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ABSTRACT
Two species of plectropomid grouper (Plectropomus areolatus and P. pessuliferus) are
found in the Red Sea. In Saudi Arabia these are the most valuable fishes by weight, averaging
wholesale prices around US $15 per kilogram (personal observation). Over the past two
decades, the number of fishing vessels in the Saudi Arabian Red Sea has tripled. Despite this
increase in fishing effort Saudi Arabia has not implemented any marine resource management
for Red Sea fisheries. Little biological data are currently available to inform managers. The
research presented here addresses knowledge gaps on the growth pattern, longevity and sexual
ontogeny of Plectropomus spp. in the Red Sea. Collections of each species were established by
purchasing landed individuals from fishermen and fish markets distributed evenly between
three latitudinal regions around the country. The total length of each fish was measured to the
nearest millimeter. Age was estimated by enumerating annual bands visualized in transverse
sections of sagittal otoliths. Sexual stage was determined via histological examination of
gonadal tissue. Plots of total length versus age were fitted with reparameterized von
Bertalanffy growth functions constrained to a size-at-settlement estimate of 20 mm. P.
pessuliferus achieved a larger size (maximum 960 mm) and an older age (maximum 19 years)
than P. areolatus (maximum size 570 mm, maximum age 9 years). While no regional patterns
were found for P. pesuliferus, likelihood ratio tests revealed regional differences in growth
pattern for P. areolatus, finding an increasing mean age, increasing mean length, and decreasing
growth rate with decreasing latitude. In addition, males of P. areolatus were more abundant in
the Southern region. These findings contradict existing theories about the effects of latitudinal
temperature gradients on life history. It is hypothesized that the broader continental shelf in
the Southern region may be providing a haven for these species in the form of reduced fishing
pressure, increased habitat, and increased abundance of prey organisms due to greater regional
productivity. Given all of this information, it is recommended that a comprehensive fisheries
management regime be implemented, starting with an immediate return to previously-used
spawning season closures and working towards spatial closures and size limits.
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CHAPTER I: INTRODUCTION

Seven distinct species of the genus Plectropomus are known throughout reefs in the
Indian and Pacific Oceans (FishBase 2011). The majority of available research focuses on P.
leopardus, the most abundant plectropomid on the Great Barrier Reef and the primary target of
Australia’s coral reef hook-and-line fishery (Mapstone et al. 1996 in Heupel et al. 2010). An
understanding of the age and growth pattern of this species on the Great Barrier Reef was
achieved through validation of annual increments in otolith microstructure (Ferreira & Russ
1994). Subsequent research on the reproductive biology of P. leopardus established it as a
monandric protogynous hermaphrodite (Ferreira 1995). The commercial and ecological
importance of this species led to continued research on a broad range of topics, including
settlement (Light & Jones 1997, Leis & Carson-Ewart 1999), diet (Kingsford 1992, St. John 1997),
physiology (Frisch & Anderson 2000), adult movement (Zeller 1997, Samoilys 1997a), and
spawning (Samoilys 1997b, Zeller 1998). Much work has even been repeated with greater
precision; Adams (2003) reclassified the sexual pattern of P. leopardus on the Great Barrier Reef
as diandric protogyny. In contrast, little information is available for less common congeners (but
see Ferreira 1992, 1993), despite their importance in fisheries. Williams et al. (2008) evaluated
life history parameters of three species of Plectropomus in the eastern Torres Strait, providing
some of the first published information for P. areolatus. Data from Heupel et al. (2010) has
provided the first published demographic information for P. laevis, the largest known
plectropomid grouper.
Two species of plectropomid grouper are known from the Red Sea – Plectropomus
areolatus and P. pessuliferus. Observers have suggested that Red Sea populations of P.
pessuliferus may instead be an endemic species, proposing the name P. marisrubri (Debelius &
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Kuiter 2006), although research on plectropomid phylogeny is ongoing (van Herwerden et al.
2006). Little published information of any kind is available for P. pessuliferus; the one study
found merely recorded the presence of P. pessuliferus aggregations in the Maldives (Tamelander
et al. 2008). More data are available for P. areolatus from Pacific populations. It has been
reported that this species forms spawning aggregations during a broad springtime spawning
season in both the Northern (Rhodes & Tupper 2008) and Southern (Pet et al. 2005, Williams et
al. 2008) hemispheres. Williams et al. (2008) found that populations of P. areolatus in the
eastern Torres Strait were older and larger on average and initiated sex change at older ages
and larger sizes than either P. leopardus or P. maculatus from that region, despite the greater
maximum age and larger maximum size of the latter two species. In fact, the results from the
latter study led to the proposal of new fishing regulations as authors realized that the legal
minimum size at the time of the study, which was originally set using data on P. leopardus, was
not sufficiently large enough to protect the larger males of P. areolatus. Such research
underscores the importance of life history research to fisheries management.
For commercially important species, preliminary demographic research often calls for
further investigations of the spatial and temporal variability in demographic characteristics.
Regional demographic variability has implications for the implementation of effective
management strategies, such as maximum or minimum size limits, catch limits, and seasonal
closures. Although not available for an epinepheline serranid, the finding of large-scale
latitudinal variation in growth patterns of a Caribbean parrotfish Sparisoma viride has supported
existing theories on the inverse relationship between temperature and size for ectotherms
(Choat et al. 2003, Atkinson 1994). Yet other predictions from the latter study, specifically that
longevity would increase and growth would decrease with increasing latitude in accordance with
an understanding of the physiology of ectotherms (Atkinson 1994, Yamahira & Conover 2002),
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were shown to be incorrect. In addition, neither latitude nor the corollary variable of
temperature with which it is generally associated can exclusively explain spatial variation in size
for all groups of reef fishes. Data on a lethrinid from the Great Barrier Reef do not show a
uniform increase in size with increasing latitude. Authors of that study proposed mechanisms of
density dependence and food availability acting in conjunction with temperature over the
latitudinal gradient (Williams et al. 2003). Similarly, temperature effects alone could not explain
demographic differences between damselfish populations over a broad spatial distribution in
the eastern Pacific Ocean (Meekan et al. 2001). Spatial variability of sexual demographics of
reef fishes is less well investigated. Adams et al. (2000) studied populations of P. leopardus on
groups of reefs separated by 3 degrees of latitude along the Great Barrier Reef, finding a
significantly male-biased sex ratio on higher-latitude reefs that could not be explained by fishing
pressure. The male-biased sex ratios and presence of smaller males on higher-latitude reefs in
that study led authors to suggest that an alternative pathway of male development might be
occurring at higher latitudes. Yet sex ratios for populations of a protogynous lethrinid, Lethrinus
miniatus, across the same geographic range were not significantly different between regions. In
fact, populations of L. miniatus at higher latitudes changed sex at significantly larger sizes than
populations at lower latitudes (Williams et al. 2006). Thus, while male size does vary with
latitude for two species of protogynous reef fishes from the same geographic region, the
relationship is opposite for the two species. While recent work on growth and sex change for
lesser-known species attempts to address broader spatial scales (Heupel et al. 2010), it appears
that a holistic view of all biotic and abiotic factors associated with different regions will prevail in
explaining regional differences in life histories.
Saudi Arabia’s Red Sea coastline is approximately 1,500 km long, larger than the
coastlines of any other Red Sea nation. Coral reefs can be found along the entirety of its length,
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from approximately 16.5 to 28.0 °N latitude. Due to the aforementioned theories regarding the
effects of the physical environment on a species growth, it is worth summarizing here some
basic environmental data on the Red Sea. Predictably, mean sea surface temperatures (SST) in
the Saudi Arabian Red Sea increase towards low latitudes. SST range from 22 °C to 26 °C in the
winter months (excluding the Gulf of Aqaba) and 28 °C to 32 °C in the summer months (Edwards
1987). Salinity is significantly higher in the Red Sea than for other water masses due to low
precipitation, lack of riverine input, narrow openings for exchange between adjacent water
masses, and atmospheric conditions favoring evaporation. In general, the salinity increases with
increasing latitude, achieving a range of 37 ppt to 40.5 ppt in oceanic waters of the Saudi
Arabian Red Sea, with higher values being achieved in lagoon and reef flat environments
(Edwards 1987).
Large-scale spatial studies also attempt to address the impacts of fishing pressure on
observed traits. Fishing pressure has been implicated in reductions of a species’ abundance, a
reduction in age or size of fished populations, an increase in individual growth rates, a reduction
of the size or age at sexual maturity, and a reduction in genetic diversity within fished
populations (Jennings et al. 2001). For protogynous fishes, fishing pressure may alter the
functional sex ratio by removal of the larger sex and/or cause a reduction in the age or size at
sex change (Levin & Grimes 2006). With regards to plectropomid groupers, Ferreira & Russ
(1995) studied the demographics of P. leopardus from fished and unfished reefs on the Great
Barrier Reef, finding no significant differences in mean size or age of individuals between fished
and unfished reefs after 3-4 years of protection. Yet 8-10 years of protection from fishing
yielded significantly larger and older female individuals of P. leopardus on unfished reefs of the
same region, as well as a greater proportion of larger and older males (Adams et al. 2000).
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Studies comparing fished and unfished areas of the Saudi Arabian Red Sea are not
available due to the lack of fisheries management in this region. In order to understand fishing
pressure in the Saudi Arabian Red Sea, note that the basin’s coastal population was estimated at
5 million people in 1997, which included 2 million from Jeddah, Saudi Arabia (Gladstone 2002a).
Today, Jeddah’s population is an estimated 3.2 million (Central Intelligence Agency 2011). Saudi
Arabia’s massive development has seen a dramatic increase in the fishing industry as well as the
population. Between 1990 and 2005, the number of traditional fishing boats registered in the
Saudi Arabian Red Sea nearly tripled from 3,491 to 10,102, which is mirrored by similar growth
in the number of fishermen and fishery workers during this time (Department of Marine
Fisheries 2008). Preliminary results from classical fisheries models fitted using available
governmental data on landings and effort suggest that this growth has had a deleterious effect
on local fish stocks, which may be overfished (Jin et al. 2011, in review). As the most valuable
species by weight in the Saudi Arabian Red Sea fishery, both P. areolatus and P. pessuliferus are
heavily fished (personal observation). Fish are landed daily in cities and villages all along the
Saudi Arabian Red Sea coastline, fetching wholesale prices typically around US $15 per kilogram.
According to local authorities and fishers no regulations currently exist for either of these
species, although there was a seasonal closure during the springtime for these two species over
a ten year period from 1985 to 1995 (Talal Abushusha personal communication). One authority
shared that some social management of fishing used to occur, citing taboos with regards to
fishing on inshore grounds reserved for elderly fishermen, but such management has become
uncommon with the influx of foreign fisheries workers (Friedhelm Krupp, personal
communication). Still, traditional management may persist in the Farasan Islands, where the
traditional management practice of rotating fishing grounds has been practiced (Gladstone
2002b).
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Saudi Arabia’s growing fishing fleet and continued lack of resource management has
likely increased stresses on populations of Red Sea plectropomids. While there is a pressing
need for fisheries management, there are few existing biological data for these or any reef fish
species in the Red Sea. Although data from Pacific populations of plectropomid grouper exist
and could be used to implement management regulations in the Red Sea, it is likely that the Red
Sea’s warmer, saltier waters and high level of species endemism have resulted in dissimilar life
history traits between the populations of these regions. There is thus an obvious need for
demographic research of commercially important species from the Saudi Arabian Red Sea.
This study attempts to determine basic life history characteristics of the understudied
Red Sea groupers P. areolatus and P. pessuliferus for the benefit of science and management.
The primary data collected were total length, age estimates based on counts of annuli from
sectioned otoliths, and sexual stage designations based on histological examination of gonads.
In addition, an attempt was made to address spatial variation by establishing collections from
greatly separated geographic regions. All of these data are interpreted to provide information
on the growth pattern, longevity, maturation and sex change of each species, both by discrete
regions and pooled for the entire Saudi Arabian Red Sea sample. Based on existing research
presented on reef fish growth and maturation, physical data of the Red Sea, and estimates of
exploitation level, it is expected that there will be significant differences in life history traits
between regions. Given the latitudinal gradient in temperature, we might find larger individuals
of both species at higher latitudes than at lower latitudes. If this is the case, we might also find
a larger size at sex change at higher latitudes. While there are no data available on the degree
of fishing intensity by region along the Saudi Arabian coastline, we might assume that regions
near Jeddah experience more fishing pressure due to the city’s high population and resultant
high demand for fisheries resources. If this is the case, we might see an overall reduction in
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mean size or age, a reduced size or age at maturation or sex change, or a female-biased sex ratio
in populations of fish near Jeddah. Qualitative comparisons to Pacific populations of similar
species might also reveal differences. If we consider the degree of exploitation to be inversely
related to the degree of management, then we might see any one of the suite of effects
associated with elevated fishing pressure manifested in Red Sea plectropomid populations
relative to those in Australian waters due to the latter country’s enforcement of strict size limits
on plectropomid groupers in conjunction with spatial closures. Of course, differences between
these regions might also be explained by differences in temperature, salinity, predator and prey
availability and abundance, and the different composition of competitive congeners between
the two regions. Overall, it is hoped that this basic research will be useful for the
implementation of a rudimentary management regime and in generating hypotheses for
biogeographic and ecological research in light of the Red Sea’s unique environment.
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CHAPTER II: MATERIALS AND METHODS
2.1 – Sample Collection
Fish were collected from an approximately 1000 km range along the Saudi Arabian Red
Sea coast (Fig. 2.1). Samples were grouped into one of three regions (Northern, Central, and
Southern, Table 2.1) according to existing management framework (Department of Marine
Fisheries 2008).

Figure 2.1 – Map of settlements on the Saudi Arabian Red Sea coast where fish were collected for
research. Lines represent regional divisions according to the Saudi Arabian Department of Marine
Fisheries.

Region
Northern
Northern
Central
Central
Southern

Locality
Umm Lujj
Yanbu Al Bahr
Thuwal
Al Qunfidhah
Jizan

Latitude n (P.p.)
25° 01'
0
24° 05'
33
22° 16'
24
19° 08'
0
16° 52'
28

n (P.a.)
41
4
48
2
46

Table 2.1 – List of settlements on the Saudi Arabian Red Sea coast where fish were collected for research
and the number of individuals of each species collected there (P.a. = Plectropomus areolatus; P.p. =
Plectropomus pessuliferus). Regional designations are according to the Saudi Arabian Department of
Marine Fisheries.
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While direct purchase from fishermen was preferred in order to avoid potential regional
confounding, it was necessary to pursue other options in order to achieve a large sample size in
a short amount of time. Purchases were therefore also made from auctions, wholesale fish
companies, and individual fishmongers. Only fresh fish were purchased. Table 2.2 summarizes
the number of transactions in each of these categories by region, as well as the number of fishes
obtained from those transactions.

Region

Fisherman

Auction
trip

Northern
Central
Southern

4 (40)
2 (4)
0

0
7 (51)
8 (47)

Source
Fisheries
Company/
Wholesaler
0
0
1 (27)

Fishmonger
9 (34)
n/a
n/a

Table 2.2 – Distribution of sample purchases by region among different source types. Values in plain text
represent the quantity of transactions made wile values in parentheses are the total quantity of fish
acquired in those transactions. A value of “n/a” represents a source of fish that could not be quantified
due to lack of receipts.

It is reasonably certain that fish purchased directly from fishermen, from small local
auctions or from fishmongers adjacent to catch landing sites were caught within that locality.
The majority of local fishing boats are fiberglass vessels under 10 meters in length powered by a
single 50 horsepower Yamaha 2-stroke outboard engine. Larger industrial vessels appear to be
restricted to the Southern region, where they mainly target shrimp, crab, and cuttlefish.
Traditional vessels lack refrigeration; catch is kept cool with ice, if at all. Localities with services
available for landing and distributing catch are usually tens to hundreds of kilometers apart.
While no reliable information could be found regarding the pattern of traditional fishing in Saudi
Arabia, the above observations suggest a limited range for traditional vessels within a particular
community and thus a lower likelihood of regional confounding.
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Fish purchased from larger markets in the cities of Yanbu and Jizan were impossible to
assign to localities, yet I was assured numerous times by separate sources that the fresh fish
available at these large markets were landed in that region. There is sound economic logic for
believing this. Jeddah lies along the Central region of the Saudi Arabian Red Sea coast. In 2010,
Jeddah’s population was nearly ten times that of Yanbu and Jizan combined (Central
Department of Statistics 2010). Prices for fish in Jeddah are high to match demand, and highvalue fish like Plectropomus areolatus and P. pessuliferus generally sell higher when fresh rather
than frozen. As a result, fresh fish of these species are always moving towards Jeddah (the
Central region). In order for regional confounding to occur in the Northern or Southern regions,
fishmongers would need to transport fresh fish either away from Jeddah (in the case of Central
region fish moving to the Northern or Southern regions) or by passing through Jeddah (in the
case of Northern or Southern region fish moving between each other). There is little chance for
regional confounding among samples collected from the Central region as these were not
purchased from large markets in Jeddah, but rather from the local catch auction in Thuwal.
Logistical concerns limited the establishment of a collection that would accurately
reflect wild or fished populations. Fish less than 250 mm in total length were unavailable from
sellers. This was expected, as a similar hook-and-line fishery for a congener has demonstrated
considerably low recruitment to the fishery in this size class (Fulton 1996 in Adams 2000). It
would have been necessary to collect several individuals below this size in order to accurately
reflect wild populations, which was not achieved. In order for this study to be able to comment
on the population of individuals susceptible to fishing pressure, the entire stock of a target
species would have to be purchased from several sellers, which was also not achieved. Instead,
an effort was made to sample from the entire size range of each species available for purchase.
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In this way, a collection could be established from fewer samples that would still be useful for
the study of growth and maturation, if not for demographics.
Total length (squeezing the tail) and total weight were recorded for each individual.
Sagittal otoliths were removed and stored dry for subsequent ageing. Gonads were removed
and fixed in a 10:1 ratio by volume of formalin (4% formaldehyde) to tissue. The tissue was
fixed a minimum of 48 hours before further processing.

2.2 – Ageing and growth models
Sectioning
Sagittal otoliths were sectioned in the transverse plane, an angle successfully used for
ageing in other studies of plectropomid groupers (Ferreira & Russ 1994). Sections were
prepared by one of two methods, depending on whether or not both sagittal otoliths were
collected from an individual. Where two otoliths were available, a faster grinding method was
employed. Where only one otolith was available from an individual, a more cautious slicing
method was used.
For the grinding method, a single otolith from each individual was mounted to a
microscope slide using CrystalBond™ 509 mounting adhesive (Aremco Products, Inc., New York).
The adhesive readily melted on microscope slides resting atop a hotplate set to 160 °C. Care
was taken to ensure that the dorso-ventral axis of the mounted otolith was parallel with the
edge of the slide and that the nucleus of the otolith was centered over the edge of the slide.
Subsequent cooling of each slide solidified the adhesive and held otoliths in place for grinding.
A Buehler MetaServ® 250 Single Grinder/Polisher was used with 800 grit sandpaper to grind
otolith material overhanging the slide edge. Slides were then reheated and otoliths re-mounted
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such that the smooth ground face was flush with the slide surface. After cooling, otoliths were
ground again from the other direction such that a thin section containing the nucleus remained
on the slide. Thickness was monitored during grinding using a stereomicroscope in order to
achieve optimum visualization of annual bands. A small amount of adhesive was melted over
the ground surface of the section to fill in scratches left by grinding, increasing readability of the
section.
For the slicing method, otoliths were first marked with pencil on the distal surface to
indicate the position of the nucleus. Otoliths were then placed with pencil mark upwards in
rectangular silicone mold wells atop a shallow layer of previously-cured urethane casting resin.
Additional urethane casting resin was then poured to fill the well. A steady pour from one end
of the well to the other ensured that no bubbles of air were trapped in the resin. The resulting
blocks of embedded otoliths were demolded after curing (approximately 24 hours). A Buehler
Isomet® 1000 Precision Saw was used to make two cuts parallel to the dorso-ventral axis of the
embedded otolith on either side of the nucleus, yielding a section approximately 0.5 mm in
width. Sections were placed on a glass slide, uniformly covered with casting resin, and allowed
to cure.

Enumeration
Sections prepared by both methods were viewed with a stereoscope at 32x
magnification under transmitted light. For each section, the angle and intensity of transmitted
light was manipulated to achieve optimum visualization of otolith microstructure. Opaque
regions visualized as discrete bands were assumed to be annuli based on age validation studies
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for similar species (Ferreira & Russ 1994), although further study will be needed in the future
given the unique environmental characteristics of the Red Sea.
For each section, annuli were counted and recorded as the approximate age of the
individual in years. Samples where no annuli were observed were marked as “0.5 years.” To
minimize bias, counts of a section were performed without knowledge of the individual’s length
or weight. All sections were counted three times in order to calculate a precision value for age
estimation. The second count proceeded only after validation of the position of the first
annulus, as described below. Counting periods were spread over several weeks to reduce the
risk of memorization. Where discrepancies arose between the three counts, the final age
estimate was determined according to Trip (2009). When two out of the three readings
coincided, the coinciding value was taken as the final age estimate. When the three counts
were consecutive, the mean value of the three readings was taken as the final age estimate.
When readings deviated by more than one year, a fourth reading was done. If the reading
coincided with any of the previous readings that value was taken as the final age estimate. If
the fourth reading differed from all other previous readings, the second otolith was processed
and read. If no second otolith was available, the individual was not included in age-based
analyses.
In order to improve precision, an attempt was made to validate the position of the first
annulus for each species separately following the post-hoc analysis described by Campana
(2001). Leica Application Suite’s Interactive Measurement software (Leica Microsystems) was
used to measure the straight-line diameter of each section along the growth axis most useful for
ageing. For both species, this axis followed along the ventral sulcus, from the distal edge of the
section through the nucleus out to the farthest point on the proximal edge of the section. The
results were recorded and plotted against total length of all samples of a species. A linear
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regression was used in conjunction with an estimate of the total length at one year of age to
calculate an otolith diameter at one year of age for each species. A scale bar of this size was
then generated using Leica Application Suite software and digitally overlaid along the major
growth axis during enumeration. The position of the bar was used to indicate the possible range
over which the first annulus could be found. Due to the lack of data regarding spawning
behavior or abundance of juveniles for Plectropomus spp. in the Red Sea, the mean total length
of fish estimated to be 0-1 years of age based on the first count was used as the estimate for
mean fish size at first annulus formation. The uncertainties inherent in this estimate potentially
bias the accuracy of subsequent counts, particularly among young individuals. Nonetheless, the
validation was useful in improving precision for older individuals by providing a defined range as
an “anchor” for the position of the first annulus.
An Index of Average Percent Error (IAPE) was calculated according to Beamish &
Fournier (1981) for each species, both by region and pooled. The formula is reproduced below,

where Xij is the ith age determination of the jth fish, Xj is the mean age estimate of the jth fish, R
is the number of times each fish is aged, and n is the number of fish in the sample for which the
IAPE is being calculated.

Growth modeling
A reparameterization of the von Bertalanffy growth function (rVBGF) was used to model
growth of both Plectropomus areolatus and P. pessuliferus (Francis 1988). This model
parameterizes the length at three evenly-spaced whole number ages, e.g. length at age 1 (l1),
length at age 3 (l3), and length at age 5 (l5), as opposed to the conventional von Bertalanffy
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growth function’s (VBGF) asymptotic maximum length l∞, rate constant k, and theoretical age at
size zero t0. Criticisms of the classical parameterization of the von Bertalanffy growth curve
have begun to popularize a switch to the re-parameterized function, principally to achieve a
greater biological meaningfulness of parameter comparisons between populations (Trip et al.
2008). The rVBGF parameters can be converted to the VBGF parameters using equations in
Francis (1988).
Since no recruits of either species were collected for this thesis, models for each species
were constrained to a y-intercept of 20 mm total length based on a mean standard length value
of 16.8 mm reported from light trap catches of late-stage Plectropomus leopardus larvae near
Cairns, Australia (Doherty 1994). It has been demonstrated that models constrained around
estimates of size-at-settlement more closely reflect the growth of the species than
unconstrained models in the absence of recruit data (Berumen 2005, Kritzer et al 2001).
Confidence intervals were estimated for each rVBGF parameter using a modified
bootstrapping technique. Due to the low sample size, the random re-sampling was forced to
include an equivalent number of individuals within each age class as the original sample.
Individuals over age 10 were grouped together as a pool for the random re-sampling. 95%
confidence intervals were calculated as the first-order bias-corrected 2.5 and 97.5 percentile
values of the 1,000 bootstrap estimates (Haddon 2001).
In order to test for regional differences in growth, model parameters were compared
with a Likelihood Ratio Test (Haddon 2001). A Bonferroni correction was used to account for
multiple comparisons made between the Northern, Central, and Southern regions. This was
done by dividing the significance level used to calculate the chi square statistic by the number of
comparisons made. Thus, the chi square statistic used for comparing three models at 95%
significance becomes 5.80 (α=0.05/3=0.016, df=1) instead of 3.84.
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Tests for significant differences between growth models was also determined
graphically using a potentially less confusing alternative to a three way LRT. The 1,000
bootstrapped estimates of each parameter were plotted against each other. Each region’s data
was plotted simultaneously on the same chart. Where clouds of points for each region did not
overlap, regional growth parameters could be determined as significantly different (Welsford &
Lyle 2005). When overlap is minimal further tests can be conducted to prevent type II errors,
though it is unclear how this correction should apply in this situation where multiple
comparisons must be made between three regions.

2.3 – Reproductive Analyses
Histological preparation

Fixed gonads were removed from formalin and rinsed with 70% ethanol in preparation
for processing. Cross sections were cut from the central region of a gonad lobe (see fig. 1 in
Adams 2003). Sections were limited to a maximum thickness of 3 millimeters to ensure proper
infiltration of reagents during tissue processing. One cross section per individual was placed in a
labeled slotted tissue cassette. Cassettes were processed either overnight using a Shandon
Hypercenter XP automated fluid-transfer tissue processor or manually over several days by
decanting and refilling a polypropylene jug containing the samples. Regardless of method, both
processing schedules dehydrated tissue in increasing concentrations of ethanol before clearing
with several changes of xylene and infiltration by three changes of molten paraffin wax.
Modifications to the more widely used automated tissue processor schedule were necessary in
order to achieve similar results from the manual tissue processing method, which lacked the
vacuum pressure and heated fluids of the automated tissue processor. Care was taken to
adjust soak times of tissue in the various reagents to ensure adequate dehydration, clearing and
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infiltration under manual processing conditions without damaging samples (Sue Reilly, personal
communication). The modified processing schedule is given in Appendix I.
After processing, each tissue sample was embedded in a block of paraffin wax atop its
own labeled cassette. A section of 5 µm thickness was cut from each block using a microtome.
Sections were floated over water in a warm water bath to stretch them flat and then lifted out
on labeled glass slides. Slides were dried in an oven at 60 °C before staining. All sections were
then stained with Maeyer’s haematoxylin and Young’s eosin (see Appendix II) in order to
visualize tissue structure. Slides were mounted with glass cover slips using either DPX or Canada
balsam mounting resin and allowed to dry in an oven at 60 °C for at least 24 hours before
inspection.

Reproductive staging
A compound light microscope was used to view slides of histological tissue preparations.
Samples were staged blind, without knowledge of the size, age, or weight of the fish. The
determination of reproductive stages for the two species in this study was informed by
numerous studies on gonadal development in fishes (West 1990, Takashima & Hibiya 1995) and
specifically epinepheline reproductive biology (Ferreira 1993, Adams 2003, Pears et al. 2007).
Confidence in assigning detailed stages within the sexes was compromised by variation in the
quality of histological sections. Though individuals were purchased fresh in markets, some
gonads showed signs of decay upon dissection, resulting in poor sections. There was a high
incidence of parasitism in gonadal tissue of all stages, the effects of which are unknown. Many
samples had to be frozen and later thawed before fixing, a process whose artifacts are not well
studied although it has been advised against by histotechnicians (Sue Reilly personal
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communication). A simplified set of criteria were thus used for staging (Table 2.3), following
that of Adams et al. (2000). Additional categories were added for females of uncertain maturity
and the potential primary male (Adams 2003). These criteria were used to stage individuals of
both Plectropomus areolatus and Plectropomus pessuliferus, as well as to provide evidence to
support or negate the protogynous hypothesis (Sadovy & Shapiro 1987) and investigate the
potential for diandry (Adams 2003).

Developmental stage
Immature female

Histological criteria
Cross sectional area small. Thin gonad wall. Oocytes in perinucleolar stage;
no atretic oocytes present. Lacks brown bodies and intralamellar muscle
bundles. Sperm sinuses present or absent, but not filled.

Primary male

Similar to immature female. Proliferation of testicular tissue has advanced to
at least the secondary spermatocyte stage. Sperm sinuses may be present,
but may not be filled.

Inactive female
(uncertain maturity)

Similar to mature resting female but lacks atretic oocytes, brown bodies,
and/or intralamellar muscle bundles.

Mature resting
female

Cross sectional area large. Thick gonad wall. Oocytes in perinucleolar stage,
may have atretic vitellogenic oocytes. Brown bodies present. Intralamellar
muscle bundles often present.

Mature ripe female

Cross sectional area largest attainable size. Thick gonad wall. Oocytes
predominantly vitellogenic. May or may not have brown bodies or
intralamellar muscle bundles.

Transitional
individual

Similar to mature resting female. Sperm sinuses present but not filled.
Proliferation of testicular tissue in the form of sperm crypts filled with
spermatocytes.

Mature ripe male

Cross sectional area large. Gonad wall thick. Oocytes, if present, often
vitellogenic in atresia. Brown bodies often present. Intralamellar muscle
bundles may or may not be present. Testicular tissue dominates gonad.
Sperm sinuses present and filled with spermatozoa.

Table 2.3 – The histological criteria used to identify the sex and stage of Red Sea plectropomids. These
criteria were adapted from those developed for Plectropomus leopardus (Adams et al. 2000). The primary
male category was developed from data presented on the incidence of diandric protogyny among three
species of plectropomid groupers from the Great Barrier Reef (Adams 2003).

For both species, the mean age and size at sexual maturity and at sex change were
calculated following Ferreira (1993). This simple method determines the range of overlap of age
or size between two sequential developmental stages and then takes the mean value of all
individuals within this range as the mean age or size of transition between those developmental
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stages (either from immature to mature females, or from females to males). Females of
uncertain maturity were excluded from the maturation calculations as they could not be
assigned to either group by definition. All females were included in the sex change calculations.
While transitional individuals were not included in any of these calculations, as by definition
they were neither functional females nor functional males, their average age and size were also
calculated for comparison to values calculated by the first method.

28
CHAPTER III: RESULTS – Plectropomus areolatus

A total of 141 Plectropomus areolatus were sampled. Examinations of otolith
microstructure failed to determine a reliable age for 6 individuals, which were excluded from
age-based analyses. The Index of Average Percent Error (IAPE) for all fish was 16.2%. The IAPE
decreased with latitude, such that values for Northern, Central, and Southern regions were
calculated as 19.2%, 16.6%, and 12.8% respectively. 4 individuals of P. areolatus could not be
assigned a functional sex and were excluded from sex-based analyses.
3.1 – Age, Size, and Growth
The age of the entire sample (all individuals pooled) ranged from young of year
individuals (0.5 years) to 9 years, with an average age of 3.0 years ±0.2 SE (Fig. 3.1a). Mean age
varied significantly by region (ANOVA, F2, 132 = 20.2, P<0.0001), with the Southern region having
significantly older individuals than either the Northern or Central regions (Tukey’s HSD, P<0.05,
Fig. 3.1b). The size range of the overall sample was between 240 mm and 570 mm TL, with an
average size of 409 mm TL ±6 SE (Fig. 3.2a). Mean length also varied significantly by region
(ANOVA, F2, 132 = 15.7, P<0.0001), although the variance was attributed to the shorter mean
length of the Northern sample (Tukey’s HSD, P<0.05, Fig. 3.2b). Thus, both mean age and mean
length increased along a gradient from the Northern to the Southern region, although there is a
larger variation between regional mean ages than regional mean lengths. The Northern sample
was both younger and smaller on average than the Southern sample. Interestingly, no
individuals of P. areolatus were found over 5 years of age in the Northern region sample, while 8
year old individuals were found in both the Central and Southern regions. Despite the younger
age of the Northern region sample, the size ranges of individuals sampled from all three regions
were comparable.
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Figure 3.1 – (a) Frequency distribution of age, determined by otolith increments, for Plectropomus areolatus pooled
from all regions sampled within the Saudi Arabian Red Sea and (b) the mean age of sampled individuals from each
region. Error bars denote standard error. Letters above bars in (b) illustrate results of Tukey’s Honestly Significant
Difference post-hoc test.

Figure 3.2 – (a) Length frequency distribution for Plectropomus areolatus pooled from all regions sampled within the
Saudi Arabian Red Sea. Length classes are upper bounds. (b) Mean length of the sample of fish from each region.
Error bars denote standard error. Letters above bars illustrate results of Tukey’s Honestly Significant Difference posthoc test.

Best-fit rVBGF models for all regions were asymptotic (Fig. 3.3a-c). LRT results found
significant differences in growth trajectories for each of the regional comparisons (Northern vs.
Central, Northern vs. Southern, Central vs. Southern, Table 3.1). Differences were attributed to
all parameters in the Northern vs. Southern comparison, but only to l3 and l5 in the Northern vs.
Central comparison and l1 and l3 in the Central vs. Southern comparison. These results suggest
that initial growth rates are similar in the Northern and Central regions and higher than the
Southern region, while growth to larger sizes occurs in the Central and Southern regions. Visual
inspection of bootstrapped parameter estimates supported the findings of the LRT, showing no
regional overlap for any parameter (Fig. 3.4). Parameter values for best-fit rVBGF curves as well
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as first-order bias corrected confidence intervals on these values are given in Table 3.2.
Bootstrapped parameter estimates were positively skewed above the original parameter
estimate for all parameters, as evidenced by the fraction of bootstrap estimates lower than the
original estimate (the parenthesized value in Table 3.2).

Figure 3.3 – Plots of size versus estimates of age for Plectropomus areolatus collected from all regions of the Saudi
Arabian Red Sea. Solid lines are best-fit reparameterized von Bertalanffy growth models, constrained to a size-atsettlement estimate of 20 mm. Hashed lines represent 95% confidence intervals determined from first-order bias
corrected bootstrap results of the original dataset. a, Northern region; b, Central region; c, Southern region; d, all
regions pooled.

Figure 3.4 – Scatter plots of bootstrapped parameter estimates for Plectropomus areolatus by region. These values
were determined by randomly re-sampling the original dataset and refitting the rVBGF growth model, 1000 times. (a)
l5 vs. l3; (b) l3 vs. l1. White hatch marks indicate parameter estimates for the original dataset.
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Comparison

Northern
vs. Central

Northern
vs.
Southern

Central vs.
Southern

Hypothesis
Base case
Coincident
=l1
=l3
=l5
Base case
Coincident
=l1
=l3
=l5
Base case
Coincident
=l1
=l3
=l5

-λ
489.9
506.0
490.8
502.5
497.1
475.7
483.8
480.5
478.5
483.3
483.1
495.6
494.3
490.2
483.1

χ2

df

P

10.24
5.73
5.73
5.73

3
1
1
1

<0.001
0.177
<0.001
<0.001

10.24
5.73
5.73
5.73

3
1
1
1

0.001
0.002
0.017
<0.001

10.24
5.73
5.73
5.73

3
1
1
1

<0.001
<0.001
<0.001
0.805

Table 3.1 – Results from likelihood ratio tests for regional differences between growth pattern of P.
areolatus in the Saudi Arabian Red Sea. The test compares parameter values of reparameterized von
Bertalanffy growth functions fitted to a pooled dataset (coincident case) with those fitted independently
(base case) and at various levels of independence (equivalent parameter) via the maximum likelihood
2
estimator. –λ = negative log likelihood. The χ value has been adjusted to α=0.05/3=0.016 for the
purpose of multiple comparisons in accordance with a Bonferroni correction.

Dataset
All

Northern

Central

Southern

l1
298
(0.35)
286 to 313
314
(0.39)
306 to 325
347
(0.37)
330 to 360
236
(0.36)
213 to 249

l3
437
(0.35)
429 to 457
381
(0.33)
371 to 390
462
(0.39)
446 to 482
419
(0.38)
402 to 437

l5
456
(0.35)
448 to 478
383
(0.33)
373 to 393
471
(0.38)
455 to 491
474
(0.38)
467 to 492

Table 3.2 - Reparameterized von Bertalanffy growth function parameter estimates for P. areolatus
collected from the Saudi Arabian Red Sea, both pooled and regional. Bolded numbers are parameter
estimates from the original dataset. Parenthesized numbers show the proportion of bootstrapped
parameter estimates below the original value. Numerical ranges are first-order bias corrected 95%
confidence intervals generated from 1000 bootstrapped estimates.
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3.2 - Reproductive Biology
Of the 135 individuals that could be reliably aged and sexed there were 26 immature
females, 12 females of uncertain maturity, 31 mature ripe females, 30 mature resting females, 9
transitional individuals and 23 males. Images of histological sections representative of sexually
inactive female sexual stages are shown in Figure 3.4, with sexually active individuals and
transitionals shown in Figure 3.5. The presence of transitional individuals and ripe males with
atretic vitellogenic oocytes support a protogynous sexual pattern (Fig. 3.5). Monandric
protogyny is suggested as no primary males were found. An additional 6 individuals that could
not be aged included 2 immature females, 1 mature female and 3 mature males.
The distribution of the sexual stages by both age and size were typical of a protogynous
hermaphroditic sexual pattern (Figure 3.6). For individuals pooled across regions (Fig. 3.6a,b),
the proportion of mature females first increases with both age and size as the proportion of
immature individuals decreases. As age or size increases further, the proportion of females then
decreases as the proportion of transitional individuals and males increased. Yet mature females
and males appear simultaneously as early as age 1, and simultaneously in the 290-330 mm TL
size class, resulting in a large overlap between females and males for both age and size (Table
3.3). The age and size at sex change determined from the overlap method for all individuals
was 2.84 years and 403 mm TL. The average age and size of transitional individuals was 4.11
years and 424 mm TL.
Interestingly, the sex ratio (number of females divided by number of males) in the
Southern region was strongly biased towards males; of the 23 males sampled, 17 were from the
Southern region. Investigating by region reveals that the age at sex change appeared inversely
related to latitude; values from the Northern, Central, and Southern regions were 2.67, 3.50,
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and 3.75 years respectively. Regional values for the size at sex change for the Northern and
Southern regions were calculated as 406 and 410 mm TL respectively. No value for size at sex
change in the Central region could be determined as there was no overlap in the size of females
and males.
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Figure 3.5 – Histological sections of inactive female Plectropomus areolatus from the Saudi Arabian Red Sea. a, b,
immature; c, d, mature resting; e, f, female of uncertain maturity. a, c, e, 12.5x; b, d, f, 50x. Abbreviations for all
subsequent histological images: lu = ovarian lumen; pn = perinucleolar stage oocytes; vo = vitellogenic oocytes; avo =
atretic vitellogenic oocytes; bb = brown body; gw = gonad wall, bv = blood vessel; ilmb = intra-lamellar muscle
bundles; sg = spermatogonia; sc = spermatocytes; sz = spermatozoa; p = parasite
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Figure 3.6 – Histological sections of sexually active and transitional Plectropomus areolatus from the Saudi Arabian
Red Sea. a, b, mature ripe female; c, d, transitional individual; e,f, mature male. a, c, e, 12x; b, 50x; d, f, 200x.
Identifying abbreviations are following figure 3.4.

The age and size at maturation as calculated by the overlap method for all individuals
pooled were 2.45 years and 387 mm TL (Table 3.4). Age at maturity was lower (2.0 years) and
size higher (418 mm TL) for the Central region as compared with the Northern (2.22 years, 366
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mm TL) or Southern (2.29 years, 352 mm TL) regions. A high proportion of mature females may
bias these calculations.

Figure 3.7 – Distribution of sexual stages determined by histology of Plectropomus areolatus from the Saudi Arabian
Red Sea both pooled and by region. (a,c,e,g) distribution by age determined from otolith increments; (b,d,f,h)
distribution by length classes (upper bounds). a,b, all individuals pooled; c,d, Northern region; e,f, Central region; g,h,
Southern region. Numbers above bars are sample sizes.

TL (mm) min.
TL (mm) max.
Mean
S.E.
n
Age min.
Age max.
Mean
S.E.
n

All individuals
Northern
Central
Southern
Females Males Overlap Females Males Overlap Females Males Overlap Females Males Overlap
240
310
310
240
370
370
250
510
n/a
300
310
310
450
560
450
490
540
490
500
540
n/a
480
560
480
390
483
403
356
437
406
425
520
n/a
387
484
410
6.82 11.55
5.84
9.24 52.39
8.21
9.99 10.00
n/a
13.67 12.10
12.89
99
23
92
40
3
19
41
3
n/a
18
17
24
0.5
1
1
1
2
2
0.5
3
3
1
1
1
7
9
7
5
4
5
5
8
5
7
9
7
2.54
4.91
2.84
2.25
2.67
2.67
2.54
5.33
3.50
3.17
5.24
3.75
0.12
0.47
0.13
0.16
0.67
0.15
0.17
1.45
0.16
0.35
0.53
0.29
99
23
116
40
3
33
41
3
22
18
17
32
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Table 3.3 – Summary data on the size and age distributions of male and female Plectropomus areolatus from the Saudi Arabian Red Sea, including values
calculated from pooled individuals and by region. The “overlap” size and age distributions are composed of individuals of both sexes that fall within the range
of values between the smallest or youngest male and the largest or oldest female. The mean size or age of all individuals within the overlap range is taken as
the mean size or age at sex change (Ferreira 1993).

TL (mm) min.
TL (mm) max.
Mean
S.E.
n
Age min.
Age max.
Mean
S.E.
n

All individuals
Northern
Central
Southern
Imm. F Mat. F Overlap Imm. F Mat. F Overlap Imm. F Mat. F Overlap Imm. F Mat. F Overlap
240
320
320
240
320
320
250
410
410
330
330
330
440
500
440
440
490
440
420
500
420
370
480
370
336
425
387
343
388
366
318
451
418
350
405
352
10.23
6.15
5.57
12.00
12.65
7.32
22.66
4.35
2.00
20.00
14.79
7.49
26
61
55
16
17
26
8
33
5
2
11
6
0.5
1
1
1
1
1
0.5
2
2
2
1
1
4
7
4
4
5
4
2
5
2
3
7
3
1.73
2.93
2.45
1.94
2.65
2.22
1.13
2.88
2.00
2.50
3.55
2.29
0.18
0.15
0.11
0.23
0.28
0.18
0.21
0.16
0.00
0.50
0.49
0.29
26
61
80
16
17
32
8
33
15
2
11
7
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Table 3.4 – Summary data on the size and age distributions of immature and mature female Plectropomus areolatus from the Saudi Arabian Red Sea, including
values calculated from pooled individuals and by region. The “overlap” size and age distributions are composed of individuals of both maturation states that
fall within the range of values between the smallest or youngest mature female and the largest or oldest immature female. The mean size or age of all
individuals within the overlap range is taken as the mean size or age at maturation (cf. Ferreira 1993).
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CHAPTER IV: RESULTS – Plectropomus pessuliferus

A total of 85 P. pessuliferus were sampled. There was only 1 individual for which no
reliable age could be determined, which was excluded from age-based analyses. The IAPE for all
fish was 13.0%. IAPE values for Northern, Central, and Southern regions were calculated as
10.8%, 16.7%, and 12.4% respectively. An additional individual P. pessuliferus could not be
assigned a functional sex and was excluded from sex-based analyses.

4.1 - Age, Size, and Growth
The age of the entire sample of P. pessuliferus (all individuals pooled) ranged from
young of year individuals (0.5 years) to 19 years, with an average age of 5.5 years ±0.5 SE (Fig.
4.1a). There was no significant regional variation in mean age (ANOVA, F2, 81 = 0.506, P=0.605)
(Fig. 4.1b). The size range of the entire sample was between 240 mm to 960 mm TL, with an
average size of 606 mm TL ±19 SE (Fig. 4.2a). Mean length did not vary significantly by region
(ANOVA, F2, 81 = 0.246, P=0.783) (Fig. 4.2b). Unlike for P. areolatus, both age and size ranges of
P. pessuliferus were comparable for all regions and no discernible latitudinal trends could be
found.

Figure 4.1 – (a) Frequency distribution of age, determined by otolith increments, for Plectropomus pessuliferus
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pooled from all regions sampled within the Saudi Arabian Red Sea and (b) the mean age of sampled individuals from
each region. Error bars denote standard error.

Fig. 4.2 – (a) Length frequency distribution for Plectropomus pessuliferus pooled from all regions sampled within the
Saudi Arabian Red Sea. Length classes are upper bounds. (b) Mean length of the sample of fish from each region.
Error bars denote standard error.

Best-fit rVBGF models for all regions were asymptotic (Fig. 4.3a-c). LRT results found no
significant differences in growth trajectories for any of the three regional comparisons
(Northern vs. Central, Northern vs. Southern, Central vs. Southern, Table 4.1). Visual inspection
of bootstrapped parameter estimates generally supported the findings of the LRT, with overlap
occurring between regional pairs for every parameter (Fig. 4.4). While overlap was minimal
between the Central and Southern region, it would be more cautious to assume no difference
given the result of the LRT and in light of the broad overlapping between the Northern region
and either of the other two. Parameter values for best-fit rVBGF curves as well as first-order
bias corrected confidence intervals on these values are given in Table 4.2. Bootstrapped
parameter estimates were positively skewed above the original parameter estimate for all
parameters, as evidenced by the fraction of bootstrap estimates lower than the original
estimate (the parenthesized value in Table 4.2).

41

Figure 4.3 – Plots of size versus estimates of age for Plectropomus pessuliferus collected from all regions of the Saudi
Arabian Red Sea. Solid lines are best-fit reparameterized von Bertalanffy growth models, constrained to a size-atsettlement estimate of 20 mm. Hashed lines represent 95% confidence intervals determined from first-order bias
corrected bootstrap results of the original dataset. a, Northern region; b, Central region; c, Southern region; d, all
regions pooled.

Figure 4.4 – Scatter plots of bootstrapped parameter estimates for Plectropomus pessuliferus by region. These values
were determined by randomly re-sampling the original dataset and refitting the rVBGF growth model 1000 times. (a)
l13 vs. l8; (b) l8 vs. l3. White hatch marks indicate parameter estimates for the original dataset.
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Comparison

Northern
vs. Central

Northern
vs.
Southern

Central vs.
Southern

Hypothesis
Base case
Coincident
=l3
=l8
=l13
Base case
Coincident
=l3
=l8
=l13
Base case
Coincident
=l3
=l8
=l13

-λ
346.6
348.5
347.1
347.9
347.3
358.4
358.8
358.7
358.6
358.7
304.1
306.3
304.1
306.3
306.0

χ2

df

P

10.24
5.73
5.73
5.73

3
1
1
1

0.298
0.315
0.106
0.232

10.24
5.73
5.73
5.73

3
1
1
1

0.859
0.455
0.599
0.475

10.24
5.73
5.73
5.73

3
1
1
1

0.213
0.704
0.036
0.048

Table 4.1 – Results from likelihood ratio tests for regional differences between growth pattern of P.
pessuliferus in the Saudi Arabian Red Sea. The test compares parameter values of reparameterized von
Bertalanffy growth functions fitted to a pooled dataset (coincident case) with those fitted independently
(base case) and at various levels of independence (equivalent parameter) via the maximum likelihood
2
estimator. –λ = negative log likelihood. The χ value has been adjusted to α=0.05/3=0.016 for the
purpose of multiple comparisons in accordance with a Bonferroni correction.

Dataset
All

Northern

Central

Southern

l3
560
(0.43)
510 to 589
537
(0.41)
493 to 559
575
(0.42)
493 to 619
564
(0.39)
520 to 592

l8
759
(0.41)
688 to 786
753
(0.40)
698 to 773
813
(0.44)
703 to 868
737
(0.39)
694 to 771

l13
785
(0.40)
712 to 811
787
(0.38)
728 to 806
853
(0.44)
744 to 913
756
(0.39)
712 to 792

Table 4.2 - Reparameterized von Bertalanffy growth function parameter estimates for P. pessuliferus
collected from the Saudi Arabian Red Sea, both pooled and regional. Bolded numbers are parameter
estimates from the original dataset. Parenthesized numbers show the proportion of bootstrapped
parameter estimates below the original value. Numerical ranges are first-order bias corrected 95%
confidence intervals generated from 1000 bootstrapped estimates.
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4.2 – Reproductive Biology
Of the 83 individuals that could be reliably aged and sexed there were 33 immature
individuals, 1 female of uncertain maturity, 11 mature ripe females, 18 mature resting females,
6 transitional individuals and 14 males. Of the 33 immature individuals, 8 could potentially be
considered primary males, qualifying P. pessuliferus as a diandric protogynous hermaphrodite.
Uncertainty arose due to the fact that few areas within the histological sections of these 8
individuals could provide evidence to support the designation. Exemplary images of these
primary male candidates are shown in Figure 4.5. These individuals were excluded from
maturation and sex change calculations. Images of histological sections representative of
sexually inactive female sexual stages are shown in Figure 4.6, with sexually active individuals
and transitionals shown in Figure 4.7. The presence of transitional individuals and ripe males
with atretic vitellogenic oocytes support a protogynous sexual pattern (Fig. 4.7). An additional
individual that could not be aged was a female of uncertain maturity.
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Figure 4.5 - Histological section of a potential primary male Plectropomus pessuliferus from the Saudi
Arabian Red Sea. The individual shown is 1 year old and 360 mm TL. a, 40x magnification of whole
section; b, 200x magnification; c, d, 630x magnification. Identifying abbreviations are following figure 3.4.
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Figure 4.6 – Histological sections of inactive female Plectropomus pessuliferus from the Saudi Arabian Red Sea. a, b,
immature; c, d, mature resting; e, f, female of uncertain maturity. a, c, e, 12x; b, d, f, 50x. Identifying abbreviations
are following figure 3.4.
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Figure 4.7 – Histological sections of sexually active and transitional Plectropomus pessuliferus from the Saudi Arabian
Red Sea. a, b, mature ripe female; c, d, transitional individual; e,f, mature male. a, c, e, 12x; b, 50x; d, f, 200x.
Identifying abbreviations are following figure 3.4.
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The distribution of the sexual stages by both age and size for P. pessuliferus were typical
of a protogynous hermaphroditic sexual pattern (Figure 4.8). For individuals pooled across
regions (Fig. 4.8a,b), the proportion of mature females first increases with both age and size as
the proportion of immature individuals decreases. With a further increase of age or size, the
proportion of females then decreases as the proportion of transitional individuals and males
increased. Despite this pattern, mature females and males appear simultaneously as early as
age 3 and simultaneously in the 400-500 mm TL size class, resulting in a large overlap between
females and males for both age and size (Table 4.3). The age and size at sex change determined
from the overlap method for all individuals was 6.20 years and 639 mm TL. The average age and
size of transitional individuals was 4.00 years and 623 mm TL. The age at sex change appeared
inversely related to latitude, although values could not be calculated for the Northern region as
there was no overlap in either age or size between females and males. Values for age at sex
change from the Central and Southern regions were 4.00 and 7.08 years respectively. Values for
the size at sex change for the Central and Southern regions were calculated as 632 and 686 mm
TL respectively.
The age and size at maturation as calculated by the overlap method for all individuals
pooled were 4.56 years and 622 mm TL (Table 4.4). There was a nearly uniform decrease in age
and size at maturity by region, from 5.33 years and 617 mm TL for the Northern sample to 3.00
and 577 mm TL for the Southern sample, though size at maturation was slightly higher in the
Central region (633 mm TL) than the Northern region.
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Figure 4.8 – Distribution of sexual stages determined by histology of Plectropomus pessuliferus from the Saudi
Arabian Red Sea both pooled and by region. (a,c,e,g) distribution by age determined from otolith increments;
(b,d,f,h) distribution by length measurement classes (upper bounds). a,b, all individuals pooled; c,d, Northern region;
e,f, Central region; g,h, Southern region. Numbers above bars are sample sizes.

TL (mm) min.
TL (mm) max.
Mean
S.E.
n
Age min.
Age max.
Mean
S.E.
n

All individuals
Northern
Females Males Overlap Females Males
240
500
500
280
900
800
960
800
800
960
560
824
639
570
930
18.16 34.33
12.09
32.56 17.32
63
14
44
26
3
0.5
3
3
1
13
14
19
14
11
19
4.16 12.36
6.20
4.81 15.00
0.35
1.31
0.45
0.60
2.00
63
14
55
26
3

Overlap
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Central
Southern
Females Males Overlap Females Males Overlap
420
500
500
420
660
660
800
920
800
710
850
710
599
818
632
591
777
686
32.25 79.96
28.55
21.41 35.37
6.12
12
5
10
17
6
7
2
3
3
1
4
4
6
16
6
14
19
14
3.75 11.40
4.00
4.53 11.83
7.08
0.39
2.20
0.36
0.74
2.34
1.06
12
5
11
17
6
13
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Table 4.3 – Summary data on the size and age distributions of male and female Plectropomus pessuliferus from the Saudi Arabian Red Sea, including values
calculated from pooled individuals and by region. The “overlap” size and age distributions are composed of individuals of both sexes that fall within the range
of values between the smallest or youngest male and the largest or oldest female. The mean size or age of all individuals within the overlap range is taken as
the mean size or age at sex change (Ferreira 1993).

All individuals
Northern
Central
Southern
Imm. F Mat. F Overlap Imm. F Mat. F Overlap Imm. F Mat. F Overlap Imm. F Mat. F Overlap
TL (mm) min.
280
520
520
280
520
520
420
600
600
420
540
540
TL (mm) max.
690
800
690
690
800
690
670
800
670
600
710
600
Mean
487
668
622
471
705
617
525
673
633
488
632
577
S.E.
24.18
14.15
9.43
36.34
24.58
17.07
37.84
30.73
14.98
39.02
16.78
8.43
n
25
29
30
15
11
12
6
6
6
4
12
6
Age min.
0.5
3
3
1
3
3
2.0
3
3
1
3
3
Age max.
7
14
7
7
11
7
4
6
4
3
14
3
Mean
2.80
6.03
4.56
2.93
7.36
5.33
2.83
4.67
3.43
2.25
5.50
3.00
S.E.
0.35
0.48
0.24
0.57
0.61
0.41
0.31
0.49
0.20
0.48
0.90
0.00
n
25
29
34
15
11
12
6
6
7
4
12
5
50

Table 4.4 – Summary data on the size and age distributions of immature and mature female Plectropomus pessuliferus from the Saudi Arabian Red Sea,
including values calculated from pooled individuals and by region. The “overlap” size and age distributions are composed of individuals of both maturation
states that fall within the range of values between the smallest or youngest mature female and the largest or oldest immature female. The mean size or age of
all individuals within the overlap range is taken as the mean size or age at maturation (cf. Ferreira 1993).
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CHAPTER V: DISCUSSION
5.1 – Explaining the regional demographic patterns within the Saudi Arabian Red Sea
Regional patterns that were found for Plectropomus areolatus in the Saudi Arabian Red
Sea from this study include an increasing mean age, increasing mean length, and an increasing
proportion of male individuals along a latitudinal gradient from the Northern to Southern
regions. Growth rates for P. areolatus show no consistent relationship with latitude, as the
order of fastest growth to slowest growth was for the Central, Northern, and finally Southern
regions. No regional differences were observed for mean age, mean length, sex ratio or growth
rates of P. pessuliferus. Males of both P. areolatus and P. pessuliferus were present in smaller
size classes in the Southern region than for other regions, although the low number of males of
both species sampled by region prohibited description of any distinguishable regional pattern
with regards to the onset of maturation or the incidence of sex change with latitude. The
hypothesis that somatic growth rate directly relates to latitudinal temperature regimes
(Atkinson 1994) is not supported by this data, as there is a lack of such a trend for P. pessuliferus
and the finding of an opposite trend for P. areolatus. Evidence from other studies has
demonstrated that the effects of temperature on growth are not dominant in light of other
variables affecting life history, such as habitat availability or the abundance of prey organisms
(Choat et al. 2003, Meekan et al. 2001). In the Red Sea, regional differences that may explain
the observed regional patterns include the different sources of samples between regions,
variable regional fishing pressure, and geographic variation in resource availability.
Samples were purchased from different types of seller in the different regions. A high
proportion of fish from the Northern and Southern regions were purchased from fishing
companies or fishmongers, which concentrate the catch of fishermen over a broad geographic
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range. If it is correct to assume that the sale of catch obtained from more than one region (i.e.
Northern, Central or Southern) is limited to Jeddah, then a fishing company’s sampling of fish
over a large geographic range within a single region could only ensure that observed
demographic differences are representative of true regional variations. Another source type
issue to address is the observation that a large number of P. areolatus from the Southern region
were purchased from a wholesale company in Jizan, which had sorted the fish into a “medium”
size group according to the receipt. Sampling a large number of these “medium” fish may have
reduced the chances of sampling males from the Southern region as larger individuals were less
likely sampled. Despite this fact there was a greater abundance of males sampled, resulting
from a greater incidence of males in younger age classes and smaller size classes relative to
other regions. This suggests that far from biasing the sample, source type has perhaps
underestimated the male bias present in fished populations of the Southern region.
Data on fishing pressure by region are not available. Yet the human population of the
Southern region is the lowest of the three regions (Central Department of Statistics 2010) and its
cities farther from Jeddah than Yanbu in the Northern region. This suggests that if the demand
for fish in Jeddah is being met adequately from stocks in the Northern and Central region,
fishing pressure may be lower in the Southern region. This could explain the larger average age
and size found for P. areolatus of the Southern region, as well as the greater proportion of
males. It has been documented that extensive fishing pressure can reduce the proportion of
males in a protogynous population via the mechanism of male-biased removal (Coleman et al.
1996). This may happen if larger individuals are more susceptible to fishing techniques or if
males are more aggressive and “take the hook” more frequently than females. Yet a variable
regional fishing pressure hypothesis could not exclusively explain the lack of regional
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demographic patterns found for P. pessuliferus unless this species was exploited differently than
its Red Sea congener.
Regional differences in resource availability are likely to be great. Shallow continental
shelf waters (<100 meters depth) extend across a narrow fringe (approximately 30 km) in the
Northern and Central regions but may reach up to 120 km wide in the Southern region (Head
1987). This may account for the Southern region’s greater productivity relative to the Northern
or Central regions via benthopelagic coupling (Halim 1984). The Southern region also has a
greater number and larger area of offshore islands. All of these factors translate to a larger
amount of benthic habitat for adults and recruits, as well as a potentially greater abundance of
prey species due to the region’s increased productivity. These features may act to dilute the
effects of fishing pressure via increased abundance of plectropomid groupers. Such a
hypothesis could explain the larger proportion of older individuals in the Southern region, as a
reduction in fishing pressure could allow individuals to achieve older ages. It is not certain how
increased resource availability or decreased fishing pressure either alone or in conjunction could
explain the observed decrease in the age or size of males.

5.2 – Interspecific competition & inter-oceanic variation
The observation that regional patterns in demography are non-uniform between the
two species of plectropomid grouper in the Saudi Arabian Red Sea suggests differences in
ecology between these two species. In Saudi Arabia, P. pessuliferus is caught almost as
frequently as P. areolatus, depending on season and region (Talal Abushusha unpublished data).
Yet P. pessuliferus achieves a larger mean size at any given age relative to P. areolatus. In
addition, P. pessuliferus reaches a larger maximum size (960 mm) and older maximum age (19
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years) than P. areolatus in the Red Sea. As might be expected, males of P. pessuliferus appear at
later ages and larger sizes than for P. areolatus; a balanced sex ratio (50% male) is evident by
the 11 year age class and the 800-900 mm TL size class for P. pessuliferus, but occurs as early as
the 5 year age class and 450-490 mm TL size class for P. areolatus. Younger ages and smaller
sizes at sex change may favor the population growth rate of P. areolatus relative to P.
pessuliferus. Field studies on differential resource use between plectropomid groupers, which
would be useful indicators of interspecies competition, are lacking. It is possible that the larger
P. pessuliferus may outcompete P. areolatus for prey and/or habitat, which might explain the
smaller size and younger age at sexual maturity for P. areolatus.
Comparisons of Red Sea populations of Plectropomus areolatus to Pacific populations
reveal that Red Sea individuals are younger and smaller on average than those from western
Pacific populations. This is evident despite bias from attempts to collect the largest individuals
present among the catch for the Red Sea study, indicating that inter-oceanic difference in
population mean ages and sizes may be even larger than described here. The modal age of P.
areolatus sampled in the eastern Torres Strait is 5 years, while the modal age from the Red Sea
sample is only 2 years. The mean total length (409 mm) and maximum total length (570 mm) in
this study are smaller than the modal fork length (520 mm) and maximum fork length (640 mm)
reported for this species from a sample of line fished individuals in the eastern Torres Strait
(Williams et al. 2008). The mean total length of Red Sea P. areolatus is also smaller than the
mean total length of females (458 mm) and males (523 mm) of this species found from a sample
of line fished individuals from Pohnpei (Rhodes & Tupper 2008). The maximum total length of
individuals from Pohnpei (580 mm) was closer to this study, although the maximum total length
reported from spawning aggregations in Komodo National Park, Indonesia is much higher,
between 650 and 700 mm (Pet et al. 2005). In addition, males are present in younger age
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classes and smaller size classes in the Red Sea than in the eastern Torres Strait. P. areolatus
from the Red Sea are unique in their asymptotic growth relative to the eastern Torres Strait,
although comparisons may be confounded due to the lack of size-at-settlement constraints on
models fitted in the eastern Torres Strait study.
P. pessuliferus from the Red Sea would appear to be the second largest plectropomid
species studied after P. laevis from the Great Barrier Reef (Heupel et al. 2010), although the
former species appears to achieve older ages. The modal ages of P. pessuliferus sampled from
the Red Sea and P. laevis from the Great Barrier Reef were similar (3 years), although 3
individuals of P. pessuliferus from the Red Sea sample were determined to be over the
maximum observed age of P. laevis on the Great Barrier Reef (16 years). Interestingly, the size
of the P. pessuliferus sample from the Red Sea was normally distributed, unlike for P. laevis from
the Great Barrier Reef. This observation can probably be explained by the large divergence in
sample size between the two studies and the rarity with which large individuals are sampled.

5.3 – Notes on the incidence and importance of diandric protogyny
In addition to the demographic information already presented, management initiatives
will need to consider whether or not alternative pathways of male development exist. The
presence of primary males may represent a biologically available mode of compensation for
removal of large males, although whether or not such compensation occurs in heavily fished
diandric species is uncertain (Adams et al. 2000). The presence of young and small males found
for both species together with older and larger transitional individuals indicates the possibility of
an alternative pathway of male development. The primary male developmental stage is not a
very straightforward designation. There are two issues that must be resolved before
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determining whether the evidence presented in Figure 5.5 confirms the presence of primary
males for P. pessuliferus in the Red Sea. The first issue is in regards to histological identification
of cells observed in the section. Male sex cells are very small and their structure is not clearly
resolved even at high powers of magnification (Fig. 5.5d). While these factors may be trivial in
the case of mature males where the gonad takes on a typical male structure, they are critical for
the detection of primary males among immature female gonads. Even when confident
identification of structures has been achieved, another issue arises regarding the debate about
which structures must be present to confirm an individual as a primary male. From a functional
standpoint, primary males are considered to be individuals that matured as males before
spawning as females, and thus the critical evidence in demonstrating whether or not a
protogynous hermaphrodite exhibits a diandric sexual pattern (Adams 2002). Yet there is
discrepancy as to what constitutes evidence for a primary male. It is tempting to label a mature
male as a primary male if it lacks evidence of prior spawning as a female in the form of brown
bodies or atretic vitellogenic oocytes. Yet mature secondary males may not retain these
structures (Sadovy & Shapiro 1987). Primary males must therefore be identified as they are
maturing from an immature female gonad. According to Pears et al. (2007), this designation can
be made if the otherwise immature female gonad contains male tissue that has progressed to
“at least the secondary spermatocyte stage,” and is the basis for identifying primary males in
this thesis. Yet Adams (2002) would consider this an immature bisexual individual, which would
not technically support the argument of diandric protogyny. A stricter definition limits the
identification of primary males to individuals with an otherwise immature female gonad that
contains male tissue with fully developed spermatozoa in peripheral sperm sinuses (Adams
2003). Under this definition, data from this thesis would not support a designation of diandric
protogynous hermaphroditism for Plectropomus pessuliferus.
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5.4 – Management recommendations
Lack of clarity over whether or not regional and interoceanic patterns observed for
these Red Sea species is a result of fishing pressure should not undermine novel management
initiatives. All of the fish collected for this study had been caught by fishermen with hook and
line, including individuals below minimum size limits of the same species in other countries
(Williams et al. 2008). Indeed, histological examination determined the presence of numerous
immature individuals of both species within this study’s Saudi Arabian Red Sea sample. In
addition, unpublished data from the Saudi Arabian Department of Marine Fisheries show that
the landing of these species can increase threefold during the late spring months of April, May
and June (Talal Abushusha personal communication), a season in which many epinepheline
serranids are known to spawn (Pears et. al. 2006, Rhodes & Tupper 2008, Pet et. al. 2005). Such
practices are considered unsustainable in other countries. Considering the economic
importance of these two species of grouper in Saudi Arabia, it would be wise to apply the
precautionary principle and initiate a few basic fisheries management regulations.
Australia’s history of coral trout regulation extends back nearly two decades and can act
as a source of inspiration for a country that is investigating the value of implementing fisheries
management. Life history research on plectropomids from the Great Barrier Reef in the 1990s
(Ferreira & Russ 1992, 1994, Ferreira 1993, 1995) resulted in the current 38 cm minimum legal
size limit, which exists in conjunction with a recreational creel (daily bag limit) of 7 individuals of
any species of plectropomid grouper (Queensland Government 2011a). These regulations are
accompanied by two 4-day temporal closures set around predicted spawning events during the
austral springtime months as well as spatial closures that currently close fishing in 33% of the
Great Barrier Reef Marine Park (Queensland Government 2011b). A maximum size limit for
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Plectropomus areolatus is to be enacted along with a new catch quota system, which is under
development (Ashley Williams personal communication).
Data from Saudi Arabian Red Sea fisheries that would support the implementation of a
comprehensive management regime emulating all of Australia’s regulations are deficient.
Logistical difficulties with regards to implementation and enforcement would surely occur were
many regulations to be implemented by the Saudi Arabian government at one time. Yet data do
exist to suggest that Saudi Arabian fishing practices may be unsustainable. Based on the data
from this thesis, it is suggested that a seasonal closure during all or part of the spawning season
be implemented to prevent disruption of spawning events and possible sperm limitation via
male-biased removal (Levin and Grimes 2006). A seasonal closure should be easier to enforce
given its part-time nature and the fact that it has already been done in Saudi Arabia before.
Spatial closures are also recommended and would also be relatively easy to enforce relative to
the introduction of size limits, which place rules on fish caught everywhere as opposed to fish
caught in a certain time or place. Minimum size limits present the greatest challenge to
implementation due to the fact that releasing fish does not appear to be part of the local
culture. Still, minimum size limits above the mean size of sexual maturity of 38 cm for P.
areolatus and 50 cm for P. pessuliferus should be implemented, as this would increase the
chances that an individual has spawned at least once before being caught. These regulations
could be implemented gradually, as logistics for their enforcement are worked out. By
implementing some regulations now for these two species of exploited Red Sea reef fishes, it
may be easier to add regulations later if future studies reveal that stocks are truly in decline.
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CHAPTER VI: FUTURE RESEARCH

Much research remains to be addressed in order to optimize management plans for
conservation goals or gain a more complete ecological understanding of either species. The
following proposals would augment the findings of this thesis, providing critical information for
fisheries management and phylogeographic study. In addition, several of these research topics
have the potential to build a rapport with marine stakeholders in Saudi Arabia. The latter point
is valuable in two ways. Considering the current lack of any efficient marine management
regime, the first benefit of good stakeholder relationships relates to the degree of success which
will be achieved by nascent fisheries management. Management success in any country
depends on compliance by fishers, which is affected by their understanding of the situation and
the degree to which their objectives are considered in the process (Williams et al. 2011).
Initiating more projects that involve fishers will address these qualities. Secondarily, a good
stakeholder relationship would allow researchers access to otherwise hidden knowledge in a
country where the mode of communicating information remains primarily verbal.

6.1 - Validation of Annulus Formation
Our current understanding of annual banding in otoliths is that it is a global
phenomenon. The processes that lead to band formation are present in both temperate and
tropical latitudes (Choat et al. 2009). The practice of assuming that observed rings are annuli is
growing (Heupel et al 2010). Yet it is also known that temperature is a major variable in the
clarity with which these bands can be distinguished, and the Red Sea remains an extreme of that
variable. Perhaps one last set of studies in the Red Sea will establish once and for all whether
the assumption of annual band formation should be valid for the world’s oceans. In order for
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such a study to succeed, a mark recapture program using tetracycline injections and external
tags could be initiated, with incentives appropriately designed to ensure an optimal rate of
return. Such a program can be coupled to studies already in progress on the acoustic tracking of
adult reef fish movement. Injecting fishes with tetracycline when they are caught for acoustic
tagging greatly reduces the cost of a program initiated solely for age validation. In addition,
benefits include improving relationships with local stakeholders.

6.2 - Confirmation and mapping of spawning aggregations
The popularity of spatial management in the form of marine protected areas is well
known (Sobel & Dahlgen 2004). But the success of these areas depends on accurate information
available for their design. As arguably the most economically important fish in the Saudi
Arabian Red Sea, conservation of plectropomid groupers would be a top priority. Unpublished
information from the Saudi Arabian Department of Marine Fisheries indicates that landings of
these species triple during their spawning season, suggesting that these species may be forming
aggregations that fishers are targeting. In order to determine whether or not aggregations are
present and if they are fished, local fishermen could be interviewed (Tamelander et al. 2008).
Gerhardinger et al. (2009) asked six experienced fishers to provide information about goliath
grouper (Epinephelus itajara) abundance and distribution off of Brazil by drawing over a satellite
image of the study region. A similar approach in the Red Sea could quickly and easily identify
priority areas for grouper management by tapping into local knowledge.
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6.3 – Evaluating the effects of fishing
It is known that fishing can have significant intraspecific effects on the life histories of
commercially important species, such as a reduction in size of individuals (Adams et al. 2000) or
an alteration of the sex ratio through biased removal of a particular sex (Rhodes & Tupper
2008). Understanding these processes is critical to the success of management, especially in a
country where fishing pressure has been allowed to grow unchecked. There is a large amount of
unpublished demographic data at the Saudi Arabian Department of Marine Fisheries. This data
was collected between 1996 and 1998, when there were only a third as many registered
traditional fishing vessels as there are today. If the samples from these studies can be found
and verified, there is the potential to compare datasets from similar regions over a 12 to 14 year
time span and a potential tripling in fishing pressure. Such a study would be instrumental in the
understanding of the current status of grouper stocks in the Saudi Arabian Red Sea by
illustrating potential temporal trends in demography.
Aside from the historical data in existence, there is a need to collect knowledge about
the pattern of fishing in the Red Sea. Designing appropriate catch surveys and determining
accurate catch statistics would be a welcome change to current data collection policies in Saudi
Arabia. Plans are in place to assess the impacts of recreational fishermen as well as to gain an
understanding of the spatial distribution of artisanal fishing effort (Hauke Kite-Powell personal
communication). Such work might also act as a foundationfor the collection of catch data
throughout the Red Sea basin in light of relatively successful attempts at intergovernmental
partnerships of Red Sea coastal states (for example, see the organizations PERSGA and HEPCA).
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6.4 – Population genetics

Plectropomid population genetics is yet another field that is actively studied to the
benefit of fisheries management elsewhere (van Herwerden et al. 2006). Microsatellite
mapping of individuals can describe the relatedness of individuals on numerous scales, from the
level of reefs to basins. The samples collected for this study are being used in a phylogeographic
study to explore the relationship between populations of Red Sea plectropomids with other
populations outside the Red Sea. Preliminary results indicate that the Red Sea population of P.
pessuliferus is more closely related to Pacific populations of P.laevis than Pacific populations of
P. pessuliferus (Howard Choat personal communication) An analysis of potential differences
between Red Sea and Indian Ocean samples could indicate the history of the species expansion
into the relatively young Red Sea. While the benefits of this research are primarily for
evolutionary biology, further analysis of gene flow within or among populations in the Red Sea
may illustrate the presence and distribution of meaningful and effective management units.

6.5 – Interspecies niche partitioning
Studies on differential resource use could be conducted to resolve the regional
demographic differences observed between the two species of Red Sea plectropomids. Guts
from all fish samples have been frozen and stored for later analysis. Identification of unique
prey species composition could suggest different hunting grounds or prey preferences between
the two species of grouper. Similarly, studies of adult movement could reveal differences in
depth of preferred habitats or the size of territories, which would be especially useful in
identifying a mechanism behind a resource availability hypothesis for the Southern region’s
broader shelf region.
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6.6 - Toxicity
No information is yet available on the levels of environmental contaminants in Red Sea
fishes. Despite minimal terrestrial runoff, it is unknown to what extent chemicals are released
into the Red Sea. For a region that depends so heavily on the petrochemical industry, it is
possible that there is a high level of mercury and/or PCBs in the environment. A 50 gram sample
of muscle tissue has been preserved from every fish in this study. This allows the potential for a
regional toxicity study which may be more useful in identifying sources of contamination, if
there are any appreciable levels.
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APPENDIX I: Manual Tissue Processing
For half my samples I lacked an automated tissue processor. Manual processing was
achieved as follows. A durable 5-liter polypropylene jar with a lid was used for the dehydration
and clearing stages (Table A1), while a similarly-sized glass jar was used for the infiltration
stages. A stir bar was placed in the bottom of each jar to ensure adequate mixing of the
solution around all samples. A piece of hemispherical wire mesh was placed convex side up on
the bottom of the jar. The mesh kept the tissue cassettes from obstructing the motion of the
stir bar, while at the same time allowing fluid to pass through. Tissue cassettes were added to
the jar until it was two-thirds filled. The jar was then placed on a magnetic stirrer set to a
moderate speed. Solutions for processing stages were added to the jar and the jar was closed.
When a stage was completed, the solution was decanted into an appropriate waste receptacle
and the next solution was added to the jar. For wax infiltration stages, a glass jar filled with
histological wax was placed on a magnetic stirrer. The heat was adjusted to slightly warmer
than the melting point of the wax. Upon melting, the stir bar, wire mesh, and samples were
added as for the other stages. Subsequent stages of wax infiltration required a second magnetic
stirrer in order to prepare volumes of fresh melted wax to add to the sample jar. Running
samples according to Table A1 and the above instructions effectively processed fish gonad
sections no thicker than 3 mm.

Table A1 – Tissue processing schedule used to prepare tissues for embedding, sectioning, and staining in lieu of an
automatic processor. Soak times have been adjusted to allow maximum dehydration, clearing, or infiltration of
tissues without damaging samples. Stages of solutions were run in a 5-liter polypropylene jug (or similarly sized glass
jug for wax infiltration stages). A stir bar was used in both jugs to ensure samples had adequate contact with the
solution.
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APPENDIX II: Haematoxylin and eosin staining protocol (Figure A1)

