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ABSTRACT Shell dimensions of 588 hatchery-produced Pteria penguin (R€
oding, 1798) were measured and analyzed to describe
morphometric changes in shell form of this species over its life cycle. Oysters ranged from 9.4 to 202.2 mm in dorsoventral height
(DVH), 0.1–1,526.9 g in weight and spanned 0.5–5 y of age. Significant positive curvilinear relationships were observed between
shell width (SW) and DVH (R2 ¼ 0.99, P < 0.001), diagonal length (DL) and DVH (R2 ¼ 0.99, P < 0.001), shell thickness (ST) and
DVH (R2 ¼ 0.98, P < 0.001), and wet weight (WW) and DVH (R2 ¼ 0.99, P < 0.001). Trends in the morphometric ratios of
P. penguin indicated a proportional decrease in SW and DL with increasing DVH, resulting in a shift from a horizontally elongate to
a vertically elongate shell form. The ST of P. penguin remained proportionally stable over its life cycle, whereas its WW increased
proportionally by more than two orders of magnitude. Based on the results of this study, future research should examine (1) the
relationship between the external shell dimensions and internal nacreous area, (2) changes in nacre deposition rate in different
shell locations, and (3) the relationship between soft tissue weight, shell weight, nacre thickness, and DVH of P. penguin. The
description of the growth form of P. penguin represents an important first step toward determining optimum half-pearl (mabe)
culture procedures for P. penguin in Tonga.
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INTRODUCTION

Pearl farming and associated activities provide an environmentally benign income source to many remote Pacific island
communities (Southgate et al. 2008). The culture of half-pearls
or ‘‘mabe’’ requires lower financial and technological investment, has a shorter culture duration than round pearl culture
(Southgate et al. 2008, Kishore et al. 2015), and is compatible
with the lifestyles of coastal communities in the Pacific. Mabe
pearls result from the adhesion of plastic hemispherical nuclei to
the inner shell surface of an oyster and the subsequent covering
of each nucleus with nacre (mother of pearl) over a period of
5–12 mo (Ruiz-Rubio et al. 2006. Kishore et al. 2015). The winged
pearl oyster Pteria penguin has been used to sustain an artisanal
mabe pearl industry in Tonga since the species introduction in
1975 (Faanunu & Manu 1996, Teitelbaum & Fale 2008). The
Tongan mabe pearl industry has significant development
potential and has the capacity to provide broad livelihood
benefits to the people of Tonga and generate estimated annual
revenues of over US $7.5 million (Yamamoto & Tanaka 1997,
Southgate et al. 2016). Whereas such development has been
limited by the availability of wild-collected spat and adult
oysters (Teitelbaum & Fale 2008, Southgate et al. 2016), recent
improvements to hatchery procedures (Southgate et al. 2016)
have increased the supply of oysters to pearl farmers. Hatcheryproduced P. penguin now represent most of the oysters used for
mabe production in Tonga. Accordingly, there is now a need to
shift research focus toward understanding the effects of environmental and husbandry inputs on P. penguin performance in
culture and mabe pearl quality.
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Production of high-quality mabe pearls can only be achieved
when the size, age, and growth form of the oyster are carefully
considered (Saucedo et al. 1998, Ruiz-Rubio et al. 2006,
Kishore et al. 2015). Throughout the life cycle of a pearl oyster
(family Pteriidae), the morphometric relationships between
shell dimensions vary to reflect biological and physiological
changes (Galtsoff 1931, Alagarswami & Chellam 1977, Saucedo
& Southgate 2008). These changes in shell morphology affect
nacre deposition rates throughout the shell and, therefore,
influence pearl quality by altering the pattern and rate of nacre
deposition on implanted nuclei (Saucedo et al. 1998). The shell
dimensions and growth form of a pearl oyster, therefore, have
important implications for mabe pearl culture, ranging from the
appropriate age and size of the oyster for seeding to the culture
duration and the appropriate number and size of nuclei to be
implanted (Saucedo et al. 1998, Ruiz-Rubio et al. 2006, Kishore
et al. 2015). Accordingly, morphometric information has been
used to make important recommendations about the ideal
conditions for both round pearl and mabe pearl culture from
pearl oysters (Saucedo et al. 1998, Linoy Libini et al. 2011,
Serna-Gallo et al. 2014).
Although Pteria penguin is widely used for mabe pearl
culture in Tonga, Japan, and a number of other countries
(Southgate et al. 2008), there is a scarcity of published information describing changes in the morphometrics of this
species, which have important implications for mabe pearl
production (Saucedo et al. 1998). Whereas morphometric
information has been previously presented for wild-collected
P. penguin (Linoy Libini et al. 2011, Milione et al. 2011), similar
information for hatchery-produced oysters or for locations in
the Pacific has not previously been reported. This study aims to
describe the relationships between the shell dimensions of
hatchery-produced P. penguin in Tonga and use these relationships
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as a tool to identify important research priories for improving the
culture protocol for this species. Results will provide essential
baseline information about this species and represent the first step
toward determining the ideal conditions for mabe pearl culture
using P. penguin in Tonga.
MATERIALS AND METHODS
Sampling and Measurements

The study was conducted at the Ministry of Fisheries,
Aquaculture facility in Sopu, on the island of Tongatapu,
Tonga (21°07#21$ S, 175°13#36$ W). The oysters used in
this study ranged between 6 mo and approximately 5 y old
and spanned the majority of the species life cycle from
nursery stock to brood stock. The oysters were spawned at
the Sopu aquaculture facility and were cultured using standard Ministry of Fisheries hatchery, grow out, and stock
maintenance procedures (Southgate et al. 2016). All oysters
were progressively grown out in oyster baskets and then in
chaplets (>2 y old) at a depth of approximately 5 m on long
lines adjacent to the aquaculture facility. The data used for
this study were generated from measurements of 588 oysters
that were randomly selected during routine stock maintenance activities.
Each oyster was cleaned of fouling and dabbed dry before
six shell dimensions were measured: (1) dorsoventral height
(DVH); (2) shell width (SW); (3) anterior–posterior length
(APL); (4) diagonal length (DL); (5) shell thickness (ST); and
(6) wet weight (WW). The visual and written definitions of each
shell dimension are provided in Figure 1 and Table 1, respectively. A scaled photograph was then taken of each oyster
from which DVH, SW, APL, and DL were measured to
±0.001 mm using the image processing software ImageJ
(Schneider et al. 2012). Shell thickness was measured to
±0.1 mm using vernier calipers, whereas WW was measured
to ±0.01 g with an electronic balance.
Statistical Analysis

The relationships between the shell dimensions of all oysters
were examined to describe potential changes in the shell form of

Pteria penguin over its life cycle. Dorsoventral height has been
suggested to be the most representative measure of P. penguin
growth (Milione et al. 2011) and so was used as the independent
variable for all analysis. Regression analysis was used to
examine relationships between DVH and the absolute and
relative (ratio) values of each shell dimension. The relative
value of each shell dimension was calculated by dividing the
measurement (e.g., SW) by the DVH of each oyster to produce
a ratio for each individual. Although the relationships between
absolute shell dimensions were useful for describing the predictive relationships between shell dimensions, the trends were
easily dominated by the effect of increasing scale. Accordingly,
an examination of the relative values of shell dimensions (ratios)
standardized for increasing shell size provided a clearer description of the overall changes in shell form throughout the life
cycle of P. penguin.
Anterior–posterior length or hinge length is a fundamental
shell dimension commonly used to describe the shell form of
pearl oysters (Hynd 1955, Saucedo & Southgate 2008). It has
been suggested, however, that APL is an unreliable measurement for Pteria penguin because the thin shell hinge of this
species is prone to breakage (Linoy Libini et al. 2011). Oysters
with recently broken hinges can be excluded from measurement (as in the present study), however it is very difficult to
determine whether the APL of an older individual is due to
changes in morphology or the result of previous damage. The
relationship between APL and DVH was therefore examined
(log-transformed data, R2 ¼ 0.93, P < 0.001, Fig. 2A) to enable
comparison of this population with previous studies (Linoy
Libini et al. 2011, Milione et al. 2011) but was not used for
further analysis. A comparison of SW and APL additionally
indicated that when the value of SW was subtracted from
APL, the resulting value exhibited a weak, variable relationship with DVH (log-transformed data, R2 ¼ 0.46, P < 0.001,
Fig. 2B). Accordingly, SW was selected as the appropriate
shell dimension to describe the shell length of P. penguin in this
study.
All measurements were log transformed to meet the statistical assumptions required for linear regression analysis (Whitlock
& Schluter 2009). Linear models were fitted to the transformed
data using a Gaussian distribution and were validated by
examining the diagnostic plots of each model. Higher order
polynomial regressions were fitted to the relationships where
Akaike information criterion values indicated they were more
favorable than linear regressions. The 95% prediction intervals
of each model are presented because the 95% confidence
intervals of most models were barely visible. The linear relationships between the log-transformed variables were rearranged to present power relationships relative to the untransformed
data in the form of y ¼ axb, where y is the dependent variable
(e.g., SW), x is DVH and a and b are the y-intercept and slope,
respectively. All analyses were completed in R (R Core Team
2017). Models were fit using base R and car (Fox & Weisberg
2011).
RESULTS
Absolute Shell Measurements

Figure 1. Shell dimensions: DVH, APL, SW, DL, and ST as applied to
Pteria penguin.

The oysters examined in this study ranged in size from 9.4 to
202.2 mm DVH, 10.5 to 147.0 mm SW, 17.0 to 279.7 mm APL,
16.0 to 277.0 m DL, 3.0 to 78.9 mm ST, and 0.1 to 1,526.9 g in
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TABLE 1.

Definitions of the shell dimensions of Pteria penguin measured in this study.
Shell dimension
DVH
APL
SW
DL
ST
WW

Definition
The greatest dimension of the oyster measured at a right angle to the hinge (Hynd 1955, Gervis & Sims 1992).
The largest distance between the anterior and posterior shell margins parallel to the hinge (Hynd 1955, Gervis & Sims 1992).
The minimum distance between the anterior and posterior shell margins parallel to the hinge.
The greatest distance between the umbo and shell margin (Linoy Libini et al. 2011).
The maximum distance between the external surfaces of the two shell valves when closed (Hynd 1955, Gervis & Sims 1992).
The wet weight of the live oyster dabbed dry.

WW, and they spanned most of the growth of Pteria penguin
from nursery stock to brood stock.
Regression analysis of absolute shell dimensions indicated
the presence of strong significant positive curvilinear relationships between SW and DVH (log-transformed data, R2 ¼ 0.99,
P < 0.001, Fig. 3A), DL and DVH (log-transformed data, R2 ¼
0.99, P < 0.001, Fig. 3B), ST and DVH (log-transformed data,
R2 ¼ 0.98, P < 0.001, Fig. 3C), and WW and DVH (logtransformed data, R2 ¼ 0.99, P < 0.001, Fig. 3D). Regression
analysis also indicated that SW appears to reach a maximum
width at approximately 170 mm DVH and does not increase in
relation to DVH after this point (Fig. 3A). A separation of
Pteria penguin brood stock (approximately 5-y old) from other
oyster stocks was also evident in relation to both ST and WW
(Fig. 3C, D). All brood stock exhibited a ST above approximately 60 mm and a WW of 600 g, whereas the oldest seeding
stock (approximately 3.5-y old) exhibited a ST below 60 mm
and a WW below 600 g (Fig. 3C, D). Brood stock were on
average 2.16–2.33 times heavier than other oysters of the same
DVH (Fig. 3D).
Relative Shell Measurements

The ratios of SW:DVH and DL:DVH both exhibited
a significant negative curvilinear relationship with DVH (logtransformed data, R2 ¼ 0.81, P < 0.001, Fig. 4A; log-transformed
data, R2 ¼ 0.80, P < 0.001, Fig. 4B, respectively). The average
ratio (±SD) of SW:DVH declined from a maximum of 1.17 ± 0.11:1
(below 20 mm DVH) through 1:1 (at 30–40 mm DVH) to
a minimum of 0.65 ± 0.03:1 (above 190 mm DVH). The DL:
DVH ratio declined from a maximum of 1.74 ± 0.12:1 (below
20 mm DVH) to a minimum of 1.30 ± 0.05:1 (170–180 mm
DVH). The ratio of ST:DVH exhibited a weak curvilinear

Figure 2. The curvilinear relationships between DVH and (A) APL and
(B) APL – SW of cultured Pteria penguin %95% prediction intervals.

relationship with DVH (log-transformed data, R2 ¼ 0.32, P < 0.001,
Fig. 4C), indicating a weak negative relationship below approximately 90 mm DVH and a slight positive relationship above
90 mm DVH. The ratio of ST:DVH ranged from a minimum of
0.25 ± 0.02:1 (at 80–90 mm DVH) to a maximum of 0.37 ± 0.03:1
(at 180–190 mm DVH). The ratio of WW:DVH exhibited
a significant positive curvilinear relationship with DVH (logtransformed data, R2 ¼ 0.97, P < 0.001, Fig. 4D) and increased
from a minimum of 0.03 ± 0.01:1 (below 20 mm DVH) through
1:1 (at 90–100 mm DVH) to a maximum of 5.74 ± 1.11:1 (at
180–190 mm DVH).
The general change in the shell form of Pteria penguin over
its life span in relation to DVH can therefore be described by
an average proportional: (1) narrowing of SW by 44.4%;
(2) shortening of DL by 25.3%; (3) stability of ST; and
(4) an increase in WW by more than two orders of magnitude.
These relative changes describe the shift from the horizontally
elongate shell form of P. penguin nursery stock to the vertically
elongate shell form of mature P. penguin brood stock (Fig. 5).
The nature of these relationships indicate that P. penguin
undergoes continuous change in the shell form throughout its
life cycle in relation to SW, DL, and WW, whereas ST remains
relatively stable and increases slightly above approximately
90 mm DVH.
DISCUSSION

This study has shown that significant curvilinear relationships exist between DVH and all other shell dimensions
examined (SW, DL, ST, and WW) for Pteria penguin. These
strong morphometric relationships support the suggestion that
DVH is a representative measure of growth and a suitable
predictor of the shell dimensions of P. penguin (Milione et al.
2011). The relationships described in this study are largely
concordant with those reported for wild P. penguin populations
from northern Australia (Milione et al. 2011) and the Andaman
and Nicobar Islands (Linoy Libini et al. 2011). Results from
these studies, however, were based on fewer oysters with an ST
above 60 mm and a WW above 450 g (Linoy Libini et al. 2011,
Milione et al. 2011). These differences in population morphology indicate that older oysters (>5 y old) may not have been
sampled in previous studies and may suggest that mortality
rates differ between wild and cultured populations. The wide
range of WW between oysters of the same DVH may also
indicate that at approximately 170–200 mm DVH, P. penguin
reaches near-maximum size, and growth becomes primarily
directed toward increasing weight. The growth of P. penguin is
similar to that reported for other pearl oyster species, which
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Figure 3. The curvilinear relationships between DVH and (A) SW,
(B) DL, (C) ST, and (D) WW of cultured Pteria penguin %95%
prediction intervals.

demonstrate rapid increases in DVH in the first few years of
growth followed by an increase in weight and ST (Gervis & Sims
1992, Gosling 2003).
The morphometric relationships of pearl oyster species are
regularly used to deduce the optimal procedure for round pearl
culture (Gervis & Sims 1992, Saucedo & Southgate 2008, SernaGallo et al. 2014). Trends in the external shell dimensions of
pearl oysters have also been used to inform ideal culture
conditions for mabe pearls (Saucedo et al. 1998, Linoy Libini
et al. 2011). Because the culture of mabe pearls involves
attaching the nuclei to the inner shell of the oyster (rather than
implanting it within the tissue), the area of suitable inner shell
surface cannot be overlooked as one of the most important
factors dictating mabe pearl culture conditions (Saucedo et al.
1998, Ruiz-Rubio et al. 2006). This is particularly relevant for
Pteria penguin because of its broad non-nacreous shell margin
that results in the inner nacreous area of the shell being
significantly smaller than the external shell dimensions; this
feature of P. penguin is depicted well by Kishore et al. (2015).
Accordingly, knowledge of the relationship between the external shell dimensions and the internal nacreous area of P.
penguin is required before the results of this study are used to
infer suggestions about mabe culture procedures.
Trends in the morphometric ratios of Pteria penguin indicated that this species changes from a horizontally elongate to
a vertically elongate shell form throughout its life cycle. The
relationships between the morphometric ratios and DVH of P.
penguin suggest that this species undergoes a continuous proportional thinning of SW and a narrowing of DL throughout
the growth, rather than an abrupt developmental change in
morphology, as observed for Pinctada mazatlanica (Hanley,
1856) by Saucedo et al. (1998). The change in the shell form of
P. penguin over its life cycle contrasts that of Pteria sterna
(Gould, 1851) which shows a highly variable shell form and no
clear growth trend (Saucedo et al. 1998). The growth form of P.

penguin is instead more similar to that of P. mazatlanica and
Pinctada fucata (Gould, 1850), which also become progressively
more vertically elongate throughout their life cycle (Alagarswami
& Chellam 1977, Saucedo et al. 1998). The consistency of the
growth form of P. penguin suggests that recommendations about
mabe pearl culture conditions will likely be applicable to the
majority of individuals within the population. The growth
pattern of P. penguin also indicates that the rate of nacre
deposition at specific locations in the shell is likely to change
over the life cycle of this species, resulting in the altered shell form
(Gervis & Sims 1992, Saucedo et al. 1998). These changes in the
pattern and rate of nacre deposition may, therefore, strongly
influence the quality of mabe grown at different positions within
the shell (Saucedo et al. 1998). Indeed, significant differences in
mabe pearl quality have been identified between nucleus location
within the shell of P. penguin (Kishore et al. 2015) and P. sterna
(Ruiz-Rubio et al. 2006). Currently, no studies have examined the
changes in nacre deposition rate at different shell locations over
the life cycle of P. penguin.
Patterns in the morphometric ratios of Pteria penguin also
indicate that ST remains relatively consistent throughout the
life cycle of this species, whereas weight showed a consistent
proportional increase. These trends are comparable to previous
studies, which also observed minimal changes in relative ST
with increasing DVH in wild populations (all ranging between
0.20 and 0.45:1; Linoy Libini et al. 2011, Milione et al. 2011).
The present study did, however, detect a slight proportional
increase in ST after approximately 90 mm DVH, which coincided
with the first stage in the growth of the oyster where weight
increased proportionally faster than DVH (when the WW:DVH
ratio exceeded 1:1). This developmental stage may reflect a period
of increased energetic allocation toward soft tissue growth or
gamete production and may also include increased nacre secretion (Gervis & Sims 1992, Saucedo & Southgate 2008). Indeed, in

Figure 4. The curvilinear relationships between DVH and the ratio of
(A) SW:DVH, (B) DL:DVH, (C) ST:DVH, and (D) WW:DVH of
cultured Pteria penguin %95% prediction intervals.
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Figure 5. The general change in shell form of Pteria penguin between 20 and 200 mm DVH (mm) and the corresponding SW (mm % SE). All images are
scaled to a standard DVH to allow comparison.

Australian populations, female sexuality of P. penguin is first
observed at approximately 90 mm DVH (Milione et al. 2011).
Because current measurements did not distinguish between shell
and soft tissues of the oysters, the biological mechanisms behind
the morphometric trends in ST and WW can only be speculated.
Accordingly, the relationships between DVH and shell weight,
soft tissue weight and nacre thickness of P. penguin should be
examined separately to better understand the mechanisms of
these morphometric trends.
This study described the strong relationships present between the shell dimensions of Pteria penguin and demonstrated
that this species changes from a horizontally elongate to
a vertically elongate shell form throughout its life cycle. The
description of the growth form of P. penguin provides essential
baseline information about this species and represents an
important first step toward determining an optimal mabe pearl
culture procedure for this species in Tonga. The conclusions
made from the present study were limited by the use of live
oysters, which prevented the measurement of the internal nacre
area, nacre thickness, and weight of the soft tissue and shell.
Accordingly, future research should examine (1) the relationship
between the external shell dimensions and internal nacreous area

of P. penguin; (2) changes in nacre deposition rate at different
locations within the shell of P. penguin over its life cycle; and (3) the
relationship between soft tissue weight, shell weight, nacre thickness, and DVH of P. penguin. Elucidating the relationships
between these internal metrics and the external shell dimensions
of P. penguin will further support development of an optimal mabe
pearl culture procedure for this species in Tonga, stimulating
further industry development.
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