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Editorial

Ethics and Invertebrates: The Problem Is Us

Jennifer A. Mather

Department of Psychology, University of Lethbridge, Lethbridge, AB T1K 3M4, Canada; mather@uleth.ca

Simple Summary: Why do we need a collection of papers about the welfare of invertebrates, and
what do we need to learn from it? The most important reason is that they make up most of the
animals on the planet, so animal welfare without invertebrates simply is not the welfare of animals.
Being vertebrates and mammals, we have concentrated on knowing about animals like us, and so
there is a huge lack of information about invertebrates. We cannot care about them if we do not
know they exist. More than that, we do not particularly like them. They are often small, seen as
ugly cockroaches, parasitic ticks, biting mosquitoes, but think instead of dazzling butterflies, flexible
octopuses, attractive fireflies. Most of all, we do not think about their welfare because we see them as
just machines, no complex behavior and intelligence, not deserving of care. Recent science research is
changing that, and we are beginning to see that they are often very smart and sensitive and deserve
our consideration. Why this is true and how we can extend welfare to non-vertebrates is the subject
of this set of papers.

Abstract: In the last few decades, science has begun to make great strides at understanding how
varied, fascinating, and intelligent invertebrate animals are. Because they are poorly known, the
invertebrates that make up about 98% of the animals on the planet have been overlooked. Because
they are seen as both simple and unattractive, children and their teachers, as well as the general public,
do not think they need care. Because until recently we did not know they can be both intelligent
and sensitive—bees can learn from each other, butterflies can navigate huge distances, octopuses
are smart, and lobsters can feel pain—we have to give them the consideration they deserve. This
collection of papers should help us to see how the lives of invertebrates are tightly linked to ours,
how they live, and what they need in terms of our consideration and care.

1. Introduction

Why does the situation of invertebrate welfare start with us? Because the biggest
problems with invertebrate welfare are centered around humans, not the animals them-
selves. We have come to dominate the planet during the present epoch, now deservedly
called the Anthropocene [1]. The damage we have done to earth and the animals on it is
likely caused by the early Western philosophical approach to these animals, starting with
the scala naturae, the belief in ascending improvement leading to humans as the peak of
evolution [2]. This viewpoint was picked up by the Christian church with its belief that
‘man shall have dominion’, and due to Descartes’ assertion that animals were mere things
to be manipulated, distinct from humans who had souls.

Of course, this is not the only ethical approach to animals. Buddhists believe in the
brotherhood of all animals and the transformation of living things after death, along with
the continuity of energy [3]. Additionally, the plains Indians believed in the one-ness of
nature and our brotherhood with animals [4]. But, the Christian view became the dominant
one in science. This anthropocentrism caused three problems for invertebrates: a lack
of knowledge, negative attitudes, and a misunderstanding of their cognitive abilities, all
leading to problems for welfare consideration. These played out through the interacting trio
of (1) scientific knowledge, (2) beliefs of the general public, and (3) political/commercial interests.

Animals 2023, 13, 2827 https://www.mdpi.com/journal/animals1
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2. We Do Not Know Much about Invertebrate Animals

In terms of the scientific lack of knowledge about invertebrates, Schleffers et al. [5]
discuss what the term ‘missing biodiversity’ means. Mammals comprise 0.5% of the animal
species on the planet, and yet we have named and identified 97% of them, but probably
only half of the molluscs and one third of the crustaceans. This is particularly true of
animals in unstudied ecosystems such as oceans, which make up 70% of the habitable space
on the planet. This lack of information has led to the decade-long Census of Marine Life, a
major attempt by science to find some of these animals. It has been a huge advance, but
we are still catching up. This gap in information is partly the result of neglect by scientists,
as an examination of recent papers in the journal Animal Behaviour [6] showed that 1/3 of
papers were on these mammals and only 21% were on insects, who represent 170 times as
many species (1). Further, papers in leading animal welfare journals have focused nearly
completely on care for mammals. The result is that legislation protecting the welfare of
invertebrates in research exists in only a few countries in the world, particularly in the UK,
European Union, and almost only for cephalopods [6], with the United States as a notable
exception.

The lack of scientific knowledge is reflected in that of the general public. Kellert [7]
found that the American public knew little about invertebrates, answering only 1/3 of sim-
ple questions about them correctly. Others [8] looked at French students in Environmental
and Human Sciences and found that mammals were much better known and that insects
were not even seen as part of the environment. Golick [9] checked university students in
the US for mistakes about insects and found them frequent. Since Kellert [7] had found
that those with more education in general had a better knowledge of animals, this lack of
understanding by university students makes the [9] study even more worrying.

Media feed the vertebrate centrism in our information about animals, and the public
responds. Scientists have to know about animals, but they also have to feed into and
inform the rest of us. The Paris Zoological Park had an ‘adoption’ program for the public
to specifically target individual animals with donations. Of the 29 possible species, 20 were
mammals and only one, the tarantula, was an invertebrate [10]. A similar adoption program
at the Vancouver Aquarium featured three animals, two mammals and a shark, even
though there are 130 marine mammals and 200,000 identified fish species. No charismatic
invertebrates were featured. Albert et al. [11] performed a wide survey of the media using
both an internet survey and data from aquariums and Disney and Pixar films, and found
that 20 species were emphasized in these media, 17 of which were large mammals. Tourists
visiting sub-Saharan Africa have been keyed to look for the ‘big five’ large mammals and
their conservation is thought to support the preservation of the ecosystems of the region [12],
though this excuse is only partly true. Only some of the ecosystems on the continent are
preserved from human expansion and exploitation. Even when other authors [13] have
explicitly said that they wanted to study anthropomorphism in the evaluation of animals,
they managed to only include three invertebrates in their total of 30 species. Their view
did not widen very much.

3. We Do Not Like or Value the Invertebrates That We Do Know about

Given this lack of information about invertebrates, perhaps it is not surprising that
people have negative evaluations of them, especially of insects. They are seen as ugly,
crunchy/squishy, even menacing. In fact, Schlegel et al. [14] found that despite this unpleas-
ant view, children who could recognize them had less negative attitudes to invertebrates,
so it is partly due to ignorance. This was the same with Yugoslavian university students,
who had mixed views of insects, despite the fact that some of them had just taken a course
on bee biology [15]. Kellert [7] pioneered the study of attitudes to animals by interview-
ing 29 Americans, and he found the invertebrates (examples of which were cockroach,
mosquito, and wasp) occupied three of the four ‘least liked’ positions, accompanied by the
rat as third-least, with affective views of fear and disgust. Given the relationship of these
species to humans, this is perhaps not surprising; he could have instead chosen butterflies,
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dragonflies, and shrimp, for instance. A later author [16] looked at attitudes to non-human
animals in terms of positions sorted on different dimensions and found four clusters in how
we catalogue them: food species, popular species, intelligent ones, and dangerous ones.
This could have been followed up to evaluate the attitudes to members of the different
groups but it was not. We could feature ‘popular’ invertebrates such as butterflies, but
we mostly do not. The negative attitudes start with children, as Swiss children showed
disdain for land invertebrates [17], though they were more positive to butterflies and
dragonflies [14]. In fact, butterflies were admired by residents and tourists in northern
India [18] and noticed by visitors to urban parks in East and Southeast Asia [19]. Breuer
et al. [17] specifically studied them as ‘flagship’ species for invertebrates in Beverin Nature
Park in Switzerland, aiming to help turn attitudes around. The more general disdain can
start early, as [20] found this preference in Italian kindergarten children. However, this is
not surprising as both [21,22] found them showing fear and disgust toward invertebrates,
and especially toward spiders.

It is not surprising that children have negative attitudes to invertebrates when you look
at the values of their teachers. An evaluation of students in teacher education in Norway
and Italy showed that there were negative attitudes toward invertebrates, especially in
Italy and much more in females [23]. This gender gap is worrying, as early education
teachers are predominantly female, and prejudices learned early are hard to counter. Still,
the cultural difference shows that these negative attitudes are learned and not innate. This
is particularly true as ‘outdoor education’ is a feature of Norwegian life and children meet
and interact much more with invertebrates than they would if they were indoors playing
on the computer. The dislike and ignorance are not just European, as there is a low level of
knowledge and understanding of invertebrates in Indonesia too [24]. A short experience is
not always enough to change sweeping attitudes, as exposure to Madagascar cockroaches
changed pre-teacher attitudes to that insect but did not generalize to other species [22].

However, it is relatively easy to turn this ignorance and dislike around somewhat in
children. German school children’s visits to a ‘green classroom’ outside the school had a
long-term effect on them noticing that invertebrates existed [25]. This was shown when they
drew pictures of what lived there, as they now especially noticed the soil and its inhabitants.
Japanese gardeners had biophilia (liking) to insects and not the more common biophobia
(aversion) found in their society [26], again having experienced the ecosystem ‘close up’.
Many American elementary schools have gardens in the schoolyard for children to work in,
a break from, and extension of, the classroom. This began with the goal of increasing their
likelihood of eating a healthier diet, especially including vegetables [27], assuming that
the involvement and good taste would win them over. Tending to the soil seems to have a
mental health outcome as well, with the change in focus and the productivity helping with
stress. However, given the Japanese study, it may increase children’s knowledge of, and
comfort with, invertebrates as a side effect.

4. We Do Not Know How Smart and Sensitive They Are

Because of our anthropocentric view of animals, we have long underestimated the
intelligence of any invertebrate group. The dominant belief in the evolution of cognitive
ability is the social intelligence hypothesis [28,29]. Focusing particularly on primates,
researchers have argued that the pressure to understand other individuals in tight-knit
social groups has led to the flexibility of actions and knowledge of consequences. They
particularly talked about the ‘theory of mind’, the necessity to understand the motivation
of others. The mammalian, and especially primate, combination of big brains, long life,
parental care, and these complex social groups have fostered learning and its use. Still,
the evaluation of hyenas argued for a modified version [30], and others saw a combined
ecological-social one [31], but the paradigm was fairly fixed, dominated the study of animal
cognition, and generally eliminated invertebrates from any considerations of intelligence,
sentience, and thus welfare.
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As a result of this view, several biases have interfered with a fair assessment of
invertebrate abilities and their need for welfare consideration [32]. One is the belief that
different structures and systems cannot be convergent for mental operations. Mammals
have a cortex and consciousness, so no cortex means no consciousness. A second is that
size (big brains) is a dominant influence and small brains cannot carry out the complex
operations needed for intelligence. A third is the mammal-centered use of testing animals
for cognitive ability within situations in the sensory modality and adaptation for the
structures of vertebrates. The ‘mark test’ of Gallup [33], demanding visual dominance and
non-living skin structure such as fur, is the most obvious. Finally, there is the excessive use
of Morgan’s canon, the belief that any simple explanation of the source of behaviour must
be the correct one if it is held up against a more complex one. The answer is ‘usually but
not always’.

As more evidence accumulated about the intelligence of cephalopod molluscs in
particular [34,35], it became apparent that these invertebrates were very intelligent. This
was brought to the more general attention of scientists by the Cambridge Declaration of
Consciousness [36]. A gathering of leading neuroscientists and behaviorists evaluated
animals with the aim to find possible neural substrates for consciousness. Among other
groups, octopuses were suggested as candidates for this ability, and this judgment was
widely circulated. A philosopher’s semi-popular book about cephalopods’ cognitive
ability [37] reached many in the scientific community, and a more subjective and popular
one about the author’s experiences with them [38] in the ocean and in captivity was read by
the general public. Craig Foster’s documentary My Octopus Teacher [39], besides winning
an Oscar, reached all across the globe, and gradually resulted in a huge expansion of public
information and sympathy for them, thus slowly changing people’s attitudes. Popular
opinion about how the intellectual ability of cephalopods could have evolved is still varied,
leading a group of cosmologists to ignore the biological evidence and suggest that octopuses
were aliens who had actually descended from space as cryopreserved eggs [40].

The scientific presentation of the possibility of insect consciousness [41] has fared
less well. The authors take a neurobiological approach to proof of consciousness and
suggest that the seat of vertebrate consciousness may be not the cortex but the midbrain,
allowing them to evaluate insect consciousness ‘on a more level playing field’. As they
expected when they produced these ideas, there were what they called “lively areas of
disagreement”. As Michalevich and Powell [32] suggested, opponents to the consideration
of insects as intellectual advanced the size problem, disbelieved the analogy, and made the
call for retreat to simplicity in explanations. Additionally, there was much discussion of
the relative roles of the cortex and midbrain in consciousness. Research continues to ‘chip
away’ at the exclusivity of complex behaviour as a mammalian domain, and the disdain
for insects’ cognitive competence. See [42] for insect navigation, [43] for social cognition,
and [44] for a suggestion of a direct comparison between insects and vertebrates; however,
changing a paradigm is slow work. In terms of the public presentation of this scientific
information, the recently published short book Mind of a Bee [45] is aimed at a wider
audience. It is a start, but further developments will be needed to convince the public.

This collection of papers will be an introduction to why and how we should ‘do’
invertebrate welfare. It is not directed specifically at the general public, but at those seeking
education on this wider view of animal welfare. There is a complex web of scientists, public
opinions, and institutions. This includes ‘farmers’ who raise domestic species, governments
who regulate what we can and must do to invertebrates, and NGOs who advocate for
animals. But here is where and with whom it starts.

Acknowledgments: I would like to thank my co-editor, Bill Winlow, for getting me into this.

Conflicts of Interest: The author declares no conflict of interest.
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Through this collection of papers, we have considered in depth the effects that humans
have on invertebrate welfare in a variety of contexts. For instance, we have discussed
how these effects manifest in breeding or display facilities and in testing and research
laboratories, as well as in the wild. The articles comprising this collection, though few, span
species of different phyla and in conditions, yet they represent only a sample of contexts
relevant to this research topic. To facilitate this discussion, we have grouped these scenarios
into representative tables. For those who know little about invertebrates, References [1,2]
provide ample background for a sufficient understanding.

1. How Humans View Invertebrates (See Table 1)

The field of animal welfare is an inclusive one, containing ideas from philosophy,
ethics, law, agriculture and fisheries, tourism—including zoos and aquaria—and even
veterinary care. World Animal Protection defines welfare as follows: “The physical and
psychological well-being of an animal. It is good or high if the individual is fit, healthy,
free to express natural behavior, free from suffering and in a state of wellbeing.” It is
likely that the first clear definition of the term was that of the Brambell Committee in the
UK, which investigated the welfare of agricultural animals, leading to the recognition
of the often cited five freedoms [3]: freedom from (a) hunger and thirst, (b) discomfort,
(c) pain, injury, and distress, (d) and fear, and (e) freedom to express normal behaviour.
However, some have reported that these factors are too focused on negative freedom;
Dawkins [4] suggested that domestic animals have a high degree of plasticity, and that we
should evaluate not their ‘natural behaviour’ but what the animals themselves value as
experiences. Mellor [5], supported by Miller and Chinnadurai [6], proposed that we focus
instead on five provisions: these include good nutrition, a satisfactory environment, good
health, appropriate behaviour, and positive mental experiences. In either case, what these
two definitions share is the necessity to evaluate whether animals are doing well.

By virtue of living in the Anthropocene era [7], everything on and in the earth is
strongly affected by human attitudes and actions. Tracking human attitudes is paramount,
as the public view of ethics changes when new information is revealed, and human views
necessarily influence scientific practice [8].

Table 1. Studies on how humans view invertebrates.

• Ethics and Invertebrates: The Problem Is Us, by Jennifer A. Mather

• The Long Road from Religious and Ethical Traditions to Welfare of Invertebrates, by Jennifer
A. Mather

2. Attitudes to Captive Invertebrates (See Table 2)

Ethical concerns, public opinion, legal regulations, and material values all work
together to ‘keep us in the dark’ about invertebrate welfare [9]. And yet the biggest
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problem we face with regard to this field of study is the lack of available information about
invertebrates and their need for welfare consideration. What are we doing (or not doing)
to them? In what ways are we influencing them? What do we need to do for them?

Table 2. Research on attitudes toward captive invertebrates.

• Invisible Invertebrates: The Welfare of Invertebrates in Public Aquaria, by Kerry Perkins

• Assessing the Welfare of Captive Group-Housed Cockroaches, Gromphadorhina oblongonota, by
Danielle Free and Sarah Wolfensohn

• Ethical Considerations for Echinoderms: New Initiatives in Welfare, by Augusto César
Crespi-Abril and Tamara Rubilar

It is of course most important to consider the welfare of invertebrates when they are
our captives and when we have direct control of them. A portion of this collection features
situations involving captive invertebrates, including those on display and those used in
science. Similar contexts that we were not able to discuss in this collection include other
ecotourism practices, such as insectariums and butterfly farms [10]. A more extensive
emerging concern is the agricultural use of insects, with already one trillion insects being
used as human food [11].

3. Care of Captive Invertebrates (See Table 3)

The 3R principles of welfare—reuse, reduce, and replace—[12] are sometimes inter-
preted to mean “replace the important and sentient mammals in testing with unimportant
invertebrates”. However, modern research advances in animal cognition have made it
clear that complex information processing is not just the territory of vertebrates. Cephalo-
pod molluscs and decapod crustaceans in particular have been shown to be much more
intelligent and sensitive than we previously assumed [13].

Table 3. Studies on pain and anaesthesia.

• Behavioural Indicators of Pain and Suffering in Arthropods and Might Pain Bite Back? by
Robert W Elwood

• The Use of Isoflurane and Adjunctive Magnesium Chloride Provides Fast, Effective
Anaesthetization of Octopus vulgaris, by Anna Di Cosmo, Valeria Maselli, Emanuela Cirillo,
Mariangela Norcia, Heethaka K. S. de Zoysa, Gianluca Polese and William Winlow

• Effects of acetic acid and morphine in shore crabs, Carcinus maenas: implications for the
possibility of pain in decapods, by Stuart Barr and Robert W. Elwood

It is surely the responsibility of humans, and particularly of scientists, to take the
welfare of invertebrates seriously and to treat them well in captivity and in the wild.
Because of this, we ought to focus on both pain and awareness, and how we might measure
and prevent them. Other papers have zeroed in on wider solutions; for example, Crook [14]
focuses on the future responsibilities of young researchers and veterinary groups [15].

4. Human Influences on Wild Invertebrates (See Table 4)

Although our initial and continuing focus has been on the welfare of animals under
direct human control, this has to expand. One direction of expansion has gone beyond the
direct human influence and control of animals in captivity to the indirect influence we have
on ‘wild’ animals across ecosystems globally. In the Anthropocene era [7], human influence
is pervasive throughout all regions on Earth. This includes the inadvertent and planned
modification of the physical environment and the unplanned effects that come with this,
such as tourism, pollution, and climate change. These factors have significant real-life
consequences, regardless of whether they were planned, and they matter to animals outside
of our direct control.

8



Animals 2024, 14, 2082

Table 4. Papers on invertebrates in the wild.

• Effects of Artificial Light at Night on Fitness-Related Traits of Sea Urchin (Heliocidaris crassispina),
by Xiuwen Xu, Zexianghua Wang, Xiuqi Jin, Keying Ding, Jingwen Yang and Tianming Wang

• Assessing Negative Welfare Measures for Wild Invertebrates: The Case for Octopuses, by
Michaella P. Andrade, Charles Morphy, D. Santos, Mizziara M. M. De Paiva, Sylvia L. S.
Medeiros, C. E. O’Brien, Françoise D. Lima, Janaina F. Machado and Tatiana S. Leite

• It Is Not Only Data—Freshwater Invertebrates Misused in Biological Monitoring, by
Paweł Koperski

• Increasing Risks to the Health of the Invertebrates—Balancing between Harm and Benefit, by
Tatiana V. Kuznetsova, Valentina A. Kudryavtseva and Larisa L. Kapranova

Because the scope of this research topic is so wide, we have been able to feature
research from diverse backgrounds. These include accidental pollution, inadvertent mis-
treatment, and the careless use of chemicals and capture devices. It was also necessary
to expand the scope of this collection to include the individual influences of light pollu-
tion [16] and chemical toxicity [17]. In addition, we have added references regarding their
effects on invertebrates in whole land [18] and marine [19] ecosystems. Furthermore, we
must not ignore the effects of temperature increase in this period of climate change, which
produces hypoxic and acidic marine and freshwater environments, which are deleterious
to aquatic life [20,21].

In our activity, we affect the whole planet [7], and invertebrates make up 98% of the
animals on and in it. Of course this matters. In conclusion, “We have met the enemy and

he is us” [22].

Conflicts of Interest: The authors declare no conflicts of interest.
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Simple Summary: The welfare of invertebrates is a result of ethical human behaviour, presently
stemming from religious traditions, but how do we get from religious traditions to ethical behaviour
to the welfare of invertebrates? The Judaeo–Christian religions are firmly anthropocentric, though
they urge utilitarian care for domestic animals. Similarly, the Buddhist tradition of rebirth, possibly
as an animal, leads to a belief in ahisma or doing no harm. The theory does not necessarily lead to
practice in either case, and Indigenous societies are not usually hunter-gatherers nowadays. Religious
practices are often close to good ecology and lead to better consideration. None of these traditions
extends much to invertebrates, as only those invertebrates thought ‘worthy’ of consideration are ones
that might be sentient. Philosophy is often not based on biological reality, and science demands the
simplest possible explanation and ‘objective factual truth.’ The result is a long haul to find and apply
the best ethical principles to the welfare of these invertebrates, which are the majority of animals on
the planet.

Abstract: Ethical behaviour tends to lead to the welfare consideration of animals, but much less so for
invertebrates. Indigenous tradition often valued all animals as having an important role in life on the
planet, a practical application of modern ecology. The Judaeo–Christian–Islamic tradition postulated
‘man’ as having dominion over all of Earth, resulting in anthropocentrism and careless practices.
In contrast, the Buddhist/Hindu belief in rebirth leads to ahisma, or doing no harm. In the face of
capitalist systems, practice does not necessarily follow these beliefs, especially in the ‘shepherding’
of domestic animals. Only Jainist beliefs value the lives of all invertebrates. Philosophers are often
divorced from the physiological reality of the animals they muse about, and science’s traditions
of objectivity and the simplest possible explanation of behaviour led to ignorance of invertebrates’
abilities. Ninety-seven percent of animals on the planet are invertebrates. We have a long way to go
to provide moral standing and welfare consideration, which is consistent with the new information
about the sentience of some of these animals.

Keywords: invertebrates; welfare; ethics; religious values; moral standing; sentience

1. Introduction

Ethics must be behind ideas about invertebrate welfare, but it is a long, rocky road
to get there. The start has to be some definitions—realising, alas, that they are English
and Western. The Cambridge Dictionary defines ethics as “The study of what is morally
right or wrong”. The word comes from the Greek ethos, meaning habit, encompassing
duties and also consequences. Morality, according to the same source, is “a set of personal
or social standards for good or bad behaviour”. McKay and Whitehouse [1] look for the
psychological basis of such a set of standards. They see it as biologically derived and
evolved, based on a ‘cognitive architecture’ or way of thinking. At the same time, a set of
moral values is a culturally produced group of religious and moral representations. They
believe that all sets of values look for and judge ‘fairness’ or unbiased evaluation, yet at the
same time, all of them use what they call ‘agency detection’, or seeking to find out why
things happen and finding different explanations. People tend to evaluate actions not only
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on the basis of fairness but also in affective terms [2]. Every group begins to see themselves
as a whole, forming an ingroup identity and fostering kinship detection. You will pass
on your genes to related individuals, so it is important to know and value the related us
vs. strangers. This results in the formation of a culture-specific religious/moral identity
and a set of rituals that have only social meaning. Think of Jewish prayer shawls, the
Navaho dawn song, Christian Sunday, and Buddhist prayer wheels, all getting meaning
from and giving meaning to those who perform or use them. Through this group identity,
morality becomes all bound up with religion. Singer [3] was explicit about this when
he said, “Religious traditions have historically been the principal vehicle by which the
status of non-human animals was evaluated”. In action, religious practices are usually the
foundation of morality, especially within larger cultural groups [4].

2. Religious Traditions about the Welfare of Animals

Since they are foundational, it is useful to explore what different religious traditions
have defined and codified as morality with respect to animals. There are several, and
their values are different [5]. The Abrahamic traditions, including Islam, are most familiar
to us Westerners, so familiar that we are sometimes in danger of seeing them as ‘the’
values. Singer [3] and Szucs et al. [6] point out that this pattern of tradition stresses
anthropocentrism, that man is both special and separate from animals, and in the Bible, the
book of Genesis explicitly says, “Man shall have dominion over. . .. every living thing that
moveth upon the Earth”. This parallels Aristotle’s idea of the scala naturae, the concept that
evolution moved from rocks to plants to ‘lower’ animals and on to humans as the pinnacle
of evolution, just below angels. This explicit separation was later fostered in philosophy by
Descartes, who believed that animals were mere machines and that we could do anything
we liked to, in contrast to humans, who had souls. The Qur’an says, “Then we made you
heirs in the land after them” [7]. Such a separation of us from nature persists to this day
in Eurocentric societies and has been used to justify the exploitation of land and animals
that Western society is based on. Even in science, there is a long history of trying to find
a characteristic that sets us apart, disproven one by one. First, there was ‘man the social
species’, then ‘man the language user’ (but see bee dances), then ‘man the tool user’, and
when that one ran out, ‘man the tool-maker’, until we saw chimpanzees and even New
Caledonian crows shaping plant material to make useful tools for getting food and/or
water. Such a sought-after separation seems necessary to justify exploitation.

The precepts of Buddhism and Hinduism, the second major set of religious traditions,
are quite different. It is fundamental to the Buddhist tradition to do no harm, a principle
called ahimsa [8]. This obviously extends to not harming animals, especially as it is believed
that when we die, we are reborn in another body, possibly that of a non-human animal. All
our actions are submitted to a judging process and are seen to produce and store up either
good or bad karma. With accumulated bad karma, you are reborn as a ‘lower’ form of life,
likely a non-human animal, with good karma returning as a better-off human, especially as
a man. Thus, Buddhists and Hindus have several reasons to treat animals well, especially
not to kill them, leading in general to a vegetarian diet. It is not clear that they realised the
extent of the animal kingdom, though, or whether they should not harm invertebrates. The
Jain sect did so [6], however, and extended their consideration so far as to sweep the path
in front of them to avoid hurting insects and avoid eating root vegetables because it would
disturb and hurt the small animal fauna of the soil.

The belief systems of ‘aboriginal’ or first inhabitants of many areas of the world,
often delineated by differences from settler invaders, are varied but have common themes.
Perhaps the best explained in terms of attitudes towards animals are those of North
American First Nations [9]. They see power and influence in every part of the ecosystem,
even including the rocks. According to the Lakotah Sioux, every animal is important in
itself and in its place in the ecosystem, though they did not have that word. Perhaps because
they originated as gatherer-hunters, they saw animals as special. They feel a kinship with
animals and, in some cases, believe that prey species such as fish were once ‘people’ but
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transformed into food animals to feed humans (say the West Coast Indians, who explicitly
called them to come upriver). Australian Aboriginal groups see the country as a mosaic of
clans, territories, and kin groups, identifying strongly with their traditional land and in
kinship with particular totem animals, which they never hunt [10]. As gatherer-hunters,
aboriginal groups often chase and kill food animals, needing the source of protein, but
respect them for ‘giving themselves so the people can eat’. According to the Inuit, if the
animals are not respected, they will not make themselves available to be killed. Standing
Bear, a Lakotah, speaks of the joy and wonder at the elements and the seasons (something
muted by our air conditioners and central heating) and of Earth as mother and Sky as
father. Although they were not consciously ecologists, consideration of the welfare of other
animal species was almost automatic to these peoples, who lived close to the land.

3. From Religion to Practice

To be fair to Western religious traditions, most tell their followers to be kind to the
domestic animals under their control, although this is not extended to invertebrates. Care
and the killing of domestic animals, is often carefully regulated, and Frayne [11] points out
that humans are seen as not so much owners as caretakers of animals. The Jewish kosher
dietary tradition is a kind of moral discipline of one’s basic drives, and remember that
ingroup formation leads to rituals such as not mixing meat and milk that give ‘meaning’ to
what one does. Sharia law likewise dictates halal practices during the keeping of domestic
animals as well as their better-known slaughter practices. Deliberately taking the life
of an animal is surrounded by rituals in Jewish, Muslim, and First Nations practices to
give the animal a swift end and to acknowledge its life as a gift to us; see Grandin and
Regenstein’s [12] detailed explanation to ‘meat scientists.’ This utilitarian approach to
welfare may naturally accompany domestication, as what is good for the animals produces
good meat and other products. In a backward kind of parallel to the drive to be ethical and
care for domestic animals, research suggests that people who are abusive to animals as
children may abuse other humans in adulthood [13]. These two areas also call attention to
the fact that ethical behaviour may be seen to stem from a justice (what is right) and/or a
caring (what is kind) approach.

Nevertheless, what the religious traditions dictate may not be what happens in daily
life, even though a sample of individuals from a wide variety of countries all said they cared
about animals and thought regulation of their welfare was needed [14]. Rollin [15] argues
that initially, the husbandry of domestic animals, though utilitarian in focus, resulted
in welfare for the animals because care and attention were good for their prosperity.
‘Shepherding’ as protection from predators, an ample supply of appropriate or at least
fairly good food, and even rudimentary medical care were all very good for the cows,
sheep, or chickens, even though they might end up killed for food. Care measures good
for survival may not align with the anima’s larger welfare because they do not fit with
the natural history of the species concerned. Industrialisation and the profit motive have
changed that [16]. Around 20% of broiler chickens, despite living very short lives, have
gait problems that may indicate they are in pain. Remedies such as giving them less
crowding, better feed, and longer periods in the dark would result in slower growth and,
thus, less profit [17]. The knowledge that raising egg-laying hens in wire cages was poor
welfare resulted in a popular concern for them, leading to free movement, including time
outdoors [18]. Provision of good welfare is true only for some hens, with ‘marketisation’ of
welfare leading to ‘free range eggs’ (and when did you ever see an egg ranging anywhere?)
selling for a higher price [19]. Still, it was this lack of regulation that led animal rights
activists to campaign, eventually leading to the Five Freedoms, though there are gaps
in how welfare legislation is eventually carried out; see [20] for Australia as an example.
Conversely, in countries with Buddhist roots, animal welfare is often lacking, though it
‘catches up with us’, so to speak. Really bad welfare practices seen in areas such as the
Wuhan ‘wet market’ can be seen as bad karma in the Gita [21], leading to the retribution of
COVID-19. Chinese people individually believe that animals ought to be protected, but
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Chinese laws are lacking [22]. Rahman [7] points out the multiple situations in which fish
are suffering in aquaculture in the Middle East. Rollin [15] lists the suffering of cattle in
India, where they are theoretically sacred. Even in the subsistence farms of Tibet, some
lip service is paid to Buddhist practices [23], but for the most part, animals are raised and
slaughtered for food. It is a damning indictment.

4. Can Science Partner with Philosophy to Promote Animal Welfare?

Such a partnership sounds logical, yet it does not always succeed. Fraser [24] critiques
on the basis of philosophical attitudes, and Webb et al. [25] look more at the scientists.
Philosophers may look at general principles rather than details of what specific animal
groups can do; the evaluation of invertebrates might be a good example of this. Godfrey-
Smith [26] called on the reafference principle to look at the feedback of action paired with
copies of movement commands, yet such feedback is not in the cephalopod brain, as
control is quite local in the arms of the octopuses he was discussing. Philosophers may
lump together unrelated groups, so Mikhalovich and Powell’s [27] emphasis on the welfare
of ‘invertebrates’, while an important step forward, could include animals of over 30 phyla,
though they acknowledge the problem. The new British regulations spearheaded by the
report on invertebrate welfare [28], while ground-breaking, include decapod crustaceans
from the Arthropods and Cephalopods from the Molluscs, very different animals who will
require very different care and protection [29]. Theorists may not recognise real progress;
many welfare-oriented philosophers rail against research practices (‘vivisection’) that are
long out of date and end up looking as if they oppose all research.

Still, there are problems when scientists address ethical issues [30]. Scientists are
dedicated to objectivity, to facts rather than opinions, and reject ethics and ‘feelings’. Jane
Goodall was initially castigated for giving her chimpanzee subjects names because she
saw them as individuals. Science has long followed Morgan’s Canon, the belief that
the simplest possible explanation of a behavioural phenomenon must be the right one,
squashing the possible complexity of motivations even though they might be the correct
ones (“It must be reflexes”). Donald Griffin famously ‘came out’ in the 1970s to advocate
that we should recognise animals’ subjective experiences [30], but it took a long time for
this attitude to permeate studies of animal behaviour. Science is supposed to be objective,
so practitioners do not see their own biases; the ‘mirror test’, ref. [31], which was supposed
to evaluate animals’ cognitive ability, depends heavily on visual self-identity and grooming,
eliminating animals from sentience that do not visually self-evaluate. We are wary of
‘animal welfare activists’, remembering PETA’s destructive anti-research campaign, even
freeing captive animals totally unable to live in the wild. Ultimately, regulations that
are good for the animals may make research more difficult to carry out; in the US, the
IACUCs (Institutional Animal Care and Use Committees) are not loved but tolerated. For
researchers in invertebrates, the three Rs (Refine, Reuse, and Replace) of welfare in animal
research are regarded warily because Replace is sometimes interpreted as “replace those
nice, sensitive mammal subjects with invertebrates to whom you can do anything you
like”. In the United States, which has no ethical regulation of invertebrate welfare, invasive
and potentially cruel neuroscience research can be carried out. A just-published Japanese
investigation of octopus sleep chopped off half of all the arms so that the animals could not
pull out the electrodes that were recording brain activity [32] and then commented that it
was studying ‘normal’ sleep cycles.

Philosophers and scientists agree, however, on the difficulty of understanding animal
consciousness or subjective experience. The Cambridge Dictionary is not much help in
defining it, saying it is “the state of being awake, aware of what is around you, and able
to think”. The difficulty is that subjective experiences are within oneself and, except for
being reported by language, cannot be known outside the individual. Regardless of one’s
approach, whether and how to consider animals’ welfare has been based on whether
the species in question is sentient [27,29] and thus aware of its present condition and
choices for the future. Carruthers [33] evaluates possible explanations for whether animals
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have Qualia, defined as “instances of subjective conscious experience”, and concludes
that no theory explains this very well, though the Global Workspace Theory of Baars [34]
comes closest for him. Dawkins [35] takes a more practical approach in our search for
phenomenal consciousness in animals as a basis for welfare activity. She evaluates different
possible actions to search for consciousness but also notes that it might be better to solve
more obvious animal welfare problems. A utilitarian approach may get the animal more
benefit, and animals who ‘want’ some environmental condition do not necessarily need
consciousness. As we learn more about non-vertebrates, we understand more about their
possible sentience and will then need to abandon the present anthropocentrism.

Still, this is an intriguing and relevant problem, and scientists have approached it with
many different techniques, measuring physiological responses and behavioural actions.
Pain is a particular problem for welfare as it is important to any animal and yet is perceived
to include sensory, cognitive, and difficult-to-know affective aspects [36]. Sneddon et al. [37]
lay out a series of possible investigations that might evaluate pain in animals, including
sensory abilities, connections to the brain, and areas within the brain that process such
information. This evaluation is difficult, as physiological responses such as hormone
changes may not be the same across diverse animals not related to humans, and aversive
behaviour is also likely to be species-typical. Behaviour can at least give us a window
into what the animal is ‘thinking’. One promising approach to measuring preference is to
give the animal choices, such as Crook’s [38] supply of analgesia to wounded octopuses
in a specific location that they previously avoided, although this proves cognition is not
affected. Another is to set up a situation where animals are ‘pessimistic’ and see whether
that biases their evaluations of ambiguous choices, as when Bateson et al. [39] ‘shook’ bees
before giving them a difficult discrimination with an opt-out choice. A third approach is
measuring how hard an animal will work to get the condition that it seems to prefer. Still,
Dawkins [35] points out that seemingly difficult choices may not even need a conscious
decision, so we must be careful not to make sweeping assumptions about awareness.

5. What Does All of This Ethical Background Have to Do with Invertebrates

As religious and moral philosophies seldom even recognise that invertebrates existed
as animals, they give little background for studies of the application of invertebrate welfare,
and even a detailed assessment of what kind of harm we do to animals [40] is aimed
only at vertebrates. It is ironic that the careful understanding that many of the aboriginal
peoples had of the land and its non-human inhabitants led to their greater consideration of
them. Yet their traditions, which often resemble those recommended by modern ecologists,
apparently did not also influence us. Perhaps that is where the modern ‘objectivity’ of
science, which countered an impression of aboriginal beliefs as subjective and based on
‘stories’, held researchers back.

Philosophers in the Western tradition are still often anthropocentric in their evaluations.
They see the link between moral status and ethics; if you harm a being that has moral
status, that is morally wrong [41] and unethical. However, this moral status is often human-
centred, as Christian tradition says that humans are the only ones ‘made in the image of
God’ and all have Formal Moral Status (FMS), regardless of the individual’s cognitive
capacity. Animals are assessed for moral status by how they measure up to humans to
gain possible status, and sentience and phenomenal consciousness, rather than intelligence,
are the criteria [42]. In the face of this, Birch [28] acknowledges the difficulty of knowing
and feels that if you cannot specify the ethical priority for a particular animal species, you
should invoke the precautionary principle and treat it as well as you can anyway.

Given the difficulty of defining this private subjective experience whose possession
should lead to moral standing, a more biological or neural approach should give a firmer
basis for judgement. Approaching the problem from a brain perspective, Roth [43] be-
lieved in the convergent evolution of intelligence (though not sentience), comparing the
mammalian frontal cortex, the insect mushroom bodies, the pallium of birds and fish,
and the vertical lobe of cephalopods as parallel higher-order control areas. The neuro-
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science/cognitive background has led to a greater understanding of these characteristics.
The Cambridge Declaration on Consciousness, written by a gathering of neuroscientists
and animal behaviourists, was the first to include cephalopods as potentially sentient.
Birch et al. [28] used this neural basis for sentience when explicitly advising the British
government to set regulations for the welfare of not only cephalopods but also decapod
crustaceans. Further on, Pennartz et al. [44] suggest a set of behaviours—qualia richness,
situatedness, intentionality, integration, and a balance of dynamic changes and stability—as
criteria for consciousness. Assessments of different situations that cephalopod species have
reacted to by Mather and Andrade [45] show a similar behavioural array for ‘mind’ in
this group. This analysis of invertebrates’ capacity for sentience can be extended to one
view: the belief that having a mental life should give an animal moral standing and that
cognitive ability, brain size, and capacity to suffer pain should dictate whether we extend
moral consideration to invertebrate groups [27].

Some people have separated good welfare from this struggle to gain moral standing.
Broom [29] says that “all animal life should be respected”. Dawkins [35] outlines the kinds
of things we would like to know about animal consciousness but concludes that making
their lives better should come before philosophy. She is also in favour of using animals’
own choices of situations to determine what is best for them as the most valid assessment
(and see [38]). With advances in research on some invertebrate groups, we are gaining
a better understanding of their behavioural and neural abilities. This has led to better
welfare consideration for those being included in the ‘sentience club’ [46], but how do we
know what abilities and how much of them should lead to inclusion in ‘the club’? The
anthropocentric view of sentience has not led to greater clarity of this designation, and
instead, an ethic of care based on each particular animal’s needs is more appropriate. For
this inclusive ethic, we can go all the way back to Jeremy Bentham [47], who began the
outline of the utilitarian principle as ‘the greatest happiness for the greatest number’, and
who wrote in 1789 his oft-quoted sentence: “The question is not “Can they reason?” nor
“Can they talk”, but” Can they suffer?”.

6. Conclusions

Where does this obviously cursory overview of the journey from religion through
ethics to invertebrate welfare take us? First, as pointed out earlier in this paper and in
the Editorial, we lack knowledge about invertebrates. This problem is only slowly being
solved, but we cannot advance welfare without this understanding. We do not even know
what invertebrates live on the planet, as seen earlier in this paper, or how we should behave
ethically towards this array of different groups [27]. We need to understand the physiology
and behaviour of different species to choose methods to increase welfare and decrease pain.
We need to understand the sentience of invertebrates [28] if we are to use it as a benchmark
for deciding which animals need special care and consideration. Insects are a particular
problem as they represent 60% of all animal species, and we face a huge increase in their
use as food without knowledge of their care requirements to ensure their welfare [46].
Here, especially, we see the second problem: misinformation and devaluation due to the
anthropocentrism fueled by the Abrahamic religious tradition and human greed. In the
face of these two problems, the papers in this collection help inform us about what we are
doing to them and what we must start to do about invertebrate animals. Still, it is equally
important to, as Birch [28] suggested and Dawkins [35] agreed, invoke the precautionary
principle and act ethically towards invertebrates before we know all the details of how
they live.
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Simple Summary: Injection of acetic acid into one leg of a crab caused rubbing of that leg and
holding the leg off the floor of a tank. Such activities directed towards the site of a noxious stimulus
are consistent with the idea of pain. Some crabs also cast off the leg injected with acid. Because
that occurred in association with possible pain-related behaviour, it too might be caused by pain.
Prior morphine injection caused various behavioural changes, but morphine did not ameliorate the
responses to acetic acid. Therefore, morphine does not act as an analgesic, and this agrees with
previous work. Nevertheless, the directed behaviour that follows injection into a leg agrees with
other studies and provides additional evidence suggesting that these animals experience pain.

Abstract: Noxious chemicals, coupled with morphine treatment, are often used in studies on pain in
vertebrates. Here we show that injection of morphine caused several behavioural changes in the crab,
Carcinus maenas, including reduced pressing against the sides of the enclosure and more rubbing
and picking at the mouth parts and, at least for a short time, more defensive displays. Subsequent
injection of acetic acid into one rear leg caused rubbing of the injected leg and the injected leg was
held vertically off the ground. These activities directed at or involving the specific leg are consistent
with previous observations of directed behaviour following noxious stimuli and are consistent with
the idea that decapods experience pain. Further, acetic acid but not injection of water induced
autotomy of the injected leg in these animals. Because autotomy is temporally associated with
directed behaviour, it is possible that the autotomy is a pain-related response. Acetic acid is clearly a
noxious substance when applied to decapods. However, morphine had no effect on the activities
associated with acetic acid injection and thus there is no evidence for an analgesic effect. Further, the
injection of acetic acid did not interfere with behavioural effects of morphine. The activities directed
towards the site of injection are like those observed with injection, or with external application, of
various noxious substances and the present study adds to a growing body of knowledge about
possible pain in decapods.

Keywords: autotomy; pain; acetic acid; morphine; Carcinus maenas; decapod

1. Introduction

Studies on mammalian pain frequently employ noxious chemicals, including acetic
acid and formalin, to elicit marked behavioural changes that direct activities towards the
site of injection, or other, more extreme, responses, such as writhing in mice, Mus musculus,
that are interpreted as the animal being in pain [1,2]. The behaviour of these animals
can be compared to others that are treated with potential analgesics to determine if those,
presumably, pain responses are reduced [1,2].

This approach was taken in studies on fish to investigate if that taxon could experience
pain [3]. The lips of trout were injected with either acetic acid or saline control, and the
former rubbed their lips on the substrate and showed abnormal rocking, which was not
seen in controls. However, morphine injection reduced the rubbing and rocking. This
experiment provided ideas for an early study on potential pain experience in decapod
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crustaceans [4,5]. That study used glass prawns (Palaemon elegans), which had an antenna
brushed with a local anaesthetic (benzocaine) or saline control and then later had the same
antenna brushed with acetic acid or caustic soda or saline [5]. Without the local anaesthetic,
the noxious chemicals caused a marked increase in rubbing the antenna against the walls of
the tank, and grooming directed at the treated antenna, but these responses were reduced
in those pretreated with benzocaine [5]. However, another study found no increase in
behaviour directed to the site of application in three species of decapods following brushing
of hydrochloric acid or caustic soda to an antenna [6]. That study concluded that decapods
were not affected by chemicals of high or low pH. Several following studies questioned
that conclusion. Shore crabs, Carcinus maenas, showed directed behaviour when their
mouthparts or an eye was brushed with acetic acid [7], and glass prawns (P. elegans) used
their chelipeds to rub an eye if the eye had been brushed with caustic soda [8]. Crabs
(Hemigrapsus sanguineus) responded when formalin, another substance that causes pain in
humans, was injected into a claw and the animal reduced the use of that appendage when
walking and pressed that claw against its carapace [9]. Crabs also shook and rubbed the
injected claw, and some autotomized the injected claw, but none of these activities were
seen in saline-injected controls [9]. One aim of the present study is to ask if acetic acid,
injected into a walking leg, induces behaviour that is directed at the injected leg. We also
recorded autotomy, as that too might be mediated by pain [10]. This should answer the
question of whether acetic acid can influence behaviour in a way that is consistent with the
idea of pain in decapods. It also provides a novel method of assessing the effects of acetic
acid because previous tests employed external application, whereas this is by injection.

While morphine has been shown to be a powerful analgesic in mammals, and reduces
responses to various noxious stimuli, it may also have other, non-analgesic effects [11,12].
That is, morphine may cause changes in behaviour, and it is possible that these may mask,
or be mistaken for, analgesia. This appeared to be the case when testing for analgesic effects
of morphine in crustaceans. For example, responses to an electrical shock were reduced
by dose-related morphine treatment in the mantis shrimp, Squilla mantis [13], and in the
crab, Chasmagnathus granulatus [14]. In the latter, this apparent analgesia was reversed
by the opioid antagonist, naloxone [14]. However, escape responses to a moving shadow
C. granulatus were also reduced by morphine injection [15]. In this case, the behavioural
effect of morphine cannot be attributed to analgesia. However, the effect could be due to a
general reduction in perception or ability to move, and thus the proposed analgesic effect
of morphine was questioned [15]. To test this idea, an experiment was devised in which
crabs were repeatedly offered the choice to move to a dark shelter to escape a brightly lit
area [16]. Some crabs were shocked within the shelter and some crabs had prior morphine
treatment. The idea was that if morphine had an analgesic effect, then morphine-treated
crabs would use the shelter even though they received a shock. It was found that crabs
given morphine did not use the shelter in early trials, irrespective of being shocked or not,
but did so in later trials. The conclusion was that morphine offered no analgesic effect for
electric shock but did alter the general responsiveness or ability to move [16]. The present
experiment further investigates the effects of morphine on the behavioural responses of
shore crabs, Carcinus maenas, and tests for analgesic effects following acetic acid injection
to a walking leg. It also tests for behaviour following acetic acid injection that is directed
at the injected leg, which, if found, would be consistent with the idea of pain in crabs. In
addition, it examines if autotomy occurs following acetic acid injection, as was noted with
formalin [9], and if that reaction might be reduced by morphine.

2. Materials and Methods

2.1. Animal Collection and Care

European shore crabs (Carcinus maenas, carapace width = 5–8 cm) were collected from
Bar Hall Bay, Strangford Lough (OS; J 617464), between May and July 2008, using baited
pots. Only fully intact crabs were transported to Queen’s University, Belfast. They were
housed in plastic tanks (76 × 38 × 17 cm) filled with aerated natural seawater, to a depth
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of 3 cm, and seaweed for shelter (Ascophyllum nodosum), in a cold room maintained at
11–13 ◦C with a twelve-hour light/dark regime. The crabs were fed fresh mackerel pieces
every 2 days, after which the seawater was changed. Before performing the experiment,
carapace width was measured and health status was noted once again as, during the storage
time, some crabs were damaged due to conflicts. Only healthy, intact crabs were randomly
assigned (by drawing tokens from a bag) to eight experimental groups (N = 12 per group),
each of which involved two treatments and two observation periods in a 2 × 4 design.
After use, the crabs were returned to the cold room and housed in new tanks, before being
released back in Strangford Lough.

2.2. Experimental Treatments
2.2.1. First Treatment

The first treatment was either a 100 μg/g injection of pharmaceutical-grade morphine
sulphate solution (60 mg/2 mL), calculated by first weighing the animal to determine the
correct volume, or an equivalent amount of distilled water. This dose was the same as
that employed in previous studies [14–16]. This first injection was randomly chosen and
administered in the cephalothoracic–abdominal membrane, using 0.3 mL insulin syringes,
while the animal was briefly held on a treatment table. Following first treatment, the animal
was placed into the observation tank (30 × 19 × 20 cm) containing fresh natural seawater
(11–13 ◦C) to a depth of 1 cm. The observation tank was housed in an observation chamber
(illuminated by a 60 W light bulb) behind a one-way mirror and behaviour recorded for
5 min.

Contact with the sides of the tank was recorded. This involved the crab pressing
into the sides of the tank with its chelipeds, backing into the tank sides or in some cases
attempting to climb the wall of the tank. The amount of time spent rubbing and picking the
mouthparts with the chelipeds and the time spent in the lateral merus display (elevated
carapace and extended chelipeds) was also recorded.

2.2.2. Second Treatment

The crab was removed from the observation tank for the second treatment and again
briefly held on the treatment table. The second injection was 0.2 mL of distilled water,
0.2 mL of 0.25% acetic acid, 0.2 mL of 0.5% acetic acid or 0.2 mL of 1.0% acetic acid. These
concentrations of acetic acid were selected after preliminary trials. The treatment was
randomly chosen and administered to the carpus/propus joint of a randomly chosen hind
leg. This joint is about halfway along the length of the leg. Following treatment, the crab
was placed into the observation tank again and behaviour recorded for 5 min. The same
activities as before were recorded. In addition, rubbing of the injected leg with adjacent
limbs, vertical extension of the injected limb, and incidence and timing of leg autotomy
were recorded. Because morphine effects last for about 20 min [16], both observation
periods were completed before the effects declined.

2.3. Statistical Methods
2.3.1. First Observation Period

Effects of morphine vs. water injections on durations of contact with the sides of
the tank, mouth rubbing and picking with the chelipeds, and defensive reaction were
transformed to log(x + 1) and analysed using t-tests. The transformation improved the
normal distribution of the data. The number of crabs showing defensive display responses
was analysed using χ2 tests.

2.3.2. Second Observation Period

The incidence of rubbing the injected leg, holding the injected leg vertically, and
autotomy was analysed using χ2 tests for effect of first treatment (morphine or distilled
water) and for effect of second treatment (distilled water or acetic acid). The durations of
contact with the sides of the tank and of mouth rubbing and picking with the chelipeds
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were transformed to log(x + 1) and analysed using a 2-factor ANOVA (factor 1—morphine
or distilled water; factor 2—distilled water, 0.25%, 0.5% and 1.0% acetic acid).

2.4. Ethical Considerations

This experiment was conducted in 2008, when there was little or no support for the
idea of pain in decapod crustaceans. There were no legal restrictions on experiments and
no requirement for ethical review on this group of animals within the United Kingdom.
Nevertheless, we kept the numbers of animals low in each experimental group (n = 12 per
group) and we kept the level of noxious stimulus as low as possible. All crabs recovered
and were returned to the shore. Autotomy of a single leg does not impede locomotion
and is not expected to interfere with feeding and mating. It thus poses less of a cost for
the crab than does loss of a cheliped [17]. Further, the crabs were not fully grown, and
autotomized walking legs should regenerate when the animal moults and grows. The
results of similar experiments have changed the legal situation for decapods within the
United Kingdom, which now recognizes that these animals are sentient. Despite this, there
has been no change in the UK legal requirements for research on these animals and thus
the experiment is fully compliant with current UK regulations. Nevertheless, we suggest
that researchers should take the potential sentience of these animals into account when
designing future studies rather than waiting for legal change and refer to guidelines on the
use of wild animals [18] and, specifically, crustaceans [19].

3. Results

3.1. First Observation Period

Crabs that received morphine pressed against the sides of the tank for significantly
less time (t94 = 2.92, p < 0.01; Figure 1), but rubbed and picked their mouthparts with their
chelipeds significantly more (t94 = 8.96, p < 0.0001; Figure 2), and were more likely to show
defensive displays than were those injected with water (20/48 for morphine and 2/48 for
water, χ2

1 = 17.04, p < 0.0001).
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Figure 1. The mean (±SE) time (s) spent in contact with the sides of the tank in the first observation
(log (x + 1)). The means equate to 100 s (water) and 60 s (morphine).
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Figure 2. The mean (±SE) time (s) spent rubbing and picking the mouthparts with the chelipeds in
the first observation (log(x + 1)). The means equate to 1.5 s (water) and 12.5 s (morphine).

3.2. Second Observation Period

Contact with the sides of the tank in the second period was significantly affected
by first treatment, with less contact recorded when the first treatment was morphine
(F1, 88 = 43.99, p < 0.0001; Figure 3). Contact with the sides of the tank was not significantly
affected by second treatment (F3, 88 = 0.861, p = 0.46) and there was no interaction between
first and second treatments (F3, 88 = 1.82, p = 0.15).
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Figure 3. The mean (±SE) time (s) spent in contact with the sides of the tank in the second observation
(log(x + 1)). The means equate to 50 s (water) and 8 s (morphine).

There was a significant effect of first treatment on the amount of mouth rubbing during
the second observation, with those crabs that received morphine showing more rubbing
than those that received distilled water (F1, 88 = 50.25, p < 0.0001; Figure 4). There was no

23



Animals 2024, 14, 1705

effect of second treatment on the amount of mouth rubbing (F3, 88 = 1.74, p = 0.165), and
there was no interaction between first and second treatments (F3, 88 = 1.53, p = 0.212).
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Figure 4. The mean (±SE) time (s) spent rubbing and picking the mouthparts with the chelipeds in
the second observation (log(x + 1)). The means equate to 1.2 s (water) and 6.5 s (morphine).

There were only six cases of crabs showing the defensive response during the second
period, and this sample was too small for any meaningful analysis.

The occurrence of rubbing the injected leg varied significantly between concentrations
of acid (0/24 for distilled water, 10/24 for 0.25% acetic acid, 7/24 for 0.5% acetic acid, 8/24
for 1.0% acetic acid; χ2

3 = 12.28, p = 0.0065), but rubbing was not influenced by the first
treatments of morphine or distilled water (15/48 versus 10/48; χ2

1 = 0.35, p = 0.24). Vertical
extension of the injected leg during the second observation also varied significantly with
concentration of acid (0/24 for distilled water; 5/24 for 0.25% acetic acid, 9/24 for 0.5%
acetic acid, 10/24 for 1.0% acetic acid; χ2

3 = 13.78, p = 0.0032), but was not affected by the
first treatment of distilled water or morphine (12/24 versus 12/24; χ2

1 = 0.000, p = 1.0). The
incidence of autotomy also varied significantly between concentrations of acid (0/24 for
distilled water, 2/24 for 0.25% acetic acid, 20/24 for 0.5% acetic acid, 20/24 for 1.0% acetic
acid; χ2

3 = 61.46, p = 0.0079), but was not influenced by the first treatment of morphine
or distilled water (23/48 versus 19/48; χ2

1 = 0.677, p = 0.41). Sometimes the autotomy
occurred before the animal could be returned to the observation tank (fast), but for others
it occurred after the animal was returned to the observation tank (slow). There was no
effect of morphine treatment on the speed of autotomy (16 fast; 7 slow for water treatment,
10 fast and 9 slow for morphine treatment χ2

1 = 0.65, p = 0.42).

4. Discussion

4.1. Effects of Morphine on Behaviour

The first treatment with morphine or distilled water had marked effects on the be-
haviour of the animals in the first and the second observation periods. Morphine treatment
caused animals to spend less time in contact with the walls of the tank in period one
(Figure 1) and in period two (Figure 3). Further, morphine elicited more rubbing and
picking at the mouthparts in period one (Figure 2) and in period two (Figure 4). The
two observation periods were 5 min each and about 1 min was required for the injection
into a leg prior to the second periods, so these observations all took place within 11 min of
the morphine or control injections.
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Effects on the behaviour of decapods following morphine administration have been
noted in previous studies. Shore crabs, C. maenas, injected with morphine reduced the use
of dark shelters to escape from bright light [16] for about 20 min. This fits with the present
observation of reduced seeking of shelter as seen by less contact with the walls of the tank.
Reduced seeking of shelter has been explained as a reduced ability to walk [16] but it could
be a reduced motivation to seek shelter. Morphine injection reduced the escape response
to a moving shadow in C. granulatus, which might have been due to a general reduction
in perception or ability to move [15]. Further, the picking and rubbing of mouth parts
following morphine injection was like observations on crayfish, Orconectes rusticus, which
showed stereotypic behaviour, including grooming, tail flipping, mouthpart movements,
repetitive actions, and mild tremor [20].

In the present study, morphine caused more animals to show the defensive display in
period one, but not in period two, when very few animals showed these displays. Morphine
seems to reduce shelter use and replace it with defensive displays. However, the increase in
protective displays was short-lived. This could be because the effects of morphine declined
rapidly, or it could be due to a rapid habituation to the novel environment. Regardless, we
see that morphine has various effects on the behaviour of decapods, but it is not clear how
morphine works on the nervous system of decapods to cause those effects [21].

4.2. Effects of Acetic Acid

Injection of acetic acid, of any dilution, into a joint of a hind leg caused marked changes
in behaviour. The crabs were more likely to rub the injected leg with other legs and to
hold the injected leg vertically. Because these activities were not seen when distilled water
was injected, they cannot be caused by the minor tissue damage from the injection; rather,
the acetic acid caused the effect. Acetic acid has long been used in studies on possible
pain in vertebrates [3] and crustaceans [5,7], and behaviour directed at the site of noxious
stimulation has been taken to be consistent with the idea of pain experience [22–24]. Those
previous studies on crustaceans, however, involved external application by brushing acetic
acid solution onto an antenna, an eye or mouth parts. The present study involved injection
of acetic acid and thus was more like a study on trout that showed elevated rubbing and
abnormal activities when the lip of the fish was injected [3]. It was also like a study on
the shore crab, H. sanguineus, in which claw-bearing limbs were injected with formalin,
and shaking, rubbing and unusual postures of that limb occurred [9]. These studies have
demonstrated that both acetic acid and formalin causes decapods to show distinct activities
that are consistent with the idea of pain, and similar effects have been noted with caustic
soda brushed onto an eye in glass prawns [8].

Acetic acid injection also caused animals to autotomize the injected leg, and this
occurred primarily with the higher concentrations of acetic acid. Sometimes this autotomy
occurred almost immediately following acetic acid injection, i.e., before observations could
commence for that period, and this obviously precluded holding the leg vertically and/or
rubbing the leg. However, when autotomy occurred after the animal was placed back into
the observation chamber, rubbing and holding the leg vertically often preceded autotomy.
Rubbing and holding the leg vertically could also occur without autotomy and this was
particularly the case with the lowest concentration of acetic acid. It seems that low concen-
trations of acetic acid induced leg-directed activities, but a stronger solution was usually
required for autotomy. In the present study, animals were observed to rub the site of
autotomy for prolonged periods (60 s), which is consistent with the idea of pain. Autotomy
was also seen in H. sanguineus when the clawed appendage was injected with formalin [9],
and, like the present study, that was often preceded by shaking and rubbing the appendage.
Autotomy is a well-known response of decapods to noxious stimuli to an appendage and
occurs in response to being held [25], heat [26], electric shock [16], a small cut at a joint [27],
injection of dopamine [28], as well injection with formalin [9] and injection with acetic acid
reported here. There has been speculation that autotomy in arthropods is mediated, at
least in some cases, by a pain-like state [10,22,29]. Spiders, Argiope spp., for example, will
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autotomize a leg when injected with chemicals known to cause pain in humans but not
others that do not cause pain in humans [30]. On the other hand, there is no evidence to
suggest that autotomy due to being held by an appendage is mediated by pain; rather, it
seems to be a decision to pay a cost to escape from a potential predator. The present results,
however, are suggestive of pain-like mediation because autotomy is often preceded by
rubbing and holding in an unusual posture, which are activities that fit a criterion of pain.

Autotomy in decapods occurs at the joint between the coxa and the basis (basi-
ishiopodite). It is caused by contraction of muscles normally used in locomotion and
fractures a specific plane that heals rapidly [31,32]. The muscles are activated by motor
neurons, and thus, autotomy seems to follow central decision making [32]. It is thought that
autotomy following dopamine injection is due to the dopamine acting at the site normally
controlled by motor neurons [28]. Autotomy appears to vary with other motivations and
the decision to autotomize may include information about costs and benefits of losing
the limb [33]. Thus, it should be amenable to experiments that examine trade-offs, a key
criterion of pain. Because there is a cost to autotomy, coupled with the cost of subsequent
regeneration of the appendage [25], then it would be expected to be induced following a
decision-making process that maximizes the fitness pay-off. This could be a better outcome
than that achieved by a standard reflex response [34].

4.3. Effects of Morphine on Responses to Acetic Acid

Although morphine influenced the behaviour of crabs, there is no indication that
it affected responses to the injection of acetic acid. That is, it did not reduce rubbing of
the injected appendage or holding the appendage in a vertical position. These activities
directed at the site of a noxious stimulus have the appearance of being consistent with pain,
but there is no analgesic effect of morphine. Further, there was no effect of morphine on
the probability of autotomy or the speed of autotomy. This might be due to an absence of
any pain-like feeling, or it could be that the physiology of crabs is very different from that
of vertebrates with respect to responses to morphine. Morphine has analgesic effects in
vertebrates [1–3], but the evidence for such effects in crustaceans is weak or lacking [35].
However, local anaesthetics, such as benzocaine, are effective in reducing responses to
noxious stimuli in decapods [5,8]. Benzocaine blocks the transmission of action potentials
along axons, whereas opiates block transmission across synapses by inhibiting specific
neurotransmitters [35].

Studies on mantis shrimps, S. mantis, and the crab, C. granulatus, have shown reduced
responses to electric shock following morphine injection [13,14], and this was reversed by
the opioid antagonist, naloxone [14]. However, morphine also reduced the responsiveness
to visual stimuli [15] and thus there was the possibility that morphine had effects on
locomotor or perceptual abilities. One experiment on shore crabs that had the expectation
of greater movement into a dark chamber if there was an analgesic effect of morphine
found no analgesic effect. Rather, morphine had general effects on behaviour that reduced
mobility, and perhaps the effects of visual stimuli [16]. We have shown in the present study
that morphine can alter behaviour, but there is no indication that it provided analgesia,
because of the lack of effect on any behaviour directed to or involving the injected leg.

5. Conclusions

Crabs show behavioural changes to both morphine and acetic acid, but these are
independent of each other. That is, morphine does not influence the responses to acetic
acid and acetic acid does not modify the responses to morphine. However, the responses
to acetic acid are directed at the specific limb that was injected, and directed behaviour
has been accepted as a criterion for pain [22–24,36]. This measure is used extensively
as part of the formalin test in pharmaceutical investigations [37] in which the level of
activities directed at the site of injection in a leg is used as a measure of pain in rodents.
Further, autotomy of the limb injected with a noxious chemical, but not with distilled
water, has been suggested as an indicator of pain [10,22,29]. Thus, our present findings are
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consistent with the idea of pain in decapods. However, pain is impossible to prove in non-
verbal species and we do not claim to demonstrate pain with these findings. Nevertheless,
there is a body of studies on potential pain in decapods that test various criteria for pain,
and these too have fulfilled those criteria and thus are also consistent with the idea of
pain. For example, we see swift avoidance learning [38–40]. There are trade-offs between
avoidance of a noxious stimulus and other motivational requirements, such as hermit
crabs, Pagurus bernhardus, accepting electric shock to keep high-quality shells [41,42], or
to avoid predators [43]. Further, shore crabs accept electric shocks to avoid bright but not
dull light [39]. Following electric shocks, decapods show signs of anxiety [40,44,45] and
show physiological stress responses after electric shocks [44–46] or injury [27]. Hermit
crabs that are shocked within their shells show long-term reduction in their motivation
to retain that shell (24 h) [47]. It is the accumulation of studies that are consistent with
the idea of pain in decapods that has led to an increasing acceptance of the possibility of
pain in this taxon [24]. This increasing acceptance is exemplified by the policy statement
by the British Veterinary Association (2020) [48] and the recent inclusion of decapods in
the Animal Welfare (Sentience) Act (2022) of the United Kingdom [49]. Although this act
recognizes decapods as sentient, it has not yet resulted in changes in legal requirements to
improve their welfare in scientific research or in aquaculture, fishing, transport or use in
food preparation within the United Kingdom. Finally, we recognize that decapods are a
diverse group and that indicators, suggestive of pain, have not been investigated in all of
the major groups [24,50].
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Simple Summary: Pain is an unpleasant emotional state that produces behavioural changes to
minimize future tissue damage and promote recovery and survival. These behavioural changes have
been demonstrated in crustaceans, insects, and, to a lesser extent, spiders. Other arthropod groups
have received little attention with respect to pain. The examination of situations in which individuals
might attempt to cause pain in order to manipulate others might offer new opportunities for research
into pain in arthropods. For example, defensive venom, traumatic mating, and fighting might inflict
pain. This might benefit the animal causing the pain and result in a cost to the animal in pain.

Abstract: Pain in response to tissue damage functions to change behaviour so that further damage is
minimised whereas healing and survival are promoted. This paper focuses on the behavioural criteria
that match the function to ask if pain is likely in the main taxa of arthropods. There is evidence
consistent with the idea of pain in crustaceans, insects and, to a lesser extent, spiders. There is little
evidence of pain in millipedes, centipedes, scorpions, and horseshoe crabs but there have been few
investigations of these groups. Alternative approaches in the study of pain are explored and it is
suggested that studies on traumatic mating, agonistic interactions, and defensive venoms might
provide clues about pain. The evolution of high cognitive ability, sensory systems, and flexible
decision-making is discussed as well as how these might influence the evolution of pain-like states.

Keywords: Mandibulata; Chelicerata; nociception; pain; traumatic mating; contests; venom

1. Introduction

Living arthropods comprise two major groups, the Mandibulata (including crus-
taceans, insects, centipedes, and millipedes) and the Chelicerata (including spiders, scorpi-
ons, and horseshoe crabs) [1]. They are named after their biting appendages, which differ
in origin. The mandibulate homolog of the chelicerae is a pair of antennae. By contrast, the
chelicerate homolog of the mandibles is the first pair of walking legs.

Arthropods have a hard exoskeleton that surrounds the muscles and other soft tissue.
They are typically segmented and possess jointed appendages that vary in function. The
phylum arose in the Cambrian explosion circa 530–550 million years ago and evolved
numerous clades, many of which died out (e.g., trilobites). The survivors, however, now
comprise the most speciose animal phylum. They are found in marine, freshwater, and
terrestrial habitats and are often highly mobile, including flight in some insects. Many
arthropods have good visual abilities, albeit with different types of eyes. Chelicerates
typically have eyes comprising a single lens and associated “retina” of light-sensitive rhab-
domeres, but they often have numerous eyes. By contrast, the mandibulates typically have
fewer eyes but each eye may be compound, with hundreds or thousands of ommatidia.
Each ommatidium contains a lens and a cone that funnels light to a photosensitive organ.
The long, thin ommatidia are bunched together, with each ommatidium pointing in a
slightly different direction, which allows for good acuity, and they can detect the polariza-
tion of light. Arthropods have a plethora of other sensory modalities. For example, there
is the widespread use of olfaction, exemplified by the remarkable perceptual abilities of
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male moths to detect potential mates over long distances via female pheromones [2]. These
modalities enable arthropods to gather various sources of information to enable effective
decisions that have important fitness-related consequences, such as locating food, nest sites,
mates, dealing with competitors, navigation, and avoiding predators.

Arthropods also detect noxious stimuli, such as heat, mechanical pressure, and chemi-
cals [3–5]. These stimuli are detected by nociceptors that have naked nerve endings within
the integument. Nociceptors are key to protecting animals from tissue damage and are
found in many phyla, including annelids, molluscs, and chordates, as well as arthropods.
The firing of nociceptors might initiate a nociceptive reflex that causes the swift withdrawal
of the animal from the locality of the noxious stimulus. Alternatively, just the afflicted part
of the body, for example, a leg or antenna, may be moved. Such observations demonstrate
that the animal can perceive those stimuli and that the stimuli are aversive.

In humans, exposure to noxious stimuli might lead to a negative affective state that
we call pain. Pain is defined by the International Association for the Study of Pain as: “An
unpleasant sensory and emotional experience associated with, or resembling that associated
with, actual or potential tissue damage” [6]. Pain is presumed to be widespread amongst the
chordates and there is evidence consistent with pain in cephalopod molluscs [7] and some
arthropods [5,8,9]. However, the idea of pain in non-mammalian groups is dismissed by
some, for example, Diggles [10] for crustaceans, or regarded as highly unlikely, for example,
Adamo [11] for insects. A frequent argument against pain in these taxonomic groups is
that their responses to noxious stimuli are merely nociceptive reflexes. A reflex would not
require the involvement of the central nervous system, and without that, there would be
no negative affective state. If this is true, then there would be little or no welfare concerns
about suffering in arthropods. Certainly, the initial response to tissue damage might involve
a reflex but that does not negate the possibility of a subsequent pain experience, as seems
to occur in humans [8]. This makes assessing pain difficult because we cannot rely on
immediate withdrawal reactions to suggest pain. Further, pain is a private experience, and
arthropods cannot report their feelings. Thus, criteria are required that should be fulfilled
for each taxonomic group before we might suggest if pain is possible; this is the broad
approach taken here.

2. Possible Criteria for Pain

Various sets of criteria have been proposed, some of which were aimed primar-
ily to examine vertebrates [12,13], some were created primarily with invertebrates in
mind [8,9,14], and others attempted to cover all animals [15]. These sets of criteria dif-
fer with respect to which criteria are used, and there is limited agreement about which
criteria are useful [9,16–18]. Here, it is proposed to start by asking questions about the
expected function of pain and ask if this might provide guidance about which are the most
suitable criteria.

Broadly speaking, the function of pain is to alter the long-term behaviour to mitigate
the likely reduction in fitness caused by a wound. Thus, pain might cause the animal to
promote healing and recovery by guarding or attending to the injury. Pain should enhance
the ability of the animal to avoid or lessen subsequent exposure to the noxious, tissue-
damaging stimuli. This might involve avoidance learning and a reduction in the willingness
to take risks [15]. Anxiety, including heightened responsiveness to some stimuli coupled
with risk aversion after tissue damage, might be highly beneficial, especially because
wounded animals may be selectively targeted by predators [19,20]. Altered motivation
regarding access to or use of resources is expected. Further, pain might cause the animal
to give up important resources, but the costs of giving up a resource should be balanced
against the benefit of avoiding the pain [21,22]. That is, we expect pain to have marked
effects on behaviour in ways that the animal can best cope with the tissue damage and
promote subsequent survival [8,12,23]. The six criteria listed below reflect these behavioural
attempts to mitigate fitness loss as applied to arthropods:
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(1) Swift avoidance learning (including forming preferences for analgesics or local anaes-
thetics);

(2) Anxiety and risk aversion;
(3) Long-term changes in behaviour not easily ascribed to associative learning;
(4) Trade-offs between avoidance of the noxious stimulus and other motivational require-

ments;
(5) Activities directed specifically towards the site of damage (rubbing) and reduction in

the use of specific appendages (as in limping);
(6) Protection from further damage by limb autotomy.

These criteria include behavioural changes that go beyond those of nociceptive reflexes.
However, other criteria have been proposed that relate to mechanisms by which these
behavioural changes are achieved [15,19]. They include physiological changes, identifying
brain structures that mediate behaviour change, the presence of nociceptors, and the de-
scending control of nociceptive input. Whilst these are interesting, they are not as useful as
criteria for pain as the behavioural changes they support. Some of these secondary criteria
may be deduced from the primary, behavioural observations. For example, one suggested
criterion is that the animal should possess brain mechanisms that allow nociceptive input to
be integrated with other sensory inputs [9]. However, if an animal changes its behavioural
response to the noxious stimulus depending on other motivational needs, i.e., a trade-off,
then it must have the mechanism to do that [16,17]. When discussing the possibility of
pain in arthropod taxa these secondary criteria will be mentioned but those relating to
behaviour will be given prominence.

The approach used here will not employ a formal scoring system like that of Crump
et al. [9] and Gibbons et al. [24]. That is because there is little agreement about the weighting
of scores from different criteria [17,18] or about the inclusion/exclusion of criteria [16].
Rather, a more relaxed approach will be used that notes whether there is evidence that
supports each behavioural criterion. Experiments designed to test if behavioural criteria are
upheld will be reviewed, as well as anecdotal evidence for and against pain in particular
taxa. Other observations and phenomena will then be considered that might help to
understand if pain occurs in arthropods. First, cases will be examined in which the male
inflicts tissue damage to the female during mating and if that dissuades the female from
mating with another male. Second, it is asked if pain might be inflicted during fights for
specific resources. Third, venoms used for defence are examined and it is asked if they
act against arthropods and if the defence might involve inducing pain. The aim will be
to encourage broad investigations of pain that use different sources of information and
suggest new approaches for pain research. Finally, because high cognitive ability has been
suggested to be required for a pain experience, examples within the arthropods will be
briefly reviewed. This will be viewed in an evolutionary framework to help assess which
arthropod groups might benefit from the emotional experience of pain [25]. The possible
role of consciousness in pain experience is beyond the scope of the present paper and good
references on this are available [9].

3. Evidence

3.1. Mandibulata
3.1.1. Crustaceans

Crustaceans show swift avoidance learning when repeatedly exposed to noxious
stimuli. For example, marbled crayfish (Procambarus virginalis) in a T-maze initially showed
a preference for an arm with blue light compared to an arm with white light. However,
if the former resulted in electric shock, the preference was switched, in the short-term,
after just one exposure to shock. Further, three exposures resulted in avoidance that
lasted for 48 h [26]. Long-term avoidance was not observed, however, if the animal
was subsequently kept at low temperatures or was given protein-formation inhibitors,
suggesting that long-term memory was inhibited. Shore crabs (Carcinus maenas) offered a
choice of two dark shelters in which to avoid bright light quickly selected one [27]. If that
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shelter was accompanied by electric shock, it failed to result in avoidance of that shelter
in the next choice trial; rather, the crabs showed a strong preference to return to their first
choice. However, in the following choice trial, those crabs that received a shock in the
previous trial switched their choice to the alternative, safe shelter, thus indicating swift
avoidance learning. Tests in later trials demonstrated that the crabs discriminated shelters
by the direction of walking from the start point (left or right) rather than visual cues. Crabs
that were turned around by 180◦ in subsequent tests walked to the wrong shelter [27].
However, when a different paradigm was used that involved crabs only having access to
one shelter at a time over ten trials, they failed to avoid the shelter that was previously
accompanied by electric shock in a final choice test when both could be accessed [28]. This is
in keeping with other studies that showed that the sequential presentation of stimuli is less
effective than simultaneous presentation in learning studies [29]. Nevertheless, the crabs
appeared to show other forms of learning that reduced their exposure to shock because in
later trials they escaped from the shock shelter significantly earlier than they did in early
trials [28]. Other studies that demonstrate avoidance learning are reviewed by Crump
et al. [9]. However, the author is not aware of studies on crustaceans that have tested
possible preferences for analgesics or local anaesthetics when exposed to noxious stimuli.

Increased anxiety (wariness) following noxious stimuli has been demonstrated in
crayfish, Procambarus clarkii [30]. These animals show a preference for dark environments,
and when placed in a cross maze with two light and two dark arms, they spent more time
in the dark than in the light arms. However, when they were given repeated electric shocks
that induced escape responses, prior to being placed in the cross maze, they showed an
enhanced avoidance of the light arms. This ‘anxiety’ was accompanied by higher levels
of serotonin (5HT) in the brain [30,31]. Further, animals that were injected with 5HT,
rather than being shocked, showed similar levels of anxiety to those that were shocked.
Surprisingly, chlordiazepoxide (CDZ), a drug that reduces anxiety in humans, reduced
signs of anxiety in crayfish. Aversive visual stimuli also induced anxiety in the crab,
Neohelice granulata, and that state was blocked by a serotonin inhibitor [32]. Behaviour
suggesting anxiety after receiving shocks was also noted in the amphipod Gammarus
fossarum because the amphipods increased their time hiding in shelters and decreased their
time swimming freely [33]. The fitness benefit of this anxiety was shown by increased
survival in the presence of predatory fish [33]. The anxiolytic LY354740 reduced the time
spent hiding in a dark shelter. It is interesting to note that all three studies showed that
drugs used to treat anxiety in humans were effective in crustaceans, suggesting similar
anxiety mechanisms in various taxa.

Long-term behavioural change caused by electric shocks on the abdomen, within the
shell, has been examined in hermit crabs (Pagurus bernhardus) [22]. Shocked crabs and
non-shocked controls were later offered a new empty shell. Those that had been shocked
approached the empty shell in a shorter time and engaged in a shorter investigation prior to
moving into that shell compared with non-shocked crabs. This indicated that shock within
the shell caused the crab to value that shell less than did crabs that were not shocked [34,35],
and were thus highly motivated to seek and take a new shell. In one experiment, the new
shell was offered 20 s after the cessation of shock (or an equivalent time for the non-shocked
group). A second experiment, however, used longer times between shock and the offering
of a new shell [36]. This provided evidence of motivational change that lasted at least 24 h
because the crabs still showed an enhanced motivation to change shells (Figure 1).
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Figure 1. Hermit crabs that were shocked within their shells (light bars) investigated new empty
shells using fewer cheliped probes before occupying those shells than did non-shocked crabs (dark
bars) (F1,112 = 33.528, p < 0.0001). The times between the shock and the new shell being offered were
varied and the effect of shock was significant (asterisks denote p < 0.05) for the 5 min, 2 h, and 1-day
groups. From Appel and Elwood 2009 [36].

Swift escape from noxious stimuli might appear to be a nociceptive reflex, however, it
might be more complex than that [37]. This possibility was tested by assessing if trade-offs
occurred between escape responses and other motivational requirements [21,22]. The
rationale was that if these immediate responses to a noxious stimulus were influenced by
other factors, then the animal must have integrated information from other sources with
that from nociceptors, resulting in an adaptive decision rather than an inflexible reflex [9,16].
For example, some hermit crabs (P. bernhardus) left their gastropod shells if shocked within
their shells, however, they evacuated less preferred species of shell at a lower voltage than
a preferred species [21] and, if the voltage was kept constant, they were more likely to
evacuate the less preferred species [22]. That is, the benefit of escape was balanced against
the cost of giving up a specific resource. Further, hermit crabs were less likely to leave their
shell if the odour of a predator was in the surrounding water [38]. In this case, the balance
was between escaping from the noxious stimulus and the risk of predation.

A further example of decapods modifying their escape response comes from video
recordings of crayfish (Procambarus clarkii) when touched with a hot probe [4]. Rather than
all crayfish showing a similar reflex withdrawal, some grabbed the shaft of the probe in a
defensive action. That is, the response was clearly influenced by other factors and might
reflect a trade-off between defence and escape [37]. These studies demonstrate that even
short-term or immediate responses may not be reflexes but rather are the result of centrally
organized decisions that maximize fitness (on average) following tissue damage.

Rubbing, guarding wounds, and limping are interpreted as being consistent with
pain [8,9,37]. For example, sodium hydroxide or acetic acid (both known to induce pain
in mammals) applied to a single antenna of the glass prawn (Palaemon elegans) resulted in
prolonged grooming and rubbing [3]. Grooming involved repeatedly pulling the antenna
through the small chelipeds (claws) or the mouthparts, whereas rubbing was pressing
and moving that antenna against the side of the tank. The responses were directed at the
treated antenna significantly more than the untreated antenna, indicating an “awareness”,
or at least the ability to locate the site of the noxious stimulus [37]. Further, the application
of sodium hydroxide to one eye of a glass prawn caused high levels of grooming of that
specific eye with either one or both first walking legs. This behaviour was not seen if just
seawater was applied [8]. Similar directed activities occurred in shore crabs (C. maenas)
when they used their claws to scratch at their mouthparts that had been brushed with acetic
acid [39]. Hermit crabs that got out of their shells after being shocked on their abdomen
often groomed at that site, a behaviour not seen if the crabs were removed from the shell
by other means [36]. Further, edible crabs (Cancer pagurus) that had a clawed appendage
twisted off, in the manner used in some fisheries [40], held their remaining claw over the
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wound during competitive interactions. Finally, when formalin was injected into a claw of
a shore crab (Hemigrapsus sanguineus), the crab reduced the use of that appendage when
walking and often pressed that claw against its carapace [41]. They also shook and rubbed
the injected claw [41].

One way of mitigating tissue damage to appendages in crustaceans is to autotomise
that limb. This is achieved by muscular contraction so that the limb is cast off on a
fracture plane, which quickly heals. Cutting a distal joint of a claw of edible crabs (C.
pagurus), which caused haemolymph loss, reliably induced autotomy [42]. Autotomy
was also seen after claws of shore crabs (H. sanguineus) were injected with formalin [41]
and autotomy also occurred when the walking legs of C. maenas were injected with acetic
acid [8]. The observation of autotomy after tissue damage and loss of haemolymph might
be attributed specifically to that fluid loss, however, the injection of substances known to
cause pain in mammals does not result in fluid loss, yet autotomy still occurred. Further,
crabs autotomized limbs when the whole animal was placed on a hot plate [43] or if the
leg was subjected to electric shock [44]. These observations are consistent with the idea
of pain mediating the autotomy response [8]. Further research is required, however, to
determine if autotomy is a behavioural decision or simply a reflex response. That is, we
need to determine if autotomy can be modified by motivational factors other than the
noxious stimulus.

3.1.2. Insects

Numerous studies demonstrated avoidance learning in insects and these are reviewed
in detail by Gibbons et al. [24] and Pitman et al. [45]. For example, fruit flies (Drosophila
melanogaster) avoided an odour that had been associated with electric shocks, even after just
one trial, and they showed retention of the learning after 24 h [46]. Honeybees (Apis mellifera)
associated electric shock or heat with preceding cues and similar classical conditioning has
been shown in several other insects [24]. Operant conditioning to avoid noxious stimuli
has also been shown, for example, in cockroaches (Periplaneta americana) and honeybees
that learned to avoid locations in which they received electric shocks [47,48]. Other forms
of learning such as trace conditioning and reversal learning probably require more complex
cognitive abilities than classical or operant conditioning. In trace conditioning, there is a
temporal gap between the conditioning stimulus and the noxious event, which implies a
memory of the CS, and this has been shown in fruit flies [49]. Reversal learning requires
the subject to learn about the switching of the predictive value of the stimuli. This could be
achieved by the animal starting again in learning the task after each switch or it could learn
that things can switch and thus speed up the switch in behaviour, this being demonstrated
in different insects [24].

There has been one study on the preference for analgesics by bees (Apis mellifera) [50].
Injured and uninjured bees were offered a choice between a sucrose solution and sucrose
with morphine, however, there was no difference in the preference for morphine even
though injured bees took more food overall. Thus, there is no evidence for the self-
administration of analgesics. One problem with the experiment, however, is that there is
no evidence of morphine receptors in insects and thus no evidence that morphine has an
analgesic effect [51].

One way to examine anxiety or risk aversion is to use cognitive bias tests [52]. Here, a
subject receives a positive reward from one stimulus and no reward or a negative outcome
with another stimulus. This may involve mixtures of two odours with a mix of 1:9 or 9:1 as
the two stimuli. When this was conducted with honeybees, the bees learned which mix
produced the more positive outcome. Then, some bees were shaken to induce anxiety, and
their responses were compared to those of undisturbed bees. The bees were then offered
ambiguous stimuli (mixtures of 3:7, 1:1, and 7:3) to determine if the bees approached
these. It was shown that shaken (anxious) bees were less likely than the unshaken bees
to approach these ambiguous stimuli, suggesting emotional states in these insects [52].
Similarly, bees subjected to simulated attacks by cryptic predators became more wary when
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foraging and lost feeding opportunities due to false alarms [53]. However, these studies
did not specifically link these findings to possible pain.

Long-term behavioural change was examined in Drosophila that had a middle leg
amputated. They subsequently showed a greater number of escape responses when placed
on a surface at 38 ◦C than did intact animals, but only between 5 and 21 days after injury [54].
This was described as consistent with thermal allodynia, where a “painful” behavioural
response is elicited by normally innocuous stimuli.

Trade-offs between avoidance of noxious heat and the requirement for quality food
were examined in bumblebees (Bombus terrestris) [55]. Bees were allowed to forage in an
arena where there was a choice between two high-quality feeders (containing a 40% sucrose
solution) and two alternative feeders. The types of feeders also had colour cues. Four
experimental groups of bees were each offered either a 10%, 20%, 30%, or 40% sucrose
solution in the alternative feeders. The bees were allowed to forage when the feeders
were all at room temperature and the bees learned to use the higher concentration feeders.
Subsequently, the high-quality feeders were heated to a noxious level, but how much
these were avoided depended on what was in the alternative feeders. If those feeders
had low concentrations of sucrose, the avoidance of the heated feeders was lower than
if the alternatives had high concentrations. That is, the bees traded off food quality with
avoidance of a thermal noxious stimulus.

Directed grooming at the site of a noxious stimulus has also been reported for bumble-
bees (B. terrestris) [56]. Bees were either touched on one antenna with a heated iron or with
a non-heated iron and then observed to determine which antenna (touched or untouched)
and type of touching (heated or nonheated) received the most grooming. In the two min-
utes following the touch, there was little antennal grooming of the untouched antennae,
and little directed towards the touched antenna if the iron was not heated. However, there
was significantly more grooming of the specific antenna touched with the heated iron. This
indicates that touching per se is not noxious but touching with a heated iron is, and the
bees directed their grooming towards the site of the noxious stimulus.

Autotomy occurs in many insects, for example, field crickets (Gryllus bimaculatus), var-
ious leaf-footed bugs (Hemiptera: Coreidae + Alydidae) [57], and stick insects (Didymuria
violescens) [58]. It occurs when a leg is damaged due to interspecific competition or failed
predation attempts or when the leg is held [57]. Autotomy following damage is consistent
with the expectation of pain.

The idea that insects might experience pain is frequently dismissed because of ob-
servations of apparently normal behaviour continuing while the insect is being damaged.
For example, male praying mantids may be eaten by their females during mating but
show no attempt to escape [59]. It is argued that if the male could feel pain, then it would
not continue with copulation. However, we should consider the fitness benefits to the
male if he escaped and the possible loss of fertilizations from that attempted mating [60].
The male might survive but if it cannot mate successfully with another female to offset
the lost fertilizations with the current female, then it might lose the chance of siring a
brood. Thus, it might be beneficial in genetic terms not to struggle so that they ensure
copulation continues with the successful transfer of sperm. However, males that have
yet to initiate copulation with the female may struggle to escape the predatory attempts
of females [60]. In this situation, the males show vigorous waving and pushing with the
legs in apparent attempts to escape, which is consistent with nociception and possibly
pain. The observation of some males not struggling during mating when being bitten, but
others showing vigorous escape responses when attacked outside of mating, suggests that
males may suppress the neural control of the response to tissue damage specifically when
mating [15,51]. This modulation of responses suggests a trade-off between escape and
the opportunity to mate; it deserves further investigation, as does the possibility of the
descending control of nociception/pain [51].
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3.1.3. Centipedes and Millipedes

Centipedes are fast-moving predators whereas millipedes are slow-moving and con-
sume mostly vegetable matter. No studies have been made that might suggest pain in
these animals other than the autotomy of legs being noted in centipedes [61]. Thus, there is
ample scope for research on these two groups.

3.2. Chelicerata
3.2.1. Spiders

Several experiments are directly relevant to investigating the possibility of pain in spi-
ders. For example, avoidance learning has been demonstrated in the wolf spider (Schizocosa
avida) when they suffer damage when escaping from a predatory attempt by a scorpion;
they subsequently avoided the odours of such scorpions [62]. Jumping spiders (Hasarius
adansoni) also learned to avoid visual stimuli associated with high temperature [63] and
electric shock [64,65]. Thus, spiders appear to learn from noxious experiences and then
reduce or avoid those noxious events in the future [66]

Leg autotomy also suggests pain in spiders [8]. For example, in Argiope aurantia [67],
autotomy was noted when these spiders attempted to capture ambush bugs (Phymata
fasciata), but the bug grasped a spider leg and probed a joint with its proboscis. Experimen-
tal penetration of the joint with a sterile pin did not cause autotomy, indicating that the
saliva of the ambush bug likely had an effect. The venomous saliva of the bug is painful to
humans, suggesting pain may play a part in autotomy [67]. When bee and wasp venom
were injected into a spider leg, they induced autotomy [67]. Individual components of bee
venom were then injected, some of which caused autotomy. The effective components were
histamine, serotonin, phospholipase, and melittin, all of which induce pain in humans.
The ineffective components were acetylcholine, bradykinin, hyaluridase, adrenaline, and
dopamine. Acetylcholine and bradykinin induce pain in humans but not autotomy in
spiders, and hyaluridase, adrenaline, and dopamine do not. Thus, substances that induce
pain in humans are likely to induce autotomy in spiders, whereas those that do not cause
pain in humans do not cause autotomy.

3.2.2. Scorpions

Reports of experiments and observations that are consistent with the idea of pain in
scorpions are not common. However, avoidance learning has been noted. When giant
whip scorpions, Mastigoproctus giganteus, were tested in a shuttle box in which electric
shock could be applied to one side at a time, they learned to shuttle between compartments
to avoid the electric shock [68]. This indicates the aversive nature of the shock for these
animals and that they swiftly learn how to escape.

3.2.3. Horseshoe Crabs

Atlantic horseshoe crabs (Limulus polyphemus) are used in the biomedical industry to
check that injectable vaccines and medicines are safe from contamination by endotoxins.
The blood from these animals is collected from wild-caught animals and the animals are
subsequently released back to the wild. There is concern about the ethical aspects of this
practice, but much relates to the level of mortality following bleeding and release and,
hence, the sustainability of the populations [69]. Whilst there is concern about the potential
for adverse welfare effects on individuals, very little is known about the potential for
pain. Bleeding results in a considerable reduction in the remaining hemocyanin levels and
mortality increases and activity levels decline with reduced blood [70,71]. Attempts to
examine avoidance learning are limited and there is no convincing behavioural evidence
that might be consistent with the idea of pain [72]. Given the high use of these animals, it is
surprising that so little empirical evidence about sentience is available.
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4. Discussion

This review shows that behavioural observations consistent with pain are not equally
distributed among the various arthropod groups (Table 1). They are clustered primarily
in the crustaceans and insects of Mandibulata, and to a much lesser extent in spiders of
Chelicerata. They are virtually absent in millipedes and centipedes of Mandibulata and the
scorpions and horseshoe crabs of Chelicerata. Hopefully, these neglected groups will soon
receive attention to close these gaps in knowledge.

Table 1. The behavioural criteria for which there is evidence is shown for each taxon.

Behaviour Mandibulata Chelicerata

Crustacean Insect Centipede Millipede Spider Scorpion
Horseshoe

Crab

Avoidance
√ √ √ √

Anxiety
√ √

Long-term changes
√ √

Trade-offs
√ √

Directed activities
√ √

Autotomy
√ √ √ √

For crustaceans and insects, there is evidence consistent with each of the six be-
havioural criteria. There are examples of avoidance learning, anxiety, and risk aversion,
long-term changes in behaviour not easily ascribed to associative learning, trade-offs be-
tween avoidance of the noxious stimulus and other motivational requirements, activities
directed specifically towards the site of damage (rubbing) and reduction in the use of
specific appendages (as in limping), and protection from further damage by limb autotomy.
However, there is no evidence that suggests preferences for analgesics or local anaesthetics.
For spiders, there are examples of avoidance learning and autotomy. For centipedes, there
is evidence for autotomy, and for scorpions, there is support for avoidance learning. For
millipedes and horseshoe crabs, there are no studies that support any criterion.

It should be acknowledged that finding evidence consistent with the idea of pain is not
the same as proving pain [8,37]. Nevertheless, the accumulation of evidence for sentience
in decapod crustaceans, as outlined by Birch et al. [14], was sufficiently compelling for
legal changes to be made in the UK which now recognise the potential for pain and
suffering in decapods (Animal Welfare (Sentience) Act 2022). Further, using the set of
criteria of Birch et al. [14], Gibbons et al. [24] suggested that there is strong evidence of
sentience in several orders of insects. However, those reviews used a mix of behavioural
and neurological criteria to support their cases. They used some of the behavioural criteria
used here, but they also examined the evidence regarding the presence of nociceptors,
of brain regions that might integrate different sensory inputs and regions that integrate
nociception and other sensory modalities and analgesic effects. As noted previously, the
first three of these are demonstrations of the mechanisms that enable functionally important
behavioural changes.

Nociceptors are found in most metazoans but have been particularly well-described
in insects, especially Drosophila [24]. Nociceptors have also been shown to occur in crus-
taceans [9,14]. The brains of arthropods show significant functional localization, and areas
involved in the integration of different sensory modalities, including nociception, have
been described [9,24,73]. For example, decapods have well-defined circuits and centres that
allow for the integration of nociception with other sensory inputs and between different
sensory modalities [74] and for links with learning centres [75]. These aspects are excel-
lently reviewed by Crump et al. [9] who concluded that decapods have the neural capacity
that would be expected if they experience pain. There is also extensive work on insect
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brains, with reference to the structure and abilities that integrate different sensory systems
and integrate nociceptive input with other sensory inputs [24]. Further, the effects of local
anaesthetics have been noted in crustacea [3,14] and insects [24]; however, the analgesic
effects of opioids in these two groups remain in doubt [24,44]. Studies of anaesthetics and
analgesics help shed light on the physiological mechanisms underpinning nociception in
arthropods. All these observations are important in understanding the biology of this phy-
lum. However, these previously suggested criteria for pain are related to the mechanisms
mediating the behavioural changes that follow tissue damage, but they cannot be regarded
as filling the function of pain.

Physiological stress responses have been proposed as a criterion of pain [8,15,16] but
were not used as such by Birch et al. [14]. For example, stressed crustaceans show elevated
crustacean hyperglycaemic hormone (CHH) [76], whereas stressed insects show changes in
biogenic amines (octopamine and dopamine), neuropeptides (allatostatin and corazonin),
and metabolic hormones (adipokinetic and diuretic hormones) [77]. These systems have
similarities to the cortisol of vertebrates. In decapods, CHH causes the release of glucose
from stores of glycogen [78] and increases levels of lactate. Breaking a claw of edible
crabs (C. pagurus) results in a swift increase in glucose and lactate in the haemolymph [42].
Pain is likely to cause stress so measuring physiological changes might provide a way of
assessing pain.

However, there is a problem with using physiological changes to investigate pain
because noxious stimuli typically result in escape responses and other vigorous activities
that might cause physiological change. For example, in the study of anxiety in crayfish,
the electric shocks used to stress the animals caused repeated tail-flick responses [30,31].
However, one study [79] attempted to distinguish between the direct stress of electric shock
in causing elevated lactate from that caused by increased activity. Some shore crabs (C.
maenas) received electric shock via wires attached to walking legs and others were wired
in the same way but without shock. Some of those receiving shock showed increased
activity such as threat responses, but most walked around the enclosure. Some of those not
receiving shock remained stationary during the test but most walked around the enclosure.
When lactate levels were examined in those animals that just walked about the enclosure,
those that received the shock were substantially higher than those that were not shocked.
Thus, the stress response was specifically due to the shock rather than the behavioural
responses. This is consistent with the idea that the shock induces a pain-like state that
is stressful to the crabs [79]. Although behavioural responses have been the focus of this
review, physiological changes are also specific responses to noxious stimuli and modulate
further behavioural responses to injury [20] and, thus, might be a reasonable criterion
for pain.

5. Do Animals Inflict Pain on Others to Gain an Advantage?

Should a pain system evolve, then individuals might be susceptible to being manipu-
lated by being subjected to pain by other animals. Here, three situations are considered
that might occur in arthropods.

5.1. Tissue Damage Caused during Mating

There are many examples of male copulatory traits that reduce the chances of the
female mating with a subsequent male [80]. These include copulatory plugs that impede a
subsequent male and the production of chemicals that reduce the motivation of a female to
mate or perhaps reduce her attractiveness to other males. Another mechanism involves the
male causing tissue damage to the female to reduce her willingness to mate again [81]. One
example is the evolution of spines on the male genitalia of bean weevils (Callosobruchus
maculatus) that cause tissue damage to the female [82]. Females have reduced longevity
due to the damage and act to minimise that damage by kicking at the male during mating
attempts. The tissue damage might thus act as a “disincentive for unfaithfulness” [80].
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That is, the tissue damage might change the long-term motivation of the female in a way
that would be consistent with the idea of pain.

A second example relates to the mating of a wolf spider (Pardosa pseudoannulata) [83].
During insemination, the inner walls of the female genital tract are damaged with the sharp
intromittent organ of the male. Females then show a reduced willingness to mate with
a subsequent male. This might be due to chemical manipulation [80], but experiments
demonstrated that the seminal fluid had only minor effects. Experimental damage by
microinjection without seminal fluid, however, greatly suppressed mating [83]. This
implies that the female does not require memory of mating or a male to show a reduction
in the willingness to mate because with microinjection neither is involved. It does suggest,
however, that tissue damage per se reduces the willingness of the female to mate. The
long-term shift in motivation is a key expectation of pain.

A third example is found in scorpions. Male scorpions use their chelae to take hold
of the female’s pedipalps and attempt to position her so she can take up a spermatophore
he has placed on the substrate [84]. During this process the male may sting or club the
female, possibly to subdue a reluctant female. Some species show sexual dimorphism in
the stinger and the components of the venom, suggesting that these might be important for
male success in mating [85]. One might speculate that males might also benefit by inflicting
painful stings that reduce subsequent mating by that female.

Sometimes the conflict between the sexes might result in female countermeasures
as is seen in female damselflies, Enallagma cyathigerum, that have a conspicuous vulvar
spine which contacts with the male during copulation [86]. Males copulated for longer
with non-virgin females that had the spine removed, showing that the spine reduced
the duration of mating and might reduce the male’s ability to remove the sperm from a
previous copulation. It was proposed that the “spine allows females to exert some control
over copulation duration by producing enough “discomfort” or “pain” to males to reduce
copulation duration” [86].

5.2. Possible Pain Inflicted to Win Fights over Resources

It has been suggested that intraspecific contests might alter the emotional state of
the participants [87] and that losers show a negative affective state, which is presumably
induced by the agonistic actions of the opponent. One interpretation of this effect is that the
fight activities might induce pain in one or both opponents. For example, mantis shrimps,
Neogonodactylus bredini, use their predatory appendages to strike each other during contests,
often involving attempts by one to block the blows of the other with their armoured telson.
Although obvious wounding was not observed, these blows are known to influence the
motivation of an opponent to stay in the contest [88]. Another example of striking is seen
in the shell fights of hermit crabs, which hit their shell against that of an opponent. The
power of this shell rapping has a direct effect on the motivation of the opponent, and, thus,
the probability of it giving up and abandoning the shell [89]. It shows similarities to the
observations of hermit crabs receiving electric shocks on the abdomen, which can induce
shell evacuation, consistent with ideas about pain [21,36,90]. However, decisions in fights
are not just about the ability of opponents because losers typically persist for longer when
they are contesting a high-value resource [91]. Arthropods (and other animals) accept
higher costs in fights over high-value resources and possibly fight to the death when the
resource is vital for reproduction [91]. That is, with high-value resources, we expect to
see descending control of nociception (and pain) during fights, but we expect to see less
descending control with lower-value resources. This would match observations about the
trade-offs between pain avoidance and keeping valued resources that have been described
above for crustaceans and insects. Thus, pain would provide a mechanism by which fight
decisions are optimised, not only in arthropods but in a wide range of other animals.
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5.3. Chemical Warfare and Possible Pain

Many arthropods may cause pain to mammals and this ability might shed light on the
issue of arthropods feeling pain. Some use stings (e.g., scorpions, wasps, bees, and ants),
some may use a proboscis (e.g., assassin bugs), and some may bite and inject venom (e.g.,
centipedes and spiders). Some may spray chemicals, as in bombardier beetles and ants,
and some caterpillars have venomous spines. Most of the interest in these arthropods is
about their effects on humans, who may suffer pain and possible death. However, these
arthropods have a long evolutionary history, and the venoms may pre-date humans and
most mammals. The venoms have evolved for two functions, that is, to kill prey and deter
potential predators, and these are likely to include arthropods. They may also be used in
intraspecific contests. Ants also use chemical sprays that deter other species of ants [92].

There is considerable variation in the venom within wasps and bees although there are
some common components [93]. The differences in components often relate to the lifestyle
of the species. For example, solitary wasps are predatory and use their stings to subdue,
paralyze, or kill their prey. However, bees evolved a non-predatory life from wasp ancestors
but retained the sting [94]. Here, the sting is often used to deter potential predators,
particularly important in social species, and these venoms cause pain in mammals [93,95].
They also use stings, however, in defence against other invertebrates and in intraspecific
contests. The question posed here is: Could the evolution of these mechanisms be driven
(at least in part) by the benefits of inflicting pain on arthropods? As previously mentioned,
the components of bee venom that cause pain in humans may induce autotomy in spiders,
whereas those that do not cause human pain do not induce autotomy in spiders [67].

Scorpions use their stings in predation and defence, and they use the venom in a
judicious manner [96]. They might use dry stings in defence when the risk is low, and
when the risk increases, so does the volume of venom [96]. Further, scorpions may alter
the composition of the venom and use components that lead to the death or subjugation of
prey but select components that cause pain (at least in mammals) when trying to deter an
attack by another animal [97].

Assassin bugs (Pristhesancus plagipennis and Rhynocoris iracundus) also have two main
types of venom, one used in predation and another used in defence [98,99]. The predation
venom causes paralysis and helps to break down the tissues of the prey to a liquid form.
The defensive venom has components that may trigger nociceptors and might cause pain
to deter a potential predator. Thus, the function of these components might be to cause
pain to other arthropods. Insertion of the proboscis of assassin bugs causes pain in humans
and autotomy in spiders.

Spiders inject venom when they bite and it contains a substantial array of compo-
nents [100]. Many of these activate nociceptors and result in pain (in humans) but there
can also be antinociceptive compounds that have the opposite effect. The functional sig-
nificance of these substances that influence nociceptors is not clear and it is not known if
they are used to deter arthropod predators [100]. Most attention is directed toward their
use against vertebrate predators, but it is estimated that the venoms were originally used
against arthropods [101].

Bombardier beetles produce a noxious spray that is used to deter potential predators
such as ants, spiders, or praying mantids, and the spray might also cause attacking spiders
to autotomise legs or mantids to groom the body area hit by the spray [102,103]. The
spray of bombardier beetles is the result of mixing two sets of chemicals ordinarily stored
separately in the glands. One gland contains hydroquinones and hydrogen peroxide
while the other contains catalases and peroxidases [104]. The beetle mixes the contents of
the two compartments, causing oxygen to be liberated from hydrogen peroxide and the
hydroquinones to be oxidized by the freed oxygen. The resulting liquid is released at about
100 ◦C and propelled at the attacker. Heat is a key component of the deterrent [104] and is
likely to trigger nociceptors and possibly induce pain.

Some limacodid caterpillars possess spines that inject venom, and this protects against
invertebrate predators [105]. Prior exposure to the venom also induces avoidance by
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arthropod predators, suggesting that it induces rapid avoidance learning. Some wasps
manage to consume these caterpillars by first chewing off the venom spines, and assassin
bugs pierce the caterpillar from the other side of the leaf [105]. The venom is painful to
humans and has been linked to protection against vertebrate predators by inducing pain,
however, they also protect against common arthropod predators.

It would be interesting to know more about the evolutionary history of these defensive
venoms and if they induce signs of pain in other arthropods. It might inform us about the
possible evolution of sentience in arthropods and how the ability to suffer from pain might
be used to the advantage of other animals. It would also be useful to ask questions about
pain in studies of intraspecific contests and traumatic mating.

6. Cognitive Ability and Possible Evolution of Pain in Arthropods

High cognitive ability has been suggested to be a prerequisite for pain [8,12,106–111].
High cognitive ability enables large amounts of sensory information to be integrated,
enables effective decisions [112], and provides flexibility in the responses to noxious stimuli
that are guided by some expectation of outcome. Recently, the ability to choose between
possible responses to noxious stimuli, rather than relying on an inbuilt algorithm, has been
suggested to lead to the ability to feel pain [25].

The ability to acquire and manipulate information has been shown in various arthro-
pods. For example, hermit crabs gather information about potential new gastropod shells
and integrate that with information about the shell they currently occupy before deciding
which is the better of the two [34]. They use several sources of information such as the
external and internal shape and size using visual and tactile information, and subsequently
gather and integrate further information after moving in [113]. Hermits might also select
a shell that would normally be avoided if that specific shell allows them to pass through
a small hole to escape from a restrictive area, which suggests a degree of awareness of
how to solve a problem [114]. Further, hermit crabs appear to be aware of experimentally
induced changes to their shell, such as a plastic plate being attached, which impedes
passage through small gaps [115]. The crabs seemed to assess the width of the gap and
turn sufficiently to pass through. They quickly adapted to the attached plate and made
greater turns to get through.

The integration of information is even more complex when hermit crabs fight over
the ownership of shells [90]. They gather information about both the shells and the oppo-
nent [116–119]. The attacker also monitors changes in its physiological state, which changes
dramatically due to the exertions of the major fight activity of shell rapping [120,121], and
shifts its fight behaviour according to those changes. Further, defenders assess the vigour of
an attack and make decisions about whether to resist, the former involving mobilisation of
glycogen stores [122]. They can also remember previous opponents for up to 4 days after an
encounter [123]. Remarkably, a potential attacker might not only assess if it can gain from
an exchange of shells but also assess if its shell is suitable for a potential opponent before
attacking because the opponent might be more willing to exchange shells if it can gain in
shell quality [124]. These crustaceans show an excellent ability to gather, manipulate, and
use information from multiple sources, indicating a higher cognitive ability than generally
recognised [90].

There are various examples of homing by crustaceans [125]. For example, fiddler
crabs (Uca sp.) appear to show path integration by which turns are taken on the outward
path during foraging, presumably by updating vectors and recalling them during the
return [126]. There is also an impressive example of long-distance migration in the spiny
lobster, Panulirus argus, during which they orientate by use of a magnetic sense [127].
Lobsters displaced by 12–37 km were capable of accurate orientation toward their home
location. This necessitated a detection system to provide information about the current
location and the home place location, coupled with a directional or compass sense to enable
the home path to be determined [128].
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Insects also show remarkable cognitive abilities and the best known of these are in
Hymenoptera, especially bees [129]. It is possible that these abilities arose due to foraging
on flowers and the need for minimising energy expenditure while maximising energy gain.
The flowers of different species vary in many ways, including colour, odour, shape, ease
of access to nectar, and nectar quality, and discriminating between flower types is key to
the success of bees. They can learn to discriminate between two types of flowers and to
switch preferences between contexts [129]. Bees can even learn concepts such as whether a
visual stimulus is symmetrical or not. That is, after being exposed to several stimuli that
differ in symmetry, and with either symmetrical or asymmetrical shapes being rewarding,
the bee then discriminated entirely new stimuli based on their symmetry [130,131]. Social
learning, in which one animal observes the actions of another and then employs those
actions to obtain a reward, has also been noted in bumblebees. One experiment provided
disks with food placed under a plexiglass sheet. The food could be accessed by pulling
a string attached to the disk but very few bees learned this by themselves. However,
those observing experienced bees pulling the string employed that method [132]. These
examples, and many others, of high cognitive ability in bees have been reviewed by
Chittka [129]. Together, they demonstrate remarkable cognitive abilities that go beyond
previous expectations.

High cognitive ability has also been noted in spiders. Jumping spiders, for example,
adjust their hunting methods depending on the type of prey [133]. The hunting spider
(Portia labiata) hunts spitting spiders (Scytodes pallidus), which are also predators of spi-
ders and thus dangerous. Portia gathers information as to whether the spitting spider is
carrying eggs in its mouth and is thus less able to defend itself and modifies its attack
accordingly [134]. Further, when hunting in complex environments, Portia plans the route
to the prey and might take detours to avoid obstructions that initially take it away from the
prey item [135]. This suggests an ability to comprehend the complex spatial relationships
between itself and the prey and possible routes to a goal [136].

These examples of gathering and integrating sources of information that enable effec-
tive decisions demonstrate that various taxa of arthropods have the behavioural flexibility
that has been suggested as a requirement for pain to be of use [25]. These observations
on cognitive abilities add to the evidence concerning the behavioural criteria for pain in
crustaceans, insects, and, to a lesser extent, spiders. This accumulation of evidence thus
makes pain at least a possibility in arthropods. Next, it is considered how pain might have
evolved in this phylum.

7. Evolution

If pain occurs in crustaceans, insects, and spiders, then the parsimonious explana-
tion for the evolution of pain is that there was one evolutionary step that preceded the
split between the Chelicerata and Mandibulata, which occurred in the Cambrian, over
500 million years ago [137]. However, there is less evidence of pain in spiders than in
crustaceans and insects, and some might consider this insufficient to accept the possibility
of pain in that group. If the spiders are thus disregarded, the parsimonious explanation for
the evolution of pain is that it evolved before the crustacean/insect split (approximately
500 million years ago) [137]. However, within these groups, evidence for pain is found
primarily in certain groups, such as the decapods in the crustaceans [37] and six orders of
insects (Blattodea, Diptera, Hymenoptera, Lepidoptera, Orthoptera, and Coleoptera) [24].
A patchy distribution of pain might occur if pain was lost in some lineages. For example,
taxa that evolved from a free-living form to a sedentary lifestyle may have reduced their
behavioural choices and, thus, there may be no need for free choice and pain. For exam-
ple, barnacles, especially those that have adopted a parasitic lifestyle, might have very
little opportunity to show flexible behavioural responses to noxious stimuli and thus not
benefit from a pain system [25]. However, a lack of flexibility might also be expected in
basal groups of arthropods because of the limited ability of primitive sensory systems to
gather information [25]. Improvements in sensory abilities and the associated cognitive
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abilities have been key features of animal evolution [138,139]. This suggests the ability
to experience pain may have arisen multiple times, even within a single phylum such
as Arthropoda [138,139]. If the above proposal is correct, then it might provide some
guidance as to which species might experience pain due to their flexible decision-making
following tissue damage [25]. Animals with a mobile predatory lifestyle require rapid
decision-making and are thus expected to be the most likely candidates for sentience. These
may be found among crustaceans, insects, centipedes, scorpions, and spiders, and these
appear to be worthy of detailed investigations.

8. Conclusions

There is no proof of pain in any animal, but it is possible to determine if pain is possible
or even probable by determining if the expected criteria are fulfilled [12]. Here, there has
been a focus on the behavioural criteria linked to the function of pain, i.e., changes that
help the animal to subsequently avoid the conditions that produced the pain and changes
that should enhance healing and survival. Such activities are found in crustaceans, insects,
and, to a lesser extent, spiders. There are few such indicators in centipedes, millipedes,
horseshoe crabs, and scorpions but these groups have received little attention regarding
possible pain.

Pain offers advantages beyond those gained from nociceptive reflexes [8,15] but there
are costs. These involve the development of neural circuits that enable pain to function.
Further costs may occur, however, if animals manipulate the pain systems of others for their
own gain. For example, males might evolve genitals that damage the reproductive tract of
females, possibly to dissuade the females from mating with another male [82]. Females
may also dissuade males from prolonged copulation [86]. Further, animals engage in fights
over resources, and it is possible that pain is inflicted to encourage the opponent to give
up. It is known that animals trade-off the avoidance of noxious stimuli with competing
motivations and this might provide the mechanism by which animals incur greater costs in
fights for high-value resources [90,91]. Finally, many arthropods produce venom, especially
venom that dissuades a potential predator (or competitor). These venoms are often painful
to humans, but it seems likely that at least some components of defensive venoms arose
to function against arthropods. That suggests they might be effective at triggering pain
responses in other arthropods [105]. These situations of intraspecific and interspecific
conflict may also provide insights into the evolution of pain.

High cognitive ability has been suggested to be a requirement for pain [111]. Cognitive
ability appears to increase as selection acts to improve the sensory systems and thus increase
the information-gathering abilities of animals. The cognitive abilities of some arthropods
are surprising and include the integration of information gained by diverse sensory systems
and possible problem-solving in hermit crabs [90]. Also of note are concept formation [131]
and social learning [129] in bees. This ability to integrate and manipulate information leads
to a wider choice of behavioural responses to tissue damage and those choices might be
based on some expectation of the utility of each candidate [25]. It has been argued that
such an ability might result in the pain experience to guide and motivate the animal as it
attempts to cope with tissue damage and make the best of a difficult situation [25]. There is
evidence to suggest this may have occurred in some groups of arthropods, but probably
not all.
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Simple Summary: Anaesthetising invertebrates is a welfare issue, but because there are so many
different invertebrates (97% of all animal species), it is of the utmost importance to work out the
most appropriate way to anaesthetise each group or even particular species of animals. In order to
reduce stress and pain to the animals, clinical anaesthetics offer a standardised approach, given their
known and well-studied effects at both system and cellular levels. Here, we show that the clinical
anaesthetic isoflurane (1%), often used by veterinarians, can anaesthetise octopuses quickly and
efficiently when used in conjunction with 1% magnesium chloride, which acts as a muscle relaxant.
Recovery is equally quick, and the whole process from anaesthetisation to recovery is completed in
30 to 35 min, minimising animal stress.

Abstract: A wide variety of substances have been used to anaesthetise invertebrates, but many are
not anaesthetics and merely incapacitate animals rather than preventing pain. In essence, the role of
an ideal general anaesthetic is to act as a muscle relaxant, an analgesic, an anaesthetic, and an amnesic.
To achieve all these properties with a single substance is difficult, and various adjuvants usually need
to be administered, resulting in a cocktail of drugs. In a clinical setting, the vast majority of patients
are unaware of surgery being carried out and have no memory of it, so they can claim to have felt no
pain, but this is much more difficult to demonstrate in invertebrates. Here, we show that 1% MgCl2,

a muscle relaxant, is a useful adjuvant for the clinical anaesthetic isoflurane on Octopus vulgaris when
applied alone in seawater for 10 min before the clinical anaesthetic. After this, full anaesthesia can be
achieved in 5 min using 1% isoflurane insufflated into the saline still containing MgCl2. Full recovery
takes place rapidly in about 10 to 15 min. The depth of anaesthesia was monitored using changes in
respiratory rate, chromatophore pattern, and withdrawal movements of the arms and siphon. This
methodology reduces stress on the animal and minimises the quantity of anaesthetic used.

Keywords: general anaesthetics; Octopus vulgaris; isoflurane; magnesium chloride; depth of anaesthesia;
stress reduction

1. Introduction

In the past, the welfare of invertebrates was largely unexplored, and little attention has
been paid to it by many experimental biologists. According to Mather [1], “Consideration
of welfare of other animals often is anthropocentric, focussing on mammals similar to
humans”. Fortunately, this view is gradually changing as it becomes clear that other groups
of animals may be sentient and capable of feeling pain and suffering in consequence,
particularly decapod crustaceans [2,3], cephalopod molluscs [4–6], and possibly some

Animals 2023, 13, 3579 https://www.mdpi.com/journal/animals50
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insects. This may also be true of other groups of animals, and it behoves us to treat all
invertebrates with respect when carrying out experimental procedures upon them.

Many different substances have been suggested and used for anaesthetising inverte-
brates [7], some more successfully than others. Clinically used general anaesthetics have
several functions, and many different types exist, either volatile or systemic anaesthetics.
We know the general principles behind their use because of the vast amount of clinical
experience with them. In essence, the role of an ideal general anaesthetic is to act as a
muscle relaxant, an analgesic, an anaesthetic, and an amnesic. Achieving all these prop-
erties is difficult with a single substance, and various adjuvants usually need to be used,
resulting in the administration of a cocktail of drugs. In a clinical setting, the vast majority
of patients are unaware of surgery being carried out and have no memory of it, so they can
claim to have felt no pain, but this is much more difficult to demonstrate in invertebrates.
However, there is strong support for the view that cephalopods can feel pain [8–10]. For
example, they avoid locations previously associated with noxious stimuli [11]. There is
also accumulating evidence for pain in arthropods [12]. Thus, we need to exert great care
when handling all invertebrates to reduce stress and pain to the animals, particularly when
carrying out physiological experiments.

For some time, it has been suggested that magnesium chloride by itself can act as an
anaesthetic agent in cephalopods (e.g., [13–15]), but its main use is as a muscle relaxant,
which may render an animal immobile. However, we cannot ensure that the animal is pain-
free, and there has been substantial controversy on this issue [7,16]. Magnesium chloride
works by competing with calcium ions to prevent synaptic release of neurotransmitters in
the periphery and does not usually gain access to the central nervous system [5]. In 2018, we
suggested that MgCl2 might be useful as an adjunct to anaesthesia [5], and here we explore
this concept in more detail. There is a fuller discussion of the mode of action of magnesium
salts as muscle relaxants elsewhere [5], but it should be noted that MgCl2 may also be a
mild central sedative analgesic [17,18]. However, in our view, volatile anaesthetics are
preferable, and isoflurane has proved successful for anaesthetising Octopus vulgaris [5,19].
Isoflurane is a non-flammable halogenated ether compound used by both clinicians and
veterinarians. When administered via the respiratory system, it has direct access to both
the peripheral and central nervous systems.

Properties of general anaesthetics. Clinical anaesthetics, such as isoflurane and related
compounds, have well-known systemic and cellular actions, which have been demonstrated
on mammals and on gastropod molluscs such as Lymnaea stagnalis [19] and on Octopus
vulgaris [20]. They include ion channels and voltage-gated channels for sodium, potassium,
and calcium and tend to block synaptic transmission [21]. These are general properties and
actions and should not be ignored by investigators working on invertebrates. Furthermore,
Keltz and Mashhour [22] recently provided good evidence that a generalisable mechanistic
framework for the actions of general anaesthetics is emerging from studies of a wide range
of species “from Paramecium to primates” and includes Drosophila, Caenorhabditis elegans,
gastropod molluscs, such as Lymnaea stagnalis, etc., as well as plants.

We recently developed a successful method for anaesthetising Octopus vulgaris us-
ing the clinical anaesthetic isoflurane [20] without any adjunctive agents, but this took
approaching two hours from the start of anaesthetisation to full recovery. In these ex-
periments, we gradually increased the concentration of isoflurane in seawater from 0.5%
to 2.0% and found that at 1.0% isoflurane, the chromatophores started to flash in an un-
controlled manner, a sign of loss of central motor control of chromatophores in Octopus
vulgaris [23]. After this, the animals became relaxed, unresponsive to touch stimuli, and
anaesthetised [20]. Recovery and anaesthetisation were judged physiologically by the
rate of respiratory pumping because most clinical anaesthetics depress minute ventilation
in mammals [24]. Two behavioural tests were also used: local withdrawal responses of
the arms and siphon and loss of chromatophore patterning. A shorter period of anaes-
thetisation should reduce both the stress on the animal and the quantity of anaesthetic
used. Here, we report, for the first time in Octopus vulgaris, that the use of MgCl2, as both
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a pre-anaesthetic agent and as an adjunct to anaesthesia, significantly reduces the time
needed to anaesthetise the animal successfully and also promotes more rapid recovery.

2. Materials and Methods

Animals

Nine specimens of Octopus vulgaris (5 males and 4 females; body weight, 0.5–1.0 kg)
were captured in the Bay of Naples, bought from the local fish market, and transported
to Prof. Di Cosmo’s cephalopod facility [25] at the Department of Biology, University of
Naples Federico II (Naples, Italy). Our research was approved following the European
Directive 2010/63 EU L276, the Italian DL. 4/03/2014, n◦26, and the ethical principles of
Reduction, Refinement, and Replacement (Project n◦608/2016-PR-17/06/2016; protocol
n◦DGSAF 0022292-P-03/10/2017). The test specimens were acclimatised [26], and were
fed with fresh fish (Engraulis encrasicolus) as described in Maselli [27]. All octopuses fully
recovered from the experimental procedures; they were kept in Prof. Di Cosmo’s animal
facility and later employed in other experiments.

Anaesthesia setup—In our study, inhalational anaesthesia was performed as described
by Polese et al. [20]. The seawater surrounding the animal was aerated using a power
pump and regulated by a flowmeter (1.8 L/min) in series with an isoflurane vapouriser and
delivered to the bath via an air stone as previously described [20]. Except for the delivery
of the anaesthetic into the aquatic medium, this is a standard clinical technique that allows
the isoflurane to be delivered to the animal with air as the carrier gas, thus ensuring that the
animal remains fully oxygenated throughout the procedure. All inhalational anaesthetics
are delivered into the animal’s system via an air–water interface, the respiratory epithelium
in both vertebrates and octopuses, but in this case, it was via an aquatic medium. The
experimental tank was kept in an enclosure and vented externally. It contained 1600 mL
of seawater and was kept at 18 ◦C throughout the experiments. Each animal was left to
acclimatise in the experimental tank for 10 min before delivering the air and isoflurane gas
mixture via the air stone.

Protocol for anaesthesia—After the acclimatisation period, the animals were first
moved gently into an experimental tank containing 1% MgCl2 in aerated seawater for
a period of 10 min. Then, the anaesthetic was insufflated in the airflow for 5 min at 1%
concentration, after which the animal was maintained in fresh, clean seawater until full
recovery. To determine the depth of anaesthesia, we monitored the respiratory rate as
judged by the frequency of respiratory pumping and behavioural changes in the chro-
matophore pattern and withdrawal of the arms and siphon. We recorded the responses
with a web camera (GoPro Hero10, 4K video at 30 frames per second (fps) in full-screen;
internal auto-focus lens system).

The respiratory rate was taken every minute just before the touch test was performed,
to avoid any change due to stimulation. The animals had widely varying pre-control
respiratory rates (24–45 cycles per minute) as judged by the pumping movements of the
mantle; so, for analytical purposes, we normalised the respiratory rate, with 100% being
the observed pre-control value [20].

Touch stimuli induced withdrawal of the arms and siphon, and we monitored the
changes in chromatophore pattern throughout each experiment. The withdrawal responses
were elicited by the gentle application of a blunt Plexiglas probe to the arms and siphon. For
analytical purposes, we categorised the responses as strong, medium, weak, or abolished,
and these were given numerical values of 6, 4, 2, and 0, respectively. Using ImageJ software
1.46r [28], we measured a spot 10 pixels in size from the interbrachial membrane on frames
taken every 5 min throughout the experiments. The colour intensity of each spot was
measured based on the additive red, green, blue (RGB) colour model whereby a zero
intensity (value, 0) for each component gives the darkest colour (no light, considered to be
black) and full intensity for each component gives white (value, 255).
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Statistical analyses—A one-way analysis of variance (ANOVA) was used to assess
the significance of differences between the data at time 0 and those at other times (R-
CRAN, [29].

3. Results

3.1. Actions of 1% MgCl2 on Animal Behaviour

Upon entry to the 1% MgCl2 in aerated seawater, most animals struggled, but within
three minutes of application of MgCl2, the animals visibly started to relax (4.17% reduction
in the median normalised respiratory rate), and by 5 min, all were pale in colour (Figure 1)
with weak touch reflexes (Figure 2). After 10 min, the animals were all pale, unreactive,
and immobile, with a 19.50% reduction in the median % normalised respiratory rate. Thus,
the animals appeared to be paralysed but continued to breathe steadily (Figure 3).

Figure 1. Box plot of the colour intensity of the interbrachial membrane as the concentration of
isoflurane was progressively increased and then decreased. Yellow, 1% MgCl2; Red, 1% MgCl2 and
1% isoflurane; Blue, recovery in fresh aerated seawater. Colour intensity was measured using the
RGB model whereby a zero intensity (value, 0) for each component gives the darkest colour (no light,
considered to be black) and full intensity for each component gives white (value, 255). Thus, the
higher the recorded value, the paler the interbrachial membrane and vice versa.

None showed flashing reactions due to chromatophore activation at any stage, pre-
sumably due to the inactivation of transmitter release from chromatophore motor neurons.
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Figure 2. Relative strength of the withdrawal of octopus siphon and arms in response to a touch
stimulus versus time (6 = strong, 4 = medium, 2 = low, and 0 = none) in 9 animals; 0–10 min in 1%
MgCl2; 10–15 min in 1% MgCl2 and 1% isoflurane; 15–35 min in fresh aerated seawater.

Figure 3. Boxplot of the normalised respiratory rate (%) as determined by the number of mantle
contractions per minute in 9 animals. Readings were taken at 2 min intervals. Yellow phase: MgCl2
1% (10 min). Red phase: isoflurane 1% and 1% MgCl2 (5 min). Blue phase: recovery phase in fresh
aerated seawater. As respiratory rate variability between animals is substantial, the outlying circles
indicate the recorded maximum and minimum normalised respiratory rates. It should be noted
that after 10 min in 1% MgCl2, the respiratory rate stabilised at about 80% of its normalised value,
followed by a further gradual decline after 1% isoflurane, which was terminated by changing the
medium to clean aerated seawater.
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3.2. Addition of I% Isoflurane

After 10 min in 1% MgCl2, 1% isoflurane was bubbled into the experimental tank.
The animals remained unreactive and became paler (Figure 1), but respiration continued
at a lower rate as the isoflurane took effect (Figure 3). Reduced respiratory rate is a clear
sign that anaesthetics are taking effect in clinical and veterinary settings. After 5 min of
anaesthetisation, the isoflurane was switched off, and the normalised respiratory rate was
reduced to 54.17% ± 3.59% (median ± se) of the normalised value. At this time, the pale
and unresponsive animals were gently moved to a different experimental tank containing
fresh aerated seawater to recover.

3.3. Recovery from Anaesthesia

In 6 cases, the animals achieved full recovery of colour pattern, respiratory frequency,
reflex arm, and siphon sensitivity in 10–15 min. One animal recovered quickly in 7 min
and two others in about 20 min.

Both parameters, colour intensity of the interbrachial membrane and normalised
respiratory rate, showed statistically significant differences after 10 min, 15 min and 25 min,
compared with data at time 0 (ANOVA one way, p < 0.05).

4. Discussion

In the experiments described here, we demonstrated that Octopus vulgaris can be
pre-anaesthetised with MgCl2 for 10 min and then fully anaesthetised with 1% isoflurane
for five minutes with a maximum recovery period of about 20 min.

We observed that the normalised respiratory rate (%) decreased gradually during
the first 10 min of the experiment due to the presence of the MgCl2 alone, declining by
a normalised value of 20%. Subsequently, adding isoflurane (1%) induced a significant
decrease in the respiratory rate, declining by 44%. This effect carried over into the subse-
quent phase in which the animal was put in fresh aerated seawater but started to decline
after a further 2 min, with considerable variation between animals. However, after 20 min
(35 min into the experiment overall) of refreshing the bathing solution with clean aerated
seawater, all animals recovered, but the normalised respiratory rate did not reach 100% in
all animals (median ± standard error, 90.69 ± 1.60). However, all the animals were in good
condition. The animals were monitored for the following 7 days, and all were healthy and
behaving normally.

This compares very well with our earlier study [20], where increasing doses of isoflu-
rane (0.5 to 2.0% in seawater) were gradually applied to 10 specimens of Octopus vulgaris
over a period of about 40 min, followed by a recovery period of up to 1 h. Clearly, this new
protocol is much less stressful for the animals and utilises much less isoflurane. In addition,
the animals showed few signs of discomfort in MgCl2, and there were no flashing responses
as the animals became paler in colour and touch reflexes declined as the animals became
immobilised. However, in 1% MgCl2 in aerated seawater, the respiratory rate declined
by less than 20% and stabilised after about 10 min. Upon the addition of 1% isoflurane,
the respiratory rate gradually declined as expected since a declining respiratory indicates
an increasing depth of anaesthesia. Furthermore, isoflurane is known to be suitable for
maintenance anaesthesia [30] as it also enhances muscle relaxation, while MgCl2 diminishes
the early excitatory phase of anaesthesia [31], as we previously suggested [5].

Although magnesium chloride has been used as an anaesthetic for octopods and other
cephalopods [16], it is usually applied externally, giving little or no access to the CNS. It is
our view that it is wholly inappropriate as an anaesthetic because MgCl2 is a basic muscle
relaxant, although it may have minimally sedative properties as mentioned above [20].
We therefore refute the suggestion that it can be used as an anaesthetic substance in its
own right as suggested elsewhere [16], where increasing concentrations of MgCl2, up to
3.75%, were used to paralyse specimens of octopus and cuttlefish over about 20 min and
were compared with the effects of ethyl alcohol, another non-anaesthetic. Apparently,
these substances reversibly depressed evoked activity in the pallial nerve, but no records
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were shown. In order to clarify nervous activity under these circumstances, recordings of
electrical activity need to be clearly demonstrated, perhaps using the recently published
methods of Gutnick et al. [21].

Appropriate maintenance anaesthesia for experimentation has not yet been deter-
mined for Octopus vulgaris, and further experiments are required to determine the most
appropriate level of anaesthesia in fresh animals relaxed with MgCl2, which will probably
require a slightly higher concentration of isoflurane if the animal is to undergo surgery.

5. Conclusions

1% magnesium chloride is a useful pre-anaesthetic agent for the isoflurane anaestheti-
sation of Octopus vulgaris. It reduces the concentration of isoflurane necessary for complete
anaesthetisation and significantly reduces the stress on the animal and the time course
of anaesthesia.

Note on the use of vaporisers. The application of volatile general anaesthetics need
not involve the use of vaporisers, although they simplify the protocol. Instead, volatile
anaesthetics can simply be dissolved in saline at appropriate concentrations, as performed
by Dickinson [22]. Isoflurane is usually a controlled substance, not freely available, and is
best obtained via collaborating veterinarians.
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Simple Summary: Aquatic invertebrates are understudied and often overlooked in public aquarium
welfare. By determining public opinion on aquatic invertebrate welfare, we can obtain a better picture
on whether they are even considered during an aquarium visit. Using TripAdvisor, it was determined
that aquatic invertebrates were under-represented in negative welfare comments compared with
their vertebrate counterparts. The public were more likely to comment on welfare issues if from the
UK or USA. To aid in a better understanding of aquatic welfare by the public, zoo and aquarium
associations should help create guidelines for aquatic invertebrates. Guideline creation would help
increase the construction of welfare indicators and support welfare tool kits. This would hopefully
result in the better consideration of invertebrate welfare and public understanding in public aquaria.

Abstract: Awareness of welfare issues within animal collections is increasing as information becomes
more accessible for staff and the public. A knowledge gap remains when considering the welfare of
invertebrates, particularly when housed in public aquaria. TripAdvisor comments were analyzed for
485 worldwide aquariums. The public focused on anthropogenic features or charismatic organisms
within collections. Invertebrate welfare was only presented in 18% of negative welfare comments
compared with the 51% of represented vertebrates and 31% of negative general welfare comments.
The UK and USA reported a greater number of perceived invertebrate welfare issues. Greater
dissemination of information between aquarists and scientists should be encouraged to drive welfare
standards and improve husbandry. In addition, incorporating input from invertebrate aquarists
while utilizing welfare toolkits are vital for improving overall standards if we are to have greater
representation of invertebrate welfare in public aquaria.

Keywords: invertebrate; aquarium; welfare

1. Introduction

The definition of animal welfare has been considerably debated within the litera-
ture and is often adjusted depending on the lens of the observer [1–3]. Within zoos and
aquariums, welfare is often based around Mellor’s five domains model [4] which has five
domains split into nutrition, environment, health, behavior and mental state. Both the
World Association of Zoos and Aquariums (WAZA) and the European Association of Zoos
and Aquaria (EAZA) [5] have adopted Mellor’s model to monitor animal welfare status
within collections. What is considered good animal welfare in a captive setting maybe dif-
ferent from wild animals due to different pressures acting on the animal [3]. Subsequently,
priorities in an animal’s life may be altered if it is in a captive setting. Aspects such as life
cycle, avoidance of predators and access to food may be considerably different compared
to their wild counterparts. Therefore, the careful creation of environments within aquaria
are important, as a large number of animals displayed are still captured from the wild [6].

Understanding of wild animal welfare and human input is still debated [1–3,7], par-
ticularly in species with limited knowledge of conditions in the wild and their life cycles.
A captive environment may also contain different goals and husbandry settings than that
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of the wild. Within the UK, laboratory settings base animal numbers and welfare on the
3R model of replacement, reduction, and refinement, by either replacing the animal use
with alternatives such as simulations, reducing the number of animals used or refining the
experiment methodology. This reduces the overuse of animals within scientific research.
Legislation also gives additional protection, welfare conditions and guidance on vertebrates
within these situations [8,9]. Similarly, within zoo and aquarium populations, vertebrates
are also given welfare considerations, often with a different focus, due to the conservation
and breeding focus of many zoos [10]. In contrast, invertebrates do not necessarily receive
the same consideration both in laboratory and zoo collections. Only some invertebrate
groups such as cephalopods and decapods are protected in certain countries such as New
Zealand [11,12]. This lack of consideration for invertebrates is often not due to lack of
addressing the needs, but rather the lack of understanding that they have needs.

With an estimated 97% of organisms being invertebrates, the overall understand-
ing and research into their welfare despite their numbers is not comparable to that of
vertebrates [13]. This is particularly evident when concerned with welfare indicators
and positive/negative responses to stimuli. Debate on the pain perception of vertebrates
and invertebrates has contributed to discussion on whether there is a capacity to suffer
within certain species [14]. Recent studies in higher invertebrates such as cephalopods
and crustaceans have shown the capacity for nociception [15,16]. Our understanding of
pain experienced by invertebrates, however, is still limited [17]. This, therefore, raises the
question around the potential capacity to suffer by invertebrates. The absence or difference
of comparative organs such as a nervous system does not necessarily indicate a lack of
negative or painful experiences for the organism [16]. Therefore, the ability to feel pain
should not be the sole determining factor of poor welfare, particularly when using welfare
models, and we should be cautious of using this metric alone.

Many animal welfare models are based off the requirements of terrestrial vertebrates.
The five freedom model was developed from a 1965 UK government report on livestock
husbandry with formalization in 1979 [18]. This key piece of guidance has given a base
from which other models have been constructed. However, some aspects of the five
freedoms such as ‘freedom from thirst’ have little relevance for aquatic species. Within
the aquarium and zoo community, Mellor’s five domain model is the most popular [1].
Although useful for terrestrial vertebrates, its suitability for other species is still yet to be
fully investigated [18,19]. Another criticism is that, like similar models, it is often based
around a single point in time rather than the lifetime of experiences of an animal [20]. As a
result, welfare tools based off the five domains have been constructed for utilization within
zoos and aquaria instead. The Animal Welfare Assessment Grid (AWAG) has been tested
in a variety of zoo and aquarium situations [20–22]. The AWAG, however, has not been
trialed extensively within multispecies exhibits or with aquatic colonial species.

Olge and DeSmet [7] suggest one way of improving welfare may be the inclusion of
zookeepers in monitoring and assessment, and to use a more contemporary approach with
a subjective measure of behavior and animal personality. There is, however, a question
around whether zookeepers have sufficient understanding of welfare and whether it is
a priority within their collection. It was suggested that by increasing staff utilization in
the assessment, they may proactively meet the needs of the individual animal through
the input of the animal staff. It is unclear, however, whether this would translate into
an aquarium situation due to multiple species exhibits or potential bias arising towards
vertebrates, such as prioritizing fish and mammals. It is, therefore, important to investigate
the available resources to improve aquatic invertebrates and consider the current public
perception of their welfare.

A call to action by Oldfield and Bonano [22] highlighted the urgent need for zoos
and aquaria to conduct behavior studies on bony fishes due to their under representation
within the literature. Similarly, it is not through a lack of aquatic invertebrates within
the collections, but the lack of study, which is reflected in the underrepresentation. Our
custodial responsibilities to the animals are constantly improving and advancing; however,
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our improvements in welfare are still questionable [23]. In aquariums, this has particularly
been evident with the increase in public interest documentaries such as Blackfish [24]
and The Cove [25]. Historically, aquatic mammals were considered ambassadors for their
species; however, due to recent documentaries, there is now a question around the validity
of this claim [26]. With an increased awareness of and interest in welfare in aquariums, we
should be encouraging better transparency of our welfare indicators. Better transparency
may increase public confidence with collections, but also to allow the better understanding
of behaviors that the organism may be exhibiting. One way to potentially standardize
welfare monitoring is through tools provided by regional or global zoos and aquarium
accreditation schemes.

Currently, the public awareness of zoo association programs is under-researched [27].
The understanding of aquarium welfare indicators by the public is also potentially limited,
with most studies focusing on zoos [28]. Studies within zoo species have shown that
the public often view certain behaviors as a lower standard of welfare, such as repetitive
movement rather than resting [28,29]. Melfi et al. [30] also found that most visitors believe
they understand animal welfare intuitively. When attending aquariums, the public’s
motivation will vary and their preconceived ideas will be influenced by their existing
knowledge and experience [22]. Prior experience combined with emotion can play an
important role, with visitors experiencing a multi-layered zoo interaction as having a more
positive perception [31]. Similar comments could be made about aquarists, who care for
aquatic invertebrates, about how their existing history may influence overall day-to-day
welfare decisions.

It is, therefore, important that we identify areas of potential influence and bias by the
members of the public and potentially the aquariums themselves, if we are to fully under-
stand welfare decisions. The rise of social media has given a platform for people to share
their thoughts and views more freely [32]. Review sites have gained popularity as the world
becomes more connected, giving people the opportunity to share their experiences [33]. By
reviewing tourism businesses, the customers experience can be communicated to prospec-
tive patrons. Because of the ability to contribute to other people’s experience, websites
such as Yelp and TripAdvisor have become a popular resource. Since its launch in 2000,
TripAdvisor has acted as a guide to the public, but from 2004 user-generated content has
been the main focus of the site, reaching 100’s of millions of visitors a month [34]. The
popularity of the site has gained interest from researchers on sentiment analysis, complaints
and satisfaction [32–34]. Because of the multiple aspects such as ethic, welfare and care
comments, wildlife and tourism researchers have used TripAdvisor to understand the
impact of wildlife encounters and drivers to ecotourism [35–38]. It is this investigation
into welfare and public opinion of animal attractions that can aid us in understanding and
potentially improving welfare within aquariums. In this article, we will investigate how the
TripAdvisor platform may be used to gain insight into the public’s perception of welfare in
aquarium. In addition, we will consider the potential actions collections can implement to
assist in increasing invertebrate welfare knowledge of visitors.

2. Materials and Methods

A list of all aquariums on TripAdvisor was compiled in September 2020. This was
conducted by utilizing the attractions function on TripAdvisor, which has a category for
zoos and aquariums. In addition the search term, aquarium was inputted into the search
function of the website to discover any additional aquariums that may have been missed
due to not being included in the attractions category. Aquariums within Zoos and theme
parks were excluded from analysis. This was due to the fact that keywords and comments
around the aquarium could not be separated from other comments about the attraction.
The location and number of reviews were recorded along with the rating of the aquarium
in respect to the trip advisor scale of 1–5, (Terrible = 1, Poor = 2, Average = 3, Very good = 4,
and Excellent = 5). Keywords of ‘Welfare’, ‘Dead’, ‘Sad’, ‘Horrible’, ‘Confinement’ and
‘Torture’ were then used to search the text for possible negative welfare implications.
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Keywords were selected from terms used by Walker et al. [39] as well as other terms that
had been used by animal rights groups to explain aquarium welfare [40]. Only negative
welfare comments were included due to the ambiguous and often unclear positive welfare
comments within the text. Keywords were also translated into the recognized language
of the aquarium’s country via google translate to reduce loss of data; this equated to
31 languages in total. The number of occurrences of the keyword were then recorded.
Where the word was not used in respect to animal welfare, it was excluded from the data
set. Results were broken down into major geographical regions determined by the location
of the aquarium. In a large number of cases, the native language was the predominant
number of reviews, suggesting that visitors were likely to be domestic to the country rather
than international tourists.

Overall, comments were also analyzed around negative perceptions such as dirty
tanks or tanks too small for the animal; the data set was then further refined to just include
aquatic invertebrates for further analysis. The comments were divided by invertebrate
species to identify differences. This also allowed for identifying other terms, such as sick,
damaged and injured, that were not picked up in the key terms search specifically relating
to invertebrates. ANOVAs were performed on the data in Minitab v20 between regions
with Bonferroni post hoc tests to identify specific differences.

3. Results

3.1. Overall Visitor Satisfaction

A total of 485 aquariums were identified on TripAdvisor from 77 countries. The
average rating for all aquariums was 3.95 out of 5, confirming a very good experience
overall. However, there was variation between geographic regions on the overall experience
(Table 1). North American visitors were more likely to rate their experience as excellent
(p < 0.001). European aquariums, however, had a greater number of terrible ratings than
other regions (p < 0.05). Higher ratings were given to aquariums with a greater number of
comments, with the exception of excellent. The rating of excellent was close to the mean
(1489) of comments rather than at the maximum, suggesting that an excellent experience
was not necessarily due to the number of comments provided.

Table 1. Overall customer satisfaction ratings divided by geographic regions. Values are given in
percentages for the overall ratings (Terrible, Poor, Average, Very good, Excellent).

Region Terrible Poor Average Very Good Excellent

Africa 4.7 4.1 19.8 36.5 34.9
Asia 3.7 5.3 19.0 35.0 37.0

Europe 6.3 9.4 20.2 28.8 35.3
North America 2.1 3.3 12.5 30.7 51.4

Oceania 2.1 5.4 18.1 36.3 38.1
South America 4.5 3.8 18.9 34.6 38.1

3.2. Visitor Views on Welfare
3.2.1. Keywords

Sad was the most prevalent keyword, appearing 2605 times out of 3984 key words
found within the comments. The least-used keyword was confinement (37), followed by
torture (72), dead (375), welfare (416) and horrible (479). The word sad was often used as a
comment on the status or mood of an animal; for example, penguins were often described
as sad, along with dolphins, seals and turtles. The regions that had the greatest number
of comments were Asia, Europe and North America. Although having similar number of
aquariums within each region, there was a significant difference between the regions with
the term sad and other terms that were used (p < 0.001) (Figure 1).
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Figure 1. Keywords used within the comments of the three largest regions. The keyword sad had
the greatest usage when describing welfare in all three regions. Confinement and torture were not
heavily utilized within the comments.

3.2.2. Negative Comments

All aquariums had comments from their visitors on TripAdvisor, ranging from their
visitor experience, animal experiences and welfare. When just focusing on negative welfare
comments, 328 aquariums had at least one comment. Out of the 77 countries, 42% of
the countries had at least one negative welfare comment for every aquarium within their
country. In contrast, only 10% had no negative welfare comments for the aquariums
within their country. However, these were generally represented by countries with just one
aquarium present within their borders. The North American region had the highest level
of negative comments per number of aquariums (75%) whereas Asia had the fewest (64%).
Comments were often related to water quality, tank size or sick fish.

3.2.3. Aquatic Invertebrate Comments

Out of 77 countries, 29 had comments of negative welfare concerning aquatic inverte-
brates. The number of specific comments, however, were low in number (18%) compared to
that of vertebrates (51%) and general welfare (31%) There were no aquatic invertebrate com-
ments within the South American region and limited numbers (n = 2) within the African
region and Oceania region (n = 6). The highest number of comments was in the Europe
region (n = 43), with the largest number coming from the UK (n = 24). North America also
showed a high number of comments (n = 37), with the largest number coming from a sole
country, the USA (n = 29).

When divided into individual species, octopus was mentioned significantly (p < 0.01)
more than other species (n = 43) (Figure 2). Several comments were based around tank
size and enrichment of the environment. Invertebrate touch pools were the next highest
(n = 23), with comments based around excessive force and lifting animals out of the water.
Jellyfish had a greater number of comments about being damaged or dead compared to the
rest of the invertebrate welfare comments.
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Figure 2. Number of negative welfare comments divided by species; note that touch pools included
were containing only invertebrates, with most comments around starfish handling.

The European region had welfare comments in all invertebrate groups. Similarly, the
North American region showed similar numbers to Europe except in cuttlefish (n = 0) and
crab (n = 2), where levels of comments were lower. The only regions to have negative
comments in respect to crabs were Europe and North America. Asia showed the greatest
number of comments in relation to coral welfare (n = 4) compared to other regions.

4. Discussion

4.1. Visitor Perception

By investigating key terms and comments within TripAdvisor, we started to gain
insight into the public view of negative aquarium welfare. Emotive words such as sad were
used more frequently in comments than the word welfare. The term sad was frequently
used in conjunction with particular animals, such as penguins and dolphins. This is possibly
due to preconceived ideas around the animals emotional state and vertebrate bias [38].
Species which people connect with on a visit are more likely to incite conservation action
for that individual species [41]. It is possible the public may attend to or be specifically
interested in certain animals, and therefore are more likely to mention welfare concerns
in regard to those animals. Both Europe and North America had a greater number of
keywords overall, despite Asia having a similar number of aquariums, suggesting cultural
and societal ideology may play a role in how the public perceive welfare. When surveying
Chinese and European zookeepers, Bacon et al. [1] found that there was variation in
welfare perception; it is possible a similar variation exists within the general public. This
may also be reflected in the aquatic invertebrate comments, with corals having a greater
representation in Asia than other regions due to their commercial importance for the region.

The overall lower number of poor welfare comments of aquatic invertebrates could
be due to numerous factors. Comments concerning vertebrates were emotive, reflecting
trends shown by the keywords. It may be that aquatic invertebrates do not elicit the same
emotional response in the public. However, if it was lack of emotional involvement, we
should see similar numbers within each species, or possibly no comments at all. Instead,
we found that octopus received the most comments, with most focused around tank size.
This is an interesting observation, as most octopus species have not had their required tank
size scientifically investigated. The Giant Pacific Octopus [GPO} Association of Zoos and
Aquariums (AZA) tank size is based off aquarists’ experience. Holmberg [42] criticized the
lack of scientific rigor when setting the GPO tank size by not utilizing the peer-reviewed
literature and only references from aquarists and surveys. By solely using this approach, it
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does not necessarily account for the animal’s overall need for space, nor does it use the wild
populations’ behavior to help inform a tank suitable to exhibit a range of natural behaviors.

Another possibility for the low number of aquatic invertebrate welfare comments may
be due to the general understanding of natural behaviors of the animal. This would be
particularly evident in species that the public may not have encountered before, and could
possibly explain the lower numbers in species such as cuttlefish and coral. Despite showing
cognitive ability such as self-control [43] and observational learning, cuttlefish [44] do not
receive as much recognition as octopus. If the public were to possibly understand more
about cuttlefish cognitive abilities, would they receive similar numbers of comments? It is
most likely that a combination of a lack of understanding of welfare cues within the species
combined with a familiarity bias has contributed to underrepresentation of comments
within this species.

Overall, we could question the reliability of members of the public in identifying
welfare concerns, as they are not trained ethologists or even aquarists. Comments including
touch pool areas seemed to indicate some understanding of the basic needs of the animals.
Comments were around a lack of care from other members of the public or insufficient
monitoring by staff. As touch pools are often points of contact with animals, having poor
supervision gives a greater potential for animals to be harmed. The harming of animals
may be easier for the public to determine even without specialist knowledge of the species.
Activities such as lifting animals out of the water or excessive force when touching the
animals would be easily identifiable to other members of the public. This may give them
more confidence in reporting potential breaches of welfare.

What is potentially interesting is that even if there were comments of poor welfare, it
did not necessarily reflect in a lower rating in the aquarium. In some cases, ratings were
still 4 out of 5 stars even when commenting on the welfare of an individual organism.
People are often drawn to the possibility of having direct and indirect physical contact
with a wild animal, which can increase collection appeal [45]. Whether people are willing
to compromise on welfare or are aware of the possible implications of direct contact has
not been thoroughly investigated. In the North American region, the number of excellent
ratings was significantly higher than that of other regions. Despite such high ratings, it was
also one of the regions with the highest number of negative welfare comments in relation
to aquatic invertebrates and overall.

It is possible that by using TripAdvisor, there may be a country or regional bias
introduced. TripAdvisor is an American website and, therefore, the American public may
have more familiarity or desire to use it. Analysis of utilization has shown that popularity
is actually more global, with European, Oceania, South America and China utilizing the
website [33], suggesting that although it may be a factor in commenting, it is less likely
to be the sole reason for its use. The UK also showed a greater number of poor welfare
comments; however, unlike the USA, they showed the greatest number of terrible ratings
of any region. Vasquez [46] suggested that people are more likely to complain online
about failure to meet expectations or disappointment than in person, most likely due to the
anonymity that they receive. This would possibly explain why welfare comments would be
present on a website that is effectively reviewing experiences rather than reporting concerns
directly to the aquarium. It is, therefore, suggested that as an aquarium, reviewing negative
comments on TripAdvisor would help gain insight into the visitors’ perception of your
animal welfare. It would also identify areas where further education is needed for the
public to understand welfare indicators; however, to truly achieve this goal, further studies
are needed, particularly concerning invertebrates.

4.2. Aquarium Welfare Resources

Husbandry guidelines can be invaluable as a starting point to form procedures and
welfare indicators. When the number of guidelines is compared between aquatic inverte-
brates and vertebrates, there is a considerable difference (Table 2). Aquatic invertebrates
are underrepresented in all three of the associations examined. In AZA guidelines, aquatic
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invertebrates and aquatic vertebrates have similar numbers, which are considerably lower
than the terrestrial guidelines. The British and Irish Association of Zoos and Aquariums
(BIAZA) has a better representation of aquatic invertebrates; however, this may be due to
the guidelines being shorter in length and therefore easier to compile. Within the Europe
Association of Zoos and Aquariums (EAZA), there are no guidelines available for aquatic
invertebrates. Even with terrestrial invertebrates, there are ten times more vertebrate
guidelines, even though there are numerous invertebrates within the zoo and aquarium
collections. It is, therefore, important that we put greater importance on compiling aquatic
invertebrate guidelines. A potential starting point could be to determine welfare indicators
while we build husbandry guidelines.

Table 2. Zoo associations and the number of produced guidelines as of February 2023.

Association
Terrestrial

Vertebrates
Terrestrial

Invertebrates
Aquatic

Vertebrates
Aquatic

Invertebrates

AZA 28 0 3 3
BIAZA 44 17 12 7
EAZA 50 5 5 0

Total 132 22 20 10

Staff time is often at a premium within aquariums and, therefore, easy-to-implement
welfare data collection is vital to success. Understanding of the welfare model and how data
collection will be input into welfare decisions may also aid in motivating their collection.
Kagan et al. [23] established that conservation and welfare require different priorities, task
and goals. It requires almost a mind shift to see how everyday tasks can be incorporated
to help advance welfare. By creating a positive environment, the ability to understand
the animal better would result in overall standards improving [47]. The human factor of
good animal welfare in collections was summarized by Bacon et al. [1], and one of the key
findings was that the aquarium should consider the wellbeing of their staff as a function of
welfare. Aquarists have a large influence on the organisms that they care for, and if their
welfare is compromised then potentially so are the animals. It is important that association
bodies also assist in providing guidance and support for data collection. Co-ordination by
the associations could also help facilitate collaboration between scientific researchers and
aquarists at aquariums.

As our understanding and technology improves, so does the understanding of the ani-
mals within our care. Despite this, many aquatic invertebrates remain under investigated,
particularly in our understanding of effective states. It is suggested that cognitive bias
measurements are adaptable for all species due to the benefit of identifying rewards versus
danger [48]. Without the basic understanding of effective states in numerous invertebrate
species, being able to use cognitive bias for welfare measurements may be difficult. Using
scientific methods such as Go/No-Go tasks and using spatial cues may help start deter-
mining bias effects within the lesser-studied aquatic invertebrates [49]. A more scientific
approach may also suit the capabilities of those caring for the animals, as it is reported
that 88% of USA aquarists have a bachelor’s degree or above [50]. This high level of
education would suggest the capacity to learn, collect data, implement it and contribute to
invertebrate welfare.

Welfare tool kits could possibly provide standardization and would allow for aquarists
to use pre-existing knowledge of the animal. One of the most utilized tool kits within zoos
is the Animal Welfare Assessment Grid (AWAG). Its popularity is due to its versatility
with different species. The AWAG also allows for a temporal component that many other
welfare measures are lacking. A component of research is required for setting up the
appropriate indicators and can involve veterinarians, aquarists and the literature. Animal
individuality and its possible change over its lifetime gives a versatility that many other
models are lacking. In respect to aquatic invertebrates, the AWAG has unfortunately had
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limited implementation. Narshi et al. [17] successfully demonstrated the use of the AWAG
on cephalopods and decapods, although they suggested further study and utilization
is needed to test its full potential for aquatic invertebrates. By investigating aquatic
invertebrate species utilizing the AWAG, data can be generated and tested over multiple
collections. In addition, the sharing of data and indicators is something that zoo and
aquarium associations could co-ordinate. It is this collaborative aspect within the aquarium
community that will help increase our understanding of aquatic invertebrate welfare.

5. Conclusions

A knowledge gap still exists around aquatic invertebrate welfare in public aquaria.
Awareness of negative welfare indicators by the public is limited to a few species and often
emotive when being discussed. TripAdvisor may offer an insight into the public’s overall
understanding and opinions of welfare within an aquarium due to the anonymity. Europe
and North American regions have a greater number of comments in respect to aquatic
invertebrate welfare compared to other regions.

Aquarium and zoo associations should be encouraged to help facilitate and produce
guidelines for more aquatic invertebrate species. By making use of the scientific and
veterinary communities, welfare indicators in welfare tool kits can become more robust. In
addition, incorporating input from invertebrate aquarists are vital for improving overall
standards if we are to have greater representation of invertebrate welfare in public aquaria.
As such, aquarium collections need to support and train their staff in welfare tools and
consider their role in championing welfare.
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Simple Summary: Invertebrate welfare is gaining attention, especially with the rise of insect farming
for sustainable food production. Traditional individual welfare monitoring is impractical for large
groups, especially when individual identification is difficult. This study adapts the Animal Welfare
Assessment Grid (AWAG) for group-level assessments and successfully applies it to a captive group
of male Gromphadorhina oblongonota. This modified AWAG evaluates welfare based on 12 factors
tracked over time, revealing environmental and social factors’ impact on G. oblongonota welfare. These
findings guide practical improvements in care and offer an efficient method to assess invertebrate
welfare at the group level.

Abstract: The welfare of invertebrates under human care is of growing concern, particularly with
the increasing interest in insect farming as an environmentally sustainable means of producing
food. Additionally, individual welfare monitoring systems can be time-consuming and impractical
for larger groups, particularly when individual animals are difficult to identify. It is, therefore,
imperative to develop a validated system for monitoring terrestrial invertebrate welfare at a group
level. The Animal Welfare Assessment Grid (AWAG) is an objective welfare-monitoring tool that
has been approved for use with a wide range of species. This study modified the AWAG for large
group-level welfare assessments and successfully trialled it on a terrestrial invertebrate species, a
group of captive male Gromphadorhina oblongonota. The modified template evaluated the group’s
welfare by scoring changes to 12 factors that could be tracked over time. The results highlight that the
welfare of G. oblongonota is likely to be influenced by environmental and social factors, and inform
practical improvements in G. oblongonota care that will result in improved welfare. The findings also
demonstrate an efficient way to assess the welfare of invertebrates at the group level, and given the
recent UK legislation (Animal Welfare (Sentience) Bill, 2022) plus the emerging interest in invertebrate
farming, our findings hold timely significance.

Keywords: Animal Welfare Assessment Grid (AWAG); group welfare; invertebrate; sentience;
cockroach; quality of life; welfare

1. Introduction

The welfare of invertebrates under human care is of growing concern [1–4]. Inver-
tebrates are extensively used in laboratories, as ‘live food’ (to feed non-human animals,
e.g., pets, zoo animals and livestock), as pets, for educational purposes (e.g., in classrooms,
zoos and museums), and for pest control. There is also increasing interest in farming
invertebrates for human consumption (human entomophagy) [5]. There are no definitive
figures for the number of invertebrates currently in captivity in the UK, and what data are
available typically refer to invertebrates by weight (e.g., kilograms or tonnes), but they
likely number in the billions. For example, in 2021, 6000 tonnes of UK-reared insect meal
were used in feed for fish farms, pigs and poultry alone. The World Wildlife Foundation
(WWF) predict that, by 2050, UK-reared insect meal could be increased to 237,000 tonnes [6].
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With such high numbers of invertebrates involved, the importance of assessing invertebrate
welfare cannot be underestimated.

Unlike vertebrates, invertebrates receive little protection under UK law. Following the
UK’s withdrawal from the European Union, Article 13 of the Treaty on the Functioning of
the European Union (TFEU), which stated that animals are sentient beings and conferred
a duty on member states to pay full regard to animal welfare when formulating and
implementing policy [7], was not carried over into UK law. Motivated by public concern
and moral consideration for animal welfare, the UK Government passed the Animal Welfare
(Sentience) Bill in 2022. Following the provision of scientific evidence of sentience, some
invertebrates (e.g., octopuses and lobsters [8]), were included in the bill; however, sentience
for the majority of invertebrate species is still not recognised. ‘Sentience’ is defined by the
Farm Animal Welfare Council (FAWC), 2018, as: ‘. . .the capability to experience pain, distress
and harm’ [9]. Although scientists are still unable to prove sentience for most invertebrate
species [10], many agree that, as sentience cannot be disproved, the precautionary principle
should be employed; that is, invertebrates should be given the benefit of the doubt with
regard to their ability to suffer [1,3,11–13].

Given the lack of legislation, there is a lack of guidance on how to care for invertebrates
in captivity. Most available guidance focusses on abiotic conditions. For example, most
invertebrates are ectothermic and maintaining a suitable temperature for these species in
captivity is key. Lack of guidance also stems from a deficiency of behavioural and ecological
data, such as species-specific reproductive and feeding behaviours. This paucity of data is
exacerbated by the vast number and diversity of invertebrate species, resulting in ‘trial and
error’ husbandry [4,14], which, if successful for survival and breeding, can result in folklore
husbandry, where husbandry methods persist because they have always been used [15].

These hurdles have led to the welfare of invertebrates often being overlooked by
society. The World Association of Zoos and Aquariums (WAZA) defines animal welfare as
‘. . .a state that is specific for every individual animal; it is how the animal experiences its own world
and life through its association with pleasant experiences specific for that species. . .or unpleasant
experiences’ [16]. There are, however, many definitions of the term ‘welfare’, and growing
arguments there is no single definition that is all-encompassing [17], with some arguing that
the term can only apply to sentient living organisms [18,19]. Although welfare indicators
for invertebrates in general are lacking, welfare has been well-studied for vertebrates,
from which we can generalise that certain elements of captivity could negatively impact
invertebrate welfare. Moreover, as more is understood about sentience in invertebrates and
their ability to feel pain, it may be advantageous to employ the precautionary principle
and afford invertebrates the benefit of the doubt until confirmed otherwise. Following
the precautionary principle, however, and considering the colossal number of individuals
at risk, it is important that industries involving living invertebrates identify methods for
assessing their welfare [13].

In the UK, legislation discourages the feeding of live vertebrate prey to predators
(Animal Welfare Act 2006 and Zoo Licensing Act 1981); however, this legislation is not
extended to invertebrate species, with zoos both buying in and breeding invertebrates on
site for ‘feeding out’. The feeding of live invertebrate prey is believed to be enriching and
beneficial for the welfare of the predator, with the welfare of the invertebrates only recently
becoming a concern [20–22]. Invertebrates in zoos, particularly those bred for feeding
out, are often managed in large numbers in comparatively small enclosures (personal
experience). Due to the need to assess multiple individuals and time intervals, assessing
the welfare of large groups can be time-consuming, costly and impractical [23,24]. It is
especially difficult to individually assess species that cannot be easily identified at an
individual level and this is further compounded by the use of larger and more complex
environments to house animals in zoos and aquariums [24], highlighting the need for a
practical and valid group-level welfare assessment tool.

This exploratory study adapts the Animal Welfare Assessment Grid (AWAG) designed
by Narshi et al. [25] to assess its efficacy as a group-level welfare monitoring tool for
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terrestrial invertebrate species. The AWAG is a practical online cloud-based software [26]
devised to assess and monitor the welfare and cumulative lifetime experience of animals.
The AWAG tool encompasses the five domains of welfare (see Mellor et al. [27]) across the
following four parameters:

Physical: assesses an animal’s clinical health, including factors such as body condition,
illness and injury.

Behavioural/Psychological: assesses an animal’s mental wellbeing and includes factors
such as behavioural response to stressors and how often these are encountered. Animals
cannot verbally communicate their emotions; therefore, behaviour is used as an indicator
to explore their psychological health.

Environmental: assesses the animal’s environment, whether it is both suitable and
complex, options for social opportunities, and with choice and comfort.

Procedural: assesses how the animal responds to clinical and husbandry events, and
includes factors such as handling, changes in routine, and pain from veterinary or manage-
ment procedures.

The AWAG is unique in that it considers the lifetime experience of the animal, and
the cumulative suffering that can impact quality of life. The tool provides a mean score for
factors in each parameter and plots these on a grid to create a minimum convex polygon, the
area of which is the cumulative welfare assessment score (CWAS) for that moment in time.
The CWAS can then be tracked across the animal’s lifetime to assess quality of life, allowing
for the user to quantify welfare and assess whether treatment or changes in management
systems are required or have been successful in improving welfare. The AWAG allows
for the user to drill down and identify which factors are positively or negatively affecting
welfare and make focused interventions. This tool has been used for a variety of species
and various environments, including zoos, farms, companion animal care, and research
laboratories [25,28–32]; however, use with large groups of terrestrial invertebrates has yet
to be trialled.

2. Materials and Methods

This study modified the AWAG designed by Narshi et al. [25] for assessing the welfare
of decapod and cephalopod invertebrates for use with a captive group of Gromphadorhina
oblongonota, as a proxy for large groups of terrestrial invertebrates housed in captivity.
We reviewed the scientific literature for validated welfare indicators for the species on
which to base the welfare assessment; however, the literature specific to G. oblongonota was
scarce, and with over 4000 species of cockroach inhabiting vastly different environments
worldwide, extrapolating information from some of the better-understood species, includ-
ing those regarded as domestic pests or those used in laboratories, was difficult. Where
information was available, it largely concerned eradication methods, social behaviour,
allergens, neurophysiology, and endocrinology, not welfare indicators.

As per Free et al. [33], we compensated for the lack of peer-reviewed literature by gath-
ering information from commercial and hobbyist communities (via communication with
experts through social media and e-mail, and reviewing associated websites, forums, and
social media groups), other species within the genus, and direct behavioural observations.

2.1. Study Subjects

The subjects of this study were a zoo-housed group of 31 male Gromphadorhina oblon-
gonota at the zoological institution Marwell Zoo (UK). Species of the genus Gromphadorhina
are managed by many zoos as food for omnivorous and insectivorous species, as well as
for educational purposes. The group monitored in this study were housed on-show for
viewing by zoo guests. G. oblongonota (Figures 1 and 2), also known as the wide-horned
hisser, are one of the largest cockroach species in the world, measuring between 5 cm and
10 cm (adult), and are found in southern Madagascar. They are flightless and produce a
hissing sound by expelling air through modified spiracles [34–36].
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Figure 1. Gromphadorhina oblongonota (Marwell Wildlife).

 

Figure 2. Gromphadorhina oblongonota (Kilroy, D).

The group is all-male to prevent overpopulation and is supplemented with males
removed from a breeding population used at the zoo for feeding-in. We chose this group to
eliminate the need to assess welfare for different life stages and sexes, which have different
environmental requirements and a different diet to adult males [35,37,38]. The group were
housed in a glass vivarium (Figure 3) measuring 60 × 45 × 90 cm (L × D × H) with a
secure mesh upper panel and hinged door for the front. The mesh upper panel allowed for
ventilation, lighting (12% Arcadia T5, 6500 K plant light on a seasonal 13:11–11:13 cycle),
some UV (low level < 2.0 UVI) and heating (overhead flood halogen 120 W, plus indirect
heat from UV/plant lighting). The enclosure had a deep layer of substrate with regular
additions of natural leaflitter, maintained by a clean-up-crew of isopods, so additional
cleaning was not required. Branching and natural-looking rock facades on two sides of the
enclosure completed the environment. The enclosure was misted twice daily to increase
the humidity and provide drinking water. Food was typically replaced twice a week and
consisted of seasonal browse, fungi and some produce. The G. oblongonota were only
handled when being added to the enclosure (after removal from the separate breeding
colony) or once deceased.
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Figure 3. Gromphadorhina oblongonota enclosure, Marwell Zoo (Kilroy, D).

2.2. Experimental Design

We assessed the factors utilised by Narshi et al. [25] for their relevance for Gromphadorhina
oblongonota and ability to be scored accurately at the species and group level, removing those
that were not suitable. Following this process, we adapted the remaining scoring definitions
by combining elements from previously tested group AWAGs for other species [29] and
species-specific criteria for G. oblongonota. We detail the final factors below.

Physical (Table 1): The physical parameter considered three animal/outcome-based
factors: general condition, presence of injury and activity level. ‘General condition’ as-
sessed the appearance of the carapace (dull/shiny), body morphology (with both shriv-
elled and swollen abdomens a concern), difficulty moulting and density of mites [39].
Gromphadorhina spp. act as hosts for the mite Androlaelaps schaeferi (previously named
Gromphadorholaelaps schaeferi), and are commensal, feeding on the same food as their host
rather than the host itself; therefore, they are not of concern [39–41]. As A. schaeferi are
primarily found in groups around the spiracles and between the legs of the cockroach [40],
they are easy to identify. We merged ‘Presence of injury’ and ‘Observable clinical signs’
from Narshi et al. [25], as there is insufficient information in the literature on recognised
clinical symptoms for G. oblongonota. ‘Activity level’ simply looked at the percentage of
individuals that showed signs of activity during the observation period: 9.30 a.m.–4.30 p.m.
We considered activity during the day an indicator of reduced welfare due to the impact on
circadian rhythm [42] and the evidence that sleep deprivation in cockroaches and other
invertebrates impacts memory formation [43] and can lead to increased metabolic rate, with
severe sleep deprivation resulting in death [44]. ‘Food intake’ was removed, as the amount
and type of items fed were too variable to determine accurate changes in the quantity
consumed (there was always a large amount remaining when fed again), plus, as food was
available 24/7 and G. oblongonota are nocturnal [36,45,46], they were rarely seen feeding.
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Table 1. Scores for assessing factors within the physical parameter, adapted from Narshi et al. [25].

Score General Condition Presence of Injury Activity Level

Reduction in general condition
would include: dull carapace,

difficulty moulting, abnormal body
morphology (abdomen not

shrivelled/swollen), high density
of mites.

Presence of injury including: damaged
or missing limbs, tarsi or antennae,

lameness/abnormal
locomotion, prolapse.

Activity level, e.g., lethargy or
hyperactivity. Consider circadian
rhythm, which is normally high

at night.

1 All of group demonstrated ideal
physical condition. No observable signs of injury. All of the group demonstrated

normal activity levels.

2 1–10% had worse than optimum
physical condition. 1–10% had observable signs of injury. 1–10% did not exhibit normal

activity levels.

3 11–20% had worse than optimum
physical condition. 11–20% had observable signs of injury. 11–20% did not exhibit normal

activity levels.

4 21–30% had worse than optimum
physical condition. 21–30% had observable signs of injury. 21–30% did not exhibit normal

activity levels.

5 31–40% had worse than optimum
physical condition. 31–40% had observable signs of injury. 31–40% did not exhibit normal

activity levels.

6 41–50% had worse than optimum
physical condition. 41–50% had observable signs of injury. 41–50% did not exhibit normal

activity levels.

7 51–60% had worse than optimum
physical condition. 51–60% had observable signs of injury. 51–60% did not exhibit normal

activity levels.

8 61–70% had worse than optimum
physical condition. 61–70% had observable signs of injury. 61–70% did not exhibit normal

activity levels.

9 71–80% had worse than optimum
physical condition. 71–80% had observable signs of injury. 71–80% did not exhibit normal

activity levels.

10 >80% had worse than optimum
physical condition. >80% had observable signs of injury. >80% did not exhibit normal

activity levels.

Psychological (Table 2): The psychological parameter measured three factors: abnor-
mal behaviour, response to guest presence and social interaction. ‘Abnormal behaviour’
considered excessive hissing [38] and increased speed of movement. We changed ‘Response
to social disruption’ to ‘Response to guest presence’, firstly due to the little interaction
the keepers had with the cockroaches, and secondly as the tank was situated in an area
of the zoo that can become busy and noisy with guests, who can approach close to the
tank. ‘Social interaction’ was added as an additional factor due to the abundance of the
published literature relating to the hierarchal and aggressive behaviour exhibited by male
Gromphadorhina spp. [47–50]. ‘Routine management’ from Narshi et al. [25] was removed,
as little routine husbandry, other than misting and food input/removal, was carried out,
and these were scored under the procedural parameter instead.

Table 2. Scores for assessing factors within the psychological parameter, adapted from
Narshi et al. [25].

Score Abnormal Behaviour Response to Guest Presence Social Interaction

Abnormal behaviour such as moving
fast and excessive hissing. Remember
to consider normal circadian rhythm

when making the assessment.

Reaction to people approaching glass or
sudden elevations in noise level.

Reactions include: increased startling
and hissing.

Evidence of aggression (threat
displays or combative) or

defensive/submissive behaviours or,
e.g., abdominal flick, push, butt or

lunge, abdominal extension,
abdominal thrash, agonistic hiss and

stilt stance [47].
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Table 2. Cont.

Score Abnormal Behaviour Response to Guest Presence Social Interaction

1 No abnormal behaviours observed in
any of the group.

None of the group reacted to
guest presence.

No negative social interactions
witnessed, either aggressive

or defensive.

2 1–10% exhibited abnormal behaviours. 1–10% reacted to guest presence. 1 mild incident witnessed.

3 11–20% exhibited abnormal behaviours. 11–20% reacted to guest presence. Multiple mild incidences between
2 individuals.

4 21–30% exhibited abnormal behaviours. 21–30% reacted to guest presence. 1 moderate incidence witnessed.

5 31–40% exhibited abnormal behaviours. 31–40% reacted to guest presence. Multiple mild incidences between
>2 individuals.

6 41–50% exhibited abnormal behaviours. 41–50% reacted to guest presence. Multiple moderate incidences
between 2 individuals

7 51–60% exhibited abnormal behaviours. 51–60% reacted to guest presence. 1 severe incidence witnessed

8 61–70% exhibited abnormal behaviours. 61–70% reacted to guest presence. Multiple severe incidences between
2 individuals

9 71–80% exhibited abnormal behaviours. 71–80% reacted to guest presence. >80% of individuals involved in at
least 1 mild incident.

10 >80% or more of the group exhibited
abnormal behaviours.

>80% reacted to guest presence. >50% of individuals involved in at
least 1 moderate-severe incident.

Environmental (Table 3): The environmental parameter measured five factors: envi-
ronment, group size and structure, enclosure complexity, nutrition, and contingent events.
Most of these factors are resource/input-based, analysing what resources the cockroaches
have been provided or what they can access, as well as the subsequent effects of these on
the cockroaches’ overall welfare. Although resource/input-based factors do not account for
whether the animals use the provided resources, the lack of validated welfare indicators for
invertebrates required us to utilise all means that were available [33]. The factor ‘Environ-
ment’ considered various environmental elements, for example, light, light cycle, UV and
cleanliness. Due to their being ectotherms, the temperature, humidity and ventilation in
the enclosure was of particular concern [14,35], but ambient noise level and guest proximity
were also considered. ‘Group size and structure’ was essential to assess since overcrowding
can lead to disturbances in circadian rhythm, a greater frequency of aggression, reduced
growth rates and higher mortality [37,42]. Due to the inability to observe the cockroaches
when they were most active, and thus be able to assess the quality and quantity of the
natural behaviour that was exhibited, we evaluated ‘Enclosure complexity’, which focussed
on the complexity of the enclosure features and layout, e.g., branching and substrate, and
the behaviours that these features enabled the cockroaches to exhibit, e.g., foraging, bur-
rowing, and successful moulting, instead. ‘Nutrition’ assessed the components of the diet
in relation to wild and captive diets and considered that diet presentation likely resulted
in feeding and foraging behaviours. Finally, ‘Contingent events’ considered the impact
of irregular events, e.g., the addition of new individuals to the enclosure, guest events or
nearby building work, on welfare. For the most part, these scores remained constant as the
environment did not change throughout the study. We did not include ‘Water quality’ and
‘Accessibility’ from Narshi et al. [25], as neither were relevant.
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Table 3. Scores for assessing factors within the environmental parameter, adapted from
Narshi et al. [25].

Score Environment
Group Size and

Structure
Enclosure Complexity Nutrition Contingent Events

Suitability of the
environment for the

species, e.g., location in
the zoo, guest viewing,
temperature (22–28 ◦C

plus gradient), humidity
(60–80%), space, lighting

and light cycle,
ventilation (no drafts),

clean (no mould),
drainage, low
noise levels.

Considering the
number of

individuals, group
structure, and density

in the enclosure.

The enclosure simulates
the natural habitat,

including branches, bark,
leaf litter, rock crevices,

among other dark, damp
locations, with various

heights. Suitable
substrate is offered, such
as organic soil and leaf

litter and natural
forage options.

Refers to diet and forage,
and presentation.

Contingent events
include: enclosure

changes, building works,
guest events/educational

aids, bin
collection, deliveries.

1 The enclosure is ideal for
the species.

Group size in
accordance with

natural group size;
group structure is

appropriate; suitable
density for the
enclosure size.

Ability to demonstrate all
natural behaviours.

Nutrition is optimally
suited to the species and
individual. (nutritional,

physiological
and behavioural).

None.

2 One factor is
below average.

Group structure is
marginally different

from appropriate
group structure.

The ability to
demonstrate natural
behaviours, but the

available options for this
are not ideal.

Nutrition available has a
marginally decreased

appropriateness to
accommodate

species-specific needs.

Event outside of the
enclosure (e.g.,

continuing construction
work) taking place with

little disruption

3 Two/three factors are
below average.

An increased or
decreased number of

animals present in
comparison to the
natural group size

range,
no overstocking.

The ability to
demonstrate natural

behaviours, but there are
few possibilities for this.

Nutrition available has a
moderately decreased

appropriateness for
species-specific needs.

Event outside of the
enclosure (e.g.,

continuing construction
work) with slight

disruption, e.g., noise
or vibrations

4 Four/five factors are
below average.

Group structure is
moderately different

from appropriate
group structure.

The ability to
demonstrate one form of

natural behaviour is
constrained due to the

enclosure design.

Nutrition available is
largely inappropriate to

accommodate
species-specific needs.

An external event that
causes some disruption

OR a change in the
enclosure’s contents
without any other
events occurring.

5 Six factors below average.

A somewhat greater
animal density than

suitable for enclosure
size (many young
present without a

decrease in the
adult population)

A certain type of natural
behaviour is unable to be

demonstrated because
the option is not offered.

Nutrition available is
inadequate to fulfil

behavioural needs of
the species.

External incident that
causes a visible
interruption OR

movement into a familiar
environment without any

other events occurring.

6 Seven factors
below average.

An increased or
decreased number of

animals present in
comparison to the
natural group size

range, with
marginal overstocking.

The options to
demonstrate natural

behaviours are limited,
preventing the

demonstration of
particular natural

behaviours associated
with enclosure design.

Nutrition available is
inadequate to fulfil

physiological needs of
the species.

External incident that
causes a visible

interruption AND
movement into a

familiar environment.
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Table 3. Cont.

Score Environment
Group Size and

Structure
Enclosure Complexity Nutrition Contingent Events

7 Eight factors
below average.

Group structure is
greatly different from

appropriate
group structure.

The options to
demonstrate natural

behaviours are limited,
preventing the

demonstration of
multiple natural

behaviours associated
with enclosure design.

Nutrition available is
inadequate to fulfil the

behavioural and
physiological needs of

the species.

Movement into
unfamiliar enclosure OR

addition of
unfamiliar animal.

8 Nine factors
below average.

Animal density is
moderately greater

than suitable for
enclosure size.

The options to
demonstrate natural

behaviours are limited,
preventing the

demonstration of the
majority of natural

behaviours associated
with enclosure design.

Available nutrition is
inadequate to fulfil

behavioural,
physiological and

nutritional needs of
the species.

Movement into
unfamiliar enclosure

AND addition of
unfamiliar animal.

9 Ten factors
below average.

Animal density is
much greater than

enclosure
can accommodate.

The options to
demonstrate natural
behaviours are very

limited, preventing the
demonstration of

virtually all of the natural
behaviours associated
with enclosure design.

No nutrition is available.

External incident that
causes a definite

interruption AND
movement into

unfamiliar enclosure

10

All factors scored are
inadequate—the

enclosure is
inappropriate for the

species being monitored.

Group size greatly
differed from natural

group size or a
significant level
of overstocking.

The animal is unable to
demonstrate natural

behaviours associated
with enclosure design

because the options are
not offered.

Nutrition is dangerous
for the species.

Mixture of events:
extended external

incident, movement into
an unfamiliar enclosure,

introduction of
unfamiliar animals.

Extreme detrimental
levels of disruption.

Procedural (Table 4): The procedural parameter evaluated one factor: the effect
of intervention. We removed ‘Isolation/Restraint’, ‘Impact of veterinary procedures’,
‘Change in daily routine’ and ‘Sedation/Anaesthesia’ from Narshi et al. [25], as veterinary
interventions were very unlikely to occur for this group and daily routine was variable
anyway.

Table 4. Scores for assessing factors within the procedural parameter, adapted from Narshi et al. [25].

Score Effect of Intervention

For example, removing old food or dead individuals, changes to
environmental complexity, etc. Stress-related behaviours include: hissing,

burrowing or fast movement away from the disturbance

1 No intervention.

2 1–10% reacted to the intervention by exhibiting stress-related behaviours.

3 11–20% reacted to the intervention by exhibiting stress-related behaviours.

4 21–30% reacted to the intervention by exhibiting stress-related behaviours.

5 31–40 reacted to the intervention by exhibiting stress-related behaviours.

6 41–50% reacted to the intervention by exhibiting stress-related behaviours.

7 51–60% reacted to the intervention by exhibiting stress-related behaviours.

8 61–70% reacted to the intervention by exhibiting stress-related behaviours.

9 71–80% reacted to the intervention by exhibiting stress-related behaviours.

10 >80% reacted to the intervention by exhibiting stress-related behaviours.
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We modified many of the physical, psychological and procedural parameter factors to
adapt the AWAG template designed by Narshi et al. [25] for group-level assessment. For
six of the factors, this involved using a percentage of the group for each definition, from 1
to 10. In most cases, a score of 1 indicated that the whole group had ideal welfare for that
factor, decreasing by 1–10% for scores 2–9, and a score of 10 indicated that more than 80%
of the group had the poorest welfare for that factor. Using a percentage range when scoring
allowed for those individuals that could not be seen at each observation.

‘Social behaviour’ included a mixture of number of aggressive interactions, severity of
interaction and the percentage of the group involved in interactions. The five environmental
factors did not require adaptation to remain relevant for a group.

The final AWAG consisted of 12 factors within the four parameters, with each scored
incrementally on a scale from 1 (best welfare state) to 10 (worst welfare state). We carefully
defined each score to enhance interscorer agreement and, during preliminary observations,
baseline scores were collectively agreed on by two independent observers, who also scored
the group’s welfare simultaneously on two occasions during these observations. Interscorer
agreement was then determined by calculating the percentage of scores that varied between
the two scorers and was calculated at 100%. The observers were undergraduate students
of relevant disciplines that were trained by the primary author. See Justice et al. [29] and
Brouwers and Duchateau [51] for further detail on the methods used. The score definitions
are presented in Tables 1–4.

2.3. Welfare Analysis

Discussions with the keeping team and four preliminary observations across two days
allowed a baseline score for the group to be established. We counted injuries during this
period, as each individual was seen at least once. Five injuries were identified and fed
into the baseline score, which only changed if additional injuries were noted, or an injured
individual died. As it was not always possible to see all the individuals at each observation
without disruption which would negatively impact welfare, those out of sight were scored
at the baseline level.

Two or three welfare assessments were conducted per day between 09:30 and 16:30,
between 11 and 21 September 2023. Multiple assessments were conducted per day to detect
differences in the group’s welfare over the course of a day as they experienced changes in
temperature, humidity, presence/absence of food, guest numbers etc. Multiple assessments
also increased the ability to see all individuals. The group was monitored for 15 min per
observation and scored using the modified AWAG. The scores were input into the AWAG
software (https://awag.org.uk/, accessed on 23 September 2023) [26] for analysis. The
AWAG cloud-based software generates an average for each parameter and plots this as a
minimum convex polygon graph for every welfare assessment. The Cumulative Welfare
Assessment Score (CWAS) is derived from the area of the polygon [25,29,31]. Temperature
in the tank was recorded using a DS1921G-F5 Thermochron® iButton® [52], which noted
the temperature in degrees Celsius every 2 h.

The study received the University of Surrey’s and Marwell Wildlife’s ethical approval
prior to data collection.

3. Results

The total number of individuals in the enclosure was 31 at the start of the data
collection period and 30 at the end due to the death of one individual from natural causes.

Twenty-three observations were conducted across eight days. The average number of
individuals seen per observation was 27 (max. 31, min. 21) due to leaflitter providing some
cover but not enough for all the individuals present (the maximum out of sight during
an assessment was 10; the average number out of sight was 4). Changes were detected in
welfare score over this period and are visually presented in Figures 4–8. Figure 4 depicts
the change in the group’s CWAS over time. The maximum score that can be attained for a
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single assessment is 200. The maximum CWAS score for the group during the study was
13.3, whilst the minimum was 6.1 (Figure 4).

 

Figure 4. The CWAS for the group over the study period. The lower the score, the better the welfare.
This form of visual representation highlights specific events that may be impacting welfare, in
addition to changes in the trend of welfare over time, with a rising line indicating welfare is declining
or a falling line indicating welfare is improving. Annotations identify which factor scores changed as
a result of specific events, indicating a decline (peak) or improvement (trough) in group welfare.

 
Figure 5. This radar chart compares the four parameter scores (physical, psychological, environ-
mental, and procedural) for three welfare assessments: 13 September 15:30 (poorest group welfare
score—13.3, red), 21 September 10:30 (best group welfare score—6.1, green) and the average for the
study period (7.9, orange), on a scale from 1 to 10, with 1 being the best possible score and 10 the
poorest. The axes in this figure are adjusted to improve readability.
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Figure 6. The welfare polygon for 13 September 15:30. The environmental parameter has the highest
score (4), resulting from high scores for the factors: environment (5), group size and structure (6)
and enclosure complexity (6). The psychological parameter is also high due to the factor of social
interaction (5). The axes in this figure are adjusted to improve readability.

 

Figure 7. The four parameter scores for the group, presented over time for the study period. This
figure shows changes in welfare related to specific parameters, allowing for the assessor to easily
drill down into the CWAS.

The poorest welfare score for the group (13.3) occurred on 13 September at the 15:30
assessment, whilst the best welfare score for the group (6.1) occurred on 21 September at
the 10:30 assessment. The average welfare score for the group for the study period was
7.9 (Figure 5). The psychological parameter had the greatest impact on the CWAS for the
13 September 15:30 (Figure 6 and Table 5). The factors of environment, group size and
structure, and enclosure complexity did not decline below scores of 5, 6 and 5, respectively,
across the study period.
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Figure 8. Comparison of score for the factor ‘activity’ over time, with corresponding enclosure
temperature (◦C). Activity during the day was deemed an indicator of poor welfare; therefore, an
increase in score for activity represented an increase in group activity level.

Table 5. Factor scores for 13 September 15:30. Highlighted in red are the three factors that resulted in
the environmental parameter having the highest score for that assessment and the single factor that
raised the psychological parameter.

Parameter/Factor Score Parameter/Factor Score

Physical Environmental

General condition 2 Environment 5

Presence of injury 3 Group size and
structure 6

Activity level 3 Enclosure complexity 6

Psychological Nutrition 2

Response to guests 1 Contingent events 1

Social interaction 5 Procedural

Effect of intervention 1

Changes to the four parameter scores can also be viewed across time. The psychologi-
cal parameter exhibits the greatest change in score (min. 1–max. 3). The environmental
parameter remains fairly consistent throughout the study and the procedural parameter
deviates from 1 only once (14 September 23 12:30), due to the removal of old food by a
keeper during the observation (Figure 7).

Temperatures remained above the minimum of 21–24 ◦C, as recommended in the
husbandry-related literature throughout the study period, with the lowest recorded tem-
perature of 25.5 ◦C [41,53]. The maximum temperature recorded was 32 ◦C, exceeding
the maximum recommended temperature of 27–30 ◦C [41,53]. CWAS visually followed a
similar trend to time of day (Figure 4). A Spearman’s rank correlation was computed using
R [54] to assess the relationship between CWAS and time of day and found a weak but
insignificant positive correlation, rs(21) = 0.36, p = 0.094. Activity level appeared to follow
the same trend as temperature (Figure 8), and a Spearman’s rank correlation [54] found
a very weak insignificant positive correlation between the two variables, rs(21) = 0.11,
p = 0.607.
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4. Discussion

The aim of this study was to expand the work by Narshi et al. [25] to examine whether
the previously validated Animal Welfare Assessment Grid (AWAG) could be modified
to objectively assess the welfare of a large group of terrestrial invertebrates. Through
adapting the welfare scoring criteria for Gromphadorhina oblongonota at the group level and
successfully trialling it with a group of 31 males at Marwell Zoo, we provide evidence
the AWAG can be utilised to monitor the welfare of terrestrial invertebrates at the group
level. With the recent passing of the Animal Welfare (Sentience) Bill into UK legislation in
2022, and the resulting questions and concerns for invertebrate welfare that this raised, in
addition to the growing interest in farming invertebrates for human consumption, this is a
timely result.

Although welfare is a subjective experience, assessing welfare at the group level
leaves individual differences and individual personality unaccounted for. Group-level
welfare assessments tend to focus more on what the animal has been provisioned with,
harking back to the ‘Five Freedoms’, rather than assessing animal-based measures such as
individual behaviour and physical and psychological health. However, through using the
AWAG model, we included animal-based measures in this group-level welfare assessment
and our results indicate that, through using this tool, changes in welfare and welfare trends
over time can be identified and tracked at the group level. The results also show that it is
possible to identify which factor(s) may be impacting welfare, allowing for animal care
givers to focus on improving these. For G. oblongonota, our results suggest the environment,
group size and structure, and enclosure complexity may impact baseline welfare score. In
addition, the factors ‘Activity level’ under the physical parameter and ‘Social interaction’
under the psychological parameter varied the most between observations, and thus had
the greatest impact on changes in welfare score over the course of this study.

4.1. The Impact of Environmental Factors on Welfare Score

As they are ectotherms, low temperatures can have a negative impact on the welfare of
cockroaches. Low temperatures, i.e., 8–10 ◦C, can induce a ‘chill-coma’, where cockroaches
lose mobility but can survive if temperatures are reversed before a chill-injury occurs [55];
therefore, it is important to monitor enclosure temperature closely. Although maximum
temperatures of 27–30 ◦C are recommended in the literature [41,53], the temperature in
G. oblongonota’s wild habitat in southern Madagascar can reach 40 ◦C. Except for increases
in reproductive activity [41,53,55] and increased metabolic rate [56], we found no evidence
in the literature for a negative impact of higher temperatures on welfare. Even so, we
increased the welfare score when temperatures were above the recommended level in case,
over time, correlations were found with other factors.

The majority of cockroach species are negatively phototactic, meaning that they will
move away from light. In this enclosure, there were very few options to move away from or
seek shelter from the light, which was on a seasonal 13:11–11:13 cycle. Leaflitter provided
some cover but not enough for all the individuals present. The remainder appeared to
choose locations in the enclosure with as much cover as possible, either in the shallow
cervices on the rock facades (Figure 9) or on the underside of the branches (Figure 10).

We noted anecdotally that when leaflitter was introduced, activity levels increased and
many of the cockroaches moved to burrow into the new substrate. For negatively photo-
tactic species, being unable to escape light can lead to increased stress and anxiety [57–59],
negatively impacting welfare and resulting in lower survival rates [42].

Cockroaches are also positively thigmotaxic; that is, they will actively seek contact
with objects in their environment. This behaviour increases safety and security, particularly
from predators, and is often used as an escape response. Cockroaches tend to avoid open
spaces and will preferentially locate themselves close to or touching walls or other vertical
surfaces (Figure 9). It is likely that this behaviour is also associated with light avoidance [42].
Studies have shown that thigmotactic deprivation, e.g., lack of access to shelters, can lead
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to stress, resulting in reduced growth, increased energy consumption, reduced fecundity
and reduced survival rate [42,60,61].

 
Figure 9. Three Gromphadorhina oblongonota exhibiting thigmotaxic and negative phototactic be-
haviour in one of the wall crevices of the enclosure. (Kilroy, D).

 

Figure 10. Gromphadorhina oblongonota in the enclosure at Marwell Zoo. Note the position of all bar
one individual on the underside of the branches. (Kilroy, D).

4.2. Other Factors That Impacted Welfare Score

We considered activity during the day to be a sign of compromised welfare due to the
disruption of the circadian rhythm. Without comparison with other colonies or evidence
for wild individuals, it is unknown whether the amount of activity seen during the day
was typical for the species. By highlighting this using the AWAG, however, we were able to
track changes over time. As ectotherms, temperature plays a key role in the activity level of
G. oblongonota, with temperatures below 21 ◦C leading to reduced activity level and lethargy
and high temperatures increasing activity level [41,53,55]. Activity level may therefore be
an indicator for the impact of environmental parameters on welfare in this species.
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Alongside ‘Group size and structure’, we identified ‘Social interaction’ as a key welfare
indicator because it has been demonstrated previously that male Gromphadorhina exhibit
extensive dominance hierarchies [47,49,50,62]. Although cockroaches are typically highly
social and aggregate in large numbers, wild Gromphadorhina spp. usually live in mixed-sex
groups of only ca. 10 individuals, in which males exhibit territoriality, combat behaviours,
and dominance hierarchies [35,63]. These social dynamics suggest that high numbers of
males in a small area will lead to an increase in these negative social interactions. As
this group of 31 males was maintained at a fairly high stocking density, we used the
frequency, severity, and number of individuals involved in negative interactions as a
welfare indicator [38]. Although negative social interactions remained low in number and
severity, and there were only two assessments in which we scored welfare a 4 (12 September
15:30) or 5 (13 September 15:30; Figure 6), it is possible that a stable social hierarchy had
already been established prior to the start of the study [47] and that this factor will change
more when there are changes to the group (e.g., new individuals are added to the enclosure).
We observed some individuals to be missing parts of their antennae and tarsi, which could
be a result of previous bouts of aggression or, alternatively, old age [39].

We did not observe any cockroach responses to guests. A lack of responses could have
been a result of the assessors’ presence changing guest behaviour and leading to fewer
negative behaviours such as banging on the glass window or shouting. Fewer responses
could also have been because the enclosure was situated behind a glass window that
lessened sound and vibrations. Alternatively, stationary behaviour may have continued
because there were few hiding places for cockroaches, meaning escaping out of the sight
of guests was not possible. Another explanation may be that presence if guests did not
negatively impact welfare; however, this seems unlikely considering that the negative
impact of guests on animal welfare has been described in detail (reviewed in Sherwen
and Hemsworth [64]). Further research is required to determine whether there are more
relevant methods for scoring the impact of guests on the welfare of invertebrates.

In addition to the results from this study supporting use of the AWAG for welfare
assessments of groups, they will also feed directly into husbandry and enclosure changes
for this group of G. oblongonota. These changes will include a larger enclosure, focussing on
floor space rather than height as G. oblongonota are primarily terrestrial [36,65,66]. A greater
floor area will also allow for gradients in temperature, humidity and light, providing choice
and control over how the environment is used [1,39,53]. Changes will also include the
introduction of canopy cover to reduce the amount of light falling on the floor, as would
occur in the wild forest habitat, and the addition of more leaflitter and other shelters that
can provide escape from the light and areas of higher humidity.

4.3. Limitations

Whilst we are satisfied that this trial was successful at modifying a welfare assessment
tool for terrestrial invertebrates at the group level, the number of welfare assessments
employed in this study was low. A long-term (≥95 days, as per Justice et al. [29]) evaluation
of this modified AWAG scoring template to allow for an improved analysis of welfare trends
over time is the next step. Adding nocturnal observations to the methods will allow for us
to gain a better understanding of behaviour and whether the results obtained from diurnal
observations only are a true representation of welfare. Unless organisations maintain their
cockroach colonies in reverse light–dark cycle, a lack of nocturnal observations is likely to
be a widespread issue. Once periods of peak activity are identified, observations can occur
at those times to reduce the impact of time of day on the results. Another issue we faced
was an inability to see all the individuals in the group during each assessment without
causing a disturbance. Ideally, the assessment score would represent the total sum of the
welfare of all the individuals in the group; however, in practice this can be difficult, so we
are presenting a tool that we believe can still positively contribute to our understanding of
group-level welfare within the confines of these limitations.
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Abnormal behaviour is a potentially important welfare indicator [67–69]. We ended
up not scoring it in this study because it was not possible to view the cockroaches at night,
when they are most active and thus most likely to exhibit abnormal behaviour. It was also
not possible to assess the frequency of hissing due to the enclosure being situated behind
an additional glass window, meaning that hisses were not audible to the observers. This is
something to address in future studies.

In this study, we modified the AWAG template for G. oblongonota. More research is
necessary to determine whether a single generalised template could be designed for the
assessment of multiple species of terrestrial invertebrates at the group level, taking into
account differences in husbandry methods and environment. In addition, we based most
factors in this modified AWAG on the percentage of individuals that deviated from the
norm. Further research should explore combining percentages with severity (as per the
factor ‘Social interaction’) to improve how representative the scores are for the welfare
of the individual within the group. Furthermore, for the parameter averages to be truly
representative, scores between 1 and 10 should uniformly increase or decrease. This should
be accounted for in future studies.

One of the key steps in designing a welfare assessment tool is reviewing the current
literature on animal welfare research and the species or taxa of concern. There are few
studies of G. oblongonota welfare in captivity, resulting in a heavy reliance on information
gathered from the wild concerning environment and behaviour. These data may not
always be directly related to their welfare in captivity [70,71]. As a result, it is important
to be conscious of the relevance of this information for the captive environment. In some
situations, it may be preferable for welfare assessments to not compare captivity to the
natural environment and instead concentrate on how well the environment fulfils the
behavioural requirements of the species, giving greater weight to animal-based factors [33].

5. Conclusions

This study advances the welfare assessment of large groups of terrestrial invertebrates
by adapting the Animal Welfare Assessment Grid (AWAG) for Gromphadorhina oblongonota.
Our findings underscore its suitability as a practical, easy-to-use tool for objective group-
level welfare evaluation. These are essential requirements for a monitoring tool, given that
current individual welfare monitoring systems can be time-consuming and impractical for
large groups [23,24]. These findings contribute to tangible improvements in the care of
G. oblongonota in captivity, ultimately elevating their welfare standards but also contributing
to the ability to monitor and improve welfare for groups of other invertebrate species.

Based on our findings, we would suggest the following recommendations for others
looking to adapt the AWAG for use with terrestrial invertebrates:

• Adapt the AWAG scoring criteria to the species, based on thorough research.
• Improve the representation of individual welfare by combining the percentage of

impacted individuals and severity of the impact in the scoring criteria.
• Standardise the time of day the assessment takes place, which should include the

species’ most active period.
• Assess welfare regularly.
• Utilise the assessment results to drive changes that will improve animal welfare.
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Simple Summary: Emerging challenges associated with the COVID-19 (SARS-CoV-2) pandemic
include the unpredictable biological effects of highly recommended detergents and disinfectants
to reduce the risk of human infection. How these classes of substances affect living organisms,
especially the health of the invertebrates as common representatives of biota, is still unclear. Due to
the exceptional ability of disinfectants and detergents to penetrate biological membranes and alter
the pH of the environment, these classes of substances, together with other environmental pollutants
of concern (e.g., heavy metals), can have pronounced negative effects on macrobenthic invertebrates.
The review analyzes the current state of research in this area and discusses ways to reduce risks
to invertebrates.

Abstract: The article discusses the issue of extensive use of detergents and sanitizers in the time of new
challenges associated with the COVID-19 (SARS-CoV-2) pandemic. These agents could pose threats
to the existence of free-living invertebrates as essential components of the ecosystem. The biological
effects of the mentioned classes of substances, their metabolites, and combined effects in the mixture
have not been studied enough. The main challenges in trying to balance the threats and benefits of
using such substances are the lack of knowledge of the biological effects of these products, the gaps in
testing invertebrates’ responses, and changes in environment-related regulations to minimize risks to
animals and humans. Numerous studies in this field still leave research gaps, particularly concerning
the combined toxicity of well-known and widely used disinfectants, surfactants, and heavy metals,
posing potential future challenges. Additionally, the review identified the need for additional
testing of invertebrates for their sensitivity to disinfectants and surfactants of different compositions,
including improved (non-invasive) methods, studies for early life stages, and comparative studies of
species resilience.

Keywords: surfactants; sanitizers; heavy metals; biological effects; legislation and nature protection;
non-invasive monitoring methods; invertebrate welfare

1. Introduction

The SARS-CoV-2 virus spread has brought new challenges not only to the current
epidemiological situation, but also raised fears of threats to environmental safety [1,2].
Since the first months of recording the pandemic, the World Health Organization (WHO)
and the Russian Federal Service for Supervision of Consumer Rights and Human Welfare
Protection (Rospotrebnadzor) have recommended the use of disinfectants and sanitizers
to prevent infection and spread of the disease in crowded places, including hospitals,
transport, institutions, schools, and households [3,4].

The purpose of these agents is to combat microorganisms and viruses. The majority of
products that enter the distribution network include ethyl or isopropyl alcohol, propylene
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glycol, triclosan, formic, and, occasionally, salicylic acid, in addition to various fragrances
and other ingredients.

However, people who use sanitizers frequently complain about dry skin, peeling,
occasional skin flushing, and shortness of breath after several days of use, which manifest
the adverse effects of these agents on the human body.

While a large proportion of the substances used in detergent formulations are subject
to compulsory registration within the regulation of the Registration, Evaluation, Autho-
risation, and Restriction of Chemicals (REACH), there is still often little or even nothing
known about their environmental impact. In only a few cases they are included in water
monitoring programs (e.g., benzotriazole).

Wastewater from hospitals may contain a mixture of different drugs, radionuclides,
anionic, cationic and amphoteric/non-ionic surfactants, disinfectants, and pathogenic
microorganisms. The problem with most drugs is that, even after ordinary treatment,
they are still present in wastewater [5], violating water quality requirements prescribed in
Directive 98/83/EC [6].

All of these substances and their metabolites are released to the environment, where
they may further react and interact with other materials, pollutants, or their metabolites.
Hospital wastewater, moreover, contributes to the high resistance of bacteria to antibiotics.
This subsequently affects the long-term ecological balance under chronic exposure [7].
Wastewater treatment plants are typically not designed to remove these chemicals both
from biologically treated wastewater and from sludge. Sanitizers and disinfectants are
mostly concentrated in the sludge from these plants. Common pathways of the surfactant
and disinfectant entry into the environment and the main targets are presented in the
diagram (Figure 1).

Figure 1. Common pathways of surfactant and disinfectant entry into the environment and the
main consequences.

Using simple chemical analysis, it is not possible to assess the complex interactions
and synergy of these substances and their actual effects on biological systems, as well as
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the threats to the integrity of the ecosystem under impact, including its abiotic and biotic
components. In these cases, biological tests provide reliable information about the effects
of the mentioned materials on the quality of treated wastewater entering natural water
bodies and their effects on ecosystems and human health.

At present, there are no particular technologies and techniques for removing these
wastewater contaminants and their metabolites. As a result, the levels of disinfectants in
wastewater, and subsequently in surface waters, including those used by fisheries, will
rapidly increase.

To a larger extent, the accumulation of sanitizers and their metabolites in aquatic
environments can disturb the safety of both terrestrial and aquatic flora and fauna. This
situation undoubtedly raises concerns among environmental scientists, physicians, envi-
ronmental agency experts, and the general public.

Thus, there is a pressing need for novel information to evaluate the possible hazards of
negative impacts, which can often be delayed, on the health of animals and humans. This
evaluation should take into consideration the potential combined effects of contaminants
in complex aquatic systems like surface waters.

2. General Information on Disinfectants: Benefits and Harm

In all cases, US EPA (2023) recommends the use of surfactants of different origins and
compositions before disinfection [5].

Disinfectants are defined as “antimicrobial and antiviral products” [8]. In different
countries, Environmental Protection Agencies (EPA) regulate and register antimicrobial
agents and ensure that these agents meet minimum requirements for the registration to
certify that they are effective against certain types of microorganisms or viruses. The
use of disinfectants (including sanitizers) and antiseptics, recommended by WHO, is
projected to increase [1]. However, it still requires consideration of the balance of benefits
(killing of dangerous viruses and microorganisms) and possible harmful effects (indirect
environmental and health impacts).

On the other hand, disinfectants have been often and successfully used in agriculture
and aquaculture. In aquaculture, they help fight not only microorganisms and viruses,
but can also significantly reduce the number of parasites and reduce the number of fungal
diseases in farmed fish, crustaceans, and mollusks (e.g., [7]).

The most common disinfectants are chlorine products in their various formulations
and forms (solution, solid, or powdery material).

At the same time, elevated levels of chlorine have the potential to cause skin or mucosal
irritation, along with the chlorine odor side effects that may affect susceptible individuals
like those with asthma. Thus, the balance between advantages and disadvantages arising
from the application of various types of disinfectants (e.g., sanitizers) is currently a subject
of active debate among scientists and clinicians [7–10].

In Europe and North America, different standards of chlorine-containing products
have been adopted. The concentrations of chlorine in commercially available products
vary between 4% and 6%, with a suggested concentration of 0.1% sodium hypochlorite
for non-healthcare purposes [9,10]. An alternative option is the utilization of 70–90% ethyl
alcohol for surface disinfection.

Furthermore, the current situation requires the extensive utilization of household
antiseptics such as hand sanitizers for skin hygiene [4]. Hand sanitizers can have the
same ingredients as healthcare-grade antiseptics, or they may vary by including additional
substances for hydrating and nourishing the skin, flagrant liquids, food dyes (as the safest
ones), and other materials. The components that commonly make up hand sanitizers
include monohydric alcohols, propylene glycol, amine-containing materials, benzalkonium
chloride, and skin care products.

These products are typically categorized as cosmetics, allowing manufacturers to
circumvent the need for efficacy testing of their formulations. Currently, the Eurasian
Economic Union (EAEU) is developing a project, in which the use of antiseptics in cosmetics
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is proposed to be limited. However, the regulations in the field of environment protection
are becoming stricter all over the world (e.g., [11]), which is an important step towards a
significant improvement in the welfare of invertebrates and vertebrates, including humans.

The legislation of the Russian Federation [12] and the European Council Directive
2006/44/EC [13] establishes restrictions for different categories of water use and for water
bodies of fishery importance, but the maximum allowable concentrations (MACs) of
chemicals in Russia, in contrast with the European Union (EU) regulations, are the same for
all categories of water bodies. Some MACs for fishery water bodies in Russia [12] are much
stricter. For example, the MAC for Cu established in Russian regulations is significantly
lower than the guideline values recommended by the EU Council [13]. The same case is
with national environmental quality standards on surfactants, in which MACs can vary
from 0.1 to 0.5–0.6 mg/L.

In Russia, environmental regulations do not contain standards or sanitary and hygienic
requirements for bottom sediments. Analysis of scientific and methodological literature
has shown that there are no unified methods for assessing the state and degree of transfor-
mation of technogenically altered soils and sediments, including those under the impact of
detergents from herbicide and pesticide formulations.

Thus, the current widespread use (both in the number of persons involved and in
amounts) of disinfectants may lead in the future to the uncontrolled release of components
into the environment that can negatively affect living organisms and ecosystems.

A number of studies performed on invertebrates showed the impact of surfactants on
their different physiological functions and morphological structures e.g., [14–17]. Surfactant
toxicity seems to be mainly related to the alteration of the cellular ionic balance due to
changes in the permeability of the cell membrane.

In invertebrates, the test for acute toxicity on the freshwater crustacean Daphnia magna
Straus, 1820, is highly recommended according to the standard EN ISO 6341 [18]. The
essence of the method is finding the concentration of the test substance that causes immobi-
lization of 50% of Daphnia magna newborns. This method could be also applicable in the
case of studying the effects of surfactants and sanitizers.

The impact of surfactants in combination with other pollutants, such as heavy metals,
has not been extensively studied in surface waters. Heavy metals (HMs), such as copper,
zinc, lead, cadmium, mercury, arsenic, and more, are high-priority environmental pollu-
tants that demonstrate substantial bioavailability to living organisms. Investigating the
factors that influence the bioavailability and penetration of these elements into organisms,
as well as the mechanisms and pathways for their excretion from hydrobionts, is an im-
portant fundamental objective in the fields of aquatic ecotoxicology and environmental
safety [19].

All the factors mentioned above may have a negative impact on the environmental
quality and biota as a sensitive component of ecosystems. And the most threatened in such
conditions are aquatic invertebrates.

3. Use of the Invertebrates in Biomonitoring Studies

Invertebrates are most often and commonly used in biomonitoring studies: about
two-thirds of the methods for assessing the quality of flowing waters are based on the
use of macrobenthic invertebrates. Among them, mollusks and crustaceans are in priority
in biomonitoring [20–23], as well as in ecotoxicological experiments [24–26]. There are
several reasons for choosing these macroinvertebrates as bioindicators of environmental
quality [27–30].

Taking into account all the advantages of using these animals, attention should be
paid to the fact that ecotoxicological studies and biomonitoring used as routine methods
allowing identification of environmental threats often cause “cruel deaths of up to millions
of aquatic animals every year” (e.g., [31]). And the data provided by the author of the cited
report concern only estimates in relation to Poland.
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Invertebrates are “living monitors” of our present and future. It should not be forgotten
that due to the fact that mollusks, e.g., from the family Unionidae, are active filter-feeders
(one individual filters 20–40 L per day), they maintain the health of the ecosystem through
bioaccumulation and biodeposition, participate in the processes of mineralization and, thus,
are actively involved in self-purification of water bodies where they live [32]. We agree with
J. Mather (2023) that our anthropocentric approach caused “three problems for invertebrates:
a lack of knowledge, negative attitudes, and a misunderstanding of their cognitive abilities,
all leading to problems for welfare consideration” [33]. Unfortunately, invertebrates are
still considered just as convenient and low-cost model objects in ecotoxicology and toxicity
research [34].

Consequently, the research is centered on the capacity of mollusks and crustaceans
to act as indicators of pollution in coastal waters resulting from the discharge of domestic
wastewater containing sanitizers, surfactants, their metabolites, heavy metals, or combina-
tions thereof. At the moment, only a few studies are available on this issue; some of them
are discussed below.

4. Use of the Invertebrates as Biosensors in Water Quality Monitoring Systems and as
Test Organisms in Studying Disinfectants and Surfactants Actions

Invertebrates, mainly mollusks and crustaceans, are successfully used as live monitors
of natural surface or drinking water pollution. Automated systems for these purposes
have long been actively used in Europe and the United States to monitor water quality, and
are called Biological Early Warning Systems (BEWS) [8]. Mussels change their locomotor
behavior in response to disturbing agents (e.g., toxins) by closing their shells in order to
reduce exposure. Therefore, the frequency of valve opening and closing can be monitored
to indicate the avoidance behavior [8]. The commercially available MosselMonitor® sys-
tem has been used with five different bivalve species (three for freshwater and two for
marine water).

In the mentioned BEWS, the heart rate (HR) of mollusks or crustaceans is used as
an indicative parameter of current changes in flowing water quality. HR is an integrative
measure of the physiological status of the organism, and heart rate variability can serve as
a basis for early diagnosis of deterioration at the whole organism level.

Among aquatic invertebrates, mollusks are the most accurate analogs to mammals
in terms of the general structure, functioning, and regulatory circuits of cardiac activity.
The main parameters of heart rate variability of mollusks are similar to the corresponding
values in human rhythmograms [35]. However, studies on the cardiac activity of mollusks
and crayfish are quite rare, especially when using automated systems for non-invasive HR
monitoring [22,26,36–42]. Literature on automated systems using mollusks as biosensors is
summarized in the review [43].

In early studies, it was shown that crustaceans change rhythms of respiratory and
cardiac activities in the presence of HMs [44–47]. Similar studies were later conducted on
crayfish to assess the effects of water disinfection in aquaculture, for example, during its
chlorination [48] or chloramination [41]. For example, a 10 mg/L solution of the biocide
chloramine-T is commonly used in industry and aquaculture. In experiments on the
crayfish Astacus leptodactylus (Esch., 1823), the 1-h exposure did not adversely affect the
crayfish at chloramine-T concentration of 10 or 50 mg/L [41]. Only after the 1-day exposure
at a concentration of 50 mg/L, an obvious toxic effect was noted, leading to significant
energy loss in the crayfish.

In the crayfish Pacifastacus leniusculus, the effects of ClO2 at various concentrations,
ranging from 0.01 to 0.29 mg/L, on cardiac activity were studied [48]. The authors noted
that in 32% of crayfish individuals, the circadian rhythmicity in the HR is disrupted even at
low concentrations of ClO2 (0.01–0.2 mg/L), while higher concentrations lead to random
periods of tachycardia and bradycardia in all experimental individuals. Crayfish mortality
was observed after 3 to 4 weeks of exposure at concentrations exceeding 0.2 mg/L of
ClO2. The results indicate the importance of maintaining a certain standard of ClO2 levels
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during water treatment, in order to prevent chlorite levels exceeding the WHO guideline
value [49].

These studies can serve as a basis for further research on the effects of sanitizers
on functional indicators of crustaceans and mollusks. Despite the great interest in the
fate of surfactants and disinfectants in freshwater, the effects of environmentally relevant
concentrations on target or non-target invertebrates are still unclear.

It is known that a biocenosis responds to significant changes in environmental quality
by changing the metabolic rate in the organisms inhabiting it. The efficiency of aerobic
energy exchange in organisms, assessed by the rate of oxygen consumption, can serve
as an indicator of aquatic environment quality [44–46]. Another indicative physiological
parameter is the intensity of the filtering activity of mollusks [50,51]. The advantages of
using these particular functional indicators, whose changes are linked to the organism’s
efforts to prevent negative impact, center around their ability to identify the first signs of
pollutants affecting a living organism and to show an early decline in animal health.

It has been noted that synthetic surfactants and detergents have adverse effects on
the physiological condition of organisms, the water quality for the hydrobiont welfare,
and the self-purification potential of water bodies [32]. The assessment of water pollution
is rendered more complex due to the existence of chemical and biological degradation
products that are more harmful than the initial compounds [46,47].

Ryabuhina and co-authors [52] reported changes in the dynamics of survival of Ceri-
odaphnia spp. in water samples with detergent. Experiments revealed an increase in the
toxicity of sodium dodecyl sulfate (SDS) in a concentration of 25 mg/L after the 15th day
of exposure.

There are only a few experimental studies in Russia that have shown the effects
of anionic and cationic surfactants, tetradecyl trimethyl ammonium bromide (TDTMA),
and SDS, at different concentrations on the antioxidant system (AOS), valve gape, and
cardiac activity of the Black Sea mussels (Mytilus galloprovincialis Lam.) [53–56]. Under
the action of a cationic detergent TDTMA at a concentration of 0.8 mg/L (a value close to
being environmentally relevant) for 8 days, significant changes in the AOS were detected.
Marked alterations were observed in the peripheral tissues of mussels, specifically the gills
and foot, that were directly exposed to TDTMA [53]. A six-fold increase in the activity of
superoxide dismutase (SOD) responsible for O2

– neutralization was observed in the gills.
Concurrently, there was an increase in catalase (CAT) levels by 1.7 and 3.2 times in the
gills and foot, respectively. The response of AOS to this surfactant demonstrated tissue
specificity, with the hepatopancreas displaying the least sensitivity to the detergent, while
the gills exhibited the highest sensitivity to such exposure. The role of AOS in the response
of entire organisms to environmental challenges is discussed in [57,58].

Ostroumov (2001) showed that the increase in the SDS concentration in water up to
1.7 mg/L leads to changes in the behavior of the exposed Mytilus galloprovincialis with long
periods of the mussel being with valves closed [50]. Under these conditions, mussels switch
to anaerobic metabolism, and during extended periods of exposure, a condition of oxygen
deprivation known as hypoxia may occur. The closure of the mussel’s shell serves as an
indication of the adverse impact of the surfactant solution on the mussel [55]. Nonetheless,
when exposed to small amounts (0.3–0.5 mg/L) of SDS, mussels detect the presence of this
substance in the water, which brings about subsequent alterations in their heart rate and
valve movements over time. This underscores the importance of considering the adverse
effects associated with low levels of surfactants, which lead to well-expressed disturbances
in circadian rhythmicity, with the loss of the predominant activity of mussels at night [56].

Changes in reactive oxidative stress markers were shown by Messina et al. [17] under
the action of similar concentrations of SDS (from 0.1 to 1 mg/L), but after a long-term
exposure (18 days), in the same mollusk species. Two enzymes, CAT and SOD, involved in
reactive oxidative stress have high activity in the digestive gland of the exposed mussels.

Another difficult problem in studying the effects of surfactants and disinfectants is
determining the threshold concentrations of the above-mentioned substances. In studies
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conducted with the use of the SDS, it was shown for the same mollusk species (Mytilus
galloprovincialis Lam.) from the same water area (Crimea, Sevastopol), that the identified
threshold concentration (lowest observed effect concentration—LOEC) can vary signifi-
cantly, with a difference of up to several times. For example, when studying the inhibition
of feeding behavior in the presence of SDS using the photometric method, this value was
determined to be 1.7 mg/L [50], and when using non-invasive cardiac activity monitoring
it was 0.3–0.5 mg/L [56]. These results raise questions about variables in effective doses
that affect the activity patterns of mussels. Therefore, it is highly noteworthy that these
levels depend strongly on the sensitivity of the techniques used to measure effects, method
of registration, laboratory maintenance of the mussels, and functional system of mussels
being tested.

In the most general approximation, the diagram in Figure 2 shows the entry of the
mentioned substances into ecosystems and the impact on invertebrates and vertebrates,
including humans, as assessed by the multi-biomarker approach and bioassay methods.

Figure 2. Scheme of the possible pathways of entry of surfactants and disinfectants into the environ-
ment and their impact on living organisms.

Surface waters are a usual object of environmental studies in terms of heavy metal
concentrations, whose maximum allowable levels are set in regulations [6,11]. At the same
time, under certain changes in the aquatic environment, HMs from sediments return to the
water column via a number of physical, chemical, and biological processes. Thus, bottom
sediments are a source of secondary pollution of water systems. Because the chemical
behavior and environmental effects of metals in aquatic ecosystems are very complex,
studies on HM behavior in sediments have become a hot topic in recent decades [59].

In terms of environmental pollution and its impact on living organisms, HMs in the
environment are pollutants of high priority as announced in the Water Frame Directive [60].
The widespread distribution of HMs in the environment significantly endangers environ-
mental safety. They spread far beyond the ranges of their initial emission and, unlike
organic ecotoxicants, do not decompose but only change their speciation forms. The HM
speciation forms are diverse and differ in toxicity. At the same time, “free” uncomplexed
HM cations are considered to be the most toxic and the bound heavy metals are considered
less dangerous because they lose bioavailability [61,62].

The main natural processes affecting the transformation and migration of HM com-
pounds, including the most toxic labile forms, are the sorption of HM ions by dispersed
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minerals and complexation with humic acids. Therefore, to assess and predict the occur-
rence of environmental threats associated with the formation of labile HM forms in water
bodies, it is necessary to study the basic regularities of metal ions binding to these materials.
In this case, two main processes should be taken into account: the chemical equilibration of
HM forms and the kinetics of speciation (sorption, complexation, etc.).

In a number of studies, the distribution of HMs, their accumulation in various ecosys-
tems, in organs of living organisms, both aquatic and terrestrial, have been discussed [61–63].
However, it should be noted that in some species of crustaceans toxico-resistance to HM
was observed [64]. One of the recently published studies is a valuable review based on
observations in crustaceans [65]. It contains data on the elemental composition of HMs in
the environment, their bioaccumulation in different animals’ tissues, routes of excretion
from the body, enzymatic responses, etc. In all models of biogeochemical cycles of pollu-
tants that are created to assess hazards, it is necessary to take into account the interaction of
pollutants with humic acids, since it radically changes both the chemical and toxicological
behavior of harmful materials [66].

Another, no less important natural sorbent of HMs is finely dispersed minerals. A
certain part of finely dispersed mineral suspensions consists of nanominerals, whose
particles are of the nanometer size. Scientific studies raise concerns about the rapidly
increasing production and consumption of nanomaterials, which will inevitably lead to
their accumulation in the environment. The unique properties of nanoparticles, such as
their huge surface area and abundance of surface reaction sites, facilitate their interaction
with various environmental contaminants and toxicants, posing a new environmental
threat [62,66].

The ability of sediments to accumulate ecotoxicants is influenced by physical, chemical,
and biological factors. The physical factors include, first and foremost, the granulometric
composition of sediments. Finely dispersed particles in sediments play a huge role in
interfacial interactions, ion exchange, adsorption, structure formation, and immobilization
of HMs; and studying the particle size distribution in relation to the sorption properties of
sediments is of paramount importance [62,67–69].

At the same time, it is crucial to investigate the impact of biota and their metabolites
on the fate of HMs in the environment [65]. It is worth mentioning that only labile hydrated
ions or unstable complexes can easily cross cell membranes and are therefore biologically
active. The most accessible forms of metals for benthic organisms are those dissolved in
the pore water of sediments [70]. A study [71] explored how Cd2+ and Cu2+ ions affect
the sorption of atrazine, a common herbicide, by bottom sediments. The research revealed
that Cd enhances the sorption of atrazine synergistically, while Cu has an antagonistic
effect. Therefore, understanding the patterns of the mutual influence of these toxicants on
sorption processes seems necessary and very relevant.

Many studies have shown that heavy metal ions can accumulate in living organisms,
disrupting their metabolic processes and inhibiting the production of proteins, e.g., en-
zymes [19,63,65]. Summarizing, we need to stress that all measurements, limitations, and
regulations should aim at ensuring the health of the organisms and their environment.
And, first of all, this concerns invertebrate animals, as sentinel species, and their welfare.

In assessing the biological impacts of heavy metal pollution on the environment, a
common practice is to measure the bioconcentration factor (BCF) of heavy metals in animal
tissues [72]. The accumulation of HMs in tissues, particularly for copper, zinc, lead, and
cadmium, displays tissue specificity. Moreover, differential sensitivity to metals has been
observed in mussel tissues. (e.g., [73–76]). BCF values of Cd, Cu, Pb, and Zn exceeding
1000 in mussels indicate that mussels have a great capacity to accumulate these metals.
Thus, the mussels can transfer these metals to higher trophic levels, ultimately posing a
potential hazard to human health.

In a number of studies, different biological effects of HMs on the physiological and
biochemical indicators of aquatic organisms’ state and mechanisms of organisms’ adapta-
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tions were demonstrated [62,75,76]. etc. Most of these studies were carried out on bivalves
and crustaceans, both of marine and freshwater origin, e.g., [64,65,75,76].

The ability of macrobenthic invertebrates, including mollusks and crustaceans, to
absorb HMs depends on the metal speciation and the organism’s characteristics. Therefore,
it is essential to consider organisms’ bioaccumulation capacity alongside data on metal
concentrations and speciation forms in the abiotic parts of the ecosystem [77]. Voltammetry
results indicate that the amounts of HMs, such as Cu, Cd, Zn, and Pb, that are readily
bioavailable to these organisms can be affected by the pH of the aqueous solution used
in the experiment. In the case of natural waters, the presence of disinfectants (sanitizers)
and surfactants in water can change pH, thereby significantly affecting the solubility
of other organic materials and increasing the number of labile forms of metals in the
aquatic environment.

Summarizing, the accumulation of detergents, sanitizers, or their metabolites together
with other environmental pollutants in the aquatic environment can disrupt the environ-
mental safety/welfare of terrestrial and aquatic biota. Representatives of invertebrates play
a key role in different ecosystems as environmental engineers (bioconstructors) [78]. In the
presence of detergents that significantly change the pH of the environment, these animals
may experience disturbances in the functioning of mucous structures and, consequently,
excretory functions (for example, the production of secretions and feces). This disrupts
building their tube-dwellings and producing similar materials for other animals in their
common ecosystem [78]. Therefore, further research is needed on the effects of detergents
and disinfectants on the essential functional systems of invertebrates.

5. Possible Ways to Reduce Risks for Animals and Humans

The current EU strategy on the protection of animals includes the implementation of
the concept called “3Rs”, i.e., reducing the number of animals in experiments (reduction),
reducing the deprivation in the course of the experiments (refinement) and the ultimate
aim is to completely replace testing on vertebrate animals (replacement) by alternative
in vitro methods in the practice of research facilities. Yet, no specific invertebrate species
are mentioned there.

One of the possible ways to reduce the intake of emerging substances toxic to animals
(in particular, aquatic invertebrates) and humans may be seeking, replacing and further
using disinfectants and surfactants that are less hazardous in their effects on biota. For
example, according to the Centers for Disease Control and Prevention (CDC), vigorous
handwashing in warm water with plain soap for at least 20 s is sufficient to fight germs in
most cases. When plain soap and water are not available, the use of an alcohol-based hand
sanitizer product is a better option than soap containing triclosan which is widely used as
a disinfectant in households.

Another approach is the use of a variety of different test organisms from different
trophic levels to ensure the negative or positive effects of disinfectants on living organ-
isms. This approach is highly recommended by the Baltic Marine Environment Protection
Commission (Helsinki Commission, HELCOM) for studying the toxicity of individual
substances or their mixtures on benthic invertebrates [79].

It is necessary to note that the introduction of new advanced methods can significantly
reduce freshwater invertebrate mortality and help in a more thorough assessment of the
negative effects of toxicants (see SETAC Europe, 2022, discussion [80]). This concerns, for
example, non-invasive (non-destructive) assessment methods, namely recording certain
physiological functions (respiration, oxygen consumption, cardiac activity, and valve or
gill movements) in mussels, clams, and crustaceans, where possible. Development of
these assessment methods and techniques for their better performance can also become an
important step towards a significant improvement in the welfare of aquatic invertebrates.

At present, the recommendations for disinfectant/detergent disposal routes differ
according to the regionally established disposal structures. For example, according to
Recommendations of the German Environment Agency disinfection of wastewater is
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accomplished both by filtering out harmful microorganisms and by adding disinfectant
chemicals [80]. Water is disinfected so as to kill any pathogens that pass through filters
and to provide a residual dose of disinfectant to kill or inactivate potentially harmful
microorganisms in the storage and distribution systems.

In nowadays practice, chlorine dioxide ClO2 is relatively rarely used in disinfection,
because in some circumstances it may create excessive amounts of chlorite, whose release
is strictly regulated, e.g., in the United States, to be at the lowest possible levels [11,50].

While a large proportion of the substances used in detergent formulations are subject
to compulsory registration under the Registration, Evaluation, Authorization, and Restric-
tion of Chemicals (REACH), there is still often too little or nothing known about their
environmental properties. Accordingly, further investigations on levels of ingredients from
detergent formulations in water are needed. First, the problematic ingredients relevant
to monitoring should be identified. This requires, among other things, information on
their toxicological relevance. In order to prioritize substances in the future in terms of
monitoring and possible restrictions, the Germany Protection Agency—Umweltbundesamt
(UBA)—is currently developing its own public information system, which will provide the
necessary information about detergent ingredients by the end of 2024 at the latest [81].

Creating and improving evaluation bases and criteria for pollutants is of importance
on a worldwide scale. Research into the entry of poorly biodegradable substances from
detergents into waters remains one of the most important monitoring programs. There is a
need for discussion on the restriction of poorly degradable substances and the development
of analytical methods as a prerequisite for targeted monitoring.

One of the possible ways to reduce the content of disinfectants and detergents in the
environment is phasing out the agricultural use of sewage sludge. The recommendations for
sludge disposal routes differ according to the regionally established disposal structures [81].

Another demand is using potential synergies between the EU Council directives
that provide measures to reduce the emission of disinfectants and detergents and their
by-products in the environment.

Moreover, information on the effective use of disinfectants and surfactants, applied
doses, and rules on disposal and storage of hazardous wastes should be disseminated
among the population and attract social attention.

6. Conclusions

In the face of new challenges associated with the SARS-CoV-2 pandemic, greater
attention should be paid to the compromise between harm and benefit in the application of
disinfectants and sanitizers in our lives. It is necessary to take a closer look at the possible
negative effects of these substances on the health of the Invertebrates already suffering from
environmental pollution. Under development are new non-invasive methods of testing
possible negative effects of these substances and their combined effects with high-priority
pollutants (from the List of HELCOM) on organisms, especially aquatic invertebrates (as
the main target species) of known contaminants or recently synthesized harmful substances,
which could pose threats to animals’ welfare.

Perhaps, there will be further proposals on this issue to ensure the welfare of the
Invertebrates in light of the novel coronavirus pandemic and its associated challenges.
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Simple Summary: The sea urchin (Heliocidaris crassispina) is an ecologically important invertebrate
in structuring marine benthic communities. Most dwell within intertidal regions, rendering them
highly susceptible to elevated artificial light at night. However, their potential acclimation to artificial
light exposure remains largely unexplored. This study investigates the changes of prolonged artificial
light pollution on the fitness-related traits of sea urchins. Following a six-week exposure to artificial
light at night, survival remained unaffected, while behavioral responses exhibited slower reactions.
Concurrently, growth inhibition was observed in sea urchins, which might be attributed to reduced
mouthparts weight and decreased food consumption. This study also revealed that sea urchin gonads
are more susceptible to artificial light than guts. Pax6 gene expression may serve as a sensitive
indicator to assess the impact on the photosensitive system of sea urchins. These results increase our
understanding of the effects of artificial light at night on sea urchins and provide valuable information
about coastal animals’ safety.

Abstract: Limited data are available regarding the effects of elevated coastal artificial light at night
(ALAN) on intertidal echinoderms. In this study, we investigated the behavioral, morphological,
and physiological responses of the sea urchin (Heliocidaris crassispina) after continuous exposure to
ALAN at light intensities of 0.1, 300, and 600 Lux for 6 weeks. Our findings revealed that ALAN at
300 Lux substantially reduced food consumption, Lantern weight, and gonadosomatic index (GSI).
On the other hand, ALAN at 600 Lux notably prolonged the righting and covering response times
and elevated the 5-HIAA/5-HT ratio, while concurrently decreasing food consumption, body weight,
Lantern weight, GSI, and Pax6 gene expression. These results indicated that continuous exposure
to ALAN could cause an adverse effect on fitness-related traits, including behavioral responses,
growth, reproductive performance, and photoreception of sea urchins. The present study provides
new insights on the impact of light pollution on echinoderms.

Keywords: ALAN; sea urchin; fitness; behavior; GSI; growth

1. Introduction

Artificial light at night (ALAN) changes the natural state of a dark environment from
dark to bright by increasing the distribution and intensity of light in space [1–3]. As coastal
population densities surge, the proliferation of ALAN is expanding at an annual growth
rate of approximately 6% [2,4]. While ALAN offers substantial convenience for human
activities, it concurrently appears to present a potential threat to coastal ecosystems [2,5–9].
For example, in shallow water coral reef ecosystems, recent studies reported the gameto-
genesis cycle of Acropora millepora was delayed or masked by exposure to ALAN [10]. In
sandy beach ecosystems, sea turtle orientation was negatively affected by ALAN, impairing
the ability of hatchlings to respond to natural orientation cues [11,12]. In seabird com-
munities, increasing ALAN levels in and around nesting colonies could impact sea mew
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breeding behavior and, consequently, chick provisioning [13]. However, scant attention
has been directed towards investigating the implications of ALAN in intertidal ecosystems,
particularly concerning invertebrates such as slow-moving echinoderms. Therefore, a
comprehensive grasp of how intertidal invertebrates’ fitness reacts to ALAN exposure
is imperative as it provides essential insights into potential ecological risks in coastal
environments.

Sea urchin Heliocidaris crassispina (previously Anthocidaris crassispina) is an echino-
derm species found across a wide range, from the intertidal zone to shallow waters in the
Western Pacific region. Its habitat spans from the Japan Sea (at 38 ◦N) to Hainan Island
(at 19 ◦N) [14–17]. This species holds a crucial role in intertidal ecosystems, acting both as
an herbivorous grazer on macroalgal species such as Ulva Lactuca and as prey for crabs and
starfish [18,19]. Echinoderm behaviors (such as righting, covering, and feeding) are impor-
tant for their fitness but also affect intertidal ecosystems through effects on their predators,
prey, and competitors [20]. Righting is the behavior of inverted sea urchins placed on their
aboral surface to resume the posture with the aboral side up [21,22]. Covering behavior
refers to sea urchins using their tubular feet and spines to move objects such as algae
fragments, stones, and shells to the dorsal surface [23–25]. These two behaviors are used to
help sea urchins defend against abiotic disturbances and predation [24]. Health-related
attributes, such as food consumption, body weight, and gut-weight, alongside reproductive
traits like gonad weight, constitute foundational elements influencing the fitness of sea
urchins [20,21]. Serotonin serves as one of the monoamine neurotransmitters integral to
regulating animal behavior [26]. It can be used to reflect the physiological state of sea
urchins when their behavioral expression changes. Pax6 is a pivotal opsin transcription
factor gene within the animal photosensitive system. Deviations in Pax6 gene expression
could indicate a disruption of the light defense system in sea urchins [27].

The primary objective of this study is to examine the effects of prolonged artificial
lighting on the righting and covering behaviors, health-related and reproductive traits,
coelomic monoaminergic activity, and Pax6 gene expression in H. crassispina. This investi-
gation aims to offer novel insights into the repercussions of ALAN on intertidal creatures,
alongside potential underlying mechanisms.

2. Materials and Methods

Before commencing the study, we meticulously reviewed animal experiments and
welfare regulations, ensuring strict adherence. All procedures undertaken in this study
received approval from the Institutional Animal Care and Use Committee of Zhejiang
Ocean University.

2.1. Sea Urchin Materials

Sea urchins H. crassispina were collected from the waters near Zhoushan Islands
(122◦41′27.040′′ E, 30◦12′41.625′′ N) by scuba diving and delivered to a 5000 L PVC tank in
the Culture Enhancement Laboratory of Zhejiang Ocean University for acclimation. The
PVC tank was supplied with filtered seawater at constant aeration and a flow rate of
10 L/min. The seawater was changed every 5 days and its temperature was set at
24.5–26.5 ◦C. Daytime lighting was provided by low-pressure mercury discharge fluo-
rescent lamps (626–1023 Lux, 12 h light-12 h dark). Sea urchins were fed ad libitum with
chopped U. Lactuca and their droppings were cleaned every day [21,28].

2.2. Experimental Design

After 3 weeks of acclimation, seventy-two sea urchins were selected from the PVC
tank and weighed for this experiment (body weight ± SD =54.402 ± 6.240 g, n = 72).
The weighed sea urchins were then randomly divided evenly into nine 150 L glass tanks
(long × wide × deep = 60 cm × 50 cm × 50 cm) placed in the laboratory (n = 8 for
each tank; three tanks for each group; n = 24 for each group). The glass tanks’ condition
during the experiment was similar to the PVC tank except for artificial light illumination
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at night. Nocturnal illumination stimulation was provided by metal halide streetlights
(HC-ZY521, OSRAM, Munich, Germany) mounted on the glass tanks. Neutral density
filters (248565, Grand Unified Optics, Beijing, China) were utilized to attenuate the intensity
of the streetlights, thereby creating varying levels of nocturnal light intensities on the water
surface, while ensuring no alteration to the light spectrum. Three groups were thus set
up which, respectively, represent the simulated living environment in three situations
(Figure 1a) [29–33]. The first group was the control group, simulating a moon-transparent
night (ALAN = ~0.1 Lux) [29,33]. The second group was stimulated continuously with
low artificial light to simulate the marine environment under the influence of city lights
(ALAN = ~300 Lux) [29–31]. The third group was given continuous intense artificial light
stimulation to simulate the marine environment of direct irradiation near industrial port
facilities (ALAN = ~600 Lux) [32,33].

Figure 1. Schematic drawing of the three ALAN experimental groups (a) and the representative
fitness behaviors (b) of sea urchins.

During the experiment, dead sea urchins (if any) were removed and recorded every day.
Water quality assessments were performed at weekly intervals utilizing a portable water quality
monitoring meter (YSI, Yellow Springs, OH, USA) (Supplementary Materials: Table S1). Six
weeks later, the three groups of sea urchins that had been subjected to different long-term
artificial light treatments were used for subsequent behavioral and physiological analysis.

2.3. Behavioral Analysis

Righting behavior, covering behavior, and food consumption of H. crassispina were
measured in glass tanks (long × wide × deep = 40 × 30 × 30 cm; 20 cm of aeration
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water depth). Righting behavior [16,20–23]: A sea urchin was placed at the tank’s cen-
ter with its aboral side facing downward, and the time taken for it to reorient itself
to the oral side facing downward was measured as the righting response time. If the
sea urchin failed to reorient within 10 min, the righting response time was recorded
as 600 s. This experimental protocol aligns with previous studies on covering behav-
ior [23–25,27]: A sea urchin was carefully positioned at the central point of the tank, with
U. Lactuca available ad libitum at the bottom. The time required for the sea urchin to cover
its body with U. Lactuca was recorded as the covering response time. If the individual
failed to engage in covering behavior within a 30-min timeframe, its covering response time
was recorded as 1800 s (Figure 1b). Food consumption [16,20,21]: Four sea urchins were
delicately placed at the center of the tank, with weighted U. Lactuca available ad libitum at
the bottom. The sea urchins began to feed about two hours later. Food consumption was
quantified by subtracting the remaining uneaten quantity of U. Lactuca in the tank after a
24-h period from the initially supplied amount. To mitigate observer bias, a double-blinded
approach was employed for the recording and analysis of all behavioral data.

2.4. Sampling Protocol

The sampling procedure of H. crassispina was conducted by the method described
in previous papers [34]. Test diameter, test height, and Aristotle’s lantern length were
assessed with a vernier caliper, with measurements recorded to the nearest 0.1 mm
(CD-AX/C, MITUTOYO, Kawasaki city, Japan). Test weight, Aristotle’s lantern weight,
gonads weight, and gut-weight were measured to the nearest 0.01 g by an electronic bal-
ance (C3-6553, AS ONE, Osaka, Japan). Subsequently, coelomic fluid was extracted and
subjected to centrifugation at 10,000 rpm for 10 min in a refrigerated centrifuge (4 ◦C). The
resulting supernatant was meticulously collected and preserved at −80 ◦C for subsequent
analysis of monoaminergic activity. Tubular feet were cut off and washed thoroughly
with ice-cold artificial coelomic fluid (10 mM CaCl2; 14 mM KCl; 50 mM MgCl2; 398 mM
NaCl; 1.7 mM Na2HCO3; 25 mM Na2SO4) [35], and frozen quickly in liquid nitrogen for
gene expression analysis. Test height/test diameter [25] and gonads weight/test weight
(GSI) [20] were subsequently calculated.

2.5. Physiological Analysis

The concentrations of 5-hydroxytryptamine (5-HT) and 5-hydroxyindoleacetic acid
(5-HIAA) in body cavity liquid samples were measured by commercial enzyme-linked
immunosorbent assay (ELISA) Assay Kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instructions. These ELISA Assay Kits
have been validated in marine life previously [36–39]. Pax6 gene expression levels of
tubular feet samples were measured using quantitative real-time polymerase chain reaction
(qPCR) [40,41]. Total RNA was extracted using Trizol Reagent (Invitrogen, Carlsbad, CA,
USA) containing bromochloropropane for phase separation. Afterward, RNA integrity
was confirmed via electrophoresis on a 1.0% agarose gel, and quantification was con-
ducted using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, WA, USA).
Subsequently, double-strand cDNA was synthesized from the total RNA template, and
the construction of a cDNA library was achieved using the SMART cDNA construction
kit (Clontech, Palo Alto, CA, USA). Primers for the study were designed utilizing Primer
Premier 6 software (PREMIER Biosoft International, Palo Alto, CA, USA) and obtained com-
mercially from Sangon Biotech (Shanghai, China). As a reference gene in sea urchins [42]
(Table 1), the internal control gene 18S rRNA was employed. Each qPCR reaction involved
a 20 μL volume, including 10 μL of the 2× UltraSYBR Mixture, 0.2 μM specific forward
and reverse primers, and 1.0 μL of the diluted cDNA template (10 ng/μL). The thermal
cycling process was carried out on the ABI Prism 7900HT Sequence Detection System (PE
Applied Bio-systems, Foster City, CA, USA), encompassing an initial denaturation step at
95 ◦C for 30 s, followed by 40 cycles of denaturation at 94 ◦C for 5 s, annealing at 60 ◦C for
30 s, and extension at 72 ◦C for 10 s. To confirm the specificity of amplification, a melting
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curve analysis of the PCR products was executed. Relative mRNA levels were determined
using the 2−ΔΔCt method [43]. The procedure of Pax6 gene full-length conventional cloning
of H. crassispina was fully described in the Supplementary Materials: Procedure (Sp).

Table 1. Nucleotide sequences of the primers for qPCR.

Primer Names Sequence (5′→3′) Application AT (◦C)

Pax6-F AAGGCTGAAGATGATGAAGA qPCR of Pax6 gene 58Pax6-R GGAATGATTGGAAGACTGAC
18S-F ACGAAGGAGAAGACAAGG qPCR of 18S rRNA gene 5618S-R AAGCCACAAACGACAGTA

AT: Annealing temperature.

2.6. Data Statistics

Data throughout the text, tables, and figures are expressed as means ± standard error
(S.E.). Statistical significance was established at p < 0.05. Data conforming to a normal
distribution with equal variances underwent one-way analysis of variance (ANOVA) fol-
lowed by Duncan’s multiple range post hoc test for statistical examination. When necessary,
data were subjected to appropriate transformations, such as square root, exponential, or
logarithm, to meet the assumptions of normal distribution and homogeneity of variance.
Statistical analyses were conducted utilizing SPSS 17.0 for Windows (SPSS, IBM, Armonk,
NY, USA, 2007).

3. Results

3.1. Survival

We found that ALAN at 0.1, 300, and 600 Lux could not cause sea urchin death. There
was no significant difference in the number of surviving sea urchins among the individuals
exposed to 0.1, 300, and 600 Lux of ALAN. However, sea urchins exposed to ALAN at
600 Lux showed severe spine loss during the experiment.

3.2. Righting and Covering Behavior

We found that ALAN at 600 Lux significantly increased the righting response time of
H. crassispina compared to those exposed to ALAN at 0.1 and 300 Lux (p < 0.005; p < 0.005).
However, there was no significant difference between the individuals exposed to 0.1 and
300 Lux of ALAN (p = 0.313; Figure 2a). Similarly, ALAN at 600 Lux significantly increased
the covering response time of H. crassispina compared to those exposed to ALAN at 0.1 and
300 Lux (p < 0.005; p < 0.005). However, there was no significant difference between the
individuals exposed to 0.1 and 300 Lux of ALAN (p = 0.442; Figure 2b).

Figure 2. Effects of ALAN at different intensities for 6 weeks on righting response time (a) and covering
response time (b) of sea urchins. Different letters indicate significant differences. Values are shown in
data points and mean ± S.E. (n = 12).
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3.3. Food Consumption

We found that the food consumption of H. crassispina significantly decreased after
6 weeks of ALAN exposure. Sea urchins exposed to ALAN at 300 Lux and 600 Lux resulted
in a significant decrease in food consumption compared with the control (0.1 Lux) (p < 0.05;
p < 0.05). However, there was no significant difference between the individuals exposed to
300 and 600 Lux of ALAN (p = 0.558; Figure 3).

Figure 3. Effects of ALAN at different intensities for 6 weeks on food consumption of sea urchins.
Different letters indicate significant differences. Values are shown in data points and mean ± S.E. (n = 3).

3.4. Body Size

We found that ALAN at 600 Lux significantly decreased the body weight of H. cras-
sispina compared to those exposed to ALAN at 0.1 Lux (p < 0.05; Figure 4a). However, there
was no significant difference between the individuals exposed to 0.1 and 300 Lux or 300
and 600 Lux of ALAN (p = 0.133; p = 0.245; Figure 4a). In addition, there was no significant
difference in test height, test diameter, and test height/test diameter among the individuals
exposed to 0.1, 300, and 600 Lux of ALAN (Figure 4b–d).

Figure 4. Effects of ALAN at different intensities for 6 weeks on body weight (a), test height (b), test
diameter (c), and test height/test diameter (d) of sea urchins. Different letters indicate significant
differences. Values are shown in data points and mean ± S.E. (n = 12).
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3.5. Lantern Weight and Length

We found that Aristotle’s lantern weight of H. crassispina significantly decreased
exposure to ALAN at 300 Lux and 600 Lux compared to those exposed to ALAN at 0.1
(p < 0.05; p < 0.05). However, there was no significant difference between the individuals
exposed to 0.1 and 300 Lux (p = 0.906; Figure 5a). In addition, Aristotle’s lantern length
among the individuals exposed to 0.1, 300, and 600 Lux of ALAN showed no significant
difference after 6 weeks of the experiment (Figure 5b).

Figure 5. Effects of ALAN at different intensities for 6 weeks on Aristotle’s lantern weight (a) and Aristotle’s
lantern length (b) of sea urchins. Different letters indicate significant differences. Values are shown in data
points and mean ± S.E. (n = 12).

3.6. Gonad and Gut-Weight

We found that there was a significant difference in GSI (gonads weight/test weight)
among the individuals exposed to 0.1, 300, and 600 Lux of ALAN (all p < 0.05; Figure 6a).
There was no significant difference in gut-weight among the individuals exposed to 0.1,
300, and 600 Lux of ALAN (Figure 6b).

Figure 6. Effects of ALAN at different intensities for 6 weeks on GSI (a) and gut-weight (b) of sea urchins.
Different letters indicate significant differences. Values are shown in data points and mean ± S.E. (n = 12).

3.7. 5-HIAA/5-HT Ratio

We used the 5-HIAA/5-HT ratio as an indicator of serotonin system activity, and we
found that ALAN at 600 Lux significantly increased the 5-HIAA/5-HT ratio of H. crassispina
compared to those exposed to ALAN at 0.1 and 300 Lux of ALAN (p < 0.005; p < 0.005).
However, there was no significant difference between the individuals exposed to 0.1 and
300 Lux of ALAN (p = 0.054; Figure 7).
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Figure 7. Effects of ALAN at different intensities for 6 weeks on coelomic fluid 5-HIAA/5-HT ratio
of sea urchins. Different letters indicate significant differences. Values are shown in data points and
mean ± S.E. (n = 12).

3.8. Pax6 Gene Expression

We found that Pax6 gene expression was significantly affected by ALAN at 600 Lux
in H. crassispina compared with the control (0.1 Lux) (p < 0.005; p < 0.005). No significant
difference in Pax6 gene expression was found between the individuals exposed to 0.1 and
300 Lux of ALAN (p = 0.192; Figure 8).

Figure 8. Effects of ALAN at different intensities for 6 weeks on Pax6 gene expression of sea urchins.
Different letters indicate significant differences. Values are shown in data points and mean ± S.E. (n = 12).

4. Discussion

In this work, we constructed small-scale systems to investigate the effects of artificial
light at night (ALAN) on fitness-related traits of H. crassispina. The main results were as
follows: (1) ALAN at 600 Lux significantly increased the righting response time, the cover-
ing response time, and the 5-HIAA/5-HT ratio, and decreased food consumption, body
weight, Lantern weight, GSI, and Pax6 gene expression; (2) ALAN at 300 Lux significantly
decreased food consumption, Lantern weight, and GSI.

4.1. Effects of ALAN on Behavioral Responses

Complex marine benthic environments shape a number of ecologically important
behaviors in sea urchins. Covering and righting are two representative behaviors with
fitness importance in antipredation [21–25]. The diminished covering and righting ca-
pacities of H. crassispina observed in this study suggest that extended exposure to ALAN
might unfavorably impact fitness-related behaviors. This behavioral shift was linked to
the decrease in sea urchin populations, potentially attributed to heightened predation
pressure within the coastal ecosystem [28]. Similar outcomes highlighting the influence of
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ALAN on fitness-related behaviors have been documented in diverse coastal organisms.
For instance, sea turtles (Caretta caretta and Chelonia mydas) may fail to navigate toward the
ocean post-hatching due to ALAN-induced disruptions in their behavioral orientation [44].
Seabird migratory patterns also exhibit alteration, as birds are drawn to and linger around
artificial light sources [45–47]. The composition of shallow water fish species underwent
modification under ALAN influence: large predatory and small shoaling fish congregated
around illuminated zones during the night, leading to reduced prey availability [30]. No-
tably, a study involving mud snails (Hydrobia ulvae) on French mudflats unveiled a decline
in the crawling activity (and growth) of snails in response to light exposure [48].

The formation of metabolites like 5-HIAA arises subsequent to the re-uptake of 5-HT
from the synaptic cleft, and their accumulation in neural tissue likely exhibits a time-
dependent pattern [36]. Consequently, evaluating tissue concentrations of neurotransmitter
metabolites fails to provide an immediate depiction of neural activity. As such, the ratio
of metabolite to monoamine was adopted as a marker indicating heightened monoamine
utilization. In this study, the 5-HIAA/5-HT ratio in H. crassispina exhibited an increase
following prolonged ALAN exposure. This observation suggests that the serotonin sys-
tem was stimulated in response to light pollution, causing a progressive augmentation in
metabolite levels over time. Numerous reports have delved into serotonin’s influence on
animal behavior, consistently revealing its inhibitory effects on traits such as aggressive
behavior, feeding patterns, and motor activity [36,49]. Therefore, alterations in the con-
centration of the monoamine transmitter serotonin may underlie the internal mechanism
driving the behavioral shifts observed in sea urchins within this study.

4.2. Effects of ALAN on Growth

H. crassispina subjected to prolonged artificial light exposure displayed a pronounced
reduction in food consumption compared to those shielded from ALAN. This correlation
is substantiated by our finding that ALAN significantly suppressed Aristotle’s lantern
reflex, a pivotal factor in sea urchin food intake. This diminished food consumption pro-
vides a plausible explanation for the subsequent reduction in body size. These findings
strongly indicate that light pollution could exert an impact on the growth of intertidal
organisms. Correspondingly, studies by Luarte et al. involving both laboratory and field
investigations demonstrated that the foraging behavior and growth rate of the amphi-
pod Orchestoidea tuberculate were significantly affected by ALAN [50]. Field observations
indicated that lower light levels (60 Lux) curtailed amphipod feeding and growth rates.
The growth rates of amphipods under ambient conditions (darkness) were nearly three
times higher compared to those exposed to ecological light pollution. Similarly, under
ambient conditions, the food consumption rates were nearly two times higher than under
exposure to ecological light pollution. The potential influence of light pollution on growth
and development also extends to mollusks. Research unveiled a correlation between daily
light exposure duration and the growth pace and stored energy levels in the pulmonate
Lymnaea stagnalis [51]. These outcomes find alignment with investigations on rodents,
specifically Myotis emarginatus, showcasing that light pollution diminishes consumption
rates and impedes the growth of juvenile and suckling bats [52]. Thus, the decreased
food consumption stemming from light pollution is likely to curtail the fitness of littoral
organisms by reducing energy reserves.

4.3. Effects of ALAN on Reproductive Performance

Among the pivotal factors influencing sea urchin reproduction, food consumption
holds paramount significance [20,21]. To gauge reproductive performance, we employed
the Gonad-Somatic Index (GSI) and identified a GSI reduction in H. crassispina exposed
to ALAN, which correlated with diminished food intake. This could suggest that sea
urchins possibly allocate nutrients and energy to combat environmental stress, conse-
quently compromising gonad tissue development. Furthermore, ALAN exhibited no
significant influence on gut-weight in H. crassispina, a finding consistent with previous
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research [21]. This implies that sea urchin gonads are potentially more susceptible to
environmental stressors than their gastrointestinal counterparts. Thus, ALAN exposure
might detrimentally impact the reproductive capacity of sea urchins.

The development of gonad tissue follows a hormonal cascade, with gonadotropin-
releasing hormone (GnRH) triggering the release of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) from the pituitary gland, leading to the production of sex
steroids in vertebrates [53]. The regulatory mechanism governing gonadal development
is less defined in invertebrate sea urchins. As a result, we did not investigate relevant
hormones to probe the mechanism through which light pollution affects sea urchin re-
production. Nonetheless, analogous studies have been conducted in marine fish. For
instance, in female Lateolabrax maculates, mRNA expression of luteinizing hormone and
follicle-stimulating hormone was suppressed even at white light levels as low as 1 Lux
at night [54]. Similarly, a study in a natural setting found diminished mRNA expression
of gonadotropins (luteinizing hormone and follicle-stimulating hormone) and circulating
sex hormones (17β-oestradiol and 11-ketotestosterone) in European perch under street
lighting conditions (13.3–16.5 Lux at the surface) [55]. Consequently, exploring the internal
mechanism of light’s impact on gonad development in invertebrates such as sea urchins
should be a prospective avenue of research.

4.4. Effects of ALAN on Pax6 Gene Expression

In a pioneering effort, we successfully isolated and sequenced a complete cDNA
encoding a 440-amino-acid Pax6 from the tubular feet of H. crassispina. We conducted an
in-depth analysis of Pax6’s similarity and evolutionary relationships across various species
(Supplementary Materials: Table S2, Figure S1–S3), thereby furnishing fundamental bi-
ological insights for subsequent investigations into the Pax6 gene within sea urchins.
Notably, Pax6 stands as a transcription factor gene with established involvement in eye
development and photoreception in ocular-forming organisms [56]. The presence of Pax6
expression signifies the preservation of photoreceptor cell specification processes, func-
tioning as a canonical eye gene even in creatures devoid of specialized eyes [57]. Conse-
quently, the Pax6 gene emerges as a central focus for probing the photosensitive systems
responding to the light milieu in sea urchins. For instance, the relative Pax6 expression in
Strongylocentrotus intermedius displayed a negative correlation with natural light intensity.
However, Pax6 expression patterns in S. intermedius underwent alterations following UV-B
radiation exposure [58]. In line with this, our present experiment reveals that prolonged
ALAN exposure also disrupts the typical expression of the pax6 gene in H. crassispina.
This suggests that persistent light stimulation might perturb molecules inherent to the
photosensitive systems of sea urchins, ultimately yielding anomalous gene expression. On
the whole, Pax6 gene expression is poised to function as a sensitive gauge for assessing
potential damage to the photosensitive system of sea urchins.

4.5. Sea Urchins in the Wild Light Environment

The profound impact of nocturnal light on the fitness traits of sea urchins can be
attributed to their inherent nocturnal activity patterns [2]. Continuous exposure to light
inhibits sea urchin activity, consequently slowing down behaviors such as covering and
righting, as well as impairing their feeding efficiency. Additionally, this light exposure also
leads to changes in hormone levels and gene expression within their bodies. This strong
correlation between nocturnal light and the behavioral responses of sea urchins highlights
the significant role that light plays in regulating their activity levels and overall ecological
dynamics [31]. Despite this, considering the complexity of intertidal habitats, the impact of
nocturnal light on sea urchins in the wild may not be consistent, especially in rocky coastal
areas where cracks, rocks, and shade-providing seaweeds are present. Sea urchins may
opt to inhabit shaded areas or regions with suitable light intensity. For instance, a study
conducted on a drumfish species found that their activity range shifted in response to
nighttime light exposure of 70 Lux [59]. However, the narrowing of the activity range was
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determined by the encroachment of intensifying nocturnal light into dark spaces. Therefore,
it is crucial to adequately understand the complexity of natural settings. Further research
conducted in the wild, including the use of large mesocosms, or in more natural laboratory
settings, will be necessary.

5. Conclusions

These findings illuminate the potential detrimental impact of extended (6-week) ex-
posure to ALAN on the behavioral responses, growth, reproductive performance, and
photoreception of sea urchins. Importantly, the study findings reveal that the sea urchins’
responses to light are more pronounced when exposed to higher light intensities, emphasiz-
ing the increased threat posed by intensified artificial light at night (ALAN) to their overall
fitness. This highlights the potential risks that intertidal coastal ecosystems face in areas
characterized by prominent luminous installations, such as stadiums, ports, and wharves.
These three locations, due to their excessive lighting, emerge as significant sources of
disturbance and risk for the delicate balance of these ecosystems. Consequently, it is crucial
to consider the conservation and management of these areas to mitigate the adverse effects
of ALAN and preserve the ecological health and biodiversity of intertidal coastal environ-
ments. This study significantly advances our comprehension of the fitness-related attributes
of sea urchins under ALAN exposure, furnishing crucial insights into the ecological risks
of coastal regions.
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Simple Summary: This study discusses the moral issues surrounding the study of echinoderms, a
class of marine animals that is attracting interest from scientists. The significance of safely handling
these animals is stressed and promotes an ethical standard that is customized to their needs. Our
strategy was heavily influenced by the 3Rs principle, which advocates for substituting aware living
vertebrates with non-sentient material in research. Echinoderms are excellent models for experimental
inquiry because they are typically thought to be non-sentient. Although it is not possible to assess
their mental states at this time, there is ample evidence of social behavior in many species, suggesting
that ignoring interactions with them could be detrimental to their wellbeing. Recently, progress
has been made toward developing an ethical framework for invertebrates, such as crustaceans,
echinoderms, and cephalopods. To protect the welfare of echinoderms even in the absence of specific
standards, we suggest an enlarged version of the 5Rs framework that includes responsibility and
respect. In addition to advancing our knowledge of these interesting species, this research establishes
a critical standard for the responsible and sympathetic care of all animals in scientific research.

Abstract: This paper explores the ethical considerations surrounding research on echinoderms,
a group of invertebrates that has recently garnered attention in the scientific community. The
importance of responsible animal handling and the need for an ethical framework that encompasses
echinoderms are emphasized. The 3Rs principle, advocating for the replacement of conscious
living vertebrates with non-sentient material in research, is discussed as a guiding tool in current
animal research practices. As invertebrates are generally classified as non-sentient animals, the
replacement dimension tends to favor them as prevalent models in experimental research. While it
currently lacks the means to assess the mental states of invertebrates, there is undeniable evidence
of social behavior in many species, suggesting that a lack of interactions with these organisms
could potentially adversely affect their wellbeing. In the last few years, considerable progress has
been made in developing an ethical framework that takes invertebrates into account, particularly
cephalopods, crustaceans, and echinoderms. In this context, we discuss the development of a broader
conceptual framework of 5Rs that includes responsibility and respect, which may guide practices
ensuring welfare in echinoderms, even in the absence of any particular normative.

Keywords: echinoderm welfare; 5Rs principle; respect; responsibility; invertebrates; responsible
echinoderm use; echinoderm sentience
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1. Introduction

Animal use and interaction have played a crucial role in human endeavors throughout
recorded human history. Food, transportation, research (primarily in the field of medical
investigation), clothing, and companionship are among the main applications. Notably, this
engagement includes invertebrates, indicating their natural involvement in various aspects
of human existence. While some aspects of these relationships are unequivocally positive,
such as providing sustenance, serving as research models, or providing companionship,
others are negative, lacking in purpose, or even inflict harm. This dichotomy may stem
from the classification of certain invertebrates as pests or vectors of human diseases. Such
adverse interactions have elicited widespread aversion or apprehension toward numer-
ous invertebrate species [1]. As a result, ethical concerns about these creatures must be
addressed to ensure their viability as experimental modeling alternatives to vertebrates.

Invertebrates account for more than 90% of the total biodiversity on Earth [1]. This
vast biological realm includes 36 phyla of invertebrates, 8 of which share the most common
associations with humans: Porifera, Cnidaria, Platyhelminthes, Nematoda, Annelida,
Arthropoda (the largest phylum in the animal kingdom), Mollusca (the second-largest
phylum in the animal kingdom), and Echinodermata [1]. Although these phyla are all
classified as invertebrates, their diversity is nothing short of astounding. Morphological,
nervous system, and behavioral characteristics are unique to each phylum and can even
vary within one [2–4].

Recently, there has been a shift in the ethical consideration of invertebrates, prompting
a number of studies to lay the philosophical groundwork for incorporating invertebrates
into ethical discourse [5–8]. The intricate behaviors of specific invertebrates, particularly
octopuses (Cephalopods), have primarily prompted this transformation. Close interaction
with octopuses in aquarium settings has aided in the identification of individuality and
observable behaviors (personality traits) in these creatures [7,9]. Despite their distinct ner-
vous system configuration from that of vertebrates, these studies have revealed octopuses’
remarkable intelligence and sentience [10]. Furthermore, in 2013, cephalopods were in-
cluded in European Union legislation regarding the protection of animals used for scientific
purposes, putting them on par with vertebrates (EU, 2010, Directive 2010/63/EU). This
pivotal advancement not only adds to the ethical consideration for invertebrates in general,
but it also represents a pivotal advancement in the field [3,8,11]. It is paramount to recog-
nize that a lack of understanding of invertebrate behaviors does not preclude their capacity
for sentience or their ability to respond to negative experiences in a non-anthropocentric
manner that could cause suffering [12].

Concurrent with this growing ethical awareness, significant efforts have been made in
experimental research to improve invertebrate welfare [5,7]. However, relevant information
about the implications for invertebrate welfare is dispersed, limited, and sometimes con-
tradictory. As a result, the current study conducts a comprehensive review of the current
landscape of animal ethics and echinoderm welfare, with the goal of contributing to the
development of a comprehensive framework for invertebrate welfare.

2. Ethical Concerns and the 5Rs Principle

In general, ethics is concerned with situations involving various types of conflicts.
While there are many different types of conflicts in science, not all of them require ethical
consideration. The most widely accepted criterion for determining the relevance of ethical
reflection is whether or not it has an impact on humans [13]. This viewpoint clearly states
that all human beings are morally concerned (an anthropocentric doctrine). However, the
same cannot be said for non-anthropocentric living beings. As a result, determining which
living beings should be regarded as ethical considerations becomes difficult.

One approach is to use humans as a reference point to determine whether these living
beings meet criteria for sentience or consciousness, which include behavioral, evolution-
ary, and physiological considerations [14]. Scientific evidence supports arguments about
which living beings should be considered ethically [6,12,15–17]. With our improved under-
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standing of animal suffering, the scope of moral consideration has expanded to include
all vertebrates, as well as octopuses as the sole group of invertebrates. Nonetheless, the
ethical discourse is increasingly shifting toward considering animal species regardless
of scientific knowledge about their capacity for suffering [18]. Significant efforts have
recently been directed toward developing an ethical framework that takes invertebrates
into account. Significant progress has been made in this regard for two distinct groups,
namely crustaceans [19] and echinoderms [8,20].

The 3Rs principle, proposed by Russell and Burch (1959) [21], is the globally accepted
tool that currently guides animal research practices. Replacement is one aspect of this
principle that advocates for the use of scientific methods involving non-sentient material
to replace those involving conscious living vertebrates [21]. Replacement should ideally
encourage the use of lower levels of organization, such as cell culture, and even artificial
models, such as computational simulations. However, because invertebrates are gener-
ally considered non-sentient animals, the replacement dimension tends to favor them
as common models for experimental research. In this regard, the principle falls short
in considering the inclusion of those invertebrates whose capacity for sentience is still
debated. The 3Rs principle is built on a strong assumption: that non-human animals lower
on the zoological scale lack sentience [22]. This assumption presents a significant limitation,
especially considering the vast number and diversity of invertebrates used in scientific
research. Despite the widespread acceptance of the 3Rs as a policy tool aimed at alleviating
animal suffering and reducing their use in research, its effectiveness in achieving these
goals has been notably criticized [23]. In fact, the number of animals used for research in
the European Union (EU) is now similar to that in the 1980s [24]. The three R principle
was originally intended to establish ethical guidelines for animal experimentation, albeit
with species-specific limitations. However, it did not address the epistemological issues
raised via animal manipulation adequately [25]. This principle was later expanded to the
5Rs principle (Figure 1) to include two additional concepts emphasizing personal commit-
ment: respect (establishing a respectful relationship with any living being regardless of its
complexity or the knowledge we have of that living being) and responsibility (personal
commitment of researchers to apply ethics concepts conscientiously) [8].

Figure 1. Five Rs principle which balances the level of importance of the ethical and epistemological
approaches [8].

3. Ethical Approach in Echinoderms

3.1. Phylum Echinodermata

Echinoderms are a phylum of marine invertebrates. They are often key, long-living
species that shape and maintain the status of many marine ecosystems, inhabiting a
wide range of ecological niches from the abyssal depths of the oceans to the intertidal
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zone. Echinoderms, distinguished by their pentamerous radial body arrangement, form a
monophyletic group with hemichordates, also known as acorn worms. These organisms
exhibit significant diversity and widespread distribution across a variety of marine habitats,
playing critical ecological roles in each setting [26]. The fundamental characteristics of this
phylum have exhibited remarkable consistency since the Ordovician epoch (approximately
495–440 million years ago) [27], with an approximate enumeration of 7000 species [28].

The extant echinoderm assemblage includes approximately 7000 species divided
into five distinct taxonomic groups: Asteroidea, which includes starfishes; Echinoidea,
which includes sea urchins, sand dollars, and sea biscuits; Crinoidea, which includes sea
lilies and feather stars; Ophiuroidea, which includes basket stars and brittle stars; and
Holothuroidea, which includes sea cucumbers. This collective lineage has an exceptionally
notable fossil record dating back to the Cambrian period, providing a solid foundation
for comparative molecular studies spanning a wide range of meticulously documented
divergence intervals [27,28] (Figure 2).

Figure 2. Example of classes of echinoderms: (A) Cycethra verrucosa, Asteroidea from South Atlantic;
(B) Arbacia dufresnii, Echinoidea from South Atlantic; (C) Ctenantedon kinziei, Crinoidea from the
Caribbean; (D) Ophiocoma echinata, Ophiuroidea from the Caribbean; (E) Pearsonothuria graeffei,
Holothuroidea from the Indo-Pacific.

Echinoderms have a number of distinguishing characteristics that set them apart
from their zoological counterparts. Notably, among these characteristics is a hydraulic
water vascular system that is intricately linked with a distinct arrangement of a calcium
carbonate endoskeleton known as stereom. Most echinoderms’ developmental trajectories
begin with larval stages, where intricate metamorphic processes culminate in the eventual
manifestation of the adult form. These organisms exhibit a diverse range of life history
traits, most notably sexual reproduction, though asexual reproduction is also observed.
Echinoderm larvae are primitive, free-living, and planktonic in nature, with a wide range
of morphology and functional characteristics that occasionally resemble those observed
in hemichordate larvae. Following the metamorphic stage, the majority of mature echino-
derms adopt a benthic lifestyle with radial symmetry and a typical pentameric structural
composition. The organisms’ internal architecture is intricately organized, with a reliance
on calcium carbonate ossicles reinforced by a complex network of collagenous ligaments.
Notably, any skeletal structures found in larvae adopt intricate rod-like configurations with
distinct origins in Ophiuroidea and Echinoidea, whereas such features are absent in the
larvae of the remaining three echinoderm classes. Echinoderms have distinct pentaradial
symmetry in their adult forms. Nonetheless, their developmental origins can be traced
back to bilaterally symmetrical larvae, a shared feature of the deuterostome clade (shown
in Figure 2A). These distinguishing characteristics place echinoderms within an intrigu-
ing evolutionary framework, identifying them as invertebrate deuterostomes inextricably
linked to vertebrate organisms [29].
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Echinoderm species exhibit a variety of developmental strategies, ranging from direct
development from a fertilized egg to an adult to indirect development, in which adults
emerge from the metamorphosis of a larva with no relation to the adult. The cell structure
and count of indirect developing species’ long-living, feeding, bilaterally symmetrical
larvae are very simple. There are numerous intermediate developmental stages, including
facultative larval feeding and non-feeding larvae. Indirect development is primitive in
echinoderms, and all five surviving classes, as well as the sister phylum Hemichordata,
have dipleurula-type larvae [30].

Crinoids (Crinoidea) are sessile or free-living benthic animals with microphagous filter-
feeding habits. Some comatulids feed during the day, while others feed by extending the
tips of their arms or moving only at night to avoid predators. Some forms prefer and actively
seek out areas with flowing water for feeding (rheophilic), while others do not (rheophobic).
They can be found in a variety of habitats, including as attachments to substrates via their
arms or cirri, within caves or small crevices, beneath rocks, or as attachments via cirri
to other invertebrates such as corals (epizoic). Crinoids are important in developmental
biology because they are the only echinoderms that have a primitive tripartite coelom.
They are significant in paleontology because they evolved during the Cambrian period and
were a dominant and diverse component of Paleozoic benthic fauna [31].

Sea cucumbers (Holothuroidea) are mostly found in benthic marine habitats ranging
from the littoral zone to the abyss. They are found in all oceans, with particular abundance
in coral reefs. Sea cucumbers are primarily detritivores, feeding on both suspended particles
and organic matter bound in sediment. The distribution of sea cucumbers is influenced by
the type of substrate, as well as other environmental variables such as dominant currents,
temperature, water salinity, and depth. Sea cucumbers’ ecological importance is linked
to their bioturbation activities, which involve the movement of organic material within
sediments as well as the transfer of energy and materials at the water-sediment interface.
The commercialization of sea cucumbers’ body walls, also known as beche de mer or
trepang, is economically significant. Out of the over a thousand known species, the fishing
industry primarily focuses on around thirty. This practice has a long history in Chinese and
Japanese culinary and medical traditions. Larger species are especially valuable. Trepang
curing is applied to the body wall, resulting in a product with high nutritional value due
to its high protein and low fat content. Furthermore, sea cucumbers contain biologically
active compounds that are used to treat a variety of medical conditions, including HIV,
cancer, and osteoarthritis [32,33].

Echinoids (Echinoidea) are found in a wide variety of geographical and bathymetric
environments, from intertidal zones to depths of 5000 m. Regular sea urchins live on
a variety of substrates, with the majority of them living on rocky or mobile substrates.
Sand dollars and heart urchins, for example, can only be found on soft bottoms and
frequently bury themselves. Many morphological differences between regular and irregular
echinoids are caused by differences in lifestyle and feeding habits. Some populations of
regular sea urchins exposed to wave action have developed digging behaviors to bury
themselves slightly, whereas species not exposed to such conditions typically exhibit
cryptic behaviors [34]. Sea urchins, as well as sea cucumbers, are valuable species, and the
commercialization of sea urchins’ gonads, also known as roe, is economically significant
around the world [34,35].

Ophiuroids (Ophiuroidea) have a wide geographic distribution and a benthic lifestyle,
having adapted to live in a variety of environments. They have been discovered in subma-
rine hydrothermal vents and on bottoms with cold methane seeps, as well as in intertidal
zones and abyssal regions from the tropics to the poles. The majority of species are usu-
ally found on soft substrates. They can be carnivorous, scavengers, sediment-consuming,
or filter feeders. The majority use multiple feeding methods, though one usually takes
precedence over the others. The majority are carnivorous, eating polychaetes, mollusks,
and small crustaceans. Because of their diverse feeding strategies, they play an important
role in trophic chains. They are not commercially important, unlike some other echino-
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derm groups. Nonetheless, due to their abundance, they can be used as environmental
indicators [36].

Sea stars (Asteroidea) have a wide geographical range and a benthic habitat, inhabiting
a variety of marine substrates where they can be abundant and visible. The vast majority
are scavengers or opportunistic predators. Many species have generalist feeding habits
and play an important role in the structure and functioning of marine communities as
apex predators. They play an ecologically important role across latitudes by occupying
different levels of the trophic chain, particularly as apex predators in rocky and coral reef
ecosystems. This group’s ecological success can be attributed to a variety of morphological
and life history characteristics, including indeterminate growth, extraoral and intraoral
digestion (providing access to a diverse diet), rapid prey detection and response, and the
ability to anchor themselves to substrates using ambulacral tube feet [36,37].

3.2. Historical Use of Echinoderms

Because sea urchins have been consumed by humans throughout history, the human
understanding of this Phylum dates back to prehistoric times [38]. They are depicted in
“frescos cretenses”, which date back 4000 years. For a long time, Eastern cultures have
consumed and used sea cucumbers for medicinal purposes [39]. The earliest known of
these animals dates from the period of Aristotle, who described the first known echinoderm
in 350 B.C.E., over 2000 years ago. He described the feeding apparatus of sea urchins in his
work “Historia Animalium”, which is now known as Aristotle’s Lantern. It is worth noting
that Aristotle classified echinoderms as ostracoderms. The scholars of the time rekindled
their interest in nature and began studying these creatures again. Klein coined the term
“Echinodermata” in his 1734 work “Naturalis dispositio echinodermatum”. However,
he only used it to refer to sea urchins, not all the classes that are now known. Linnaeus
classified the genera Asterias, Echinus, and Holothuria as Mollusca in the 10th edition
of Systema Naturae (1758). The term “Echinodermata” resurfaced in 1792, when it was
recognized that these animals were a distinct group of invertebrates, though sea cucumbers
were not included. Later, Lamarck (1809) [40] grouped Echinodermata with the true
Coelenterata in the Radiata group of invertebrates. It took nearly four decades for De
Tornos (1839) [41] and Salacroux (1840) [42] to coin the term “Echinodermata”. Due to its
more advanced structural characteristics, it was argued in 1854 that Echinodermata did not
belong with Coelelenterata. Echinodermata have since been recognized as a distinct clade
of invertebrates.

Since the nineteenth century, the description of Echinodermata species has been a
dominant focus in the literature. Initially, the focus was on species found along Europe’s
coasts, as evidenced by Frey and Leuckart’s work in 1847 [43]. As a result of numerous
oceanographic expeditions, this trend has expanded to include species from all over the
world. While it is impractical to list every expedition and paper that resulted from it, some
of the pioneering ones are worth mentioning. HMS Challenger and the Albatross laid the
groundwork for hundreds of subsequent expeditions around the world. These expeditions
have recently expanded to include deep-sea species as well as those found in intertidal and
shallow waters [44–48]. Given that echinoderms have been collected worldwide for over
300 years to describe species, determine distributions, and populate museum collections, it
is clear that hundreds of thousands of echinoderms were collected and preserved without
much ethical thought.

3.3. Echinoderms as Models

Since the widespread use of the microscope in scientific research, echinoderms have
served as experimental models. Due to the ease with which gametes could be obtained
and the optical transparency of sea urchin embryos, they became valuable animal models
in the mid-nineteenth century. Dufossé (1847) [49] and Derbès (1847) [50] provided early
insights into fertilization and sea urchin embryo development via metamorphosis. Despite
the fact that their work was overlooked in the scientific literature [51], sea urchin embryos
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remained useful as model organisms. Hertwig (1876) [52] made a pivotal discovery by
demonstrating how sperm entered the female gamete, leading to embryo formation in the
sea urchin Toxopneustes lividus. This discovery established sea urchin embryos as the gold
standard for embryonic research, advancing our understanding of fertilization mechanisms,
egg activation, cleavage, gastrulation, and early embryonic differentiation. They have also
been useful in research on nervous system development, evolutionary development, and
regeneration [51,53–56] (http://www.echinobase.org, accessed on 10 October 2023).

Sea stars were also recognized as important model organisms in the early twentieth
century. Metchnikoff (1893) [57] discovered a cellular immune response in the bipinnaria
larvae of sea stars, observing the rapid migration of mesenchymal cells to injury sites. He
also discovered amoeboid cells’ phagocytic activities [57]. Despite these groundbreaking
discoveries, echinoderm larvae were not widely used as model organisms in immunology
until the twenty-first century (Figure 2A) [58–60].

One of the most remarkable characteristics of echinoderms is their ability to regenerate
lost structures, such as the arms of sea stars. In recent years, there has been a surge in
research into the regenerative capacity of the echinoderm nervous system (NS). Studies
have shown that holothurians can regenerate their radial nerve cord (RNC) after it has
been transected, with the regenerated cords displaying a similar structure and function
to that of the originals and without scar tissue formation—a common issue in vertebrate
CNS regenerative responses. Follow-up studies have revealed that radial glia play an
important role in the regenerative process, both in forming the bridge that connects the
severed ends of the RNC and in generating new neurons and glia in the regenerated
structure [61,62]. Several laboratories are currently working to identify the genes required
for NS regeneration [63–67].

The capacity for evisceration and subsequent regeneration in sea cucumbers, as well as
brittle stars and sea stars due to their ability to regrow arms, has positioned them as invalu-
able models in regeneration research [66,68–81]. With recent technological advancements
and the availability of new tools, echinoderms have become outstanding model organisms
for both scientific research and educational purposes, and in most cases individuals are
handled alive [82,83] (www.Echinobase.org, accessed on 10 October 2023).

3.4. Echinoderms Nervous System

In echinoderms, the nervous system is organized in accordance with the general
pentameric pattern of the body plan. Each radius has its own radial nerve cord, which
runs the length of the proximo-distal axis and terminates at the distal tip of the arm (in
stellate echinoderms) or near the aboral pole (in globose forms). A circumoral nerve
ring joins all five individual radial nerve cords at the body’s oral pole to form a single
anatomical entity. The radial nerve cords and the nerve ring comprise the echinoderm’s
central nervous system (CNS) (Figure 3). This CNS is an anatomically and histologically
distinct agglomeration of neurons and glial cells associated with an extensive neuropil
(densely interwoven neuronal processes) found nowhere else in the body and is in charge
of the initiation and coordination of various body-wide responses [84].

Adult echinoderm neuroanatomy is distinguished by the presence of distinct su-
perimposed domains or layers of nervous tissue located at different levels relative to
the oral–aboral axis. These domains are known as the ectoneural and hyponeural sys-
tems [85–87]. The ectoneural system is located around the mouth, either within or directly
beneath the oral epidermis. It is always present both in the nerve ring and radial nerve
cords of all echinoderms, shows the most consistent organization across the phylum, and is
the predominant part of the nervous system in all classes except crinoids. The hyponeural
system may or may not be a part of the nerve ring or radial nerve cords. Its organization dif-
fers between classes and is generally related to the degree of development of large muscles.
When hyponeural tissue is present, it acts as a second (usually thinner) layer of nervous
tissue that directly overlies the aboral surface of the respective ectoneural cords [87,88].
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Figure 3. Schematic representation of the central nervous system of the phylum Echinodermata. The
arrows indicate the radial nerves cords and the point of the arrows indicates the circumoral ring.

This simplified classification of the echinoderm nervous system, however, does not
fully account for recent reports from the last decade, revealing unexpected nervous system
elements that do not neatly align with the three aforementioned divisions [64,84]. The
nervous system (NS) of echinoderms is one of the most fascinating aspects. Given their
close evolutionary relationship with chordates, as well as their radial symmetry and lack of
prominent ganglia or centralized nervous structures associated with cephalization found
in most other animals, the echinoderm nervous system has been regarded as pivotal to
understanding the evolution of the chordate nervous system [29,84]. In fact, it has been
suggested that the centralized nervous system is a plesiomorphic (ancestral) condition in
echinoderms and may also be a plesiomorphic trait at the level of the Deuterostomia [84].

In the nervous system, including the ectoneural and hyponeural subsystems, tissue
is organized as a neuroepithelium made up of two major cell types: radial glial cells and
neurons. The cell types have a similar relative abundance in the radial nerve cord’s ectoneu-
ral and hyponeural bands, with radial glial cells accounting for 60–70% of the total cell
population. On the other hand, neuronal cells are more abundant in the circumoral nerve
ring, accounting for only 45% of the cell composition formed by glia [89]. Echinoderm glial
cells share significant morphological similarities with the radial glia of chordates, including
the orthogonal orientation of the cell’s main axis to the plane of the neuroepithelium,
the presence of long thick bundles of intermediate filaments, and the presence of short
protrusions branching off at a right angle from the main processes and penetrating into
the surrounding neural parenchyma. The cell bodies of the majority of radial glial cells
in echinoderms are located at the apical surface of the neuroepithelium. Some of them,
however, are bipolar, with the apical and basal processes extending from opposite poles of
cell bodies located at different depths within the neural parenchyma. Radial glial cells are
the most common type of glial cell in echinoderms (though they are unlikely to be perfectly
homogeneous), and they perform a variety of functions. In addition to the radial glia of the
CNS, other glial cell types associated with the peripheral nervous system may exist [84]. Ra-
dial glia have more morphological similarities than do chordates because they are the main
proliferative population in nervous tissue and thus capable of giving rise to new neurons,
both in non-injured and regenerating CNSs. There are, however, differences between radial
glia in echinoderms and chordates. Another significant difference is that radial glia are the
only major glial cell type in the adult CNS of echinoderms, whereas in higher vertebrates,
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radial glia predominates in embryogenesis but then mostly disappear from the mature
nervous system by giving rise to a plethora of more specialized cell types [90,91]. Radial
glia are common in the adult CNS of lower vertebrates, but they frequently co-exist with
other abundant specialized glia, such as those of oligodendrocytes [92,93].

The neural parenchyma of the CNS is made up of neurons with somata and neurites.
The most common neuronal morphology ranges from unipolar and bipolar to multipolar.
In echinoderms, neurons can be classified quite easily by size as normal neurons, which
are dominant in most classes, and the giant neurons of ophiuroids. The first class has
small somata (about 5 m in diameter) that produce very thin give processes (0.1–1 m in
cross-section) with numerous local swellings (varicosities) along their length. Because they
are typically found near or embedded within calcareous structures, they are less appealing
to neurobiologists, particularly electrophysiologists who study their electrical properties.
As a result, while other animal groups became popular neurobiology research subjects,
echinoderms were largely overlooked for a long time. Even today, there are surprisingly
few electrophysiological studies on echinoderms [94,95].

Communication between neurons in traditional chemical synapses was previously
thought to be absent in echinoderms [85,96]. However, this long-held belief may be due to
a lack of adequate tools for dealing with the difficulties imposed by the endoskeleton. Since
the optimization of sample preparation protocols, there has been evidence demonstrating
the presence of typical chemical synapses that occur on a regular basis in the CNS of
Echinodermata [89,97]. These findings are consistent with those found in the sea urchin
genome, where the genes required for synapse formation were discovered [83]. There are
also different types of synapses: unsheathing synapses (with the pre-synaptic terminal
wrapped around the post-synaptic process), passant synapses between parallel nerve fibers,
and complex synapses with a pre-synaptic terminal forming two or more synapses in
different post-synaptic processes, or, conversely, a single post-synaptic neuron receiving
synaptic input from multiple pre-synaptic axons [97]. Echinoderm CNSs have regional
differences in cellular composition as well as a complex internal spatial segregation of
different cell types. The radial nerve cord is made up of repetitive units [85,98,99].

The CNS of echinoderms generates complex, coordinated, and directional behavioral
responses to various sensory stimuli. Although the molecular and cellular mechanisms
underlying these behaviors remain unknown, it is known that an echinoderm’s CNS con-
tains a large number of neurotransmitters from all major groups, including acetylcholine,
aminoacids, monoamines, neuropeptides, and gases. Acetylcholine appears to mediate
muscle contraction due to its function as a major excitatory neurotransmitter [88,100,101].
Post-synaptic nicotinic and muscarinic receptors have also been identified, and acetyl-
cholinesterase (the enzyme required to hydrolyze acetylcholine at synapses) activity has
been detected in both ectoneural and hyponeural systems [85,102]. GABAergic neurons
proliferate throughout the CNS, including the radial nerve cord, nerve ring, and podial
nerves, as well as the nerves and visceral plexi [84,103]. GABA is involved in both echino-
derm muscle contraction and relaxation, depending on the post-synaptic receptor (GABA
A or GABA B) present in neuromuscular junctions [100]. L-glutamate is and excitatory
neurotransmitter in the ectoneural subsystem of echinoderms [104,105]. L-glutamate is also
a neurotransmitter capable of eliciting the arm autotomy response, whereas acetylcholine
acts as an antagonist of L-glutamate [104]. The research on serotonin as a neurotrans-
mitter in the adult CNS is limited. There have been reports of its presence in muscles
and basiepithelial plexi [106–108]. Furthermore, neuropharmacological studies have re-
vealed that serotonin regulates muscular contraction by inhibiting the excitatory effect of
acetylcholine [107] and may also be involved in the regulation of post-traumatic regenera-
tion [108]. Catecholamines such as dopamine and noradrenaline have been found in the
ectoneural only and appear to be involved in the movement of tube feet [109,110] and to
be fundamental for the righting response of the sea urchin [111]. Histamine data of the
sea urchin are extremely limited; they have only been studied in one species of cucumber,
and the latter appears to be involved in sensory systems, as it was found in tentacles and
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body wall papillae, and to project its axons directly to the nerve ring and the radial nerve
cord [112].

The enzyme nitric oxide synthase, which produces NO, was discovered in both the
ectoneural and hyponeural parts of the radial nerve cord of adult sea stars, as well as in
some radial glial cells [113,114]. Apparently, NO is involved in the relaxation of viscera
and tube feet [115,116].

In addition to these phylogenically widespread neurotransmitters, echinocherms
contain specific neuropeptides from the SALMFamide family [88,98,116–119]. These neu-
ropeptides relax the visceral musculature as well as the muscles of the body wall [116,120].

All of the information above suggests that the echinoderm CNS is more complex than
previously thought and that, despite the lack of a centralized brain, it is possible for it to
elicit complex individual and social behavior. Recent advances in knowledge of this group
have provided new insights suggesting that echinoderms are sentient animals capable of
suffering pain.

3.5. Pain and Echinoderms

Even though the debate over pain perception in invertebrates is still ongoing, it is criti-
cal to recognize that the absence of evidence of painful sensations should not be interpreted
as conclusive proof of pain absence in this group. As scientists, we are responsible for
treating the organisms we study with dignity and ensuring their wellbeing. To accomplish
this, we must first understand the concepts of analgesia, sedation, and anesthesia. It is also
critical to understand how to correctly administer anesthesia, which response variables to
consider, and which substances to use.

Various agents have been used to anesthetize echinoderms [121]. Iso-osmotic solutions
such as MgCl2, MgSO4, or Ca2+-free seawater are common echinoderm anesthetics. The
mechanism of action of these agents is to destabilize membrane potential, preventing pain
signals from propagating. Additionally, local anesthetics that block neural stimulation of
the muscle have been employed when necessary. The local anesthetics MS222 [119,122–125]
and propylene phenoxetol [122,126–131] have both demonstrated effectiveness in studies
involving echinoderm connective tissue.

MS-222 (IUPAC name 3-amino benzoic acid, ethyl ester, and methanesulfonate salt,
also known as ethyl m-aminobenzoate or tricaine methanesulfonate) is a local anesthetic of
the ester type. Its structure is similar to that of other local anesthetics, such as benzocaine,
implying that it likely functions similarly by impeding axonal conduction via interference
with membrane depolarization [132]. Originally developed as a fish anesthetic [133], it has
since been widely used on a variety of invertebrates (National Research Council, 1981).

In ophiuroids, “propylene phenoxetol” is thought to act as a local anesthetic that
inhibits axonal conduction [131]. Because this volatile liquid is not water-soluble, main-
taining known concentrations of the compound in a medium is difficult. Furthermore,
there have been some doubts about the precise identity of this compound. While certain
compounds possessing anesthetic effects in echinoderms have been studied, the practice
of using them during individual manipulations is not yet standardized because there is
neither awareness nor a normative mandate for it.

4. Echinoderm Welfare

Animal welfare is now recognized as a scientific discipline that includes ethology,
physiology, pathology, biochemistry, genetics, immunology, nutrition, cognitive–neural
studies, veterinary care, and ethics [134–140]. While the assessment of animal welfare has
traditionally focused on vertebrates [141], the vast diversity of invertebrates presents a
significant challenge.

Firstly, the fundamental indicators (such as cortisol levels, longevity, feeding rate, and
behavior) utilized in welfare assessments follow a reductionist approach. Secondly, this
assessment only encompasses two of the “Three Conceptions” (basic health and function,
and natural living) and four of the “Five Domains” (nutrition, environment, health, and
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behavior) that should ideally be evaluated. By definition, this basic assessment remains
incomplete. Moreover, in invertebrates, except for cephalopods, evaluating the mental state
domain and the conception of affective state is currently extremely challenging. Although
we lack the tools to assess invertebrate mental states, there is undeniable evidence of social
behavior in many species, implying that a lack of interactions with these organisms may
have a negative impact on their mental wellbeing [142]. Even if a comprehensive welfare
assessment for invertebrates is not currently feasible, we must ensure that the best welfare
conditions are met.

A comprehensive assessment of animal welfare, according to Botreau et al. (2007) [143],
requires a well-defined set of criteria. The following guidelines should be followed when
developing these criteria:

• Each and every significant aspect must be addressed in order for the assessment to
be comprehensive;

• The criteria must not be redundant or irrelevant;
• Each criterion must be independent of the others;
• All stakeholders must agree on the criteria, and they must have a practical basis;
• The criteria, as well as their application, should be transparent and simple to understand;
• The number of criteria should be limited to 12 at most.

Given the diversity of invertebrates, it is critical to recognize the importance of de-
veloping a specific set of criteria for assessing the welfare of each phylum or even each
order within this group. There are several indicators that provide information about an
animal’s wellbeing in response to its experiences. These indicators are based on a thorough
understanding of how individuals respond physiologically and behaviorally to various
conditions. The interpretation of these indicators is dependent on one’s attitude toward an-
imal welfare. Exploration, hunting or foraging, socialization, parental care, play, and sexual
activity are all expected to develop as inherent behavioral elements [144,145]. As a result,
when an animal is kept in captivity, it is critical to understand the specific fundamental char-
acteristics of each species that exist in their natural environment in order to recreate them.
This meets the need to “explore, solve problems, and overcome challenges” [146] (p. 623).

In order to achieve the application of echinoderm wellbeing, the following non-
invasive echinoderm assessments have recently been developed as indicators for use in the
aquaculture industry and research, providing valuable insights into individual wellbeing.

• Tube feet adhesion: Echinoderms move by using their tube feet, which are frequently
adhesive to the bottom or walls of an aquarium in captivity. A detached or loosely
attached echinoderm indicates that the individual is not in good health.

• Echinoderms have distinct righting behavior because they are most vulnerable with
their oral face above [147,148]. The speed at which this behavior is carried out can be
used to gauge their physiological activity, health, and overall condition. This indicator
must first be established for the species, and size and sex must be evaluated before
establishing a normal time of righting for each species. After you have set a time, you
can use it as a stress indicator.

• Echinoderms use their spines/pedicelaria/arms for a variety of functions (feeding,
moving, defense, and eating), so their response to stimuli is a good indicator of their
health. An echinoderm that is nonresponsive or responds slowly indicates that the
individual is not in good health.

• Feeding behavior: like any other animal’s, the feeding behavior of echinoderms is an indi-
cator of their health. Echinoderms feeding and defecating indicate healthy individuals.

• Epidermis appearance: A healthy echinoderm has a shiny, non-interrupted epidermis.
In contrast, the presence of reddish or blackish coloration, as well as inflammation
and mucus, indicates the presence of an infection.

5. Conclusions

The majority of ethical and welfare approaches in animal research have primarily
focused on vertebrates. Addressing invertebrate welfare presents unique challenges, and
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researchers will require time to fully integrate these concepts. However, significant progress
in this area has been made. With rising public awareness and concern, there is a chance
that ethical concepts will be adopted more quickly. In the near future, this could lead to the
establishment of guidelines, norms, and laws in this domain.

In recent years, it has become clear that advanced invertebrates have qualities such
as self-awareness and sentience, as well as the ability to experience pain, though precisely
defining and understanding it in their context is difficult. Animal welfare legislation in
various countries supports this viewpoint. While many invertebrates have learning and
memory abilities, there are significant structural and physiological differences between
animal groups. Some researchers believe that these differences indicate that, despite their
self-protective behaviors, advanced invertebrates are incapable of feeling pain. Regardless
of the validity of this argument, it is critical for humanity, particularly scientists, to take
invertebrate welfare seriously and to treat them with care, both in captivity and in their
natural habitats. The scientific community has responded by advocating for invertebrate
welfare to be considered in breeding or holding facilities, laboratories, and under natural
conditions whenever possible. In addition, if advanced invertebrate experimentation is
deemed necessary, appropriate anesthesia methods should be considered.

This research provides evidence of sentience within the echinoderm group, highlight-
ing important advances in our understanding of their biology and physiology. However,
there are still notable gaps in information that require further investigation. Regardless
of the current state of knowledge regarding sentience in echinoderms, there is a growing
moral consideration to implement practices ensuring animal welfare when utilizing in-
dividuals in research. The 5Rs principle provides a useful conceptual framework in this
situation by highlighting the importance of Replacement, reduction, and refinement as well
as respect and responsibility in researchers’ practices while working with echinoderms.
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Simple Summary: Wild octopuses face constant challenges to their survival, such as sublethal
predation and conflicts with conspecifics, and can also be affected by human activity (e.g., interactions
with divers or with fishing gear) and natural disturbances (e.g., storms, heat waves). These events
can impact octopus welfare, especially when they induce stress, facilitate disease transmission, or
result in starvation. Understanding the natural behavior of octopuses in the wild can help determine
parameters that can be used to assess octopuses’ health and welfare. Here, we use photographic
and video records of wild octopuses in a variety of negative contexts, with the goal of identifying
any potential metrics of welfare. We compare these observations with published data on octopus
welfare in captivity and postulate potential consequences of decreased welfare for wild octopuses. Six
measures of negative welfare identified for captive animals occurred in wild octopuses as well. We
also identified two new measures of negative welfare unique to wild octopuses. This study identified
the first set of criteria that can be used to non-invasively assess octopus welfare in the wild. We
encourage further development of non-lethal and minimally invasive techniques to quantify welfare
in wild invertebrates.

Abstract: Welfare metrics have been established for octopuses in the laboratory, but not for octopuses
living in the wild. Wild octopuses are constantly exposed to potentially harmful situations, and
the ability to assess the welfare status of wild octopuses could provide pertinent information about
individuals’ health and species’ resilience to stressors. Here, we used underwater photos and
videos to identify injuries and stress-related behaviors in wild Octopus insularis in a variety of
contexts, including interacting with fishermen, interacting with other octopuses and fish, proximity
to predators, in den, foraging, and in senescence. We adapted established metrics of octopus welfare
from the laboratory to these wild octopuses. In addition to observing all of the stress measures, we
also identified two previously unknown measures associated with decreased welfare: (1) a half white
eye flash and (2) a half-and-half blotch body pattern. More than half of the individuals analyzed
had arm loss, and almost half of the individuals had skin injuries. We also observed that irregular
chromatophore expression and abnormal motor coordination were associated with interactions with
fishermen. This is the first study to apply measures of welfare from the laboratory to wild octopuses.
Our results may also aid in the identification of welfare measures for other wild invertebrates.

Keywords: body patterns; Cephalopoda; field study; sentience
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1. Introduction

Animal welfare can be defined as the quality of life experienced by sentient animals [1].
Because octopuses and other cephalopods are animals with highly developed central
nervous systems and advanced cognitive abilities, many researchers argue that they are
sentient, experiencing physical, mental, and emotional states [2,3] and avoid contexts in
which they experience pain [4].

Shallow-water octopuses are generally semelparous with a single reproductive period
at the end of their lives. Females produce hundreds to thousands of eggs, of which
only a few individuals survive to adulthood [5,6]. As soft-bodied secondary consumers,
octopuses are subject to predation, both lethal and sub-lethal (arm loss), from larger bony
fish, elasmobranchs, marine mammals, and seabirds [7]. Wild octopuses must constantly
weigh the benefit of foraging against the cost of defense and the threat of predation [8]
and interactions with other animals [9,10] and must select suitable shelters and perform
regular maintenance on this den [11]. Lethal and sublethal predation, fishing, and agonistic
and interspecific interactions are some of the daily challenges that can affect the welfare of
octopuses [12–14], resulting in physical damage, stress, and/or pain [4].

Standardized measures to quantify overall welfare can be affected by factors including
living conditions, diet, and access to enrichment [15]. Measures based on changes in physi-
ology and behavior are used to assess the welfare of vertebrates, but relatively few welfare
measures for invertebrates have been validated thus far [16,17]. Differences in physiology,
anatomy, and behavior preclude the use of the same welfare measures for vertebrates and
invertebrates [16]. Moreover, most research is limited to animal welfare in laboratories and
captivity, with the welfare of wildlife having received much less attention [18–20].

The literature describing the association between body patterns and behavioral reper-
toires in octopuses is still scarce [21]. Most works focus on analyzing body patterns related
to camouflage [22], changes in chromatophores [23], and systematics [24]. There is a gap in
understanding how much body patterns and their different components can be related to
these animals’ welfare and emotional states.

Human activities such as hunting and fishing have a detrimental effect on the welfare
of many wild animals, resulting in injuries, stress, and pain [18,25]. Although stress and
pain can increase fitness in the short term, over time, they can negatively impact animal
welfare and health ([19] contra, see [15]). The impact of physical injuries on octopus mortal-
ity remains poorly understood. Data regarding the effects of injuries and the expression of
abnormal behaviors in octopuses offer crucial information about the challenges they face in
the wild [19,26–28].

Octopus fishing is a common practice in many coastal communities [29]. In Brazil,
octopuses are commonly caught by using a “bicheiro” (an improvised harpoon) [30] but
discarded or used as prey for fishing if the individual is too small to sell (Leite, personal
report). In fish, the practice of “catch and release” induces, in addition to physical injuries,
the release of stress hormones and changes in behavior [31]. The hormonal and behavioral
consequences of “catch-and-release” in octopuses should be explored in the coming years,
especially with increasing evidence that these animals experience pain, distress, suffering,
and lasting harm [4,32–35].

Our study focuses on wild Octopus insularis (Leite and Haimovici 2008), a medium-
sized benthic species found in the tropical and subtropical southwestern Atlantic. This
species has been studied for the past 25 years in Brazil by Projeto Cephalopoda, which
has led to the creation of an extensive database of photographs, videos, and scientific
information [36–38]. Here, we evaluate photographic and video evidence of injuries and
corresponding behavioral changes in wild O. insularis. We then compare these data with
reports of injuries and concomitant behaviors observed in captive octopuses to isolate
potential welfare measures for wild octopuses. In total, we found eight measures related to

135



Animals 2023, 13, 3021

negative welfare in wild O. insularis, six already identified in captive octopuses and two
unique to wild animals. This is the first study to apply welfare measures used for captive
octopuses to wild ones. Our results are valuable first steps for future in situ investigations
seeking to assess welfare and identify the least harmful means of human interaction with
wild octopuses.

2. Materials and Methods

Field observations and recording occurred from 2005 to 2023, generating a database
of 674 photos and 411 videos of O. insularis in various contexts, as well as of octopus
fishermen at work. The fieldwork was carried out in several areas of Brazil: Fernando de
Noronha National Park; the São Pedro and São Paulo and Abrolhos Archipelagos; the Atol
das Rocas Biological Reserve; Nisia Floresta; Maceió; and Salvador. The regions sampled
are tropical with a humid coastal climate and high air temperatures throughout the year,
ranging between 20 ◦C and 28 ◦C. Observational sessions utilized ad libitum and focal
follow methods [39] with SCUBA and snorkel. Photographs donated by other researchers,
artisanal fishermen, and marine photographers were also utilized.

From the database, we selected media based on photo and video quality; the pro-
portion of the animal’s body that was visible; the presence of visible injuries; and for a
larger context, the presence of behaviors that could be related to welfare [40]. We collected
the following metadata from each photo or video: location, collection date, photogra-
pher, number of photographs/videos per animal, behavioral context, number, location
and type of skin injuries, number of missing arms, body pattern, presence of irregular
chromatophore expression, and abnormal body position. We collected the following data
from both photographs and videos: (1) body patterns; (2) type of injuries; (3) number of
injuries; (4) irregular chromatophore expression; and (5) abnormal body position. For all
variables, except for the number of injuries, we used a binary system to indicate presence,
absence, or inability to visualize. In the case of the number of injuries, we quantified
both the total number of injuries and the number of missing arms. When analyzing body
patterns, we considered the occurrence (presence/absence) of each body pattern in videos,
as a single video could contain multiple body patterns. In contrast, for photos, only one
body pattern per photo was recorded given the limitation of capturing multiple patterns in
a single image.

In describing body patterns and components, we utilized existing cephalopod nomen-
clature whenever possible [41] (see Supplemental Material for definitions of body patterns).
Injuries, context, and behaviors suggestive of impaired welfare present in the database are
defined in Table 1 (results). To identify behavioral context, we recorded environmental
characteristics and information about the octopuses from the media sources and data
collectors’ notes.

Table 1. Potential welfare measures in wild O. insularis, including injuries, aberrant behaviors or
body positions, irregularities in chromatophore expression, and definitions of each negative welfare
measure.

Welfare Measures Definitions Contexts

Arm loss Absence of a part of or entire arm(s) or presence of
regenerated arm tissue.

Interacting with fishermen, fish,
and other octopuses and in den

and foraging

Skin injuries
Fixed, irregular, pale, or reddish spots or scars. Often near
the eyes/head, arms (excluding whole or partial arm loss),

arm web, suckers, or mantle.

Interacting with fishermen, fish,
and other octopuses; proximity to

a predator; in den and foraging

Irregular chromatophore
expression

Uncoordinated color changes or areas of the body with an
unchanging uniform color or pattern.

Interacting with fishermen, in den,
and foraging

Abnormal body position in
water column

Abnormal arm movement and/or loss of muscle tone
(e.g., arms).

Interacting with fishermen and
entering a state of senescence
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Table 1. Cont.

Welfare Measures Definitions Contexts

Half-and-half blotch

Display of two different body patterns with a distinct
longitudinal line dividing them. One half of the body shows

the blotch pattern, consisting of white circles on a brown
background. The other half of the body shows mottled or
brown patterns. The texture is smooth. This pattern can

occur when the animal is still or in motion.

Interactions with fish

Excess dermal mucus *
Presence of excess dermal mucus on the mantle and/or
parts of the arms, presumably due to a lack of grooming

activity (cleaning maneuver).
Foraging

Excess papillae expression * Papillae are raised for an extended period (at least 1 min). Foraging

White eye flash *
The area immediately around the pupil flashes pale, usually
for two seconds or more. Paleness may occur on both upper

and lower halves of the iris or only the lower half.
Foraging

* Reported in a small number (n < 2) of records.

From the eight welfare measures discussed here, we chose four for statistical analysis
as they were the most commonly observed in our database (Table 2). The following factors
were used as categorical variables: (1) body pattern, (2) number of injuries, (3) irregular
chromatophore expression, and (4) abnormal body position. To analyze the association
between the contexts and these variables, we used chi-square tests [42] in RStudio version
4.2.1. [43]. We set an alpha of p < 0.05, and Bonferroni adjustments were utilized for multiple
comparisons [44].

Table 2. The number and percentage of individual O. insularis observed in seven contexts potentially
impacting welfare.

Context % Data Number of Individuals

Interactions with fishermen 42.11% 24
Foraging 22.81% 13

Interactions with fishes 14.04% 8
In den 12.28% 7

Agonistic interactions with other octopus 3.51% 2
Proximity to predator 3.51% 2

Entering a state of senescence 1.75% 1

Total 100% 57

3. Results

3.1. Welfare Measures and Contexts

We found that the total sample was 57 wild octopuses. Of these, 44 octopuses were
recorded in 175 photographs, and 13 octopuses were recorded in 23 videos. Our data came
from seven different areas in Brazil: 51% from Fernando de Noronha National Park (n = 29),
19% from Nisia Floresta (Rio Grande do Norte) (n = 11), 16% from Atol das Rocas Biological
Reserve (n = 9), 7% from Bahia (n = 4), 4% from Macéio (Alagoas) (n = 2), 2% from Abrolhos
Archipelago (n = 1), and 2% from São Pedro and São Paulo Archipelago (n = 1).

Eight indicators of welfare were identified in these photos and videos (Table 1). In
addition, seven different contexts that could potentially impact welfare were identified:
(1) interacting with fishermen (in the act of fishing) (Figure 1); (2) agonistic interactions
with other octopuses, either at a distance or via physical contact; (3) interactions with fish;
(4) proximity to a predator (when a predator was close by or physically interacting with the
octopus); (5) in den (when the octopus was inside a sheltered crevice); (6) foraging (when
the octopus was moving along the substrate or swimming in the water column looking
for food); and (7) entering a state of senescence (near the end of its lifespan). The highest
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percentage of observations were from interactions with fishermen (42.11%; n = 24), foraging
(22.81%; n = 13), and interactions with fish (14.04%, n = 8) (Table 2).

 

Figure 1. Octopus insularis fishery in Brazil (Bahia). (A) An octopus collected by a fisherman; (B) an
octopus with a skin injury (red arrow) possibly due to a prior capture; (C) octopuses being stored after
collection by fishermen; and (D) an octopus collected with a “bicheiro”. Photos by Lucas Ribeiro.

The most commonly utilized potential welfare measure was arm loss (Table 3, Figure 2):
38 individuals (67% of the total sample) were missing at least one arm. Skin injuries were
also common, with 24 individuals (42% of the total sample) possessing them. Injuries
occurred on a variety of body parts, including the arms, mantle, head, eyes, suckers, and
arm web, with some individuals possessing injuries in multiple locations. Irregular chro-
matophore expression was observed in 15 individuals, 12 of them during interactions
with fishermen. There was a significant relationship between injury location and context
(χ2 = 68.64; gl = 42; p-value= 0.007). Specifically, during agonistic interactions with con-
specifics, more injuries were observed on the mantle, while for individuals in den, more
injuries were observed on the head and eyes (z-value = −3.32). Irregular chromatophore ex-
pression also varied by context (χ2 = 48.86; df = 12; p-value < 0.0001), more often associated
with interactions with fishermen (z-value = −3.04). Abnormal body positions also varied
by context (χ2 = 49.7; df = 12; p-value= 0.000001577), most associated with interactions with
fishermen (z-value = −3.04).

We identified 82 occurrences within our observations of 57 octopuses in which body
patterns could be discerned (Table 4). Approximately half of the patterns were blotched
and mottled. Other body patterns observed were uniform dark, uniform light, different
variations of longitudinal stripes, half-and-half blotch, and deimatic displays.
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Table 3. Number of times each potential welfare indicator was utilized according to context.

Number of Instances

Welfare Measures
Interactions

with Fishermen
Foraging

Interactions
with Fish

In Den
Interactions
with Other
Octopuses

Proximity
to Predator

Entering a
State of

Senescence

Arm loss 21 11 2 2 2 - -
Skin injuries 13 3 1 4 2 1 -

Irregular chromatophore expression 12 2 0 1 0 0 -
Abnormal body position 9 0 0 0 0 0 1

Total occurrences 55 16 16 7 4 1 1

Figure 2. Illustration showing the percentage with which each arm is lost (R1, R2, R3, R4, L1, L2, L3,
and L4) and percentage of losses in different contexts: (A) interactions with fishermen; (B) interactions
with fish; (C) foraging; and (D) interactions with other octopuses. Some individuals had more than
one missing arm. The contexts of “in den”, “entering a state of senescence”, and “proximity to
predator” were not included since arm loss was rarely observed in these contexts.

Table 4. Summary of body patterns and components observed in our database (“-” indicates absence).

Body Patterns and Components
Interactions

with Fishermen
Foraging

Interactions
with Fish

In Den
Interactions
with Other
Octopuses

Proximity
to Predator

Entering a
State of

Senescence

Blotch 16 2 1 - 1 - -
Mottle 1 10 7 5 - 1 -

Uniform dark 6 3 1 1 1 1 -
Uniform light 3 2 - 1 - - 1
Light brown 3 1 - 1 - - -

Deimatic display - 1 - - - - -
Tricolor longitudinal stripes 1 - - - 1 - -

White longitudinal stripe - - 1 - 1 - -
Half and half 2 1 - - - - -

Half-and-half blotch - - 5 - - - -

Total occurrences 32 20 15 8 4 2 1
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The body patterns observed in our samples (Table 4) were significantly affected by
each of the contexts considered here (χ2 = 101.77; gl = 54; p-value < 0.0001). Our data
demonstrated a significant positive relationship between the blotch body pattern and
interactions with fishermen, the half-and-half blotch pattern and interactions with fish, and
the uniform light pattern and senescence (z-value= −3.38) (Figure 3).

Figure 3. Correlation plot for chi-squared test residuals for each context against body pat-
tern/component (χ2 = 101.77; gl = 54; p-value < 0.0001, 0.00009164). Positive associations are
in blue, and negative associations are in red.

3.2. Notes on Octopus Behavior

We noted some interesting behaviors in a few of the individuals we observed in the
field. At Boldró Beach (Fernando de Noronha National Park), an octopus was observed
with prolonged papillae expression, excessive dermal mucus, and fixed irregular spots
of dark chromatophores on the right side of the mantle (Figure 4A–C,E). Right arm I, left
arm I, and right arm III were lost, with differing amounts of regenerating tissue. The
octopus exhibited a half-and-half body pattern, with the dark side corresponding with
the wounded side of the mantle (Figure 4C). We also observed episodes of “white flash”
around its pupils, which was sometimes only expressed on the lower part of the above
pupil (half white eye flash).

We also recorded a senescent female at Cacimba do Padre Beach (Fernando de Noronha
National Park) with pale skin (uniform light) and a near-total loss of muscle tone, as
demonstrated by disordered movement of the arms. This female had likely gone through a
long period of fasting during the maturation of her eggs (Figure 4T). This is the first record
of senescence in a wild female O. insularis to date.

At the Atol das Rocas Biological Reserve, we video-recorded an agonistic interaction
between two males. The posture of one of the combatants was similar to the “Nosferatu
posture” previously reported for Octopus tetricus Gould 1852 [45], in which the octopus
displays a uniform dark body pattern, with extended arm membranes and a mantle
elevated above the rest of the body, moving via backward jetting. We were able to observe
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the octopuses engaged in “full attack” mode, in which one individual wrapped its arms
around the other, and both were thrown against the substrate.

 

Figure 4. Octopuses under both natural and anthropogenic stressors. (A) Dark brown lesion on the
right side of the mantle (arrow) indicating the site of a previous injury; (B) half white eye flash, pale
eye flash on the lower part of the pupil (arrow); (C) half-and-half pattern; (D) octopus with one
arm missing, scratches on the skin (arrows) and expressing a blotch body pattern; (E) octopus with
uniform dark pattern, loss of arms, and excess dermal mucus (arrows); (F) octopus after being caught
with a “bicheiro”, showing irregular chromatophore expression (arrows); (G) tricolor longitudinal

141



Animals 2023, 13, 3021

stripes; (H) octopus with mottle pattern and wound on one arm (arrow); (I) octopus with mottle
pattern, raised papillae, and wound on one arm (arrow); (J) octopus with an injury on its arms
and mantle (arrow); (K) an injured octopus lying on a stingray (Dasyatis americana Hildebrand and
Schroeder, 1928); (L) gisherman catching octopus with visible irregular chromatophore expression
(arrow); (M) octopus after being hit with the fisherman’s “bicheiro”; (N) lesion above the eye (arrow),
white above the pupil, and mottle pattern; (O) injury that resulted in the loss of suckers (arrow);
(P) startle response at an approaching territorial fish, half-and-half blotch body pattern (2/4 s);
(Q) octopus expressing a deimatic pattern; (R) octopus foraging over algae with one missing arm
(arrow); (S) octopus in den with irregular chromatophore expression: a small portion of the body is
expressing the mottle pattern, while the greater portion expresses a pale pattern—normally, these
areas would express the same body pattern; and (T) senescent female. Photos by S. Medeiros (A–C);
Buia (D); M. Paiva (E); L. Ribeiro (F); Drauzio (G,P); T. Leite (H,I,R); Cosme Johnny (J); A.T. Souza (K);
Nego Noronha (L,M,O,Q); F. Lima (N); H. Bouth (S); and Gibson Lemos (T).

The “startle response” behavior was seen in eight octopuses in response to territorial
fish (mostly in Fernando de Noronha National Park, Nisia Floresta, and Atol das Rocas
Biological Reserve). When octopuses were approached by fish, either making physical
contact or by rapidly accelerating toward the octopus, they exhibited a half-and-half blotch
body pattern, with well-spots on the mantle directed toward the fish (Figure 4P).

Overall, we identified two previously undescribed behaviors in wild octopuses: half-
and-half blotch (a startle response) and white eye flash in the lower part of the pupil
(derivation of the “eye flash” described in [9]). We also observed the half-and-half body
pattern, previously reported only in sleep phases [46], which was expressed when octopuses
were awake.

3.3. Comparisons of Welfare Measures between Captive and Wild Octopuses

Based on a review of the literature covering cephalopod welfare in captivity, we
compiled a set of potential measures for gauging welfare in wild octopuses (Table 5).

Table 5. Injuries and behaviors described for different octopus species in the laboratory and applicable
to wild Octopus insularis, along with their putative consequences.

Welfare Measure Species Consequences for Wild Octopuses References

Skin injuries

General for Cephalopoda Problems with camouflage;
increased detection by predators;

viral or bacterial diseases;
inflammation and hyperalgesia;

acute or chronic stress; death.

[47–49]

Octopus vulgaris,
O. joubini,
O. briareus

Arm loss

General for Cephalopoda Problems in foraging, locomotion, defense,
male competition, and mating success;

difficulties in manipulating objects and prey;
physical costs beyond energy demands for

arm regeneration; death.

[13,47]

O. bimaculatus,
O. bimaculoides,

O. rubescens,
Abdopus sp.

Chromatophore failure General for Cephalopoda Problems with camouflage; increased
predator detection; death. [47]

Excess dermal mucus General for Cephalopoda Parasite accumulation; chronic stress; death. [47,48]

Extended papillae expression
O. vulgaris,

Acute or chronic stress
[40,50]

Enteroctopus dofleini

Abnormal body position O. bimaculoides

Chronic stress; problems in foraging,
locomotion, and defense; difficulties in
manipulating objects and prey; parasite

accumulation; death.

[47,51]
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We also observed two possible measures not reported before in captive octopuses:
(1) the half-and-half blotch body pattern, which seems to indicate that the octopus is
experiencing acute stress, and (2) the half white eye flash, associated with excitement and
acute stress.

4. Discussion

This is the first study to apply welfare metrics used in captivity to wild octopuses.
We identified these metrics using photographs and videos of wild octopuses, an approach
already used for other species such as horses [19], whales [52], and penguins [53]. Our
study reiterates the efficacy of minimally invasive assessments in the study and pursuit of
animal welfare.

Octopus insularis, a diurnal species [54], predominantly inhabits shallow, well-lit
waters characterized by high visibility, often exceeding 10 m [6]. These conditions facilitate
behavioral studies by allowing individuals to be tracked closely and continuously using
cameras placed in front of their dens or in focal follows during excursions from the den [54].
Most of the media we collected were recorded by or during interactions with fishermen,
reflecting the fact that O. insularis is a highly fished species in Brazil [14,29] and that these
animals regularly interact with fishermen in many Brazilian coastal areas. Nevertheless,
to date, no study has attempted to understand the impacts of capture and handling by
fishermen on free-living octopuses.

We show that all six metrics of negative welfare measures identified for captive
octopuses [13,40,47–51] also occur in wild ones. In particular, injuries to the body are quite
common. In captive settings, mantle lesions in Eledone cirrhosa Lamarck, 1798 have been
largely attributed to octopuses “jetting” against tank walls [55]. In the wild, interactions
with fishermen and predators and agonistic interactions with conspecifics have the potential
to cause injuries. In our sampling, bodily injuries were seen most often in interactions
with fishermen and when the octopus was in its den. This may be a protective behavior
in response to discomfort, pain [4], or increased vulnerability. Another possibility is that
animals with this type of injury need to sleep longer to conserve energy and aid healing,
like vertebrates [56].

Arm loss is common in octopuses [13,26,27], especially through predation. Reports
have shown a tendency to lose the first left arm (LI) in O. bimaculatus Verrill, 1883;
O. bimaculoides Pickford and McConnaughey, 1949; and O. rubescens Berry 1953 [13]. As
octopuses use their arms to manipulate prey and objects and to obtain sensory information
from the environment [3], arm loss impacts everyday behaviors. For example, arm loss in
wild Abdopus sp. Norman and Finn 2001 impacts male competition and mating success [57].
Arm loss has been used for welfare assessment in captive octopuses: the loss of three or
more arms is the most worrying situation, requiring immediate action (sometimes euthana-
sia) [40]. In our data, the loss of only one arm was much more frequent than the loss of two,
but about a quarter of the animals had lost three or more arms. We observed a tendency
to lose arms LI, R1, and R2, suggesting that these arms were used most often in risky
behaviors [13,58] or for defense against attacks. Arm loss can have negative implications
for the welfare and survival of octopuses in the wild, increasing challenges in foraging
and handling food, as well as leading to potential disadvantages in competing with other
individuals.

Irregular chromatophore expression was observed in 50% of the interactions between
O. insularis and fishermen. In addition to skin injuries, the rough handling of these animals
can damage their chromatophores. Our field observations strongly suggest that a blow from
a “bicheiro” hook can cause chromatophore failure, resulting in areas that are permanently
dark or light. Defective chromatophore animals in the wild are probably at a higher risk of
predation due to disruption to their camouflage [59].

One of the octopuses displayed a buildup of mucus on its skin, potentially indicative of
bacterial growth [27,48]. Normally, an octopus removes excess dermal mucus via grooming,
and in laboratory settings, octopuses that cease or reduce grooming are those that show
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other indicators of poor health [47]. Although our sampling was restricted to a single
individual, excessive dermal mucus in wild octopuses has potential consequences for
welfare, including an increased likelihood of parasite accumulation on the skin, which can
result in chronic stress and even death.

In a captive environment, the excessive expression of papillae on the mantle and above
the eyes may indicate excited states in octopuses [40,50]. The exposure of papillae in wild
octopuses is related to camouflage and is usually expressed for only short periods of time.
We observed an octopus that expressed its papillae for more than 1 min. Although more
research is required, this is likely another indicator of poor welfare.

We found a strong association between abnormal motor coordination and interactions
with fishermen but not between the octopuses’ abnormal motor coordination and foraging.
It is worth noting that, during fishing activities, octopuses are often struck by fishing gear,
such as “bicheiros”, repeatedly without being collected. Octopuses that are particularly
degraded may be used as bait for other fishing activities or discarded. The discarded indi-
viduals often exhibit anomalous coordination, which is otherwise observed only after egg
laying and during senescence [51]. Sometimes, the animal’s impaired behavior resembles
an elegant “dance” and is recorded and shared on social media [60]. This behavior may
be an indication of pain or discomfort. During this abnormal behavior, the muscle tone of
the arms visibly decreases, and the animal moves almost exclusively at the whim of the
current. This abnormal motor coordination compromises welfare, as it negatively affects
the ability to perform basic maintenance behaviors such as grooming, which may lead to
the accumulation of parasites on the skin. In the laboratory, abnormal motor behavior is
often associated with imminent death [61].

We found two other potential measures of welfare that have not been noted from
captive observations: the half-and-half blotch body pattern and the half white eye flash.
The blotch components of the half-and-half blotch pattern are characterized by bright
white leucophores. Asymmetric body patterns occur in other cephalopods such as cut-
tlefish during stressful situations like predator approach and during intraspecific com-
petition for mates [62]. The asymmetric behavior that we call half-and-half blotch was
expressed in response to territorial fish, which also elicited startle reactions. According to
the literature [8,9,62–64], when fish are present around foraging octopuses, this can have
both negative and positive effects on their fitness. The negative effects include competition
for food [62] and the possibility of alerting predators to their location. However, in at
least one instance, the interaction is known to be collaborative [65]. Here, during the
half-and-half blotch body pattern, the octopus displayed its blotch pattern toward the
approaching territorial fish and the brown or mottle pattern on the other side of the body.
A similar situation has also been reported in cuttlefish in potentially stressful situations,
such as predator approach and interspecific interactions [62], and in reef squid, where
unilateral components appear when fish approach [66]. This is the first description of
a unilateral pattern in response to an abrupt approach or touch by a fish in an octopus.
Further studies are necessary to determine if the half-and-half blotch body pattern is an
acute stress response in all octopuses.

A white flash around the eyes has been previously reported as a response to approach-
ing territorial fish and other disturbances when an octopus is in its den [67], potentially
as an anti-predator defense, confusing the predator during a chase [68]. At Boldró Beach,
Fernando de Noronha, we recorded a juvenile octopus away from its den (as indicated by
a lack of prey remains nearby) that displayed a white flash only on the lower half of its iris
(Figure 4B) in response to an approaching snorkeler. This octopus was missing its arms
and had an injury on its mantle. It is possible that the white flash is a measure of acute
stress in O. insularis or else that some injury to his body rendered him unable to shine the
upper part of his white eye, but more evidence is needed to confirm this hypothesis.

The investigation of chromatic patterns as potential indicators of stress has been
conducted in several captive cephalopods [69–71]. For instance, lighter chromatic patterns,
raised papillae, and vertical stripes on the body have been found to be associated with
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stress in O. bimaculoides [65,66]. In this study, we found the uniform light body pattern
(seen in the senescent female), the blotch pattern (seen during interactions with fishermen),
and the half-and-half blotch pattern (in startle responses in interactions with fishes) to be
associated with stress and thus potential visual indicators of stress in O. insularis.

Our dataset has limitations primarily arising from the challenges of studying wild
octopuses non-invasively. These limitations include difficulties in capturing photos and
videos, the absence of unambiguous information about the sex and size of the octopuses,
and potential biases introduced by the presence of human observers during recordings.

5. Conclusions

We identified several potential measures of negative welfare in wild O. insularis of
Brazil, which will enable researchers to visually assess animal conditions in the field. Our
results are the first steps for future in situ investigations that require assessments of the
welfare of wild octopuses.

The impact of various stressors on the reproductive success and population trends
of octopuses remains unstudied. Detailed and systematic knowledge of the factors that
affect welfare status in wild octopuses is not only essential for understanding how these
potentially sentient animals experience the world but also allows us to predict how different
anthropogenic stressors in the marine environment (e.g., pollution, negative interactions
with tourism, and fishing) will impact them.
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Simple Summary: The article explains why using free-living invertebrates in biomonitoring aimed
at assessing the ecological status of rivers, lakes, streams and ponds can be considered misuse.
Invertebrates are excluded from ethical considerations in environmental procedures, resulting in the
killing of many more individuals than necessary during such activities. Biomonitoring used as a
routine method of environmental protection causes cruel deaths of up to millions of aquatic animals
every year. Improperly planned procedures which result in excessive mortality have or may have
a negative impact on the environment and biodiversity. The life of aquatic invertebrates, although
they should be considered sensitive beings, is reduced to an informative function; they become
only data useful for biomonitoring purposes. Some new methods, modifications and improvements
of biomonitoring procedures that can significantly reduce freshwater invertebrate mortality are
presented in the section “Future Directions”. Especially the development of effective, precise and
reliable methods of survival, e.g., based on the analysis of DNA taken directly from the environment
(eDNA), seems to be not only a breakthrough in biomonitoring, but also an important step towards a
significant improvement in the welfare of aquatic invertebrates.

Abstract: The article presents and discusses the issues of the use of free-living invertebrates to assess
the ecological status of freshwater environments with different methods of biological monitoring.
Invertebrates are excluded from ethical consideration in the procedures of environmental protection,
which results in the killing of many more individuals during sampling than necessary. Biomonitoring
is used as a routine method for environmental protection that results in the cruel death of even
millions of aquatic animals annually. In many cases, the mortality of animals used in such types
of activities has been shown as excessive, e.g., because the vast majority die due to unnecessary
subsampling procedures. Improperly planned and conducted procedures which result in excessive
mortality have or may have a negative impact on the environment and biodiversity. Their existence
as sensitive beings is reduced to an information function; they become only data useful for biomoni-
toring purposes. The main problem when trying to determine the mortality of invertebrates due to
biomonitoring activities and its impact on natural populations seems to be the lack of access to raw
data presenting how many animals were killed during sampling.

Keywords: biological assessment; animal ethics; methods; mortality; nature protection; welfare

1. Introduction

“It is clear that we have direct ethical obligations to sentient animals; but it is not at
all clear that we have direct ethical obligations to entities such as species, or to biological
diversity. The burden of proof should thus be on conservationists to show how killing the
first to preserve the second can possibly be acceptable from an ethical point of view” [1].
Biological monitoring (biomonitoring), in the broadest sense, can be defined as activities
aimed at assessing the condition of the environment, performed according to an agreed
methodology and using bioindicators. It consists of the assessment of different parameters
and detecting ongoing changes in ecosystems and components of biological diversity,
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including types of natural habitats, populations and species, as well as to assess the
effectiveness of the nature protection methods used. In this approach, biological monitoring
aims not only to assess the state of the natural environment, organisms and ecosystems,
but also other environmental parameters, such as the degree of habitat transformation,
and soil, air and water pollution. Some methods are based on the presence or relative
abundance of specific taxonomic groups in the environment. The assumption of some of
the biomonitoring methods, especially those aimed at assessing the presence of xenobiotics
in the environment and their effects, depends on the collection of whole organisms, body
fragments or various physiological secretions for analysis.

The Convention on Biological Diversity [2] encourages states that are parties to it
to monitor the elements of biological diversity, with particular emphasis on its most
endangered components and those representing the greatest potential value for sustainable
use. This should include, in particular, monitoring the effects of processes and activities that
have or may have a significant negative impact on the conservation and sustainable use of
biological diversity. According to the convention, environmental monitoring should cover
all levels of biodiversity from ecosystems, through to species level, to genetic diversity.

Since the 1980s, this type of activity has been most intensively carried out in freshwater
environments. In European Union countries, in accordance with the requirements of the
Water Framework Directive of the European Parliament (WFD) [3], the basis for this type
of assessment is the analysis of the composition of the so-called “biological elements”.
This term means groups of organisms with a confirmed high indicative value. Indicator
organisms can be used for biological monitoring purposes at various organizational levels,
from the sub-organismal level (e.g., genes, cells, tissues) through the organismal level, to
populations, communities or even a whole ecosystem level [4]. Among the five biological
elements used to assess the ecological status of European freshwater environments: fish,
macrophytes, phytoplankton, periphyton algae and macroinvertebrates, the latter is the
most often and most commonly used. Macroinvertebrates remain on the sieve with a mesh
size of 0.2–0.5 mm, i.e., in practice have a body length exceeding 1 mm. It is estimated that
about two-thirds of the methods for assessing the quality of flowing waters are based on
benthic macroinvertebrates.

About 15,000 species of Metazoa occur in European waters, of which about 10,500 can
be termed macroinvertebrates. The vast majority of those used in monitoring programs
are insects, in particular their larval forms. However, the less numerous groups include
water-mites (Acari: Arachnida), snails and mussels (Mollusca), leeches and oligochaete
worms (Clitellata), malacostracan and other groups of so-called Crustacea. Insects contain
the taxa with the highest indicative value e.g., the EPT group (Ephemeroptera, Plecoptera,
Trichoptera larvae). Many species of freshwater invertebrates in Europe are endangered [5]
and are particularly sensitive to habitat change as flow alterations, habitat fragmentation,
long-lasting drought and pollution are their main threats [6]. The recently intensively
studied global decrease in the number and biomass of insects, including ecologically
specialized rare species of aquatic insects, is undoubtedly related to the degradation of
freshwater environments [7].

A significant part of the waters located in areas of intensive human impact are de-
graded, and their functional, hydrological and chemical parameters as well as the taxo-
nomic composition of the organisms inhabiting them significantly differ from the pristine
conditions. Routine assessment of the ecological status of these environments is carried out
at designated sites by official institutions appointed by the authorities to collect data on
ecosystem degradation. Freshwater environments—lakes, ponds, wetlands, streams and
rivers—are some of the most threatened habitat types on Earth. They contain less than three
percent of the volume of water stored on Earth, but about ten percent of animal species live
in them. Typically, a large part of terrestrial biodiversity is concentrated near freshwater [8].
Declining numbers of aquatic invertebrates have negative effects on ecosystems because
the populations of many species are essential for their function. These organisms filter a
huge amount of edible particles suspended in water, control prey populations as predators,
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constitute the food base of fish species and consume periphytic algae and dead organic
matter, which accelerates the biomass turnover. The activity of certain groups reduces
the effects of eutrophication and intensifies the self-purification processes in watercourses.
Huge swarms of winged mayflies, true-flies and caddisflies after their emergence constitute
an irreplaceable food base for many terrestrial vertebrates [9]. As significant reductions in
their abundance may cause disturbances in the functioning of the ecosystem, it means that
excessive mortality can be regarded as a kind of environmental degradation.

How should we understand the statement that invertebrates are ‘misused’ in the title
of the article and what is this ‘misuse’ supposed to consist of? In our opinion, this misuse
means, above all, excessive suffering and excessive mortality as a result of biomonitoring
procedures that affect a large number of aquatic animals. Most often it takes the form
of non-selective bulk sampling with the use of sieves, dip-nets, various samplers and
toxic substances with a preservative effect. As a result of such activities, the number of
animals sampled and killed exceeds, sometimes many times, the numbers necessary to
properly apply the ecological status assessment protocols. Researchers often kill far more
animals in each sampling effort than necessary to conduct a proper assessment of the
ecological status of the habitat for fear of collecting too little data. Reducing suffering
and reducing mortality is generally not a primary or secondary objective underlying
any official assessment methods. The term ‘excessive mortality’ should be considered in
detail. From an ethics point of view when treating animals as sentient beings (animal
welfare), ‘excessive’ can be generally referred to any number of beings that we endow with
inherent moral value, without attempting to prevent it. From the point of view of nature
conservation, the meaning of this term is more difficult to define. It certainly concerns a
situation where the level of animal mortality permanently threatens the stability of the
population. In a situation such as that described in this paper, however, it is impossible
to even attempt to assess the strength of such an influence. So, it seems justified to use
the term ‘excessive mortality’ to describe the effects of sampling methods in which many
thousands of specimens are killed non-selectively, most of which are not used later for any
purpose [10].

Use of Freshwater Invertebrates in Biomonitoring

A typical method of assessing the ecological status of a freshwater environment, in
accordance with the requirements of the WFD, is based on the following points: (i) selection
of the field site, as assigned to the appropriate abiotic type; (ii) quantitative sampling of
invertebrates from the appropriate bottom area, using specialized equipment; (iii) preserv-
ing the samples using a suitable substance; (iv) random sampling in the laboratory from
the preserved organisms of sub-samples of the total sample until the appropriate number
of specimens are obtained, e.g., the minimum for proper evaluation; (v) identification of
animals selected in sub-samples to the required level (typically the level of family); (vi) cal-
culation of the value of the multimetric biotic index on the basis of taxonomic composition
and richness of the invertebrate fauna; (vii) determination of the class of the ecological
status (on a five-point scale) on the basis of the final index score depending on the habitat
type [11]. A detailed description of the protocol is available online [12].

It should be noted that new versions of protocols developed for the assessment of
freshwater environments increasingly contain propositions intended to reduce the mortality
of at least some invertebrates, without decreasing the quality of the assessment. There,
you can find suggestions to return to the environment as many individuals as possible
whose identification is possible already in the field, e.g., mussels from the Unionidae family,
crayfish, as well as to review samples in the field for the presence of protected species and
if they occur, their presence should be recorded in field protocol, and the animals removed
from the sample and left in the environment [12]. In practice, during field analysis, such
a procedure may be only partially effective, e.g., due to the inability to see the younger
(smaller) developmental stages of large animals and the inability to distinguish in situ
individuals of protected and unprotected species (e.g., dragonflies or beetles).
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The methods of biological assessments of freshwater environments differ in both the
sampling methods and the biological variables used [13]. Most published studies and
reports for different reasons do not mention the total number of animals killed (preserved)
but only the number of animals used for analysis. Therefore, it is very difficult to di-
rectly compare the levels of invertebrate mortality during routine biological monitoring
carried out by different methods. Important factors affecting such mortality rates are:
sampling area, methods, intensity, mesh size, sample replications and handling methods
of trapped animals (live sorting, preservation of the whole sample, non-lethal collection
or identification of selected taxa). Some procedures which are applied in the laboratory
post-preservation (i.e., the use of magnification during sorting, sub-sampling and the level
of identification) appear to have no effect on mortality, because they only reduce the num-
ber of animals used for analysis after preservation, and thus killing all; regardless of the
method, it is never an easy “humanitarian” death [11].The effects of using the described
sampling methodology in the routine monitoring of flowing waters in Poland between 2011
and 2018 were analyzed in detail [10,11]—this will be used to illustrate general patterns.
The methods of biomonitoring in lakes, dam reservoirs and coastal brackish waters used in
Poland are so similar that the effects caused by them are probably similar [12]. It can be
assumed that the conclusions from a detailed analysis of the effects of sampling in routine
monitoring in other countries using methods based on similar assumptions and defined by
the requirements of the WFD would be similar, e.g., [14,15]. From the point of view of the
considerations discussed in this article, the most important direct effects of the described
procedure of preserving entire bulk samples and the use of subsample analyses in the
monitoring of flowing waters are:

1. The number of aquatic invertebrates killed (preserved) during sampling is sometimes
very high, which significantly exceeds the minimum number necessary for a correct
assessment of the state of the environment;

2. A significant number of the animals killed during conservation are not used for
analysis, which receives much less abundant sub-samples;

3. There are significant variations in the numbers of animals killed during maintenance,
involving the taking of samples for analysis by staff from different laboratories,
following the same protocols and often in very similar types of environments.

The number of animals killed during the sampling procedure exceeds, on average,
12 times the number necessary for proper analysis (the described method requires placing
at least 350 identified individuals in the database intended for the calculation of the index).
In sixty-one percent of the samples, at least five times as many animals were killed than
the number sufficient for analysis, in some cases reaching even over 200–500 times more.
Moreover, it can be estimated that these numbers are actually even higher due to the fact
that for taxa occurring in high densities, the procedure allowed to record only the first
100 individuals sampled, but typically it is not noted in the archived data [12].

As a result of the described subsampling procedure, 80.4% of the animals killed as
a result of conservation were not used for the assessment of the environment and died,
so to speak. Among the animals of which this type of misuse applied, insects (63.4% of
individuals) and Malacostraca (17.3%) predominate. Identifying animals only at the family
level means that the collected data cannot be used for scientific purposes (e.g., biodiversity
analysis) and it also makes it impossible to reliably assess the impact of the procedure
on the populations of rare and protected species. For example, over 10,000 individuals
of the mussel family Unionidae were killed, among which there are rare, vanishing and
protected species, of which about 8300 individuals, despite being killed, were not included
in the analysis. In the case of the Heptageniidae family (Ephemeroptera, mayflies), which
also includes rare, endangered and protected species, these numbers are 125,455 (killed
specimens), 24,577 (number enough for analysis) and 100,878 (not used for analysis),
respectively. In total, there were 2,817,777 specimens which belonged to families, including
species covered by various forms of legal protection.
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It has been estimated that between 2012 and 2019, at least 12.7 million invertebrates
(more than 8.6 million aquatic insects) fell victim to biomonitoring in Poland’s water-
courses (Figure 1), and according to very rough estimates, on a European scale it was
about 18 million animals per year [10,11]. It is very difficult to assess what effects such
mortality has on aquatic invertebrate populations and the functioning of ecosystems. This
type of impact can only be expected locally in specific environments or directed in isolated
populations living in low densities. The differences in the average numbers of inverte-
brates killed between laboratories performing routine biomonitoring can be extreme (up to
35 times). Importantly, this does not usually stem from the effect of differences in animal
densities, resulting from the ecological and geological differences between environments.
The average number of invertebrates collected by the staff of different laboratories from
one square meter patches at the bottom of watercourses of the same abiotic type (and thus
very similar in terms of hydrological, geological and ecological parameters) differed even
up to thirty-two times. In the analysis, much attention was paid to the hypothetical reasons
for such large differences in mortality values during sampling [10]. The overall variance
associated with the total number of insects killed during sampling is explained mainly
by: (i) the specificity of the laboratory and (ii) the specificity of the abiotic type; the first
factor is much more important than the second one. The remaining analyzed factors are of
very little importance. This clearly indicates that it is the “human factor” that is difficult to
define—the level of empathy in dealing with invertebrates, which varies greatly among
individual people taking samples, is the most important in this case. More important than
ecological factors, freedom in the use of the sampling equipment allowed by the procedure
and even the aforementioned lack of mechanisms limit the maximum sample abundance.

Figure 1. Estimated number of animals from the most important taxonomic groups that were killed
during sampling for the purposes of biomonitoring in Polish watercourses in 2012–2019, with the
number of specimens used for the analysis (dark grey) and the number of individuals necessary for
the correct analysis (black dots) shown.

2. Discussion

Freshwater invertebrates are still treated as non-sentient, thus are devoid of intrinsic
value and therefore do not require any form of ethical protection. Deep differences in
the endowment of vertebrates and invertebrates with moral entitlement are still clearly
visible and take the form of a clear asymmetry [16]. Ethical conflicts are inevitable as a
result of large-scale biomonitoring activities resulting in the mass non-selective killing of
invertebrates. It seems that the main reason is the simultaneous classification of the animals
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used into various, often inseparable, functional categories, to which moral rights are
granted (or not) to varying degrees. The simplified effects of such classification are shown
in Figure 2. Recognizing a given group of animals only as “elements of the population
with high indicative value in biomonitoring procedures” automatically excludes them
from the sphere of ethical protection and in practice reduces their existence only to an
information function—their existence as sensitive beings and all of their life’s interests
from that point on become just data for the purposes of biomonitoring. In other words,
it deprives them of an intrinsic ethical value, giving them only an instrumental value,
significant only from the point of view of human benefit. Removing invertebrates from
the sphere of ethical protection makes their killing during monitoring an ethically neutral
activity, regardless of the number of animals killed. It should be emphasized that such
commonly held beliefs about relations between humans and animals are usually based
on a personal worldview shaped by religious principles, as argued, e.g., [17,18]. Probably
for some people participating in this type of activity, obtaining data by counting the
bodies of killed animals does not differ, in ethical terms, from the assessment of the
concentration of microorganisms or plant biomass in water, or even the concentration of
chemical compounds dissolved in water [11]; it then becomes an act perceived positively.

Figure 2. Freshwater invertebrates used in biomonitoring assigned to different functional categories
that differ in the moral entitlements granted to them by humans (blue figures—no moral entitlements,
green—some moral entitlements granted on the basis of environmental ethics (as exemplars of
species), red—moral entitlements granted on the basis of animal ethics (as sentient beings). Ethical
conflicts arise where figures of different colors overlap—examples of such animals are shown in
empty rectangles.

In the classic twentieth-century publications focused on animal ethics, questions of
moral duty are limited to homoiothermic vertebrates. It is necessary to pay attention
to the real revolution of ideas that we have been dealing with in the last twenty years,
with the results of studies in the fields of neuroscience and behavioral biology clearly
demonstrating the presence of advanced cognitive functions, individual behavioral types
and emotions in invertebrates. According to them, empirical evidence unequivocally
commands abandoning the habit of treating invertebrates as primitive beings whose
behavior is based solely on simple reactions to stimuli and automated instincts [19,20], and
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unequivocally requires perceiving them as sentient. The relatively universal agreement
in the world of science of ethical and legal protection so far prevails to cephalopods and
decapods [21].

The concept of evolutionary inclusive ethics [22], postulating the inclusion of inverte-
brates in the sphere of ethical protection on the basis of recognition of their high degree
of sensitivity and the presence of advanced cognitive abilities, is met with a particular
response among specialists in animal ethics. The authors argue that the near-total exclu-
sion of invertebrates from ethics-based science policy is not due to the current state of
scientific knowledge, but is mainly due to: (i) a naive reading of evolutionary theory that
invertebrates are a lower category than vertebrates; (ii) the a priori and false assumption
that small brains cannot provide advanced ways of knowing or feeling; (iii) human biases
and cognitive-affective biases (e.g., feelings of disgust) that distort moral judgments. The
difficulties in initiating practical changes regarding the welfare of invertebrates are summed
up by Mather in the introductory article of this volume [17], where she writes that the
traditional anthropocentric approach to invertebrates is based on: “our lack of knowledge,
our negative attitudes and our misunderstanding of their cognitive abilities..”. There is
both a logical and scientific basis for including at least some invertebrates in considerations
of ethical eligibility. In particular, consistency in the moral treatment of non-human animals
is essential: the same characteristics, criteria and reasoning that justify moral protection for
vertebrates should serve to extend similar protection to at least some invertebrates. This
concept is widely commented on in the world of specialists in animal rights and animal
minds [18,20] and it seems to also apply to at least some aquatic invertebrates used in
biomonitoring. It seems that an effective way to resolve the ethical conflicts that arise
during the implementation of biomonitoring procedures may be the application of the
Animal Sentience Precautionary Principle [23]. According to it, doubts about the exis-
tence of sentience in a given animal should not lead the researcher to limit the ways of
avoiding harm to him. The author proposes to assume the existence of the ability to feel
in all representatives of species closely related to the animal, for which it was confirmed
experimentally—this also applies to many species of freshwater insects and crustaceans
used in biomonitoring.

Some ethicists, however, question the sense of using criteria based on comparing
the cognitive abilities of different animals when granting moral rights, treating it as a
manifestation of “neo-speciesism” [24]. According to such concepts, it is the welfare of
each individual, and not “ingenuity” and relative similarity to human behavior, which
should be the basis for moral protection [25].

3. Conclusions

I. Freshwater invertebrates used in the most common biomonitoring methods are still
treated as non-sentient beings, thus are devoid of intrinsic value and therefore do not
require any form of ethical protection.

II. This leads to misuse, the most common of which is excessive suffering and excessive
mortality during sampling. Most often, it takes the forms of non-selective bulk
sampling and the use of sub-sampling procedures with the result that the number of
animals killed exceeds, sometimes many times, the numbers necessary to properly
apply the ecological status assessment protocols.

III. The parallel classification of freshwater animals used in biomonitoring into differ-
ent categories with different ethical status leads to inevitable ethical conflicts (see
Figure 2).

IV. It is difficult to assess the ecological effects of such treatment of free-living populations
of freshwater invertebrates, but many individuals of protected species also fall victim
to such biomonitoring.

V. The search for improvements and new methods of biomonitoring seems to be nec-
essary and obvious for many specialists. Especially, the development of efficient,
precise and reliable methods based on environmental DNA (e-DNA) analysis seems
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to be not only a breakthrough in biomonitoring, but also an important step towards a
significant improvement in the welfare of aquatic invertebrate.

4. Future Directions

The need for change in the approach to the use of invertebrates in biomonitoring seems
obvious, both on the part of scientists [26] and practitioners [11]. The discussed problem
is a model example of a fundamental conflict between environmental ethics and animal
ethics [27]. It seems to be a difficult problem to demonstrate, in accordance with ethics, that
the death and suffering of many free-living animals, for which there are logical and scientific
premises that they are sentient, can be justified by maintaining the species and ecosystems
in a good ecological condition [1]. The benefits of biological monitoring are enormous and
undeniable, but raise ethical conflicts when used as a justification for this type of abuse. It
seems likely that the lack of generally accepted ethical standards for killing insects may
affect personal attitudes related to ethical sensitivity and thus individual behavior [28]. The
priorities underlying modern monitoring procedures appear now to be obsolete because
they do not take into account the ethical aspect of killing sentient individuals. Large
scientific projects in which terrestrial insects are monitored for biodiversity assessment
also result in significant mortality [29]—tens of millions specimens). However, they differ
from the results discussed in this paper by a very important feature. Namely, unnecessary
mortality was reduced there to a minimum—all individuals are by definition identified with
maximum accuracy by specialists or archived for future identification. The goal is to know
biodiversity, so regardless of the number of individuals killed, the death of each of them
matters. In the case of the discussed data on the ecological quality assessment, the majority
of individuals are intentionally, but unnecessarily, killed and are later not used for anything.
This kind of ethical insensibility is also in contradiction with the more and more commonly
formulated proposals to grant ethical value not only to individuals but also to biodiversity,
as such [30]. An increasing amount of evidence from experimental research is revealing
that many groups of invertebrates have complex behavior and advanced mental potential:
substantial perceptual ability, feelings and emotions, pain perception, long- and short-term
memory [31], learning abilities, cognitive perception and individual differentiation of
behavioral types [32,33]. The view that any activity that causes pain or death in sentient
animals should be limited and justified only if the benefits to other organisms or the
ecosystem as a whole are significant is becoming more and more accepted [20].

Reducing the negative impact of scientific research, including environmental research,
on invertebrates has been postulated for years from ethical positions. Therefore, alternatives
to the lethal methods of biomonitoring widely used so far are also sought. Non-lethal
methods based on the composition of macroinvertebrates are very few and consist of the
morphological identification of digitally recorded images of animals [34–36]. Projects of the
photographic identification of various groups of terrestrial and marine invertebrates are
being tested, e.g., [37]. For many years, methods have been developed to assess the impact
of various anthropogenic stressors on freshwater ecosystems based on the analysis of
biomarkers (stress and enzymatic responses, endocrine disruptors, trophic tracers, energy
metabolites, genotoxic indicators, histopathological and behavioral alterations and genetic
markers) from various groups of invertebrates [38].

The easiest way to avoid most of the described ethical conflicts is a complete resigna-
tion from the use of animals in biomonitoring and limiting it to the analysis of non-sentient
organisms only: microorganisms (bacteria, algae, protists) and aquatic plants [11]. A re-
duction in mortality during traditional, routinely used methods of the biomonitoring of
freshwater environments can be achieved by the following modifications:

1. Pre-sampling. Before the actual biological sample is taken, a preliminary sample
should be taken near the test site, e.g., twenty-five percent of the appropriate sample,
in order to estimate the density of invertebrates. Depending on the results of this
initial count, the appropriate sample required can be estimated, covering only an area
adequate to obtain the final number of animals needed for the assessment. Only those
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animals will be killed and preserved. This procedure can be simplified by the use
of photographs and videos along with image analysis software (using self-learning
systems based on artificial neural networks) that automatically recognizes and counts
objects.

2. A similar procedure can be carried out by using modular artificial substrates placed
at the sampling point several weeks in advance [32]. Depending on the preliminary
assessment, the fauna would be collected from an appropriate number of modules to
obtain the final number of animals in the sample close to the minimum required.

3. The application of numerical analysis procedures such as rarefaction, and their use
to create empirical saturation curves, will allow the estimation of the maximum
abundance of macrobenthos in a sample necessary for a reliable estimate of taxonomic
richness [10].

Non-lethal methods used to collect animal body fragments, their tissues or gametes
are usually based on procedures that cause stress and suffering in the tested animals [39,40].
They were developed to reduce the mortality, suffering and discomfort of the analyzed
individuals in comparison with the methods used so far, therefore they should be consid-
ered as activities conducive to animal welfare; however, the ethical assessment of such
activities should be approached with great caution. The term ‘welfare’ used to refer to
free-living animals is ambiguous. Especially when used in relation to invertebrates used in
environmental studies—it may in fact mean [41] simply a reduction in suffering during
exploitation or killing and does not take into account any basic vital interests of animals.

Methods using environmental DNA (e-DNA) are probably the most promising and
fastest growing alternative, but it should be emphasized that they were not created for
ethical reasons and not all of them can be considered “non-lethal”. The main motivation for
their development was, in fact, the possibility of a quick and effective assessment of the tax-
onomic composition of organisms in the environment without the need for time-consuming
and labor-intensive morphological identification based on expert knowledge. E-DNA can
broadly be defined as the genomic DNA of multiple organisms obtained directly from
the environment. This can include approaches that focus on extracting the DNA of taxa
presently residing within the sampled matrix, or the collection of degraded fragments of
DNA that persist within the environment [42]. Specialists emphasize very rapid develop-
ment and great prospects for methods based on e-DNA [43], and predict a huge increase in
their importance for the purposes of biomonitoring [44]. The effectiveness of e-DNA-based
methods in determining the taxonomic composition of organisms in monitoring is still
widely discussed. Enthusiastic opinions announcing the rapid replacement of traditional
methods [45,46] must face counterarguments pointing to their serious limitations and low
reliability [47,48]. Various biological and technical limitations still impede the implementa-
tion of the environmental genomics for routine monitoring applications. These limitations
mainly stem from the fact that the methods sample fundamentally different units of pres-
ence (molecules vs. individuals), resulting in different biases affecting richness, abundance
and taxonomic composition [41,49]. The richness of “molecular species” should not be
considered analogous to species richness [44,50]. The biggest problem associated with the
use of such methods in routine biomonitoring still seems to be the reliable reconstruction of
the number or at least the relative abundance of individual taxa in the environment based
on DNA fragments found in an environmental sample [51,52]. Certainly, the development
of methods based on e-DNA analysis leading to an effective and reliable reading of the
quantitative taxonomic composition of aquatic invertebrates with appropriate taxonomic
resolution will not only be a breakthrough in biomonitoring, but also an important step
towards a significant improvement in the welfare of aquatic invertebrates.
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