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Abstract
Mathematics educators have begun to respond to current ecological, social and political crises by extending curriculum content. Whilst this is a necessary task for mathematics educators to engage in, it is not sufficient. I argue in this paper, that as well as the need for an ecologically informed curriculum, there is also a need for a critical relational pedagogy. I discuss relational knowing and being as a philosophical and theoretical basis for such a pedagogy, informed by an ethics of responsibility and the concept of ecological selves. The latter construct derives from problematising conceptions within ecological thinking and environmental ethics. I then propose a framework for developing ecological actors consisting of enchantment, emotionality, embodiment, ensemble and expansiveness, and exemplify these concepts' applicability to supporting ecological selves in mathematics classrooms.

Introduction: for a pedagogical response to the ecological crises 

In this paper, I examine the possibilities for an ecologically informed mathematics education pedagogy that supports relational knowing and being. This contributes to answering an urgent question: how should mathematics educators respond to the current social, political and specifically ecological crises of industrial growth society? One important response is extending mathematical literacy or ways of reading the world through mathematics (Gutstein 2006) to support engagement with various ecological issues (see, Barwell 2013; Coles et al. 2013; Hauge and Barwell 2017; Renert 2011, and papers in this special issue, see particularly, Abathi et al.; Karrow, Khan and Fleener; Savard; Wolfmeyer and Lupinacci). An ecologically informed mathematical literacy entails expanding the content of mathematics curricula, either to promote engaging with ecological issues by using mathematics, or including mathematics, such as complexity theory, that supports informed engagement in political and scientific debates about environmental and social issues. Often calls to expand the curriculum in this way are made explicitly in terms of extending the tradition of critical mathematics education (for example, Coles et al. 2013, Hauge and Barwell 2017). 

Coles et al.'s (2013) collection exemplifies such a mathematically ecologically and socially engaged curriculum in relation to: the economy, climate change, food, biodiversity, human rights and social justice. A curriculum matrix emerges by subsequently starting from traditional mathematical curriculum content such as algebra and connecting these back to pressing ecological and social issues. The content of this (and similar texts) provide examples to implement in mathematics classrooms. Moreover, the authors powerfully insert a timely concept in to the mathematics education field, conveyed in the title 'teaching mathematics as if the planet matters'. Extending the curriculum in these ways is a welcome response to my opening question. However, though necessary, I believe this is not sufficient; a curricular response needs augmenting with a pedagogical response. It has not been fully addressed how, if at all, the teaching of mathematics should change, if the planet matters. To put this another way, how should mathematics educators respond to the questions 'what would an ecologically informed pedagogy of mathematics education be like?', and, related to this, 'how mathematics educators can contribute to developing a critical ecopedagogy (Kahn 2017)?'. Given that current crises stem, at least in part, from the forms of our relationships with each other and with other beings in the world, then an important task is to rethink relationships enacted in learning mathematics and in doing mathematics from an ecological perspective.

In the first part of the paper, I present two intertwined and mutually supporting epistemological, ontological and ethical arguments that can inform an ecopedagogy. First, I consider the importance of extending epistemologies of critical mathematics education by including relational knowing as a central concern. I then turn to relational being by critiquing and extending the concept of the ecological self (Naess 1988; Naess and Rothenberg 1990), positing instead 'ecological selves'. I have previously argued that mathematics education has an ecological ethical dimension, one of a number of other dimensions (Boylan 2016), and I have also considered the ethical implications of mathematics classrooms as sites for self-care and development (Foucault 1994; Infinito 2003). Here, I develop these arguments in relation to cultivating ecological selves as ethical actors by drawing on feminist, eco-feminist and new materialist contributions to thinking about affect and ethics (e.g. Barad 2003, 2007; Bennett 2001; Smith 2001; Whatmore 1997).

In the latter parts of the paper, I describe a pedagogic framework or, more accurately, a description of five pedagogies, as a heuristic for further development. I use, as a mnemonic, 'e' as a cypher for ecological, and so describe these as enchantment, emotionality, embodiment, ensemble and expansiveness. Examples and suggestions of classroom activities are described, including ones that support ecological awareness through decentering the human by rescaling the self, as well as encounters with mathematics that can invoke passion and wonder.

In summary, I argue that, as well as expanding the curricula of mathematics education, we also need to pay attention to relationality. This might suggest that these two concerns are in conflict; rather, I believe they are complementary and mutually supportive. Indeed, in both the philosophical and pedagogical discussions below, I include examples of ecologically informed curriculum content. Moreover, I am not suggesting that those mathematics educators who have developed and argued for the expansion of critical mathematics education to embrace ecologically focused content would not also be sympathetic to the relational pedagogical approaches suggested later in the paper. Indeed, critical mathematics educators' developments of related practices inform my account.

In making these arguments, I mobilise a variety of ethical and philosophical perspectives as tools. In so doing, I draw on ethical frameworks generally seen as paradigmatically distinct. An epistemological pragmatism (Boylan 2004) underlies my approach, this pragmatism recognises that different ways of knowing the world are all aspects of human experience and so not mutually exclusive. Moreover, epistemology and ontology are not distinct and separate from ethics (Barad 2007). An alternative conception, resonating with the approach taken here, is an ecological epistemology that recognises living things and other materialities' dynamic interrelationships (Hughes and Lury 2013), with which we are also entangled (Barad 2007) in a mesh that stretches beyond presently living beings (Morton 2010). 

Relational knowing: mathematics education for ecologically informed relationships

Hauge and Barwell (2017) discuss the contribution of critical mathematics education and post-normal science to addressing complex societal issues that involve uncertainty – including environmental crises. They identify three interrelated types of knowledge important to critical mathematics education (Skovsmose 1994): mathematical knowing, technological knowing - using mathematical knowledge in the context of technology - and reflective knowing - considering the impact of mathematical and technological knowing through considering social and ethical issues. Reflective knowing is an important and distinctive aspect of critical mathematics education (Hauge and Barwell 2017) and so ecological citizenship (Dobson 2003). These three types of knowledge are important but, I contend, not sufficient for developing ecological selves. It is important to also attend to relational knowing. Next, I briefly discuss ways that relationship is central to why we are in social and ecological crisis, I then define relational knowing, as pertinent to mathematics education and to sustainability, and consider what ecological relational knowing means, or could mean, in mathematics education practice.

Ecological crisis is often seen as related to a variously, dysfunctional, alienated, fractured or strained relationship between humans and a natural world, including non-humans. This is viewed differently depending on philosophical and political perspectives. Proponents of ecospirituality, such as deep ecologists (Naess 1988; Naess and Rothenberg 1990), as well as ecofeminists identify anthropocentrism as a central issue. In response they propose a turn to ecocentrism. This contrasts with the arguments of pro-capitalist economic liberals, who argue that the solution to destructive relationships is to, apparently, strengthen anthropocentrism further by monetising and marketising natural 'services' in relation to their economic value (for example, Helm 2015; Juniper 2013). Alternatively, critical psychological perspectives examine connections between human-nature relationships and social practices and social relationships more generally, as well as to psychosocial concerns (Adams 2014). This perspective accords with a view of ethical dimensions that takes the social, ecological and the self as being enmeshed (Boylan 2016).

Relational knowing, in the context of mathematics education, points to awareness of our relationships with mathematics and with other actors (human, non-human and other materialities). These relationships constitute the assemblage of mathematics as sociocultural-material-discursive practices. Relational knowing, then, included knowledge of ways mathematics mediates these relationships, including, specifically, through mathematics relational knowledge of other-than-human beings. 

I now consider two different aspects of relational knowing. Firstly, mathematics may mediate our ecological relationships through abstracting and commodifying our relationships to the natural world. Increasingly the value and worth of everything is transmuted into valorisation - monetary or economic value in a capitalist political economy (Sullivan 2010). Relational knowledge can interrupt losing a sense of the intrinsic value of other existences. Thus, it supplements the important knowledges more usually identified in critical mathematics education - the mathematics and technologies involved in economic processes, and the capacity to critically reflect on this and the relationship between mathematics and such processes. Relational knowledge supports critical reflection by introducing value, ethics and affect. Barwell (2011) points to the power of such relational knowing when he argues for attending not only to the mathematical models of climate change but also to “the anguish of people whose way of life has been disrupted by drought or floods or melting of ice” (p.11). 

To support informed choice about consuming resources, multiple forms of relational knowledge need developing, for example, understanding the meaning of carbon footprints or metaphors such as the number of planet equivalents needed to sustain a particular lifestyle. Mathematical knowledge is needed to engage with national and international decision making, including current debates about international agreements on CO2 emissions. Relational knowledge concretises our relationships to such emissions and to other humans and countries. Mathematics is central to accounting mechanisms found in Stern (Beckerman and Hepburn 2007; Gardiner 2004) with ethically dubious discounts about future benefits underlying carbon trading or arguments for green capitalism (Helm 2015; Juniper 2013 and for a critique see Sullivan, in press). Relational knowing can interrupt the logic of such valorisations.

However, there is a risk in focusing on such critiques of current environmental relationships and, more generally, in a focus on understanding, mathematically, anthropocentric activity. This is a risk of adding further ‘disenchantment tales’:
... the more alarmed an author is about ecodecline the more thoroughly nature is depicted as a disenchanted set of defeated and exhausted objects (Bennett 2001, p.51).
Bennett (2001) argues that ecospirituality tends to undermine its own project. Whilst agreeing that other than human life has intrinsic value, she contends that ecospiritualities, and other critiques of environmental degradation, generally narrate disenchantment tales. Either explicitly or implicitly these stories, characterise nature as diminished, defeated and potentially exhausted. I sympathise with Bennett's argument. However, "honouring our pain for the world" (Macy and Brown 1998, p. 91) is sometimes important experientially to moving out of inertia, numbness or sense of helplessness and into action. Further, disenchantment is one potential response, but another is a mobilising anger (Zembylas 2007) that can also spur action.

Nevertheless, relationships need reconfiguring in new ways. Thus, a second focus for relational knowing is balancing disenchantment by cultivating different forms of relationship to mathematics and, through mathematics, to the world. Jardine (1994) points to a relational experience of a mathematics that that does not take human existence and mathematics as prior to encounter with the world, but as embedded in it. The mathematics of 'kinship' can enhance our relationship with the natural world and imbuing this with generativity and aliveness, supporting the awareness of reciprocal relationship and an aid to appreciation of being: 
Mathematics is not something we have to look up to. It is right in front of us, at our fingertips, caught in the whorl patterns of the skin, in the symmetries of the hands, and in the rhythms of blood and breath (p.112).
Jardine offers an embodied conception of a mathematics that can enchant. In the rhythms of blood and breath, a different and more expansive sense of time is hinted at than is customary in the constraints of school mathematics, a theme I return to later.

Along the same lines but going further, we may consider mathematics itself as a form of discursive materiality (Barad 2007), an-other-than-human existence – part of the vital materialism (Bennett 2009) that humans are entangled with. Consequently, mathematics may be viewed differently than in both platonic and social-constructivist philosophies of mathematics (see Ernest 2002) which posit mathematics as either eternal and independent of humans (and materiality generally) or the product and reification of human practices. Rather, mathematics should be recognised as an agentic material-discursive practice (Barad 2007) that, like others, has the potential to work on and with human and other-than-human existences. Mathematics education can be a site for decentering an anthropocentric sense of agency, even if this is not usually currently the case.

Given the entanglement of phenomena, relational knowing is necessarily uncertain, and this echoes a theme in accounts of critical mathematics educators addressing ecological issues (Barwell 2013, Hauge and Barwell 2017; and in this issue Abathi et al.; Coles; Guttiérrez; Steffenson). Previously I have argued for the importance of considering different ethical dimensions of mathematics education in order to embrace ethical ambiguity and uncertainty and attending to relationships rather than ethical rules (Boylan 2016). This stance is informed by relational postmodern ethics (e.g. Bauman 1993) that embraces ethical pluralism (Anton 2001) and is informed by an ethics of relationality (Levinas 1982, 1998; Bakhtin 1993; Erdinast-Vulcan 2008; Roth 2013). An ethics of mathematics education that conceives of ecological awareness as rooted in relational knowing has the possibility of embracing a sense of embodied responsibility that extends beyond the human. This includes a responsibility to know of, and relate to, the unfolding consequences of human action on the planet but also a cultivation of enchantment and passion as an ethical response to this crisis. This is central to the cultivation of ecological selves, a concept explored in the next section.

Relational being: mathematics education for ecological selves 

This section has the phrase ‘ecological selves’ rather than the 'ecological self' in its title. Why use the plural - ‘selves’ - rather than the singular - ‘self’? Firstly, I use it to refer to distinct theoretical constructs of 'ecological self'. The concept of an ecological self is most associated with the work of Naess and collaborators who promote the philosophy of deep ecology; however, there are alternative formulations that take relationship to other vital materialities as central (see Bennett 2001; 2010). Secondly, and the main critique of this section, the plural 'selves' asserts an alternative to the singular ecological self as conceptualised in deep ecology. The critique of the ecological self of deep ecology serves to develop a potential alternative project for mathematics education. Deep ecologists posit a universal and transcendental concept of the self, although one embracing a biocentric or ecocentric ethic rather than an anthropocentric one. A socio-cultural-material alternative recognises selves as situated (Hughes and Lury 2013) and so, as discussed below, each a unique ethical actor (Bakhtin 1993).

Deep ecology is both a philosophical perspective and a political platform (Katz, Light and Rothenberg 2000). The deep ecology platform emphasises the intrinsic value of non-human life and so human responsibility to preserve diversity (Naess 1989). This entails a number of ethical positions including: rejecting anthropocentric ethics; embracing instead an ecocentrist ethics; an embrace of alternative modes of thinking to instrumental rationality; an emphasis on developing individual ecological awareness that includes identifying with all forms of life; the latter leading to ecological care as part of individual self-development (Katz, Light and Rothenberg 2000). Deep ecology has been characterised as a form of transpersonal psychology (Bragg 1996). Deep ecologists contend the ecological self emerges, through increasingly identifying with the natural world, entailing or resulting from reducing experiences of difference and separation. Thus, the ecological self in deep ecology is an ecological 'Self', that is the aim is to expand the notion of self to identify with the larger biotic community (King 1991). 

Bennett (2001) argues that rejecting anthropocentric ethics entails recognising the worth of all materialities, including human created technologies and tools, and so any expansion of self would, on this view, entail identification with more than the biotic community. Others contend that concepts such as 'biotic community' or 'nature' are problematic (see Latour 2004; Morton 2010), leading to arguments for reconceptualising ecology without nature (Morton 2007). Ecofeminist theorists also critique the transcendentalism of deep ecology by arguing anthropocentrism is insufficient to explain human alienation, which, they argue, arises in part from human attempts to transcend immanent bodily material experience (see Field 2000). 

Thus, nurturing ecological selves suggests the need for re-enchantment with the corporeal. Feminist and post-structuralist theory suggest the ideal of the unitary, transcendent, ecological self fails to consider subjectivities as situated, as well as the intersectionality of multiple identities. An alternative posits an ecocentrism that is pluralist, relational and open-ended (Curry 2008). Thus, fostering ecological selves entails, recognising difference and relationality as central to ethical awareness and action (Whatmore 1997). Situatedness itself can be ecological practice (Hughes and Lury 2013), and so rejecting anthropocentism entails an ethics of difference, but also place, understood as local, natural, and cultural settings (Smith 2001). Following Bennett, places that are necessarily material in which human created materialities are entangled with other materialities.

Such perspectives entail understanding relational being as ethical. Levinas' ethical philosophy offers one way to conceptualise this, albeit one that needs extending to embrace a sense of an ecological other. The responsibility that arises from encounter with difference, with the Other, underpins Levinas' ethical philosophy. Important in Levinas' ethics is the face of the Other, a face that:
… speaks, it is in this that it renders possible and begins all discourse, I have just refused the notion of vision to describe the relationship with the Other. It is discourse, and more exactly, response or responsibility which is this authentic relationship (Levinas 1982, p.88). 
For Levinas, the phenomenological experience of faces that speak is the basis for ethical relationship. The centrality of face suggests that humans exclusively comprise the ethical community (Davy 2007). However, an extension of the Other can include any being that is met as a person, and so potentially includes animals, plants, rock, wind or body of water (Davy 2007 p.41). Davy (2007) argues we can choose whether or not to meet non-human others as akin to persons that we feel ethically responsible for. Barad (2007) goes further and separates personhood from responsibility and argues that the latter cannot be restricted to humans and proposes instead a posthuman ethics of 'worldling'. Extending the 'Other' in this way requires extending the meaning of 'face' from solely denoting human faces and language as being only human language. Interestingly, Bakhtin distinguishes between face and image of another (Bakhtin 1992, cited in Erdinast Vulcan 2007) and ‘image of another’ suggests an alternative conception that is compatible with Levinas' philosophy, but less anthropocentric. 

Discourse, as well as 'face', is the other source of ethical relationship in Levinas' ethics as summarised in the above quote. Jensen (2004) reminds us that there are languages 'older than words'. Further, as Curry (2008) puts it:
Nature is not 'mute'. It is eloquent: discursively structured and therefore meaningful throughout, saturated with messages and stories, and without any stuff (energy), so far as we shall ever know, that is unpatterned - all of which included, but vastly exceeds, both us and our language, the latter itself a subset of our own discursivity (p.59).
Levinas stresses responsibility that arises from experiencing others as providing both an ontological and ethical basis for being in the world. However, others emphasise an alternative approach. Irigaray (1993) looks back to Descartes' (1989) contemplation of passion and wonder and argues that these affects can inform an ethics of social relations between genders, but beyond this to encounter with difference more generally. Wonder allows for a non-hierarchical experience of difference (La Caze 2002) and so undermines anthropocentrism. Such rethinking can potentially extend to our relations with nature (Chanter 1995). Bennett (2001) posits 'enchantment' as a state of wonder arising from and with joyful attachment rooted in embodied experience: 
To be enchanted, then, is to participate, in a momentarily immobilizing encounter; it is to be transfixed, spellbound (p. 5). 
For Bennett, the ethics and epistemology of enchantment is not limited to the human world, or the natural world for that matter, rather she considers enchantment as a way of being in relationship with varied forms of materialisms - extended more recently to the concept of vital materiality (Bennett 2009). Whatever differences there are between Levinas, Irigaray and Bennett, they have in common the view that ethical responses arise from embodied experience as relational beings. 

In this section, I have sought to develop and extend the ontological task of ecological being as a relational ethical endeavour. Turning back to the deep ecology platform used as a foil for this discussion, the platform entails a list of specific characteristics or dispositions that constitute the ecological self. It is tempting to offer an alternative list. However, doing so is not credible once we reject the concept of a universal ecological self, and embrace instead the concept of situated embodied ecological selves. Nevertheless, we can consider affinities of such selves, patternings (Hughes and Lury 2013) of subjectivities as figure and of situated grounds that constitute unfolding being and becoming. These affinities include: embodiment that entails accepting our corporeal emotionality; the capacity to be enchanted with the world; recognising selves as relational phenomenon constituted socially; and that we are ecologically and philosophically entangled with vibrant matter and so pointing to expansive spatial and temporal ways of being in the world. These ways of being echo those important in ecologically informed relational knowing and thus provide both features of, and aims for, relational pedagogies discussed in the rest of the paper.

Relational pedagogies for ecological selves

To summarise the arguments made so far, a curricular response by mathematics education to the current crises is necessary but not sufficient; a pedagogical response is also needed and philosophical roots to inform a mathematics ecopedagogy lie in considering relational knowing and being. Whilst the important task of theorising ecological selves needs further work, developing such selves has not been a particular concern for school mathematics' pedagogies. In this section, I outline five aspects of a pedagogy, or indeed five pedagogies, that could support developing such selves. I then consider these aspects in more depth in subsequent sections.

I have previously considered the potential of mathematics education for developing ethical selves whilst arguing generally for the importance of attending to different ethical dimensions in mathematics education (Boylan 2016). Mathematical classrooms are potentially sites for on-going experimentation of different types of self-construction (Boylan 2016; Infinito 2003). Here, I extend the notion of developing ethical selves to consider the potential for developing ecological selves. Applying Foucault's (1994) notion of ethics of self-care, but extending it to embrace mutual interdependence, points to the importance of passion and pleasure in the mathematical experience (Mendick 2006), echoing the concerns of Bennett and others discussed above for enchantment or similar experiences. Foucault's embrace of passion as a basis for ethical action is intended, in part, to assert the embodiment of subjectivity and recognises the potential of affective intensity for disrupting normalising discourses of the self (Foucault 1988; Zembylas 2007) and so for creating spaces for ecological selves to flourish.

There are at least three different ways mathematics education may help to support the development of ecological selves and relational knowing and being:
· as a site to practice or develop dispositions and capacity for wonder and enchantment, with mathematics itself as the ethical Other
· when the experience of mathematics supports a conception of being human which decentres the individualist sense of self
· when mathematics is used in order to explore, engage with and deepen understanding of the other than human world. 
In relation to these three ways, I consider five different aspects that support the development of ecological selves. These five aspects flow from and have already been identified in the previous discussion of relational knowing and being are:
· enchantment
· embodiment
· emotionality
· ensemble
· expansiveness. 
Each of these five aspects may be viewed theoretically or more practically. For example, embodiment is variously theorised in mathematics as a philosophical perspective (Lakoff and Núñez 2000), developed as a theory of learning (for example enactivism, see Reid, and Mgombelo 2015), and as a multiplicity of social theoretical conceptualisations of practices (for example, de Freitas and Sinclair 2014). However, I discuss embodiment in the next section more practically. Rather than using theoretical concepts of embodiment to understand the classroom and activity, I consider, for example, the importance of learners' opportunities for embodiment. Thus, my concern here is with the normative - what ought to happen in classrooms - as much as concepts that help to explain what happens, regardless of pedagogical form. The same applies to other aspects of relational pedagogy discussed. In summary, in the sections that follow, I point to potential practices rather than theorising about the nature of mathematical practice. 
Enchantment 

Enchantment has been an important theme in the above discussion of both relational knowing and being, and so I begin with further consideration of this and link this to classroom activity. Drawing on Levinas, Neyland (2004) proposes a “re-enchantment” of mathematics education, to develop or restore a sense of purpose and spontaneity that encourages surprise and joy both through relationships to others but with mathematics. Similarly, Roth (2017) places astonishment derived from feelings of admiration for mathematics at the centre of an account of passionate mathematical activity. 

Experiencing astonishment, wonder and enchantment in mathematics practices the capacity to experience these emotions in other relationships. Moreover, mathematics analysis can be a means to understand the animate and non-animate world as wonderful. However, a less obvious potentiality lies in mathematics as 'Other'. Given that mathematics may also be met phenomenologically in a way that accords with being-with-others (Boylan 2004), then mathematics too may be an ethical Other - a 'mattering' (Barad 2003, p.817) that matters. Mathematics, if we pay attention, may work on us, leading to astonishment, when a person:
acknowledges the encounter with the absolutely new, the alien, the unanticipated; and the person acknowledges having been affected by something unknown (Roth 2017 p.97, emphasis in the original). 
Thus, encountering mathematics as Other opens us to the possibility of attending to and accepting responsibility for other matterings (Barad 2003) that present themselves to us as alien. A specific instance of this is when infinity is encountered, although this is largely excluded from the school curriculum, in spite of its importance in mathematics. Taking the English national school curriculum as an example there is only one reference to infinity; the curriculum for 11-16 year olds states that they should - "appreciate the infinite nature of the sets of integers, real and rational numbers" (DfE 2013 p.44). 

More visceral and experiential explorations of infinity can discomfort and bring an alternative sense of space, time and being. It is beyond the scope of this paper to explore this fully here, but it is in relation to a sense of the infinite that Levinas identified the basis for responsibility that comes from encounter with the Other (Levinas 1982), and so argues that the infinite and ethics are closely related. More practically, exploring infinity can be valued by learners and supports reconceptualisation of what mathematics is and what it is to be a mathematics learner (see Povey, Burton, Angier and Boylan 1999; and see Mikulan and Sinclair in this issue for a reflection on the potentiality of infinity to be ambiguous).

Activities exploring the infinite can 'decenter the human' by rescaling a sense of self and can also mobilise experiences of astonishment and wonder. 'Rescaling the self' means moving away from everyday human scales that emphasise things that we can see in the world as countable objects, and so flatter the anthropocentric ego. The alternative is to understand the embodied corporeal self relationally as both incredibly large and also incredibly small: "the modern biological vision sweeps from microseconds to millions of years and from micrometres to the biosphere" (Wilson 1984, p.44). This vision may also lead to a sense of humility.

The importance of understanding and working with large numbers has been pointed to in relation to critical mathematics literacy. Renert (2011, following Barrow 1992) distinguishes between number sense and quantity sense and contends that "when it comes to large numbers, our number sense is almost entirely divorced from any quantity sense" and that "humans’ inability to deal with large numbers is very problematic in our dealing with ecology and the environment" (Renert 2011, p. 21). 

A lack of a concern for quantity sense is found in the English national curriculum, where instrumental rather than conceptual understanding is the main concern, with 11-14 year old students expected to "calculate with numbers in standard form A x10n, where 1 ≤ A < 10 and n is an integer " (DfE 2013, p.42). For 15-16 years' old students there is requirement only to increase the difficulty of problems but no greater conceptual challenge in relation to quantity itself:
select and use appropriate calculation strategies to solve increasingly complex problems, including exact calculations involving multiples of π {and surds}, use of standard form and application and interpretation of limits of accuracy (ibid, p.48).
Renert (2011) argues for extending approaches that support leaners to feel numbers (Wagner and Davis 2010) and particularly large numbers, related to the impact of human activity on ecosystems. To more fully support the development of ecological selves, including 'seeing with new eyes' (Macy and Brown 2014), suggests the need to extend the contexts for developing a sense of large (and also small numbers) from issues of human impact to those which enable us to experience different senses of our place as individuals, and as a species, within the cosmos. Encountering, variously, the cosmos as a multiverse, the teeming profusion of life, and the vibrancy of matter (Bennett 2010), have the potential to engender wonder, gratitude, and a sense of reciprocity and generosity. Possible sources for such activities are multiple, for example, considering the molecular composition of air and each breath we take can lead to an examination of just how, relatively, thin, the breathable atmosphere is (Suzuki 1999). Going further and considering the proportion of argon, an inert gas in the atmosphere, can lead to finding that in each breath taken there are molecules that will have been breathed by ancient historical figures, as well as our ancestors. These types of contexts for examining standard form can enliven mathematics and bring new experiences of our shifting place in the world. 

Embodiment 

The concept of embodiment is used in many different ways in mathematics education. Here, I focus on the normative aspects of embodiment - mathematics classrooms as possible sites for cultivating and celebrating embodiment. Mathematics has been critiqued for representing and helping produce a disembodied rationality (e.g.Walkerdine 1988). This has, in turn, been identified as symptomatic, and a cause, of disconnection with the natural world, notwithstanding risking essentialising the connection between body and nature (Grosz 1994; Field 2000). Regardless, mathematics education can contribute to reclaiming the body as the phenomenological site of learning (de Freitas and Sinclair 2014; Reid and Mgombelo 2015).
Mathematics classrooms are one of many sites in contemporary schooling for disciplining bodies (Gore 2001). Participating in school mathematics usually means being required to sit still with activity generally restricted to the classroom, in part this asserts mathematics' place in the hierarchy of subjects. This hierarchy of school subjects is linked to both the sites where learning takes place and the level of corporeal engagement. Those subjects using a variety of different spaces and necessitating more physical activity tend to have a lower position; physical education, for example, having lower status than mathematics. The restricted use of material artefacts in (school) mathematical activity is linked to idealised developmental progression from the enactive (and so manipulable) to the iconic and then to the abstract (following Bruner 1966). Concrete materials, finger counting, and so on, are to be left behind in the developmental process. However, this belies the rich interrelationship between body, cognition and mathematics (de Freitas and Sinclair 2012; Radford 2003; Roth 2010).

Embracing embodiment as a pedagogical principle, rather than (only) a theoretical perspective on learning, suggests the need for enlivening classrooms as places of movement, and for interaction with materialities of diverse forms. Thus, gesture and the use of materialities and physical representations would be positively encouraged. The social practices of the classroom would be more mobile, for example, with learners being free to 'get out' of their seats but also importantly using the body and bodies as means to explore mathematics (see for example, Povey, Adams and Boylan 2016; Wright 2001). 

Turning to specific applications of embracing embodiment to generating ecological awareness, many working in this area (e.g. Barwell 2013; Renert 2011, Karrow, Khan and Fleener in this issue) address the importance of engaging with complexity science and chaos theory as part of extending mathematics education to address ecological crises. However, mathematics of complex systems developed from mathematics of non-linear equations is not usually studied in school mathematics (Renert 2011) but is needed for understanding ecological processes and the impacts of human activity.

Embodied activities offer an accessible way to include complexity in the school curriculum. Important mathematical principles of complex systems such as feedback, amplification, dampening, interdependence and entanglement can be explored in embodied ways. Macy and Brown (2014) describe 'the systems game' which I have successfully used with primary and secondary school children, as well as adults in mathematics teacher education courses. The systems game can be used to explore interdependence, entanglement and to model also the risk of ecosystem collapse in a simplified but viscerally compelling way. It involves a movement activity in which participants are invited to choose two people in the room and to move so they are always an equal distance from the two people chosen. This provides an embodied experience of being part of an entangled complex system. The systems game can be extended to examine scale shifts that lead to ecology collapse by adding in an additional rule that if someone you are following 'dies' (by falling to the ground) then after a short time then the follower should also die. After selecting a first person to fall (after a pre-arranged signal such as tapping on the shoulder) the system will generally collapse soon afterwards.

Emotionality 

Fostering enchantment and celebrating embodiment in mathematics classrooms entails an acceptance of participants in mathematics education practices as emotional and affective human beings. The ways in which affect and emotions are considered in mathematics education are multiple and, as stated above, my concern here is not with revisiting theoretical debates, rather arguing for classrooms to be places where emotionality is expected and accepted. 

In critical education engaging with issues of social justice necessitates, at times, a pedagogy of discomfort (Boylan 2009) and troubling taken for granted assumptions. This requires a critical emotional praxis (Chubbuck and Zembylas 2008) that has three aspects:
· recognising the relationship between emotion and unjust systems 
· understanding the relationship between emotion and action towards social justice
· attending to emotional cultures in classrooms, schools and other educational sites as implicated in social justice concerns.
Such praxis requires the capacity to facilitate pedagogical spaces where learners may express strong emotions (Boylan 2017). I suggest that, this critical emotional praxis is also needed for the type of activities that promote an expanded sense of global citizenship and relational knowing discussed earlier. At least if learners (and teachers) engage with such activities as more than just another exercise.

An embodied view of knowledge includes an understanding of the intimate relationship between the cognitive and affective and that this is applicable to mathematical, technological and reflective knowing. This relationship is accentuated when relational knowing is included. I have previously argued that emotionality and mathematics education for social justice variously intersect, interrelate and are intertwined depending on the specific focus (Boylan 2009). These three aspects are also present when considering ethics and specifically the development of ecological selves. One way to do this is to expand the content of mathematics courses to include opportunities to examine, through mathematical activity: the multiple challenges the human and other-than-human world faces; and addressing the role mathematics has in the marketisation of the animate world (see Sullivan 2010).

As pointed to above, the outcomes of mathematical activity that engages with what the implications of living in the Anthropocene means can lead to honouring our pain for the world (Macy and Brown 1998). Nurturing enchantment and wonder may also and, arguably, should lead to emotions such as anger that mobilise and lead to action (Boylan 2009; Zembylas 2007). Pain and grief may arise, if and when mathematics supports relational knowing of the scale of loss that the Anthropocene entails. Thus, mathematics educators have to work with a range of emotions if they are to engage with content about the ecological crisis, as well as creating space in mathematics classrooms to experience enchantment and wonder. Engaging in such activities requires embracing teaching as uncertain ethical practice (Boylan 2016, 2017).

Ensemble

Fostering relationships of respect and reciprocity with other-than-human beings requires fostering relationships of respect and reciprocity with human beings. The value of collaboration in mathematics learning is much discussed, including how it supports learning mathematics and for its value for addressing issues of social justice (Esmonde 2009) and developing dispositions toward social justice in learners (Boaler 2008). Other claims made for collaborative learning in the mathematics classroom is that it supports the capacity for engaging in democratic communities, and so contributing to citizenship (Povey 2003) and space for emotional expression (Angier and Povey 1999). As noted above, more recently Hauge and Barwell (2017) consider the relationship between critical mathematics education and post-normal science. They point to the need for and possibilities for peer communities to engage with issues that are intrinsically uncertain (see also Steffensen in this issue).

Different forms of collaborative learning offer varying levels of opportunity to experience interdependence. Some, such as complex instruction (Boaler 2008), offer structures in which learning is mutually constituted. Extending this further and linking to embodied experience, I suggest that the concept of the 'ensemble' from drama and theatre is worthy of exploration in developing mathematics education for ecological selves. Ensemble pedagogy provides opportunities for learners (and teachers) to experience the reality of human interdependence. This is forged from the quality of relationships between ensemble members and the democratising of power relationships particularly between teacher and students (Neelands 2009; Kitchen 2015). 

Before continuing, there is a caveat to be made with regard to this appropriation. It is important to acknowledge the importance of process drama or ensemble pedagogy as learning experiences, separate from being linked to other subjects or concerns. Often drama is used in service of other subjects (Neelands 2009) and ensemble pedagogy in particular risks being 'domesticated' (Kitchen 2015) and stripped of its emancipatory power. To echo a caution offered in the introduction about the risk of 'maths-centrism', it may be that the most important task for mathematics educators in response to the Anthropocene is to argue for much more space to be made in the curriculum for drama and arts-based pedagogies rather than adopting or appropriating practices from them. Nevertheless, I believe that ensemble pedagogy is a potentially powerful interlocutor and source for moving beyond concepts of collaborative learning as often conceptualised in mathematics education, particularly in relation to developing ecological selves. 

There are a number of reasons it has this potential. Ensemble pedagogy celebrates and fosters democratic processes. Process drama is also necessarily unfinished and uncertain. Thus, it appears a fertile site for developing the attributes and experiences to engage in the type of peer community, suggested by theorists of post-normal science, which is needed to engage with issues such as climate change (Hauge and Barwell, 2017) and to develop the type of relational knowing considered earlier in this paper. Similarly, the ensemble differs to conceptions such as the 'learning community' and similar constructions used in mathematics education. A learning community suggests that all should accept the enterprise of learning as the central to participants' purposes. However, this is not necessarily the case for all in mathematics classrooms (Boylan 2004, 2010). The ensemble potentially offers more scope for difference and different forms of participation (Enciso et al. 2011). It can foster a site for disensus as much as consensus and this is important generally in critical education (Boylan 2017). Further, it offers a particularly valuable site for experiencing human interdependence (Neelands 2009) and so has the potential for extending this to ecological interdependence. Moreover, the ensemble is suited to cultivating and exploring emotional expression of responses to ecological crisis. Drama and improvisational practices have, in general, have been important and potent means to cultivate ecological awareness (see Macy and Brown 2014).

As yet, ensemble pedagogy has not been much considered in mathematics education. However, one example, though not particularly concerned with ecological issues, is a collaboration between an improvisational theatre company and mathematics educators (see Povey, Adams and Boylan 2016). Regardless of the extent to which the notion of ensemble proves useful in mathematics education, the current ecological crisis adds further weight to the need to move away from individualised and competitive mathematics pedagogies.

Expansiveness 

The notion of 'expansiveness' refers to chronotopic qualities (Bakhtin 1981; Kumpulainen, Mikkola and Jaatinen 2014; Brown and Renshaw 2006; Matusov 2015; Renshaw 2007) that support relational pedagogies. The concept of chronotope - translated as timespace - was taken up by Bakhtin in analysing literary genres. Expansive chronotopes have a different timescape (Adam 2000; Compton-Lilley 2015) from the regulated Tayloresque time of schooling (Jardine 2008, 2013). Regulated time in education echoes timescales of industry, (Jardine 2008, 2013) with time commodified and separated from the educational focus: 'progress' is to be made and curriculum to be 'covered'. Reflecting the dominant paradigm of industrial growth society, time accelerates and fear of it running out dominates - time is experienced as continually speeding up (Jardine 2008). Regulated time often involves recitation as a mindless or disengaged form of repetition (Clifford and Friesen 2002). It denies the historicity of the learner; the orientation is on the future and on outcomes (Kidd 2014). Arguably it represents a colonialisation of our temporal experience (Shahjahan 2015).

More expansive timescales involve a slower relationship to learning mathematics (Povey, Adams and Boylan 2016), ones that emphasise the 'whileness' of being with mathematics and mathematical activity long enough for both of these to become worthwhile; this may involve returning to an activity more than once (Jardine, 2008, 2012):
in whiling, things start to regard us and tell us about ourselves in ways we could not have experienced without such whiling (Jardine 2008, p.7).
Expansive timescapes in contrast to regulated time are conducive to the ongoing production of self (Infinito 2003) as ethical actors (Boylan 2016), and so for cultivating ecological selves. Roth (2017) connects the process of returning again and again to a mathematical activity or situation to giving time to allow mathematics to work on us, and so with the possibility of enchantment in mathematics. This requires a different form of repetition to the recitation of regulated time. Bennett (2001) offers a philosophical and ethical argument for enchanting or, translated to Jardine's terms, whiling repetition. She notes that the root of chant as denoting repetition and, following Deleuze (1994), suggests that one route to enchantment is where 'swerves' or emergences arise that contrast with repeated patterns - continuation of pattern with difference. Repetition, then, can provoke an ethical response both to mathematics and to what we can come to know or be enchanted with through mathematics. Encounter, with the animate material world too, requires the time to celebrate the 'while of things' (Jardine 2008, 2012, 2013).

Above, in discussing classrooms for embodiment and those where there is room for learners (and teachers) to be heart-full humans, I noted the need for embodiment and for spacious relationships in mathematics classrooms (Angier and Povey 1999). Thus, a relational pedagogy that supports the development of ecological selves suggests the need for alternative chronotopes in mathematics classrooms. One aspect of this is to expand and open the spaces in which mathematics learning happens. Spaces for learning mathematics and practices can be different from the classroom, for example, learning mathematics outdoors (Kennard 2007), though reports of this are limited in the academic literature (see Moffatt 2011, for one example). Taking mathematics outside the classroom can foster a more direct connection with the natural world than study of natural patterns in the classroom. There are, in any case, under explored possibilities for mathematics learning in outdoor settings that can add to and contribute to the potential for developing relational ethical awareness identified elsewhere (for an example, Sandell and Öhman 2010).

As well as seeking more expansive timescapes another means to rescale the self is through examining the mathematics of time as a curriculum focus. In mathematics time is learnt, if at all, in elementary school for the purposes of telling the time. Richer explorations of deep time in practices designed to develop ecological awareness (Macy and Brown 2001) are useful in mathematics classrooms. Such activities seek to develop a sense of ourselves as part of a long evolutionary journey of both animate and inanimate matter. Clifford and Friesen (2003) report ways that the phenomenological experience of everyday time can be the start for rich learning. Extending such explorations to consider longer arcs of time can inform a sense of an ecological self that has an expanded sense of historicity.
Conclusion

In this paper, I have added to recent contributions in mathematics education research and scholarship about our disciplinary responsibility to address current ecological, social and political crises. I have argued that whilst developing new forms of critical mathematics literacy is important it is not sufficient. Alongside other forms of knowing recognised as important in critical mathematics education accounts, it is important to also develop relational knowing to foster ethical relationships. Further, consideration of the ethical dimensions of both the self and its intersection with ecological concerns requires attention to be paid to ways that mathematics education can cultivate ecological selves, understood in ways that depart from the ecological self of deep ecology. In doing this, I have introduced theoretical and ethical perspectives that have previously not been much considered in literature about mathematics education and the environment, or indeed, in critical mathematics education more generally, including in relation to ethical reasoning. 

By looking beyond current mathematics education theory, I am also responding to the call for the interdisciplinarity or transdiscipliniarity (Colucci-Gray et al. 2013; Rennert 2011, and Steffensen this issue) to address these issues. This transdisplinarity, it has been argued, should extend beyond bringing together science and mathematics subjects with social studies, but also the integration of these into humanities and arts (Colucci-Gray et al. 2014). I have extended this in this paper to also consider ethics, as well as ecological and political theory.

I have considered five aspects of relational pedagogy, or five pedagogies, that can support relational knowing and being and so the development of ecological selves as ethical actor: enchantment, emotionality, embodiment, ensemble and expansiveness. These five mathematics pedagogies also offer possibilities for decentering the sense of the individual anthropocentric self through encounters with mathematics and rescaling the sense of self. Thus, these relational pedagogies can contribute to developing a critical ecopedagogy. Although not a central concern in this paper, an implication worth further exploration is that relational knowing and being and the five aspects of relational pedagogy have a wider importance to critical mathematics education, as do the ethical considerations considered herein. 

Before concluding, I offer a cautionary note. As pointed to above, I risk the charge of ‘mathscentrism’. Arguably, reshaping education to address the current crises necessitates challenging mathematics’ centrality within the curriculum; perhaps disrupting mathematics' place and meaning in schooling (see Pais 2017), is as, or more, important than addressing the Anthropocene in mathematics education. Repairing mathematics education by embracing ecological issues risks strengthening anthropocentric education, an example of the ambiguity and uncertainty of ethics discussed earlier. A further caution is that I have not considered the political, economic and cultural barriers to reforming mathematics education in the ways suggested or even taking smaller steps to experiment in the ways indicated (and see Savard in this issue for an account of the challenges of practice in this regard). The question of how to enact change is a real and urgent question and one that needs to be addressed from multiple perspectives. Thus, this paper should not be read as a 'manifesto' or similar but rather a contribution to the emerging conversation within mathematics education (and beyond - see for example, Sullivan and Hannis, forthcoming) about what it means to act ethically within the Anthropocene. 

Nevertheless, the current social and ecological crisis will require social and ecological transformation and this in turn will require a rethinking of education including what mathematical activity and learning is worthwhile. The pedagogical suggestions I have proposed and the framework may offer starting points for supporting this. Regardless of their particular value, changing the mathematics curriculum, or the school curriculum more generally, to embrace ecological concerns will not alone foster the different types of relationships needed for humans to live in a different way with themselves and other-than-human-beings, or the development of ecological selves. Clearly, this will require social transformation. However, new pedagogies of mathematics education will be both needed to support such changes and be an outcome of this process. Thinking in terms of relational knowing and being can support the development of such pedagogies.
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