed to be males, based the complete absence of female-active individuals below 35

mm in previous collections (Chapter 2). Individuals above 40 mm were chosen as potential

females. For each, light pressure was applied to the abdomen approximately 5 mm in front of the

urogenital papilla. Fish that expelled vitellogenic oocytes were assumed to be female-active.

Twelve males and 10 females were selected randomly from the collected fishes to validate sex.

These individuals were euthanized and processed histologically (see below). Individuals which

did not fit the field-criteria of males or females were returned to the collection location.

Experimental manipulation of social groups

Fish were placed in one of 20 social groups, each consisting of six males and four

females. Multiple males were included in each social group because male mortality was
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Figure 4.1 Experimental setup for C. cookei sex change induction study. Five gallon
buckets were used to maintain social groups of C. cookei. A continuous flow of filtered
seawater was maintained using PVC spreader bars. Excess water flowed through 2 mm
holes drilled in rim of each bucket.
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common in pilot studies. Also, several authors have indicated that primary-sex individuals rarely

change sex in isolation, or, if they do so, change sex more slowly than when other primary-sex

individuals or juveniles are included. All groups were kept in 5-gallon plastic buckets with 1 L

of sand in the bottom. Buckets were placed on outdoor wet-tables and supplied with flow

through seawater (Figure 4.1), thus temperature and photoperiod approximated ambient

conditions throughout the duration of the experiment (June 30th
- August 14t

\ 2003). Fish were

fed a mixture of crab zoea and frozen brine shrimp two to three times daily. Fifteen days after

initial setup, 10 groups were randomly selected for female removal (Treatments). Fish were

sifted from the sand with a sediment sieve (2 mm mesh-size). Females, identifiable based on

their larger size, were removed, euthanized in a 0.5% solution ofMS-222 (Crescent Chemical)

and preserved in 10% seawater-buffered formalin. Males were returned to the buckets. The

remaining 10 groups (Controls) were also sifted, but all individuals were returned to their

respective buckets. All replicates were restored to flow-through seawater and a daily feeding

schedule. Thirty days later, individuals in all replicates were euthanized with MS-222, and

preserved as above. Standard length (SL) and total length (TL) were measured for each specimen

following the methods of Hubbs and Lagler (1958).

Gonadal analyses

Males were processed for histological examination. Gonadal tissue was embedded whole

with the viscera and abdominal musculature. All gonads were dehydrated in 95% ethanol,

embedded in JB-4 resin (Electron Microscopy Sciences), and sectioned with a glass knife.

Tissue sections were affixed to microscope slides and stained with toluidine blue. Gonadal

sections were observed microscopically and surveyed for evidence of sex change. Male fish

72



were considered sex changed when their gonads contained vitellogenic oocytes.

In order to examine the proportion ofeach gonad that was composed of ovarian and

testicular tissue, gonadal sections were photographed at regular intervals throughout the length of

the gonad using a digital camera attached to a compound microscope. Magnification (lOOx) and

image resolution (1280 x 1024 pixels) were kept constant and all images were saved as bitmap

files. For each image, the cross-sectional area (in pixels) of ovary and testis was estimated using

Image J (Image analysis using Java) software version 1.30. A testicular ratio (TR) was calculated

for each gonad, where TR= ((Sum testis areal (Sum testis area + Sum ovary area)) x 100). An

average TR was calculated for all individuals in each replicate.

Statistical comparisons

For both treatment and control groups, the proportion of replicates in which sex change

occurred was compared using 2-proportion analysis (Minitab) based on the normal

approximation. Differences in body size (mm SL) and mean testicular ratio between treatment

and control groups were evaluated using a 2-sample t-test.

RESULTS

Validation of sex for experimental fish

Figure 4.2 shows the proportion of gonad types among individuals chosen for sex

validation. Ofthe seven individuals field-classified as females, gonads were strictly ovarian in

four individuals. Hydrated oocytes were visible in two of the ovaries, whereas the other two

contained oocytes ranging in maturation from primary growth to vitellogenisis. The three

remaining females had female-active ovotestes that were predominantly ovarian in cross-section.

The ovarian portion of the ovotestis contained oocytes ranging from primary growth to

vitellogenisis (one individual) or hydration (two individuals). In each of the three ovotestes, the
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Figure 4.2 Proportion of gonad types among individuals chosen as male and female.
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Table 4.1 Size structure (mm SL) of individuals of C. cookei in
experimental groups. "n" is the number of individuals remaining in
each social group immediately before female removal (treatment
females) or upon completion of experiment (all other individuals).

I Males i Females
!

Group Class n x SD Range n x SD Range

1 Control 4 32.1 4.7 26.0 - 37.0 3 45.7 2.4 43.0 - 47.5

2 Control 15 29.7 3.4 25.5 - 34.0 3 44.8 1.3 43.5 - 46.0

3 Control
1

4 32.8 2.1 30.0 - 35.0 3 41.3 2.5 39.5 - 44.0

4 Control 14 30.5 5.2 23.0 - 35.0 2 46.5 3.5 44.0 - 49.0

5 Control 6 33.3 3.3 29.0 - 38.0 4 44.6 5.2 40.0 - 52.0

6 Control 5 35.0 1.2 34.0 - 37.0 1 42.0

7 Control 5 30.9 2.7 28.0 - 35.0 3 43.8 0.3 43.5 - 44.0

8 Control 5 29.5 3.9 26.0 - 34.0 3 45.7 1.2 45.0 - 47.0

9 Control 4 29.8 3.2 27.5 - 34.5 1 46.0

10 Control 5 31.0 1.4 30.0 - 33.0 3 46.2 1.4 44.5 - 47.0
i

11 Treatment 16 31.1 3.2 25.5 - 34.0 2 44.5 0.7 44.0 - 45.0
I
I

12 Treatment [4 33.5 3.3 31.0 - 38.0 3 45.7 2.9 44.0 - 49.0

13 Treatment 15 29.0 1.2 27.0 - 30.0 3 44.0 1.0 43.0 - 45.0

1514 Treatment 29.3 3.0 25.0 - 32.0 3 44.5 1.3 43.5 - 46.0

15 Treatment 5 30.8 3.6 27.0 - 35.0 2 45.8 2.5 44.0 - 47.5

16 Treatment 6 31.8 3.4 27.0 - 36.0 3 44.0 1.7 43.0 - 46.0

17 Treatment 5 32.4 1.8 30.0 - 34.0 4 43.9 0.9 43.0 - 45.0

18 Treatment
1

4 28.6 2.9 26.0 - 32.5 3 46.3 1.9 45.0 - 48.5
i

19 Treatment 15 30.4 3.7 27.0 - 36.0 3 45.0 1.8 43.5 - 47.0

20 Treatment 13 31.5 2.2 29.0 - 32.0 3 45.0 2.2 43.5 - 47.5
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testicular portion lacked spermatozoa and composed 10% or less of the gonad area.

Each of the twelve individuals field-classified as males had male-active ovotestes.

Ovarian and testicular portions were similar in cross-sectional area. Testicular ratio ranged from

42-65%. In all individuals, the ovarian portion of the gonad contained only primary growth stage

oocytes. The testicular portions of the ovotestes all contained visible spermatozoa.

Sex Change Experiments

Table 4.1 shows the size structure and number of individuals remaining in each group at

the end of the experiment. Mortality occurred in the majority of replicates of both the treatment

and control groups; however, male mortality did not differ significantly between treatments and

controls (Z = 0.63; P = 0.527). Female mortality could not be evaluated because females were

completely removed from treatment groups after 15 days residence. Mean size (SL) of males and

females did not differ significantly between treatment and control groups (for males: T= 0.82, P

= 0.42; for females: T = -0.34, P = 0.74), thus any differences in testicular ratio or sex

were probably a result of female presence or absence, rather than differences in size structure or

mortality between treatments and controls.

The overall frequency of sex change was low. Only three of twenty replicates contained

individuals which showed evidence of protandrous sex change. One of these individuals was a

36 rom female-active individual from a treatment group. The testicular portion of the ovotestis

was greatly reduced ( < 1% of gonad cross-section) and did not contain visible spermatozoa

(Figure 4.3 A). The ovarian portion of the ovotestis contained oocytes ranging in maturity from

primary-growth stage through late vitellogenesis. The presence of vitellogenic oocytes and

absence of spermatozoa in the ovotestis of this individual suggested that it was
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A

Figure 4.3 Gonad morphology of sex changed individuals of C. cookei. A) Female-active
individual (36 mm SL) from treatment group with vitellogenic oocytes and inactive testis.
B) Transitional individual (35 mm SL) with yolk vesicle stage oocytes and spenniated testis
from the control group. Arrows indicate testicular portions ofovotestis. Scale bar is 500 Jlffi..
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Figure 4.4 Incidence of sex change in treatment and control groups. Two replicates of the
control group each contained a transitional individual in which the ovotestes contained
spennatozoa and stage II oocytes. One replicate of the treatment group contained a single
individual with an inactive testis and stage III oocytes. All other replicates contained only
male-active individuals with stage I oocytes and spermatozoa~
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exclusively female in reproductive function.

Two other individuals (35 and 37 mm SL) from separate control replicates had bisexual

ovotestes in which the testicular portion was much smaller than the ovarian portion (TR of 11 %

and 36% respectively) but contained visible spermatozoa (Figure 4.3 B). The ovarian portion of

the ovotestis consisted primarily of primary growth stage oocytes, but also contained a small

number of oocytes in the yolk-vesicle stage. The presence of spermatozoa and the absence of

vitellogenic oocytes in these individuals indicated that they had not yet become functional as

females but were still functional as males.

Figure 4.4 shows the distribution of the three sex-changed individuals among the

replicates of the treatment and control groups. The proportion of replicates in which sex-change

occurred did not differ significantly between the treatment and control groups (P = 0.527; Z =

-0.63), suggesting that the transition from a male-active to a female-active state is not affected by

the presence or absence of females in the social group. In contrast, mean testicular ratio was

significantly smaller in the treatment groups than in the control groups (Figure 4.5; P<O.OOI; T =

4.24; DF = 16). Overall gonadal area did not differ significantly between treatments and controls

(P = 0.92), thus these results indicate that differences in TR between treatment and control

groups were due to a change in the proportion of testis-to-ovary rather than a change in overall

gonadal area.

DISCUSSION

The results of sex validation indicate that the sex assigned in the field to experimental

fishes was a reliable indicator of gonad function at the time of capture. Gonads of all validation

individuals field-sexed as males contained male-active ovotestes which contained spermatozoa

but only primary-growth stage oocytes. The absence of female-active gonads in individuals of C.
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cookei smaller than 35 mm SL in Chapter 2 supports the use of small size as a reliable predictor

of male reproductive function. Gonads of the seven validation individuals field-sexed as females

had female-active ovaries or ovotestes which contained oocytes in advanced developmental

stages (vitellogenesis and hydration) and lacked visible spermatozoa. Data from Chapter 2

likewise indicate that individuals larger than 40 mm SL are more likely to be female-active than

male-active. Manual palpation of the abdomen to expel vitellogenic or hydrated oocytes in this

study probably increased the accuracy of field-sexing over the use of large body-size alone.

Although three validated females had ovotestes with recognizable testicular tissue, none of these

contained visible spermatozoa. In contrast, three of26 (11.5%) individuals> 40 mm SL with

female-active gonads in Chapter 2 also contained testicular tissue with visible spermatozoa, thus

it is possible that some females in this study retained functional testes; however, because females

were randomly distributed within the replicates of each treatment, occasional hermaphroditism

among field-sexed females should not have adversely affected the experimental design.

Sex change was infrequent in the experimental groups, occurring in only one treatment

group and two control groups. The proportion of replicates in which sex change occurred did not

differ significantly between the homosexual treatment groups and the heterosexual control

groups. The lack ofa significant difference in the incidence of sex change among males in

heterosexual and homosexual social groups may indicate that sex change of males is not affected

by the presence offemales or sex ratio ofthe social group; however, because the overall

incidence of sex change among experimental groups was low, alternative explanations can not be

excluded.
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One possibility is that the sex- or size-ratio of individuals in the treatment groups was

insufficient to stimulate sex change. In this study, fish between 25-35 mm SL were chosen as

primary-sex individuals for experimental groups. Based on histological data from Chapter 2 and

this study (see sex validation section in results), individuals in this size range are almost all male

active, thus treatment groups probably contained few juveniles. If sex change in functional males

is induced by the presence ofsmaller, juvenile individuals rather than consexuals, then sex

change would not be expected to occur within the all-male treatment groups.

Another possibility is that the experimental period was too short to induce sex change.

Table 4.2 shows the elapsed time necessary to experimentally induce sex change in several

sequential hermaphrodite species. Most small-bodied protogynous species change sex quickly.

Gonads of these species typically exhibit proliferation of testicular tissue and reduction of

ovarian tissue within a few days of male removal, and most can achieve male function within 30

days. Thus, the time period of this study would have been sufficient to observe sex change in

these species. Far fewer studies have attempted to induce sex change in protandrous species, all

of which used anemonefishes of the genus Amphiprion. In captive groups ofA. melanopus

initiation of histological sex change was not observable until 20 days after male removal, and

complete sex change took 45 days (Godwin, 1994). In comparison, Hattori (1991) conducted a

similar study on groups ofA. frenatus in the field. He found that small males ofA. frenatus took

1.5 years to assume female function once the resident female was removed; however, because he

could not be sure that males did not occasionally encounter other females in the field, this

estimate is dubious. If the data for Amphiprion are indicative of other protandrous species, then
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Table 4.2 Sex change times in some sequential hermaphrodite species. Time to initiate sex change is the point at which
histological evidence of terminal sex tissue within the gonad of initial sex individuals is first evident. Completion time is the
point at which primary sex individuals contain mature gametes (vitellogenic oocytes or spermatozoa) of the terminal sex.

Species Family Direction of Time to initiate Time to complete References
sex change sex change sex change

Amphiprion frenatus Pomacentridae Protandry - 1.5 years Hattori, 1991

Amphiprion melanopus Pomacentridae Protandry 20 days 45 days Godwin, 1994

Pseudanthias squamipinnis Serranidae Protogyny 9 days 35 days Shapiro, 1981

Bodianus rufus Labridae Protogyny 7 days 14 days Hoffman et ai., 1985

Centropyge potteri Pomacanthidae Protogyny - 30-35 days Lutneskey, 1989, 1996

Coryphopterus personatus Gobiidae Protogyny 3-4 days 9-20 days Cole and Robertson, 1988

Coryphopterus glaucofraenum Gobiidae Protogyny 10 days 10-40 days Cole and Shapiro, 1995

Dascyllus aruanus Pomacentridae Protogyny - > 6weeks Cole, 2002

Epinephelus coioides Serranidae Protogyny - 2-4 months Quinitio et a!., 1997

Gobiodon okinawae Gobiidae Protogyny - > 28 days Munday et aI., 1998
.

Labroides dimidiatus Labridae Protogyny - 17 days Nakashima et ai., 2000

Lythrypnus dalli Gobiidae Protogyny - 15 days Moore, 2000

Thalassoma bifasciatum Labridae Protogyny - 8 days Wamer and Swearer, 1991

Thalassoma duperrey Labridae Protogyny - 1-3 months Ross, 1982

Xyrichthys pentadactylus Labridae Protogyny 7 days 14 days Nemtzov, 1985
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protandrous sex change may take longer than protogynous sex change. If so, the 30 day

experimental period in this study may have been insufficient to allow for the completion of sex

change.

In contrast to the sex change data, there was a significant difference in testicular ratio

between treatment and control groups. The proportion of testicular tissue within the ovotestis

was significantly smaller in males of the treatment group. These data indicate that males shift

allocation of reproductive energy from testicular growth towards ovarian growth when females

are removed from the social group. The functional significance of this shift is unclear, as the

ovarian tissue of treatment males remained inactive and testicular tissue retained spermatozoa,

thus males in the treatment and control groups did not differ in sexual function. In C. cookei, TR

is significantly smaller in individuals with female-active gonads than those with male-active

gonads (Chapter 2). The lower TR of males in the treatment groups may indicate a transition

from male. to female function. Most other sequentially hermaphroditic fishes show similar shifts

in the proportion of male and female geminal tissue within the ovotestis once sex change is

initiated (e.g., Godwin, 1994). Thus, it is quite possible that these changes in gonadal allocation

may precede functional sex change, and that sex change may have occurred given a longer time

period.

Alternatively, the reduction ofTR among males ofthe treatment groups may not be a

precursor of functional sex change, but rather may simply reflect a decrease in testicular

investment of males when there are no females available with which to mate. If so, overall

gonadal area should have decreased as the testicular area decreased; however, overall gonadal

area did not differ significantly between the treatment and control group. Instead, the reduction

in testicular cross-sectional area was accompanied by a concomitant increase in ovarian area in
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males of the treatment group. Investment in non-functional ovarian tissue would appear to be

maladaptive to an individual not undergoing sex change.

It should be emphasized that this paper examined only the effects of female removal

(disinhibition) on gonadal allocation and the rate of sex change among male fish in captive

groups, and did not evaluate other environmental factors which may influence sex change.

Although multiple males were included in each social group, the number and size ofmales was

not manipulated; thus the influence of other primary sex individuals or juveniles (induction) on

the rate or frequency of sex change in focal males remains unknown. Other environmental

factors that were not tested include the effects temperature or photoperiod, both which have been

found to influence sex change in some sequential hermaphrodites (Harrington, 1971) as well as

sex allocation in juveniles of some gonochoristic species (Yoshikawa, 2003). Each of these

hypotheses deserves consideration and could easily be tested with a similar experimental setup as

was used in the current study.

Finally, this experiment did not directly test the hypothesis that sex change occurs at a

discrete size or age (the developmental regulation hypothesis). The external control and

developmental regulation hypotheses have traditionally been viewed to be mutually exclusive.

If sex change is found to be influenced by social factors or other environmental conditions, the

developmental regulation hypothesis is rejected; however, this may be inappropriate for some

sequentially hermaphroditic species. In this experiment, males of C. cookei allocated greater

gonadal volume to ovarian tissue when females were removed from their social groups.

Assuming this reallocation of gonadal area from testis to ovary is an indicator of future sex

change, then sex change in C. cookei may be regulated, in part, by social factors, thus supporting

the environmental regulation hypothesis; however, there was also evidence ofdevelopmental

85



factors for this species. A histological examination of gonadal tissue from individuals of

C. cookei collected from intertidal areas (Ghapter 2) indicated that functional females are

completely absent at lengths below 35 mm SL. This may indicate the presence of a

developmental minimum, below which sex change is unprofitable because of the reduced

fecundity associated with small body size (Chapter 3). This hypothesis could be tested by

duplicating the experimental setup of the current study with males ofdifferent sizes. If female

removal initiates a change in the testicular ratio for large males but not for small ones, then this

may indicate that both social cues and absolute body size playa role in sex change in C. cookei.
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Chapter V. Patterns of gonad morphology and sex allocation in
creediid fishes

ABSTRACT

Sex change has evolved numerous times in marine teleost fishes and is typically
accompanied by modifications in gonad morphology during some point in development. These
morphologies can be useful in predicting which species change sex as well as pinpointing the
origin of sex change within a taxonomic group. In this study I examine patterns of gonad
morphology and development in the Creediidae, a family of sand-burrowing fishes composed of
16 species from 7 genera. Three patterns of gonad development are present within the family:
1) a unisexual gonad development in which fishes mature as either male or female, have gonads

which are wholly ovarian or testicular, and do not exhibit evidence of sex change 2) a mixed
gonad development, in which most fishes mature as male or female, but a few individuals
develop non-functional ovarian tissue within functional testicular tissue 3) a delimited ovotestis
development in which all juvenile fishes have bisexual gonads, mature initially as males, and
change to females with larger size. When transposed onto phylogenetic relationships proposed
for the family and its sister groups (Rosa, 1993), these results suggest that delimited ovotestis
morphology and protandry evolved within the family Creediidae but are not shared by all derived
creediid species.

INTRODUCTION

Sex change has evolved numerous times in marine teleosts, occurring in over 17 reef

associated fish families. Functional sex change is typically accompanied by modifications in

gonad morphology during some point in development (Sadovy and Shapiro, 1987). Once

evolved, these morphologies are often retained and further modified in more derived members of

a taxa. These modified gonad morphologies may be useful characters for constructing

phylogenies, or they can be transposed onto existing trees to examine patterns of sex allocation

within a clade (e.g., Mccafferty et aI., 2002) and predict which other members of the group are

likely to exhibit sex change.

The family Creediidae contains seven genera of small « 80 mm in standard length) sand

-burrowing fishes (Chapter 1) which are found in intertidal and subtidal waters ofthe Indo-

Pacific (Nelson, 1985). Creediids are currently placed within the suborder Trachinoidei, a taxon
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which also includes families Trichodontidae, Cheimarrichthyidae, Pinguipedidae, Percophidae,

Trichonotidae, Charnpsodontidae, Chiasmodontidae, Leptoscopidae, Ammodytidae, Trachinidae,

and Uranoscopidae (Pietsch and Zabetian, 1990). Phylogenetic relationships within the

Trachinoidei are not completely resolved (Mooi and Johnson, 1997); however, the families

Trichonotidae (sanddivers) and Percophidae (flatheads) are considered likely sister taxa to

creediids (Nelson, 1985). Relationships within the family are better understood; Nelson (1985)

confirmed that the family is monophyletic and Rosa (1993) examined the interrelationships of the

seven creediid genera.

Two creediid species are native to Hawaiian waters. Crystallodytes cookei and

Limnichthys donaldsoni are found in coarse sand exposed to moderate water movement

(Greenfield, 2003). Both species are protandrous (male ~ female) hermaphrodites and have a

delimited ovotestis, a gonad which is divided into ovarian and testicular regions by a connective

tissue barrier (Chapter 2). In juveniles and males, the testicular and ovarian portions of the

ovotestis are approximately equal in cross section, whereas in females, the testicular portion is

lost or greatly reduced. Delimited ovotestis morphology and development have not been

previously reported for creediids nor any other trachinoid taxa, however, the reproductive biology

of this group is largely unknown.

In this paper I examined patterns of gonad morphology and development for nine

additional creediid species and six outgroup species using histological techniques. Objectives for

this paper were to map the distribution of the delimited ovotestis morphology within the family

Creediidae and outgroup taxa, and predict which species change sex based on demographic and

gonadal evidence. Together these data are used to pinpoint the phylogenetic origin of

protandrous sex change within the family Creediidae.
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MATERIALS AND METHODS

Gonad morphology was examined in nine creediid species from six of seven known

genera (see below). Schizochirus is extremely rare in museum collections and no material was

available for dissection. Standard length (SL) and total length (TL) were measured for each

specimen following Hubbs and Lagler (1958). The lengths of the dorsal- and paired fins were

also measured to determine if there was sexual dimorphism in fin-ray length. All measurements

are reported as SL (in mm) unless otherwise stated. Gonadal tissue was removed from the right

hand side of each specimen or embedded whole with the viscera and abdominal musculature.

Because gonads were removed from formalin preserved museum specimens, no additional

fixation was necessary. Excised gonads were dehydrated in 95% ethanol, embedded in JB-4

resin (Electron Microscopy Sciences), and sectioned with a glass knife. Tissue sections were

affixed to microscope slides and stained with toluidine blue.

Gonads were classified into five morphological categories based on the type of germ cells

present as well as their distribution within the gonad. Gonads containing germ cells of only one

sex (unisexual gonads) were classified as ovaries if they consisted entirely of ovarian tissue

(oogonia and oocytes) or testes if they consisted entirely of testicular tissue (spermatogonia,

spermatocytes, spennatids, and spermatozoa). Gonads which consisted ofboth ovarian and

testicular tissue (ovotestes) were classified as delimited ovotestes (DOT) if ovarian and testicular

portions were separated by a connective tissue barrier and mixed ovotestes (MOT) if they were

not. Finally, gonads which consisted of somatic and undifferentiated gonial cells were termed

undifferentiated (UD).

Gonads from each morphological category were further classified into functional

categories based on the presence or absence of mature gametes. A gonad was tenned male-active
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(m) if it contained spennatozoa and female-active (f) if it contained vitellogenic oocytes. Gonads

which contained both spermatozoa and vitellogenic oocytes were termed transitional (t). Gonads

which did not contain mature gametes of either sex were termed inactive (-).

Gonad morphology was mapped against a cladogram of interrelationships for genera of

the family Creediidae (Rosa, 1993).
MATERIAL EXAMINED

Material was examined from museum as well as private collections. Institutional

abbreviations follow Leviton et al. (1985). Taxa are listed alphabetically, with creediid taxa

listed first, followed by outgroup taxa. The number of specimens for which gonad material was

examined is listed in parentheses and is followed by collection location. All museum specimens

were tagged with individual identification numbers corresponding to histological preparations,

which are available on request from the author.

Creediidae

Apodocreedia vanderhorsti: BPBM 21757 (3), RUSI 009051 (16), and RUSI 55145 (13), Natal

Coast, South Africa. Chalixodytes tauensis BPBM 17745 (4), Marshall Islands; CAS 218172

(24), and CAS 218173 (17), Duff Reef, Fiji. Creedia haswelli: NMV A2219 (5), NMV A2223

(11), and NMV A2225 (3), Cape Otway, Australia; NMV A3459 (9), Three Hummock Island,

Australia;. AM 1.26397002 (1) Broken Bay, Australia. Crystallodytes pauciradiatus: BPBM

29657 (3), Hanaga Roa, Easter Island; BPBM 39197 (8), Anakena Bay, Easter Island.

Limnichthysfasciatus: BPBM 17939 (5), Lord Howe Island, Australia; CAS 218174 (7), Fiji;

Uncatalogued (9), collected by J. Pettigrew, Great Barrier Reef, Australia. Limnichthys nitidus:

collected by E. Clark (14), Red Sea. Limnichthys polyactisNMNZ 27777 (9), Stewart Island,

New Zealand. Limnichthys rendahli: UAMZ (6), Foveaux Strait, New Zealand.

Tewara cranwellae: ANSP 122762 (11), Bay ofIslands, New Zealand. Material for
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Crystallodytes cookei and Limnichthys donaldsoni are listed in Chapter 2.

Percophidae

Chrionema squamiceps: BPBM 39248 (1), taken off Kewalo Basin (location questionable),

O'ahu Hawai'i; BPBM 39249 (4), no collection data. Enigmapercis sp: BPBM 14789 (2), Lord

Howe Island. Hemerocoetes monopterygius: BMNH 1842.10.12.3 (1), no collection local, New

Zealand; BMNH 1879.5.14.585 (1), Wellington Harbor, New Zealand; BMNH 1889.7.20.62 (1),

taken between Sydney, Australia and Wellington, New Zealand; BMNH 1905.11.30.56 (1), no

collection local, New Zealand; BMNH 1930.8.5.13 (1), Dusky Sound, New Zealand; BPBM

39247 (2), Wellington Harbour, New Zealand. Hemerocoetes pauciradiatus: BMNH

1935.3.14.98-101 (3), Tasman Sea, New Zealand; BMNH 1935.3.14.107-110 (4), Tasman Sea,

New Zealand. Matsubaraea fusiformis: CAS 32846 (4), Prachuap Khiri Khan Bay, Thailand.

Trichonotidae

Trichonotus elegans: CAS 218175 (19), Muaivuso, Viti-Levu, Fiji Islands.
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RESULTS

Family Creediidae

Unisexual gonads

Three types of gonad morphology were present in the family Creediidae. In four species

(Apodocreedia vanderhorsti, Limnichthys polyacti~1. rendahli ,and Tewara cranwellae), all

sampled individuals had unisexual gonads, which were composed entirely of ovarian or testicular

tissue. No bisexual gonads were present. Table 5.1 lists the average size (SL) for individuals in

each gonad category for the four species with unisexual gonads. Gonads in these species were

bilobed and consisted of an inner geminal portion enclosed by a gonadal wall. Within each

gonadal lobe the geminal tissue was not sub-divided by connective tissue, but remained whole

(Figures 5.1 & 5.2).

In ovaries, the geminal epithelium was organized into ovarian lamellae, which ran

parallel to one another. In one specimen of1. polyactis, the lamellae formed a partially enclosed

gonadal lumen at the dorsum of the ovary (Figure 5.2 A); however, ovaries of the three

remaining females lacked dorsal lumina; thus, it is possible the enclosed lumen was an artifact of

tissue fixation or preparation. In the remaining three species ovarian lamellae opened ventrally

into a peripheral lumen. Three species contained individuals with inactive ovaries. In T

cranwellae andA. vanderhorsti (Figure 5.1 A) inactive females were present only in the smallest

size classes, and thus were probably juveniles. In 1. polyactis, all ovaries sampled were inactive

and none contained obvious evidence of recent spawning (e.g., atretic oocytes or post-ovulatory

follicles) so it is unclear whether these individuals were juveniles or previously functional

females with regressed ovaries.

92



Figure 5.1 Unisexual gonad morphology of Apodocreedia vanderhorsti. A) Ovary of a 33 mm
inactive female. B) Ovary of a 74 mm female containing vitellogenic oocytes. C) Testis of a
34 mm inactive male. D) Testis of a 59 mm male; arrow indicates sperm sinus. Scale bar is
100 J.lm.
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Figure 5.2 Unisexual ovary (left) and testis (right) morphology in three creediid species. SL
of specimens listed in parentheses. A) Inactive ovary (53 mm) and functional testis (47 mm)
ofL. polyactis. B) Ovary (58 mm) and testis (58 mm) of L . rendahli. C) Ovary (65 mm) and
testis (41 mm) morphology of T. cranwellae. Scale bar is 100 /lm.
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Female-active individuals (Figure 5.1 B, 5.2 B & C) were present in all species except

1. polyactis. Ovarian lamellae of these individuals contained oocytes in multiple developmental

stages ranging from previtellogenesis through maturation.

In testes, the geminal epithelium was organized into lobules containing spermatocytes.

Among male-actives, the proportion of geminal tissue that contained spermatocytes appeared to

differ between species. In L. rendahli (Figure 5.2 B) the geminal tissue consisted almost entirely

of well-defined spermatocytes. Free spermatozoa were present only in the portion posterior to

where the two gonadal lobes unite. In A. vanderhorsti (Figure 5.1 D) and T cranwellae (Figure

5.2 CJ spermatocytes were abundant only in the dorso-lateral portion of the testis, whereas the

ventro-medial portion contained mostly free spermatozoa. Inactive males were present only in

the smallest size classes ofA. vanderhorsti (Figure 5.1 B) and T cranwellae and were probably

juveniles. Testes of these individuals contained spermatogonia and early spermatocytes, but no

spermatozoa.

Female-active individuals were larger than male-actives in A. vanderhorsti (P < 0.000, T

= 7.67, DF = 13) but had slightly shorter pectoral fins (x females = 6.8 ± 0.5 % SL;

x males = 7.8 ± 0.4 % SL ; P <0.000, T =-4.71, DF =13). There was a similar trend in body size for

inactive females and male-active individuals in 1. polyactis (P= 0.064, T = 7.67, DF = 3) but this

was not significant at ex =0.05. All other relationships were strongly non-significant (P?: 0.1).

96



Table 5.1 Gonad classification by size for creediid species with unisexual

:~:c:~.'· vall ~e~~ted arean
SL ~:rber:filldrdualS) TOr M

A. vanderhorsti 30.1 (3) 36.5 (5) 71.6 (14) 33.0 (2) 50.1 (8)

1. polyactis 54.2(5) 46.5 (4)

1. rendahli 58.1(4) 57.8 (2)

T. cranwellae 35.0(1) 47.5 (2) 65 (1) 36.5 (2) 42.8 (5)

Mixed ovotestes

A second type ofgonad morphology, the mixed ovotestis, was present in some

individuals of Creedia haswelli. Ofthe 29 individuals examined, two had UD gonads, 13 had

ovaries, 11 had testes, and two had MOT. Individuals with ovaries ranged from 19 to 48 mm in

SL. The smallest of these had a newly differentiated ovary consisting of a mixture of

previtellogenic oocytes and gonial cells (Figure 5.3 A). In larger individuals, (Figure 5.3 B) the

geminal portion of the ovary was arranged into parallel ovarian lamellae which were oriented

vertically within the ovary. Spaces between the lamellae converged ventrally to form a peripheral

gonadal lumen. Individuals with female-active ovaries (Figure 5.3 C) contained oocytes from

several developmental stages. Overall ovarian structure was similar to that of inactive ovaries,

except that the ovarian lumen was less visible as the lamellae were distended with vitellogenic

oocytes.

Individuals with unisexual testes ranged 19 to 46 mm. Four individuals had inactive

testes which consisted of a solid mass of spermatogenic tissue bound by the gonad wall (Figure

5.3 D). Spermatocytes were visible at irregular intervals throughout the testis. Eight individuals
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had male-active testes which contained tailed spennatozoa. No membrane lined lumina were

present within either testis class.

Two individuals (28 and 38 mm) had MOTs. Gonads of both individuals were

predominately testicular, the ovarian portion limited to a single previtellogenic oocyte within one

gonadal lobe of each (Figure 5.3 E). No gonadal lumen was evident. Both ovotestes were male-

active and contained tailed spermatozoa as well as spermatocytes, which were most numerous at

the periphery of the gonad.

Individuals with male-active and female-active gonads did not differ significantly in SL;

however, pectoral-fin length was significantly longer in male-active (x males = 15.9 ± 1.8 % SL)

than female-active individuals (x females = 9.9 ± 0.6 % SL; P < 0.000, T = -10.12, DF = 12).

Table 5.2 Gonad classification by size-class for specimens of Creedia
haswelli.

UD Ovary Testis Mixed Ovotestis

SL (mm) - - I F - I M - I M I T I F

15-20 1 1

20-25 2 2 1

25-30 I 1 1 1

30-35 1 1 1 2

35-40 4 4 1

40-45 1

45-50 2
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D E -
Figure 5.3 Gonad morphology of Creedia haswelli. A) Newly differentiated ovary (indicated
by arrow) of a 19 mm inactive female. B) Ovary of a 29 mm inactive female. C) Ovary of a
47 mm female with vitellogenic oocytes. D) Testis ofa 29 mm male E) Testis ofa 38 mm
male containing 10 growth oocyte (arrow). Scale bar is 100 Ilm.
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Delimited Ovotestes

In the remaining four species (Chalixodytes tauensis, Crystallodytes pauciradiatus,

Limnichthys jasciatus, and 1. nitidus) the majority of individuals (75%) had a DOT, whereas the

Table 5.3 Gonad morphology by size for creediid species with delimited
ovotestes. Values are listed as mean SL (total number of individuals).

UD Delimited Ovotestis Ovary

Species - - I M I T I F - I F

23.3 (3) 27.2 (3)

27.7 (10) 21.5 (2) 26.8 (2)

17.2 (3) 19.8 (4) 20.3 (2)

Ch. tauensis

Cr. pauciradiatus

1. jasciatus

1. nitidus

17.5 (2)

14.5(1)

18.9(4)

17 (1)

19.1 (4)

26.7 (23) 39 (1) 33.3 (4) 30 (I) 37.1 (10)

27.1 (4)

32.9 (3)

22.7 (4)

rest had unisexual ovaries (22%) or gonads which were undifferentiated (3%). Table 5.3 lists

the average size for individuals in each gonad category for each of the three species.

Similar to the other creediid species, the gonads were bilobed; however, in individuals

with DOT, the geminal portion of each lobe was subdivided into a dorsal ovarian portion and a

ventral testicular portion by connective tissue (Figures 5.4-5.6). As described for 1. donaldsoni

and Crystallodytes cookei, (Chapter 2) ovarian and testicular portions of each lobe united

posteriorly and form separate ovarian and testicular sinuses.

Four individuals of Chalixodytes tauensis(Figure 5.4 A) and four of 1. jasciatus had

inactive DOTs. In both species, these individuals were from the smallest size class and were

presumably juveniles. The gonads in these individuals were limited to small lobes at the top of

the gut. The ovarian portion consisted ofa small number of previtellogenic oocytes and the testis

contained a mass of interstitial tissue and scattered spennatocytes.
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Male-active DOTs were present in each of the four species (Figures 5.4 B, 5.5 Band 5.6

A). The testicular portion ofthe gonad contained spennatocytes and free spennatozoa, whereas

the ovarian portion contained previtellogenic oocytes that were organized into parallel ovarian

lamellae which opened into a peripheral gonadal sinus.

Individuals with transitional DOTs were present in each ofthe four species (Figures 5.4 D

& E, 5.5 C and 5.6 B & C). In the transitionals, the ovarian portion of the gonad was enlarged

and contained a mixture of previtellogenic and vitellogenic oocytes. The testicular portion was

reduced, but contained free spennatozoa.

Individuals with female-active DOTs were likewise present in all species except

Crystallodytes pauciradiatus. In DOT(f) specimens, the testicular portion of the gonad was

typically reduced to a small, non-functional lobe at the ventral part of the ovary, whereas the

ovarian portion contained vitellogenic oocytes.

In each of the four species, some individuals had unisexual ovaries which contained no

discemable evidence of testicular tissue. In one individual of C. tauensis, the ovary was non

functional, and contained only previtellogenic oocytes. In all other individuals, the ovary

contained oocytes which were vitellogenic (Figures 5.4 E, 5.5 D and 5.6 D).

Female-active individuals (including individuals with unisexual ovaries and those with

female active DOTs) were significantly larger than male-actives in Chalixodytes tauensis

(P < 0.000, T = 9.17; DF = 26). There was a similar trend in 1. nitidus (P = 0.058, T=2.64,

DF = 4), however, this was not significant at the 0.05 alpha level. Fin ray length did not differ

significantly between male-active and female-active individuals for any of the four species.
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Figure 5.4. Gonad morphology of Chalixodytes tauensis. A) DOT of a 16 mm inactive
individual; arrow indicates testicular portion. B) DOT of a 25 mm male-active individual.
C) DOT of a 35 mm transitional individual with yolk-vesicle stage oocytes. D) DOT of a 30
mm transitional with vitellogenic oocytes. E) DOT of a 31 mm transitional individual with
reduced testicular portion (arrows). F) Ovary of a 39 mm female-active individual. Scale bar is
100 ~m.



Figure 5.5 Gonad morphology of Crystallodytes pauciradiatus. A) DOT of a 17 mm inactive
individual; arrow indicates testicular portion of gonad. B) DOT of a 23 mm male-active
individual. C) DOT of a 26 mm transitional individual. D) Ovary of a 35 mm female.
Scale bar is 100 ,.un.

103



D

Figure 5.6 Gonad morphology ofLimnichthysfasciatus. A) DOT ofa 16mm male-active
individual. B) DOT of a 21 mm male-active individual containing previtellogenic yolk
vesicle stage oocytes. C) DOT of a 22 mm transitional individual containing vitellogenic
oocytes. D) Ovary of a 24 mm female-active individual. Scale bar is tOO J.1m.
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Family Percophidae

Each of the five percophid species examined had unisexual gonads, which were

composed entirely of ovarian or testicular tissue (Table 5.4). Overall gonad morphology was

similar to that of unisexual creediids (Figure 5.7). Gonads were bilobed, each lobe consisted of

an inner geminal portion and an outer gonadal wall. The geminal portion ofeach lobe was not

divided by a tissue barrier. In females, ovarian lamellae were oriented vertically and opened into

a peripheral lumen in ventrum of the gonad. Testes of male individuals were organized into

well-defined tubules containing spermatocytes and lacked membrane-lined lumina that, when

present, may indicate previous ovarian structure.

Owing to the small sample-size for percophid species, body-size ofmales and females

could not be compared statistically; however, female-active individuals were larger than males in

M fusiformis (x females = 60.3 ± 0.4; x males = 52.3 ± 0.4), whereas males were larger than females

in C. squamiceps (x females = 58.5 ± 9.4; x males = 82.5 ± 3.5) and H. monopterygius (immature

female = 49.5; x males = 163.3 ± 18.4). Body size of the sexes was more similar in H

pauciradiatus (x females = 67.5 ± 11.2; single male = 75.0). Both specimens ofEnigmapercis sp.

were males, thus, the body-size of males and females could not be compared.

Two of the percophid species were sexually dimorphic in the length of the first dorsal fin

ray as a proportion of SL. The second dorsal fin-ray was larger in males than in females for

C. squamiceps (12.8 ± 4.0 % SL in females; 32.2 ± 4.0 % SL in males) and H. monopterygius

(3.0 % SL in a single female; 6.9 ± 1.0 % SL in males). Males and females ofM fusifomis and

H. pauciradiatus did not differ markedly in the length ofany fin-ray as a proportion of SL and

dimorphism of fin-ray length in Enigmapercis sp. could not be examined because both specimens

examined were male.
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M fusiformis

Table 5.4 Gonad classification by size for percophid species. Values are listed
as mean SL (number of individuals). All sampled individuals had unisexual
gonads.

~_u_D_......, Ov....,.a_ry;..... I T_es_ti_s _

_S..,;p...e_c_ie_s ..... ----J I F _ I M

C. squamiceps 54.8 (2) 66.0 (1) 82.5 (2)

Enigmapercis sp. 46.0 (2)

H monopterygius 49.5 (1) 163.3 (6)

H pauciradiatus 67.5 (6) 75.0 (1)

60.3 (2) 52.3 (2)

Family Trichonotidae

Of the 19 gonads of T. elegans examined, 12 were ovaries, six were testes, and one was a

MOT (Table 5.5). Individuals with ovaries ranged 30 to 68 mm. The three smallest individuals

had inactive ovaries and were presumably juveniles. Ovarian lamellae of these individuals

contained oogonia and previtellogenic oocytes and enclosed a central, membrane-lined, ovarian

lumen (Figure 5.8 A , 5.8 B). This lumen was also visible in larger individuals that had begun

vitellogenesis (Figure 5.8 C) but was occluded in fully gravid individuals (Figure 5.8 D).

Individuals with unisexual testes ranged 71 to 81 mm in SL and were significantly larger

than those with ovaries, the former being completely absent in size classes below 70 mm SL.
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Figure 5.7 Unisexual ovary (left) and testis (right) morphology in four percophid species. SL
of specimens is listed in parentheses. A) Inactive ovary (48 mm) and functional testis (80 mm)
of Chrionema squamiceps. B) Inactive ovary (50 mm) and functional testis (138 mm) of
Hemerocoetes monopterygius. C) Functional ovary (76 mm) and testis (75 mm) of
H pauciradiatus. D) Functional ovary (61 mm) and testis (53 mrn) of Matsubaraea
fusiformis. Scale bar is 100 Jlrn.
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Testes ofall six individuals were male-active. Spermatogenic tissue was organized into discrete

tubules at the gonad periphery, but was less organized internally, consisting of clumps of

spermatocytes bordered by free spermatozoa and interstitial tissue. A single testicular lobe of

one of these individuals contained a membrane-lined space that extended to the gonad periphery

(Figure 5.8 G). This lumen did not contain spermatozoa nor other testicular components, and

therefore did not appear to be used in sperm transport.

One 71 mm SL individual of T. elegans had a MOT. The gonad ofthis individual was

predominantly testicular, and contained both spermatocytes as well as free spermatozoa

throughout the length ofthe gonad. The anterior portion of one lobe ofthe MOT contained three

atretic oocytes embedded in spermatogenic tissue (Figure 5.8 E). Based on their size (l00 11m)

and absence of a zona-radiata and follicle, the oocytes appeared to be previtellogenic. A

conspicuous membrane-lined lumen was present in both lobes of the MOT. This lumen extended

the length of the gonad, becoming more pronounced posteriorly. A few free spermatozoa were

visible within the posterior lumen of one lobe, however, this may have been an artifact of gonad

dissection and preservation, as spermatozoa were much more numerous outside the lumen.

Trichonotus elegans is sexually dimorphic. Male-active individuals were significantly

larger (SL) than female actives (P = 0.0001, T = -5.63, DF = 12). Length of the first dorsal fin

ray was also proportionally longer in males (32.4 ± 9.2 % SL) than in females (7.0 ± 0.97 SL;

P = 0.0004, T= -7.24, DF = 6).
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A

-
Figure 5.8 Gonad morphology of Trichonotus elegans. A) Ovary of a 25 mm inactive female
(anterior gonad). B) Ovary of a 39 mm inactive female (posterior gonad). C) Ovary of a 44
mm female-active individual undergoing vitellogenesis. D) Ovary of a 56 mm active female.
E) MOT of a 71 mm male-active individual containing atretic oocytes. F) Posterior section of
gonad from E. G) Testis of a 81 mm male. Arrows indicate gonadal lumen. Scale bar is 100
/lm.



Table 5.5 Gonad classification by size class for specimens of T. elegans.
Values in parentheses are the number of male-active individuals with gonadal
lumina.

un Ovary Testis Mixed Ovotestis I
SL(mm) - - I F - I M - I M I H I F

230-40

40-50

50-60

60-70

70-80

80-90

2

6

5

1(1)

1(1)

Table 5.6 summarizes gonad morphology, size- and sexual dimorphism (where known)

for species from the families Creediidae, Percophidae, and Trichonotidae. Figure 5.9 shows the

distribution of gonad morphology in relation to a cladogram of interrelationships for the family

Creediidae (Rosa, 1993).
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Table 5.6 Summary of gonad morphology, size- and sexual dimorphism for the
families Creediidae, Percophidae, and Trichonotidae. Data for C. cookei and
L. donaldsoni from Chapter 2, T.filamentosus from Kusen et. al (1991).
Significant (P<O.05) differences are followed by an asterisk (*).

Species n Gonad Size Dimorphism in
morphology (SL) fin length

Apodocreedia vanderhorsti 32 Unisexual M<F* PI longer in males*

Chalixodytes tauensis 45 DOT M<F* No

Creedia haswelli 29 MOT PI longer in males*

Crystallodytes cookei 76 DOT M<F* No

C. pauciradiatus 11 DOT No

Limnichthys donaldsoni 57 DOT M<F* No

1. fasciatus 21 DOT No

1. nitidus 14 DOT M<F No

1. polyactis 9 Unisexual M<F No

1. rendahli 6 Unisexual No

Tewara cranwellae 11 Unisexual No

Chrionema squamiceps 5 Unsexual M>F D I longer in males

Enigmdpercis sp. 2 Unisexual

Hemerocoetes monopterygius 7 Unisexual M>F D] longer in males

H pauciradiatus 7 Unisexual No

Matsubaraea fusiformis 4 Unisexual M<F No

Trichonotus elegans 19 MOT M>F* D] longer in males*

T. filamentosus 131 MOT M>F* D] longer in males*
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Figure 5.9. Distribution of DOT gonad morphology in relation to phylogenetic relationships
proposed by Rosa (1993). Columns above the cIadogram indicate number of species in each
taxa in which DOT morphology is present, absent, or unknown. AIl gonad data are from
Table 5.6.
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DISCUSSION

Evolution of DOT morphology and protandry in creediids

Three types of gonad morphology are present within the family Creediidae. Four species,

A. vanderhorsti, L. polyactis, L. rendahli, and T. cranwellae, had unisexual gonads, which were

either entirely testicular or ovarian. In a fifth species, Creedia haswelli, some individuals had

unisexual gonads and others had MOT that contained both testicular and ovarian tissue. In six

species (Chalixodytes tauensis, Crystallodytes cookei, Crystallodytes pauciradiatus, L.

donaldsoni, L.fasciatus, and L. nitidus) some individuals had functional ovaries, whereas others

had DOTs in which ovarian and testicular tissue co-occurred, but were divided by a connective

tissue barrier. Gonad morphology for the five remaining creediid species (Schizochirus insolens,

Creedia alieni, Creedia bilineatus, Creedia partimsquamigera, and Limnichthys orientalis)

remains unknown.

Presence of DOT morphology appears to be predictive ofprotandrous sex change in

creediids. All four species examined in this paper which had DOTs exhibited multiple signs of

sex change. These include the presence of inactive ovarian tissue in gonads of male-active

individuals, presence of transitional gonads which contained free spermatozoa and vitellogenic

oocytes, and presence oftesticular remnants in the ovaries of female-active individuals. In

addition, females were significantly larger than males in Chalixodytes tauensis Each of these

criteria was also present in individuals of Crystallodytes cookei and L. donaldsoni (Chapter 2),

thus bringing the number of creediid species for which protandry is confirmed to six.
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Figure 5.9 shows the distribution of DOT morphology in context to phylogenetic

relationships proposed for the family Creediidae and its sister taxa (after Rosa, 1993). DOT

morphology was not present in any of the percophid nor trichonotid species sampled, suggesting

that DOT morphology evolved within the family Creediidae, rather than within either of the

sister taxa. Within the Creediidae, both DOT positive and DOT negative species were present;

however, the distribution of DOT morphology was not consistent with phylogenetic relationships

among the seven genera. Rosa's (1993) cladogram places the DOT positive genera Limnichthys,

Crystallodytes, and Chalixodytes within a node bound by DOT negative taxa Creedia haswelli

and A. vanderhosti. Moreover, within this group, the genus Limnichthys contains both DOT

positive (three species) and DOT negative (two species) character states and is itself is the sister

taxa of the DOT negative T cranwellae.

The homoplastic distribution of DOT morphology could be explained by one or more of

the following factors. Firstly, DOT morphology and sex change could have evolved once within

basal creediids and subsequently been independently lost in some of the derived taxa. Of the

most basal taxa, only Creedia haswelli was examined, which lacked the DOT gonad

morphology. If DOT morphology is also absent in Schizochirus insolens and the remaining three

species of Creedia, then the DOT morphology and protandry may have evolved between node

Schizochirus + Creedia and that composed of the remaining five genera. If this were correct, loss

of DOT morphology would have had to occur independently in Apodocreedia,

T cranwellae, and the common ancestor to 1. rendahli and 1. polyactis, thus requiring a

minimum of four steps (one acquisition + three losses). It is unclear why DOT morphology

would be lost in these species. One possible explanation is that the extreme latitudinal
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distributions of three of these species have resulted in secondary selection for gonochorism and

unisexual gonad morphology. In contrast to the six DOT positive creediids, which are found in

the tropics and sub-tropics, T cranwellae, 1. rendahli, and 1. polyactis are native to New

Zealand, their distributions extending south of 40° latitude (Chapter 1; Table 1.1). DeMartini

and Sikkel (In Press) point out that there is a higher incidence ofhermaphroditism among

tropical gobies and serranids than in their temperate counterparts. They hypothesized that the

low incidence of sex change on temperate reefs may be related to increased selection for parental

care and decreased levels of sexual competition; however, this would not account for the absence

of DOT morphology in A. vanderhorsti as this species occurs along the coast of southeastern

Africa (Rosa, 1993) within latitudinal range of several DOT positive creediids. Alternatively, the

relatively large adult body sizes of these species may have reduced the discrepancy in potential

fecundity between males and females, thereby negating the selective advantage ofprotandry.

Both 1. polyactis (60 mm max SL) and 1. rendahli (70 mm) are much larger than their sex

changing congeners 1.nitidus (32 mm), 1. donaldsoni (30 mm) , and 1.fasciatus (40 mm).

Apodocreedia vanderhorsti (86 mm) is the largest of the 16 creediid species.

As a second possibility, DOT morphology could have evolved multiple times within the

family Creediidae. Assuming that the three DOT positive species ofLimnichthys acquired DOT

morphology from a common ancestor, the observed distribution of DOT morphology could be

arrived at by independent acquisitions in each of the three DOT positive genera. Because it

requires fewer steps, a multiple acquisition hypothesis would be more parsimonious than the

previous one; however; ifDOT morphology and protandry did evolve independently in multiple

creediid taxa, it is remarkable that the gonad morphology is identical among these groups.
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Lastly, the disparate distribution of DOT morphology within the family Creediidae may,

in part, reflect errors in phylogenetic interrelationships ofthe creediid genera. In her Ph.D.

dissertation, Rosa (1993) remarked that the genus Limnichthys " is a poorly defined taxon, and its

boundaries should be further delimited." In particular, the large-bodied New Zealand species 1.

polyactis and 1. rendahli more closely resemble T. cranwellae, also from New Zealand, than do

the three smaller-bodied tropical species. If placement of1. polyactis and 1. rendahli belongs

with Tewara rather than Limnichthys, then the absence ofDOT morphology in these species

could be explained by its loss in a single common ancestor. If that were so, then a single origin

of sex change in the family would take only three steps, requiring the acquisition ofDOT

morphology in the ancestor of the five derived genera followed by subsequent losses in Tewara

and Apodocreedia, and would thus be equally parsimonious with a multiple origin hypothesis.

These alternative hypotheses illustrate the need for additional gonadal data from basal creediids

(Schizochirus and Creedia) as well as a well-supported cladogram of species interrelationships

before the evolutionary history of DOT morphology in the Creediidae can be resolved.

Two creediid species that lacked DOT s exhibited demographic or gonadal characters that

are often associated with sex change. In the first species, Apodocreedia vanderhorsti, mature

females were significantly larger in size than mature males (Table 5.1). Size-frequency

distributions that are biased towards large females and small males are typical of protandrous

species; however, in all known protandrous fishes, ovaries of functional females develop directly

from male-active ovotestes (Sadovy and Shapiro, 1987). In A. vanderhorsti, both unisexual

ovaries and testes were present in the smallest size-classes, indicating that the sexes are separate

upon gonadal differentiation. Also, the gonads of functional males were completely testicular
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and contained no evidence of ovarian tissue. Thus, this species is probably gonochoristic. The

observed differences in body-size between functional males and females may instead indicate

that females mature later and grow to a larger size than males.

In the second species, Creedia haswelli, two individuals had mixed ovotestes (MOT).

The presence of MOT morphology in C. haswelli does not necessarily indicate that this species

changes sex. Bisexuality may also occur as a result of environmental stress (Egami, 1956) or as a

normal, but non-functional phase of gonad development (e.g., Reinboth, 1962). If an ovotestis is

truly the result of actual sex change, it should be accompanied by "proliferation of the tissue of

one sex concomitant with degeneration of (previously functional) tissue of the other" (Sadovy

and Shapiro 1987). Although the two individuals had MOT which contained functional

testicular tissue, the ovarian tissue consisted of one or two previtellogenic oocytes that showed

no signs of further development, making it doubtful that these individuals were ever functional as

females. Also, testes of male fish did not contain vestiges of ovarian lumina, which are

sometimes retained after sex change is complete (Sadovy and Shapiro, 1987).

Both A. vanderhorsti and C. haswelli are sexually dimorphic in fin ray length; the

pectoral fins of males are significantly larger, as a proportion of SL, than those of females.

Nelson (1983) previously reported sexual dimorphism in pectoral-fin length for C. haswelli, but

it was previously unknown in A. vanderhorsti. It is unclear why such pronounced sexual

dimorphism has evolved in these two species and not other species in the family.

Unisexual gonad morphology and sexual dimorphism in percophids

All specimens of the six percophid species examined had unisexual gonads which

consisted entirely ofovarian or testicular tissue. The small sample size for the percophid species
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was probably adequate to exclude DOT morphology and rule out protandry as a mode of sex

allocation; however, it may have been inadequate to exclude protogyny. This is because the

prevalence (proportion of individuals) and persistence (proportion oflife-history) of the bisexual

stage differs greatly between species which follow a protandrous (male to female) route and

those which are protogynous (female to male). In most protandrous species, bisexuality is

extremely prevalent within the population, occurring in all juveniles and males, regardless of

whether they will actually change sex or not. Because many protandrous species are monogynic

(all females derived from previously mature males), the bisexual stage occupies a significant

proportion of the life-history of these individuals. For example, in this study 75% of individuals

of Chalixodytes tauensis sampled had a bisexual gonad and all male-active individuals were

bisexual. Thus, the probability ofdetecting bisexuality by examining a small number of

individuals was quite high. In protogynous species, the bisexual gonad phase is usually evident

only in those individuals that are actively undergoing sex change (Sadovy and Shapiro, 1987), a

process that usually occurs quickly and may leave little or no evidence that it has occurred once

complete. In a histological survey of the protogynous goby Coryphopterus nicholsi, Cole (1983)

found that bisexual individuals accounted for less than 18% of fish she examined. Given the

small sample size for the percophid species, further work is necessary before protogyny can be

excluded as possible mode of sex allocation in these species.

Three percophid species were sexually dimorphic in body size. In M fusiformis, males

were slightly smaller than females, whereas in C. squamiceps and H monopterygius, males were

much larger than females. In addition, males of the latter two species had much longer first

dorsal fin-rays than females. Sexual dimorphism has been reported for several percophid

speCIes. Iwamoto and Staiger (1976) previously reported the aforementioned sexual dimorphism
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in C. squamiceps and Parin (1990) found similar differences between males and females of the

congeneric C. pallidum. Thompson and Stuttkus (1998) found that percophids Bembrops

anatirostris and B. quadrisella are sexually dichromatic; females have a spot on the caudal fin

that males lack. Because most percophid species are found in deep water, nothing is known

about how this dimorphism in coloration and fin length are used in courtship or sex recognition.

In contrast, the presence ofa strong dimorphism in body-size between males and females (biased

towards small females and large males) in at least three species may indicate that males of these

species compete heavily for territories or reproductive access to females (Roff, 1992) and also

points to the possibility that some species may be protogynous hennaphrodites.

Mixed ovotestis morphology and protogyny in Trichonotus

Trichonotus elegans appears to be a protogynous hermaphrodite based on several criteria,

including a strongly bimodal size distribution between males and females and the presence of a

MOT in one individual. Unlike Creedia haswelli, the MOT of T elegans contained multiple

signs of ovarian architecture including the presence ofatretic oocytes and evidence of the former

ovarian lumina throughout functional testicular tissue. Also, the testes of one unisexual male

retained membrane-lined spaces which appear to be vestigial ovarian lumina. The complete

absence ofmales in the lower size classes strongly suggests that T elegans is monandric; all

males are derived from sex-changed females.

Protogynous sex change has been confirmed for a Japanese sanddiver, T filamentosus,

(Kusen et aI., 1991) and is suspected in others based on differences in size of males and females

(Shimada and Yoshino, 1984). Trichonotus filamentosus is reported to exhibit similar MOT

morphology and size-structure to that which I observed for T. elegans, thus it is likely that MOT

morphology may be a shared by other members of the family Trichonotidae.
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Unlike creediids, which spend the majority of the time buried beneath the sand,

sanddivers are much more conspicuous. They typically hover over or perch on top of the

substrate, diving into the sediment only when startled (Clark and Pohle 1996). While

participating in a collecting trip to the village ofMuaiavuso, Fiji, I was able to observe and

collect a few small groups of T. elegans for this study. These groups were almost always found

hovering around small (0.5-1 m in diameter), conical mounds of sediment, into which they

would dive if startled. These mounds were quite numerous in some areas, and were often less

than one meter apart from each other. As with other trichonotids, T. elegans is sexually

dimorphic and dichromatic. Males are larger and more colorful than females, and have more

elongate dorsal fins. This species is apparently polygynous, as each social group typically

consisted of one male and several females. Polygynous mating systems have likewise been

reported for at least two other trichonotid species including T. filamentosus and T. halstead

(Clark and Pohle, 1996). Polygyny has almost certainly contributed to the evolution of

protogynous sex change in these species.
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Chapter VI. Summary and conclusions

The family Creediidae contains 16 species of small, sand-burrowing fishes that are found

throughout the near-shore Indo-Pacific. Despite their range and abundance, little is known of the

reproductive biology or mode of sex allocation for any ofthe species in the family.

In this dissertation, I examined gonad morphology, sex allocation, spawning seasonality, and

mechanisms regulating sex change for several creediid species using histological techniques.

This work was divided into four studies:

The first study examined gonad morphology and development for two creediid species

native to Hawaiian waters. Some specimens of Crystallodytes cookei and Limnichthys

donaldsoni had delimited ovotestes, bisexual gonads in which ovarian and testicular tissues were

separated by a connective tissue barrier. Reproductive function ofthe ovotestes differed between

size classes. In small individuals, the ovotestes contained spermatozoa and primary-growth stage

oocytes, and thus were male-active. Large individuals were female-active; the testicular portions

of the gonad were lost or greatly reduced, whereas the ovarian portions were enlarged and

contained vitellogenic oocytes. Ovotestes of some individuals of intermediate size had reduced

testicular portions which contained spermatozoa and enlarged ovarian portions which contained

developing (cortical vesicle stage) oocytes, and thus these individuals appeared to be in transition

from male to female reproductive states. Together, these results indicate that C. cookei and L.

donaldsoni are protandrous hermaphrodites.

The second study examined batch fecundity, seasonal-, and lunar trends in reproductive

effort of females of Hawaiian populations of C. cookei and 1. donaldsoni. Both species spawn

small batches of pelagic eggs. Batch fecundity ranged between 25-162 and 32-143 oocytes for
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C. cookei and 1. donaldsoni respectively and was positively correlated with body size in both

species. No evidence ofparental care was observed for either species. Both species spawned

throughout the year, but C. cookei exhibited a significant decrease in reproductive effort in the

autumn months of September and October. Reproductive effort was also correlated with lunar

phase in C. cookei. Reproductive effort peaked on the first and third quarters and new moon, but

was reduced around the full moon. In 1. donaldsoni, reproductive effort appeared to be

synchronized around each of the four lunar phases, but this relationship was not significant.

These lunar patterns indicate that spawning is not directly correlated with periods of high tidal

flow which would maximize dispersal of eggs away from spawning habitats. Instead, individuals

of C. cookei and 1. donaldsoni may simply use lunar cues to synchronize reproduction with

conspecifics, thereby reducing predation pressure on individual egg clutches. Gonads of some

females had reduced testicular portions adjacent to functional ovarian tissue. The proportion of

these individuals in collections did not differ significantly with season. Ifbisexual individuals

represent recent sex change, then sex change occurs throughout the year and is not synchronized

with spawning or non-spawning periods.

The third study examined the effects of sex-ratio on sex change of artificially constructed

social groups of C. cookei. Males were maintained in social groups with and without females for

a period of 30 days. Gonads of experimental males were processed histologically and examined

for evidence of sex change. Overall rates of sex change were low; gonads from two individuals

from the heterosexual group and one individual of the homosexual group showed histological

signs of protandrous sex change. The proportion of replicates in which sex change occurred did

not differ significantly between groups in which females were present or removed. In contrast,
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the ratio of testis-to-ovary was significantly lower in males of the female removal treatment.

Together, these results indicate that males allocate a greater proportion ofreproductive growth to

ovarian tissue in the absence of females, but they do not assume female function within 30 days.

Additional experiments with longer induction times are required in order to determine ifmales

with ovary-biased ovotestes eventually assume female function.

The fourth study examined the distribution of the delimited ovotestis morphology and

protandry in the family Creediidae and its sister groups. Delimited ovotestes were present in

specimens of Chalixodytes tauensis, Crystallodytes pauciradiatus, Limnichthys nitidus and

1. fasciatus. Each of these species exhibited multiple signs of sex change, thus presence of a

delimited ovotestis may be a reliable predictor ofprotandry in creediids. In contrast,

Apodocreedia vanderhorsti, Limnichthys rendahli, 1. polyactis, and Tewara cranwellae had

unisexual gonads and lacked evidence ofsex change. Some individuals of Creedia haswelli had

mixed ovotestes in which ovarian and testicular tissue co-occured but were not divided by a

connective tissue barrier. Representative species from the sister taxa Percophidae and

Trichonotidae also lacked delimited ovotestes. All percophids examined had unisexual gonads

whereas some specimens of Trichonotus elegans had mixed ovotestes and exhibited multiple

signs ofprotogynous sex change. When transposed onto phylogenetic relationships proposed for

creediids and their sister groups, these results suggest that delimited ovotestis morphology and

protandrous sex change have evolved within the family Creediidae, but are not shared by all

derived creediid species.

In summary, this dissertation documented the presence of protandry in creediids,

examined its evolution within the family and sister taxa, and tested possible mechanisms by
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which sex change is regulated. Conspicuously absent is any answer as to why creediids change

sex, a question which I feel is very important, given that comparatively little data is available for

protandrous fishes. This was not a gross oversight on my part, but a concession to the difficulty

of studying the behavior of small fishes which spend the majority of their time buried beneath the

sand. A detailed examination of the social structure, mating behavior, and the distribution of

critical resources is absolutely necessary in order to understand the selection pressures which

have led to the evolution of protandry in these fishes. It is my hope that this dissertation will

serve as a basis for others more patient than myself to conduct such a study.
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