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Abstract

Abstract

Striped trumpeter (Latris lineata) is a new candidate species for aquaculture in
temperate Australia. Survival of larvae prior to flexion has proven a bottleneck
in the production of this species for culture. In addition, almost all juveniles
cultured to date exhibit malformations of the jaw that may impede larval feeding
success. Body size and morphology impose constraints upon feeding success in
larvae of broadcast spawning fishes. Furthermore, larvae have an absolute
reliance upon sense organs for the detection and subsequent capture of prey. In
this study, aspects of morphological development and feeding performance were
described in larval striped trumpeter. Chemosensory and mechanosensory
organs were present and presumed functional soon after hatching, while the eye
was functional coincident with first-feeding on day 7 post-hatching. The
structure of the photoreceptors in different regions of the retina of the larvae
suggested the area specialised for the most acute image formation corresponded
to a visual field in the fronto-ventral region. Analysis of videocinematography of
feeding larvae in the horizontal plane confirmed a forward-directed functional
visual field. The area of the visual field increased with larval ontogeny from day
13 to day 17 post-hatching, due to the wider range of reactive angles used by
older larvae. Maximum reactive distances of larvae to rotifer prey (~5.1mm)
were 97% of larval standard length, while the distance at which larvae initiated a
strike at the prey was much lower (~0.45mm) at 8% of larval standard lIength.
Visual angles determined from larval feeding behaviour were higher than the
minimum separable angles predicted by histology, such that the functional
acuity of the larvae was not as good as that predicted by retinal structure. Jaw
malformation was only evident in post-flexion larvae greater than 10 mm
standard length and was characterised by an open jaw in which cartilage and
bone elements appeared structurally normal but were in abnormal positions. The
effects of light intensity and microalgal cell density (turbidity) on larval feeding
behaviour were assessed in short-term feeding trials. None of the pre-flexion
larvae used to investigate optimal light conditions for feeding exhibited jaw
malformations. Larvae fed equally well in clearwater (no microalgal cells

present) in a light intensity range of 1-10 pmol.s™.m™. An ontogenetic
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improvement in photopic visual sensitivity of larvae was indicated by improved
feeding at 0.1 pumol.s'.m™ between day 8 and day 23 post-hatching. Algae-
induced turbidity had different effects on larval feeding response dependent
upon the previous visual environment of the larvae. Young larvae, day 9 post-
hatching, reared in clearwater showed decreased feeding capabilities with
increasing turbidity, while older clearwater reared larvae fed well at all
turbidities tested. Likewise, greenwater (with microalgal cells present) reared
larvae had increased feeding capabilities in the highest algal cell densities tested
compared with those in low algal cell density, and clearwater to which they were
naive. This study demonstrated that striped trumpeter larvae are primarily visual
feeders with a small visual field relative to larval body size, that jaw
malformation is unlikely to impede feeding in pre-flexion larvae, and that
greenwater may provide a benefit to larval feeding although the previous visual

environment of larvae affected subsequent feeding responses.
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Figure 2.13. Eye and lens diameters of striped trumpeter larvae with increasing age.
Measurements were made in the dorso-ventral plane in transverse histological
sections. Values are from individual fish. ........c.ccoceiininiininini 46

Figure 3.1. A diagrammatic lateral view of the eye of a striped trumpeter larva (large
circle) indicating the division of the retina into nine regions (dorso-nasal, nasal,
ventro-nasal, dorsal, fundal, ventral, dorso-temporal, temporal, and ventro-
temporal) examined for photoreceptor and neural cell density and retinal layer
thickness. The small dashed circle indicates the position of the lens and the dashed
line denotes the position of embryonic fissure iNSertion. ...........ceeevevereeriereneennens 69

Figure 3.2. Diagrams of single frames from a feeding sequence of a striped trumpeter
larva. Video analysis measurements were made in the frame (A) immediately
before reacting to the rotifer prey, where the distance between the rotifer and the
larva’s rostral tip is the reactive distance (RD), and the angle between the forward
direction of the larva and the rotifer position is the reactive angle (RA), and (B)
after the larva has re-oriented to the prey detected in “A” and immediately before
striking at the rotifer, where the distance between the larva’s rostral tip and the
rotifer is the pre-strike distance (PS). Scale bar indicates Imm..............c..ccoc.e....e. 73
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Figure 3.3. Changes in photoreceptor densities in the retinae of larval striped trumpeter,
Latris lineata, with larval age. Linear density of photoreceptors in larvae observed
by transverse sections (closed circles) and sagittal sections (closed triangles), and
angular density of photoreceptors in transverse sections (open circles) and sagittal
sections (open triangles). A) Cones and B) presumptive rod photoreceptors. Data
points are pooled from replicate counts in different regions of the retina and from
the larvae examined on each day. Values are mean + SE, n = 5 to 37 (between 1
and 3 larvae per day, and 5 to 17 counts per larva, where count number is
dependent upon eye size and distortion in retinal r€gions). ........ccccevereererereennens 77

Figure 3.4. Minimal separable angles (MSA) and light path lengths (LP) in different
regions of the retina in larval striped trumpeter, Latris lineata, determined from
transverse sections. Circles are drawn proportional to eye diameter at each age.
Top value in bold font in each region is MSA (°), bottom value in bold font is LP
(pm), values are mean (SE). Different letters, a, b, and ¢ denote significant
differences (P=0.05) between light path lengths in different regions within each
day. A) Day 8, standard length fixed (SL) = 4.81 = 0.07mm, eye diameter (ED) =
311 £ 8 um (values from 3 fish), B) Day 14, SL = 6.21 £ 0.17mm, ED =406 +
50 um (values from 2 fish), C) Day 19, SL = 7.15mm, ED = 532 um (values from
1 fish), and D) Day 21, SL = 6.95mm, ED = 562 pum (values from 1 fish).
Abbreviations D, dorsal; N, nasal; T, temporal; V, ventral. n.d. indicates regions
where values were not determined due to the presence of the embryonic fissure. 79

Figure 3.5. Minimal separable angles (MSA) and light path lengths (LP) in different
regions of the retina in larval striped trumpeter, Latris lineata, determined from
sagittal sections. Circles are drawn proportional to eye diameter at each age. Top
value in bold font in each region is MSA (°), bottom value in bold font is LP (um),
values are individual measures or mean (SE) from a single fish on each day. A)
Day 7, standard length live (SL) = 5.46mm, eye diameter (ED) = 288 um, B) Day
12, SL = 6.52mm, ED =369 um, C) Day 16, SL = 7.23mm, ED =413 um, and D)
Day 26, SL = 9.08mm, ED = 594 um. Abbreviations D, dorsal; N, nasal; T,
temporal; V, ventral. n.d. indicates regions where values were not determined due
to the presence of the embryonic fissure or regions not represented in the sagittal
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Figure 3.6. Relative thickness of layers in the (A) dorsal, (B) medial, and (C) ventral
retina of larval striped trumpeter during ontogeny measured from transverse
sections. Closed circles - ganglion cell layers, GCL; open circles - inner plexiform
layer, IPL; closed triangles - inner nuclear layer, INL; open triangles - outer
plexiform and outer nuclear layers, OPL+ONL; and closed squares - pigment
epithelium and photoreceptor outer segment layers, PE+OS (= light path length).
Values are mean = SE from between 1 and 3 fish per day, with 3 to 9 replicates per
dorsal, medial, and ventral area per fish...........cccoociiiiiiniiiiiie, 81
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Figure 3.7. Reactive distances and angles: the position of rotifer prey relative to striped
trumpeter larvae when the larvae first reacted to them on (A) day 13 post-hatching
(n=17), and (B) day 17 post-hatching (n = 34). The origin indicates the rostral tip
of each larva. Larval standard lengths were 5.24 £ 0.08mm on day 13 and 5.43 +
0.07mm on day 17 (mean £ SE, n = 10). Each data point is from one feeding
sequence from one fish, and different symbols indicate the final outcome of that
feeding sequence: closed circle, prey caught; open circle, prey missed; closed
triangle, larva turned away before strike; open triangle, strike outcome uncertain.

................................................................................................................................ 83
Figure 3.8. Frequency distribution of reactive angles (A&B) and reactive distances

(C&D) of striped trumpeter larvae feeding on rotifers on day 13 (A&C; n=17)

and day 17 (B&D; n = 34) post-hatching. .........ccccoceeeirinienininiencnceeeeene 85

Figure 3.9. The horizontal visual field of striped trumpeter larvae on day 13 (black fill)
and day 17 (striped fill) post-hatching, determined from maximum reactive
distances in each 10° division of reactive angle from pooled left and right-hand-
side reactions to rotifer prey. Nine feeding sequences contributed maximum
reactive distances on day 13, and ten sequences on day 17........ccccceeviiriininnnne. 85

Figure 3.10. Improvement of theoretically determined visual acuity (minimum separable
angle) in striped trumpeter larvae with ontogeny (transverse sections — closed
circles, sagittal sections — closed upward triangles), compared with ranges of
functional visual angles derived from feeding behaviour and calculated with
maximum reactive distances (MaxRD), pre-strike distances (PS) and rotifer
dimensions (302 wm length and 155 pm width). .....c.cccoovivevieniiniiiieeeeen 86

Figure 4.1. Growth of larval striped trumpeter Latris lineata with age in degree-days in
three cohorts used to assess the effects of light intensity and turbidity on feeding
performance. Cohort 1 n = 10, cohorts 2 and 3 n =5 except where * indicates n =
20 on experiment days. Values are means £ SE. GW - greenwater culture, CW -
CleArWALET CUILUTE. ....eoviitiiiiiiiiieeieee ettt 113

Figure 4.2. Feeding response of striped trumpeter Latris lineata larvae in clearwater at
four light intensities and in greenwater with a surface light intensity of 10 pmol.s’
"' m and turbidity of 5.08 + 0.31 NTU (nephelometric turbidity units) (10-GW),
with increasing larval age, a) proportion of larvae feeding and b) feeding intensity.
Experiment feeding duration was 1 hour. Means + SE (n = 5 replicates, 20 larvae
per replicate). Different superscripts (a, b, ¢) within days indicate significant
differences among light intensity treatments (P < 0.05). Horizontal bars indicate
planned daily comparisons between 10 umol.s™'.m™ clearwater and 10-GW, where
* indicates a significant difference between means (P < 0.05). ......cccceeevvvrennen. 115

Figure 4.3. Feeding response of striped trumpeter Latris lineata larvae reared in
clearwater in a range of algal cell densities (turbidities shown in brackets as NTU -
nephelometric turbidity units), with increasing larval age, a) proportion of larvae
feeding and b) feeding intensity. Experiment feeding duration was 2 hours on days
8 and 15, and 30 minutes on day 23. Means + SE (n = 5 replicates, 20 larvae per
replicate). Different superscripts (a, b) within days indicate significant differences
among turbidity treatments (P < 0.05). .......cccooviieeiiiiiiiiiecieceeeece e 117
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Figure 4.4. Feeding response of striped trumpeter Latris lineata larvae reared in
greenwater in a range of algal cell densities (turbidities shown in brackets as NTU
- nephelometric turbidity units), with increasing larval age, a) proportion of larvae
feeding and b) feeding intensity. Experiment feeding duration was 2 hours. Means
+ SE (n =5 replicates, 20 larvae per replicate). Different superscripts (a, b) within
days indicate significant differences among means (P < 0.05). .......cccceevveruennenne. 118

Figure 4.5. Changes in a) downwelling and b) upwelling light intensity with depth in
different densities of the alga Tetraselmis suecica. * indicate cell densities similar
to those used in larval feeding trialS..........ccoeeeeieriirieienienieiee e 120

Figure 5.1. Increase in length of striped trumpeter (Latris lineata) larvae cultured to
examine cranium and jaw development (mean + SE). Closed squares, standard
length (SL) live larvae from cohort 1, n = 10, except day 30 post-hatching where n
= 5. Open squares, total length (TL) neutral buffered formalin fixed larvae from
cohort 1, n = 3-7. Open triangle, TL neutral buffered formalin fixed larvae from
cohort 2, n = 2. Abbreviations: Artemia, period of Arfemia addition; ff, first-
feeding; flex, start of flexion; OD, end of oil drop absorption; rotifers, period of
rotifer addition; SB, swimbladder inflation. .........cccccccvveiiiiiiiiiiiiiiiieeee s 140

Figure 5.2. Camera lucida drawings of the lateral view of cartilages (stippled) and
bones (non-stippled) of the cranial skeleton of cleared and stained cultured striped
trumpeter larvae, normal development on days 17 (a), 22 (b), 30 (¢), and 44 (d),
and jaw malformation evident on days 44 (e), 48 (f), and 62 (g) post-hatching, and
ventral view of the anterior lower jaw (h) of day 62 larva drawn in (g). Sclerotic is
omitted from b-g. Abbreviations: An, angular; Ac, asymmetric cartilage; aTr,
anterior remnants of trabecula; Auc, auditory capsule; Bas, basisphenoid; Bo,
Basioccipital; Br, branchiostegal ray; Ca, extraneous cartilage ventral to
symphysial joint; Ch, ceratohyal; Ch-Eh, ceratohyal-epihyal cartilage; De,
dentary; Ecp, ectopterygoid; Eeb, ectethmoid bar; Eh, epihyal; Enp,
endopterygoid; Et, epiphysial tectum; Etp, ethmoid plate; Ex, exoccipital; Fr,
frontal; Gh, glossohyal; gSyj, gap at symphysial joint; Hh, hypohyal; Hm,
hyomandibular; Hm-Sy, hyomandibular-symplectic cartilage; Th, interhyal; Le,
lateral ethmoid; Ma, maxilla; Mc, Meckel’s cartilage; Mp, Meckel’s dorsal
process; Mt, medial tectum (taenia tecta medialis); Oc, olfactory capsule; Pal,
palatine; Pc, parachordal cartilage; Pm, premaxilla; Ps, parasphenoid; pTr,
posterior remnants of trabecula; Qp, quadrate posterior process; Qu, quadrate; Ra,
retroarticular; Rc, rostral cartilage; Scl, sclerotic; Sob, supraorbital; Sy,
symplectic; Tr, trabecula; Vo, vomer. Scale bars are 200 um. Larvae drawn are
representative of each age, in which mean SL + SE and sample number (n) were a)
6.9+ 0.1 mm(n=7),b) 7.5+ 0.1 mm (n=15),c) 7.9+ 0.5 mm (n=15), d) 9.3 mm,
e)11.2+£ 0.8 mm (n=3),f) 11.4 £ 0.6 mm (n=10), and g) & h) 15.1 £ 1.3 mm (n
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Figure 5.3. X-radiographs of the lateral view of the cranial skeleton of striped trumpeter.
a) a normal wild caught adult (47.0 cm FL, 2105 g), b) a relatively normal cultured
juvenile (31.0 cm FL, 470 g), ¢) a malformed cultured juvenile (41.5 cm FL, 950
g), and d) a malformed cultured juvenile (fixed head with eyes removed) (32.0 cm
FL, 390 g). Abbreviations: An, angular; bEtp, ethmoid plate bent ventrally; De,
dentary; eMa, enlarged maxilla; Gh, glossohyal; gSyj, abnormal gap between
adjacent dentary bones at the symphysial joint; Pm, premaxilla; Syj, symphysial
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Figure 5.4. X-radiographs of the dorsal (a-d) and frontal (e-h) view of the anterior tip of
the lower jaw dissected from four malformed, cultured striped trumpeter juveniles.
Abbreviations: An, angular; dDe, dentary with abnormal increase in dorso-ventral
depth; De, dentary; gSyj, abnormal gap between adjacent dentary bones at the
symphysial joint; Syj, symphysial joint. Scale bar is 2 cm. .........cccecveiieneeeennee. 148

Figure A2.1. Spectral irradiance from a range of light sources measured with a Li-Cor
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