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Introduction

The intricate architecture of fish gills has evolved to serve dual crucial roles: facili-
tating efficient gas exchange and meticulously regulating internal osmotic balance
within diverse aquatic environments [1]. These vital organs are highly specialized,
with their structure and function being profoundly influenced by the prevailing salin-
ity of the water body they inhabit, whether it be freshwater or the marine realm [2].
Freshwater species, dwelling in hypotonic conditions where water tends to move
into the body, have developed gill structures optimized to maximize the uptake of
dissolved oxygen, which is often less abundant in these waters [3]. Conversely,
marine fish, living in hypertonic environments where water loss is a constant chal-
lenge, possess gills adapted to conserve water and actively excrete excess salts
absorbed from their surroundings [4]. This fundamental divergence in gill mor-
phology reflects sophisticated evolutionary adaptations that enable fish to thrive
in ecological niches with vastly different osmotic pressures [5]. The functional
morphology of these respiratory and osmoregulatory surfaces is a testament to
the selective pressures exerted by varying water qualities, necessitating distinct
anatomical configurations to maintain homeostasis [6]. Understanding these com-
parative gill adaptations provides significant insight into the physiological strate-
gies employed by fish to survive and flourish across a broad spectrum of aquatic
habitats [7]. Research consistently points to the gill lamellae and filaments as the
primary sites for both gas diffusion and ion transport, with their surface area and
cellular composition being key determinants of efficiency [8]. The delicate balance
between oxygen requirements and osmotic challenges dictates the fine-tuning of
gill structures, leading to remarkable diversity in form and function across piscine
species [9]. Ultimately, the evolutionary trajectory of fish gills is inextricably linked
to their habitat’s salinity, shaping their capacity for respiration and osmoregulation
in profound ways [10].

Description

The comparative study of gill architecture between freshwater and marine teleosts
reveals significant morphological and functional differences tailored to their re-
spective environments [1]. Freshwater fish gills are characterized by a larger sur-
face area, achieved through a greater number of gill filaments and lamellae, which
enhances oxygen uptake in environments with lower dissolved oxygen concentra-
tions and hypotonic conditions [2]. In contrast, marine fish gills are adapted for ion
regulation and osmoregulation in hypertonic environments, featuringmore chloride
cells and a more compact lamellar structure to minimize water loss and facilitate
salt excretion [3]. Research into the cellular and ultrastructural variations in gill
epithelia highlights that freshwater species possess thinner lamellae and a higher
density of chloride cells, while marine species exhibit thicker lamellar epithelia with
specialized chloride cells equipped for active ion transport [4].

The functional morphology of gill filaments and lamellae demonstrates that fresh-
water fish have a higher surface area to volume ratio to facilitate efficient oxygen
diffusion, whereas marine fish possess mechanisms to reduce water efflux and en-
hance ion uptake through specialized ionocytes [5]. The structural plasticity of fish
gills in response to environmental salinity is also notable; freshwater species de-
velop more lamellar folds and increased interlamellar spacing for enhanced oxygen
diffusion, while marine species exhibit a higher density of mitochondria-rich cells
and specialized transporters for ion extrusion [6]. The physiological implications of
these morphological differences are substantial, with the increased surface area of
freshwater gills being crucial for oxygen uptake in oxygen-poor water, and the spe-
cialized ion-transporting cells in marine gills being vital for osmotic homeostasis
in saline waters [7].

Structural variations in gill rakers and arches, while significant for feeding adapta-
tions in some species, are secondary to the primary roles of filaments and lamel-
lae in gas exchange and ion balance, with distinct arrangements tailored to os-
motic challenges [8]. Histological examination confirms denser packing and a
greater number of secondary lamellae in freshwater fish for maximized oxygen
diffusion, and enhanced ion secretion capacity in marine fish mediated by spe-
cialized chloride cells, reinforcing the link between gill structure and osmoregula-
tory demands [9]. Furthermore, molecular mechanisms involving aquaporins and
ion transporters, along with adaptations in ionocyte density, enable fish to main-
tain osmotic balance across different salinities, with gill lamellar structure directly
influencing the efficiency of these processes [10].

Conclusion

Fish gills exhibit distinct structural and functional adaptations based on their
aquatic environment’s salinity. Freshwater fish gills are designed to maximize
oxygen uptake in hypotonic, oxygen-poor waters, featuring a larger surface area
with more lamellae. Marine fish gills, in contrast, are optimized for ion regulation
and osmoregulation in hypertonic waters, with adaptations to reduce water loss
and excrete excess salts, including specialized chloride cells and a more compact
lamellar structure. These adaptations involve differences in lamellar thickness,
ionocyte density, and the arrangement of gill filaments, all crucial for maintaining
homeostasis and survival in their respective habitats. Molecular mechanisms and
structural plasticity further contribute to their ability to cope with varying osmotic
conditions.
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