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1 | INTRODUCTION

Abstract

We suggest that biogeomorphology should challenge the traditional dichotomy
between living and non-living components of Earth surface systems. To achieve this,
biogeomorphologists should gain a better understanding of eco-evolutionary models
and empirical findings developing at the interface between ecology and evolutionary
biology. Eco-evolutionary models explore feedback loops between genes, organisms
and the physical or biological components outside the organism’s body. This changes
our understanding of how organisms interact with their environment and the func-
tional and evolutionary significance of biologically induced landforms. In the niche
construction framework, genes can be conceived as the foundational evolutionary
units of selection and inheritance, and everything beyond of this unit can be consid-
ered as the ‘environment’ for gene expression, either packaged within or unpackaged
outside the organism. Both the packaged biological and unpackaged environments
can be influenced by genes and manufactured by organisms, respectively, in the form
of phenotypes or niche constructions. We propose that biomineralized structures,
such as bones, osteoderms, antlers and shells, which can be packaged at varying
degrees within an organism, as well as external products of genes such as termite
mounds, which are unpackaged at the periphery of the organism, form a gradient of
variation in the relative dominance and functional integration of biotic and abiotic
components in ecosystems. A more explicit consideration of the functional interrela-
tionships between physical and biological components transcending their traditional
boundaries should promote a re-evaluation of the dichotomy between biological and

geomorphological entities.
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selection, niche construction

constitutes the lithosphere and its interactions with endogenic forces
and the atmosphere, the hydrosphere and the cryosphere. It is partic-

The field of geomorphology aims to describe, analyse and understand
Earth surface processes and landforms. It addresses a wide range of
possible forms and patterns of mineral, rock, sediment and ice
arrangements, spanning various spatiotemporal scales from micro-
structures detectable by electron microscopy, such as mechanical
abrasion features on sand grains, to continental structures detectable
by satellite, such as mountain ranges. In its traditional conception,

geomorphology focuses on the fluxes of the mineral matter that

ularly concerned with the cycles of release, transfer and organization
of mineral matter at the Earth’s surface, with a dichotomy established
between physical and biological compartments (Figure 1a).

Many minerals and geomorphological structures on the Earth’s
surface are modulated or directly constructed by organisms. In com-
mon usage, a mineral is defined as a non-organic matter that occurs
naturally on Earth and is formed and transformed through geological

and physicochemical processes (Nickel, 1995). However, organisms
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FIGURE 1 Three different conceptual views of the relation
between the biological and physical compartments. At a global scale,
the biological compartment corresponds to the biosphere and the
physical compartment to the hydrosphere, atmosphere and
lithosphere; (a) standard conception in geomorphology with a clear
dichotomy between the biological and physical compartments, though
acknowledging some mutual influences; (b) biogeomorphological
conception in which organisms affect the physical compartment and
vice-versa, often with reciprocal interactions, and relatively few
systems overwhelmingly dominated by physical or biological factors;
(c) new conception integrating the biological and physical
compartments, but with a continuum of potential dominance or
relative importance. The linear variation in relative influence of
biological versus physical influence and sharp separation between the
two is a simplification of what is surely a more complex relationship.

have a profound and lasting effect on Earth’s minerals (Knoll, 2003).
Up to two-thirds of the approximately 5900 mineral species on Earth
listed in the IMA Database of Mineral Properties (https://rruff.info/
ima/; Morrison et al., 2017) have a direct or indirect biotic origin
(Hazen, 2019; Hazen et al., 2008; Hystad et al., 2019). In addition to
mineral formation, organisms also play an active role in sediment
translocation and organization on Earth’s surface through their activi-
ties. Recent research has demonstrated that the global rates of
bioweathering and bioturbation are as rapid as the maximum rates
of tectonic uplift in terms of mineral matter remobilization, highlight-
ing the significant impact of biological processes on the Earth’s sur-
face (Phillips, 2009a; Wilkinson et al., 2009). The question of the role
played by life in the physical compartment of ecosystems has thus
become a significant new challenge in geomorphology (Figure 1b)
(Phillips, 2016b, 2021).

Many unicellular and multicellular organisms consist of a signifi-
cant fraction of mineral structures. However, the mineral structures
that develop within or at the surface of organisms have never been
considered from a biogeomorphological standpoint. A more explicit
consideration of the functional interrelationships between physical
and biological components in ecosystems, transcending their tradi-
tional boundaries, should promote a re-evaluation of the dichotomy
between living and geomorphological entities.

We propose revisiting the basic premises of biogeomorphology

with the proposition that the traditional dichotomy between living

and non-living components (i.e., inside and outside) of bio-
geomorphological entities is convenient but may be too limiting. We
suggest that the boundary between abiotic and biotic components
and factors needs to be defined according to the questions being
asked and the systems, entities and processes being studied. The idea
presented in this article places rigid mineralized structures along gradi-
ents of packaging and functional integration with biological compo-
nents from the cellular to the landscape levels (Figure 1c). This
approach can broaden the conceptual and technical frameworks avail-
able to biogeomorphologists and evolutionary biologists for analysing
feedbacks between organisms and the physical environment.

By reframing the way biogeomorphology conceptualizes ‘inside’
and ‘outside’, with reference to the distinction between the physical
and biological environments, and by understanding why the problem
of the abiotic-biotic boundary can be traced back to the formation of
the first cells billions of years ago, we aim to disrupt the frameworks
within which geomorphologists and biologists have long worked. Our
proposed ideas are not meant to correct the standard views and syn-
theses of previous geomorphologists and biologists; rather, they are
intended to link form and function in a biogeomorphological eco-
evolutionary perspective that transcends the levels of organization of
ecosystems.

Firstly, we introduce key concepts that stem from evolutionary
biology and have influenced biogeomorphology. Next, we summarize
the latest conceptual developments in the field of biogeomorphology
and reconsider the boundaries between the internal and external
aspects of organisms in light of the new biogeomorphological eco-
evolutionary perspective. We also examine how mineralized struc-
tures on the Earth'’s surface can be classified based on a spectrum of
biological packaging. Finally, we propose four examples of research
perspectives at the interface between geomorphology and evolution-

ary biology.

2 | FOUNDATION CONCEPTS FROM
EVOLUTIONARY BIOLOGY

The interdisciplinary field of biogeomorphology traces its origins to
the naturalistic approaches of early pioneers of modern evolutionary
biology and ecology. These precursors recognized the critical role of
organisms in shaping their physical environment and the subsequent
impacts of environmental feedbacks on evolution. Darwin (1881)
observed that invertebrates can significantly influence soil and land-
scape dynamics through bioturbation and that these biotically modi-
fied environments can, in turn, affect natural selection through
feedback loops (Johnson, 2002; Meysman et al., 2006). Similarly,
Cowles (1899) conducted studies on the formation of sand dunes
along the shores of Lake Michigan, USA, and proposed an integrative
model of reciprocal coupling between dune formation and vegetation
succession (Stallins, 2006). These early observations represent the
first steps towards developing models of organisms actively modifying
their physical environment, which subsequently affects their ecologi-
cal and evolutionary trajectories.

In addition to the internal disciplinary advancements within bio-
geomorphology, as reviewed by Viles in (2011) and (2020), conceptual
developments in ecology and evolutionary biology have served as cat-

alysts for inspiring new research in the field. For example, Jones et al.
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(1994) have contributed to this growing area of study by proposing
the concept of ecosystem engineering. This concept, originating from
the ideas of keystone and foundation species (Mills et al., 1993;
Naiman et al., 1988; Paine, 1966), regards biogeomorphological
interactions as a process in which organisms influence the structure
and function of ecosystems by causing alterations in the physical
environment. The explicit consideration of the geomorphological com-
ponents of the habitat as key factors by the authors has clearly
impacted biogeomorphology (Corenblit et al., 2011; Jones, 2012,
Viles, 2020).

Advances in biogeomorphology have also been based on earlier
evolutionary biology concepts such as Dawkins' (1982) extended
phenotype (e.g., see Phillips, 2016a). The extended phenotype is a
concept that highlights the wider effects of an organism's gene on
its behaviour and artefacts. Although the phenotype typically refers
to the observable and measurable traits of an organism resulting
from the interaction between genetic and environmental factors, it
is not restricted to just the organism’s proteins and organic tissues
or its physiology and behaviour. Instead, the extended phenotype
encompasses all the effects that genes may have on external biolog-
ical entities, such as other individuals of the same or different spe-
cies, as well as the physical environment outside the organism’s
body, including minerals (see also Turner, 2004). The extended phe-
notype describes the underlying role of specific alleles of organisms
in shaping their environment and the selective feedback to those
same alleles. For example, this has been illustrated by the North
American beavers Castor canadensis that build dams along rivers
that drastically modify the flows of water, sediment and organic
matter, creating ponds that, in turn, are used by the beavers spe-
cially to build their fortress huts. These changes in the physical envi-
ronment are known to keep constant the selection pressures
experienced by the beavers themselves but also other species in the
ecosystem (Naiman et al, 1988; Wright et al., 2006). Hu and
Hoekstra (2017) also illustrated the phenomenon by showing that
burrowing behaviour of different fossorial deer mouse species
(Peromyscus spp.) has evolved with variations in burrow morphology
related to the selection of specific alleles (see also Weber
et al., 2013; Weber & Hoekstra, 2009).

The more recent eco-evolutionary approach, which integrates
ecological and evolutionary processes in a more explicit way, has
attracted increasing interest and debate since the early 2000s
(e.g., Bassar et al., 2021; Erwin, 2008; Hendry, 2017, 2019; Laland
et al., 2016; Loreau, 2010; Matthews et al., 2011, 2014; Odling-Smee
et al., 2003; Post & Palkovacs, 2009; Ware et al., 2019). Its underlying
concept is based on the consideration that ecological and evolutionary
changes can be congruent over short and long timescales and can
generate stable and resilient emergent ecological structures and inter-
action networks (Fronhofer et al., 2023; Gibling & Davies, 2012;
Govaert et al., 2019; Hendry, 2017; Matthews et al., 2014;
Sultan, 2015). Eco-evolutionary models have helped establish recipro-
cal couplings between ecological processes, such as population
growth, resource competition, trophic and other types of interaction
networks and fluxes of matter and energy in modified landscapes, that
occur at higher levels of ecosystems, and molecular structures and
processes, such as DNA transcription to RNA, RNA translation into
proteins, or gene mutation and expression, that occur at the lowest

molecular level (Hendry, 2017). These models have highlighted the

-WILEY

key role played by genetic variation (evolving both under genetic drift

and natural selection) within a population at the community and eco-
system levels, as well as the role of higher levels of emerging ecologi-
cal, physical, social and cultural phenomena on gene expression and
selection in a feedback loop (Govaert et al., 2019; Jablonka &
Lamb, 2005).

Although gene-centred models such as Dawkins' have been popu-
lar in evolutionary biology, alternative perspectives such as the triple
helix (Lewontin, 1983, 2001) have also emerged and placed a greater
emphasis on feedbacks between lower and higher levels of biological
organization. The triple helix model considered the interplay between
genes, organisms (or phenotypes) and the environment and
highlighted the feedback loops that exist between these components.
Lewontin's writings stimulated research into niche construction (sensu
QOdling-Smee et al., 2003; Sultan, 2015), which more explicitly refers
to the process by which organisms modify their environment in ways
that significantly affect their own fitness and that of other organisms
present in the modified or constructed environment—a framework
integrated in recent eco-evolutionary thinking (Hendry, 2017,
Loreau, 2010).

This work also investigates feedbacks between organisms and
their biotic or abiotic environment, which can drive evolutionary
change and shape ecological dynamics. Niche construction is an exam-
ple of a flexible model considering effects on other species and how
ecological and evolutionary processes can be tightly intertwined. For
instance, niche construction encompasses feedbacks from the con-
structed environment to other genes and ecological legacies arising
from the niche construction of ancestors (known as ecological inheri-
tance; Lehmann, 2008; Odling-Smee et al., 1996, 2003, 2013).

The authors are aware that evolutionary biologists are debating
on the usefulness of the niche construction concept in the light of the
modern and the extended evolutionary syntheses (e.g., Laland
et al,, 2014; Lewens, 2019). However, the present paper is not about
this debate. Its aim is to show the usefulness of the niche construction
concept for biogeomorphologists to better understand how organisms
interact with their environment and thus contribute to the creation
and modulation of biologically induced landforms. In this respect, the
concept of niche construction contributed in blurring, to a certain
extent, the boundaries between biological and geomorphological pro-
cesses and led to the consideration that genetic variability within a
population or a community may affect structures in the geomorpho-
logical environment and that, in turn, the modulated biotically con-
trolled landforms may act as a selective force (e.g., Corenblit
et al, 2010; Erwin, 2008; Phillips, 2008; Smith, 1986; Steiger &
Corenblit, 2012).

3 | TOWARD ABIOGEOMORPHOLOGICAL
ECO-EVOLUTIONARY PERSPECTIVE

The consideration in marine and terrestrial geology of the role of cer-
tain organisms in creating minerals and geological structures at conti-
nental scales such as massive limestone deposits and coral reefs has
extended geological research to the indirect and direct role of organ-
isms in shaping the Earth’s surface over the long term (Benton &
Xie, 2014) as well as, recently, in the dynamics of melting in Earth’s

mantle (Spencer et al, 2022). Since the publication of Viles'

95U9D17 SUOWILLOD aAIERID 3|qeat|dde au Aq pauienob are sspiLe VO ‘8sn Jo sajnl Joj Akelqi]auljuo A1\ UO (SUONIPUOI-PUE-SLLB) 0D A8 1M ARelq 1 Ul uo//Sdy) SUORIPUOD puUe SWd | 84} 89S " [20z/S0/0€] Uo Aeldiauliuo Ao ‘AlsBAlun smaipuy 1S JO AIsieAlun Aq 6225 dse/z00T 0T/I0p/Wod" A8 |imAleigjputjuoy/sdny wouy papeojumod ‘T ‘v202 ‘Z€86960T



CORENBLIT ET AL

foundational volume in 1988, the field of biogeomorphology has
made significant progress. This interdisciplinary field explores the
intricate network of interactions between organisms and geomorphol-
ogy (Naylor et al., 2002; Phillips, 2021). In addition to the effect of
plants on landforms (Gurnell, 2014; Stallins, 2006), zoogeomorphology
has included bacterial bioweathering on rocks, animal artefacts
such as beaver dams, large animal and social insect mounds, galleries
and nests as relevant objects in geomorphological studies
(Bétard, 2021; Butler, 1995; Naylor et al., 2002; Viles, 2012; Viles
et al., 2020).

A decade ago, the integration of insights from geomorphology
and evolutionary biology gave rise to the sub-discipline of
evolutionary geomorphology, as described by Steiger and Corenblit
(2012). Compared with earlier, more general concepts of non-
(Huggett, 1995;
Phillips, 2009b, 2006), this new sub-discipline considers the recipro-

Darwinian evolutionary  geomorphology
cal couplings between organism evolution and Earth surface pro-
cesses and landforms connected to biological activity (Corenblit
et al, 2011, 2021; Kim & Lee, 2022; Phillips, 2016a, 2016b;
Stallins & Corenblit, 2018). The field of biogeomorphology has since
expanded with complementary conceptual models seeking to under-
stand feedback loops between genes, organisms and geomorpholog-
ical component of their environment, for example, the
biogeomorphological life cycle (Corenblit et al, 2014), extended
composite phenotypes (Phillips, 2016a) and the biogeomorphic feed-
back window (Eichel et al., 2016).

Although standard geomorphological and ecological approaches
remain restricted to the examination of discrete tangible or abstract
entities (e.g., respectively: sand grain, dune, alluvial bar or hydro-
graphic network; DNA, RNA molecules, proteins, cell, organism, popu-
lation, species and communities) and their interaction with their
environment, the biogeomorphological eco-evolutionary perspective
focuses on the chain of reciprocal causalities between landform and
function into an ecological and evolutionary perspective (Corenblit
et al., 2021; Fisher et al, 2007). The recent biogeomorphological
models allow us to move beyond classical process-response system
analyses in geomorphological systems (e.g., Phillips, 1995) and focus
more on functional structures and mechanisms that link organism
characteristics and geomorphological components. For instance, this
involves not only looking at a beaver dam, pond and river channel but
also examining the eco-evolutionary functional connections between
the characteristics of beaver dams, ponds and river channels, as well
as the phenotypes of beavers and the local community structure and
function within the constructed environment (Larsen et al., 2021). In
this conception, both the abiotic and biotic components of a bio-
geomorphological unit are viewed as functional elements nested in a
feedback network at different levels, from molecules (especially
nucleic acids and proteins) to communities, explicitly including geo-
morphological components of ecosystems (Corenblit et al., 2010,
2011; Fisher et al., 2007; Phillips, 2016a; Stallins, 2006; Stallins &
Corenblit, 2018).

biogeomorphological units can be provided, such as fossorial animals

Numerous examples of functional
(e.g., insects, worms, small and large mammals and reptiles) nests
(Corenblit et al., 2021), termite mounds (Dangerfield et al., 1998) and
vegetated foredunes (Stallins & Corenblit, 2018).

However, understandings in biogeomorphology were primarily

developed based on the following premises: (i) organisms and their

assemblages, such as populations, groups, societies and communities,
are the operational levels of biological integration for reasoning and
analysing the feedback between life and geomorphology. (ii) The
organism level provides the physical boundary between the biological
and geomorphological compartments. Biogeomorphological structures
are thought to develop outside of organisms, that is, in their external
environment, and therefore, the organism represents the reference
unit for physical distinction between the internal biological compart-
ment and the external physical compartment (Figure 1a). (iii) Thus, a
rational dichotomy exists between the living and non-living compo-

nents in ecosystems.

4 | REVISITING INTERNAL-EXTERNAL
BOUNDARIES OF ORGANISMS

The original Darwinian selection acted about four billion years ago on
molecular self-replication, probably in a primordial prebiotic liquid
environment in the ocean or in hot springs (Damer & Deamer, 2020;
Gargaud et al., 2011; Hazen & Sverjensky, 2010; Martin et al., 2008;
Sojo et al., 2016). The sorting of genetic elements in the prebiotic
environment led to the proliferation and selection of increasingly
complex molecular structures with replication advantages. Compart-
mentalization was a key step in the early evolution of life (Daemer
et al, 2002; Szathmary & Maynard Smith, 1995). The origin of cell
membranes remains an unresolved issue (Deamer, 2017; Koga
et al, 1998; Lombard et al., 2012; Martin & Russell, 20083;
Wachtershauser, 2003). The evolution of the cell membrane through
biosynthesis defined at least 3.5 Ga a boundary between what has
permanently become (through trillions of trillions of generations of
cell division) the internal cellular environment of the genes constituted
of the cytosol and the organelles and their external environment in
which they were originally formed (Gill & Forterre, 2016; Koonin &
Martin, 2005; Lombard et al., 2012).

The cell is considered as the most fundamental living entity with
its ability to reproduce, use energy, grow and develop, keep homeo-
stasis, respond to stimuli from the environment and adapt through
evolution (Szathmary, 2015; Szathmary & Maynard Smith, 1995).
Viruses are not considered here because, even if they are ecologically
and evolutionarily intertwined with their cellular hosts and play a sig-
nificant role in evolution (Harris & Hill, 2021), they are not indepen-
dently self-replicating and are usually not thought of as living entities
(Moreira & Lopez-Garcia, 2009). Life forms evolved from the first
single-cell organisms to cell colonies, multicellular organisms and,
finally, to societies of organisms (superorganisms, e.g., insect socie-
ties). The major evolutionary transitions (Szathmary, 2015;
Szathmary & Maynard Smith, 1995; West et al., 2015) for living enti-
ties were characterized by the emergence of (i) the individual entities
(archaea, eubacteria and eukaryotic cells); (ii) the specialization of
eukaryotic cells to form different tissues, organs and organ systems
defining the multicellular organismal entity; and (jii) finally, to the spe-
cialization of individual organisms to form a society. The evolution of
multicellularity and societies (notably insect ones) represented impor-
tant steps in evolution that resulted in an increased complexity of
feedbacks between life and the physical environment, including geo-
morphological components at various spatial scales and organizational

levels.
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The formation of the first cells is a primordial phenotype con-
struction and the subsequent phenotype construction, that is, the for-
mation of internal organelles such as mitochondria and chloroplasts as
a consequence of endosymbiosis, and the following major evolution-
ary transitions were iterative exaptations of that event. In this line,
phenotype construction is both a developmental process and a driver
of evolution (Laland et al., 2008; Odling-Smee et al., 2003). The genes
that control body development are themselves selected in response
to changes in the selective environment that result from hierarchical
reciprocity between lower and upper levels of biological organization
(Laland & Sterelny, 2006; Love, 2006).

This corresponds to eco-evo-devo dynamics, which refer to the
interplay of ecological factors influencing evolutionary processes and,
in turn, developmental processes contributing to the diversification
and adaptation of species (Gilbert & Epel, 2009; Pfennig et al., 2010;
West-Eberhard, 2003). Because of these dynamics, new environmen-
tal conditions are created, both internally (in the form of phenotypes)
and externally (as niche constructions), allowing for subsequent
phases of development to occur in response to changing environmen-
tal conditions (Gilbert et al., 2015). Phenotypic plasticity plays a crucial
role in providing a direct mechanism through which organisms adjust
trait variation in response to environmental changes (Ghalambor
et al., 2007; Gilbert, 2001). As a result, organisms undergo their devel-
opment phases in a tightly coupled, reciprocal relationship with their
environment, with the ontogenetic environment acting as both a
cause and an effect of the organism’s development (Amundson, 2005;
Laland et al., 2008; Lewontin, 1983; Muiller, 2007). As suggested by
Torday (2016) and Torday and Miller (2016), the phenotype can be
considered an ‘internal niche construction’, rather than the traditional
reasoning of Odling-Smee et al. (2003) in which niche construction is

considered as organisms shaping their external environment. In such a

perspective, the development and phenotypic variation of an organ-
ism phenotype, its evolutionary history and its ecological interactions
are interconnected and mutually influential.

Following that line, we can consider that genes are found in eco-
systems in nested compartments, each corresponding to a possible
level of gene expression and selection as organic, physical or even
immaterial (behaviour) phenotypes (Laland et al., 1999). Beyond the
gene—which is defined as the most fundamental replicator unit and,
therefore, unit of selection—everything comes down to internal and
external environments with varying degrees of biotic influence, as well
as the packaging and integration of biological (organic) and physical

(mineral) structures (Figure 2).

5 | REPLACING MINERAL STRUCTURES
INTO A GRADIENT OF BIOLOGICAL
PACKAGING

Abiotic and biotic components of the Earth are mixed everywhere
from the Earth’s crust (Bose et al., 2020) to the atmosphere (Delort
et al, 2010), and nothing in this envelope can be considered as
completely abiotic in terms of the complete absence of life or its
direct or indirect influence. Even geophysical fluid dynamics, which
can certainly be undertaken without direct consideration of biotic
influences, operate in environments whose properties are largely
determined by the presence of the biosphere. Thus, on a continuum
that extends to the absolute abiotic, one would have to go all the way
down to the mantle or up to the ionosphere. Conversely, how far
down in the biological compartment do we need to go to be totally,
absolutely biotic, as even biological entities are constituted of an

important fraction of the major components of the physical realm?
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Unicellular and multicellular organisms take up mineral elements
(e.g., Ca, Si and P) in their external environment and typically generate
rigid structures constituted mainly of CaPO,4, CaCO3 or SiO,, most
often for the purpose of hardening or stiffening their tissues
(Knoll, 2003), for example, bones, osteoderms, teeth, antlers, eggs and
shells (Mann, 2001; Murdock & Donoghue, 2011). Intracellular bio-
mineralization widely occurs in cells (Lin et al., 2014), but here for sim-
plicity, we consider only extracellular biomineral structures. Diatoms,
a type of unicellular algae that are photosynthetic protists and that
are abundant in various aquatic ecosystems, are recognized for their
intricate cell walls made of silica, known as a frustule (De Tommasi
et al., 2017). Biominerals include various types of materials such as
iron and gold in single-celled organismes, silicates or carbonates in dia-
toms and calcium carbonates and phosphates in vertebrates
(Boskey, 2003).

These structures are organism-regulated and typically complex in
material, size and shape and are created for various functions such as
maintenance, protection, movement, feeding, sexual attraction, com-
munication and also storing ions. The physiological means by which
organisms precipitate minerals and the forms and functions of the bio-
mineralized structures they create are the result of evolution
(Knoll, 2003). The biomineralization process thus maintains a func-
tional coupling between the inert (mineral) and the living (organic)
components of the Earth, and biomineralization thus demarcates from
organomineralization that refers to more indirect contributions of life
to mineralization (Perry et al., 2007).

Biomineralization is a widespread and very ancestral process that
appeared in different clades several times over the evolutionary time
scale (Murdock & Donoghue, 2011; Pérez-Huerta et al., 2018). In
most cases, they are mineral-organic hybrids; minerals constitute the

dominant fraction, and organic compounds are a minority or ultra-

Abiotic phase

Functional phase

minority (LeGeros, 1981). In animals, the silica biomineral (opaline sil-
ica) is restricted to siliceous sponges, but calcareous (calcite or arago-
nite) and phosphatic (calcium phosphate) biominerals are present in all
major divisions across the major phyla levels of the animal tree, that
is, vertebrates, echinoderms, molluscs and sponges (Murdock, 2020;
Murdock & Donoghue, 2011).

Carbonate minerals are an important component of the Earth’s
sedimentary geologic record. The textural and structural properties
and chemical composition of marine carbonate sediments are proxies
used to access the deep history of geological processes, carbon and
oxygen cycles and biological evolution (Schidlowski, 1988). Marine
carbonate sediments have therefore been widely studied in geology,
geochemistry and palaeontology (Ahm et al, 2018; Blattler &
Higgins, 2017; Higgins et al., 2018; for a review, see Reijmer, 2021).
The uptake of minerals by organisms from the external physical envi-
ronment, their nucleation and organization within or at the surface of
organisms and their release into the external environment form a
global carbonate mineral cycle in which life plays a central role
(Figure 3). The biogeomorphological cycle of carbonate minerals
(BCCM hereafter) has profoundly affected the geomorphology and
geochemistry of the Earth’s surface in ways that uniquely distinguish
it from other telluric planets. On a global scale, the massive uptake of
dissolved mineral elements by organisms from the physical compart-
ment is followed by massive storage and organization of these min-
erals in the biological compartment (i.e., within organisms), which
contributes to the development and functioning of organisms. At this
stage of the cycle, mineral forms are associated with biological func-
tions and are shaped by stochastic and deterministic evolutionary pro-
cesses. Most of the calcite and aragonite on Earth are a product of
calcifying organisms (Zeebe & Westbroek, 2003). When organisms

die, many of the biomineralized structures they created when alive
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are retained much longer than the organisms’ soft tissue
(Phillips, 2016b). Carbonate minerals are deposited in both shallow
and deep oceans, and abandoned biomineralized structures can accu-
mulate over millions of years on oceanic platforms, forming extensive
and ancient geomorphological structures (Milliman, 1993). These
structures contribute to the formation of vast plateaus and mountain
ranges resulting from tectonic uplift, such as the Himalayas. Diagene-
sis and tectonics led to the formation of limestone, marble and dolo-
mite in these zones, which currently cover approximately 20% of the
terrestrial surface (Martin, 2017). Carbonate minerals are soluble, and
their dissolution contributes to approximately 50% of the global loads
of calcium and magnesium in rivers (Meybeck, 1987).

From a geomorphological perspective, the BCCM comprises three
distinct phases, each contributing to Earth surface landforms. The first
phase is characterized by native structures adjusting to physical and
chemical constraints (abiotic phase in Figure 3). The second phase
includes functional components built by organisms that result from
evolution and interactions between biotic and abiotic elements of
ecosystems (functional phase). The final phase is composed of ‘dead’
remnants that accumulate in geologic reservoirs, which can be
affected by tectonic forces and are progressively altered mechanically,
thermally and/or chemically (residual phase) (Corenblit et al., 2010).

Rigid mineral structures that are built by organisms and that are
to various degrees (e.g., bones, osteoderms, antlers and shells), or not

at all (e.g., caddisfly cases, termite mounds and bird nests)

incorporated within the internal environment of the organism may
have different connections with the organic matter. The degree of
hybridization between living organic matter (i.e., living cells), non-living
organic compounds (proteins) and mineral matter is related to the
degree of incorporation of a rigid structure. Bones are considered
hard ‘living tissue’ because they contain a small fraction of living cells
(i.e., osteoblasts, osteoclasts and osteocytes) and can regenerate. In
contrast, mollusc shells can be regenerated by the adhering living tis-
sues but are considered ‘dead tissue’ because they consist of a mix-
ture of mineral matter and proteins without the inclusion of living
cells. Some external termite mounds or bird nests are made of a mix-
ture of mineral material and organic secretions (Ocko et al., 2019),
whereas other nests are made solely of biologically agglomerated min-
eral material (Figure 4). Vertebrates and molluscs have a skeleton or
shell that represents a structural component physically inseparable
from living matter. In contrast, a termite mound (and furthermore an
ant nest) represents a functionally but not physically inseparable com-
ponent because termites can temporarily leave the mound. However,
unlike ants, most of the termite species are typically constrained to
build and use foraging galleries and never forage outside, the galleries
being an extension of the mound (kind of frozen pseudopods).
Human-built structures and people are structurally and functionally
dissociable because humans can leave the mineral building and survive
outside of it (although often only through reliance on other construc-

tions, such as clothes, fire and technology).
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The discipline of geomorphology should consider more components
and processes than just the physical breakdown of materials and their
erosion, transport and deposition by physical agents (Phillips, 2021).
Although the compartmentalization of disciplines to study the bio-
geomorphological cycle is practical, the BCCM itself represents a con-
tinuum of matter and energy transformation, which should also be
considered as a unique macroscopic structure with interdisciplinary
interpretations (Figure 3). The conceptual proposal of this paper is not
to suggest that biogeomorphologists become surrogates for biologists
and anatomists but rather to encourage them to work closely with
these fields to expand their discipline’s horizons and establish links
between form and biological function along a biogeomorphological
gradient of reciprocal coupling between physical and biological com-
ponents, as already proposed in biogeomorphology (Corenblit et al.,
2011; Fisher et al., 2007; Stallins, 2006).

This paper proposes an approach that transcends standard
boundaries between abiotic and biotic compartments and adopts a
more inclusive and functional way of examining how geomorphologi-
cal structures on Earth’s surface are embedded in a cycle of mineral
matter transformation. By examining notions such as ‘organism’, ‘liv-
ing entity’, ‘unit of selection’, ‘environment’, ‘internality, ‘externality’
and ‘matter and energy cycle’ from a different conceptual perspec-
tive, we can enhance our understanding of the relationship between
life and geomorphological structures. The perspective is timely, given
the current excitement surrounding eco-evolutionary questions
(Fronhofer et al., 2023; Hendry, 2017; Loreau, 2010). This could lead
to new opportunities for collaboration between geomorphologists
and evolutionary biologists, potentially resulting in improved bio-
geomorphological models.

In this approach, geomorphological components are seen as both
a product of organisms and, in turn, essential to organisms’ function-
ing, development and evolution. The eco-evolutionary approach also
examines how traits develop in response to environmental cues,
potentially biotically controlled in the case of niche construction, and
how this development influences the evolution of organisms over
time. This expanded approach considers not only the role of environ-
mental factors and genetic variation in controlling trait variation but
also the dynamic interplay between physical and biological compo-
nents in shaping geomorphological structures.

In the light of the here presented introspective perspective,
new questions at the interface between evolutionary biology and
geomorphology need to be asked and tested. Four points are

proposed:

i. Recent developments have pointed out the role of symbiosis
and cooperation in biological organization. It contributed to blur-
ring the boundaries between individual entities and offered new
perspectives to characterize the ‘biological individual’ (Gilbert
et al.,, 2012). It was suggested that anatomical and physiological
criteria are not relevant for defining an animal or a plant as an
individual because it is constituted of a diversity of symbionts
carrying fundamental metabolic, physiological and developmen-
tal functions. The holobiont theory suggests that a host and its
symbiotic microbes are to be considered as a single entity in the

evolutionary perspective (Gilbert et al., 2012; Stencel &

WiIoch-Salamon, 2018). In that sense, the hologenome theory of
evolution (Zilber-Rosenberg & Rosenberg, 2008) stated that
from an evolutionary perspective, a host is inseparable from its
associated microbiome. Together, the host and the microbiome
(i.e., the holobiont) may form a coherent unit of selection, and
thus, the genomes of the host and the microbiome (i.e., the
hologenome) form a genetic unit for its evolution. These
integrative perspectives open new avenues for conceptually
and practically redefining living entities as ecosystems (see
Szathmary & Maynard Smith, 1995) subjected to and affecting
genes, potently with the inclusion of packaged or unpackaged
physical structures. For example, coral colony polyps build
extensive bioconstructions in the oceans, that is, coral reefs
(Tambutté et al, 2011). Such large-scale biogeomorphological
structures covering about 284,300 km? (Spalding et al., 2001)
result from genetic reciprocal interactions between hosts and
their symbionts and also feedbacks with the biomineralized geo-
morphological structures they produce (Brambilla et al., 2021).
Coral morphology affects water, sediment and nutrient flows
and water temperature in a way that favours the polyp colony
and other species (Brambilla et al., 2021; Monismith, 2007).
Certain biomineral landforms are thus a functional product of
co-evolution and cooperation between symbiotic or cooperating
species. The structure forms a system driven by top-down
and bottom-up eco-evolutionary feedbacks. New collaborations
between biogeomorphologists and evolutionary biologists
should be created for exploring the hypothesis that bio-
geomorphological units such as a coral reef represent a unit of
selection.

Internal, superficial and surficial structures (see Figure 4) that are
restricted to the size and shape of the organism should adjust
and evolve in accordance with the physiological and biomechani-
cal constraints imposed by the body itself (internal constraints)
and its relation with external physical constraints (e.g., gravity
and water flow) over the successive generations of the individ-
uals, whereas peripheral structures developing at larger spatial
scales, and possibly across many generations, should provide
extended physiological and biomechanical solutions and plasticity
for the organisms to provide new adaptations at larger spatio-
temporal scales to the external constraints and their fluctuations
(Jones, 2012; Lehmann, 2008; Turner, 2000). The characteristics
of rigid structures (e.g., size, shape, density, mass and plasticity)
should be analysed from a biogeomorphological perspective
according to the variation in the type of selection pressure that
acts on them. It may be possible to propose formal bio-
geomorphological models that link parameters related to the min-
eralized structures to the ones describing the organisms that
have produced the structure, for example, the total weight of the
biomineralized structure (as a response variable) to the total
weight of the cells that have produced the structure. The coeffi-
cients of the models may possibly vary according to (i) the degree
of packaging (inside the body, superficial, surficial and peripheral)
of the biomineralized structure and to (ii) the type of environ-
ment in which the organisms live (air, water, at ground surface or
underground).

The potential inclusion in biogeomorphology of the non-mineral

rigid ‘dead’ tissues of animals (such as keratin and chitin) and also
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of plants (such as cellulose and lignin). Whether these non-
mineral materials should be considered in biogeomorphology
remains an interesting question, particularly with respect to
plants. A large body of publications has illustrated the effects of
plants on Earth surface processes and landforms in active geo-
morphological environments such as rivers, mangroves, coastal
dune barriers and mountain hillslopes (Eichel et al., 2016;
Gurnell, 2014; Stallins, 2006). Plants are able to affect geomor-
phological processes and landforms because they produce rigid
and semi-rigid dead tissue capable of withstanding mechanical
stress related to gravity, wind and water flow (Niklas, 1997;
Vogel, 2020). We suggest that the relationship between wood
production and characteristics and landform dynamics should
be studied in a more integrative manner by considering dead
plant tissues in living plants as a functional interface between
the living part of the plant and the external environment with its
mechanical constraints that also affect sediment and landform
dynamics.

iv. The consideration of the stratigraphic records of fossilized rigid
structures in collaboration with palaeontologists for a better
understanding of the evolution of packaged internal, superficial
and unpackaged surficial and peripheral rigid structures and their
resulting effects on the global cycle and evolution of biogenic
minerals. Such an approach may also contribute to developments
in astrobiology. The different telluric planets of the solar system
have reached different stages of mineral evolution (Hazen
et al., 2008). The small planets without liquid water such as
Mercury have low mineral diversity, whereas the mid-sized Mars
could reach higher diversity of minerals. Bigger telluric planets
such as Venus and the Earth produced granitoids. However, life
mineral structures made the Earth a very particular case. Thus,
minerals that are produced by organisms and their chemical and
morphological signatures as known on the Earth may be used by
analogy for identifying potential chemical, isotopic, textural and
morphological signatures of life on other planets such as Mars
(Corenblit et al., 2019; Lovelock, 1979).

Finally, based on the ideas presented here, we suggest that the disci-
pline of biogeomorphology should again redefine its conceptual and
practical boundaries and its connections with biological sciences
and especially with the theory of evolution (Figure 3). This bio-
geomorphological introspection could lead to conceptual changes
within the discipline of biogeomorphology with the replacement of
the dichotomic view of biota and abiota by a bi-directional functional
view of the reciprocal coupling between the biological and geomor-
phological compartments at various spatiotemporal scales along the
continuum of mineral uptake in the physical environment, storage,
organization and use in organisms and finally release and accumula-
tion in the physical environment.
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