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Environmental conditions can strongly influence the growth performance of pearl
oysters and affect pearl farm production schedules. Growth and condition index
(CI) of two age cohorts of Pteria penguin were measured for 13 months to
investigate differences in growth performance between four culture sites within the
northern (Vava’u) and southern (Tongatapu) island groups of the Kingdom of Tonga.
Environmental conditions were also measured at culture sites and used to explore
potential effects on oyster growth and condition. Between island groups, growth
performance of P. penguin was superior at northern sites and was most strongly
related to higher water temperatures at these sites. Within the southern island
group, growth performance varied significantly between sites and may be driven by
differences in wave energy. Monthly growth rates (GM ) of P. penguin also showed
significant temporal variation related to age and environmental conditions. This study
demonstrated significant variation in the growth performance of P. penguin at latitudinal
and local scales and suggests that in oligotrophic marine environments with minimal
terrestrial inputs, such as Tonga, water temperature and wave exposure may be the
primary environmental conditions influencing the growth performance of P. penguin.
This study therefore recommends that optimal culture sites for P. penguin in Tonga
are characterized primarily by warmer water temperatures (25–30◦ C) and low wave
exposure (<15 joules m2 day−1 ). Culture of P. penguin at sites with more suitable
environmental conditions enables pearl production to begin up to 34.2 % (6.5 months)
earlier than at less-suitable sites and this may greatly influence mabé pearl farm
profitability and feasibility.
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growth (Numaguchi, 1994; Yukihira et al., 2000). Variations
in water temperature or food availability have been related to
growth performance of Pinctada margaritifera (Linnaeus 1758)
(Pouvreau et al., 2000; Pouvreau and Prasil, 2001), Pinctada
maxima (Jameson 1901) (Lee et al., 2008; Kvingedal et al.,
2010), Pinctada fucata (Gould 1850) (Tomaru et al., 2002),
and P. penguin (Milione and Southgate, 2011, 2012). Current
speed and wave energy also strongly influence pearl oyster
growth via their effects on food renewal, waste removal, and
physical stability of oysters (Lucas, 2008; Kishore et al., 2014).
Extensive study of P. margaritifera in French Polynesia showed
that growth performance of this species was highest at culture
sites with water temperatures between 21 and 30◦ C, high rates
of food renewal, and high levels of particulate organic matter
(Pouvreau et al., 2000; Pouvreau and Prasil, 2001). Similar
national comparisons do not exist for P. penguin, although
Milione et al., 2011; Milione and Southgate, 2012 indicated
that the survival and GM of P. penguin was higher at turbid
inshore sites than at offshore reef sites. Recruitment patterns of
P. penguin also suggest that this species has a higher tolerance to
turbidity and that it differs from P. margaritifera and P. maxima
in its response to environmental factors (Yukihira et al., 2006;
Kishore et al., 2018).
This study examined spatio-temporal variation in the growth
performance and condition of two age cohorts of P. penguin
between distant sites in the northern and southern island
groups of the Kingdom of Tonga. We also describe variation
in marine environmental variables between sites and examine
their relationship with growth performance and condition of
P. penguin. Our ultimate aim was to identify ranges of key
environmental variables where oyster growth performance was
optimized so that we could assess the implications for mabé pearl
farm site selection and production schedules.

INTRODUCTION
The winged pearl oyster, Pteria penguin (Röding 1798), occurs
in a diverse range of marine environments, from the east
coast of Africa, throughout Asia and northern Australia, and
the western Pacific (Wada and Tëmkin, 2008). Pteria penguin
is widely cultured for the production of high-quality mabé
pearls (half-pearls) at both commercial and subsistence scales,
supporting a range of pearl-based livelihoods (Southgate et al.,
2008, 2019; Johnston et al., 2019). The Kingdom of Tonga is the
leading producer of mabé pearls in the south Pacific (Johnston
et al., 2019) and has experienced rapid industry development
sustained by recently improved hatchery, husbandry, and pearlculture methods (Wassnig and Southgate, 2012; Southgate et al.,
2016; Gordon et al., 2018, 2019, 2020). Subsistence-level mabé
pearl farming has considerable potential for livelihood support
(Yamamoto and Tanaka, 1997; Anon, 2018; Johnston et al.,
2019), with small-scale farms capable of generating annual profits
of more than twice the average income in Tonga (Johnston
et al., 2020). Currently, mabé pearl farms are distributed among
the three main island groups of Tonga (Johnston et al., 2019)
which span three degrees of latitude (∼300 km) and vary in
environmental conditions (Smallhorn-West et al., 2020). To
date, no studies have investigated large-scale spatial variation
in growth performance of P. penguin, yet such information
is vital to inform pearl farm site selection to maximize pearl
farm productivity, profitability, and associated livelihood benefits
(Pouvreau and Prasil, 2001; Gaertner-Mazouni and Le Moullac,
2016; Gueguen et al., 2016).
Mabé pearl culture, like round pearl culture, utilizes oysters of
a specific minimum size for pearl production (Gervis and Sims,
1992; Taylor and Strack, 2008). The initial phase of mabé pearl
production therefore involves a non-productive culture period
of around 1–3 years where wild-collected, or hatchery-produced,
P. penguin are cultured to pearl-production size (100–140 mm
dorso-ventral height, DVH) (Kripa et al., 2008; Milione and
Southgate, 2012; Gordon et al., 2019, 2020). Appropriately sized
oysters are then implanted for pearl production by attaching
hemispherical nuclei to the inner nacreous surfaces of pearl
oyster shells (Haws et al., 2006; Kishore et al., 2015). Successive
layers of nacre (mother of pearl) are subsequently deposited over
the nuclei (Taylor and Strack, 2008) to produce mabé pearls
with commercial nacre thickness within 9–12 months (Kishore
et al., 2015; Gordon et al., 2018, 2019). Maximizing the growth
performance of P. penguin up to pearl-production size will
therefore reduce the non-productive culture period and overall
production time, thereby increasing pearl farm profitability and
feasibility (Johnston and Hine, 2015; Johnston et al., 2020).
Pearl oyster growth rates (GM ) are influenced by
environmental factors including water temperature, food
availability, turbidity, salinity, pH, current speed, and wave
energy (Gervis and Sims, 1992; Lucas, 2008; Adzigbli et al., 2019).
Of these, the variables considered to have the greatest influence
on growth performance are water temperature (del Rio-Portilla
et al., 1992; Mills, 2000; Yamamoto, 2000; Le Moullac et al.,
2016) and food availability (Yukihira et al., 1998, 1999, 2006)
because of their acute effects on metabolic rate and scope for
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MATERIALS AND METHODS
Study Sites
This study was conducted from September 2018 to November
2019 at two sites in the northern island group (Vava’u, 18◦ 39’
S, 174◦ 00’ W) and southern island group (Tongatapu, 21◦ 07’
S, 175◦ 11’ W) of the Kingdom of Tonga, separated by just
under three degrees of latitude (∼250 km) (Figure 1A). All sites
had a depth of 10–20 m but were characterized by differing
environmental conditions, exposure to terrestrial inputs and
wave energy (Smallhorn-West et al., 2020). Within Vava’u, the
Vaipua site was located closer to terrestrial inputs from the Taoa
estuary, while the Utulei site was located within Neiafu harbor. In
Tongatapu, the Sopu site was exposed to higher wave energy than
the Pangaimotu site, and was located further from inputs from
Fanga’uta lagoon (Kaly et al., 2000; Smallhorn-West et al., 2020).

Oysters
Pteria penguin used in this study were hatchery-cultured at
the Ministry of Fisheries (MoF) Aquaculture Center in Sopu
using standard MoF hatchery, grow-out, and stock-maintenance
procedures (Southgate et al., 2016; Gordon et al., 2020). Two age

2
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FIGURE 1 | (A) Location of Pteria penguin culture sites in the Kingdom of Tonga: (1) Vaipua, (2) Utulei, in Vava’u, (3) Sopu, and (4) Pangaimotu in Tongatapu. Gray
and green regions represent land and reefs, respectively. (B) “Young” Pteria penguin oysters housed in culture cylinders beside a multi-parameter sonde suspended
from a pearl longline in Tonga [adapted from Gordon et al. (2020)].

cohorts of oysters were selected: (1) “young” oysters, 0.7 years old
with a mean (±SE) DVH and wet mass (WM) of 34.2 ± 0.3 mm
and 5.7 ± 0.2 g, respectively; and, (2) “old” oysters, 2.7 years
old with a mean DVH and WM of 89.9 ± 0.5 mm and
70.8 ± 1.6 g, respectively, at the start of the study. “Young”
oysters represented the standard size of oysters received by pearl
farmers from the MoF nursery and “old” oysters represented
those around 12 months immature of pearl-production size
(Gordon et al., 2017, 2020).

Data Collection
Culture cylinders were cleaned and oyster survival and shell
dimensions measured every three to 5 weeks for 13 months, with
the exception of April to May 2019 (specifically, days 215–265)
when weather conditions prevented data collection once at Vava’u
sites and twice at Tongatapu sites. At each site, 20 pairs of “young”
and 20 pairs of “old” oysters (site n = 80, total n = 320) were
randomly selected and were repeatedly measured for DVH, shell
thickness (ST) and WM, and photographed following Gordon
et al. (2017, 2020). Shell dimensions were measured to ±0.1 mm
using Vernier calipers, and WM was determined to ±0.1 g using
an electronic balance. At each sampling event, three additional
pairs of “young” and “old” oysters were haphazardly selected and
harvested for assessment of condition index (CI) (site n = 12, total
n = 624) using the “dry tissue mass : dry shell mass” ratio method
described by Walne and Mann (1975) and Lucas and Beninger
(1985). Oysters sampled for CI were dissected and tissues dried at
60◦ C to a constant mass in a drying oven (Freites et al., 2017).
At each site, water temperature (◦ C), salinity (ppt), pH,
turbidity (nephelometric turbidity units, NTU), and chlorophyll
content (µg L−1 ) were measured using submerged multiparameter sondes (YSI 6920-2, Xylem, Australia) and current
speed (ms−1 ) was measured using drag-tilt current meters
(Marotte HS, Marine Geophysics Lab, Australia) deployed
between culture cylinders (Figure 1B). Sondes and current
meters were downloaded, cleaned, and checked for functioning
at each sampling event and recalibrated as required. Daily
rainfall data (mm) were obtained from the Tonga Meteorological
Service for Tongatapu and Vava’u. Mean wave energy (joules
m2 day−1 ) was calculated for each site from spatial layers
provided by Smallhorn-West et al. (2020).

Experimental Design
Oysters were cleaned, measured and individually numbered,
before being attached to ropes with fishing line to form “chaplets”
(Figure 1B; Southgate, 2008; Gordon et al., 2020). “Young”
oysters were distributed between 24 chaplets, each comprising
12 pairs of oysters (n = 576), and “old” oysters between 36
chaplets of seven pairs of oysters (n = 504). Pairs of “young” and
“old” oysters were spaced on chaplets at a distance of 150 and
250 mm, respectively (Gordon et al., 2020). Resulting chaplets
were held for 1 month within trays suspended at a depth of
5 m from a submerged longline at Sopu, to allow recovery from
drilling (September-October 2018; Gordon et al., 2020). After
1 month, chaplets were removed from the trays and oysters were
measured. Six chaplets of “young” oysters and nine chaplets of
“old” oysters were then transported to each culture site (site
n = 270). Oyster chaplets were secured inside 2-m-long culture
cylinders constructed of 40 mm pore-size galvanized wire mesh
(Gordon et al., 2020; Figure 1B) and deployed to pearl longlines.
Culture cylinders were suspended at a depth of 5 m and spaced at
a distance of 500 mm on pearl longlines at Vava’u and Tongatapu
sites (Figure 1).
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at northern sites (Vaipua and Utulei) than at southern sites
Pangaimotu, then Sopu (Figure 2). GT in WM of both age cohorts
was significantly higher at northern sites than southern sites,
while GT in DVH was also higher at northern sites for “young”
oysters (Table 1). All GT models confirmed an interaction
between site and age cohort, with GT tending to be highest
at Utulei for “young” oysters but highest at Vaipua for “old”
oysters (Tables 1, 2). After 13-months culture at experimental
sites, “young” oysters at Utulei had mean shell dimensions larger
than, or comparable to, “old” oysters cultured at Sopu and had a
mean DVH 27.2 % larger than “young” oysters at Sopu (Figure 2
and Table 1). “Young” oysters at Utulei reached minimum pearlproduction size (T 100 and T 140 ) faster than at all other sites and
were projected to reach T 140 up to 34.2 % (6.5 months) earlier
than oysters cultured at Sopu, the poorest culture site (Table 3).
Oyster survival in the month following chaplet construction was
92.4 and 97.4 % for “young” and “old” oysters, respectively, while
survival at all sites for the following 13-month culture period was
>97.0 % for both age cohorts.

Data Analysis
To compare the shell dimensions of P. penguin between culture
sites and ages over time, generalized additive models (GAMs)
were fit to mean DVH, ST, and WM values. Total growth
(GT ) of P. penguin over the 13-month culture period was also
calculated for DVH, ST, and WM as: GT = Gn −G1 , where
Gn = shell dimensions at final sampling, and G1 = shell
dimensions at deployment to culture sites. Effects of site and
oyster age cohort on GT of DVH, ST, and WM were examined
using generalized linear models (GLM) based on a Gaussian
distribution. To compare site production schedules, the age of
“young” P. penguin at pearl-production sizes of 100 mm DVH
(T 100 ) (Kripa et al., 2008; Milione and Southgate, 2012) and
140 mm DVH (T 140 ) (Gordon et al., 2019) were predicted from
GAMs fit to mean DVH.
Spatio-temporal variation in environmental variables was
examined using GAMs fit to mean values for each sampling
period. Site-related environmental variation was also examined
using principal component analysis (PCA) on summarized and
scaled environmental data. Environmental data recorded 6 h
post-deployment and 3 h pre-retrieval of sondes and current
meters were discarded to minimize error. Outliers caused by
probe malfunctioning or interference by fouling were removed
or transformed in accordance with recommendations by sonde
manufacturers and technicians (Xylem, Australia).
Spatio-temporal variation in GM of DVH, WM, ST, and
CI between cohorts was examined using GAMs fit to raw
observations. Relationships between environmental variables and
GM of DVH, WM, ST, and CI were also described using GAMs
using separate splines for sites and age cohorts. Environmental
variables that did not contribute substantially (by AIC) to model
fit were removed from GAMs and were not described in partial
plots. GM of P. penguin shell dimensions for each sampling
period were calculated as: GM = [(GT −GT−1 ) ÷ D] × 30, where
GT = shell measurement of the current sampling; GT−1 = shell
measurement of the previous sampling, and D = number of days
between sampling events, for DVH, ST, and WM. Condition
index was calculated as per Walne and Mann (1975):


Dry total tissue weight
CI =
× 1000
Dry shell weight

Environmental Variation
Culture sites showed strong inter-island variation in mean
water temperature, rainfall and salinity but minimal intra-island
variation in environmental variables (Figures 3A–G). Principal
component analysis indicated clear separation of samples from
northern (Vava’u) and southern (Tongatapu) island groups along
PC1 (accounting for 34.3 % of variation), but not within islands
(Figure 3H). Northern sites were characterized by higher water
temperature (25–30◦ C), chlorophyll content (0.5–2.5 µg L−1) ,
rainfall (5–30 mm day−1 ) and current (0.25–0.75 ms−1 ), and
lower salinity (33–35 ppt), turbidity (0–2 NTU), and pH (8.0–
8.3) compared to southern sites (Figure 3H). Mean water
temperature was significantly higher (by around 2◦ C) at northern
sites (25–30◦ C) than at southern sites (23–28◦ C), but did not
differ within islands (Figure 3A). Water temperature also showed
strong seasonal trends, with maximum and minimum water
temperatures occurring in February to March (days 138–197),
and August to October (days 317–391), respectively (Figure 3A).
Mean daily rainfall in northern sites was significantly higher
than in southern sites from November to February (days 46–
138) but did not differ significantly for the remainder of the
year (Figure 3B). Salinity was significantly lower at northern
sites than southern sites for the majority of the study period and
was lower at Utulei than Vaipua from January to April (days
107–212) (Figure 3C).
Turbidity, chlorophyll, pH, and current speed showed
substantial temporal variation over the study period but little
systematic variation between sites (Figure 3). Sopu experienced
a peak in turbidity, chlorophyll, pH, and current speed during
January to February, also coinciding with the occurrence
of three severe tropical depressions (Figures 3D–G; Tonga
Meteorological Service, 2019). Turbidity, pH, and current speed
also generally showed lower temporal variation at northern sites
than at southern sites (Figures 3D,E,G). Turbidity, chlorophyll,
and current speed were generally low at all sites, with mean
values below 2.0 NTU, 3.0 µg L−1 and 0.1 ms−1 , respectively,
over the study period (Figures 3E–G). Mean wave energy (±SE)
was 17–90 times higher at Sopu than all other culture sites

The relative quality of all models was assessed using Akaike
information criterion values corrected for small sample-sizes
(AICc). Visual assessments of diagnostic plots were used to
validate models and data transformed and/or outliers removed
as required to improve diagnostics and improve compliance with
model assumptions. All analyses were completed in R (R Core
Team, 2019) using base R “lme4” (Bates et al., 2015), “mgcv”
(Wood, 2017), and “MUMIn” (Barton, 2019) packages.

RESULTS
Total Growth and Survival
In general, mean shell dimensions of P. penguin showed
minimal variation between sites until after approximately day 212
(April 2019), when values tended to trend significantly higher
Frontiers in Marine Science | www.frontiersin.org
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Monthly Growth Rate and Condition
Index
Monthly growth rate (GM ) and CI of P. penguin varied
significantly by culture site, age cohort and over time (Figure 4).
GM of DVH and ST tended to decrease with time and were
significantly higher at northern than southern sites for “young”
oysters, and lower at Sopu than all other sites for “old” oysters, for
most months (Figures 4A–D). GM of WM increased with time to
a peak around July to October (days 278–381) before decreasing
toward November (day 412 onward), and was significantly higher
at northern than southern sites from April (day 212) onward
(Figures 4E,F). Condition index generally increased with time
but with minimal variation between sites and ages, with the
exception of higher CI of young oysters cultured at Utulei
(Figures 4G,H). Acute declines were observed in CI and GM of
DVH and ST, in February (days 138–166) and June-July (days
258–288) and in CI and GM of WM in October to November 2019
(days 381–417) (Figure 4). In general, GM of shell dimensions
and CI had positive relationships with water temperature, rainfall
and chlorophyll content (Figure 5). GM of DVH was highest
at an intermediate turbidity while GM of WM had a positive
relationship with turbidity. GM of shell dimensions and CI did
not show clear directional relationships with salinity, pH or
current speed (Figure 5).

DISCUSSION
This study demonstrated significant variation in the growth
performance of P. penguin at latitudinal and local scales. Between
island groups in Tonga, growth performance of P. penguin was
highest at northern sites (Vava’u) and was most strongly related
to higher water temperatures at these sites. Within the southern
island group, growth performance was significantly higher at
the Pangaimotu site than at Sopu but was not clearly related
to differences in water quality measured in this study and may
be driven by differences in wave energy. Monthly growth rate
of P. penguin shell dimensions also showed significant temporal
variation in the form of general age-related trends interspersed
by acute declines. In the sections that follow we discuss the
implications of these results for mabé pearl farm site selection and
production schedules.

Inter-Island Spatial Variation
Variation in P. penguin growth between island groups was
most strongly related to water temperature, with both being
significantly higher at northern sites. This positive relationship
is symptomatic of the profound effect water temperature has on
metabolic rate and related physiological processes of pearl oysters
(Yukihira et al., 2000; Lucas, 2008) and is in keeping with results
of previous aquarium and field-based studies (del Rio-Portilla
et al., 1992; Mills, 2000; Yamamoto, 2000). Aquarium-based
studies by Li et al. (2009, 2011) indicated that P. penguin has a
relatively high tolerance to high water temperatures, experiences
peak absorption efficiency and clearance and filtration rates at
28–29◦ C, and shows only slight declines in these metrics at
32◦ C. Elevated water temperatures at northern culture sites in

FIGURE 2 | Spatio-temporal variation in Pteria penguin shell dimensions over
time: (A) dorso-ventral height (DVH); (B) shell thickness (ST): and, (C) wet
mass (WM). Splines represent GAM model predictions ±95% confidence
intervals. Where one spline falls within the error envelope of another, there is
no significant difference in mean measurements between those splines for
that time period.

(181.0 ± 1.3, 10.7 ± 0.7, 6.3 ± 0.5, and 2.0 ± 0.0 joules m2
day−1 , at Sopu, Pangaimotu, Utulei, and Vaipua, respectively;
Smallhorn-West et al., 2020).
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TABLE 1 | Final shell measurements and total growth (GT ) of Pteria penguin over 13-months culture at experimental sites.
Final shell measurement
Age
Young

Site

DVH (mm)

WM (g)

ST (mm)

DVH (mm)

WM (g)

ST (mm)

Vaipua

136.3 ± 1.7

293.7 ± 7.6

38.9 ± 0.4

97.5 ± 1.4a

285.0 ± 7.4c

28.1 ± 0.4a

Utulei

140.6 ± 1.3

320.8 ± 6.1

41.1 ± 0.3

102.6 ± 1.2a

312.6 ± 5.9c

30.6 ± 0.3b

Sopu

110.5 ± 1.5

165.4 ± 5.2

32.3 ± 0.4

74.8 ± 1.2b

158.3 ± 5.0e

22.2 ± 0.4d

36.9 ± 0.4

83.3 ±

1.5c

201.1 ±

4.4f

26.6 ± 0.4a

67.2 ±

2.1b

378.6 ±

10.8a

18.5 ± 0.5c

1.8d

352.8 ±

10.7b

17.9 ± 0.6c

Pangaimotu
Old

GT

119.4 ± 1.5

Vaipua

208.8 ± 4.6

163.6 ± 2.4

470.0 ± 12.2

42.3 ± 0.4

Utulei

155.2 ± 1.7

447.3 ± 11.3

43.2 ± 0.4

60.1 ±

Sopu

139.7 ± 1.4

326.8 ± 7.5

38.3 ± 0.4

46.1 ± 1.2e

233.7 ± 5.9d

13.3 ± 0.3e

Pangaimotu

148.2 ± 1.4

384.3 ± 6.7

41.3 ± 0.6

57.7 ± 1.4d

300.1 ± 6.0c

16.8 ± 0.5c

Significance groupings of final measurements can be inferred from splines in Figure 2. Letters in superscript denote significant groupings of GT as per Tukey posthoc comparisons.
TABLE 2 | Outputs of generalized linear models of total growth (GT ) in dorso-ventral height (DVH), shell thickness (ST), and wet mass (WM) of Pteria penguin between
sites and age cohorts.
GT measurement

Factor

DVH

NULL

ST

WM

Df

Deviance resid.

Df

Resid. dev

Site

3

26,957.0

Age cohort

1

Site*age cohort

3

318

132,291.0

315

78,346.0

314

3,470.0

NULL

F value

Pr (>F)

105,334.0

118.82

<0.01*

26,988.0

1,036.03

<0.01*

311

23,518.0

15.29

<0.01*

312

12,643.0

Site

3

2,188.1

309

10,454.9

99.60

<0.01*

Age cohort

1

8,055.9

308

2,399.1

1,100.10

<0.01*

Site*age cohort

3

165.6

305

2,233.5

7.54

<0.01*

318

2,243,565.0

NULL
Site

3

1,087,257.0

315

1,156,308

182.35

<0.01*

Age cohort

1

491,473.0

314

664,835.0

247.28

<0.01*

Site*age cohort

3

46,727.0

311

618,108.0

7.84

<0.01*

*Significance < 0.05.

likely to be only weak drivers of P. penguin growth. While all
of these variables have been shown to influence the growth
performance of pearl oysters (Gervis and Sims, 1992; Lucas,
2008; Adzigbli et al., 2019), at low levels and/or in systems
with low variability, their effects may be substantially weaker.
For example, while a positive relationship between turbidity
and growth performance of P. penguin has been reported in
northern Australia (Milione and Southgate, 2011, 2012), this
trend was not detected in the present study. These findings
are likely due to the low mean turbidity at all sites in the
present study, which were comparable to offshore sites of the
Great Barrier Reef (0.3–1.0 NTU) and were substantially lower
than at near-shore sites (regularly > 100 NTU) shown to yield
higher growth performance by P. penguin (Orpin et al., 2004;
Milione and Southgate, 2012). Similarly, although salinity showed
substantial inter-island variation in this study, the salinity range
recorded (32–35 ppt) was very close to the species’ optimal range
(Li et al., 2011) and was therefore unlikely to account for the
observed growth trends.
Taken together, these results therefore indicate that in
oligotrophic marine environments with minimal terrestrial
inputs, such as in Tonga, water temperature may be the
primary water quality factor influencing growth performance of

TABLE 3 | Age of “young” Pteria penguin at a minimum pearl-production size of
100 and 140 mm dorso-ventral height (T 100 and T 140 , respectively) at
experimental sites.
Island

Site

T 100 (y)

T 140 (y) ± SE

Vava’u

Vaipua

1.33

1.86 ± 0.004

Utulei

1.33

1.74

Sopu

1.64

2.28 ± 0.015

Pangaimotu

1.45

2.10 ± 0.011

Tongatapu

Ages not obtained from measurements were predicted from GAMs and are
presented with the standard error of predictions.

Tonga (∼25–30◦ C) may therefore enable P. penguin to live at
close to peak metabolic rate for the majority of the year, without
exceeding the species’ upper thermal limits. Inversely, cooler
temperatures in the southern island group (23–28◦ C) likely result
in suppressed metabolic rates for the majority of the year and
account for relatively poor growth performance of P. penguin
at southern sites.
Northern sites were also characterized by lower salinity,
turbidity, and pH, and higher chlorophyll content, rainfall, and
current than at southern sites; however, these variables were
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FIGURE 3 | Temporal variation in environmental conditions between culture sites (mean ± SE): (A) temperature; (B) daily rainfall; (C) salinity; (D) pH; (E) turbidity;
(F) chlorophyll; (G) current speed; and (H) principle component analysis (PCA) biplot of environmental data showing vector loadings. Splines represent GAM model
predictions ± 95% confidence intervals. Where one spline falls within the error envelope of another, there is no significant difference in mean measurements between
those splines for that time period. Missing data was due to instrument malfunction.

P. penguin. Large-scale geographic trends in water temperature
may therefore be a useful predictor of potential suitability
and productivity of P. penguin culture sites in other island
groups of Tonga.

In addition to its’ effects on growth performance, sites with
high wave exposure may also experience faster deterioration of
infrastructure and equipment, and a lower ease of operation
(Southgate, 2008). These factors can increase operating risks
and maintenance and labor costs and thereby reduce mabé
pearl farm profitability and feasibility (Johnston and Hine, 2015;
Johnston et al., 2020).

Intra-Island Spatial Variation
The growth performance of P. penguin also varied significantly
between sites within island groups, but was not clearly related
to environmental variation measured in this study. In the
southern island group, growth performance of P. penguin was
significantly lower at Sopu than at the Pangaimotu site, while in
the northern island group site-related variation in growth was
weaker and showed an interaction with age cohort. Although
intra-island trends in P. penguin growth were not clearly related
to water quality parameters measured in this study, they may
be driven by site wave energy. The site supporting the worst
oyster performance, Sopu, experiences 17–90 times higher wave
energy than the Vaipua, Utulei or Pangaimotu sites (SmallhornWest et al., 2020) and showed moderate movement of oysters
in cylinders during periods of strong wave energy. Increased
physical agitation of pearl oysters can increase byssal secretion
(Taylor et al., 1997; Kishore et al., 2014) and reduce pearl
quality (Kishore and Southgate, 2016) and may account for
poorer growth performance of P. penguin cultured at Sopu
than at Pangaimotu. Sopu was also the only site to record
acute peaks in pH, turbidity, chlorophyll and current speed
coinciding with a series of severe tropical depressions that
tracked through Tonga in February 2019 (Tonga Meteorological
Service, 2019). This suggests that oysters cultured at the Sopu
site may also be more exposed to the effects of seasonal
disturbance events than oysters at the other culture sites
used in this study.
Results of this study suggest that while water temperature
is the most important large-scale consideration for P. penguin
culture-site selection in Tonga, wave exposure and vulnerability
to disturbance events could be important local considerations.
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Temporal Variation
Temporal trends in growth rate and CI of P. penguin in this
study were strongly related to time and environmental variation.
Monthly growth rate of DVH and ST of P. penguin tended
to decrease with time, while CI and GM of WM tended to
increase with time. These trends are typical of age-related
changes in growth over the lifespan of pearl oysters, which
are characterized by initial exponential growth, followed by a
shallower increase to near maximum size (Gervis and Sims,
1992; Southgate and Lucas, 2003). Monthly growth trends also
reflected a tendency for P. penguin to shift from a low WM:DVH
ratio (<1:1) below around 90 mm DVH to a high WM:DVH
ratio (>1:1) above this size (Milione et al., 2011; Gordon et al.,
2017). Increases in GM and CI of P. penguin also mirrored
increases in water temperature and rainfall from October to
January (days 15–107), but declined sharply in February (days
138–166) following a series of severe tropical depressions (Tonga
Meteorological Service, 2019). This acute decline in GM and CI
of P. penguin was likely related to stress and a probable spawning
event prior to, or triggered by, the disturbance (Southgate,
2008; Milione and Southgate, 2012). Acute declines in GM and
CI of P. penguin in June-July (days 258–288) and October to
November (days 381–417) were not associated with disturbances
but may indicate the occurrence of additional spawning events.
It is also notable that GM of P. penguin was similar at all
sites until the February disturbance (days 147–151), after which
oysters at northern sites showed better recovery of GM than
oysters at southern sites, with this difference persisting for the
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FIGURE 4 | Spatio-temporal trends in mean (±SE) monthly growth rate (GM ) and condition index (CI) of Pteria penguin: (A,B) dorso-ventral height (DVH); (C,D) shell
thickness (ST); (E,F) wet mass (WM); and (G,H) CI. Splines represent GAM model predictions ±95% confidence intervals. Where one spline falls within the error
envelope of another, there is no significant difference in measurements between those splines for that time period.
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FIGURE 5 | Partial plots from GAMs showing relationships between environmental variables and monthly growth rate (GM ) in dorsoventral height (DVH), shell
thickness (ST), wet mass (WM) and condition index (CI) of Pteria penguin. GAMs included variables culture site, age cohort and time and were used to adjust general
relationships shown by partial plots. Splines represent GAM model predictions ±95% confidence intervals.

preferred location for culture of P. penguin in Tonga. This study
therefore recommends that optimal culture sites for P. penguin in
Tonga are primarily characterized by warm water temperatures
(25–30◦ C) and low wave exposure (<15 joules m2 day−1 ).
Pteria penguin cultured at sites with more suitable
environmental conditions reached pearl production size up
to 34.2 % (6.5 months) earlier than oysters cultured at less
suitable sites. This difference in GM would enable mabé pearl
production to begin substantially sooner at more suitable culture
sites and could have profound effects on production schedules,
farm profitability and feasibility (Saidi et al., 2017; Johnston
et al., 2020). Results of this study therefore highlight the impact
of both large-scale and local environmental conditions on
mabé pearl farm productivity and feasibility. Future research
should now assess the effects of environmental conditions
not only on growth performance, but also on mabé pearl
production and quality in Tonga to enable full systematic
industry recommendations to be made. This study provides vital
information to inform future mabé pearl farm site selection,
marine spatial planning and economic analyses to ensure

remainder of the study. Site-related variation in recovery of
P. penguin was also reported by Milione and Southgate (2012)
and suggests environmental conditions may also determine
whether disturbance events have additional chronic impacts on
P. penguin growth.

Implications for Culture Site Selection
and Production Schedules
All culture sites in this study yielded >97 % survival of P. penguin
and produced GM higher than, or comparable to, those reported
by previous studies at similar latitudes in north Queensland and
China (Beer, 1999; Fu et al., 2001, 2007; Liang et al., 2001; Gu
et al., 2009, 2013; Milione and Southgate, 2011, 2012; summarized
in Gordon et al., 2020). These results indicate that the ranges of all
environmental variables examined in the study are suitable for the
culture of P. penguin. While all sites were suitable for P. penguin
culture, higher water temperatures and lower wave energy in
the northern island group (Vava’u) resulted in the best growth
performance at these sites and are therefore recommended as the
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continued sustainable expansion of the mabé pearl sector in
Tonga and culture of P. penguin in the Pacific.
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