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All organisms on Earth, from the smallest viruses to the largest mammals,
share a fundamental driving force: reproduction. Effective reproductive strate-
gies are crucial for the survival and continuation of species. These strategies
involve a series of morphological, physiological, and behavioral adaptations
that enhance the chances of successful courtship, mating, fertilization, fetal
development, and offspring survival within a given ecological context.

Marine mammals are categorized into three main orders: Carnivora, Cetar-
tiodactyla, and Sirenia. The order Carnivora includes pinnipeds (such as seals,
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sea lions, and walruses) and polar bears. These species originated from
terrestrial carnivores, with pinnipeds and polar bears diverging from their
most recent common ancestors approximately 27.4 million years ago and
400,000 years ago, respectively. Cetaceans, belonging to the order Cetartio-
dactyla, include whales, dolphins, and porpoises. They emerged around 55.5
million years ago from ancestors shared with artiodactyls. The order Sirenia,
comprising manatees and dugongs, evolved from a common ancestor with
terrestrial proboscideans approximately 63.9 million years ago.'
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Figure 1. Schematic diagram of the unique evolution of reproductive strategies of marine mammals (A) Embryonic diapause. (B) High-energy milk. (C) Cooling system. (D)

Underwater nursing.

The transition of marine mammals from land to a water environment
necessitated complex adaptations in reproductive physiology, structure, and
behavior. Unlike their terrestrial relatives, marine mammals face significant
geographical and energy constraints as primary physical challenges in the
marine environment. These strong selective pressures have driven the evolu-

tionary innovation of reproductive strategies in marine mammals.

EVOLUTION IN REPRODUCTIVE PHYSIOLOGY
Pinnipeds, polar bears, and sea otters have evolved a unique reproductive
strategy known as embryonic diapause. This adaptation allows for reproduc-
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tive activities to occur during the optimal time, enhancing offspring survival.
During embryonic diapause, after the fertilized egg develops to the blastocyst
stage, its development is temporarily halted or slowed in the uterus. At this
stage, the blastocyst keeps an undifferentiated state, and the duration of
diapause varies among species. Importantly, this process does not have any
adverse effects on the subsequent development of the blastocyst (Figure 1A).

The occurrence and duration of embryonic diapause in marine mammals
is highly dependent on photoperiod. For example, in seals, embryonic
diapause concludes after the autumnal equinox in the Northern Hemisphere,
as daylight hours gradually decrease. Scientists have started to unravel the
hormonal regulatory framework and identify small molecular regulatory
factors in certain species in which embryonic diapause has been extensively
researched. Nevertheless, understanding the precise regulatory mechanisms
governing embryonic diapause remains notably limited.”

Milk, a key evolutionary feature of mammals, functions as an energy
carrier, transferring energy and nutrients acquired by the mother from food or
stored in her body to her offspring. Marine mammals have evolved more effi-
cient milk compositions to cope with the ocean's high heat capacity.
Compared to terrestrial mammals, such as cattle (3.2% fat) and horse (1.6%
fat), marine mammals exhibit remarkably high-fat concentrations in their
milk, averaging 33.7%, with some species reaching as high as 50-61.1%.” The
hooded seal is an extreme example of this adaptation, with a particularly
short lactation period. It breeds on seasonal pack ice, where the instability of
the breeding ground necessitates compressing their nursing period to just
four days. The fat content in their milk can reach up to 61.1%, facilitating the
rapid accumulation of a thick blubber layer in the pups (Figure 1B).

EVOLUTION IN REPRODUCTIVE STRUCTURE

In male marine mammals, such as cetaceans, seals, and sirenians, the
testes are located inside their bodies. This internal positioning serves to
protect the testes and streamline their bodies, reducing drag in the water.
While this arrangement prevents the testes from dissipating heat through
contact with water and sacrifices their natural cooling function, these species
have developed unique vascular adaptations to prevent sperm viability from
being compromised by high temperatures in the inguinal region. This distinc-
tive reproductive cooling system involves venous blood flowing through the
relatively cooler surface of the skin to release heat, which then connects with
the testes' high-surface-area venous plexus, maintaining the testicular
temperature slightly below body temperature (Figure 1C).

Cetaceans, particularly odontocetes, have some of the highest ratios of
testicular weight to body weight among mammals, with their testes weighing
7 to 25 times more than those of similarly sized terrestrial mammals.” This
adaptation is related to the competitive mating strategy of cetaceans, where
males with larger testes can produce more sperm. The abundance of sperm
can dilute or even displace the sperm of other males, maximizing the
chances of passing on their germplasm to the next generation.

A unique structure found in female seals is the hymenal folds, which
contain muscular cells that can close the vaginal opening. This genital lock
prevents seawater, sand, and debris from entering the vaginal canal during
mating. These characteristics reflect the adaptive innovations of marine
mammals to their aquatic environment.

EVOLUTION IN REPRODUCTIVE BEHAVIOR

The life histories of marine mammals show two distinct choices in how the
costs of reproduction are financed: capital breeding and income breeding.
Capital breeding involves utilizing reserves stored prior to the reproductive
period to support reproduction, whereas income breeding refers to the situa-
tion of using timely energy intake to finance reproduction. Due to the
geographic separation between breeding and feeding grounds, some phocid
species and most large baleen whales adopt a fasting strategy during lacta-
tion, known as capital breeding. This is in contrast to terrestrial mammals,
which rarely fast. Toothed whales, walruses, and sirenians employ an aquatic-
nursing strategy, known as income breeding. Mothers feed their young exclu-
sively at sea and forage during lactation. In contrast to the fasting strategy
with shorter lactation periods, income breeding involves relatively longer

lactation cycles, varying by species, and ranging from a few months to
several years.

Unlike animals that nurse on land or floating ice, cetaceans face the more
complex challenge of nursing underwater. In female cetaceans, the nipples
are retracted within mammary slits located on either side of the genital area
on the abdomen. As a result, calves typically position themselves beneath the
mother at an appropriate angle to access the nipples, using their tongues to
wrap around the nipples (Figure 1D).

CURRENT KNOWLEDGE AND FUTURE PERSPECTIVES

Despite significant progress in understanding the reproductive strategies of
marine mammals, the genetic basis underlying these evolutionary innova-
tions remains largely unknown. However, with the rapid advancement of
genome sequencing and bioinformatics technologies, we can leverage these
tools to decode the molecular mechanisms behind marine mammals' unique
reproductive adaptations at a whole-genome level. By analyzing the genomes
of marine mammals, scientists can identify specific gene variations and
regulatory networks associated with their reproductive strategies. These
discoveries not only reveal how marine mammals adapt to their unique
aquatic environments but also provide valuable insights into the broad adapt-
ability of life on Earth.

Notable progress has already been made in genomics from the perspec-
tives of adaptive and convergent evolution in marine mammals, such as
echolocation in toothed whales, thermoregulation, and diving physiology."”
Although most marine mammals inhabit remote and challenging environ-
ments, posing significant sampling challenges for genome sequencing, initia-
tives such as the Genome Projects for Marine Mammals and The Pinniped
Genomes Consortium have enabled scientists to share genomic data and
develop new methods for studying marine mammal genomics. These efforts
facilitate research into the molecular mechanisms underlying marine
mammal reproductive strategies.”

The marine environment shapes the unique reproductive strategies of
marine mammals, maximizing reproductive success and ensuring the
survival of offspring in challenging conditions. However, due to environmen-
tal changes and anthropogenic threats, some marine mammal species have
become extinct, such as the Caribbean monk seal (Neomonachus tropicalis)
and Steller's sea cow (Hydrodamalis gigas). Many species are now on the
brink of extinction or endangered. Therefore, understanding and conserving
their reproductive strategies is crucial for the protection and management of
global marine mammal populations.
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