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Abstract: Phosphorus is essential for all life forms on Earth, including eukaryotes (animals,
plants, fungi, and protists), prokaryotes (bacteria and archaea), and even viruses. Its signifi-
cance stems primarily from its presence in nucleic acids (DNA and RNA), where it forms
a crucial part of the backbone structure. Beyond this, phosphorus plays a pivotal role in
countless biological processes, supporting life at its core. In this article, the author explores
the possible causes of stomach loss, focusing specifically on phosphorus absorption, verte-
bral calcification, and reproduction. Large gonads, characteristic of external fertilization,
require substantial amounts of phosphorus for gametogenesis in both females and males,
particularly in the latter. This demand has driven the evolutionary calcification of vertebrae,
which serve as a phosphorus storage organ. Moreover, to efficiently absorb phosphorus
from their diets, shellfish-eating fish have evolved to either lose their stomachs or reduce
gastric acidity, minimizing the formation of calcium phosphate precipitates in the intestine.

Keywords: bone calcification; external fertilization; phosphorus absorption; reproduction;
stomach loss

Key Contribution: This paper presents the likely causes of the evolutionary loss of acid-
secreting stomachs and endoskeletal ossification in vertebrates.

1. Introduction
In the 18th century, the Italian biologist Lazzaro Spallanzani studied a wide variety of

animal species’ digestive mechanisms with an emphasis on the functions of stomachs [1].
He demonstrated that gastric fluid plays a crucial role in preventing food spoilage in the
stomach. In accord with this, the acid-secreting stomach first evolved in gnathostomes,
which possessed strong jaws to prey on larger organisms. Spallanzani exemplified serpents,
as they require several days to digest large prey. He also confirmed that gastric fluid could
restore putrefied food—a common occurrence in the wild—highlighting its significance,
particularly for carrion feeders like vultures, jackals, and hyenas.

Spallanzani found that gastric fluid possesses a strong solvent property, enabling
solubilization of large prey in the stomach, while sending smaller amounts of chyme to
the intestine for absorption. He identified the presence of marine acid, now known as
hydrochloric acid, in the gastric fluid. Furthermore, he noted the absence of a stomach in
the barbel, a species of fish, but did not delve into any details. Spallanzani’s findings were
complemented by his contemporaries, including Réaumur, Stevens, and Hunter, who made
related contributions to the understanding of gastric physiology [2]. Currently, several
lineages of fish are known to have lost their stomachs during the process of evolution
(known as agastrics). Agastric species, therefore, have sacrificed all these apparently
beneficial functions of the stomach. But why?
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A critical investigation into the causes of stomach loss may require careful examination
of the physiological and ecological differences among various animal species with varying
levels of gastric acidity (not just agastric vs. monogastric). Although the driving causes of
stomach loss have been extensively discussed by researchers from various backgrounds,
the physiological advantages of stomach loss remain largely unknown [3–5]. However, to
the best of the author’s knowledge, this issue has never been analyzed from a phosphorus
(P) perspective. In this context, I propose an alternative hypothesis based on P: Acid
secretion was not only a futile effort but even detrimental to some ancient gnathostomes
that eventually evolved into agastric species.

2. Stomach for Want of P?
Phosphorus is an essential element with numerous critical functions in the body [6].

However, unlike calcium (Ca) and other inorganic elements, P is scarcely present in am-
bient water, which means aquatic animals like fish must obtain it from their diets [7,8].
Invertebrates, including most protostome and deuterostome species, have relatively low P
requirements due to their lower bodily P content. In contrast, vertebrates, including fish,
have significantly higher P needs, primarily because their skeletal systems are composed of
Ca phosphates. Indeed, fish are the most P-rich organisms in aquatic ecosystems [9].

To efficiently absorb dietary P, gnathostomes may evolve a stomach that secretes acid
to dissolve Ca phosphate in vertebrate prey. However, this hypothesis may not hold true
because many prey organisms contain considerable amounts of non-apatite P (i.e., P not
bound to Ca). Invertebrate prey, like mollusks, crustaceans, and zooplankton, typically
contain 0.8–0.9% non-apatite P per dry mass [9–11]. These levels of non-apatite P are higher
than the dietary P requirements of most fish species (~0.6% per dry diet [12]), meaning
that predatory fish can absorb sufficient P from prey without the need for acid secretion or
dissolving bone-P (apatite-P).

For example, some cyprinids (agastric) are piscivorous and capable of absorbing only
non-apatite P in baitfish [13,14]. The whole-body Ca content of baitfish is approximately
0.5% [10,11]. Given the molar ratio of Ca to P in hydroxyapatite (5/3), the mass ratio is
about 200/93, yielding a bone-P content of around 0.23%. Since the total body P content of
fish is around 0.45%, the non-apatite P is approximately 0.22% (wet basis). With an average
water content of 75%, this equates to about 0.87% non-apatite P on a dry weight basis,
which is well above dietary requirements. During the post-larval to early juvenile stages,
when fish grow rapidly, they are most vulnerable to P deficiency [12]. However, during
this period, fish typically consume zooplankton, which are rich in non-apatite P. Thus, even
agastric fish can meet their P needs in their natural habitats.

An alternative explanation for acid-secreting stomachs may be that they evolved not
primarily for P absorption but to dissolve bones and shells, preventing large fragments
from obstructing the intestine or injuring enterocytes. This would be crucial for carnivores
that swallow prey whole. However, piscivorous cyprinids and other agastric fish use
pharyngeal teeth or analogous organs to masticate bones and shells, making acid secretion
less necessary. In species without pharyngeal teeth, such as salmonids, acid secretion may
still play a critical role in solubilizing prey bones. However, is this the only reason for the
evolution of an acid-secreting stomach?

The acid-secreting stomach first appeared in elasmobranch fish [15]. In these cartilagi-
nous fish, the stomach is highly acidic, with a 12-h postcibal pH as low as 2 [16]. Why do
these primitive stomachs secrete strong acids that are stronger than those of most teleosts
and comparable to mammals? While chondrichthyans may not need large amounts of P
for their less calcified endoskeletons, they may require P for their teeth and placoid scales.
Sharks, for instance, continuously replace their teeth at a replacement rate of 10–20 days
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per row, depending on the species [17]. Since the primary constituents of teeth, dentin,
and enamel are Ca phosphates, the P demand for tooth regeneration could be significant.
Additionally, the elasmobranches swallow their prey whole without mastication, and their
stomach retention time is considerably long [18,19]. Hence, strong gastric acid enables pis-
civorous sharks to dissolve large prey, preserve them in the stomach without putrefaction,
and efficiently absorb P.

Gastric acid dissolves hydroxyapatite-P in vertebrate prey, which is subsequently
absorbed passively in the anterior intestine, including the pyloric ceca [20]. Hence, dietary
acidification significantly enhances P absorption in fish meal-based aquaculture feed [21].
Nonetheless, any excess P above the fish’s requirement will be excreted in urine. Consider-
ing that most prey organisms contain non-apatite P (bioavailable P) in amounts above the
dietary requirement, dissolving apatite-P may not provide a meritorious effect. Therefore,
the role of gastric acid secretion may not primarily be for P acquisition.

3. Is Stomach Necessary?
The stomach has various functions, such as food storage at low pH, acid disinfection

of microbial contaminants, secretion of intrinsic factor (vitamin B12-binding protein), and
partial digestion [22]. However, these functions might not be essential for survival, as
gastrectomy in humans, for example, is not life-threatening. In species like carp, intrinsic
factors may be supplied by microbial activity in their long, coiled intestines, while their
constant nibbling and feeding habits eliminate the need for food storage.

Some agastrics (e.g., grass carp, silver carp, and scarids) are herbivorous or phyto-
plankton feeders. Agastric herbivores digest their food through trituration using their
well-developed pharyngeal teeth or grinding mills. Mullets have a stomach with weak
acidity but compensate with a well-developed gizzard to grind leafy materials [23]. In
contrast, cichlids such as tilapias possess a stomach, and their strong gastric acidity en-
ables them to lyse algal cell walls [24]. Apparently, the stomach is dispensable when the
trituration apparatus is present.

Carps, gobies, parrotfishes, and many other fish families or genera independently
lost the acid-secreting stomach [5]. What is common among these agastric species is their
benthic feeding habits, where they prey on bivalves, gastropods, crustaceans, and other
shellfish high in Ca carbonate (CaCO3). As fish absorb sufficient Ca from the water via
gills [25], dietary CaCO3 is nutritionally useless for fish, except in very low Ca environments,
which is rare even in freshwater habitats [8]. Furthermore, dietary CaCO3 neutralizes gastric
acid, rendering acid secretion futile. In fact, CaCO3 is a common antacid in humans, used
to buffer or neutralize gastric acid, providing relief from indigestion and heartburn [26,27].
Consequently, secreting gastric acid while consuming CaCO3-rich prey becomes largely a
wasted effort [3]. By abandoning the energetically costly process of gastric acid secretion,
carp and other agastric species could redirect energy toward other physiological needs, such
as growth and reproduction [28,29]. This is certainly a compelling explanation. However,
there may be additional, even more plausible, reasons for stomach loss among these species.

4. Alternative Perspective: Bioavailability of Dietary P
In various animals, including fish, the intestinal absorption of dietary inorganic phos-

phate (Pi) is heavily influenced by the presence of Ca and other cations in the same diet.
These minerals can combine with Pi in the intestine to form insoluble salts, such as Ca
phosphates, which reduce P absorption. Crushed shells processed by fish with pharyngeal
teeth or analogous organs remain inert in the gastrointestinal tract unless solubilized by
stomach acid [14]. As early as 1899, Paton et al. [30] wrote, “Lime salts are thought to form
insoluble compounds with phosphoric acid in the intestine, thus preventing its absorption”.
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Therefore, acid secretion could be detrimental when CaCO3-rich prey are involved, as
solubilized Ca could reduce P absorption. By eliminating the stomach, agastric species
have optimized P absorption from their CaCO3-rich diets (Table 1).

Table 1. Absorption of calcium and phosphorus from different types of prey by animals with different
gastric acidity.

Prey Absorption 4
No Acid
Secretion 5

(pH 6–7)

Weakly Acidic
Stomach 6

(pH 3–4)

Highly Acidic
Stomach 7

(pH < 2)

Shellfishes 1 Ca
P

±
+

+
+

++
±

Fishes 2 Ca
P

0
+

+
+

++
++

Low Ca 3 Ca
P

+
+

+
+

+
+

1 Calcium carbonate CaCO3-rich prey (e.g., mollusks, crustaceans, echinoderms, and corals). 2 Calcium phosphate
or hydroxyapatite Ca10(PO4)6(OH)2-rich prey (i.e., vertebrates). 3 Low-calcium prey (e.g., insects, annelids,
and plants). 4 Absorption efficiency of Ca and P by three types of animal species (no acid, weakly acidic, and
highly acidic stomachs). 5 Fishes (e.g., cyprinids, belonids, cyprinodontids, tetraodontids, labrids, dipnoids,
holocephalans, agnathans) and animals (monotremes, larval stomach of amphibians, and many herbivores,
including colobine monkeys with no functional stomach). 6 Most actinopterygian fishes. 7 Birds, mammals
(carnivorous and omnivorous), and some fishes (elasmobranchs, tilapia, and clariid catfish). Symbols: 0 (no
absorption), ± (slight absorption); + (low absorption; the requirement level), ++ (high absorption).

In fish, Phillips et al. [31] conducted a landmark study in which brook trout were fed
synthetic diets containing 32P and varying levels of Ca. When the diet lacked Ca, the fish
absorbed all of the dietary P within 24 h. However, at a Ca/P ratio of 1/1, about 15% of the
dietary P remained unabsorbed, and at a Ca/P ratio of 4/1, 40% of the dietary P remained
unabsorbed after 24 h. In subsequent studies, Phillips et al. [32,33] found that increasing
dietary Ca progressively reduced P utilization, with the highest P retention occurring
at a Ca/P ratio of 0/1. Similarly, Nakamura [34] fed common carp semi-purified diets
containing varying levels of Ca (0.1–2.6%) while maintaining a constant P level (0.64%).
The sources of Ca and P (Ca lactate and KH2PO4) were both highly soluble. The highest
P absorption (98%) was observed with the lowest Ca content (0.1%), and P absorption
decreased as dietary Ca increased.

In humans, hyperphosphatemia is common in individuals with chronic kidney disease
(CKD), leading to vascular calcification and an increased risk of mortality. Consequently,
lowering the serum Pi levels is crucial in these patients. To achieve this, various compounds
known as P binders are used to reduce intestinal Pi absorption. Among the most commonly
used are Ca carbonate, Ca acetate, and Ca lactate [35]. Most importantly, Ca carbonate
requires strong gastric acidity to be effective, whereas more soluble Ca acetate and lactate
work across a broader range of pH levels [36].

In pufferfish, which lack a functional stomach, Laining et al. [37] found that adding
1.5% CaCO3 to a dry diet did not reduce P absorption, although addition of 3.0% caused
a slight reduction. Since CaCO3 is most soluble at pH 1–3, its dissolution in the stomach
is necessary for effective P binding [38]. The absence of a negative effect on P absorption
in pufferfish may be due to the unaltered passage of CaCO3 through the stomach, which
prevents reactions between Ca and P in the intestine. This suggests that the interaction be-
tween Ca and P depends on the chemical form of Ca and the presence of gastric acidity [39].
Soluble Ca compounds are generally more effective at preventing intestinal P absorption
than CaCO3 [40].

Of course, not all agastrics are benthic or shellfish feeders (e.g., grass carp, silver
carp). These species may have secondarily evolved from a common ancestor similar to the
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common carp. In addition to cyprinids, other fish species like pufferfish (Tetraodontidae),
parrotfish (Scaridae), and wrasses (Labridae) also lack a functional stomach. These fish
feed on CaCO3-rich benthic organisms, such as clams, snails, and crustaceans, utilizing
well-developed incisors or pharyngeal teeth. Similarly, beloniforms, which are stomachless
carnivores, spawn in drifting algae near the ocean surface, where their larval and juvenile
stages—most susceptible to P deficiency—feed on CaCO3-rich crustaceans (e.g., amphipods,
zoea, megalopa) found in the algae, also using pharyngeal teeth. The dipnoians and
holocephalians, both of which are durophagous agastrics, use tooth plates to crush the hard
shells of their prey [41,42].

The Senegal sole, a marine flatfish, does possess a stomach but secretes very little acid,
maintaining a nearly neutral gastric pH even after feeding [43]. Similar to other agastric
species, it feeds on CaCO3-rich benthic invertebrates, including clams and crustaceans.
For these species, evolutionary loss of the stomach or its functions is likely a food-driven
adaptation, reflecting selective pressures related to their diet.

The gastric pH of salmonids, particularly Atlantic salmon, is relatively high, ranging
from pH 4.0 to 5.2 [44,45]. These and other salmonids feed on various crustacean prey in
ocean habitats, which contributes to their pink coloration due to prey-derived astaxanthin.
Crustaceans are rich in CaCO3, which is only minimally soluble at pH 4. It seems that
salmonids finely adjust their gastric pH to minimize CaCO3 solubilization while at the
same time preventing spoilage of prey in the stomach.

The loss of the stomach may have occurred independently across different teleost
lineages, but the reason appears to be common: preventing Ca-P precipitation in the gut.
This finding is supported by the fact that most, if not all, agastric species are durophagous.
For many teleosts, acquiring large amounts of P from their diverse prey seems critical for
reproductive success, given the high demand for P for external fertilization, as discussed below.

5. External Fertilization Elicited Vertebral Calcification
Unlike land animals and chondrichthyans, most teleosts rely on external fertilization.

External fertilization is much less efficient than internal fertilization in terms of both
fertilization rate and survival rate of offspring, as reasoned by Aristotle [46] and studied
by numerous researchers in a wide variety of species [47]. Many teleosts, such as salmon,
smelt, and eel, develop significantly large ovaries and testes as they mature, with gametes
occupying a predominant portion of the intra-peritoneal cavity, compressing other internal
organs, including the gastrointestinal tract. In general, larger ovaries and testes can enhance
the success rate of external fertilization (Figure 1).

As gametes are particularly rich in P, large amounts of P are required for gametogenesis
in both ovaries and testes, especially in the latter. For example, studies on maturing Biwa
salmon Oncorhynchus masou rhodurus have shown a significant decrease in vertebral ash
and P concentrations in males (discussed below), suggesting mobilization of bone-derived
P for spermatogenesis [48]. It can be inferred, therefore, that the primary role of fish bones
might be as a P reservoir for reproduction. In other words, ancient fish likely evolved
calcified bones to store large amounts of P in the form of Ca phosphate (hydroxyapatite),
providing the necessary resources for reproductive processes.

Early research by Meischer [49] and Paton [50] found that in salmon, P stored in
muscles as simple phosphates is transferred to the ovaries and testes during reproduction,
where it is converted into organic compounds. Although their studies did not measure P in
hard tissues, later work by Milroy [51] on herring sought to identify the precursors of these
organic P compounds that rapidly accumulate in the gonads during reproduction.
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Figure 1. The large amounts of phosphorus (P) required for external fertilization drove vertebral
ossification and, in durophagous fishes, the loss of the stomach. In most actinopterygians, the
evolution of traits to enhance reproductive success created strong selective pressure to store abundant
P in their bodies, optimizing gamete production for external fertilization. Selective advantages
are also evident in adaptations, such as stomach loss or reduced gastric acidity, which improve P
absorption from prey, particularly in durophagous fishes. In the figure, black stars represent CaCO3-
rich prey (e.g., mollusks, crustaceans, echinoderms, and corals) and orange dots indicate male and
female gametes.

The P content of maturing ovaries or eggs is notably high due to the presence of phos-
phoproteins, while the P content in the testes is also significant because of the nucleic acids
involved. Bruce [52] reported that maturing herring gonads contained between 0.37–0.38%
P in females and 0.51–0.57% P in males. The author wrote, “the developing gonads make a
heavy demand for phosphorus, the testes having relatively the higher requirement”.

Vinogradov [53] compiled extensive data on the mineral compositions available at that
time. From his Table #295, he reported that the mineral content of fish roe (as a percentage
of living matter) was as follows: sturgeon roe contained 0.13% Ca and 0.67% P; salmon roe
had 0.10% Ca and 0.35% P; trout roe, 0.05% Ca and 0.33% P; pike roe, 0.04% Ca and 0.31%
P; cod roe, 0.09% Ca and 0.31% P; and seabass roe, 0.02% Ca and 0.11% P. He noted that P
levels in roe were significantly higher than Ca, remarking, “The P is highest in the roe, . . .
In the roe, there is 5 to 10 times more P than Ca”. MEXT [10] similarly reported that cod roe
contains 0.02% Ca and 0.39% P, while cod milt contains 0.01% Ca and 0.43% P. The high P
content in eggs is likely due to the substantial forthcoming need for P during the prelarval
stage, as it is essential for DNA synthesis and skeletal growth. During this period, fish can
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absorb sufficient Ca from water [54]. The elevated P content in milt may be attributed to
the high concentrations of nucleic acids and ATP in the sperm.

While Ca is abundant in the surrounding water, P can only be sourced from the diet.
During gonadal maturation, however, anadromous salmon with a semelparous life history
essentially stop feeding. Consequently, the high P content found in the growing ovary
(i.e., vitellogenin and phosvitin) and testis (rich in DNA and ATP) must have originated
from non-dietary sources. As P concentrations in water are extremely low and absorption
capacity is minimal [11], the primary source of P for gonadal maturation is likely the body’s
own reserves, such as bones and scales, which serve as P storehouses. Indeed, significant
bone resorption occurs during this period to supply the necessary P for spermatogenesis
and oogenesis, as discussed below.

Tartrate-resistant acid phosphatase (TRAP) is a marker enzyme for osteoclast activity
in bones and scales. Persson et al. [55] found that injecting juvenile rainbow trout (body
weight 43 g) with estradiol-17b (E2) increased osteoclastic activity (measured by TRAP
levels) and plasma Ca concentrations while reducing the Ca content in scales, indicating
increased resorption. They suggested that during sexual maturation, rainbow trout protect
their skeletons using scales as a Ca source. No mention was made of P. Similar results
were reported by Persson et al. [56], and in subsequent studies [57,58], increased scale
resorption with elevated TRAP and plasma Ca levels was observed in both male and
female maturing trout. However, these authors attributed the increased resorption in
river-ascending salmon and E2-injected trout to the increased need for Ca. Given the
abundance of Ca in water and its efficient absorption, as well as the significantly lower Ca
content in gonads compared to P, it is more plausible that bone and scale resorption during
sexual maturation primarily serves to mobilize P for gonads. This has been experimentally
confirmed by Yamada et al. [59], Witten and Hall [60], and others.

Earlier studies, such as those by Lopez et al. [61], also found that female eels undergo-
ing sexual maturation exhibited bone decalcification (osteoclastic resorption) accompanied
by elevated serum Ca and P levels. Kacem et al. [62] and Kacem and Meunier [63] observed
significant reductions in vertebral ash content in Atlantic salmon during spawning migra-
tion, with similar degrees of demineralization reported for both male and female fish. These
findings are consistent with those of other studies documenting reductions in vertebral
or scale mineral content during sexual maturation in various fish species (reviewed by
Kacem et al. [62]).

The primary function of calcified bones (and scales) in fish appears to be to serve as
major P storehouses, supplying large quantities of P for gametogenesis. Additionally, hy-
droxyapatite bones support vigorous locomotive activities, such as anadromous migration.
Ca phosphate endoskeletons, rather than Ca carbonate endoskeletons, allow fish to utilize
more ATP during intense muscular activity, which locally produces lactic acid through
anaerobic glycolysis. Ca phosphate is less soluble in acidic conditions compared to Ca
carbonate [64–66]. Furthermore, bones likely play a crucial role in scale regeneration, as P
is translocated from the bone to new scales to prepare for potential predatory attacks as
quickly as possible [67].

Research suggests that male salmon may be more prone to P deficiency during matu-
ration than females, which could explain why female salmon are responsible for creating
spawning beds, or “redds”. Taguchi et al. [48] conducted an experiment with maturing
Biwa salmon over 90 days, feeding them either a low P diet (0.36% available P content)
or a commercial diet (0.49% available P content). The study found that fish on the low P
diet exhibited significantly lower bone ash content in males (44%) compared to females
(51%), while both sexes on the commercial diet maintained normal bone ash content (54%
in males, 51% in females). In addition, the bone P content of fish on the low P diet was
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lower in males (8.3%) than in females (9.4%). These findings imply that male fish require
more P than females during gametogenesis, confirming the findings of Bruce [52]. The
lower bone ash content observed in maturing male salmon may explain why female salmon
are responsible for digging redds in the wild, a task that involves using their caudal fins
to move river gravel. Male salmon with their demineralized bones may lack the physi-
cal strength to perform this task, compounded by reduced ATP levels associated with P
deficiency, particularly during and after exercise (reviewed in Sugiura [11]).

During gametogenesis, osteoclast activity in the scales increases, resulting in deminer-
alization of the scales. Estrogen receptors are present in the scales, bones, and intestines [68].
Estradiol (E2) is known to mobilize scale minerals through increased osteoclast activity
while enhancing the absorption of minerals in the intestines [69]. Pinto et al. [70] demon-
strated that seabass experiences significant increases in plasma Ca, P, and vitellogenin
levels five days after receiving an E2 injection. Many researchers have attributed this scale
turnover to the increased need for Ca during gonadal maturation [58,68,70–75]. However,
it is more plausible that this process is driven by an increased demand for P rather than Ca.

In maturing tilapia, Urasa et al. [76] found no detectable mobilization of bone Ca and
P during the ovarian cycle under normal conditions. However, when female tilapia were
fed a P-deficient diet, bone P was mobilized. The P content of the eggs from these fish was
only slightly lower than that of the control group, but the spawning interval increased from
18 days (control) to 27 days in P-deficient fish. Plasma Ca concentrations in the females
correlated with the gonadosomatic index (GSI), indicating increased bone resorption to
withdraw P as the fish matured.

Obviously, P deficiency has a detrimental effect on reproductive capacity, which in
turn drives the process of natural selection, favoring the development of enhanced P
absorption mechanisms. In many actinopterygians, this evolutionary adaptation might
involve the complete abandonment of the stomach or a significant reduction in gastric
acidity to optimize P absorption in the intestine and/or the development of P storage
organs in the body (e.g., apatite bones, scales).

Vertebral calcification first appeared in some Devonian osteichthyans and is likely
to enhance the efficiency of external fertilization, as proposed in this paper. However,
as vertebrates transitioned from aquatic to terrestrial environments and from external to
internal fertilization—which requires much less P for gametogenesis—the role of calcified
bones underwent a dramatic shift (more discussion below).

6. What About Land Animals?
As Aristotle noted [46], species that rely on internal fertilization, such as most ter-

restrial animals and chondrichthyans, produce only a small quantity of male and female
gametes. This means that for these species, the P requirements for gametogenesis are
relatively low compared to species that rely on external fertilization that produce large
amounts of gametes. Thus, the P hypothesis does not adequately explain stomach loss and
skeletal ossification in terrestrial animals.

In terrestrial animals, the primary function of gastric acid secretion is likely to be Ca
acquisition. Soft tissues like flesh and viscera contain little Ca, so carnivores rely on bones
(Ca phosphate) and shells (Ca carbonate) as their main Ca sources, both of which require
acid solubilization for absorption. Moreover, terrestrial animals have to invest more in
skeletal P and Ca to support their bodies against gravity [77]. For instance, the whole-body
Ca content of adult humans averages 1.6% (wet body basis [78]), 2–4 times higher than that
of fish (0.4–0.7%). Fish that float in water do not require as much bone strength.

Land animals might therefore increase their gastric acidity to dissolve Ca compounds
in their food by evolving parietal cells to replace less efficient oxyntopeptic cells, creating a
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highly acidic stomach [13,15]. In addition, in birds that lay eggs with CaCO3 shells, strong
gastric acid helps enhance Ca absorption from their prey. Of course, gastric acid sterilizes
food microbes, making food storage possible. These functions highlight the benefits of
acid-secreting stomachs in land animals. However, in some species (described below), these
benefits may not be helpful, potentially reducing the necessity for a functional stomach.

The platypuses Ornithorhynchus anatinus forage on various species of aquatic in-
sects, along with significant proportions of mollusks and crustaceans. Another group
of monotremes, echidnas, feed on insects and annelid worms [79–81]. Notably, earthworms
contain relatively high concentrations of Ca [82]. Their prey is fresh and easily digestible,
reducing the need for gastric acid secretion.

Many herbivorous mammals, including leaf-eating monkeys, are known to have nearly
neutral stomachs [83]. They feed primarily on fresh leaves, which contain few pathogenic
bacteria compared to meat or fish, rendering gastric acid unnecessary for these animals.
However, the natural diets of herbivores are often deficient in Ca and even more so in
sodium. Therefore, how do they meet their mineral requirements? They may obtain various
minerals not from the diet but from natural licks [84–86]. Additionally, terrestrial animals
develop a specific appetite for these minerals when their dietary intake is insufficient [87].
Therefore, for herbivores, strong stomach acids may not offer significant benefits.

Consequently, even though mutations occurred in genes related to stomach function,
these animals were not negatively selected for survival. In fact, such mutations may
have had an overall positive effect, as the stomach is a double-edged sword. Gastric
acid secretion is energetically costly, and maintaining the stomach imposes a significant
metabolic burden [29]. Thus, the reduction or complete loss of stomach function could
enhance a species’ survival through natural selection. The disuse or loss of the stomach
did not result in negative consequences, but could instead be advantageous by eliminating
both its benefits and drawbacks.

Many anuran tadpoles have an underdeveloped stomach, known as a larval stom-
ach, which does not secrete acid or pepsin. However, after metamorphosis, the stomach
becomes fully functional [88]. Tadpoles are generally omnivorous, feeding on algae, small
crustaceans, and mollusks. Producing acid to digest such CaCO3-rich prey would reduce
intestinal P absorption. In contrast, adult frogs need to obtain sufficient Ca from Ca-poor
insects [89]. Therefore, they require an acidic stomach to digest and absorb Ca efficiently in
terrestrial environments. In many anurans, skeletal ossification likely evolved in response
to their terrestrial habitats and external fertilization, both of which may have exerted strong
selective pressure for the development of well-ossified, robust bones, ultimately adapted to
fully terrestrial environments.

Extant sarcopterygians (coelacanths and lungfish) have skeletons with minimal ossifi-
cation; however, Devonian sarcopterygians, such as Eusthenopteron, had partially ossified
skeletons [90–92], implying their dependency on bone-stored P for gametogenesis, at least
partly. This may have marked the origin of vertebral calcification, enabling sarcopterygians
to evolve into land-dwelling animals. Although some mammals, such as cetaceans and sire-
nians, transitioned to fully aquatic habitats, they did not lose their ossified bones. Instead,
they adapted these bones for use as buoyancy-controlling organs [93,94]. The functions and
roles of bones appear to be highly variable among animals adapted to different habitats.

7. External Fertilization Without Skeletal Ossification
The advantages of internal fertilization include minimal wastage of gametes, high

fertilization rate, and high survival rate of offspring. Its key disadvantage is the relatively
small number of offspring that can be produced, which reflects the differences between r-
and K-selection strategies [95]. Aquatic animals that rely on internal fertilization, such as
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chondrichthyans and coelacanths [92,96], require less P than externally fertilized species.
Consequently, they did not develop highly ossified skeletons and, as a result, were unable
to expand their habitats to terrestrial environments. Most gastropods, cephalopods, and
arthropods primarily reproduce via internal fertilization or similar systems. They produce
relatively small amounts of gametes, which reduces their P requirements. Consequently,
they have not evolved P storage organs like hydroxyapatite skeletons.

In contrast, aquatic animals that rely on external fertilization require high levels of P
for gametogenesis. The development of a P storage organ, such as ossified vertebrae, was
therefore necessary or at least beneficial for these species. Nonetheless, some species that
rely on external fertilization still do not ossify their skeletons. Then, how do they manage
to achieve external fertilization successfully?

Extant dipnoids (lungfish), a sister group of tetrapods, lay many eggs and fertilize
them externally [97]. However, fertilization takes place in enclosed spaces, such as nests or
stagnant water, which reduces the number of gametes required and eliminates the need
for a well-ossified skeleton. Being iteroparous [97], they likely feed during gametogenesis,
further reducing the necessity for P reserves in their bodies. Similarly, agnathans lay a
relatively small number of eggs multiple times or produce many small eggs. Their testes
are small, and eggs fertilized in enclosed spaces require minimal gametes, leading to low P
requirements for gametogenesis [98–100]. Primitive actinopterygians (e.g., chondrosteans
and cladistians), which have less calcified bones, store P in structures like scutes and
ganoid scales.

Echinoderms, despite lacking vertebrae, successfully achieve external fertilization.
They have developed nutrient-storage cells known as nutritive phagocytes. These cells store
and transfer nutrients to developing gametes; thus, their volume is inversely proportional
to the volume of gametes in both males and females [101–103]. Apparently, among various
externally fertilizing species, endoskeletal ossification was only one of the many paths in
adaptive evolution strategies.

8. Conclusions
The present paper only addressed a single perspective (i.e., the P-perspective) using

mostly a deductive mold. However, the scientific process, being inherently inductive,
necessitates the integration of diverse perspectives—such as physiological, ecological,
taxonomical, molecular, and microbial—to establish a more comprehensive and robust
epistemological framework. Developing such an interdisciplinary understanding requires
collective effort, as individual researchers are often highly specialized within their respec-
tive fields of expertise. Complex phenomena, such as stomach loss and vertebral calcifica-
tion, represent significant scientific challenges that demand a more holistic, integrative, and
methodologically rigorous approach to effectively address their underlying mechanisms.

Funding: The author declares that no funding supported the present work.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are presented in this paper.

Acknowledgments: This article was initially published as discursive notes by the same author
(Section 51: Evolutionary view of gastric acid secretion and P absorption [11]) and has since undergone
significant editorial revisions.

Conflicts of Interest: The author declares no conflicts of interest.



Fishes 2025, 10, 48 11 of 14

References
1. Spallanzani, L. Dissertations Relative to the Natural History of Animals and Vegetables; Volume 1; Murray, J., Ed.; Indiana University

Library: Bloomington, IN, USA, 1784; p. 391, (translated from Italian).
2. Gillespie, A.L. The Natural History of Digestion; Walter Scott Ltd.: London, UK, 1898; p. 427.
3. Castro LF, C.; Gonçalves, O.; Mazan, S.; Tay, B.H.; Venkatesh, B.; Wilson, J.M. Recurrent gene loss correlates with the evolution of

stomach phenotypes in gnathostome history. Proc. R. Soc. B Biol. Sci. 2014, 281, 20132669. [CrossRef] [PubMed]
4. Kato, A.; Pipil, S.; Ota, C.; Kusakabe, M.; Watanabe, T.; Nagashima, A.; Chen, A.-P.; Islam, Z.; Hayashi, N.; Wong, M.K.-S.; et al.

Convergent gene losses and pseudogenizations in multiple lineages of stomachless fishes. Commun. Biol. 2024, 7, 408. [CrossRef]
[PubMed]

5. Wilson, J.M.; Castro, L.F.C. Morphological diversity of the gastrointestinal tract in fishes. Fish Physiol. 2011, 30, 1–55.
6. Peacock, M. Phosphate metabolism in health and disease. Calcif. Tissue Int. 2021, 108, 3–15. [CrossRef] [PubMed]
7. Harvey, H.W. The Chemistry and Fertility of Sea Waters; Cambridge University Press: London, UK, 1956; p. 240.
8. Livingstone, D.A. Chemical Composition of Rivers and Lakes (Vol. 440); US Government Printing Office: Washington, DC, USA, 1963;

p. 64.
9. Penczak, T. Phosphorus, nitrogen, and carbon cycling by fish populations in two small lowland rivers in Poland. Hydrobiologia

1985, 120, 159–165. [CrossRef]
10. MEXT. Standard Tables of Food Composition in Japan, 7th ed.; Japanese Ministry of Education, Culture, Sports, Science and

Technology: Tokyo, Japan, 2015.
11. Sugiura, S.H. Phosphorus in Fish Nutrition; Bookway Academic Publishing: Hyogo, Japan, 2018; p. 420.
12. Sugiura, S.H.; Hardy, R.W.; Roberts, R.J. The pathology of phosphorus deficiency in fish–a review. J. Fish Dis. 2004, 27, 255–265.

[CrossRef]
13. Sugiura, S.H.; Roy, P.K.; Ferraris, R.P. Dietary acidification enhances phosphorus digestibility but decreases H+/K+-ATPase

expression in rainbow trout. J. Exp. Biol. 2006, 209, 3719–3728. [CrossRef]
14. Sugiura, S.H. Digestion and absorption of dietary phosphorus in fish. Fishes 2024, 9, 324. [CrossRef]
15. Koelz, H.R. Gastric acid in vertebrates. Scand. J. Gastroenterol. Suppl. 1992, 193, 2–6. [CrossRef]
16. Papastamatiou, Y.P.; Lowe, C.G. Postprandial response of gastric pH in leopard sharks (Triakis semifasciata) and its use to study

foraging ecology. J. Exp. Biol. 2004, 207, 225–232. [CrossRef]
17. Botella, H.; Valenzuela-Ríos, J.I.; Martínez-Pérez, C. Tooth replacement rates in early chondrichthyans: A qualitative approach.

Lethaia 2009, 42, 365–376. [CrossRef]
18. Papastamatiou, Y.P.; Purkis, S.J.; Holland, K.N. The response of gastric pH and motility to fasting and feeding in free swimming

blacktip reef sharks, Carcharhinus melanopterus. J. Exp. Mar. Bio. Ecol. 2007, 345, 129–140. [CrossRef]
19. Sullivan, M.X. The Physiology of the Digestive Tract of Elasmobranchs (Bureau of Fisheries Document No. 625); US Government Printing

Office: Washington, DC, USA, 1907; p. 27.
20. Sugiura, S.H.; McDaniel, N.K.; Ferraris, R.P. In vivo fractional Pi absorption and NaPi-II mRNA expression in rainbow trout are

upregulated by dietary P restriction. Am. J. Physiol. 2003, 285, R770–R781. [CrossRef] [PubMed]
21. Sugiura, S.H.; Dong, F.M.; Hardy, R.W. Effects of dietary supplements on the availability of minerals in fish meal; preliminary

observations. Aquaculture 1998, 160, 283–303. [CrossRef]
22. Barrett, K.E.; Barman, S.M.; Yuan, J.; Brooks, H.L. Ganong’s Review of Medical Physiology; Mcgraw Hill Education: New York, NY,

USA, 2019.
23. Payne, A.I. Gut pH and digestive strategies in estuarine grey mullet (Mugilidae) and tilapia (Cichlidae). J. Fish Biol. 1978, 13,

627–629. [CrossRef]
24. Lobel, P.S. Trophic biology of herbivorous reef fishes: Alimentary pH and digestive capabilities. J. Fish Biol. 1981, 19, 365–397.

[CrossRef]
25. Guh, Y.J.; Lin, C.H.; Hwang, P.P. Osmoregulation in zebrafish: Ion transport mechanisms and functional regulation. EXCLI J.

2015, 14, 627–659.
26. Garg, V.; Narang, P.; Taneja, R. Antacids revisited: Review on contemporary facts and relevance for self-management. Int. J. Med.

Res. 2022, 50, 1–22. [CrossRef]
27. Washington, N. Antacids and Anti Reflux Agents; CRC Press: Boca Raton, FL, USA, 1991; p. 320.
28. Kopic, S.; Murek, M.; Geibel, J.P. Revisiting the parietal cell. Am. J. Physiol. 2010, 298, C1–C10. [CrossRef]
29. Schubert, M.L. Gastric secretion. Curr. Opin. Gastroen. 2010, 26, 598–603. [CrossRef]
30. Paton, D.N.; Dunlop, J.C.; Aitchison, R.S. Contributions to the study of the metabolism of phosphorus in the animal body.

J. Physiol. 1900, 25, 212–224. [CrossRef] [PubMed]
31. Phillips, A.M.; Podoliak, H.A.; Brockway, D.R.; Vaughn, R.R. Metabolism of Water and Food Phosphorus by Brook Trout. Cortland

Hatchery Report No. 26 for the Year 1957; New York State Conservation Department: Albany, NY, USA, 1958; pp. 39–67.

https://doi.org/10.1098/rspb.2013.2669
https://www.ncbi.nlm.nih.gov/pubmed/24307675
https://doi.org/10.1038/s42003-024-06103-x
https://www.ncbi.nlm.nih.gov/pubmed/38570609
https://doi.org/10.1007/s00223-020-00686-3
https://www.ncbi.nlm.nih.gov/pubmed/32266417
https://doi.org/10.1007/BF00032137
https://doi.org/10.1111/j.1365-2761.2004.00527.x
https://doi.org/10.1242/jeb.02436
https://doi.org/10.3390/fishes9080324
https://doi.org/10.3109/00365529209095998
https://doi.org/10.1242/jeb.00741
https://doi.org/10.1111/j.1502-3931.2009.00152.x
https://doi.org/10.1016/j.jembe.2007.02.006
https://doi.org/10.1152/ajpregu.00127.2003
https://www.ncbi.nlm.nih.gov/pubmed/12816744
https://doi.org/10.1016/S0044-8486(97)00302-5
https://doi.org/10.1111/j.1095-8649.1978.tb03476.x
https://doi.org/10.1111/j.1095-8649.1981.tb05842.x
https://doi.org/10.1177/03000605221086457
https://doi.org/10.1152/ajpcell.00478.2009
https://doi.org/10.1097/MOG.0b013e32833f2010
https://doi.org/10.1113/jphysiol.1900.sp000790
https://www.ncbi.nlm.nih.gov/pubmed/16992529


Fishes 2025, 10, 48 12 of 14

32. Phillips, A.M.; Podoliak, H.A.; Dumas, R.F.; Thoesen, R.W. Metabolism of Dissolved Phosphorus by Trout; Metabolism of Dietary
Phosphorus by Brook Trout. Cortland Hatchery Report No. 27 for the Year 1958; New York State Conservation Department: Albany, NY,
USA, 1959; pp. 19–57.

33. Phillips, A.M.; Podoliak, H.A.; Livingston, D.L.; Dumas, R.F.; Thoesen, R.W. Effect of Regular Feeding on the Utilization of Dietary
Phosphorus by Brook Trout. Cortland Hatchery Report No. 28 for the Year 1959; New York State Conservation Department: Albany, NY,
USA, 1960; pp. 46–55.

34. Nakamura, Y. Effects of dietary phosphorus and calcium contents on the absorption of phosphorus in the digestive tract of carp.
Bull. Jpn. Soc. Sci. Fish. 1982, 48, 409–413. [CrossRef]

35. Salusky, I.B. A new era in phosphate biner therapy: What are the options? Kidney Int. 2006, 70, S10–S15. [CrossRef] [PubMed]
36. Schucker, J.J.; Ward, K.E. Hyperphosphatemia and phosphate binders. Am. J. Health-Syst. Ph. 2005, 62, 2355–2361. [CrossRef]

[PubMed]
37. Laining, A.; Ishikawa, M.; Kyaw, K.; Gao, J.; Binh, N.T.; Koshio, S.; Yamaguchi, S.; Yokoyama, S.; Koyama, J. Dietary cal-

cium/phosphorus ratio influences the efficacy of microbial phytase on growth, mineral digestibility and vertebral mineralization
in juvenile tiger puffer, Takifugu rubripes. Aquacult. Nutr. 2011, 17, 267–277. [CrossRef]

38. Rees, L.; Shroff, R. The demise of calcium-based phosphate binders-is this appropriate for children? Pediatr. Nephrol. 2015, 30,
2061–2071. [CrossRef]

39. Sheikh, M.S.; Maguire, J.A.; Emmett, M.; Santa Ana, C.A.; Nicar, M.J.; Schiller, L.R.; Fordtran, J.S. Reduction of dietary phosphorus
absorption by phosphorus binders. A theoretical, in vitro, and in vivo study. J. Clin. Investig. 1989, 83, 66–73. [CrossRef]

40. Takahashi, N.; Shoji, T.; Matsubara, K.; Hitomi, H.; Hashimoto, M.; Kiyomoto, H.; Koichi, U.; Shigehiro, M.; Mamoru, H.; Tsutomu,
I.; et al. Effect of histamine H2-receptor antagonist on the phosphorus-binding abilities of calcium carbonate and calcium lactate
in hemodialysis patients. J. Am. Soc. Nephrol. 1999, 10, 1090–1094. [CrossRef]

41. Bemis, W.E.; Lauder, G.V. Morphology and function of the feeding apparatus of the lungfish, Lepidosiren paradoxa (Dipnoi).
J. Morphol. 1986, 187, 81–108. [CrossRef]

42. Roman, J.M.; Chierichetti, M.A.; Barbini, S.A.; Scenna, L.B. Feeding habits of the cockfish, Callorhinchus callorynchus (Holocephali:
Callorhinchidae) from off northern Argentina. Neotrop. Ichthyol. 2020, 18, e180126. [CrossRef]

43. Yúfera, M.; Darias, M.J. Changes in the gastrointestinal pH from larvae to adult in Senegal sole (Solea senegalensis). Aquaculture
2007, 267, 94–99. [CrossRef]

44. Krogdahl, Å.; Sundby, A.; Holm, H. Characteristics of digestive processes in Atlantic salmon (Salmo salar). Enzyme pH optima,
chyme pH, and enzyme activities. Aquaculture 2015, 449, 27–36.

45. Usher, M.L.; Talbot, C.; Eddy, F.B. Effects of transfer to seawater on digestion and gut function in Atlantic salmon smolts (Salmo
salar L.). Aquaculture 1990, 90, 85–96. [CrossRef]

46. Smith, J.A.; Ross, W.D. (Eds.) The Works of Aristotle (Volume 4, 5); Clarendon Press: Oxford, UK, 1910, 1912.
47. Levitan, D.R. Sperm limitation, sperm competition and sexual selection in external fertilizers. In Sperm Competition and Sexual

Selection; Birkhead, T.R., Møller, A.P., Eds.; Academic Press: San Diego, CA, USA, 1998; pp. 173–215.
48. Taguchi, T.; Yamaoka, A.; Tanaka, H.; Kawamura, K.; Sugiura, S. Effects of low-phosphorus feed on fish performance, fish quality

and effluent phosphorus concentration in maturing Biwa salmon Oncorhynchus masou rhodurus. Aquacult. Sci. 2012, 60, 19–31.
49. Meischer. Biochemical studies on the Rhine salmon. Arch. Exp. Path. Pharm. 1896, 37, 100, (cited in Chemistry of Food and Nutrition,

2nd ed.; Sherman, H.C., Ed.; The Macmillan Company: New York, NY, USA, 1919; p. 246).
50. Paton, D.N. The physiology of the salmon in fresh water. J. Physiol. 1898, 22, 333–356.
51. Milroy, T.H. Changes in the chemical composition of the herring during the reproductive period. Biochem. J. 1908, 3, 366–390.

[CrossRef]
52. Bruce, J.R. Changes in the chemical composition of the tissues of the herring in relation to age and maturity. Biochem. J. 1924, 18,

469–485. [CrossRef]
53. Vinogradov, A.P. The Elementary Chemical Composition of Marine Organisms (No. 2); Sears Foundation for Marine Research; Yale

University: New Haven, CT, USA, 1953.
54. Ogino, C.; Yasuda, S. Changes in inorganic constituents of developing rainbow trout eggs. Bull. Jpn. Soc. Sci. Fish. 1962, 28,

788–791. [CrossRef]
55. Persson, P.; Johannsson, S.H.; Takagi, Y.; Björnsson, B.T. Estradiol-17β and nutritional status affect calcium balance, scale and

bone resorption, and bone formation in rainbow trout, Oncorhynchus mykiss. J. Comp. Physiol. B 1997, 167, 468–473. [CrossRef]
56. Persson, P.; Takagi, Y.; Björnsson, B.T. Tartrate resistant acid phosphatase as a marker for scale resorption in rainbow trout,

Oncorhynchus mykiss: Effects of estradiol-17β treatment and refeeding. Fish Physiol. Biochem. 1995, 14, 329–339. [CrossRef]
[PubMed]

57. Persson, P.; Sundell, K.; Björnsson, B.T.; Lundqvist, H. Calcium metabolism and osmoregulation during sexual maturation of
river running Atlantic salmon. J. Fish Biol. 1998, 52, 334–349. [CrossRef]

https://doi.org/10.2331/suisan.48.409
https://doi.org/10.1038/sj.ki.5001997
https://www.ncbi.nlm.nih.gov/pubmed/17136110
https://doi.org/10.2146/ajhp050198
https://www.ncbi.nlm.nih.gov/pubmed/16278327
https://doi.org/10.1111/j.1365-2095.2009.00749.x
https://doi.org/10.1007/s00467-014-3017-y
https://doi.org/10.1172/JCI113886
https://doi.org/10.1681/ASN.V1051090
https://doi.org/10.1002/jmor.1051870108
https://doi.org/10.1590/1982-0224-2018-0126
https://doi.org/10.1016/j.aquaculture.2007.02.009
https://doi.org/10.1016/0044-8486(90)90285-U
https://doi.org/10.1042/bj0030366
https://doi.org/10.1042/bj0180469
https://doi.org/10.2331/suisan.28.788
https://doi.org/10.1007/s003600050098
https://doi.org/10.1007/BF00004071
https://www.ncbi.nlm.nih.gov/pubmed/24197501
https://doi.org/10.1111/j.1095-8649.1998.tb00801.x


Fishes 2025, 10, 48 13 of 14

58. Persson, P.; Björnsson, B.T.; Takagi, Y. Characterization of morphology and physiological actions of scale osteoclasts in the rainbow
trout. J. Fish Biol. 1999, 54, 669–684. [CrossRef]

59. Yamada, Y.; Okamura, A.; Tanaka, S.; Utoh, T.; Horie, N.; Mikawa, N.; Oka, H.P. The roles of bone and muscle as phosphorus
reservoirs during the sexual maturation of female Japanese eels, Anguilla japonica Temminck and Schlegel (Anguilliformes). Fish
Physiol. Biochem. 2002, 24, 327–334. [CrossRef]

60. Witten, P.E.; Hall, B.K. Seasonal changes in the lower jaw skeleton in male Atlantic salmon (Salmo salar L.): Remodelling and
regression of the kype after spawning. J. Anat. 2003, 203, 435–450.

61. Lopez, E.; Mac Intyre, I.; Martelly, E.; Lallier, F.; Vidal, B. Paradoxical effect of 1.25 dihydroxycholecalciferol on osteoblastic and
osteoclastic activity in the skeleton of the eel Anguilla anguilla L. Calcif. Tissue Int. 1980, 32, 83–87. [CrossRef]

62. Kacem, A.; Gustafsson, S.; Meunier, F.J. Demineralization of the vertebral skeleton in Atlantic salmon Salmo salar L. during
spawning migration. Comp. Biochem. Phys. A 2000, 125, 479–484. [CrossRef]

63. Kacem, A.; Meunier, F.J. Halastatic demineralization in the vertebrae of Atlantic salmon, during their spawning migration. J. Fish
Biol. 2003, 63, 1122–1130. [CrossRef]

64. Doherty, A.H.; Ghalambor, C.K.; Donahue, S.W. Evolutionary physiology of bone: Bone metabolism in changing environments.
Physiology 2015, 30, 17–29. [CrossRef]

65. Ruben, J.A.; Bennett, A.A. The evolution of bone. Evolution 1987, 41, 1187–1197. [CrossRef]
66. Wagner, D.O.; Aspenberg, P. Where did bone come from? An overview of its evolution. Acta Orthop. 2011, 82, 393–398. [CrossRef]

[PubMed]
67. Weiss, R.E.; Watabe, N. Studies on the biology of fish bone—I. Bone resorption after scale removal. Comp. Biochem. Physiol. A 1978, 60,

207–211. [CrossRef]
68. Guerreiro, P.M.; Fuentes, J. Control of calcium balance in fish. In Fish Osmoregulation; Baldisserotto, B., Mancera, J.M., Kapoor,

B.G., Eds.; Science Publishers: Enfield, NH, USA, 2007; Chapter 15; pp. 427–495.
69. Loewen, T.N.; Carriere, B.; Reist, J.D.; Halden, N.M.; Anderson, W.G. Linking physiology and biomineralization processes to

ecological inferences on the life history of fishes. Comp. Biochem. Phys. A 2016, 202, 123–140. [CrossRef] [PubMed]
70. Pinto, P.I.; Estêvão, M.D.; Andrade, A.; Santos, S.; Power, D.M. Tissue responsiveness to estradiol and genistein in the sea bass

liver and scale. J. Steroid Biochem. Mol. Biol. 2016, 158, 127–137. [CrossRef]
71. Carragher, J.F.; Sumpter, J.P. The mobilization of calcium from calcified tissues of rainbow trout (Oncorhynchus mykiss) induced to

synthesize vitellogenin. Comp. Biochem. Phys. A 1991, 99, 169–172. [CrossRef]
72. Guerreiro, P.M.; Renfro, J.L.; Power, D.M.; Canario, A.V. The parathyroid hormone family of peptides: Structure, tissue

distribution, regulation, and potential functional roles in calcium and phosphate balance in fish. Am. J. Physiol. 2007, 292,
R679–R696. [CrossRef]

73. Mugiya, Y.; Watabe, N. Studies on fish scale formation and resorption-II. Effect of estradiol on calcium homeostasis and skeletal
tissue resorption in the goldfish, Carassius auratus, and the killifish, Fundulus heteroclitus. Comp. Biochem. Phys. A 1977, 57, 197–202.
[CrossRef]

74. Pinto, P.I.; Estêvão, M.D.; Power, D.M. Effects of estrogens and estrogenic disrupting compounds on fish mineralized tissues. Mar.
Drugs 2014, 12, 4474–4494. [CrossRef]

75. Suzuki, N.; Danks, J.A.; Maruyama, Y.; Ikegame, M.; Sasayama, Y.; Hattori, A.; Nakamura, M.; Tabata, M.J.; Yamamoto, T.; Furuya,
R.; et al. Parathyroid hormone 1 (1–34) acts on the scales and involves calcium metabolism in goldfish. Bone 2011, 48, 1186–1193.
[CrossRef]

76. Urasa, F.; Flik, G.; Wendelaar Bonga, S.E. Selective mobilization of phosphate from bone during ovarian development maturation
in the teleost Oreochromis mossambicus. In Fish Culture: Proceedings of the 7th Conference of the ESCPB; Promociones Publicaciones
Universitarias: Barcelona, Spain, 1985; p. A 1.9.

77. Sterner, R.W.; Elser, J.J. Ecological Stoichiometry: The Biology of Elements from Molecules to the Biosphere; Princeton University Press:
Princeton, NJ, USA, 2002; p. 439.

78. Irving, J.T. Calcium and Phosphorus Metabolism; Academic Press, Inc.: New York, NY, USA, 1973; p. 246.
79. Bino, G.; Kingsford, R.T.; Archer, M.; Connolly, J.H.; Day, J.; Dias, K.; Goldney, D.; Gongora, J.; Grant, T.; Griffiths, J.; et al. The

platypus: Evolutionary history, biology, and an uncertain future. J. Mammal. 2019, 100, 308–327. [CrossRef]
80. Hawke, T.; Bino, G.; Shackleton, M.E.; Ross, A.K.; Kingsford, R.T. Using DNA metabarcoding as a novel approach for analysis of

platypus diet. Sci. Rep. 2022, 12, 2247. [CrossRef] [PubMed]
81. Klamt, M.; Davis, J.A.; Thompson, R.M.; Marchant, R.; Grant, T.R. Trophic relationships of the platypus: Insights from stable

isotope and cheek pouch dietary analyses. Mar. Freshw. Res. 2015, 67, 1196–1204. [CrossRef]
82. Robertson, J.D. The function of the calciferous glands of earthworms. J. Exp. Biol. 1936, 13, 279–297. [CrossRef]
83. Beasley, D.E.; Koltz, A.M.; Lambert, J.E.; Fierer, N.; Dunn, R.R. The evolution of stomach acidity and its relevance to the human

microbiome. PLoS ONE 2015, 10, e0134116. [CrossRef]

https://doi.org/10.1111/j.1095-8649.1999.tb00645.x
https://doi.org/10.1023/A:1015059524947
https://doi.org/10.1007/BF02408525
https://doi.org/10.1016/S1095-6433(00)00174-4
https://doi.org/10.1046/j.1095-8649.2003.00229.x
https://doi.org/10.1152/physiol.00022.2014
https://doi.org/10.2307/2409087
https://doi.org/10.3109/17453674.2011.588861
https://www.ncbi.nlm.nih.gov/pubmed/21657973
https://doi.org/10.1016/0300-9629(78)90233-5
https://doi.org/10.1016/j.cbpa.2016.06.017
https://www.ncbi.nlm.nih.gov/pubmed/27328377
https://doi.org/10.1016/j.jsbmb.2015.12.023
https://doi.org/10.1016/0300-9629(91)90253-9
https://doi.org/10.1152/ajpregu.00480.2006
https://doi.org/10.1016/0300-9629(77)90455-8
https://doi.org/10.3390/md12084474
https://doi.org/10.1016/j.bone.2011.02.004
https://doi.org/10.1093/jmammal/gyz058
https://doi.org/10.1038/s41598-022-06023-y
https://www.ncbi.nlm.nih.gov/pubmed/35145160
https://doi.org/10.1071/MF15004
https://doi.org/10.1242/jeb.13.3.279
https://doi.org/10.1371/journal.pone.0134116


Fishes 2025, 10, 48 14 of 14

84. Matsubayashi, H.; Lagan, P.; Majalap, N.; Tangah, J.; Sukor, J.R.A.; Kitayama, K. Importance of natural licks for the mammals in
Bornean inland tropical rain forests. Ecol. Res. 2007, 22, 742–748. [CrossRef]

85. Matsuda, I.; Tuuga, A.; Bernard, H.; Sugau, J.; Hanya, G. Leaf selection by two Bornean colobine monkeys in relation to plant
chemistry and abundance. Sci. Rep. 2013, 3, 1873. [CrossRef]

86. Moe, S.R. Mineral content and wildlife use of soil licks in southwestern Nepal. Can. J. Zool. 1993, 71, 933–936. [CrossRef]
87. Denton, D. Mineral appetite: An overview. In Thirst: Physiological and Psychological Aspects; Ramsey, D.J., Booth, D., Eds.; Springer:

London, UK, 1991; pp. 131–146.
88. Barrington, E.J.W. The alimentary canal and digestion. Physiol. Fishes 1957, 1, 109–161.
89. Dierenfeld, E.S.; King, J. Digestibility and mineral availability of phoenix worms, Hermetia illucens, ingested by mountain

chicken frogs, Leptodactylus fallax. J. Herpetol. Med. Surg. 2008, 18, 100–105. [CrossRef]
90. Arratia, G.; Schultze, H.P.; Casciotta, J. Vertebral column and associated elements in dipnoans and comparison with other fishes:

Development and homology. J. Morphol. 2001, 250, 101–172. [CrossRef]
91. Cote, S.; Carroll, R.; Cloutier, R.; Bar-Sagi, L. Vertebral development in the Devonian sarcopterygian fish Eusthenopteron foordi and

the polarity of vertebral evolution in non-amniote tetrapods. J. Vertebr. Paleontol. 2002, 22, 487–502. [CrossRef]
92. Long, J.A.; Clement, A.M. The postcranial anatomy of two Middle Devonian lungfishes (Osteichthyes, Dipnoi) from Mt. Howitt,

Victoria, Australia. Mem. Mus. Vic. 2009, 66, 189–202. [CrossRef]
93. Gray, N.M.; Kainec, K.; Madar, S.; Tomko, L.; Wolfe, S. Sink or swim? Bone density as a mechanism for buoyancy control in early

cetaceans. Anat. Rec. 2007, 290, 638–653. [CrossRef] [PubMed]
94. Reidenberg, J.S. Anatomical adaptations of aquatic mammals. Anat. Rec. 2007, 290, 507–513. [CrossRef]
95. Angelini, F.; Ghiara, G. Reproductive modes and strategies in vertebrate evolution. Ital. J. Zool. 1984, 51, 121–203. [CrossRef]
96. Long, J.A.; Mark-Kurik, E.; Johanson, Z.; Lee, M.S.; Young, G.C.; Min, Z.; Ahlberg, P.E.; Newman, M.; Jones, R.; den Blaauwen,

J.; et al. Copulation in antiarch placoderms and the origin of gnathostome internal fertilization. Nature 2015, 517, 196–199.
[CrossRef]

97. Mosille, O.I.; Mmnoya, J.R. Reproductive biology of the East African lungfish (Protopterus aethiopicus) in Mwanza Gulf, Lake
Victoria. Afr. J. Ecol. 1988, 26, 149–162. [CrossRef]

98. Patzner, R.A. Gonads and reproduction in hagfishes. In The Biology of Hagfishes; Jørgensen, J.M., Lomholt, J.P., Weber, R.E., Malte,
H., Eds.; Chapman & Hall: London, UK, 1998; pp. 378–395.

99. Powell, M.L.; Kavanaugh, S.I.; Sower, S.A. Current knowledge of hagfish reproduction: Implications for fisheries management.
Integr. Comp. Biol. 2005, 45, 158–165. [CrossRef]

100. Sower, S.A.; Kawauchi, H. Reproduction in Agnathan Fishes: Lampreys and Hagfishes. In Hormones and Reproduction of Vertebrates;
Norris, D.O., Lopez, K.H., Eds.; Academin Press: Cambridge, MA, USA, 2011; pp. 193–208.

101. de Lima Bueno, M.; Garcia Tavares, Y.A.; Di Domenico, M.; Borges, M. Gametogenesis and weight change of body organs of the
sea cucumber Holothuria (Halodeima) grisea (Aspidochirotida: Holothuriidae) in Southern Brazil. Rev. Biol. Trop. 2015, 63, 285–296.

102. Harrington, L.H.; Walker, C.W.; Lesser, M.P. Stereological analysis of nutritive phagocytes and gametogenic cells during the
annual reproductive cycle of the green sea urchin, Strongylocentrotus droebachiensis. Invertebr. Biol. 2007, 126, 202–209. [CrossRef]

103. Walker, C.W.; Unuma, T.; Lesser, M.P. Gametogenesis and reproduction of sea urchins. In Developments in Aquaculture and Fisheries
Science; Elsevier: Amsterdam, The Netherlands, 2007; Volume 37, pp. 11–33.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11284-006-0313-4
https://doi.org/10.1038/srep01873
https://doi.org/10.1139/z93-121
https://doi.org/10.5818/1529-9651.18.3-4.100
https://doi.org/10.1002/jmor.1062
https://doi.org/10.1671/0272-4634(2002)022[0487:VDITDS]2.0.CO;2
https://doi.org/10.24199/j.mmv.2009.66.17
https://doi.org/10.1002/ar.20533
https://www.ncbi.nlm.nih.gov/pubmed/17516430
https://doi.org/10.1002/ar.20541
https://doi.org/10.1080/11250008409439459
https://doi.org/10.1038/nature13825
https://doi.org/10.1111/j.1365-2028.1988.tb00965.x
https://doi.org/10.1093/icb/45.1.158
https://doi.org/10.1111/j.1744-7410.2007.00090.x

	Introduction 
	Stomach for Want of P? 
	Is Stomach Necessary? 
	Alternative Perspective: Bioavailability of Dietary P 
	External Fertilization Elicited Vertebral Calcification 
	What About Land Animals? 
	External Fertilization Without Skeletal Ossification 
	Conclusions 
	References

