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invertebrados
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Abstract

The conquest of the terrestrial environment required numerous adaptations, although aerial 
respiration was what allowed animals to become completely independent of aquatic environments. 
Here, we analyze the specialized organs for air respiration, describing lungs, tracheas and some 
modifications of these organs that have occurred in certain gastropods and arthropods. These 
organs have appeared independently on numerous occasions, even in closely related taxa, and 
have experienced frequent regressions. In some cases, as in the palaeal cavity of the snail, the 
organs evolved from homologous structures, but independently in different lineages, with specific 
areas of the nervous system always being responsible for their control. Although the neurons 
that perform these tasks are ancient and may have a common evolutionary history, homologous 
visceral control structures do not seem to exist in vertebrates, nor among invertebrate phyla. 
This situation is clearly a consequence of the fact that respiration has evolved independently 
on numerous occasions, even within the same phylum, so that specific organs may be lost, or 
equivalent organs may arise independently and secondarily. However, as they arise from common 
ancestral structures, there could be cases of deep homology.

Keywords: morphological evolution, invertebrate histology, deep homology, respiratory system

Resumen

La conquista del ambiente terrestre requirió de numerosas adaptaciones, aunque la respiración 
aérea fue la que permitió a los animales hacerlo completamente e independizarse de los 
ambientes acuáticos. En esta revisión, se analizan los órganos especializados para la respiración 
aérea, describiendo pulmones, tráqueas y algunas transformaciones de los mismos en ciertos 
gasterópodos y artrópodos. Estos órganos han aparecido de forma independiente en numerosas 
ocasiones, incluso en taxones próximos, así como han experimentado frecuentes regresiones. En 
algunos casos, como ocurre con la cavidad paleal de los caracoles, los órganos evolucionan de 
estructuras homólogas, pero con independencia en distintos linajes, existiendo siempre áreas 
específicas del sistema nervioso encargadas de su control. A pesar de que las neuronas que realizan 
estas tareas, podrían tener una antigua historia evolutiva común, no parecen existir estructuras de 
control viscerales homólogas con los vertebrados, ni entre los filos de invertebrados. Esta situación 
claramente es consecuencia de que la respiración ha evolucionado en numerosas ocasiones en 
forma independiente incluso dentro del mismo filo, por lo que los órganos específicos pueden 
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INTRODUCTION

The conquest of the terrestrial environment seems 
to be particularly difficult and infrequent, while 
the opposite, the secondary return to the waters, 
is much more common (Vermeij & Watson-Zink, 
2022). Despite the above, the number of terrestrial 
eumetazoan species significantly exceeds that of 
aquatic ones, although the number of taxa at class 
level or higher that show this type of respiration 
are comparatively few with respect to strictly 
aquatic taxa (Watson-Zink, 2021).

Moreover, except for some crabs and amphipods 
that colonized terrestrial environments in the 
Cenozoic (a little more than half a hundred million 
years ago), most of the animals that initiated such 
a transition did so quite early in their evolution, 
between the Cambrian and the Carboniferous, a 
little more than three hundred million years ago. 
The groups that did so are the same as those found 
today (Watson-Zink, 2021), having happened 
independently as many as a dozen times in the 
case of crustaceans (Krieger et al., 2021), and 
in gastropods on about 30 occasions (Vermeij & 
Watson-Zink, 2022).

In such an event, the accompanying microbiome 
of the animals would have played a decisive role, 
for example, as in crabs (Cannicci et al., 2020), 
which seems logical at least in the context of 
the holobiont hypothesis, especially thinking of 
invertebrates, in which various microorganisms 
could live intracellularly and potentially exchange 
genetic material with the host (Zilber-Rosenberg 
& Rosenberg 2021).

The conquest of land encompasses numerous 
adaptations, some very complex (van Straalen, 
2021), although not always, as is the case in 
flatworms and annelids. Of all phyla, perhaps 
flatworms were the earliest to adapt to terrestrial 
environments (Sluys, 2019), probably through a 
single event. On the other hand, earthworms of 
the Crassiclitellata group also appear to have 
colonized terrestrial environments a single time 

from a freshwater ancestor, albeit quite late and 
much later than arthropods (van Straalen, 2021).

Although the number of higher-level taxa that 
respire in the aerial environment is small, the 
structures involved in this task present some very 
striking, yet somewhat different, adaptations. In 
the present article, we describe and compare the 
organs of the respiratory system in invertebrate 
phyla that have adapted to live in terrestrial 
ecosystems, with the exception of flatworms and 
annelids, since they generally do not exhibit 
particular respiratory adaptations for aerial life. 
This review deals with the structure of these 
systems, as well as those in charge of their control, 
which are part of the collectively termed visceral 
nervous systems. More or less recent reviews and 
books on these topics, with a fairly broad focus are: 
Harrison (2015); Perry et al. (2019) and Vermeij 
and Watson-Zink (2022) and the various articles 
and books by Maina (especially in Maina (2011) 
who provides a very interesting treatment of these 
problems). In order to write the present review, 
these works were consulted in the first instance, 
as well as others of a general nature, which were 
used to write a first text on which a more detailed 
study was made for each specific taxon/organ. For 
this second instance, various articles were selected 
that dealt in detail with a particular respiratory 
structure or a particular taxon. In some cases, the 
bibliography was abundant and it was possible 
to choose the most detailed and/or modern ones, 
while in other cases the bibliography was scarce 
and the subject could only be approached in a 
more limited way. In some cases, such as the 
"tracheal lungs" of certain gastropods, they 
were included because they seem to represent a 
structural variation far removed from that found 
in the majority of the members of the group. In 
total, about 200 papers were consulted, although 
131 were considered for the writing of this review, 
according to the criteria mentioned above. As 
for the taxonomy of the animals studied, in each 
case, the taxonomic schemes followed in the article 
cited in particular are respected. However, from a 
more global point of view and for panarthropods 

perderse o surgir otros equivalentes en forma independiente y secundaria. Sin embargo, como 
surgen de estructuras ancestrales comunes podrían ser casos de homología profunda.

Palabras clave: evolución morfológica, histología de invertebrados, homología profunda, sistema 
respiratorio
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we follow Giribet and Edgecombe (2020) and for 
mollusks Ponder et al. (2019). 

The respiratory system acts, together with other 
organ systems, in the processing of food and 
nutrients, and together they are called nutritional 
systems. In vertebrates there are four, the digestive, 
respiratory, circulatory and excretory systems. 
However, respiratory functions are performed on 
numerous occasions by the integumentary system, 
which surely originated in the first instance in 
the first animal (Urquiza & Carezzano, 2018). 
But, although such a structure may be crucial in 
respiration, as it is not strictly adapted for gas 
exchange it cannot be considered as a specialized 
respiratory organ.

All animals breathe and, apparently, all can also 
perceive variation in oxygen levels (Gorr et al., 
2006; Harrison, 2015). Thus, under suboptimal 
oxygen concentrations, the "hypoxic response" 
occurs, which in mammals includes increased 
ventilation, reduction or cessation of energetically 
demanding activities and, in the long term, an 
increase in certain ontogenetic processes that 
increase respiratory capacity (Harrison, 2015). In 
addition, some taxa can tolerate variable temporary 
periods of hypoxia, such as carp (Cyprinus carpio), 
which can spend entire seasons using alcoholic 
fermentation. Likewise, and although most 
invertebrate parasitic stages can tolerate varying 
levels of hypoxia, there do not seem to be notable 
genetic differences between aerobic and anaerobic 
lineages, as occurs, to some extent, in fungi or 
plants (Müller et al., 2012). When vertebrates lack 
sufficient oxygen, they produce lactate as the first 
product of anaerobic metabolism. Among non-
vertebrates, however, other substances such as 
acetate, propionate or succinate are also released 
(Müller et al., 2012), in addition to lactate itself, 
as is the case with crustaceans. Also, among 
chelicerates this molecule is the main anaerobic 
by-product, being very likely that the basal state 
among arthropods is the utilization of lactate. In 
hexapods, although anaerobic metabolism is not 
very common, there are some secondary variations 
that utilize alanine and even ethanol (Harrison, 
2015).

Tolerance to low oxygen tension is unequal among 
eumetazoans. Air (and oxygen) reach the interior 
of the body by different mechanisms, and the 

acquisition of oxygen from the outside, as well 
as the expulsion of carbon dioxide, is effected by 
ventilation, by which the animal artificially modifies 
the flow of water or air and brings the respiratory 
surfaces into contact with the environment. 
Depending on size, activity, phylogenetic position 
and environment, this exchange may take place 
in a very simple way through the integument 
(tegumentary respiration as in earthworms) or may 
require the help of specialized organs such as gills 
or lungs. Concomitantly, as animals became more 
voluminous and/or active, the circulatory system 
emerged to distribute gases, which may also possess 
respiratory pigments. Only diploblastic animals 
failed to develop specific organs (Schmidt-Rhaesa 
2007). In addition, the transition to terrestrial 
environments, the third major evolutionary event 
after the emergence of life and multicellularity, 
was particularly challenging because the animal 
had to face osmotic stress and dehydration, 
since water molecules are smaller than those of 
gases. This is why respiratory membranes have 
been internalized during this evolutionary event 
(Selden, 2001), which occurred at different times 
in different taxa (Broly et al., 2013). However, the 
aeroterrestrial environment has the advantage of 
possessing a much higher oxygen concentration, 
so that the organism can decrease the ventilatory 
rate, although the blood carbon dioxide pressure 
increases. The latter is remedied by increasing the 
levels of strong ions capable of associating with 
bicarbonate. Therefore, animals that remained in 
water only have to control oxygen pressure, while 
those that adapted to terrestrial ecosystems must 
regulate, in addition to this variable, the amount 
of carbon dioxide and pH (Lee and Matthews, 
2021).

Respiration can be effected mainly by four 
forms, which in turn depend on specific organs: 
tegumentary, gill, pulmonary and tracheal 
respiration. Although many respiratory organs 
present in different taxa have the same name, it 
should not be automatically assumed that they 
are homologous. However, there are situations 
where cases of deep homology may occur, such 
as when two structures are produced under the 
action of the same genetic program, even though 
morphologically these structures are very different 
and belong to phylogenetically distant organisms 
(Shubin et al., 2009). An example is what occurs 
in the formation of the appendages of arthropods 
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gill), of which between one to eighty can be 
seen (Brusca et al.,2016). Beyond the possession 
of lungs in terrestrial and aquatic species, such 
organs seem to have already evolved in the aquatic 
environment (van Straaler 2021), although there 
are several lineages that have returned secondarily 
to the water.

Distribution of respiration and systematics in 
gastropods

These mollusks include aquatic and terrestrial slugs 
and snails. Their systematics has been very unstable 
so the reader should be aware of this problem. 
Currently, and according to the classification 
adopted by Ponder et al., (2019), there are five 
infraclasses of gastropods: patellogastropods, 
vetigasteropods, cenogastropods, neritomorphs 
and heterobranchs. Only the last three have 
species with aerial respiration. According to a 
recent paper (Vermeij & Watson-Zink, 2022), these 
animals have independently colonized terrestrial 
environments on about 30 occasions, of which 14 
correspond to marine groups and 12 to freshwater 
lineages. In turn, the most biodiverse groups (with 
more than 100 species) did so in tropical areas, 
before or during the Cretaceous and from fresh 
waters, being the terrestrial lineages derived from 
marine gastropods less diverse and emerged from 
the Cenozoic.

Of all infraclasses, cenogastropods, with about 157 
families, are the most hyperdiverse, encompassing 
up to 60% of all species. Of those, only a few have 
undergone the process of limacization (conversion 
into slugs) or invaded the land (Ponder et al., 
2019). The latter would have occurred in several 
independent events. These are animals that 
generally bear an operculum, are dioecious and 
are particularly abundant in the tropics (Pearce & 
Örstan, 2006).

On the other hand, the neritomorpha, formerly an 
infraclass, but now elevated to the level of a class, 
have undergone an evolutionary radiation that 
allowed them to conquer diverse environments, 
including terrestrial ones, beginning in the 
Cretaceous. Among their families, the Helicinidae 
and Hydrocenidae are exclusively terrestrial, and 
have probably colonized the land independently 
from freshwater lineages, with the Hydrocenidae 
probably being the oldest (Kano et al., 2002). In 

and vertebrates, which develop under the direction 
of a very similar developmental program, although 
these limbs are clearly not homologous, being even 
very different (Panganiban et al., 1997). 

 Thus, tegumentary respiration occurs when 
respiration takes place directly through the 
body surface. If the integument has undergone 
evaginations in order to increase the exchange, 
we speak of gills, which always depend on the 
presence of water. If expansions occur as saccular 
invaginations, we speak of lungs, which are 
immersed in the body and are almost always 
associated with respiratory pigments. Tracheae, 
on the other hand, are tubular integumentary 
invaginations that carry air to the interior of the 
animal.

In most cases, the animal must be able to adapt 
the respiratory rate, or the amount of air or water 
exchanged or the frequency at which it does so, 
all actions that can be regulated and controlled 
by the visceral nervous system (VNS). This is a 
subdivision of the nervous system (NS) responsible 
for modifying, above all, respiration, digestion and 
circulation, which it does essentially by acting on 
the level of activity of the muscle and epithelium. 
In the first case it generally produces peristalsis, 
as in the intestine, while in the second it modifies 
the level of secretion of the glandular tissue 
(Selverston, 2007). In vertebrates, this control falls 
on the autonomic nervous system, which does not 
seem to have an exact morphological, physiological 
and histological correlate in non-vertebrates. 
However, certain regions with such functions can 
be observed, such as the aforementioned visceral 
nervous system (Jänig, 2013).

THE RESPIRATORY SYSTEM OF MOLLUSKS

In this phylum respiration is primarily gill-
breathing, with notable caveats, such as those seen in 
gastropods which are the only terrestrial ones, and 
that recorded in an air-breathing bivalve, perhaps 
even obligately (Perry et al., 2019). Gastropods 
may have gills, with gills and lungs (even if they 
are aquatic species), or only lungs but which may 
be present in both aquatic and terrestrial species 
(Mill, 1997). There are also aquatic species, such 
as limpets, tolerant to anaerobiosis (Heller, 2015). 
The basal stage corresponds to gill respiration, 
carried out by means of the ctenidium (primary 
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both cases the paleal cavity lacks osphradiae and 
gills, presenting a rich irrigation (Barker, 2001), 
since it serves as a lung (Kano et al., 2002).

The last infraclass, the heterobranchs, includes 
inland water lungworms and garden snails. Since 
they generally do not have gills, as cenogastropods 
do, they cannot inhabit deep waters. However, 
there are some, such as the planorbid pulmonates, 
which have developed a secondary gill (Strong 
et al., 2008). Among the pulmonates, aerial 
respiration capacity seems to have been achieved 
independently at least 9-10 times (Vermeij & 
Dudley, 2000). This is the precise point to warn 
the reader that the term "pulmonates" refers to a 
systematic category valid in different periods, but 
that many gastropods of other "non-pulmonate" 
taxa also possess lungs, such as apple snails 
(ampullarid cenogastropods). However, although 
these lungs are always found in the paleal cavity, 
they are not homologous. 
 
The pulmonates do not bear an operculum and are 
usually hermaphroditic, they are a paraphyletic 
group, currently placed in Panpulmonata, 
comprising three lineages with terrestrial forms, 
the stylomatophores, sistellomatophores and 
ellobioids (van Straalen, 2021). The latter, and 
despite being probably monophyletic, would have 
colonized land in at least two independent events 
(Romero et al., 2016). However, regardless of 
the animals or respiratory systems involved, the 
latter are almost always found settled in the paleo 
complex (Lindberg & Ponder, 2001).  

Respiratory variants

Cenogasteropods

It includes the apple snails (ampulariids). These 
maintain at least one ancestral gill and their 
lung develops as an invagination of the mantle 
cavity roof, not from the mantle cavity, so that 
organ and its pneumostome are not homologous 
with those of other gastropods (Rodriguez et 
al., 2021). In addition, members of the family 
exhibit a wide divergence in their independence 
from water, and both the gill and lung appear to 
be involved in various functional processes other 
than respiration, such as immunity, acid-base and 
ionic balance and/or excretion (Prieto, 2021). The 
lung is a cavity located in the mantle, with a roof 

and a floor lined by a richly irrigated respiratory 
lamina. Its walls are constituted by the mantle 
epithelium, a muscular layer on the roof and two 
on the floor, a vascular zone with storage tissue 
and the respiratory epithelium. The irrigation, 
very abundant and somewhat complex, presents a 
different pattern in the roof and floor of the lung 
(Rodriguez et al., 2021).

Prieto (2021) provides an exhaustive critique of 
a recent article by Mueck et al. (2020) on the 
respiratory structures of certain ampulariids, in 
which they mention the possibility of the existence 
of a kind of endothelium in the hemolymphatic 
vessels of the lung of Pomacea maculata, 
according to the data provided by the authors of 
the original article. It also refers to the mention 
by Rodriguez et al. (2021) of such a cell, which 
they call "like endothelial", observed in the lung 
of P. canaliculata. If it is really a permanent and 
more or less continuous lining cell, present in 
the blood vessels of these animals, it would be 
an outstanding fact, because the endothelium, in 
a strict sense of the term, is supposed to be an 
evolutionary innovation exclusive to vertebrates 
(Muñoz-Chápuli, 2011, Molnár et al., 2021). In 
any case, I have observed in samples from a giant 
earthworm the presence of coating cells in the 
vessels. However, it is not clear that they fulfill 
the functional role of the endothelium, nor that 
they present the structural characteristics of the 
endothelium.

Finally, among the cenogasteropods are the 
cyclophoroids, probably the first gastropods to 
conquer the land and perhaps the most diverse 
of all terrestrial gastropods, being particularly 
abundant in the southern hemisphere. They have 
lungs and have lost their gills and probably derive 
from a freshwater lineage (van Straalen, 2021). 
Their shells may have certain regions that serve 
as tubes to facilitate respiration (Páll-Gergely et 
al., 2017).

Lung snails

In the well-known garden slugs and snails, gases are 
exchanged in two ways: by diffusion or by active 
ventilation (Ghiretti, 1966). These animals may 
have originated in water bodies with low dissolved 
oxygen and, as in vertebrates, the passage from the 
aquatic to the terrestrial environment is considered 
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a crucial evolutionary event (Maina, 1989). In 
snails the lung is heavily irrigated and is located 
in the carapace spire (Lőw et al., 2016). Among 
the pulmonate gastropods, the Ellobiidae would 
be the ones that first colonized land and, as in the 
others, the lung is essentially a cavity formed in the 
mantle and communicated to the outside by the 
pneumostome (Barker, 2001), which would be an 
apomorphy of the pulmonates (Mordan & Wade, 
2008) and consists of a muscular sphincter that 
prevents water loss in terrestrial forms (Ponder 
et al., 2020). The lung cavity itself would be 
homologous with the paleal cavity (Ruthensteiner, 
1997). The latter and the pneumostoma would 
be one of three apomorphies of pulmonates, the 
other two being the forebrain and midbrain body 
in the central nervous system (Mordan & Wade, 
2008). The lungs are located on the right side of 
the roof of the paleal cavity. However, in many 
shelled taxa (slugs), especially marine slugs, this 
cavity has been lost secondarily and respiration 
is essentially tegumentary. On the other hand, 
among the more derived eutineurid gastropods, 
a respiratory configuration more similar to the 
more basal gastropods can be found among the 
glacidorbids and pyramidelloids (Ponder et al., 
2020), the former being a family of freshwater 
snails native to the southern hemisphere (Rumi et 
al., 2015).

Histologically in Helix, for example, the lung is a 
sac lined by simple flat epithelium with microvilli in 
which are also found, analogous to what is seen in 
vertebrates, surfactant-secreting cells. Underneath 
there is some connective tissue through which 
a large number of muscle fibers run in multiple 
directions. There are also large and numerous 
spaces representing the hemolymphatic vessels. 
Covering the whole is the epidermis (Dennis et 
al., 2021).

A highly diversified taxon is the Hygrophila or 
Lymnaeoidea, which contains only inland water 
snails. Among these are the Planorbidae and the 
Lymnaeidae, some of which have developed lungs 
and gills (Mordan & Wade, 2008). Finally, in 
stylomatophores that acquired the slug habit, the 
lungs were reduced because respiration is primarily 
tegumentary (Ponder et al., 2019). Although in 
certain pulmonate slugs, the Athoracophoridae, 
which would also breathe through the tegument, a 
series of very thin-walled, branched canaliculi are 

found in the paleal cavity leading to a circulatory 
sinus where they exchange gases (Burton, 1981). 
Because this structure is somewhat reminiscent of 
the trachea of insects, these animals are known as 
tracheopulmonates and are referred to as tracheal 
lungs (South, 1992). Vaginulids also do not have 
lungs, but breathe through the integument and 
through a series of invaginated tubules in the 
integument (Mordan &Wade, 2008).

ARTHROPODS WITH EMPHASIS ON 
PANCRUSTACEANS

Arthropods, particularly chelicerates and 
myriapods, were the pioneers in colonizing the 
land, perhaps thanks to their exoskeleton, which 
provides support (along with their jointed legs) and 
facilitates osmoregulation. However, respiration 
does seem to have been a problem (Gueriau et al., 
2020), although it has evidently not prevented the 
adaptation of these groups. Despite originating 
in waters, terrestrial lineages outnumber aquatic 
lineages by about 17 times in number of species 
(Dunlop et al., 2013).

However, several groups considered primarily 
terrestrial such as arachnids present numerous 
forms that can live associated with water 
to varying degrees, to which they returned 
secondarily. However, among these there are no 
clear morphological indications of this adaptation 
(Albin et al., 2022; Crews et al., 2019). Among 
aquatic insects, with more than 88,000 species 
distributed in 13 orders (Starr and Wallace, 2021) 
and secondarily adapted to water, the situation 
is quite different as gills may even be present 
(Lancaster & Downes, 2013).

As a phylum, arthropods present a great 
morphological disparity, being the most diverse 
animal taxon. They possess various morphological, 
physiological and biochemical adaptations for 
respiration, as they may have lungs, gills and 
trachea, as well as respiratory pigments (or not), 
and live underwater, on land or lead a more or 
less amphibious life. However, seven of its 19 
clades present animals without specific respiratory 
organs, since they perform this task through the 
integument because they are very small. This 
respiration would probably be the ancestral 
state, independent of the secondary and parallel 
miniaturization observed in several lineages. On the 
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other hand, among pancrustaceans (crustaceans 
plus insects), it is likely that oxygen levels are 
actively kept somewhat low so as not to generate 
high concentrations of reactive oxygen compounds, 
which would reflect the evolutionary history of 
early animals. In this sense, and particularly in 
insects, high oxygen concentrations are recorded 
in the hemolymph and tracheae, despite which 
such values in tissues are lower and equivalent to 
that found among crustaceans (Harrison, 2015). 
On the other hand, the tracheal system is highly 
dependent on the environment, to the point that 
perhaps the giant forms of protoodonates reached 
their large dimensions thanks to the exceptionally 
high oxygen content during such times (up to 
30%). These organs are found in onychophorans, 
tardigrades and arthropods, although they 
would not be homologous (Bradley et al., 2009). 
Among arthropods in the strict sense tracheae 
can be found in myriapods and hexapods, having 
probably evolved independently in both and 
almost certainly in the terrestrial environment 
(Harrison, 2015). However, the ubiquity of this 
system and the structural similarities found in the 
different groups, would not be homologous in all 
cases, despite which perhaps in all or most taxa 
they would be produced according to the same 
developmental principles (Bradley et al., 2009). 
This, in the author's opinion, would constitute a 
case of deep homology. 

Crustaceans, basal to insects, have a very different 
configuration from insects. Their respiratory 
system consists of gills or lungs, and is intimately 
associated with the circulatory system, which 
in crabs is practically closed. In addition, they 
possess oxygen-carrying molecules. The gills are 
not homologous throughout the taxon and are 
also frequently involved in osmotic balance and 
excretion (Wirkner et al., 2013a) and in general 
nearly always originate from the successes, 
external expansions of the appendages (Boxshall & 
Jaume, 2009). In insects the situation is different 
because there is usually a system of tubes, the 
tracheae, which communicate with the exterior 
from where they take in air. In these animals the 
circulatory system is normally open and although 
the possession of respiratory pigments is not very 
common, it is now known to be more frequent 
than was once believed (Harrison & Wasserthal, 
2013). All in all, respiratory and circulatory 
systems do not usually possess a close functional 

association (Urquiza & Carezzano, 2018) and, 
despite what is sometimes believed, tracheae can 
transport up to ten times more oxygen than the 
blood capillary of a vertebrate (Maina, 2011). 
Some of their advantages are that they are lighter, 
allow a higher rate of oxygen diffusion and enable 
the action of flight muscles. They also act as 
respiratory reservoirs during times of hypoxia, 
although perhaps this same system would be the 
cause of the poor evolutionary success of insects 
in deep waters by giving them excessive buoyancy 
(Bradley et al., 2009). The first hexapods, although 
there is no certainty about their closest relatives, 
were undoubtedly flightless, terrestrial and fed on 
sporangia or carrion. They would possibly have 
been similar in appearance to certain apterygotes 
such as Zygentoma (Engel, 2015). A common 
structure throughout the phylum is the presence 
of the cuticle, which represents a hindrance to 
the free diffusion of gases. All in all, arthropods 
were the first animals to colonize emerged lands, 
a myriapod being the oldest terrestrial animal 
found so far (Lozano-Fernández et al., 2016), 
although perhaps the first panarthropod to do so, 
in the Silurian, was some form of onychophoran 
(Beutel et al., 2013). In addition to these two 
groups, breathing by tracheids (a term of dubious 
application to all cases) are arachnids (some forms) 
(Foelix, 2011) and certain isopod crustaceans (ball 
bugs) whose pseudotracheids exhibit a wide range 
of land-conquering adaptations (Hornung, 2011). 
As discussed, these organs are unlikely to be 
homologous, at least across taxa (Schmidt-Rhaesa, 
2007).  Even among springtails and proturans 
the tracheae are very different from those of 
insects, which has led certain authors to doubt 
their homology even within hexapods (Beutel et 
al., 2013). Functionally, among pancrustaceans, 
there seem to be certain differences regarding 
the response to long-term exposure to hypoxia, 
as insects respond by increasing the size and 
branching of the tracheae, while crustaceans 
may change the type of respiratory pigment or 
increase its concentration. There seems to be no 
evidence of morphological changes in the gills. On 
the other hand, in both crustaceans and insects, 
it is considered that there is greater tolerance 
to hypoxia in species exposed to severe hazards 
in oxygen supply (Harrison, 2015). Although 
tegumentary respiration was the first, as in other 
organisms, the first specialized respiratory organs 
as such would have been the book gills, from which 
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the book lungs of arachnids would derive, which at 
least in principle, are diffusion lungs because they 
do not possess ventilatory mechanisms (Perry et 
al., 2019).

Respiratory variants 

Onychophores

Onychophores are, together with tardigrades, 
considered part of the taxon Panartropoda, and 
present numerous spiracles in each segment, 
seated at the bottom of tegumentary sinks that 
communicate with the tracheal system (Nielsen, 
2012). In opposition to insects, these ducts would 
not possess regulatory mechanisms (Pereira et al., 
1985). In addition, at least some species possess 
hemocyanin, the same found in euarthropods, so 
this pigment probably preceded the separation 
of onychophores. This also suggests that at such 
times there were low oxygen tensions in the 
environment (Kusche et al., 2002). Although the 
oldest representatives of certain animals linked 
to the phylum date back to the Cambrian, fossils 
of the current terminal taxa have been placed 
in the Carboniferous, and they were most likely 
terrestrial and already showed tracheids (Garwood 
et al., 2016).

Chelicerates with emphasis on spiders

Among these organisms may be found minute 
species with tegumentary respiration, such as 
certain mites or, very frequently, quite large animals 
with specialized respiratory organs such as spiders 
and scorpions. In these, the most common form 
of respiration is by means of book lungs, which is 
the only form in which amblypygids, uropygids, 
scorpionids and schizomids do it. Slightly more 
complex is the situation of most spiders, because 
they breathe through book lungs and tracheae. 
These lungs would be homologous to that of 
Limulus, an aquatic chelicerate, and Paleozoic 
scorpions (Selden & Edwards, 1989; Scholtz & 
Kamenz, 2006). In this sense, it is believed that 
chelicerates experienced only one event of conquest 
of the aeroterrestrial environment (Howard et al., 
2020), although even extinct eurypterids would 
have been able to breathe, at least to some extent, 
in air, thanks to the possession of respiratory 
trabeculae in the gill chamber, as occurs in certain 
amphibian crabs (Lamsdell et al., 2020).

Likewise, and beyond their morphological and 
functional diversity, it is considered that pulmonary 
respiration is the basal state in chelicerates, 
and that from certain dorsal components of the 
epipodite the tubular tracheae and web spinnerets 
developed, which express certain molecular markers 
in common (Brunelli et al., 2015). Because of this, 
and although the relationships among taxa are 
debated, among arachnids monophyly is almost 
unanimously accepted, which is reflected by the 
configuration and distribution of their respiratory 
organs. This allows the formation of the taxon 
Tetrapulmonata, characterized by four lungs in a 
book (Howard et al., 2020).

In spiders in particular, book lungs, trachea 
and respiratory pigments can be observed, while 
much of their activity is carried out by anaerobic 
metabolism. The more basal spiders such as the 
migalomorph spiders or tarantulas and chick spiders 
exhibit two pairs of lungs while the more derived 
spiders, such as the Araneidae (web spiders), 
exhibit one pair of book lungs and tubular tracheae 
(Schmitz, 2016). Although their metabolism can, at 
least in part, be anaerobic when necessity dictates, 
they cannot run much longer than two minutes 
(Schmitz, 2013) and, along with crustaceans, 
exhibit little tolerance to hypoxia, very different 
from that recorded in myriapods and insects 
(Schmitz & Harrison, 2004). In any case, they are 
animals with a low metabolic demand because they 
possess venom for hunting, prolonged tolerance to 
lack of food and the fact that the extension of 
their legs occurs by increasing hydrostatic pressure 
and not by muscular action. Even in those that 
developed tracheae to increase oxygen supply, the 
mitochondrial mass in the appendicular muscles 
is markedly decreased (Schmitz, 2013). As will be 
seen later, this situation is very different from that 
in insects.

In some groups, such as the migalomorphs, and 
in the most basal of the araneomorphs, there are 
two pairs of lungs, while among the most derived 
of the latter there is only one pair since the other 
pair was lost and a tracheal system developed in 
its place. Likewise, there may be taxa in which 
there is a certain predominance of one or the other 
system, while in others both have an equivalent and 
integrated development. The factors that led to the 
appearance of tracheae are not very clear, although 
in general they exist in the most active animals. 
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In addition, those with lungs use hemocyanin 
for oxygen transport, while the tracheal forms 
deliver oxygen directly to the tissues through the 
aforementioned ducts. Finally, tracheae can also 
be transformed, in certain species, into tracheal 
lungs (Schmitz, 2013). Although spiracles may 
exist, they do not reach the degree of complexity 
seen in insects (Perry et al., 2019).

Book lungs are reminiscent of a radiator. Its 
name refers to the fact that it resembles a book, 
where each page would be a lamella filled with 
hemolymph, separated from the subsequent ones 
by an air chamber. In this way the oxygen from 
the air passes to the hemocyanin of the lamellar 
hemolymph. The set of lamellae and chambers 
form a well delimited and compact structure 
that communicates to the outside by an atrium, 
which allows the exchange of air. The atrium has 
a spiracle in its external opening and the blood 
circulates thanks to the cardiac work (Brunelli 
et al., 2015). The lungs, as mentioned above, act 
by diffusion and their spiracles are regulated by 
muscles (Schmitz, 2016).

At least in the genus Cteniza, a migalomorph, these 
lungs have a pyramidal and filter-like appearance. 
The hemolymphatic canals open on one side to the 
main lymphatic sinus while on the other side they 
are closed by a cell that separates them from the 
atrium. They have extremely thin walls formed 
by an epithelial layer on each side, lined by a thin 
cuticle on the side of the air channel. This also 
forms chitinous trabeculae, which extend between 
both walls through the latter, thus providing 
physical support. On the other hand, large, cubic, 
pillar cells that interdigitate with each other on 
both sides can be seen across the lumen of the 
hemolymphatic canal. They would also have a 
mechanical function (Brunelli et al., 2015). 

As for the tracheae, despite the name, they are not 
very similar between spiders and insects. To begin 
with, those of spiders are hollow tubules along their 
entire length, while in insects there is a terminal 
cell. In addition, diffusion occurs along their entire 
length, very different from what occurs in insects, 
which occurs only at their termination. Also, in 
most cases, in spiders, oxygen is finally carried 
by the hemolymph. On the other hand, spider 
tracheae consist of a pair of tubes at the flanks, 
which are the modified lungs, and a pair of tubes 

located towards the middle zone, which are linked 
to the exterior, and derive from very specialized 
muscular junctions, the entapophyses. From this 
it is inferred that structurally, ontogenetically 
and evolutionarily these tracheae are completely 
different from those found in insects (Foelix, 2011; 
Lopardo et al., 2022). It has even been proposed 
that spider tracheae have evolved independently 
from book lungs on 6 different occasions (Ramírez 
et al., 2021).

Myriapods  

This taxon includes the well-known millipedes, 
centipedes and scolopendrons, plus some groups 
with few and unfamiliar species. In almost all cases 
they breathe by trachea and thrive in emerged 
lands (Hilken et al., 2011, 2015), although there are 
several species that would more or less regularly or 
intermittently inhabit flooded areas, which they 
would achieve either by decreasing their oxygen 
demand or by having specific structures such as 
the plastron (Adis & Junk 2002; Geoffroy, 2015). 
They probably derive from terrestrial chelicerates 
and, together with hexapods would have colonized 
land before vascular plants (Harrison, 2015), with 
eutycarcinoids being the first myriapods to do so, 
as early as the Cambrian (Gueriau et al., 2020).

Although chylopods breathe through tracheae, in 
some cases the tracheae were transformed into a 
sort of tracheal lung, as in the squaterigeromorphs 
(Lewis, 1981; Hilken et al., 2011, 2021), while 
millipedes (diplopods) have tracheae (Hilken et 
al., 2015). All in all, there is great disparity in 
the pattern of origin and branching of this system, 
making it difficult to point out characters common 
to all. Moreover, in some of them, such as the 
diplopods, for a long time the only studies carried 
out were from the 19th century and it was not 
until the 1990s that more complete studies were 
undertaken (Hilken et al., 2011). Histologically, all 
these organs are similar since the tracheae present 
a simple epithelium lined with a cuticle composed 
of the usual three layers and with the presence 
of helical ctenidia (Hilken et al., 2011, 2015). 
Despite the morphological variation mentioned 
above, the entire taxon would be monophyletic 
and would have invaded the soil only once (van 
Straalen, 2021). However, it is possible that the 
tracheal system evolved independently (Gueriau 
et al., 2020).
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Diplopods 

Diplopods have spiracles, atria, tracheal pouches, 
tracheae (which may or may not be branched) 
and tracheoles. Branching is fairly uniform, 
segmental and anastomoses between neighboring 
tracheae are not usually found. Hemocyanin 
may be present in the larger species, a molecule 
that appears to be quite ancient but would have 
been lost independently in the various myriapod 
lineages (Hilken et al., 2015). Due to the presence 
of hemocyanin, at least part of the tracheal tree 
probably functions as a lung (Perry et al., 2019). 
The paired spiracles, ventral and seated in the 
vicinity of the leg bases (Koch, 2015), are varied 
in their morphology as they exhibit disparate sizes 
and hairs of different shape and size that function 
as filters. Regulation of their opening and closing 
is highly variable among taxa, and their nature is 
unclear. The tracheal pouches are almost always 
arranged in pairs and are usually quite sclerotized, 
serving as air reservoirs, filters and apodemes, 
and may have different extensions. Depending on 
the taxon, the truncal tracheae arise at different 
points in these pockets. Ventilation would occur 
mainly by passive diffusion, although it can also 
be active and, in some species, the spiracles can be 
closed (Hilken et al., 2015).  

Centipedes 

With the exception of the squaterigeromorphs, 
which breathe through tracheal lungs and therefore 
belong to the group of notostigmophorans, all 
other centipedes breathe through tracheae and are 
grouped among the pleurostigmophorans, which 
will be discussed in more detail. In the former, the 
respiratory system consists of numerous tracheae 
of short length that are linked to the hemocoel. 
Here oxygen is transferred to hemocyanin, which 
transports this gas through the circulatory system 
(Hilken et al., 2011). On the other hand, although 
I will not go into detail, it should be mentioned 
that the distribution and nature of spiracles follows 
different patterns in taxa, and has systematic 
importance in many of the centipedes (Vahtera 
et al., 2012). In pleurostigmophores, meanwhile, 
the spiracles open on the flanks and have hairs, 
as well as the atrium, which act as hydrophobic 
barriers. Air normally enters by diffusion, although 
there are cases where there is active ventilation. 
Continuing to the atrium it is common to find 

tracheal pouches, which as in many diplopods also 
serve as apodemes, although it may lack them. 
From the pouches sprout the major tracheal tubes, 
which follow a very different branching pattern 
among taxa, there being some forms where there 
may be lateral asymmetry (Hilken et al., 2011). 
A reticuliform organization may be observed 
among scolopendrons, and there are even tracheae 
that connect opposite spiracles, or longitudinal 
branches, doing the same with contiguous ones. 
Large tracheae may resemble sinuses, and probably 
function as air reservoirs. In some species there 
is a perivisceral system that in turn gives rise to 
a subneural network that ventilates the nervous 
system (Lewis, 1981).

Beyond the aforementioned variants, the extinct 
euthycarcionoids, considered amphibians, seem 
to have inhabited shallow waters and to have 
possessed postabdominal air chambers with 
respiratory functions, different from the dominant 
tracheal system in the clade (Gueriau et al., 2020).

CRUSTACEANS 

Among crustaceans, only "terrestrial" crabs and 
isopods show aerial respiration. However, some 
basic notions of gills will be developed, an ancestral 
state of the taxon in aquatic forms, and which are 
retained in certain terrestrial forms.

Crustaceans have colonized land independently 
on at least 10 occasions. Life in this environment 
presents different degrees of adaptation to it, which 
has allowed it to be classified into five levels, being 
T5 the one where even reproduction is carried out 
independently of water (Krieger et al., 2021). In 
these organisms the circulatory and respiratory 
systems are integrated, which would be the basal 
stage of the phylum. Thus, the situation is similar 
to spiders, but very different from what occurs, 
at least in principle, with insects. However, the 
morphological and functional disparity is extreme, 
to the point that in some crabs there are lungs 
and gills, which may also be involved in electrolyte 
balance and excretion. It should be noted that in 
crustaceans that have gills, not all of them are 
homologous to each other (Wirkner et al., 2013b), 
which is also true for the lungs of isopods. In 
crustaceans, terrestrial or amphibious forms are 
found in isopods (Hornung, 2011), amphipods 
(Friend & Richardson, 1986) and decapods 
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(Watson-Zink, 2021), which show greater or lesser 
independence from water and different respiratory 
adaptations. On the other hand, some decapod 
malacrustaceans (crabs) have developed very 
complex organs and possess a circulatory system 
that is considered by some authors to be semi-
closed. It should be noted that amphipods, which 
are semi-terrestrial, breathe through gills, as is the 
case of Talitrus saltator. The isopods, meanwhile, 
may have lungs or tracheae in the exopodite, or 
gills in the endopodite (Perry et al., 2019).

In this class the appendages are of great importance 
for their way of life, since they are involved in a 
multitude of functions in addition to locomotion. 
Thus, the biramous type have numerous portions 
that have followed different evolutionary paths, 
and have received different names, so their 
nomenclature is often complicated. In any case, one 
of these portions are the aforementioned successes, 
expansions that have frequently developed into 
gills. They may also be called epipodite or gill plate, 
among other names (Boxshall & Jaume 2009). 
Among malacrustaceans these gills are generally 
housed in a cavity, the gill plate, developed at the 
expense of the carapace and as a lateral extension of 
it, through which water circulates. It has inhalant 
and exhalant orifices between which is the gill, 
which divides the chamber into an inhalant and 
an exhalant section (Ruppert et al., 2004).

Isopods 

The isopods contain quite large marine forms, 
which can reach gigantism, although most of them 
are of small size (interstitial forms), in addition to 
terrestrial forms. They may have up to six pairs 
of gill-bearing respiratory pleopods, in which both 
the exopodite and the endopodite are involved in 
that task. Also, some portions of the appendages 
can be transformed into an operculum. Terrestrial 
species may possess simple lamellar gills, 
pseudotracheids and lungs, as well as gill chambers 
in their abdomen (Mill, 1997). There are about 
3,700 terrestrial species or with some degree of 
adaptation to this environment (Sfenthourakis 
et al., 2020), with this group exhibiting the most 
water-independent lineages of all crustaceans 
(Krieger et al., 2021). The extreme has been 
documented in Hemilepistus, a desert form that 
exhibits brood care, social habits and lives in 
tunnels (Schmidt & Wägele, 2001). Although it 

was believed that all terrestrial isopods formed 
one clade and that the land invasion was a single 
event, there is increasing evidence that there were 
probably three independent lineages that became 
terrestrial and, although it is assumed that they 
came from marine ancestors, it is likely that there 
were freshwater intermediates (van Straalen, 2021). 
Therefore, it is accepted that respiratory organs 
have undergone several convergent evolutionary 
events in different isopod lineages and exhibit, in 
different species, an adaptive gradient according 
to environmental demands and particular 
phylogenetic position, ranging from very simple 
respiratory surfaces to highly elaborated organs 
and from animals that thrive in coastal marine 
areas to others that inhabit deserts. In addition, 
there are cases of secondary loss of all lungs while 
in other species there may be from one to five pairs 
of such organs, arranged in successive pleopods, 
which are the posterior appendages (Hornung, 
2011). Even within certain taxa all morphological 
types can be found and of increasing complexity, 
arranged as if following a gradient from anterior to 
posterior in the aforementioned pleopods (Paoli et 
al., 2002).

The simplest case occurs when the ventral 
integument of the exopodite exhibits some 
folding to effect respiration, which varies among 
species. This initial level of complexity is followed 
by an intermediate one, when a covering of the 
respiratory area is added to these extensions. The 
most striking and extreme case is that where the 
entire structure is incorporated into the interior 
of the animal, acting as a "lung", which are 
quite diverse. In these cases, the epithelium is 
organized forming folds while presenting spiracles 
that, in addition, exhibit a certain tendency to 
decrease in size the greater the adaptation of the 
animal to the dry environment. The respiratory 
architecture is completed by the presence of several 
hemolymphatic spaces that cross the interior of 
the lung. The spiracles may be single or somewhat 
numerous, and their structure also varies among 
taxa, as they may present hydrophobic areas in the 
perispiracular zones surrounding this opening. In 
some species from very arid areas the spiracles may 
even be closed (Hornung, 2011). These openings 
communicate inwardly with the atrium, which 
is continued by a series of respiratory tubules of 
decreasing diameter, which in some animals may 
penetrate into the pleon and body cavity (Schmidt 
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and Wägele, 2001). The lung is located in the 
pleon, and is formed by tegumentary expansions 
enclosing hemocoelomic spaces with which the air 
of the cavity exchanges gases. In the most complex 
cases this lung may consist of hundreds of such 
extensions, while in the most simplified cases it is 
just a relatively smooth exchange surface.

Decapods

Decapods generally have complex gills contained in 
chambers that in some crabs, form lungs. This makes 
possible the existence of entirely aquatic, totally 
terrestrial or amphibious species. In amphibians, 
the adaptations are completely different from the 
first two. On the other hand, each of the eight 
thoracomeres (thoracic appendages) could carry 
up to four gills, although the theoretical maximum 
number of 32 is never reached, with 24 pairs being 
the largest number found (in a shrimp), while in 
lobsters there are up to 20. Marine brachyurans 
have between eight to nine pairs (Mill, 1997).

Crabs have colonized the land on at least 10 
independent occasions. They arrived there from 
the sea through littoral zones or mangroves, or 
from fresh waters, through estuaries (Watson-Zink, 
2021). Probably in some species this process would 
be facilitated by the presence of symbionts, which 
would help the animal by buffering its exposure to 
high levels of oxygen and in the utilization of new 
foods, such as nitrogen-poor vegetables, among 
other functions. The microbiome involved could be 
acquired either from the environment or from the 
mother (Wale et al., 2021).

The term crab can be applied to both brachyurans 
and other lineages that have undergone a folding 
in their ventral area, directing it towards the 
cephalic region (Scholtz, 2014). The lungs are 
highly vascularized areas of the gill chamber and 
are not always homologous with each other, and 
although this adaptation allows them to breathe 
in air, in several species the chamber holds some 
water (Luquet et al., 2000).

The respiratory possibilities of brachyuran crabs 
are very diverse; there can be found completely 
aquatic animals, as well as others that do not 
tolerate immersion for a long time, which are called 
terrestrial crabs. Species that inhabit intertidal 
zones can also be found, and they cope with 

periodic desiccation by means of two strategies. 
In one, the animals decrease their metabolism and 
their oxygen demand, while their gills collapse due 
to the lack of water. In the other, found in the so-
called amphibious species, the animals maintain 
their activity at the usual levels and their gills 
usually recirculate some water because they are 
the only point for the expulsion of carbon dioxide 
(Luquet et al., 2000).

In addition, the gills can perform other functions, 
such as excretion, so they cannot be completely 
inactivated, because if they run out of water, 
they collapse or stick together, and can no longer 
function. This is why all crab species should 
always have their gills covered with at least some 
water. Of all, the coconut tree crab, Birgus latro, is 
perhaps the species that increased its lung capacity 
the most, while reducing its gills (Burggren & 
McMahon 1988).

Although there are respiratory surfaces in 
unusual areas, most commonly this function is 
performed in the gills or in the epithelium of the 
gill chamber, the branchiostegite, with cases where 
both types of respiration are performed at the 
same time. In species with bimodal respiration, 
three morphological characteristics are found in 
common: decrease of the gill surface, increase 
of the gill-stegite, and thinning of the air/blood 
barrier at the gill surface. Thus, in aquatic crabs, 
between 900 to 1,500 mm2 per gram of biomass 
can be found, while among terrestrial crabs this 
amount is between 12 to 500 mm2 (Henry, 1994).
Hemolymph circulates in the gills to ensure 
oxygenation, following a similar pattern in both 
gill and land crabs. In terrestrial crabs there is also 
a capillary network in the gill chamber that serves 
as a lung. However, in order to adapt to situations 
of different water availability, the circulatory 
flow follows different patterns. In either case, 
oxygenation occurs both in the gills and in the 
lungs, where blood from the visceral sinuses passes 
through a capillary network that together flows 
from the respiratory structures to the pericardial 
gill sinus that carries blood to the pericardial 
cavity (Davie et al., 2015).

HEXAPODS AND INSECTS

Hexapods include animals such as springtails, 
proturans and dipterans in addition to insects as 
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the most diverse group, and although they were 
long considered equivalent taxa, they now belong 
to different groups (Bellini et al., 2023).

Insects probably colonized emerged lands about 
480 million years ago from aquatic crustaceans, 
and their tracheal system would have originated 
during that event. However, given the lack of 
knowledge about many hexapods, some authors 
claim that it is still too early to decide on a possible 
evolutionary scenario (Dittrich & Wipfler 2021).

Almost all pterygotes have three main longitudinal 
tracheal trunks on each side, one dorsal, one 
lateral and one ventral. In general, the tracheae 
of consecutive segments are linked by connectors 
(Richards & Davies, 1997). Usually, the lateral 
trunks are the largest and are almost always 
present, while the ventral trunk is the smallest and 
is inconsistent (Snodgrass, 1993). The dorsal trunk 
carries gases from the dorsal musculature and 
integument and the heart, the lateral trunk carries 
gases from the fat bodies, intestine, Malpighian 
tubes and reproductive organs, and finally the 
ventral trunk carries gases from the ventral muscles 
and nerve cord (Beutel et al., 2013). 

In apterygotes, the situation is quite complicated 
because there are no studies that include most 
of their groups, so it is difficult to draw very 
certain conclusions about the ancestral status 
of this system in hexapods (Dittrich & Wipfler 
2021). As these are assumed to be derived from 
crustaceans, it is licit to assume that the earliest 
forms were aquatic. However, at present most of 
them are air-breathing, although they colonized 
secondarily the waters, mainly continental, 
and there are not many strictly marine insects. 
Despite the above, there are 15 orders of insects 
with aquatic forms, although only five present all 
or most of the species totally or mainly adapted 
to this environment (Thorp and O'Neill, 2015). 
In summary, and following Harrison (2015), it is 
likely that the various lineages of hexapods have 
derived their tracheal system independently of 
each other, and although this may have evolved on 
land, an intermediate amphibious stage cannot be 
ruled out. However, since no ancestral forms with 
gills have been found, it cannot be ruled out that 
tracheae and aeroterrestrial colonization occurred 
only once among hexapods. In this sense, it should 
also be mentioned that some authors defend the 

"tracheid" hypothesis, whereby hexapods and 
myriapods derive from an ancestral crustacean, 
and that tracheids originated only once when they 
colonized the land.

There is a possibility that the crustacean ancestor 
of the hexapods colonized fresh waters to conquer 
the land during two different events. In one, the 
"apterygotes" would have appeared, while in the 
other the other insects would have originated, except 
for the dermaptera and odonates, which remained 
in fresh waters. Then, several taxa returned to 
the waters in a secondary and independent way, 
because although they breathe by trachea or even 
by gills, they are not homologous with those of 
crustaceans (van Straalen, 2021).

The tracheae of insects form a system of 
ectodermal ducts separated from the exterior by 
spiracles, consisting of large multicellular branches 
that divide to generate thin unicellular tracheolae 
from which fine prolongations measuring only a 
few nanometers originate. Thus, these branches 
can even penetrate inside the myocytes of some 
flight muscles (Harrison & Wasserthal, 2013), in 
which each muscle cell possesses its own tracheole 
with prolongations up to 70 nm thick. Moreover, 
the tracheolar prolongations are lodged so close to 
the myocyte mitochondria that they are arranged 
around them, a pattern called "mitochondrial 
continuum" (Maina, 2011). But, although they 
appear to enter their cytoplasm, tracheolae 
and myocytes are always separate, although 
functionally these prolongations can be considered 
as intracellular (Klowden, 2013). Although there 
may be more tracheolae per unit area than 
capillaries in mammalian tissues, in very small 
species respiration is essentially tegumentary, 
while in some cases hemolymph is also involved in 
the transport of gases, as is the case in proturs and 
some springtails. Respiratory pigments, previously 
considered a rarity in hexapods, appear to be 
much more ubiquitous than previously thought. 
Tracheae may also serve as supports, as occurs in 
some myriapods (Harrison & Wasserthal, 2013). 
Inside the tracheae, except in the largest ones, 
there are thickened ctenidia that prevent their 
collapse. Histologically, from the lumen to the 
internal environment, they are composed of the 
cuticle, a flat epithelium of ectodermal origin and 
the basement membrane. Under the epicuticle a 
resilin lamina can be found. The thin tracheolae, 
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at the end of the tube, are closed by the tracheolar 
cell so that the end is blind, although in this area 
the tubes may anastomose with others. This end 
region does not molt with ecdysis and is within the 
terminal cell (Richards & Davies, 1997, Harrison & 
Wasserthal, 2013). Oxygen passes into the tissues 
in these extensions, while carbon dioxide can pass 
through the walls of the entire respiratory tree 
(Terblanche & Woods, 2018).
The tracheae communicate to the outside through 
the spiracles, which are essential for discontinuous 
respiration and unidirectional flow, typical of large 
flying insects. These organs are always actively 
closed, while their opening is mainly passive, 
although there are exceptions (Perry et al., 2019), 
and a maximum of ten can be found, always 
from the thorax backwards, as they never occupy 
the head, so tracheae originating from posterior 
segments reach the head. These openings present 
a wide morphological variation, although some 
common characteristics may be: the opening or 
pore, the peritreme, the atrium and the closing 
apparatus. The simplest situation is when there 
is only one opening, which in more complex cases 
is surrounded by a thickening, the peritrema. 
This is followed by the atrium, which may have 
hairs or roughness, which is followed, at least 
sometimes, by the closure apparatus, consisting of 
muscles and cuticular structures with the function 
of obliterating the pore, especially to prevent or 
reduce dehydration (Richards & Davies, 1997).

The closing apparatus operates thanks to the 
action of muscles linked to two neurons located 
in the same segment and innervating the spiracles 
of both flanks. On the contrary, when there are 
opening muscles, which are more unusual, they 
are independently innervated by different neurons. 
Likewise, inhibitory neurons may be found in 
both situations (Harrison & Wasserthal, 2013). In 
any case, in small or low-metabolism insects, the 
diffusion of oxygen through the tracheae covers the 
needs of the animal, which may nevertheless require 
ventilation movements if its activity increases 
(Maina, 2011). In addition, many forms may 
experience anoxia and then recover, suggesting that 
diffusion is sufficient to sustain minimal functional 
activity (Harrison & Wasserthal, 2013). In this 
sense, the rate of oxygen uptake is maximized and 
dehydration is minimized if the spiracles remain 
closed most of the time. In order to reach this 
result and take up oxygen, the spiracles open and 

close rapidly repeatedly for certain periods of time 
(Lawley et al., 2020).

To illustrate the possible evolution of the tracheal 
system of these animals, the simplest structural 
situation, found in some "apterygotes", can be 
discussed. In the archaeognaths we find the taxon 
of the machilids, which has a tracheal system with 
two spiracles in the thorax, whose trunks present 
anastomoses with each other and send branches 
to the head and anterior zones, and five spiracles 
in the abdomen. In the abdomen, each spiracle is 
linked to a segmental tracheal system that in some 
cases does not connect with adjacent ones. The last 
segments may have no tracheae in some species 
and the spiracles possess neither musculature nor 
control systems for closing or opening (Dittrich 
& Wipfler 2021). According to Ax (2000) and 
Perry et al., (2019), the basal plan of insects is 
one pair of spiracles in the mesothorax, another in 
the metathorax and eight pairs in the subsequent 
abdominal segments, which is concluded from 
those present in apterygotes. Likewise, there would 
have been no communicating tracheas between the 
spiracles, neither contralateral nor ipsilateral (Ax, 
2000).

THE NERVOUS SYSTEM AND THE REGULATION 
OF VISCERAL FUNCTIONS: THE CENTRAL 
GENERATORS OF MOTOR PATTERNS 

The respiratory control of gastropods and 
insects, the most studied in this aspect of all 
invertebrates, except perhaps crustaceans, will be 
briefly discussed, so the structural, functional and 
evolutionary relationships of the nervous system in 
general and of the regions of the nervous system 
in charge of visceral control will be addressed. 
The latter is often carried out through the 
central pattern generators, neuronal ensembles 
particularly adapted for vegetative tasks.  

From a traditional point of view, the nervous system 
has been classified into diffuse network nervous 
systems (apparently found only in xenoturbellids) 
and centralized nervous systems (CNS, clearly 
differentiated in vertebrates, arthropods, mollusks 
and annelids, to name only a few well-known 
animals). However, perhaps a third category should 
be created, that of ganglionated network nervous 
systems, found in cnidarians, which, classically and 
contrary to some evidence, were assumed to have 
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simple and diffuse networks. As for their evolution, 
there is not complete agreement as to whether 
SNs and/or neurons are homologous in all cases, 
or whether they are homologous in some or most 
animal phyla. According to the latter possibility, 
the evolutionary origin of at least some taxa such 
as ctenophores could be independent (Urquiza, 
2021). 

There is another option, although in my opinion 
it does not solve the previous problem: that the 
first nervous system to appear was the enteric 
nervous system (which regulates the actions of 
the digestive system), and then this would have 
connected with the CNS, a hypothesis called 
"first brain" by Furness and Stebbing (2018). The 
vertebrate enteric nervous system (ENS), along 
with two other divisions, the sympathetic (SNS) 
and parasympathetic systems (SNPS) are part of 
the autonomic nervous system of these animals 
(Butler & Hodos 2005). As a whole, the Autonomic 
Nervous System (ANS) consists of gray nuclei 
located in the CNS and of nerves and ganglia in 
the PNS and governs in a generally involuntary 
and unconscious manner the activity of internal 
organs and viscera (Gabella, 2012) which could 
be defined as the contents of the cranial, thoracic, 
abdominal and pelvic cavities (Butler & Hodos, 
2005).

Centralized nervous systems have a central 
region (CNS) and a peripheral region (PNS). In 
vertebrates, the former includes the brain and 
spinal cord. The PNS, meanwhile, consists of the 
nerves that emerge from the brain and spinal 
cord. Both regions comprise the Somatic Nervous 
System, responsible for voluntary actions (basically 
the mobility of the striated skeletal muscle), and 
the ANS, destined to control the functioning of 
the viscera. This classification dates back to the 
19th century, which was applied to mammals, and 
in which the somatic branch would respond to 
the external environment while the autonomous 
division would regulate the internal environment, 
according to the conception established at the time 
by Claude Bernard. Despite the years that have 
passed since its formulation, this classification 
seems to be quite universal and could perhaps be 
applied to numerous animals, having appeared 
early in evolution, and would reflect the possible 
homology of at least part of these systems among 
the various phyla (Bertucci & Arendt, 2013), 

although this is something that is far from being 
agreed upon by all biologists (Copenhaver, 2007).
The ANS not only regulates the three functions 
mentioned above, since together with the 
Neuroendocrine System (ENS), at least in 
mammals, it governs vital unconscious actions 
such as temperature, heartbeat, etc. Thus, both 
systems act on smooth muscle, exocrine and 
endocrine glands and adipocytes. Although 
their action is involuntary and unconscious, it 
is integrated with voluntary motor activities or 
specific moods (Kandel, 2021). In many non-
vertebrate animals such as mollusks, annelids 
and insects, there is also a central, a peripheral 
and a visceral nervous system (iVNS) (Ponder et 
al., 2019; Purschke, 2016; Klowden, 2013). The 
latter is functionally equivalent to the vertebrate 
autonomic as it controls vegetative functions such 
as cardiac, respiratory, excretory, endocrine and 
digestive activity.

The ability to perceive the environment probably 
arose at the same time as life and, probably, the 
ability to detect osmotic changes was the first 
of all (Verkhratsky, 2021), obviously related to 
nutritional functions. The regulation of the viscera 
that act on circulation and feeding are carried out 
at the local or hormonal level thanks to the action of 
intrinsic, extrinsic and neuromodulatory neurons, 
through networks, plexuses and nerve ganglia or a 
combination of these locally connected. Networks 
are characteristic of the most basal animals, while 
ganglia would have formed at an early evolutionary 
stage in more modern taxa. Probably, in the early 
days of the emergence of this system, in many 
groups there would also have been giant axons 
that allowed muscle synchronization throughout 
the whole body or a very extensive region by 
connecting local circuits. Today, neuromodulators 
intervene at the local or systemic level in the form 
of hormones. On the other hand, as regards the 
structure of the vegetative organs themselves, 
the muscular layers of the hollow tubes are of 
the smooth type (except for arthropods and 
probably annelids) and are generally arranged in 
pairs, one longitudinally and the other circularly. 
This pattern is followed in several phyla such 
as cnidarians, annelids, mollusks and flatworms 
(Selverston, 2007). In fact, the aforementioned 
first brain hypothesis considers as evidence the 
existence of regulatory neural networks of these 
strata in phyla as diverse as annelids, mollusks 
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and vertebrates (Furness & Stebbing, 2018).

In any case, and although all animal behavior is 
integrated with visceral activity, in invertebrates 
there is no autonomic system in the strict sense, 
if we speak in morphological, neurochemical and 
functional terms, as in vertebrates, but there is an 
iVNS, which regulates the activity of practically all 
the internal organs, although with an integrative 
activity of the CNS. In numerous animals these 
organs, which frequently perform repetitive 
movements, have served as study models because 
their controlling neurons constitute the "central 
pattern generators", such as the stomatogastric 
system of crustaceans, models in which particular 
neurons, sometimes very large and characteristic, 
can be specifically identified. On the other hand, 
the generation of such a contraction pattern can be 
either an emergent property of the network itself 
or due to the action of specific cells (Jänig, 2013).
Central motor pattern generators (CMPGs) are 
involved in the production of repetitive movements 
such as swimming, locomotion or breathing 
(Marder & Bucher, 2001). They are generally small 
and autonomous neural networks, because they do 
not require the arrival of afferents for their firing 
action (Lodi et al., 2020). Although they have 
classically been associated with the generation of 
cyclic movements such as breathing or episodic 
movements such as locomotion, they could be 
involved in more complex ones that also include 
the possibility of learning (Berkowitz, 2019). Their 
oscillatory properties depend largely on the nature 
of the membranes of their constituent neurons, 
which can fire endogenously (pacemaker neurons), 
although they can also be associated with non-
oscillatory neurons (Bucher et al., 2015).  

Despite their relative functional independence, at 
least in some cases, rhythmic activity requires the 
presence of certain modulatory molecules in order 
to be initiated. On the other hand, some patterns 
that may be more or less similar, such as coughing, 
vomiting or breathing, may use the same neurons, 
although these intervene differently in each case. 
Moreover, in certain systems sensory afferents 
may be more necessary than in others to adapt 
the rhythm to the animal's demands (Marder & 
Bucher, 2001). In addition, although the properties 
of the neurons of these neural systems may be very 
similar, their functioning is often based on the 
intervention of very different ion channels (Bucher 

et al., 2015).

EXAMPLES OF VISCERAL SYSTEMS AND BREATH 
CONTROL

Mollusks 
 
The CNS of these animals consists of a series of 
paired ganglia, usually four, called cerebral, pedal, 
pleural and buccal, scattered throughout the 
body, to which a fifth pair, the visceral, may be 
added. Whatever the case may be, the peripheral 
nerves emanate from them. These ganglia may 
aggregate in the form of a ring, constituting a 
circumesophageal ring (Urquiza, 2021). Among 
pulmonate gastropods, whether terrestrial or 
secondarily aquatic, a new ganglion appeared, 
called paleal or parietal (Chase, 2001) and, as in 
other snails, there is an SNVi as well as an enteric 
nervous system (Ponder et al., 2019). In addition, 
the cerebral ganglia of some of these animals have 
been divided into three, the forebrain, midbrain, 
and metabrain (Chase, 2000, 2001), terminology 
that is not always clarified and may confuse readers. 
Because they exhibit neurological and behavioral 
complexity intermediate between annelids and 
mammals or insects, they are considered excellent 
models in neurobiology. The number of neurons in 
these mollusks ranges from 4,000 to 200,000, some 
of which reach a large size, greatly facilitating 
experimentation (Chase, 2002).

Among these organisms, the regulation of 
visceral functions such as heartbeat, excretion or 
respiration is usually performed by the visceral 
ganglion, which can sometimes be fused to the 
parietal ganglion. Isolated neurons as well as 
peripheral ganglia may also participate in this task 
(Chase, 2002). However, in certain animals, such 
as in the genus Aplysia, the visceral ganglion does 
not exhibit a very obvious delimitation and seems 
to fuse to the abdominal ganglion, which is why 
it has been called the parietal visceral ganglion. 
This ganglion would be homologous to the right 
parietal ganglion found in the genus Achatina. 
In the genus Helix, it is called both visceral and 
abdominal ganglion (Kodirov, 2011).

The PNS includes numerous and varied neurons 
of a sensory nature, dispersed in different organs, 
which would outnumber those clustered in the 
central ganglia. They often form plexuses in the 
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walls of tubular systems such as the digestive, 
perhaps mediating the secretory and peristaltic 
response (Voronezhskaya & Croll, 2015).
It should be remembered that tegumentary 
respiration is executed in all gastropods, although 
frequently also gill and/or pulmonary respiration 
(Chase, 2002). On the other hand, cenogasteropods 
are oxygen conformers, while pulmonates are not, 
because they regulate oxygen consumption, along 
with their metabolism could be partially anaerobic 
(Pyron & Brown, 2015). Pulmonates of the genus 
Lymnaea possess a SN that can regenerate, 
with large and easily identifiable neurons (Dong 
et al., 2021), and that can be transplanted 
to another individual. In addition, they allow 
electrophysiological recording while the animal is 
breathing, and in vitro, they can even reconstruct 
the respiratory GPC (Taylor & Lukowiak, 2000). 
There are many reasons why this is a useful 
model. As its habitat periodically becomes 
hypoxic, preventing tegumentary respiration, the 
animal must emerge and begin lung ventilation. 
To perform this task, the pneumostoma is opened 
for about 20 to 30 seconds to expel the stale air. 
This action, which requires the contraction of 
three different muscle groups, contrasts with the 
complementary action, the entry of air into the 
lung, which apparently occurs by diffusion (Chase, 
2002).

The motor pattern generating center involved in 
respiration would consist of three interneurons: 
one controls the initiation of the respiratory cycle 
and is located in the right dorsal pedal ganglion, 
another one expels air from the lung, because 
it acts on the motor neurons that innervate the 
muscles that open the pneumostoma and a third 
one completes the expulsion of air by closing the 
pneumostoma and is located in the dorsal visceral 
ganglion. Respiratory behavior is influenced by 
sensory afferents (Taylor & Lukoviak, 2000).

Arthropods, with emphasis on crustaceans and 
insects

The SNVi in insects consists of a set of ganglia, 
mostly located towards the anterior region, which 
act on the buccal musculature and the anterior and 
middle portions of the digestive tract (Klowden, 
2013). The various nervous regions vary greatly 
with the type of diet, with some structures being 
more developed in insects that feed on solid sources 

(Ayali, 2004). The VNSi consists of: an anterior 
stomatogastric system (SEG) or stomodeal system, 
the ventral odd nerve and the ventral sympathetic 
system or ventral caudal nervous system (Beutel 
et al., 2013; Wigglesworth, 1972).

In crustaceans and insects, ventilation is regulated 
by neuronal nuclei located in the thoracic ganglion, 
because this is where the central neurons that 
generate patterns sensitive to oxygen level are 
located. Sometimes this ganglion can reach the 
abdominal region. It should be noted that, although 
in panarthropods hypoxia stimulates ventilation, 
this is not the case in the genus Limulus and 
certain basal crustaceans, which reflect the initial 
situation, the response to hypoxia having arisen 
later within the phylum (Harrison, 2015).

In crustaceans, gill ventilation is carried out 
by the beating of the appendages, while aerial 
ventilation is carried out by the action of the 
scaphoid (Ruppert et al., 2004). In amphibians 
some can perform both types of respiration at 
the same time (Henry, 1994). Thus, in almost all 
cases crustaceans ventilate their gills thanks to the 
movement of more or less modified locomotor or 
mouth appendages (Harrison, 2015). In insects, 
gases progress into the tracheae by diffusion or, 
more generally, by diffusion and convection. These 
ventilatory movements, plus the opening and 
closing of the stigmata are jointly regulated by 
nerve centers of the CNS. The form of ventilation 
can be of three types, continuous, discontinuous or 
cyclic (Gefen & Mattehews, 2021) and, with few 
exceptions, it is carried out thanks to the action of 
intersegmental muscles located in the abdominal 
body wall, which they deform, thus producing a 
pumping action (Harrison & Wasserthal, 2013). 
This musculature, also found in crustaceans, has 
in them other functions and innervation, because 
it acts in posture or locomotion. Therefore, 
explaining how the change in the pattern of 
innervation occurred is a problem of utmost 
importance (Harrison, 2015). The regulation of 
respiration is effected by the action of muscles that 
actively close the two spiracles of each segment, 
which are in turn regulated by local neurons 
that innervate both openings at the same time. 
The opening of the spiracles is mainly passive. 
However, in cases where it is produced actively, it 
occurs because of the action of muscles that, unlike 
those of closure, are innervated independently on 
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each side of the segment. A common point in both 
types of regulation is that inhibitory neurons may 
be involved (Harrison & Wasserthal, 2013).

CONCLUSION

Aerial respiration was probably secondary to 
other adaptations such as osmotic regulation (van 
Straalen, 2021), and has arisen independently and 
followed multiple pathways in different phyla, as 
well as within phyla, which is evident from the 
multitude of times that snails, isopods or crabs 
invaded land and, in certain cases, secondarily 
returned to water. The situation of hexapods 
seems somewhat different, however, as they 
would not have independently emerged as many 
air-breathing or in lineages, despite which they 
represent the most hyperdiverse taxon. These 
events exemplify the plasticity and opportunism 
with which evolution operates, as tracheas or 
lungs have arisen independently and in parallel in 
related animals from the same or similar ancestral 
structures. In the case of the comparatively small 
number of aquatic insects, it also illustrates how 
morphological and/or functional constraints act. 
 
On the other hand, the evolutionary relationships 
of the mechanisms of respiration regulation are 
not very clear, being an interesting point to clarify 
in the future, to what level they are shared among 
the different lineages that conquered the earth 
independently. That is, to deepen and clarify the 
evolutionary relationships between the neurons 
involved in the visceral control of respiration and 
other systems such as cardiac beating, peristalsis 
and other cyclic motor actions. 

However, and in spite of the clear differences 
between respiratory organs of the same "type", 
which preclude seeing them as homologous, given 
certain similarities in the respiratory structures, 
as well as in those in charge of their control, it 
is perhaps not venturesome to think that they 
are examples of a special case of homology, deep 
homology. When compared with other visceral 
nervous systems, this seems to contrast sharply 
with, for example, the evolution of the enteric 
nervous system, which could be homologous (in 
the strict sense) in all animals. It is also curious 
that most of the animal biodiversity falls on a few 
bauplan adapted to aeroterrestrial life, although 
most of the phyla are found in the sea, but with 
a smaller total number of species. Nevertheless, 

the adaptive structures and mechanisms involved 
in aerial respiration are relatively similar and, in 
most cases, occurred in the same time period, even 
if they were independent colonizations of related 
lineages belonging to the same phylum or class. 
Reflecting on this, the study and understanding 
of the ecological and evolutionary processes of 
land conquest and, obviously, of the morphological 
transformations involved becomes more relevant. 
Among some of these mechanisms, the different 
pathways that led to symbiosis with microorganisms 
and that, according to the novel vision of the 
holobiont, would have allowed the conquest of the 
earth would be very attractive to clarify. Probably 
the interaction between microorganisms, enteric 
nervous system and brain would be an excellent 
model for comparison, especially if one thinks of 
the problem of the regulation of respiration and 
the evolution of visceral neurons. 

To conclude, another interesting point to analyze 
in the future could be the in-depth comparison of 
the developmental programs of the tracheas and 
lungs of the different arthropod and gastropod 
taxa, assuming that at least in many of them, they 
are not homologous in a strict sense. 
 

CONFLICT OF INTEREST

The author declares that there are no conflicts of 
interest.

REFERENCES
 
Adis, J. & Junk, W. J. (2002). Terrestrial invertebrates 

inhabiting lowland river floodplains of Central 
Amazonia and Central Europe: a review. Freshwater 
Biology, 47(4), 711-731. https://doi.org/10.1046/j.1365-
2427.2002.00892.x

Albin, A., González, M., Simó, M., Kossyrczyk, E. W., 
Bidegaray-Batista, L. & Aisenberg, A. (2022). Eight-
legged swimmers: Behavioral responses to floods in 
two South American spiders. Ethology, 128(1), 41-48. 
https://doi.org/10.1111/eth.13235

Ayali, A. (2004). The insect frontal ganglion and stomatogastric 
pattern generator networks. Neurosignals, 13(1-2), 20-
36. https://doi.org/10.1159/000076156

Ax, P. (2000). Multicellular animals: the phylogenetic system 
of the metazoa (Vol. 2). Springer Science & Business 
Media, Berlín.

Barker, G. M. (2001). Gastropods on land: phylogeny, 
diversity and adaptive morphology. En: Barker, G. M. 

https://revistas.udea.edu.co/index.php/actbio
https://revistas.udea.edu.co/index.php/actbio
https://doi.org/10.1046/j.1365-2427.2002.00892.x
https://doi.org/10.1046/j.1365-2427.2002.00892.x
https://doi.org/10.1111/eth.13235
https://doi.org/10.1159/000076156


Urquiza Actual. Biol. 46(121): e4607, 2024 | Jul-Dec | Medellin |  DOI:10.17533/udea.acbi/v46n121a01

(Ed.), The biology of terrestrial molluscs (pp. 1-146). 
https://doi.org/10.1079/9780851993188.0001

Bellini, B. C., Weiner, W. M. & Winck, B. R. (2023). 
Systematics, ecology and taxonomy of collembola: 
Introduction to the special issue. Diversity, 15(2), 221. 
https://doi.org/10.3390/d15020221

Berkowitz, A. (2019). Expanding our horizons: central pattern 
generation in the context of complex activity sequences. 
Journal of Experimental Biology, 222(20), jeb192054. 
https://doi.org/10.1242/jeb.192054

Bertucci, P. & Arendt, D. (2013). Somatic and visceral 
nervous systems-an ancient duality. BMC biology, 11(1), 
1-4. https://doi.org/10.1186/1741-7007-11-54

Beutel, R. G., Friedrich, F., Yang, X. K. & Ge, S. Q. (2013). 
Insect morphology and phylogeny: a textbook for students 
of entomology. Walter de Gruyter, Berlín.

Boxshall, G. A. & Jaume, D. (2009). Exopodites, epipodites 
and gills in crustaceans. Arthropod Systematics & 
Phylogeny, 67(2), 229-254. https://doi.org/10.3897/
asp.67.e31699

Bradley, T. J., Briscoe, A. D., Brady, S. G., Contreras, H. L., 
Danforth, B. N., Dudley, R., Grimaldi, D., Harrison, J. 
F., Kaiser, A., Merlin, C., Reppert, S., Vanderbrooks, J. 
& Yanoviak, S. P. (2009). Episodes in insect evolution. 
Integrative and Comparative Biology, 49(5), 590-606. 
https://doi.org/10.1093/icb/icp043  

Broly, P., Deville, P. & Maillet, S. (2013). The origin of 
terrestrial isopods (Crustacea: Isopoda: Oniscidea). 
Evolutionary Ecology, 27(3), 461-476. https://doi.
org/10.1007/s10682-012-9625-8

Brunelli, E., Rizzo, P., Guardia, A., Coscarelli, F., Sesti, S. & 
Tripepi, S. (2015). The ultrastructure of the book lungs 
of the Italian trap-door spider Cteniza sp. (Araneae, 
Mygalomorphae, Ctenizidae). Arthropod Structure & 
Development, 44(3), 228-236. https://doi.org/10.1016/j.
asd.2015.03.001

Brusca, R., Moore, W. & Shuster, S. (2016). Invertebrates. (3a 
ed.). Sinauer Associates, Sunderland.

Bucher, D., Haspel, G., Golowasch, J. & Nadim, F. (2015). 
Central pattern generators. En: Encyclopedia of 
Life Sciences. John Wiley & Sons. https://doi.
org/10.1002/9780470015902.a0000032.pub2

Burggren, W. W. & McMahon, B. R. (Eds.). (1988). Biology 
of the land crabs. Cambridge University Press.

Burton D. W. (1981) Pallial systems in the Athoracophoridae 
(Gastropoda: Pulmonata), New Zealand Journal of 
Zoology, 8(3), 391-402. https://doi.org/10.1080/030142
23.1981.10430619

Butler, A. B. & Hodos, W. (2005). Comparative vertebrate 
neuroanatomy: Evolution and adaptation. John Wiley 
& Sons, Inc.

Cannicci, S., Fratini, S., Meriggi, N., Bacci, G., Iannucci, 
A., Mengoni, A. & Cavalieri, D. (2020). To the land 

and beyond: crab microbiomes as a paradigm for the 
evolution of terrestrialization. Frontiers in Microbiology, 
11, 575372. https://doi.org/10.3389/fmicb.2020.575372

Chase, R. (2000). Structure and function in the cerebral 
ganglion. Microscopy research and technique, 
49(6), 511-520. https://doi.org/10.1002/1097-
0029(20000615)49:6<511:AID-JEMT2>3.0.CO;2-L

Chase, R. (2001). Sensory organs and the nervous 
system. En: Barker, G. M. (Ed.), The biology of 
terrestrial molluscs (pp. 179-211). https://doi.
org/10.1079/9780851993188.017

Chase, R. (2002). Behavior and its neural control in gastropod 
molluscs. Oxford University Press.

Copenhaver, P. F. (2007). How to innervate a simple gut: 
familiar themes and unique aspects in the formation 
of the insect enteric nervous system. Developmental 
dynamics: an official publication of the American 
Association of Anatomists, 236(7), 1841-1864. https://
doi.org/10.1002/dvdy.21138

Crews, S. C., Garcia, E. L., Spagna, J. C., Van Dam, M. 
H. & Esposito, L. A. (2019). The life aquatic with 
spiders (Araneae): repeated evolution of aquatic habitat 
association in Dictynidae and allied taxa. Zoological 
Journal of the Linnean Society, 189(3), 862-920. 
https://doi.org/10.1093/zoolinnean/zlz139

Davie, P. J., Guinot, D. & Ng, P. K. (2015). Anatomy and 
functional morphology of Brachyura. Treatise on 
Zoology-Anatomy, Taxonomy, Biology. The Crustacea, 
Volume 9 Part C (2 vols), 11-163. https://doi.
org/10.1163/9789004190832_004

Dennis, M. M., Molnár, M., Kriska, K. & Lőw, P. (2021) 
Mollusca: Gastropoda. En: La Douceur, E. E. B. (Ed.), 
Invertebrate Histology. Wiley Blackwell. https://doi.org 
/10.1002/9781119507697.ch4.  

Dittrich, K. & Wipfler, B. (2021). A review of the hexapod 
tracheal system with a focus on the apterygote groups. 
Arthropod structure & development, 63, 101072. https://
doi.org/10.1016/j.asd.2021.101072

Dong, N., Bandura, J., Zhang, Z., Wang, Y., Labadie, K., 
Noel, B., Davison, A., Koene, J., Sun, H., Coutellac, 
M. & Feng, Z. P. (2021). Ion channel profiling of the 
Lymnaea stagnalis ganglia via transcriptome analysis. 
BMC genomics, 22(1), 1-25. https://doi.org/10.1186/
s12864-020-07287-2

Dunlop, J. A., Scholtz, G. & Selden, P. A. (2013). Water-to-
land transitions. En: Minelli, A., Boxshall, G. & Fusco, 
G. (Eds.), Arthropod biology and evolution: molecules, 
development, morphology (pp. 417–439). Heidelberg, 
Germany: Springer.

Engel, M. S. (2015). Insect evolution. Current Biology 
Magazine, 25, R845–R875. https://doi.org/10.1016/j.
cub.2015.07.059

Foelix, R. F. (2011). Biology of spiders. Oxford University 

https://revistas.udea.edu.co/index.php/actbio
https://revistas.udea.edu.co/index.php/actbio
https://doi.org/10.1079/9780851993188.0001
https://doi.org/10.3390/d15020221
https://doi.org/10.1242/jeb.192054
https://doi.org/10.1186/1741-7007-11-54
https://doi.org/10.3897/asp.67.e31699
https://doi.org/10.3897/asp.67.e31699
https://doi.org/10.1093/icb/icp043
https://doi.org/10.1007/s10682-012-9625-8
https://doi.org/10.1007/s10682-012-9625-8
https://doi.org/10.1016/j.asd.2015.03.001
https://doi.org/10.1016/j.asd.2015.03.001
https://doi.org/10.1002/9780470015902.a0000032.pub2
https://doi.org/10.1002/9780470015902.a0000032.pub2
https://doi.org/10.1080/03014223.1981.10430619
https://doi.org/10.1080/03014223.1981.10430619
https://doi.org/10.3389/fmicb.2020.575372
https://doi.org/10.1002/1097-0029(20000615)49
https://doi.org/10.1002/1097-0029(20000615)49
https://doi.org/10.1079/9780851993188.017
https://doi.org/10.1079/9780851993188.017
https://doi.org/10.1002/dvdy.21138
https://doi.org/10.1002/dvdy.21138
https://doi.org/10.1093/zoolinnean/zlz139
https://doi.org/10.1163/9789004190832_004
https://doi.org/10.1163/9789004190832_004
https://doi.org
https://doi.org/10.1016/j.asd.2021.101072
https://doi.org/10.1016/j.asd.2021.101072
https://doi.org/10.1186/s12864-020-07287-2
https://doi.org/10.1186/s12864-020-07287-2
https://doi.org/10.1016/j.cub.2015.07.059
https://doi.org/10.1016/j.cub.2015.07.059


UrquizaActual. Biol. 46(121): e4607, 2024 | Jul-Dec | Medellin |  DOI:10.17533/udea.acbi/v46n121a01

Press, New York.
Friend, J. A. & Richardson, A. M. M. (1986). Biology of 

Terrestrial Amphipods. Annual Review of Entomology, 
31(1), 25–48. doi:10.1146/annurev.en.31.010186.000325

Furness, J. B. & Stebbing, M. J. (2018). The first brain: Species 
comparisons and evolutionary implications for the enteric 
and central nervous systems. Neurogastroenterology 
& motility, 30(2), e13234. https://doi.org/10.1111/
nmo.13234

Gabella, G. (2012). Autonomic nervous system. En: 
Encyclopedia of Life Sciences. John Wiley & Sons. 
https://doi.org/10.1002/9780470015902.a0000081.pub2

Garwood, R. J., Edgecombe, G. D., Charbonnier, S., Chabard, 
D., Sotty, D. & Giribet, G. (2016). Carboniferous 
Onychophora from Montceau-les-Mines, France, and 
onychophoran terrestrialization. Invertebrate Biology, 
135(3), 179–190. https://doi.org/10.1111/ivb.12130

Gefen, E. & Matthews, P. G. (2021). From chemoreception to 
regulation: filling the gaps in understanding how insects 
control gas exchange. Current Opinion in Insect Science, 
48, 26-31. https://doi.org/10.1016/j.cois.2021.08.001

Geoffroy, J. J. (2015). Subphylum myriapoda, class diplopoda. 
En: Thorp, J. & Rogers, C. (Eds.), Thorp and Covich's 
Freshwater Invertebrates (pp. 661-669). Academic Press. 
https://doi.org/10.1016/B978-0-12-385026-3.00026-7

Ghiretti, F. (1966). Respiration. En: Wilbur, K. M. & Yonge, 
C. M. (Eds.), Physiology of Mollusca (Vol. II, pp. 
175.208). Ed. Academic Press, New York.

Giribet, G. & Edgecombe, G. D. (2020). The invertebrate tree 
of life. Princeton University Press.

Gorr, T. A., Gassmann, M. & Wappner, P. (2006). Sensing and 
responding to hypoxia via HIF in model invertebrates. 
Journal of Insect Physiology, 52(4), 349-364. https://
doi.org/10.1016/j.jinsphys.2006.01.002

Gueriau, P., Lamsdell, J. C., Wogelius, R. A., Manning, P. L., 
Egerton, V. M., Bergmann, U., Bertrand, L. & Denayer, 
J. (2020). A new Devonian euthycarcinoid reveals the 
use of different respiratory strategies during the marine-
to-terrestrial transition in the myriapod lineage. Royal 
Society open science, 7(10), 201037.  https://doi.
org/10.1098/rsos.201037

Harrison, J. F. (2015) Handling and use of oxygen by 
pancrustaceans: Conserved patterns and the evolution 
of respiratory structures. Integrative and Comparative 
Biology, 5(55), 802–815. https://doi.org/10.1093/icb/
icv055

Harrison, J. F. & Wasserthal, L. T. (2013). Gaseous exchange. 
En: Simpson S. J. & Douglas A. E. (Eds.), The insects: 
structure and function (pp. 501-545). Cambridge 
University Press. 

Heller, J. (2015). Sea snails. A natural history. Springer 
International Publishing Switzerland.

Henry, R. P. (1994). Morphological, behavioral, and 

physiological characterization of bimodal breathing 
crustaceans. American Zoologist, 34(2), 205-215. 
https://doi.org/10.1093/icb/34.2.205

Hilken, G., Müller, C. H. G., Sombke, A., Wirkner, C. 
S. & Rosenberg, J. (2011). Chilopoda -Tracheal 
system. En: Minelli, A. (Ed.), Treatise on Zoology-
Anatomy, Taxonomy, Biology. The Myriapoda (Vol. 
1, pp. 137-155). Brill, Leiden. DOI: https://doi.
org/10.1163/9789004188266_008

Hilken, G., Sombke, A., Müller, C. H. & Rosenberg, J. (2015). 
Diplopoda—tracheal system. En: Minelli, A. (Ed.), 
Treatise on Zoology-Anatomy, Taxonomy, Biology. The 
Myriapoda (Vol. 2, pp. 129-152). Brill, Leiden. DOI: 
https://doi.org/10.1163/9789004188273_007

Hilken, G., Rosenberg, J., Edgecombe, G., Blüml, V., Hammel, 
J., Hasenberg, A. & Sombke, A. (2021). The tracheal 
system of scutigeromorph centipedes and the evolution 
of respiratory systems of myriapods. Arthropod Structure 
& Development, 60, 101006. https://doi.org/10.1016/j.
asd.2020.101006.

Hornung, E. (2011). Evolutionary adaptation of oniscidean 
isopods to terrestrial life: structure, physiology and 
behavior. Terrestrial Arthropod Reviews, 4(2), 95-130. 
https://doi.org/10.1163/187498311X576262

Howard, R. J., Puttick, M. N., Edgecombe, G. D. & 
Lozano-Fernandez, J. (2020). Arachnid monophyly: 
morphological, palaeontological and molecular support 
for a single terrestrialization within Chelicerata. 
Arthropod structure & development, 59, 100997. https://
doi.org/10.1016/j.asd.2020.100997

Jänig, W. (2013). The Autonomic Nervous System. En: 
Galizia, C. G. & Lledo, P. M. (Eds.), Neurosciences-
From Molecule to Behavior: a university textbook. 
Berlin: Springer Spektrum.

Kandel, E. R., Koester, J. D., Mack, S. H., Siegelbaum S. A. 
(2021). Principles of neural science. McGraw-Hill, New 
York.

Kano, Y., Chiba, S. & Kase, T. (2002). Major adaptive 
radiation in neritopsine gastropods estimated from 28S 
rRNA sequences and fossil records. Proceedings of the 
Royal Society of London. Series B: Biological Sciences, 
269(1508), 2457-2465. https://doi.org/10.1098/
rspb.2002.2178

Klowden, M. J. (2013). Physiological systems in insects. 
Academic press.

Koch, M. (2015). Diplopoda—general morphology. En: 
Minelli, A. (Ed.), Treatise on Zoology Anatomy, 
Taxonomy, Biology. The Myriapoda (Vol. 2, pp. 7-67). 
Brill, Leiden.

Kodirov, S. A. (2011). The neuronal control of cardiac functions 
in Molluscs. Comparative Biochemistry and Physiology 
Part A: Molecular & Integrative Physiology, 160(2), 
102-116. https://doi.org/10.1016/j.cbpa.2011.06.014

https://revistas.udea.edu.co/index.php/actbio
https://revistas.udea.edu.co/index.php/actbio
http://annurev.en
https://doi.org/10.1111/nmo.13234
https://doi.org/10.1111/nmo.13234
https://doi.org/10.1002/9780470015902.a0000081.pub2
https://doi.org/10.1111/ivb.12130
https://doi.org/10.1016/j.cois.2021.08.001
https://doi.org/10.1016/B978-0-12-385026-3.00026-7
https://doi.org/10.1016/j.jinsphys.2006.01.002
https://doi.org/10.1016/j.jinsphys.2006.01.002
https://doi.org/10.1098/rsos.201037
https://doi.org/10.1098/rsos.201037
https://doi.org/10.1093/icb/icv055
https://doi.org/10.1093/icb/icv055
https://doi.org/10.1093/icb/34.2.205
https://doi.org/10.1163/9789004188266_008
https://doi.org/10.1163/9789004188266_008
https://doi.org/10.1163/9789004188273_007
https://doi.org/10.1016/j.asd.2020.101006
https://doi.org/10.1016/j.asd.2020.101006
https://doi.org/10.1163/187498311X576262
https://doi.org/10.1016/j.asd.2020.100997
https://doi.org/10.1016/j.asd.2020.100997
https://doi.org/10.1098/rspb.2002.2178
https://doi.org/10.1098/rspb.2002.2178
https://doi.org/10.1016/j.cbpa.2011.06.014


Urquiza Actual. Biol. 46(121): e4607, 2024 | Jul-Dec | Medellin |  DOI:10.17533/udea.acbi/v46n121a01

Krieger, J., Hörnig, M. K., Kenning, M., Hansson, B. S. 
& Harzsch, S. (2021). More than one way to smell 
ashore–Evolution of the olfactory pathway in terrestrial 
malacostracan crustaceans. Arthropod structure & 
development, 60, 101022. https://doi.org/10.1016/j.
asd.2020.101022

Kusche, K., Ruhberg, H. & Burmester, T. (2002). A 
hemocyanin from the Onychophora and the emergence 
of respiratory proteins. Proceedings of the National 
Academy of Sciences, 99(16), 10545-10548. https://doi.
org/10.1073/pnas.152241199

Lamsdell, J. C., McCoy, V. E., Perron-Feller, O. A. & 
Hopkins, M. J. (2020). Air breathing in an exceptionally 
preserved 340-million-year-old sea scorpion. Current 
Biology, 30(21), 4316-4321. https://doi.org/10.1016/j.
cub.2020.08.034

Lancaster, J. & Downes, B. J. (2013). Aquatic entomology. 
OUP Oxford.

Lawley, S. D., Reed, M. C. & Nijhout, H. F. (2020). 
Spiracular fluttering increases oxygen uptake. PLoS 
One, 15(5), e0232450. https://doi.org/10.1371/journal.
pone.0232450

Lee, D. J. & Matthews, P. G. (2021). How insects transition 
from water to air: Respiratory insights from dragonflies. 
Comparative Biochemistry and Physiology Part A: 
Molecular & Integrative Physiology, 253, 110859.  
https://doi.org/10.1016/j.cbpa.2020.110859

Lewis, J. G. E. (1981). The biology of centipedes. Cambridge 
University Press.

Lindberg, D. R. & Ponder, W. F. (2001). The influence of 
classification on the evolutionary interpretation of 
structure a re-evaluation of the evolution of the pallial 
cavity of gastropod mollusks. Organisms Diversity & 
Evolution, 1(4), 273-299. https://doi.org/10.1078/1439-
6092-00025

Lodi, M., Shilnikov, A. L. & Storace, M. (2020). Design 
principles for central pattern generators with preset 
rhythms. IEEE Transactions on Neural Networks 
and Learning Systems, 31(9), 3658-3669. https://doi.
org/10.1109/TNNLS.2019.2945637

Lopardo, L., Michalik, P. & Hormiga, G. (2022). Take a 
deep breath. The evolution of the respiratory system 
of symphytognathoid spiders (Araneae, Araneoidea). 
Organisms Diversity & Evolution, 22(1), 231-263. 
https://doi.org/10.1007/s13127-021-00524-w

Lőw, P., Molnár, M. & Kriska, K. (2016). Atlas of Animal 
Anatomy and Histology. Springer Cham. https://doi.
org/10.1007/978-3-319-25172-1

Lozano-Fernandez, J., Carton, R., Tanner, A. R., 
Puttick, M. N., Blaxter, M., Vinther, J., Olesen, J., 
Giribet, G., Edgecombe, G. & Pisani, D. (2016). A 
molecular palaeobiological exploration of arthropod 
terrestrialization. Philosophical Transactions of the 

Royal Society B: Biological Sciences, 371(1699), 
20150133. https://doi.org/10.1098/rstb.2015.0133

Luquet, C., Rosa, G., Ferrari, C., Genovese, G. & Pellerano, 
G. (2000). Gill morphology of the intertidal estuarine 
crab Chasmagnathus granulatus Dana, 1851 (Decapoda, 
Grapsidae) in relation to habitat and respiratory 
habits. Crustaceana, 73(1), 53-67. http://dx.doi.
org/10.1163/156854000504110

Maina, J. N. (1989). The morphology of the lung of a 
tropical terrestrial slug Trichotoxon copleyi (Mollusca: 
Gastropoda: Pulmonata): a scanning and transmission 
electron microscopic study. Journal of Zoology, 217(3), 
355-366. https://doi.org/10.1111/j.1469-7998.1989.
tb02495.x

Maina, J. N. (2011). Bioengineering Aspects in the Design 
of Gas Exchangers. Evolutionary, Morphological, 
Functional, and Molecular Perspectives. Springer, 
Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-
20395-4

Marder, E. & Bucher, D. (2001). Central pattern generators 
and the control of rhythmic movements. Current 
biology, 11(23), R986-R996. https://doi.org/10.1016/
s0960-9822(01)00581-4.

Mill, P. J. (1997) Invertebrate respiratory systems. En: 
Danzler, W. H (Ed.), Handbook of Physiology. Section 
13. Comparative Physiology, (Vol. II, pp. 1009-1096). 
American Physiological Society, Bethesda, NY.

Molnár, K., Kriska, G. & Lőw, P. (2021). Annelida. En: La 
Douceur, E. E. B. (Ed.), Invertebrate Histology (pp. 
185-219). https://doi.org/10.1002/9781119507697.ch7

Mordan, P. & Wade, C. (2008). Heterobranchia II. En: Ponder, 
W. & Lindberg, D. (Eds.), Phylogeny and Evolution of 
the Mollusca. University of California Press.

Mueck, K., Deaton, L. E., Lee, A. (2020). Microscopic anatomy 
of the gill and lung of the apple snail Pomacea maculata, 
with notes on the volume of the lung. Journal of Shellfish 
Research, 39, 125–132.  DOI10.2983/035.039.0112.

Müller, M., Mentel, M., van Hellemond, J. J., Henze, K., 
Woehle, C., Gould, S. B., Yu, R. Y., van der Giezen M., 
Tielens A. G. M. & Martin, W. F. (2012). Biochemistry 
and evolution of anaerobic energy metabolism in 
eukaryotes. Microbiology and Molecular Biology Review, 
76(2), 444–495. https://doi.org/10.1128/MMBR.05024-
11

Muñoz-Chápuli, R. (2011). Evolution of angiogenesis. 
International Journal of Developmental Biology, 55(4-
5), 345-351. https://doi.org/10.1387/ijdb.103212rm.

Nielsen, C. (2012). Animal Evolution, Interrelationships of the 
Living Phyla. Oxford University Press, Oxford.

Páll-Gergely, B., Gargominy, O., Fontaine, B. & Asami, T. 
(2017). Breathing device of a new Streptaulus species 
from Vietnam extends understanding of the function 
and structure of respiratory tubes in cyclophoroids 

https://revistas.udea.edu.co/index.php/actbio
https://revistas.udea.edu.co/index.php/actbio
https://doi.org/10.1016/j.asd.2020.101022
https://doi.org/10.1016/j.asd.2020.101022
https://doi.org/10.1073/pnas.152241199
https://doi.org/10.1073/pnas.152241199
https://doi.org/10.1016/j.cub.2020.08.034
https://doi.org/10.1016/j.cub.2020.08.034
https://doi.org/10.1371/journal.pone.0232450
https://doi.org/10.1371/journal.pone.0232450
https://doi.org/10.1016/j.cbpa.2020.110859
https://doi.org/10.1078/1439-6092-00025
https://doi.org/10.1078/1439-6092-00025
https://doi.org/10.1109/TNNLS.2019.2945637
https://doi.org/10.1109/TNNLS.2019.2945637
https://doi.org/10.1007/s13127-021-00524-w
https://doi.org/10.1007/978-3-319-25172-1
https://doi.org/10.1007/978-3-319-25172-1
https://doi.org/10.1098/rstb.2015.0133
http://dx.doi.org/10.1163/156854000504110
http://dx.doi.org/10.1163/156854000504110
https://doi.org/10.1111/j.1469-7998.1989.tb02495.x
https://doi.org/10.1111/j.1469-7998.1989.tb02495.x
https://doi.org/10.1007/978-3-642-20395-4
https://doi.org/10.1007/978-3-642-20395-4
https://doi.org/10.1016/s0960-9822(01)00581-4
https://doi.org/10.1016/s0960-9822(01)00581-4
https://doi.org/10.1002/9781119507697.ch7
https://doi.org/10.1128/MMBR.05024-11
https://doi.org/10.1128/MMBR.05024-11
https://doi.org/10.1387/ijdb.103212rm


UrquizaActual. Biol. 46(121): e4607, 2024 | Jul-Dec | Medellin |  DOI:10.17533/udea.acbi/v46n121a01

(Gastropoda: Caenogastropoda: Pupinidae). Journal 
of Molluscan Studies, 83(2), 243-248. https://doi.
org/10.1093/mollus/eyx006

Panganiban, G., Irvine, S. M., Lowe, C., Roehl, H., Corley, 
L. S., Sherbon, B., Grenier, J. K., Fallon, J. F., Kimble, 
J., Walker, M., Wray, G. A., Swalla, B. J., Martindale, 
M. Q. & Carroll, S. B. (1997). The origin and evolution 
of animal appendages. Proceedings of the National 
Academy of Sciences, 94(10), 5162-5166. https://doi.
org/10.1073/pnas.94.10.5162

Paoli, P., Ferrara, F. & Taiti, S. (2002). Morphology and 
evolution of the respiratory apparatus in the family 
Eubelidae (Crustacea, Isopoda, Oniscidea). Journal of 
Morphology, 253(3), 272-289. https://doi.org/10.1002/
jmor.10008

Pearce, T. A. & Örstan, A. (2006). The Mollusks: A Guide 
to Their Study, Collection, and Preservation (pp. 261-
285). Editorial American Malacological Society.

Pereira, J., Bicudo, W. & Campiglia, S. (1985). A 
morphometric study of the tracheal system of Peripatus 
acacioi Marcus and Marcus (Onychophora). Respiration 
physiology, 60(1), 75-82. https://doi.org/10.1016/0034-
5687(85)90040-4

Perry, S. F., Lambertz, M. & Schmitz, A. (2019). Respiratory 
biology of animals: Evolutionary and functional 
morphology. Oxford University Press.

Ponder, W. F., Lindberg, D. R. & Ponder, J. M. (2019). 
Biology and Evolution of the Mollusca (Vol. 1). CRC 
Press. https://doi.org/10.1201/9781351115667

Ponder, W. F., Lindberg, D. R. & Ponder, J. M. (2020). 
Biology and Evolution of the Mollusca (Vol. 2). CRC 
Press. https://doi.org/10.1201/9781351115254

Prieto, G. I. (2021). Caution ahead: reassessing the functional 
morphology of the respiratory organs in amphibious 
snails. PeerJ,  9, e12161. https://doi.org/10.7717/
peerj.12161

Purschke, G. (2016) Annelida. Basal groups and pleistoannelida. 
En: Schmidt-Rhaesa, A., Harzsch, S. & Purschke, G. 
(Eds.), Structure and evolution of invertebrate nervous 
systems (pp. 254–312). Oxford University Press. https://
doi.org/10.1093/acprof:oso/9780199682201.003.0024

Pyron, M. & Brown, K. M. (2015). Introduction to mollusca 
and the class Gastropoda. En: Thorp, J. & Rogers C. 
(Eds.) Thorp and Covich's freshwater invertebrates (pp. 
383-421). Academic Press. http://dx.doi.org/10.1016/
B978-0-12-385026-3.00018-8

Ramírez, M. J., Magalhaes, I. L., Derkarabetian, S., Ledford, 
J., Griswold, C. E., Wood, H. M. & Hedin, M. (2021). 
Sequence capture phylogenomics of true spiders reveals 
convergent evolution of respiratory systems. Systematic 
Biology, 70(1), 14-20. https://doi.org/10.1093/sysbio/
syaa043

Richards, O. W. & Davies, R. G. (1997). Imms’ General 

Textbook of Entomology, vol. 1: Structure, physiology 
and development. London, Chapman and Hall.

Rodríguez, C., Prieto, G. I., Vega, I. A. & Castro-Vazquez, 
A. (2021). Morphological grounds for the obligate 
aerial respiration of an aquatic snail: functional and 
evolutionary perspectives. PeerJ,  9 , e10763. https://
doi.org/10.7717/peerj.10763

Romero, P. E., Pfenninger, M., Kano, Y. & Klussmann-
Kolb, A. (2016). Molecular phylogeny of the Ellobiidae 
(Gastropoda: Panpulmonata) supports independent 
terrestrial invasions. Molecular phylogenetics and 
evolution, 97, 43-54. https://doi.org/10.1016/j.
ympev.2015.12.014

Rumi, A., Gutierrez-Gregoric, D. E., Landoni, N., Cárdenas, 
J., Gordillo, S., Gonzalez, J. & Alvarez, D. (2015). 
Glacidorbidae (Gastropoda: Heterobranchia) in South 
America: revision and description of a new genus and 
three new species from Patagonia. Molluscan Research, 
35(3), 143-152. http://dx.doi.org/10.1080/13235818.20
15.1030094

Ruppert, E. E., Fox, R. S. & Barnes, R. D. (2004). Invertebrate 
zoology: a functional Evolutionary approach. Editorial 
Cengage Learning. 

Ruthensteiner, B. (1997). Homology of the pallial and 
pulmonary cavity of gastropods Journal of Molluscan 
Studies, 63, 353-367. https://doi.org/10.1093/
mollus/63.3.353

Schmidt, C. & Wägele, J. W. (2001). Morphology and 
evolution of respiratory structures in the pleopod 
exopodites of terrestrial Isopoda (Crustacea, Isopoda, 
Oniscidea). Acta Zoologica, 82(4), 315-330. https://doi.
org/10.1046/j.1463-6395.2001.00092.x

Schmidt-Rhaesa, A. 2007. The Evolution of Organ Systems. 
Oxford Biology, Oxford. https://doi.org/10.1093/
acprof:oso/9780198566687.001.0001

Schmitz, A. (2013) Tracheae in Spiders: Respiratory Organs 
for Special Functions. En: Nentwig, W. (Ed.), Spider 
Ecophysiology. Editorial Springer Berlin, Heidelberg. 
https://doi.org/ 10.1007/978-3-642-33989-9_3

Schmitz, A. (2016). Respiration in spiders (Araneae). Journal 
of Comparative Physiology B, 186(4), 403-415. https://
doi.org/10.1007/s00360-016-0962-8

Schmitz, A. & Harrison, J. F. (2004). Hypoxic tolerance in 
air-breathing invertebrates. Respiratory Physiology 
Neurobiology, 141(3), 229–42. https://doi.org/10.1016/j.
resp.2003.12.004

Scholtz, G. (2014). Evolution of crabs–history and 
deconstruction of a prime example of convergence. 
Contributions to Zoology, 83(2), 87-105. https://doi.
org/10.1163/18759866-08302001

Scholtz, G. & Kamenz, C. (2006). The book lungs of Scorpiones 
and Tetrapulmonata (Chelicerata, Arachnida): evidence 
for homology and a single terrestrialisation event of a 

https://revistas.udea.edu.co/index.php/actbio
https://revistas.udea.edu.co/index.php/actbio
https://doi.org/10.1093/mollus/eyx006
https://doi.org/10.1093/mollus/eyx006
https://doi.org/10.1073/pnas.94.10.5162
https://doi.org/10.1073/pnas.94.10.5162
https://doi.org/10.1002/jmor.10008
https://doi.org/10.1002/jmor.10008
https://doi.org/10.1016/0034-5687(85)90040-4
https://doi.org/10.1016/0034-5687(85)90040-4
https://doi.org/10.1201/9781351115667
https://doi.org/10.1201/9781351115254
https://doi.org/10.7717/peerj.12161
https://doi.org/10.7717/peerj.12161
https://doi.org/10.1093/acprof
https://doi.org/10.1093/acprof
http://dx.doi.org/10.1016/B978-0-12-385026-3.00018-8
http://dx.doi.org/10.1016/B978-0-12-385026-3.00018-8
https://doi.org/10.1093/sysbio/syaa043
https://doi.org/10.1093/sysbio/syaa043
https://doi.org/10.7717/peerj.10763
https://doi.org/10.7717/peerj.10763
https://doi.org/10.1016/j.ympev.2015.12.014
https://doi.org/10.1016/j.ympev.2015.12.014
http://dx.doi.org/10.1080/13235818.2015.1030094
http://dx.doi.org/10.1080/13235818.2015.1030094
https://doi.org/10.1093/mollus/63.3.353
https://doi.org/10.1093/mollus/63.3.353
https://doi.org/10.1046/j.1463-6395.2001.00092.x
https://doi.org/10.1046/j.1463-6395.2001.00092.x
https://doi.org/10.1093/acprof
https://doi.org/10.1093/acprof
https://doi.org/
https://doi.org/10.1007/s00360-016-0962-8
https://doi.org/10.1007/s00360-016-0962-8
https://doi.org/10.1016/j.resp.2003.12.004
https://doi.org/10.1016/j.resp.2003.12.004
https://doi.org/10.1163/18759866-08302001
https://doi.org/10.1163/18759866-08302001


Urquiza Actual. Biol. 46(121): e4607, 2024 | Jul-Dec | Medellin |  DOI:10.17533/udea.acbi/v46n121a01

common arachnid ancestor. Zoology, 109(1), 2-13. 
https://doi.org/10.1016/j.zool.2005.06.003

Selden, P. A. (2001). Terrestrialization (Precambrian–
Devonian). En: Encyclopedia of Life Sciences. John 
Wiley & Sons, Ltd. https://doi.org/10.1038/npg.
els.0004145

 Selden, P. A. & Edwards, D. (1989) Colonisation of the land. 
En: Allen, K. C. & Briggs, D. E. G. (Eds.), Evolution 
and the Fossil Record (Cap. 6, pp. 122–152). London: 
Belhaven.

Selverston, A. I. (2007). Evolution of visceral control in 
invertebrates. En: Kaas, J. H. (Ed.), Evolution of 
nervous system. A comprehensive reference (pp. 375-
402). Academic Press. https://doi.org/10.1016/B0-12-
370878-8/00177-4

Sfenthourakis, S., Myers, A. A., Taiti, S., Lowry, J. K. (2020). 
Terrestrial environments. En: Thiel, M., Poore, G. 
(Eds.), Evolution and Biogeography of the Crustacea, the 
Natural History of the Crustacea (pp. 375-404). Oxford 
University Press, Oxford, UK. https://doi.org/10.1093/
oso/9780190637842.003.0014

Shubin, N., Tabin, C. & Carroll, S. (2009). Deep homology and 
the origins of evolutionary novelty. Nature, 457(7231), 
818-823. https://doi.org/10.1038/nature07891

Sluys, R. (2019). The evolutionary terrestrialization of 
planarian flatworms (Platyhelminthes, Tricladida, 
Geoplanidae): a review and research programme. 
Zoosystematics and Evolution, 95, 543-556. https://doi.
org/10.3897/zse.95.38727

Snodgrass, R. E. (1993). Principles of Insect 
Morphology. Cornell University Press. https://doi.
org/10.7591/9781501717918

South, A. (2012). Terrestrial slugs: biology, ecology and 
control. Springer Science & Business Media. https://
doi.org/10.1007/978-94-011-2380-8

Starr, S. M. & Wallace, J. R. (2021). Ecology and biology 
of aquatic insects. Insects, 12(1), 51. https://doi.
org/10.3390/insects12010051

Strong, E. E., Gargominy, O., Ponder, W. F. & Bouchet, 
P. (2008). Global diversity of gastropods (Gastropoda; 
Molusca) in freshwater. Hydrobiologia, 595, 149-166. 
https://doi.org/10.1007/S10750-007-9012-6

Taylor, B. E. & Lukowiak, K. (2000). The respiratory central 
pattern generator of Lymnaea: a model, measured and 
malleable. Respiration physiology, 122(2-3), 197-207. 
https://doi.org/10.1016/s0034-5687(00)00159-6

Terblanche, J. S. & Woods, H. A. (2018). Why do models of 
insect respiratory patterns fail? Journal of Experimental 
Biology, 221(13), jeb130039. https://doi.org/10.1242/
jeb.130039

Thorp, J. H. & O’Neill, B. J. (2015). Hexapoda—Introduction 
to Insects and Collembola. En: Thorp, J. & Rogers, C. 
(Eds.), Thorp and Covich's Freshwater Invertebrates 

(pp. 849-871). Academic Press. https://doi.org/10.1016/
B978-0-12-385026-3.00033-4

Urquiza, S. P. (2021). Nociones sobre la estructura y evolución 
del sistema nervioso de algunos invertebrados. Revista 
de investigación científica, 41(2), 256-276. http://
dx.doi.org/10.17268/rebiol.2021.41.02.11

Urquiza, S. P. & Carezzano, F. J. (2018). Morfología Animal. 
Tomo I (pp. 160). Editorial Sima, Córdoba.  

Vahtera, V., Edgecombe, G. D. & Giribet, G. (2012). 
Spiracle structure in scolopendromorph centipedes 
(Chilopoda: Scolopendromorpha) and its contribution 
to phylogenetics. Zoomorphology, 131(3), 225-248. 
https://doi.org/10.1007/s00435-012-0157-0

Van Straalen, N. M. (2021). Evolutionary terrestrialization 
scenarios for soil invertebrates. Pedobiologia, 87-88, 
150753. https://doi.org/10.1016/j.pedobi.2021.150753

Verkhratsky, A. (2021). Early evolutionary history (from 
bacteria to hemichordata) of the omnipresent purinergic 
signalling: A tribute to Geoff Burnstock inquisitive 
mind. Biochemical Pharmacology, 187, 114261. https://
doi.org/10.1016/j.bcp.2020.114261

Vermeij, G. J. & Dudley, R. (2000). Why are there 
so few evolutionary transitions between aquatic 
and terrestrial ecosystems? Biological Journal of 
the Linnean Society, 70(4), 541-554. https://doi.
org/10.1111/j.1095-8312.2000.tb00216.x

Vermeij, G. J. & Watson-Zink, V. M. (2022). Terrestrialization 
in gastropods: lineages, ecological constraints and 
comparisons with other animals. Biological Journal 
of the Linnean Society 136, 393-404 https://doi.
org/10.1093/biolinnean/blac053

Voronezhskaya, E. E. & Croll, R. P. (2016). Mollusca: 
Gastropoda. En: Schmidt-Rhaesa, A., Harzsch, 
S. & Purschke, G. (Eds.), Structure and evolution 
of invertebrate nervous systems (pp. 196-221). 
Oxford University Press. https://doi.org/10.1093/
acprof:oso/9780199682201.003.0020

Wale, M., Daffonchio, D., Fusi, M., Marasco, R., Garuglieri, 
E. & Diele, K. (2021). The importance of larval stages 
for considering crab microbiomes as a paradigm for the 
evolution of terrestrialization. Frontiers in Microbiology, 
12. https://doi: 10.3389/fmicb.2021.770245

Watson-Zink, V. M. (2021). Making the grade: Physiological 
adaptations to terrestrial environments in decapod 
crabs. Arthropod structure & development, 64, 101089. 
https://doi.org/10.1016/j.asd.2021.101089

Wigglesworth, V. B. (1972). The principles of insect 
physiology. https://doi.org/10.1007/978-94-009-5973-6

Wirkner, C. S., Richter, S., Watling, L. & Thiel, L. (2013a). 
Circulatory system and respiration. Natural History 
of Crustacea, 1, 376-412.  https://doi.org/10.1093/
acprof:osobl/9780195398038.003.0014

Wirkner, C. S., Tögel, M. & Pass, G. (2013b). The Arthropod 

https://revistas.udea.edu.co/index.php/actbio
https://revistas.udea.edu.co/index.php/actbio
https://doi.org/10.1016/j.zool.2005.06.003
https://doi.org/10.1038/npg.els.0004145
https://doi.org/10.1038/npg.els.0004145
https://doi.org/10.1016/B0-12-370878-8/00177-4
https://doi.org/10.1016/B0-12-370878-8/00177-4
https://doi.org/10.1093/oso/9780190637842.003.0014
https://doi.org/10.1093/oso/9780190637842.003.0014
https://doi.org/10.1038/nature07891
https://doi.org/10.3897/zse.95.38727
https://doi.org/10.3897/zse.95.38727
https://doi.org/10.7591/9781501717918
https://doi.org/10.7591/9781501717918
https://doi.org/10.1007/978-94-011-2380-8
https://doi.org/10.1007/978-94-011-2380-8
https://doi.org/10.3390/insects12010051
https://doi.org/10.3390/insects12010051
https://doi.org/10.1007/S10750-007-9012-6
https://doi.org/10.1016/s0034-5687(00)00159-6
https://doi.org/10.1242/jeb.130039
https://doi.org/10.1242/jeb.130039
https://doi.org/10.1016/B978-0-12-385026-3.00033-4
https://doi.org/10.1016/B978-0-12-385026-3.00033-4
http://dx.doi.org/10.17268/rebiol.2021.41.02.11
http://dx.doi.org/10.17268/rebiol.2021.41.02.11
https://doi.org/10.1007/s00435-012-0157-0
https://doi.org/10.1016/j.pedobi.2021.150753
https://doi.org/10.1016/j.bcp.2020.114261
https://doi.org/10.1016/j.bcp.2020.114261
https://doi.org/10.1111/j.1095-8312.2000.tb00216.x
https://doi.org/10.1111/j.1095-8312.2000.tb00216.x
https://doi.org/10.1093/biolinnean/blac053
https://doi.org/10.1093/biolinnean/blac053
https://doi.org/10.1093/acprof
https://doi.org/10.1093/acprof
https://doi.org/10.1016/j.asd.2021.101089
https://doi.org/10.1007/978-94-009-5973-6
https://doi.org/10.1093/acprof
https://doi.org/10.1093/acprof


UrquizaActual. Biol. 46(121): e4607, 2024 | Jul-Dec | Medellin |  DOI:10.17533/udea.acbi/v46n121a01

Circulatory System. En:  Minelli, A., Boxshall, G. & 
Fusco, G. (Eds.), Arthropod Biology and Evolution 
(pp. 343–391). Springer Berlin Heidelberg. https://doi.
org/10.1007/978-3-642-36160-9_14

Zilber-Rosenberg, I. & Rosenberg, E. (2021). Microbial-driven 
genetic variation in holobionts. FEMS Microbiology 
Reviews, 45(6). https://doi.org/10.1093/femsre

https://revistas.udea.edu.co/index.php/actbio
https://revistas.udea.edu.co/index.php/actbio
https://doi.org/10.1007/978-3-642-36160-9_14
https://doi.org/10.1007/978-3-642-36160-9_14
https://doi.org/10.1093/femsre

