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Abstract The main objectives of the study are that as whale sharks are planktivorous fish, they migrate over long distances in
tropical areas of the world to find zooplankton food generated at seamounts and by the island mass effect where upwelling promotes
ecosystem production. Whale shark occurrence in the six main areas are discussed systematically in terms of the various causes of
elevated zooplankton by processes such as upwelling by the Indo-Pacific throughflow (ITF) currents around the Indonesian islands
and far-field effects on the Indian ocean to Africa. That encouraged investigation of sustainable management of the six main
accumulation areas in Southwestern Taiwan, two areas in Indonesia, Caribbean Sea, Ningaloo at Eastern Indian Ocean, Western
Australia and Galapagos, Ecuador, eastern Pacific Ocean, particularly the Indonesian and Galapagos breeding areas. Hence, whale
shark relationships are investigated for weight with total length, and age in years with average total length and weight estimated by
the innovative doubling time method using Ecopath model fish production characteristics. That gave similar results with published
growth rates, including the von Bertalanffy equation, because the Ecopath model ecosystem conditions reasonably described the
whale shark growth rates. The reported and expected migrations in the tropical Atlantic, Pacific and Indian Oceans are described,
leading to suggested further research on whale shark production. Furthermore, due to the amount of food energy spent looking for
food, the ecosystem conditions indicated their biomass and biological production are too low to support fishing, so it was suggested
all whale sharks be protected.

Keywords Whale shark growth rates; Breeding areas: Seamount upwelling; Island mass Effect: Tropical ocean migrations: Ecopath
model ecosystem conditions

1 Introduction

The Whale shark (Rhincodon typus) is a fish and the world’s largest planktivore. The whale shark feeding study
by Motta et al. (2010), found a small juvenile of 4.43 m consumed about 11.0 kg/day of zooplankton and a large
juvenile 6.22 m total length about 20.7 kg/day for a typical 7.5 hours feeding per day. They noted from the
literature whale sharks are known to eat a variety of zooplankton as well as small squid and fish. They tend to
move between the Tropic of Cancer, about 23.5° North, and the tropic of Capricorn, 23.436° South of the equator,
wherever high upwelling promotes phytoplankton and the resulting zooplankton production that supports their
mostly zooplankton diet (Ainsworth et al., 2007). As noted by Hodgson (2025), baleen whales migrate along
productive west coast of continental areas due to upwelling of nutrients on their way to breeding grounds. The
migration map in Horton et al. (2022) shows they migrate following the mid-Atlantic Ridge seamounts where
upwelling promotes ecosystem production. In the Pacific ocean, they migrate along the west coast of North
America to Mexico and the west coast of South America to southern Ecuador, Likewise, adult female whale
sharks accumulate at the Galapagos Islands off Ecuador (Acufia-Marrero et al., 2014), formed by the Galapagos
Rise and the deep sea Cocos ridge connecting with the west coast of South America (Robalino-Mejia et al., 2026).
Later, Womersley et al. (2025) noted Darwin Island and the Wolf-Darwin volcanic ridge are volcanic seamounts
in the northern Galapagos where adult female whale sharks aggregate. Hence, it was suggested the Galapagos
seamounts were used for breeding and release the neonate pups for feeding and rapid growth on the abundant
zooplankton, promoted by nutrients in upwelling at the seamounts (Genin, 2004), as well as providing
zooplankton for the adult planktivores.
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In the southern hemisphere, whale migration was noted by Hodgson (2025) along Western Australia, in the eastern
Indian Ocean, likely starting from the Antarctic, and then along the archipelagos and range of islands at Ashmore,
Cartier and then north into the Banda Sea around Timor and Suva, Indonesia. Whale sharks also occur in
relatively large numbers at The Ningaloo marine park, Western Australia, (Norman and Stevens, 2007) where
upwelling process by the Ningaloo and Leeuwin Currents increase zooplankton production (Vanderklift et al.,
2020). Consequently, the aim of this paper is to investigate ecosystem relationships of whale sharks with
zooplankton at seamounts and tropical islands.

2 Methods

The ecosystem relationships of whale sharks for total length with weight, age in years with weight and age with
length were estimated using six independent data bases obtained from the published literature. The six whale
shark areas have data on the range of total length (cm. or meters) and weight (kilograms), as well as areas (km?),
varying from newborn neonate pups to juveniles, sub-adults and adults that were obtained from the references
shown in Table 1. The biomass per square kilometer in each study area used by the whale sharks was estimated
from reported or estimated population number, N, multiplied by the average weight, W, divided by the estimated
area occupied by whale sharks in the study area, A (km?) by the equation:

Biomass, B (tww/km?) = (N x W)/A €))

Initially, that data and information was used to estimate the relationship of average weight with average total
length. The relationship for average weight with average total length obtained was calculated using the reported
newborn neonate pups average total length of 0.5 m and average weight of 1.5 kg, giving the power relationship:

Weight = 13.264 x L3%11 £ 0,045 kg ©)

The relationship was tested using the reported average lengths, L, for the other five areas and gave a similar
overall power relationship in Figure 1 (Results section). Note the total length is shown as L rather than TL to
avoid confusion with the Ecopath model trophic level (TL). That was followed by estimation of the increase in
age in years with average total length. Traditionally, the relationship for length with time is estimated by the von
Bertalanffy (1938) growth function for human weight increase, defined as a growth curve by equation: L(t) = L«(1
— e’K(t)) where L(t) represents the expected length at age time t, by the asymptotic maximum length, L., and
growth coefficient, K, with time offset t,, However, those model values are not well known (Wintner, 2000).
Hence, as an alternative, the innovative doubling time method by Heip (1972) was used here. The important
information on fisheries, Fishbase (https://www.fishbase.se/manual/key%?20facts.htm) shows Estimation of
Life-History Key Facts, and under “Intrinsic rate of population increase” states that without fishing effects, the
time (tq) in years that it would take a reduced population of fish to double in numbers can be estimated by tq =

In(2)/r, where r is the intrinsic rate of natural increase. The r value for a fishery was shown by Hodgson (2024)
using the Ecopath model P/B value by r = In (P/B + 1). Note that the P/B values used to estimate the r values were
assumed related to Ecopath models for fish, varying from larvae, juveniles, sub adults and adults. Therefore, the
increase in age (years) of whale sharks with average total length in the six study areas, beginning with newborn
neonate pups at age zero years, was estimated using the doubling time method described below. The results are
compared with the von Bertalanffy (1938) curve in the Discussion. Note that the von Bertalanffy growth curve for
length with time is a saturating growth curve, with a rapid initial increase and slowing down gradually as the
human growth model, applied to animals, grows larger over time. Examples of the von Bertalanffy growth curve
applied to fish are also shown in the Fishbase link.

2.1 Whale shark population and biomass

The assumptions and methods for estimation of the population number and biomass in each area are described
here, which are briefly described in Table 1 footnotes. In some cases, the number per km? and area occupied by
whale sharks was estimated using data and information from independent locations in the literature. Additionally,
average lengths and P/B ratios for each size of whale sharks in each study area was estimated using independent
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data and information from associated references, as described here and shown in Table 1. The results were tested

by comparison for consistent relationships in graphs of the data (see Figure 1, Figure 2, Figure 3, Figure 4 in the

Results section).

Table 1 Whale shark estimated ecosystem parameters for total length, average weight, ecosystem biomass, production to biomass

ratio and production for newborn neonates to small Juvenile, large juvenile, sub-adult and adults in six representative study areas

Location Estimated Ave. . Estimated Production,
Area . . Estimated P/B per
Populatio Length (M) Weight (kg iomass (tww/km?/yearReference
(km?) Age (years) ¢ Year
n Number wet) (tww/km?) ) P=Bx(P/B)
Southwestern Taiwan ? 0.5t0 0.6 Joung et al.
50000 156 1.5 1.95 0.001 5.00 0.005
new born neonates average 0.50 (1996)
Cenderawasih Bay, Maruanaya
National ® Park, 3to4, and
. 13052 103 448 4.13 0.002 1.442  0.003
Indonesia small average 3.2 Sumaryono
juveniles (2023)
Raja Ampat © Papua, .
. 2108, Ainsworth et
Indonesia large 46 000 50 2,300 6.73 0.003 1.196  0.004
. . average 5.33 al. (2007)
juveniles
Yucatan, Caribbean
. 2.5t0 10, Hueter et al.
Sea, Mexico ¢ larger 116257 85 3,907 9.23 0.003 0.704  0.002
) . average 6.33 (2013)
juveniles
Ningaloo Marine Park 7t 8 Norman and
O b
¢, Western Australia 284 000 208 6,063 11.2 0.004 0.400  0.002 Stevens
average 7.3
sub-adults (2007)
Galapagos National 9to 14, Cérdenas and
133000 82 21,444 26.2 0.161 0.068  0.011
Park, Ecuador f adults average 11.0 Lew (2016)

Notes: a) Southwest Taiwan 300 Newborn neonates with reported total lengths and average weight. Number of adult females
assumed similar Galapagos by area, estimated number 156. The biomass was estimated as 0.001 tww/Km? (See Methods). Fishery
area 50 000 km? (China Blue Sustainability Institute, 2018. Shantou-Taiwan Bank Fishing Ground Squid Fishery Improvement
Project (FIP) Workplan.
(https://fisheryprogress.org/system/files/documents_workplan/Chinese%20Common%20Squid%20FIP%20workplan2018Dec-2019
Dec-fin-HYL-HH.pdf)

b) Cenderawasih, 15 Small juveniles sampled in the 13,851 km? Teluk Cenderawasih National Park
(https://en.wikipedia.org/wiki/Teluk_Cenderawasih_National_Park) The bay area estimated about 95,000 km? from scaled map in

Cenderawasih Bay (https://en.wikipedia.org/wiki/Cenderawasih_Bay#References) The expected average whale shark total length
was 3.2 m giving average weight 450 kg by equation 2
¢) Raja Ampat Large juveniles P/B taken as 1.100 from Ainsworth et al., 2007 Ecopath model for large juvenile fish. Expected
average total length 5.5 m, giving average weight 2,500 kg by equation 2. Using Hueter ef al. (2013) 0.666 3 x maximum total length
8 m average gave average total length 5.33 m, reducing average, weight 2,300 kg increasing P/B to 1.196 for smaller size. Study area
estimated 46,000 km? from Pitcher ez al. (2007) 143t in area for biomass 0.003 t/km? giving area ~ 46,000 km?
d) Yucatan Larger juveniles, Reported number sampled in Gulf of Mexico 728 with are a about 1 million km? compared Yucatan
reported area 116,257 km?, giving 85. Expected average total length 5.5 m gave average biomass 2 500 kg for P/B 1.100, Hueter ef al.
(2013) reported average total length 6.33 m giving biomass of 3,907 kg compared 2,500 kg decreased P/B to 0.704=1.1*2500/3907
€) Sub-adult at Ningaloo marine park coral reef and open shelf water areas about 4,000 km? in southern Exmouth Plateau 280,000
km?, total area occupied by whale sharks 284,000 km? Number assumed related to larger juveniles at Yucatan, 208 =
85*284000/116257. The reported average total length 7.3 m by Norman and Stevens (2007) gives weight 6 063 kg by equation 2.
Then biomass 0.004 = ((5,800 X 208)/284,000)/1000 tww/km?.
f) Galapagos Breeding, fully mature adult females. Atkinson et al. (2007) appears to assume whale sharks at Raja Ampat were
breeding and tentatively set a low P/B of 0.068, but a recent study shows it applies to Galapagos whale sharks. Area occupied by
whale sharks less than National Park at 26,300 km?, estimated from Acufia-Marrero et al. (2014) reported number adult females 82.
Acufia-Marrero et al. (2014) Figure 4 Size-frequency distribution female whale sharks 9.0 to 13.1 to 14.0 m, estimated average 11.0
m giving average weight 21,444 kg by equation 2
g) Cumulative age in years to reach average weight increase.
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(i) Southwestern Taiwan fishery area reported as 50,000 km? from reliable online reference in notes to Table 1.
The population number per km? was assumed similar to the numbers at the Galapagos National Park. At
Southwestern Taiwan, where 300 newborn neonates (age zero years) were reported, a population of adult female
whale sharks were breeding. At the Galapagos National Park, Ecuador a large number of pregnant adults were
probably soon to breed, so the number in the Park area of about 82 was estimated from the study by
Acufia-Marrero et al. (2014) and used to estimate the Taiwan population of by relative proportions: 156 = (82 x
Taiwan area 50,000 km?/estimated Galapagos area occupied by whale sharks 26,300 km? rather than the park area
Park area of 133,000 km?. Assuming the Taiwan population may all eventually breed by releasing the same 300
neonates during the period of high zooplankton abundance, and with the reported average neonate pup weight of
1.5 kg, the expected neonate biomass was estimated by Biomass (tww/km?) = (((1.5 kg x 300 x 156)/1000 convert
to t/km?))/50,000 km?. Note: the biomass is measured in wet weight (ww) by researchers, which is also the
preferred unit for Ecopath models (Christensen and Pauly, 1993). Similar methods for estimating population
numbers and biomass were used for the six sites.

(i1) Cenderawasih Bay, National Park, Indonesia. Maruanaya and Sumaryono (2023) sampled 15 Small juveniles
all males with a total length ranging from 3-5 m, average taken as 3.2 m. Average weight was estimated by
equation 2 at 450 kg in the Teluk Cenderawasih National Park area 13,851 km?. The bay area was estimated about
95,000 km? larger than the marine park (see online references in Table 1 footnotes. Therefore, population number
in the whole bay area was estimated at 103 = (15 x 95,000/13,851).

(ii1) Raja Ampat Large juveniles reported total length 2 to 8m, so the average total length of 5.33 m was estimated
by 8.0 m % 0.666 3 from the frequency distribution in Hueter et al. (2013), giving estimated average weight 2,500
kg. The study area was estimated at 46,000 km? from Pitcher et al. (2007) who reported 143 tww whale sharks in
the Raja Ampat area with production B x (P/B) of 0.003 tww/km?, so the area was calculated by 143/0.003 t/Km?
giving area = 47,667 km?, rounded to 46,000 km?.

(iv) Yucatan Larger juveniles, Reported number sampled in Gulf of Mexico 728 with area about 1 million km?
compared Yucatan reported area 116,257 km?, giving 85. The reported average total length was 6.33 m by Hueter
et al. (2013), giving an estimated average weight of 3,907 kg.

(v) Sub-adults at Ningaloo marine park coral reef and open shelf water areas are about 4,000 km? located in the
southern Exmouth Plateau area of 280,000 km?. The assumed total area occupied by whale sharks is 284,000 km?.
The population number was estimated using larger juveniles at Yucatan, 208 = 85 x 284,000/116,257. The biomass
was estimated as 0.004 = ((6,063 x 208)/284 000)/1,000 tww/km?. Hence, the total Ningaloo area was estimated
by 280,000 km? + Ningaloo Marine park coral reef and open shelf areas ~4,000 km?= 284,000 km?. The reported
average total length 7.3 m was by Norman and Stevens (2007), so the biomass 6,063 kg was estimated using
equation 2.

(vi) Galapagos Breeding, fully mature adult females. Atkinson et al., 2007 appears to assume whale sharks at Raja
Ampat were breeding and tentatively set a low P/B of 0.068, but Womersley et al. (2025) showed it applies to
Galapagos whale sharks. Area occupied by whale sharks less than National Park at 26,300 km?, estimated from
Acufia-Marrero et al. (2014). They reported number adult females 82. Size-frequency distribution female whale
sharks reported as total length 9.0 to 13.1 to 14.0 m, so average taken as 11.0 m (Figure 4 in Acufia-Marrero et al.,
2014), giving estimated average weight 21,444 kg.

2.2 Whale shark increase in age with total length and weight

The only published Ecopath model containing reliable whale shark ecosystem factors of biomass and production
to biomass ratio, P/B, is by Ainsworth et al. (2007). As whale sharks are fish, it was realistically reasoned that the
Ecopath model production to biomass ratios (P/B) could be applied to small Juveniles, large juveniles and
sub-adult fish shown in Ainsworth et al. (2007). Ecopath models show P/B is highest for small juvenile fish so
they can grow quickly to avoid predators. That occurs because the P/B ratio is the rate of biomass regeneration
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(Gascuel et al., 2008). Hence, the ratio continues to decrease with increase in size to large juveniles, sub-adult fish
and is lowest for adult fish. In the Ecopath model for Raja Ampat, Indonesia by Atkinson et al. (2007), they used
P/B values for Snapper, a reasonably large fish, giving a consistent decrease with size from P/B of 1.442 for small
Juveniles, 1.100 large juveniles and 0.400 for sub-adult fish. They set a tentatively low P/B of 0.068 for whale
sharks at Raja Ampat, apparently assuming the whale sharks were breeding adults. However, a recent study by
Womersley et al. (2025) shows the P/B applies to the Galapagos adult females. They suggested the whale shark
adult females may release neonate pups at Galapagos seamounts, so the value of 0.068 was applied to the
Galapagos female adults. In addition, the Guénette and Morato (1997) Ecopath model at The Azores Archipelago
showed fish larvae were included in zooplankton with a P/B of 5.0. That value was cautiously applied to whale
shark newborn neonate pups, and tested for consistent results obtained by the other P/B values for estimation of
the whale shark increase in age with weight by the doubling time method. Accordingly, those P/B values were
used to estimate the relationship of age in years with total length. As the literature also provided data on the range
of weight of each stage, the relationship of age with average weight was also estimated.

As mentioned above. the relationship between age in years with average total length for each area was estimated
by the doubling time method by Heip (1972), who showed time to double the population, Tq = In2/r equals 0.693/r,
where 1 is the intrinsic rate of natural increase. Accordingly, the mathematical relationships for estimation of
whale shark age in years with average total length are:

Intrinsic rate (per year) r = In(P/B +1) 3)

Doubling time (per year) Tq = 0.693/r 4)

Doubling time (years) Ya = 1/Tq %)

Predicted age (years) p = Average Ls x aYq (6)

Age (years) from stage, S, to next stage, S+1, A = (average Ls x aYq ) x (Ls+1)/p @)
Cumulative age (years) Ac=A1+ A2+ A3+ As+ As + As ()

The abbreviations are: Yq is the doubling time in years. Ls is average whale shark total length (m), a is the number
of times Ls is multiplied by the doubling time Td, Ls+1 is the average total length in the next stage S+1, A; is age
in years neonates from age zero take to reach average age of small juvenile whale sharks, A, age in years from
small to large juveniles, etc., finally to A¢ age in years from sub-adult to adult females average length (m).

The relationship of age with total length is shown in Figure 2 in the Results. The age and total length relationship
shows the new born neonate stage, estimated using the P/B value of 5.0 agrees with the relationship for the other
stages, indicating the neonate ecosystem conditions are reasonably described by the assumed P/B value.

It is interesting to see that although the newborn neonate pups had the highest P/B, and hence shortest Tq, they had
a relatively long time to reach the next stage average total length due to starting at a low total length. Likewise,
adult females with the lowest P/B had the highest number of years to increase in weight from the sub-adult length
to that of the average adult female. Note that the average total lengths of all stages from neonates to sub-adult are
for males and females, but for adults, the average length was used for the larger adult females.

In addition, some study areas had P/B ratios adjusted due to the reported average total length being different from
that expected from the reported range in total length. For example, at Raja Ampat, large juveniles have a P/B for
large juvenile fish in Ainsworth et al. (2007) Ecopath model as 1.100 for an expected total length of about 6.0 m,
but modified for lower whale shark average total length 5.33 m and average weight 2,300 kg, increasing P/B to
1.196 for the smaller size. At Yucatan, the larger juveniles, P/B 1.100 reduced to 0.704 for higher average total
length of 6.33 m and biomass of 3,907 kg compared with the expected 5.5 m and biomass 2,500 kg.
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As an example, the average weight at Yucatan estimated by equation 2 was 3,907 kg for a reported total length of
6.33 m, higher than 2,500 kg at the expected average total length of 5.5 m. That decreased P/B to 0.704=1.1 x 2
500/3 907. Equation 5 gave a doubling time, Y4, of 0.769 years, so multiplying by the average total length gave
6.33 x 0.769 = 4.868 m in the first year. As the average total length in the next stage at Ningaloo of 7.3 m had not
been reached, the time was increased by 1.5 years to reach 7.3 m by 1.5 = 7.3/4.868, for an age increase of 2.5
years. That age was added to the accumulated ages from newborn neonates to Raja Ampat stage 3 of 6.73 years,
which were estimated in a similar way, to give the next age of 9.23 years = 6.73+2.5. All the other stages were
calculated in a similar way, requiring only the average start total length multiplied by Y4 with relevant adjustments.
The estimated ages (years) for the six stages are shown in Table 1 and are added from the age of the first stage to
the age of the next stage, and so on to the last stage, giving the total age in years.

2.3 Whale shark biological production

The biological production of fish is important for estimating the sustainable fishing mortality, which supports
stability of the ecosystem (Hodgson, 2022). According to Ecopath models, biological production, P, is calculated
by B x (P/B). Hence, using the above fish P/B values and estimated biomass in each whale shark area, the
biological production (tww/km?/year) is shown in Table 1.

3 Results

As discussed above, the results are shown in Table 1 with explanatory notes that supplement the descriptions in
the Methods. The results are used to show the following whale shark relationships: (i) average weight with
average total length, (ii) cumulative ages to reach the average total length from newborn neonate pups to adult
females (iii) cumulative age with average weight from neonate pups to the next stage, (iv) cumulative age with
average weight from small juveniles in Cenderawasih Bay, Indonesia to adult females at Galapagos, Ecuador.

Note that due to the errors involved in estimating the average weight of the whale sharks, the values used in the
following figures were rounded to whole numbers.

The relationship of average weight with total length was initially estimated by the power equation 2 as Weight =
13.264 x L3%! from reliable information on the age and weight of neonate pups. The total length was estimated
from the range, and in some cases using the average total length estimated by Hueter et al. (2013) by 0.6663 x
maximum total length. The initial relationship was tested by investigating the relationship for all six stages in
Figure 1.

25000

y=12.028x3141 ¢
20000 - R? = 0.9985

15000

10000 -

Average Weight (Kg)

5000 ~

0__‘ I 1 T T T T T T T T T
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.0011.0012.00

Average Total Length (m)

Figure 1 Power relationship between whale shark average weights with average total length (L) from data in Table 1. The highest
length and weight is for adult females
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The relationship obtained is:
Average Weight (kg) = 12.028 x L3191 R2=0.9991,n= 6, p < 0.001. 9)

The relationship obtained was similar to that for the neonate pups and by comparison, is similar with that by
Lockyer (1976) who noted that the body weight to length relationships for large whales have the formula W = aL,
where W is body weight in tons and L is body length in m. It was found the value of b falls within the range 3.0 +
0.6 for the whale species examined. A similar relationship was found for whales sharks that grow to about the
same length as most large whales, with the exponent similar to that for large whales at 3.2118. The highly
significant relationship in Figure 1 prompted examination of the age of whale sharks with increase in the reported
average total length shown in Table 1. The time was estimated by the equations shown in the Methods.

30.00
y = 1.7538e0207 4
25.00 R2=0.9974
£ 20.00 -
©
(V]
>
£ 15.00
(V]
<
10.00
5.00 —
0.00 T T T T T
0.00 2.00 4.00 6.00 8.00 10.00 12.00
Average Total Length (m)

Figure 2 Exponential relationship between estimated whale shark cumulative ages in years, to reach the average total length (L)
newborn neonate pups to adult females

The exponential relationship obtained is:
Age (years) = 1.7538 x e0207xL R2=0.9974, n= 6, p < 0.001. (10)

Note, the average weight of 1.5 kg at age zero indicates an age of 1.95 years to grow to average weight of small
juveniles in the next stage (the next blue diamond in the regression). The consistent and highly significant
relationship confirms the estimation of the values for the area occupied by the whale sharks, their average lengths,
number per km?, and P/B ratios as appropriate for estimating the age increase with total length.

It was noticed the adult females took the longest time to grow to their maximum length due to their low P/B value.
Surprisingly, the newborn neonates took the second longest time to reach their average weight in the next stage,
apparently due to starting at a very small size.

As the age increase with total length was significant, the relationship was further tested by investigating the
relationship of age in years with average weight for all six stages in Figure 3.

The relationship obtained is:
Age (years) = 0.0011 x average weight (kg) +3.3204, R?=0.9592,n =6, p < 0.001. a1
To test the relationships without neonate pups, the five stages with estimated average weight relationship obtained

is in Figure 4:
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30.00

25.00

20.00

=0.0011x + 3.3204

15.00 4 R2 = 0.9592

Age (Years)

000‘ T T I T T T T I
0 2500 5000 7500 10000 12500 15000 17500 20000 22500

Average Weight (Kg)

Figure 3 Linear relationship whale shark cumulative age (years) with average weight (kg) from newborn neonate pups to the next

stage. As the newborn neonates have an age of zero years, it is lower than the regression for the other stages.

30

25

20
y =0.001x + 4.5285

R? =0.9946

15

Age (Years)

10

0 T T T T T T T T
0 2500 5000 7500 10000 12500 15000 17500 20000 22500

Average Weight (Kg)

Figure 4 Linear relationship whale shark cumulative age (years) with average weight (kg) from small juveniles in Cenderawasih Bay,

Indonesia to adult females at Galapagos, Ecuador.
Age (years) = 0.001 x average weight (kg) +4.5285, R>=10.9946,n =5, p < 0.001. (12)

The significant relationship indicates the estimation of average age in years by equation 2, selection of ecosystem
based P/B ratios for fish and the estimation of age by the doubling time method of Heip (1972) provides a
wide-ranging estimation of whale shark age in years as they increase in weight to the maximum for adult females.

4 Discussion

4.1 Comparison doubling time growth with von bertalanffy growth function

The preliminary relationships obtained in Figure 1, Figure 2, Figure 3, Figure 4 are anticipated to help future
research on whale shark ecology and growth rates. However, it is necessary to compare the relationships with that
modelled for growth by von Bertalanffy (1938). The von Bertalanffy growth function for length with time is
defined as a saturating growth curve. It is similar to the whale shark curve in obtained above in Figure 2 for whale

332



/.7

Aqua Publisher

International Journal of Marine Science, 2026, Vol.16, No.5, 325-338
http://www.aquapublisher.com/index.php/ijms

shark age (years) with total length, which is also a saturating curve by Age (years) = 1.7538 x e02307xL

, except that
the figure shows age increasing with length. By turning the relationship around for total length with age, Figure 5

is obtained:
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Figure 5 Natural logarithmic relationship between estimated whale shark average total length and cumulative ages in years from
newborn neonate pups to adult females

The relationship obtained is:
Average total length (m) = 3.9945 x Ln(Age, years) —2.2611, R>=0.9975,n =6, p <0.001.

Figure 5 for whale shark total length has an initial rapid growth, levelling off over time as the fish gets larger. It is
a saturating growth curve, similar to the saturating growth curve in in von Bertalanffy (1938, see their Figure 2)
for length with time. The curve in Figure 5 is also similar to the growth curve obtained by Wintner (2000, see their
Figure 8) for whale sharks using estimated values for L, K and t,. Therefore, it appears the relationships obtained
by the Heip (1972) doubling time, with assumed Ecopath model P/B ratios, is worthy of further research.

4.2 Environmental characteristics

At this point, the cause of whale shark occurrence in the six areas shown in Table 1 are discussed systematically in
terms of the various causes of elevated zooplankton by processes such as upwelling by the Indonesian
throughflow (ITF) currents around the Indonesian islands (Taufiqurrahman et al., 2020). In island archipelagos,
upwelling is due to the island mass effect (Bourdin ef al., 2026) and also occurs at seamounts around the Cocos
Ridge at Galapagos Darwin Island (Womersley et al., 2025).

Although Syakurachman et al. (2025) reported neonate whale sharks about four months old in Saleh Bay,
Indonesia, newborn neonates were found at Southwestern Taiwan by Joung et al., (1996). The pregnant female
whale shark measured 10.6 m total length and weighed about 16 tonne at full sexual maturity. That suggests large
juveniles or sub-adult whale sharks migrated from Raja Ampat Papua, Indonesia through the Philippine
archipelago to southern Taiwan to breed. It is likely they were after high zooplankton to support the newborn pups
feeding and growth. In that regard, Hsiao et al. (2021) reported the Taiwan Bank; southern Taiwan Strait is subject
to increased production by upwelling caused by the South China Sea Warm Current and the Kuroshio Branch
Current. The island mass effect apparently caused bottom water to flows up onto the continental shelf, creating a
high production fishing area. Note that Bourdin ef al. (2026) described the Island Mass Effect (IME) as causing
upwelling around islands of nutrients by water currents flowing up from deep water and increasing phytoplankton
production. Therefore, increased phytoplankton production is expected to increase zooplankton abundance and
presence of planktivorous fish such as whale sharks.
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The Indo-Pacific Throughflow (ITF) water comes from in the Indonesian Seas is mostly from the Pacific Ocean
flowing mostly above the Papua New Guinea Island from the warm west Pacific Ocean, called the Warm Pool (De
Deckker, 2016). The flow enters from around the Pacific islands of Micronesia and Melanesia into the eastern
Indonesian seas. From there, the water flows through the Indonesian Archipelago and is joined by warm water
from the South China Sea to the Karimata Strait and Java Sea. The branches meet in the Banda Sea creating
upwelling and then flowing into the eastern Indian Ocean. The ITF coming out of the Indonesian Seas flows
westward across the Indian Ocean, promoting occurrence of whale sharks at the Maldives (Riley et al., 2010),
Seychelles (Rowat and Gore, 2007) and north of east Africa at Gulf of Tadjoura, Djibouti (Boldrocchi et al., 2020).
The majority of ITF flows south as the Agulhas current, promoting whale sharks in tropical East Africa at Mafia
Island, Tanzania and Tofo Beach, Mozambique (Rohner et al., 2022). Importantly, the ITF also flows southward
directly along the west coast of Australia as the Leeuwin current (Figure 1) (Taufiqurrahman et al., 2020).

The Ningaloo Marine Park and Exmouth Plateau, Western Australia attracts sub-adult whale sharks due to
increased zooplankton production caused by upwelling by the Ningaloo and Leeuwin Currents. The Ningaloo
Current is a northward-flowing current inshore of the Leeuwin Current, parallel to Ningaloo reef. However, the
Leeuwin Current from the Indo-Pacific Throughflow causes higher nutrient concentrations than the Ningaloo
Current (Vanderklift ez al., 2020). Brewer et al. (2007) showed currents due to southward flow of the ITF causes
increased production on the Exmouth Plateau, supported by the Dampier Ridge upwelling in the north. The
Ningaloo area is at the southern end of the Exmouth Plateau and is subject to both the Leeuwin and Ningaloo
current upwelling. High but variable production of zooplankton, including krill, support large planktivores, such
as whale sharks and manta rays which feed on the high zooplankton abundance. It appears the sub-adult whale
sharks migrate north along the Western Australia archipelago range of islands at Ashmore, Cartier and then north
into the Banda Sea, Indonesia apparently looking for zooplankton areas to breed as adults.

As the Galapagos Marine Park is also in the tropical Pacific Ocean, the whale sharks were investigated for their
relationship with the Indo-Pacific Throughflow, which comes from the extensive area of the tropical western
Pacific islands. It was noted that fish stocks, including whale sharks, are known to migrate through the
archipelago of Western and Central Pacific Islands. Importantly, the Western and Central Pacific Fisheries
Commission, defines the islands as a fish migration area, including whale sharks, extending from the Micronesia
islands, east of the Philippine islands, as far west as French Polynesia. The western islands are connected to the
East Pacific Rise and the Galapagos Rise, containing the Galapagos Islands, and Cocos Ridge to the Isthmus
connecting north and South America. As whale sharks are known to travel through the western and central Pacific
islands, it is likely the study on upwelling at the islands by Helber and Weisberg (2001) is a possible reason why
the whale sharks can move west from Galapagos through the Pacific islands to Indonesia. They found that
although the geophysical causes of upwelling in the western Pacific islands are different from those in the central
Pacific islands, the upwelling was estimated at about the same amount. Although the production of zooplankton
by the upwelling is unknown in the area, it is expected the whale sharks may feed on the extensive coral reef areas
around the islands that contain abundant small fish, coral related animals and potentially intermittent high-density
areas of zooplankton. Significantly, the stated aim of the Commission is to ensure the long-term sustainability of
highly migratory fish stocks, including whale sharks that are protected by all the island nations.

Finally, whale sharks at Yucatan in the Caribbean Sea, off the western Atlantic Ocean are abundant at times due to
zooplankton production by upwelling. The study by Jouanno et al. (2018) showed zooplankton production at the
Yucatan shelf is caused by wind-forced upwelling of nutrient rich water over the continental shelf. The coastal
waters of the Yucatan, called the Campeche Bank, have fringing coral reefs (Aguilar-Medrano and Vega-Cendejas,
2019) that can also provide food items for whale sharks. As for the situation of whale sharks at Galapagos, it is
unlikely the population in the Caribbean is isolated from other tropical areas. As they occur in the western Atlantic
Ocean they may have migrated from Mozambique in southern tropical East Africa, following the productive
waters of South Africa and then north along the African west coast to the Gulf of Guinea, off Angola and Nigeria
(Weir, 2010). The west coast zooplankton is expected to be supported by nutrient upwelling of the Guinea Current
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warm water (Djakouré, 2024). Then, as shown for whales by Hodgson (2025), the whale sharks could migrate to
the Caribbean Sea via the mid-Atlantic Ridge, possibly through the Cape Verde islands off the west coast of Africa.
The comparison is consistent with seamounts associated with the mid-ocean ridges as important for pelagic fish
and their predators. The whale sharks probably enter the Caribbean Sea through the waters off Venezuela where
the highest phytoplankton and zooplankton production occurs (Mendoza, 1993; Hodgson, 2017) due to upwelling
at the Venezuelan shelf (Andrade et al., 2003) and then move to the Yucatan Peninsula.

4.3 Ecosystem conditions and whale shark protection by biological production

Due to the low biological production of whale sharks in all six areas, from 0.002 to 0.011 t/km?/year, it appears all
whale sharks require protection from fishing. The biological production of a fishery is important in setting the
Ecosystem-Based Fishery Management, EBFM, as described by Hodgson (2022). For example, equation 5 in
Hodgson (2022) shows Ppred = Qpred x VTTE, where in this case, the predator production, Ppred, is whale shark
production, Qpred, is the production of zooplankton consumed by the whale sharks, and VTTE is square root of
the biological production trophic transfer efficiency, TTE. It was shown the TTE was estimated by TTE = 0.54 x
TL'2%, where TL is the trophic level. The whale shark TL is 3.6 + 0.5 from fishbase
(https://fishbase.se/summary/2081) gives TTE = 0.1075, which is the transfer efficiency from zooplankton
production, in TL 2, to whale shark production, in TL3. The TTE of about 11% is what drives whale shark growth,
as shown in Figure 2, by consumption of zooplankton. The importance of the zooplankton consumption transfer is

demonstrated by the zooplankton consumption for large juveniles measured by Motta et al. (2010) at Raja Ampat,
Indonesia. They found consumption averaged about 15.85 kg/day, giving 5.785 t/km?/year. Using the weighted
average P/B for zooplankton of 75.9 by Ainsworth et al. (2007) in the Raja Ampat area, the estimated zooplankton
production consumption is 439 t/km?'year. However, uptake by whale sharks is potentially reduced to 47.2
t/km?/year due to the TTE (47.2 = 439 x 0.1075). The approximate 90% reduction is due to respiration and
defecation losses (Hodgson, 2022).

Using the ecosystem VTTE from the Ppred equation, the V0.1075 = 0.328, so the equation Ppred = Qpred x VTTE
is 0.004 = Qpred x 0.328. Assuming the above data and information is correct, the net consumption of
zooplankton production by whale sharks in the area, Qpred is estimated at 0.012 = (Ppred 0.004/TTE 0.328)
t/km?/year, only about 11% of the TTE of 0.1075. That overall 98.8% reduction in zooplankton production
consumption from 439 t/km?/year by Motta et al. (2010) to 47.2 t/km?/year and then to about 5.27 t/km?*'year
(47.2 x 0.1116 {0.012/0.1075}) of explains the low biological production of the whale sharks in Table 1. The
cause of the low production is not known but probably due to the long distances swam looking for zooplankton
food (Hearn et al. 2016).

The low production indicates all whale sharks needing protection from fishing, as shown above applied at all the
Pacific Islands. That is consistent with protection of all whales, including the large zooplankton Krill consumption
by baleen whales, by Minke whales, (Balaenoptera bonaerensis), Humpback whales (Megaptera novaengliae),
Fin whales (B. physalus), Right whales (Eubalaena australis), blue whale (Balaenoptera musculus) and Sei whale
(B. borealis), see Reilly et al. (2004). In addition, a similar low production may apply for the zooplankton feeding
manta rays and Basking sharks, so protection of those species should also be investigated.

The following further research is suggested. As the P/B ratios in Ecopath models for whale sharks are limited, it is
suggested they are undertaken according to the recommended method in Christensen et al. (2005) at the following
locations when whale sharks are present feeding on abundant zooplankton: The Philippine Island archipelago,
Yucatan and Ningaloo coral reefs and at the long migration areas of Maldives, South-Eastern Africa, coastal South
Africa, in the Guinea Current, west coast of Africa, Cape Verde Islands, as well as in the fish migration corridor of
the Pacific islands. Their diet at coral reefs is important for support of their very long migration across the Pacific
Ocean. Hence, research at the Pacific islands could also confirm the whale shark diet of range of coral reef
plankton, found by whale shark feeding at the coral reefs around Yucatan by Motta et al. (2010) and similar
findings by Rohner et al. (2013) at Mozambique and South Africa to support long-distance movements (Rohner et
al. (2022).
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5 Conclusions

The study findings of low biological production show the importance of protection of whale shark migrations
supported by upwelling processes at open ocean seamounts and the island mass effect at tropical islands. The
effect of nutrient upwelling by deep sea currents likely encourages whale shark migrations to seamount and island
areas. It is hoped that these insights for the ecological basis for whale shark growth rates will be of assistance to
biologists and ecosystem modelers for ongoing management of whale shark feeding and migration areas with
potentially increased ecological stability of the world’s tropical ocean areas.
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