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ABSTRACT: Biogeomorphology has been expanding as a discipline, due to increased recognition of the role that biology can play
in geomorphic processes, as well as due to our increasing capacity to measure and quantify feedback between biological and geo-
morphological systems. Here, we provide an overview of the growth and status of biogeomorphology. This overview also provides
the context for introducing this special issue on biogeomorphology, and specifically examines the thematic domains of
biogeomorphological research, methods used, open questions and conundrums, problems encountered, future research directions,
and practical applications in management and policy (e.g. nature-based solutions). We find that whilst biogeomorphological studies
have a long history, there remain many new and surprising biogeomorphic processes and feedbacks that are only now being iden-
tified and quantified. Based on the current state of knowledge, we suggest that linking ecological and geomorphic processes across
different spatio-temporal scales emerges as the main research challenge in biogeomorphology, as well as the translation of
biogeomorphic knowledge into management approaches to environmental systems. We recommend that future biogeomorphic
studies should help to contextualize environmental feedbacks by including the spatio-temporal scales relevant to the organism(s)
under investigation, using knowledge of their ecology and size (or metabolic rate). Furthermore, in order to sufficiently understand
the ‘engineering’ capacity of organisms, we recommend studying at least the time period bounded by two disturbance events, and
recommend to also investigate the geomorphic work done during disturbance events, in order to put estimates of engineering capac-
ity of biota into a wider perspective. Finally, the future seems bright, as increasingly inter-disciplinary and longer-term monitoring are
coming to fruition, and we can expect important advances in process understanding across scales and better-informed modelling
efforts. © 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd
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geomorphology, which addresses the two-way interaction
between biotic and dynamic abiotic landscape elements, only
had its origins in the 1970s and has been growing considerably

This Special Issue

Ecology in its strictest sense is the study of the relationships

between biota and its physical environment and was already
defined as such by geographer Alexander von Humboldt and
botanist Aimé Bonpland (Humboldt and Bonpland, 1805).
Around the same time, the discipline of geomorphology was
also established, with its focus on the dynamics of the physical
environment, by studying the processes forming landscapes
and its landforms (Chorley et al., 1964). The first
biogeomorphic research was published by Darwin (1899),
however, biogeomorphology as a defined sub-discipline of

since then (e.g. Viles, 1988, 2019; Coombes, 2016). Significant
theoretical, methodological and thematic advances have been
made with the recognition of ecological factors affecting land-
form development. Similarly, the importance of geomorphol-
ogy for ecological functioning and development has also
been recognized by ecologists (e.g. Vaughan et al.,, 2009;
Vaughan and Ormerod, 2010). Yet, developing theory, methods
and quantifying processes at the abiotic/biotic interface
remains challenging due to the interdisciplinarity of
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biogeomorphology, integrating concepts from ecology, evolu-

tionary biology, engineering, geomorphology, geology and

Quaternary science (e.g. Knox, 1972; Naylor, 2005; Wheaton

etal.,, 2011; Larsen et al., 2018; Viles, 2019).

Viles (2019) recognizes three key thematic areas, which rep-
resent geomorphological units, for which a brief review of the
state of science is given below. These key areas are also repre-
sented in this special issue:

e (Coastal sedimentary environments (5 contributions to this

special issue).

e Fluvial and riparian environments (12 contributions to this
special issue).

e Hillslope (from alpine to arid) (7 contributions to this special
issue).

e Biogeomorphological studies on coastal sedimentary envi-
ronments, including a wide variety of coastal landforms
and landscapes. Studies are being conducted on individual
seagrass beds, salt marshes, mudflats, beaches and dunes.
At the small scale, many contributions have focused on the
contributions of individual or small groups of plants or ani-
mals on geomorphological processes within reefs (e.g.
Salvador de Paiva et al., 2018; Schotanus et al., 2020), mud-
flats and marshes (e.g. Temmerman et al., 2003; Townend
et al.,, 2011; Nolte et al., 2013; Schwarz et al., 2015;
Coleman and Kirwan, 2019; Schepers et al., 2020) and
coastal dunes (e.g. Gao et al., 2020). Larger-scale nested
coastal landforms such as barrier islands, estuaries and
deltas also often feature. A key focus of these larger-scale
studies has been on the understanding of (multiple) ecologi-
cal stable states (van de Koppel et al., 2001; Marani
et al., 2013; Moffett et al., 2015), how biogeomorphic
coastal environments such as barrier islands, estuaries and
deltas respond to (relative) sea-level rise and anthropogenic
influences (e.g. Day et al.,, 2008; van de Lageweg and
Slangen, 2017; Nienhuis et al., 2020), as well as evaluating
carbon storage and exchange capabilities on a global scale
(Kirwan and Mudd, 2012; Rovai et al., 2018). A variety of
methods to decipher coastal biogeomorphological feedback
systems have been employed, including field observations
(e.g. Neumeier and Amos, 2006; Turner et al.,, 2006;
Coleman and Kirwan, 2019; Schepers et al., 2020), labora-
tory studies (e.g. Moller et al., 2014; Spencer et al., 2016;
Lokhorst et al., 2019; Yuan et al., 2019), and numerical
modelling (e.g. Fagherazzi et al., 2012; D’Alpaos and
Marani, 2016; Nardin et al., 2018, 2020; Lera et al., 2019).

Fluvial and riparian environments have long been a focus
area for biogeomorphological research, with several reviews
(e.g. Batz et al., 2015; Politti et al, 2018; Polvi and
Sarneel, 2018; O’Briain, 2019; Viles, 2019) and special issues
(e.g. references in Coombes, 2016; Picco et al., 2017; Thoms
et al., 2018) available. In agreement with the coastal sedimen-
tary environment, a distinction between different scales and
associated fluvial landforms can be made, although
cross-scalar linkages are increasingly a focus area (Gurnell
et al., 2019; Kleinhans et al., 2019; Rice et al., 2019). At the
small scale, work is done in understanding the role of vegeta-
tion, and particularly animals, on hydrodynamics and sediment
dynamics (DeAnna and Wohl, 2019; Dong et al.,, 2019;
Grenfell et al., 2019; Gurnell et al., 2019; Mason et al., 2019;
Rice et al., 2019; Jerin and Phillips, 2020). At larger spatial
and temporal scales, GIS and remote sensing are increasingly
used to monitor and evaluate the evolution of fluvial riparian
environments (Gurnell et al.,, 2019; Kleinhans et al., 2019;
Corenblit et al., 2020; Mossa et al., 2020). A particular focus
is set on river bars and how their dynamics are affected by plant
and ecological traits. Additionally, studies employing
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geological records have demonstrated the substantial effect
(land) that plants have had on fluvial systems on earth (e.g.
Davies and Gibling, 2011; Larsen et al.,, 2019). Numerical
(e.g. Oorschot et al., 2016; Kleinhans et al., 2019) and physical
(e.g. Tal and Paola, 2010; Lokhorst et al., 2019) modelling work
has further highlighted the key role vegetation can play in shap-
ing fluvial environments across all scales. Finally, other fresh-
water environments such as lakes show a range of
biogeomorphic processes (e.g. algal blooms affecting light pen-
etration; Scheffer et al., 2001), but these are not always labelled
as such or studied by geomorphologists.

Biogeomorphic feedback systems have been studied on
hillslopes also on various scales. At the small scale, research
has focused on the relationships between bioweathering,
bioerosion, and bioprotection (e.g. Naylor et al., 2012;
Coombes et al., 2013; Coombes, 2016). At a larger scale, sev-
eral efforts are aimed at investigating the effects of animal
burrowing on sediment transport (e.g. Yoo et al.,, 2005;
Haussmann, 2017; Mauri et al., 2019; Roman-Sanchez
etal., 2019a, 2019b). Vegetation is also at the heart of hillslope
research, with studies exploring the effects of trees and plants
on soils and geomorphology (e.g. Pawlik et al., 2016; Pawlik
and Samonil, 2018; Giaccone et al., 2019). Biogeomorphic
evolution and succession across the decadal to centennial
scale have also been studied by contrasting hillslopes with dif-
ferent aspects (McAuliffe et al.,, 2014; Stavi et al.,, 2018;
Carriere et al., 2020).

This special issue builds on previous work (Viles and
Naylor, 2002; Coombes, 2016; Viles, 2019) by covering the
whole discipline of biogeomorphology with a particular focus
on contributions exploring new research fields and conceptual-
izing and quantifying processes, rates, and feedback systems at
different spatio-temporal scales.

First, this special issue was inspired by a series of European
Geosciences Union (EGU) sessions on biogeomorphology
(2017-2020). Over the last 4 years, a total of 116 exciting con-
tributions were presented during these EGU sessions, covering
a broad spectrum of biogeomorphological research. Some key
contributions addressed, for example, the importance of
biogeomorphic feedback for creating spatial heterogeneity
(Wohl, 2017), how biogeomorphic feedback systems operate
at the intra- and inter-species level (Corenblit et al., 2017;
Schulte Ostermann et al, 2017), the sensitivity of
biogeomorphic feedbacks to the considered spatio-temporal
scale (Eichel, 2017; Balke, 2018), and the possibility of detect-
ing a signature of life on the Martian landscape (Viles, 2020).
Some of the papers presented during the biogeomorphology
sessions at EGU are now part of this special issue. Some others
were not presented at EGU but included via the special issue
advertisement and review procedure. Additionally, a few con-
tributions shedding light on spatio-temporal biogeomorphic
processes not included yet were sourced from the Earth Surface
Processes and Landforms journal.

The 25 contributions to this special issue cover a large range
of landscape settings: mountains (3), hillslopes (3), fluvial (12),
coastal (5), and deserts (1). Animals (7) and vegetation (16) are
the most studied biological agents. One contribution looks at
the effects of biofilms on rocky shores (1).

The contributions use a variety of methods to quantify
biogeomorphic processes, rates, and feedbacks at different
spatio-temporal scales. A total of 16 papers assess processes
and feedbacks by conducting field work, whereas 6 contribu-
tions use numerical model simulations to obtain a better under-
standing of biogeomorphological feedbacks. Two studies
performed controlled laboratory experiments.

The above summary of landscape settings and applied
methods covered in this special issue illustrates the great
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variety of environments in which interactions between abiotic
and biotic systems are taking place, as well as the manifold of
techniques required to better understand them. As also illus-
trated in this special issue, some of these interactions take place
across small spatio- and temporal scales (e.g. biofilms affecting
grain sediment transport), whereas others happen across entire
landscapes.

In order to go beyond a basic summary of these published
articles, we use the 22 contributions in this special issue in
combination with new literature to analyse where the field is
heading, and which challenges arise across the discipline of
biogeomorphology. We discuss these challenges first in gen-
eral, and then more specifically with regards to the publications
in this special issue. We anticipate that by using the articles in
this special issue as examples, the conceptual considerations
become less abstract to the reader, and we can derive a state-
of-the-art in biogeomorphology, identify future research gaps,
and most importantly facilitate the continuation of the fascinat-
ing discussions for which this discipline is known.

Conceptualizing and Quantifying
Biogeomorphological Processes, Rates, and
Feedbacks

Understanding feedback between biological and geomorpho-
logical processes is becoming increasingly important as new
‘nature-based solutions” (NbS) projects emerge and also
increasingly find their way into management (i.e. restoration
projects). Despite recent advances, the conceptualization and
quantification of the processes, rates, and feedbacks between
geomorphology and ecology often remain limited
(Baptist, 2001), particularly in systems that are sensitive to
human-induced or natural environmental change (e.g.
high-mountain and polar environments, deserts, hillslopes, riv-
ers and wetlands, salt marshes and deltas). In this sense, Mossa
et al. (2020) point out that the anthropogenic impact usually
covers the entire length of river corridors and, as shown by
Corenblit et al. (2020), may shift biogeomorphic system state.
Hence, when it comes to NbS in river management, it is essen-
tial to understand how human activities may dominate, and
may even be considered as a key zoogeomorphic agent, placed
within the biogeomorphic systems of the Anthropocene.
Substantial advances have been made in understanding,
quantifying, and modelling feedbacks between vegetation,
fluvial, and coastal dynamics. In this issue, Jerin and
Phillips (2020) focus on the influence of mature tree species
in creating pools in bedrock channels, while Kleinhans
et al. (2018, 2019), Gurnell et al. (2019), and Corenblit
et al. (2020) focus on the relationship between successional
vegetation and sediment transport in fluvial systems. Stavi
et al. (2018), Dong et al. (2019), Larsen et al. (2019) and
Carriere et al. (2020) investigate landscape stability and evolu-
tion due to the influence of vegetation on surface processes
(and vice versa). Within most of these studies, the feedback sys-
tems between the shallow groundwater and soil water, and
vegetation dynamics, emerges as important in driving geomor-
phic feedbacks. In contrast, Giaccone et al. (2019) find that in
alpine environments, morphodynamic processes and soil mois-
ture are important to vegetation species distribution, yet tem-
perature plays the dominant role. Vegetation is also an
important factor controlling the dynamics in coastal areas.
Coleman and Kirwan (2019), Lera et al. (2019), Nardin
et al. (2020) and Schepers et al. (2020) find that salt marsh
and submerged aquatic vegetation impacts sediment transport
and morphological evolution of coastal features, such as tidal
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marsh platform or river mouth bar. In particular, they showed
ecological feedbacks on sediment transport facing sea-level
rise, with different approaches such as field survey, numerical
modelling, and satellite image analysis. Microbial communities
are often overlooked as biotic engineers. A study of Yuan
et al. (2019) finds that lithobiontic biofilms contribute to shore-
line rock decay through intensified magnitude and an
increased number of cycles of expansion and contraction.

Discoveries can still be made on how animals change sur-
face processes through environmental feedback systems, like
beavers causing long-lasting vegetation change in riparian cor-
ridors (DeAnna and Wohl, 2019). Mason et al. (2019) and Rice
et al. (2019) explore the potential of case-building caddisfly
larvae and fish feeding behaviour in changing in-channel sedi-
ment transport, while Grenfell et al. (2019) show for the first
time how the ecosystem engineering of earthworms changes
surface processes in riparian wetlands in South Africa.

Mauri et al. (2019) and Roman-Sanchez et al. (2019a, 2019b)
employ new techniques in quantifying the contribution of biota
on sediment transport. Both studies indicate a surprising contri-
bution of biota to the overall hillslope and river sediment flux.

Time and Space in Biogeomorphology

Geomorphology is undoubtedly within a new era, one that rec-
ognizes the role of biotic factors in governing geomorphic pro-
cesses across a wide range of spatial and temporal scales
(Larsen et al., 2018). In ecology, scales of space and time are
considered as being coupled. Resources for biota are available
in multiple forms, and time is available at multiple scales
(Post, 2019), from milliseconds, seconds, minutes, hours, days,
weeks, years to decades (x-axis in Figure 1b). These are to a
great extent related to metabolic rates and body size, or mass
of the organism (y-axis in Figure 1b) (Schmidt-Nielsen, 1984;
West et al., 1997; Brown et al., 2004; Allen and Holling, 2010).

In contrast, geomorphologists traditionally divide time into
steady (here: steady state), graded (here: dynamic equilibrium),
and cyclic (here: cyclical state) (Schumm and Lichty, 1965)
(Figure 1a). Temporal and spatial scale levels are also coupled
in geomorphology, described as the hierarchy of scales (De
Vriend, 2001). Cyclic, also referred to as geologic time, con-
siders for example one sedimentary cycle of a mountain range
or an entire coast (Figure 1b). Within graded time, surfaces are
in dynamic equilibrium and adjust, for example, to base-level
lowering or a changing climate. Hence, investigated time
scales range from river reaches/hillslopes/shorefaces to entire
landscapes or coastal margins (Figure 1b). During steady time
periods, larger spatial scale morphology is considered as stable,
and finer scale processes are investigated. Mechanistic model-
ling addresses mostly the scale of the steady state (Figure 1g).
The longer the time period and the larger the spatial scale con-
sidered, the more drivers and processes are involved, and com-
plexity increases (Figure 1d). This results in a more statistical or
rule-based modelling approach towards the investigation of
biogeomorphic systems (Figure 1g).

The close coupling of time and spatial scale in both ecology
and geomorphology has, for example, set the base for the
widely used river continuum concept (Vannote et al., 1980)
and its derivatives. When combining observations of ecologic
and geomorphic time and space (Figure 1b), Baptist (2001)
summarizes that there is evidence for feedbacks between biota
and physical (river) processes on all spatio-temporal scales,
however the influence of biota seems to become stronger the
smaller the scales (green shading in Figure 1b). In turn, this
means that at larger spatio/temporal scales, tracking the signa-
ture of biota on the earth’s surface is more challenging (Dietrich
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existing monitoring

Relationship between representative timescales over which biological, ecological, and evolutionary processes occur, and the spatial

scaleover which they operate (based on Post, 2019). This is based on the relationship between geomorphic time spans (a) and geomorphic units
(e.g. ripples to mountain range) (b), across which specific geomorphic processes are relevant (modfied from Baptist, 2001). Note that they- and x-axes
in b) are dimensionless, and the description (horal-supra-millennial and organismal-regional) is only indicative. The processes occurring over the
shortest time scale (hourly—annual) tend to occur at the scale of individual organisms within the smallest geomorphic unit (microforms, bottom left
of b). Processes unfolding beyond annual time scales tend to represent supra-organismal dynamics, including community dynamics and distributional
shifts (b, c). These are typical for the geomorphic units including river reach/hillslope/shoreface up to the landscape, coastal margin, mountain range,
and sedimentary basin geomorphic units (top right end of b). Studies included in this special issue are added to the plotin b) (as different shapes) which
also refer to the methods used for spatio-temporal analysis (h). With increasing spatio-temporal scale, the number of processes involved increases (d),
however, the number of major disturbances decrease with increasing spatio-temporal scales (e). The increasing number of processes also increases
complexity (d), which in turn leads to a relative decrease in model process resolution with increasing spatio-temporal scale (f), and therefore to an

increasing reliance on statistical rather than mechanistic models (g).

and Perron, 2006). One reason for this could be that with
increasing scale, the number of processes (and drivers;
Figure 1d) in (bio)geomorphic systems makes identification of
process-response increasingly difficult.

Recurrence intervals and intensity of disturbance events are
highly variable between ecosystems. Disturbances often origi-
nate in extreme geomorphic events (the type of disturbance
on which we focus here), where the magnitude increases with
decreasing frequency. Most geomorphic work is performed
during such events. When relating this to the observation that
time and metabolic rates and body size of organisms relate to
each other (see above), one can hypothesize that the larger
the metabolic rate/body size of an organism, the less frequently
a relevant disturbance occurs (Figure 1b). For example, for a
macroinvertebrate which lives for 1year in a river pool, an
annually recurring summer thunderstorm followed by a sudden
flood event is a relevant disturbance, while an established tree
living for several hundred years may be disturbed by a 100-year
recurring flood event. In turn, this means that when investigat-
ing biogeomorphic systems, the minimum time window that
needs to be considered is that between and including two
extreme events relevant to the species investigated. And this
time window generally increases with the metabolic rate and
life span of the organism investigated. It is, however, important

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd

to note that when investigating environmental feedbacks
including a strong component of trophic cascade, this relation-
ship might break down, as small processes can then also affect
larger organisms.

In a first window, termed the window of opportunity (Balke
et al., 2011), the time between two disturbance events needs
to be large enough to allow bio-engineers (e.g. plants) to settle.
After establishment, a biogeomorphic feedback window is
entered, in which biogeomorphic feedbacks can be established
(Eichel et al., 2016; Hortobagyi, 2018). Within this time period,
organisms can thrive and engineer their environment, so that
they become more resilient to disturbances (Stallins and
Corenblit, 2018; Corenblit et al., 2020). If this window is too
short, the long-term (e.g. decades) establishment of organisms
is generally less successful (Corenblit et al., 2020). However,
the rate, success, and engineering activity of organisms
between two disturbance events may also depend on
low-magnitude and high-frequency extreme events, in this con-
text termed pulses (Junk et al., 1989). These pulses may provide
essential resources (e.g. nutrients, water) that may be necessary
for successful organism establishment and growth in
biogeomorphic systems (Batz et al., 2015, 2016).

In other words, biota have the ability to change surface pro-
cesses within the time window between two relevant

Earth Surf. Process. Landforms, (2020)
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geomorphic disturbance events. The rate at which organisms
engineer their environment during this window may depend
on the resource fluxes originating in pulses. Though not neces-
sarily the case, such modifications then have the potential to
also change surface processes, even during disturbance events,
which then increases the resilience to disturbance events. It
becomes increasingly clear that the processes and feedbacks
invoked by both phases, the geomorphic disturbance events
and the biotic-driven processes within biogeomorphic feed-
back windows, depend on each other, and the biogeomorphic
evolution of the surface can only be understood when
researching both phases. This approach requires us to cross
scale boundaries. For example, in this issue, Larsen
et al. (2019) point out that the incision of a river segment,
driven by physical thresholds and processes, can only happen
because of a biotic-driven phase of stability and aggradation
beforehand. Hence, stretching biogeomorphic studies on larger
scales to cover full disturbance cycles, or even beyond,
remains one main challenge for the discipline. This challenge
has been recognized, and an increasing amount of studies in
this special issue and beyond (Figure 2) tackle the decadal
and centennial time scale. Studies employ a variety of methods
to stretch enquiries, including chrono-stratigraphical
approaches, modelling, space-for-time substitutes, and labora-
tory experiments.

(Bio)geomorphic microforms (1-10 m in size)

Discoveries can still be made about the influence of variable
animal species on surface processes. In this special issue, the
influence of aquatic animals on river sediment transport is
described at the scale of geomorphic microforms (1-10 m in
size) (Mason et al., 2019; Rice et al., 2019). Mason
et al. (2019) collected data on the mineral sediment use of
caddisfly larvae in river riffles. Different species used different
ranges of grain sizes (mostly coarse sand and fine gravel) and
might influence river processes by directly affecting the distri-
bution and mobility of this sediment size range. Rice
et al. (2019) summarize how fish disturb and condition bed
materials, which has implications for sediment mobility. By
coupling these geomorphological effects with monitoring data
on species occurrence, or species distribution models, a first
estimation can be made about the influence of species on sed-
iment dynamics on a larger spatial scale (e.g. entire catch-
ments) (Rice et al., 2019). However, it remains important to
validate these models, as the geomorphic effect of biota is

60
50

40

Nr. publications
w
o

Horal-Weekly ~ Month-Yearly Decadal

Figure 2.

highly context dependent, and the intensity of feedback sys-
tems might decrease with increasing spatio-temporal scale
(Figure 1b). Lokhorst et al. (2019) identify small plant species
which were argued to exhibit similar hydraulic characteristics
on a microscale to plant vegetation species in the natural envi-
ronment. These results could help to recreate diverse vegeta-
tion communities in flume experiments, mimicking real-world
applications and hence facilitating upscaling of results from
flume experiments. Yuan et al. (2019) use an environmental
chamber to simulate variable isolated environmental factors
acting on rock surfaces of a supratidal sandstone colonized
by biofilm. This not only allows investigation of processes sep-
arately, but also over a much shorter time period. The study
indicates that light exposure is one of the main drivers of
biofilm-induced weathering of supratidal sandstone.

(Bio)geomorphic mesoforms (10-100 m)

Stavi et al. (2018) and Giaccone et al. (2019) investigate
vegetation—environment interaction on a bi-annual basis using
repeated plot surveys. Plot scales are very common in ecologi-
cal and soil erosion studies that focus on hillslopes. This
approach allows the authors to investigate seasonal and annual
variability. Both studies find geomorphology to be an important
factor within a wider range of environmental factors (green
shading in Figure 1b, intensity of known biogeomorphic

feedbacks).

Decadal time scale

Most studies in this special issue (Figure 1), and in
biogeomorphology in general (Figure 2), are conducted on a
decadal time scale. This is likely because the decadal time
scale is associated with a frequently investigated geomorphic
spatial scale and associated geomorphic units (river reach,
hillslope, shoreface) (Figure 1). There are a variety of tech-
niques that support research at a decadal time scale, and most
of them involve some type of remote sensing. However, there
are also other methods, for example DeAnna and Wohl (2019)
substitute space for time in analysing a series of beaver reaches,
in order to gain an insight into how river floodplain heterogene-
ity, which is a function of beaver modification, changes
through time. They find that even after abandonment,
beaver-induced heterogeneity may persist for up to about 30
years even after beaver abandonment. Similarly, Schepers

—

Centennial Millenial Supra-millenia

Number of publications on biogeomorphology with respect to their time scale. A Web of Science search on ‘Biogeomorphology’ (June

2020, keywords can be found in Annex 1) was filtered with the respective keywords for a particular time scale. Note that a search using the keywords
for ‘Biogeomorphology” only would have led to a higher number of publications (778 instead of 180). Even though this is a rough analysis of the pub-
lished literature, we hypothesize that it gives a representative view of how biogeomorphic publications spread along the temporal scale. Also note that
the supra-millennial column covers time periods from 100 000 years up to geological eras, and hence is over-proportionally large.
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etal. (2020) use a spatial gradient of decreasing marsh area and
increasing shallow open water area in a salt marsh system
(USA) to investigate early warning signs of marsh vulnerability
to sea-level rise. Grenfell et al. (2019) find that earthworms cre-
ate a hummock-hollow microtopography in seasonal wetlands
in South Africa. The authors were able to quantify the slow eco-
system engineering of earthworms by using a combination of
field observations of earthworm activity and Pb210 sediment
dating technique. The role of vegetation in dynamic river chan-
nels and floodplains on a decadal scale is addressed by Gurnell
etal. (2019), Kleinhans et al. (2019) and Corenblit et al. (2020).
These studies apply remote sensing methods to archival aerial
images amongst other imagery to facilitate analysis on a
decadal scale. Corenblit et al. (2020) also have a dataset of
an older survey available, with which they relate vegetation
bar succession to historic changes in gravel mining and
flooding frequency and magnitude. Kleinhans et al. (2019) find
a surprising consistency of vegetation patches in a dynamically
meandering river reach. Gurnell et al. (2019) determine condi-
tions and feedbacks for the establishment of river islands in a
braided river reach by combining remote sensing with field
observations, and a seed bank experiment. Through Delft3D,
Nardin et al. (2020) quantify the evolution of a coastal bay col-
onized by salt marsh and submerged aquatic vegetation. They
investigated feedback between ecology and sediment transport
in an erosional system. The study shows the delicate equilib-
rium between internal bay processes and offshore waves.

Centennial time scale

The number of biogeomorphic studies drops off sharply when
moving onto the centennial time scale (Figures 1 and 2). This
is likely because instrumental records are mostly limited to
recent decades, and only very rarely expand further back in
time. At the same time, most sedimentary dating tools are not
accurate enough to cover this time period accurately. Never-
theless, some studies using a modelling approach have focused
on this comparably difficult time period. Kleinhans et al. (2018)
analyse the longer-term feedback between cohesive floodplain
deposition, vegetation and river channel pattern change in a
Delft3D modelling study. For example, on this time scale, hys-
teretic loops can develop in model runs in which vegetation
and mud increase over time. Also making use of Delft3D, Lera
et al. (2019) quantify the evolution of a river mouth bar colo-
nized by submerged aquatic vegetation. They studied feedback
among ecology and sediment transport, which reveals the
important role of submerged aquatic vegetation on sediment
sorting in estuarine environments.

Millennial time scale

Without doubt, identifying biogeomorphic feedbacks on a mil-
lennial time scale is very challenging, because most sedimen-
tary records alone do not yield enough information to do so.
Unfortunately, similar to the centennial time scale, geomorphic
cyclicity and hysteresis have been observed mostly over longer
time scales, and hence there is a clear need to investigate these
time scales in order to increase our understanding of
biogeomorphic systems. One promising approach is to use
the chronostratigraphy of sedimentary archives including
palaeo-environmental information through, for example,
botanical remains, in combination with analysis of aerial imag-
ery and field observation from shorter time scales. For example,
Larsen et al. (2016, 2019) show that vegetation controls sedi-
ment aggradation in a tropical river floodplain during periods
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of low disturbance. A short (decadal) alluvial knickpoint then
causes widespread erosion, dewatering of peat layers, and
finally fire, which in combination destroys the ecosystem. The
authors argue that this evolution is part of a cyclical behaviour,
in which aggradation and erosion depend on each other. In a
coastal environment, Coleman and Kirwan (2019) investigate
the role of vegetation diebacks on a smaller area in a marsh
environment, which caused local subsidence and erosion
because of a loss of surface and subsurface stability on an
annual basis. The authors show that erosion originating in veg-
etation dieback is only one part of a complex marsh-wide his-
tory, in which erosion and sediment redistribution is
necessary to maintain overall marsh elevation above sea level
(Hopkinson et al., 2018).

Crossing Spatio-temporal Scales in
Biogeomorphology

In biogeomorphology, datasets of biologic and physical forms
and processes are being combined. As a comparatively young
sub-discipline of geomorphology, there is still a need to
develop models to simply conceptualize the interactions
between biology and geomorphology over variable
spatio-temporal scales (Stavi et al., 2018; Dong et al., 2019;
Gurnell et al., 2019; Larsen et al, 2019; Corenblit
et al., 2020). In the same sense, observations between biologi-
cal and physical data at smaller scale are often used in simple
rule-based models that allow extrapolation of the general mag-
nitude of effects to large scales (Mason et al., 2019; Rice
et al., 2019). Concepts of scale breaks and cross-scale dynam-
ics are well established in ecology, and slowly find their way
into biogeomorphology, for example Panarchy (Eichel, 2017;
Hortobagyi, 2018; Stallins and Corenblit, 2018). Panarchies
are hierarchically nested and mutually reinforcing sets of pro-
cesses that operate at different spatial and temporal scales,
ranging, for example, from a leaf up to the biosphere from days
to geological epochs (Gunderson and Holling, 2002). Scale
levels are separated by discontinuities in key variables and
the set of processes subject to adaptive cycles of collapse and
renewal (Allen and Holling, 2008). Cross-scale dynamics are
then related through Remembering (sensu memory), which
allows cascading legacies and instabilities from the upper to
the lower scales. The opposite of remembering is Revolt (sensu
disruption/change of a cycle), which allows the lower cycle to
exert its influence on a vulnerable phase of the upper scales
(Allen and Holling, 2010; Stallins and Corenblit, 2018). By
understanding the characteristics and inter-relations of these
cycles and their scales, it may be possible to evaluate system
stability and resilience with particular utility for developing sus-
tainable process-based management strategies (see next sec-
tion). Most interestingly, it may be possible to identify the
points at which a biogeomorphic system is capable of positive
change, and to indicate the points where it is vulnerable or
favourable for change. The likely challenge here is going to
be the availability of data over sufficiently long time scales
and large spatial scales but at sufficient spatial granularity and
temporal resolution to illustrate these processes concretely.
Biologic datasets often originate in monitoring, and contain
data on a single species or on a species community. Species
distribution models are often used for upscaling monitoring
data. The analysis, and also the modelling and hence upscaling
and the crossing of spatio-temporal scales, is mostly based on
statistical principles. Similarly, the analysis and monitoring of
physical processes are based on field data, but then modelled
and upscaled based on the physics of the processes involved.
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This poses two main challenges to the discipline: firstly, bridg-
ing the gap between modelling studies and field data collection
is undoubtedly one of the largest issues that the biogeomorphic
community encounters; secondly, modelling of biophysical
systems additionally suffers from the fact that geomorphology,
as a physical science, models mechanistically, while biological
processes are most often treated as stochastic or with simple
correlations (Vaughan et al., 2009; Figure 1g). Due to the com-
plexity of modelling physics and biological processes together,
often a simplification of one or both disciplines reduces the
accuracy of the results. The modelling combination of both sci-
entific disciplines is widely used in this special issue on
biogeomorphology. In fact, numerical models are used to cou-
ple vegetation and sediment transport through different model-
ling approaches and environments in this special issue:
Kleinhans et al. (2018, 2019), Lera et al. (2019), Carriere
etal. (2020), and Nardin et al. (2020) use available mechanistic
models (Delft3D and Landlab); Dong et al. (2019) and Roman-
Sanchez et al. (2019a) use analytical models to solve a
diffusion-advection equation and calculate the diffusivity con-
stant and erosion—deposition rates; while Stavi et al. (2018),
Coleman and Kirwan (2019), Corenblit et al. (2019), and
Giaccone et al. (2019) take a more ecology-based approach
and employ statistical models. In order to analyse the influence
of explanatory environmental variables (e.g. elevation, temper-
ature) on species cover and species richness, Giaccone
et al. (2019) used generalized linear and generalized additive
models. Then, additional environmental factors (a
morphodynamics index and the type of earth surface processes)
were added to the baseline model to test their additional effect
in an advanced model. Corenblit et al. (2019) present a statisti-
cal approach (CLPM: cross-lagged panel model) which may be
used to identify and characterize causal relationships between
different variables measured at different points in time in
biogeomorphologically evolving systems. The method consists
of a series of correlations between a variable at time t with itself
at t+1 and other variables at respectively tand t+1. This process
is repeated for all variables.

Biogeomorphological models must couple biological and
geomorphological changes at different time scales. Increasing
the time scale of predictions magnifies errors and models can
develop to an unrealistic landscape state. Numerical models
are playing an increasingly important role, because they can
provide future scenarios of landscape evolution, including
biogeomorphic feedbacks under different forcings. Following
Murray’s (2003) model classification, numerical models can
be arrayed along an axis having at the two extremes simulation
models, like Kleinhans et al. (2019), Lera et al. (2019) and
Nardin et al. (2020), and exploratory models, like Dong
et al. (2019). Simulation models aim to reproduce the natural
system as accurately as possible. On the contrary, highly simpli-
fied exploratory models aim to understand the general behav-
iour of the system, by purposely avoiding the representation of
as many processes as possible, and by following the emergent
property viewpoint (e.g. Goldenfeld and Kadanoff, 1999).

Models are used to reveal specific physical parameters
governing the landscape dynamics, and this knowledge can
be tested and adapted, and then transferred to other areas
worldwide. Kleinhans et al. (2018, 2019), Lera et al. (2019),
and Nardin et al. (2020) apply a hydrogeomorphological
modelling tool, Delft3D, that includes a complexity of physical
and ecological parameters. These can reproduce closely the
system modelled. However, a miscalibration of one parameter
might lead to unrealistic results. As a result, care must be taken
during the initial calibration of these models, including field
surveys and readily available data, and a sensitivity analysis
of the most critical variables. These initial steps are critical for
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upscaling the results to a larger time and spatial scale. Field sur-
veys must be linked with modelling needs and focus on certain
key parameters which might help to strongly validate numeri-
cal models. An intensive communication between field
researchers and modellers will boost the precision of numerical
model forecast. Coleman and Kirwan (2019) and Schepers
et al. (2020) are examples of field studies and data analysis that
can offer different modelling applications.

Biogeomorphological Research and
Nature-Based Solutions

NbS involve working with natural processes and enhancing
nature to address societal challenges (e.g. Cohen-Shacham
et al., 2016; Faivre et al., 2017; Seddon et al., 2020). They
involve a broad range of actions, such as the protection and
management of natural and semi-natural ecosystems, the incor-
poration of green and blue infrastructure in urban areas, and
the application of ecosystem-based principles to agricultural
systems. The concept is based on the understanding that
healthy natural and managed ecosystems produce a wide
range of services on which human wellbeing depends, from
controlling floods and stabilizing shorelines and slopes, to pro-
viding clean air and water, food, fuel, medicines, and storing
carbon. NbS are an ‘umbrella concept’ for other established
‘nature-based’ approaches, such as ecosystem-based adapta-
tion (EbA) and ecosystem-based mitigation, eco-disaster risk
reduction and green infrastructure.

NbS are increasingly used in the management of coastal, flu-
vial, and  hillslope  environments.  For  example,
mega-nourishments employing waves and currents to naturally
redistribute sand along the coast are implemented for coastal
safety as well as creating opportunities for ecology and society
(e.g. Stive et al, 2013; De Vriend et al., 2015; Cooke
et al., 2020). Similarly, many NbS have been tested and imple-
mented in fluvial environments, ranging from catchment-scale
natural flood management (e.g. Rijke et al., 2012; Edelenbos
etal., 2017; Lane, 2017; Polvi et al., 2020) programmes involv-
ing at a local or regional level, amongst others, lowering of
groins, removing hydraulic obstacles, as well as creating reten-
tion reservoirs or woody dams as a means to slow the flow
(Dixon et al., 2016). On hillslopes, NbS are proving a
cost-effective long-term solution for hydrological risks and land
degradation (e.g. Keesstra et al., 2018).

The attractiveness of NbS comes from their potential to pro-
tect society from climate change impacts while slowing further
warming, supporting biodiversity, and securing ecosystem ser-
vices. Yet, many NbS have not rigorously been assessed in
terms of reliability, cost-effectiveness, and resilience to climate
change (Lane, 2017; Firth et al., 2020). It is important to under-
stand the value and limitations of NbS for proper use (e.g. Firth
et al., 2020; Seddon et al., 2020).

NbS can be employed across a variety of spatial and tempo-
ral scales. Ranging from local woody dams to entire river
reaches (Dixon et al., 2016; Lane, 2017), and from individual
replanted seagrass patches to coastal mega-nourishments
(De Vriend et al, 2015). This issue demonstrates that
biogeomorphological feedback systems (i.e. the feedback sys-
tems NDbS are employing) are inherent for all spatial and tempo-
ral scales (Figure 1). Yet, many contributions within this issue
highlight that our understanding of biogeomorphic feedback
systems is incomplete and, importantly, differs depending on
the scale considered. For the smallest scales, a mechanistic
understanding is established for some feedback systems
(Grenfell et al., 2019; Mason et al., 2019) but many other
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feedback systems at the smallest scales remain unresolved to
date (e.g. microbial effects on sediment dynamics, microbial
effects on extraterrestrial bodies). For intermediate scales
(decadal to centennial), the literature shows a peak in contribu-
tions (Figure 2), likely related to the rise of numerical modelling
(Kleinhans et al., 2019; Lera et al., 2019; Nardin et al., 2020), as
well as remote sensing techniques (Gurnell et al.,, 2019;
Corenblit et al., 2020) for biogeomorphological research. At
the largest scales, a more rule-based understanding of system
behaviour is established (Larsen et al., 2019; Carriere
et al., 2020). In other words, biogeomorphological research is
conducted at many scales and elucidating many feedback sys-
tems, but there is now a particular need for research into
cross-scalar effects and how biogeomorphology can contribute
further to environmental management, for example by
employing NbS.

In the context of space and time, and inspired by the
panarchy approach, we propose three ways forward for a better
application of biogeomorphic research and findings in NbS:

1 Explicit definition of scale(s) of interest and accounting for
cross-scale dynamics. When searching for adequate NbS,
it is essential to define the scale(s) of interest and assess
the strength of cross-scale dynamics (e.g. Allen and
Holling, 2010; Naylor et al., 2017; Gurnell et al., 2019;
Johnson et al., 2020; Polvi et al., 2020). This may allow
weighting how changes at one level may propagate across
scales, or how legacies at the higher scale may
hinder/reinforce desired management goals.

2 Allow for the cyclicity of natural processes. When apply-
ing NbS, it is important to be aware of the cyclic nature
of biogeomorphic processes (Allen and Holling, 2010;
Larsen et al., 2019). For managers of coastal, fluvial and
hillslope environments, a stable system may be preferable.
However, for long-term cost-effective and sustainable
application of NbS (Johnson et al., 2020), it is important
to recognize the importance of naturally occurring unsta-
ble phases in biogeomorphic systems (e.g. succession after
disturbance; Toone et al., 2014) and therefore account for
the associated uncertainties during planning (Darby and
Sear, 2008).

3 Set up integrated (long-term) biogeomorphic monitoring
campaigns as part of NbS. Monitoring of NbS can greatly
improve our understanding of biogeomorphic feedback
systems across a variety of scales and for a range of envi-
ronments, adding to the scientific knowledge base. Many
monitoring campaigns focus on a limited number of
parameters but to better understand and evaluate
biogeomorphic feedback systems, programmatic, richer,
and smarter (matched in space and time) monitoring
design is required (Weber et al., 2018; Firth et al., 2020;
Johnson et al., 2020; Seddon et al., 2020; Viles, 2020).
By including these requirements in the NbS project pro-
posal, evaluation of the effectiveness of the NbS will be
better informed and, importantly, in doing so lessons
may be learned on biogeomorphic feedback systems facil-
itating the NDbS. Setting up long-term monitoring cam-
paigns observing ecological as well as biogeomorphical
parameters of biogeomorphic environments would be a
win for scientists, practitioners, and policy-makers
involved in biogeomorphology and NbS.

In relation to point 3 of the list above in particular, a
biogeomorphological toolkit (Viles, 2019) may help further
bridge the gap between the scientific discipline of
biogeomorphology and the application of NbS. Such a toolkit
may serve as a nucleus for biogeomorphological knowledge
and methodologies and would benefit from setting up data
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and model repositories. Importantly, such a toolkit could also
aid in building a stronger biogeomorphology community with
shared resources. Inspiring examples are provided by the
CSDMS  modelling community (https:/csdms.colorado.edu/
wiki/Main_Page) as well as the Ecoshape initiative (https:/
www.ecoshape.org/en/), developing and sharing knowledge
and, in doing so, building invested communities. The next step
for the biogeomorphology community?

Conclusions

This special issue on biogeomorphology may serve as a state-
of-the-art, but above all it will hopefully also serve as a starting
point for uncovering more biogeomorphic feedbacks in the
coming years. This article summarizes and analyses the publi-
cations of the special issue on biogeomorphology We identify
the relation of time and space in biogeomorphology as a topic
that is at the heart of the biogeomorphic research frontier. It is
well established that time and spatial scales in both ecology
and geomorphology are closely coupled, and can hence be
combined. Even though there is evidence for feedback systems
between biota and physical processes on all spatio-temporal
scales, the influence of biota seems to become stronger the
smaller the scales. This article also connects the metabolic rate
or size of organisms to spatio-temporal considerations. When
linking this evidence to disturbance cycles (note, only distur-
bances originating in geomorphic events), and biotic recovery
in between these events, it becomes clear that the minimum
time period of biogeomorphic interest is relative to the size of
the organism investigated, and involves at least two distur-
bance events and one phase of recovery in between the two.
Modelling and remote sensing are currently used to cross
spatio-temporal scales, but especially on longer time scales this
proves challenging. In part this originates in missing data from
long-term monitoring of physical processes and biota for model
validation. This article thus highlights the importance of the
establishment of long-term, coupled physical-biotic environ-
mental monitoring.

We also find that there is still a disconnect between the sci-
entific discipline of biogeomorphology and the application of
biogeomorphological knowledge and methodologies in
coastal, fluvial, and hillslope environments, for example by
NbS. An effort from the scientific community is therefore
needed to transfer their knowledge on biogeomorphic pro-
cesses to practitioners and policy-makers and to shape them
into practical tools. As such, the setup of a toolkit with
biogeomorphological repositories for data and models may
serve as a nucleus for biogeomorphological knowledge and
methodologies, help bridge the gap between scientists and
practitioners, and build a stronger biogeomorphology
community.
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