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The collective influence of animals on the processes shaping the Earth’s surface remains
largely unknown, with most studies limited to individual species and well-known
exemplars. To establish the global geomorphic significance of animals, we systemati-
cally reviewed and synthesized evidence across freshwater and terrestrial ecosystems.
Over 600 animal taxa had reported geomorphic effects. For the 495 wild animals and
5 livestock identified to species level, we estimated their global abundance, and collec-
tive biomass and energy. While our census is global in scope, a lack of research in the
tropics and subtropics, and on less visible animals, leaves them underrepresented in
analyses. Most reported species are globally widespread, but some are rare, endemic,
and/or threatened, leading to risks that key geomorphic processes cease before we
fully understand them. We estimate the collective biomass in wild animal geomorphic
agents at =0.2 Mt Carbon, equating to a biological energy content of =7.6 million
G]J. If a conservative minimum 1% of this energy contributes to geomorphic work
annually, this yields an energy contribution from wild animal geomorphic agents of
276,000 GJ—equivalent to the energy of hundreds of thousands of extreme floods.
Uncertainties in biomass estimates and energy partitioning mean this value could
credibly be an order of magnitude higher, and countless species remain unreported
or undiscovered. The livestock estimates exceed the wild animals estimates by three
orders of magnitude. The geomorphic energy of animals is far more influential than
previously recognized and future losses, dispersal and introductions of zoogeomorphic
species may induce substantive landscape changes.

biogeomorphology | ecosystem engineers | landforms | landscape evolution

Biological diversity influences landform development and landscape evolution because
many species create or modify habitat in ways that both enhance their own survival and
provide habitat for other species (1). These “ecosystem engineers” (2) include animals
acting as zoogeomorphic agents, modifying soil and sediment dynamics, landforms, and
landscape evolution (3). Animals cause landform change both directly, by mixing soils
and sediments (bioturbation) and via the displacement of Earth materials (bioerosion and
bioconstruction), and indirectly, by conditioning rock, soil, and sediment particles to be
more or less susceptible to erosion and transport by geophysical processes. For example,
riverbed gravels can become less mobile when bound by caddisfly silk (4) or more mobile
when disturbed by benthivorous feeding fish (5).

Animal effects on Earth surface processes are diverse in their nature and significance
(3). Freshwater crayfish modify river bank erosion and sediment transport (6-9); ant
mound landscapes alter soil erosion and runoff (10); gopher tortoise burrows can initiate
cascading effects on soils when they are re-engineered by other fossorial animals (11); the
removal or reintroduction of beaver can trigger river-landscape metamorphosis (12, 13);
and salmon spawning can be responsible for as much sediment movement as annual
flooding (14) and might influence river evolution over geological timescales (15). In
contrast, the nature and significance of the geomorphic effects of other animals, such as
burrowing scorpions (16) and nonsalmonid redd-building fish (17), remain largely
unknown despite their abundance in contemporary and past environments. It has been
suggested that all ecosystems on Earth are engineered by organisms to some degree (2)
and studies estimating the geomorphic power of plants (18) and river macroinvertebrate
communities (19) have used total energy (Joules) as an appropriate metric (20). This
represents a framework for considering the energy held by animal communities and
exchanged with geophysical systems, offering opportunities to unlock insights into
biological-geophysical feedbacks and their influence on environmental resilience, resto-
ration, and hazards. Yet there remains no comprehensive global assessment of the number
and abundance of zoogeomorphic animals and their collective biomass and energy.
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Empirical studies overwhelmingly focus on a single species
within a specific environment, but exponential growth in bioge-
omorphological research over the last 20 y (21) creates a unique
opportunity to bring together diverse evidence across species and
ecosystem types. Here, we used systematic review to derive an
inventory of reported animal geomorphic agents and their effects
from 513 peer-reviewed studies (Materials and Methods). We then
analyzed global species and biomass inventories (22-26) to esti-
mate the global geomorphic significance of these animals in terms
of their taxonomic diversity, their global occurrence, and their
collective biomass and biological energy (Materials and Methods).
We focus on terrestrial and freshwater ecosystems (excluding
marine and coastal ecosystems and ecosystem engineering by
humans) and include reported zoogeomorphic effects related to
the removal of material (bioerosion), the biological reworking of
soils and sediments (bioturbation), and the production and accu-
mulation of materials (bioconstruction), including activities that
stabilize materials and reduce erosion (bioprotection) (27). The
study was global in scope, but the species inventory is inevitably
influenced by well-known biases in research, publication, and the
historical concentration of taxonomic resources (Materials and
Methods), meaning that data are richest for Northern Hemisphere
temperate zones (62% of publications) while areas of known high
biodiversity (e.g., the tropics) are doubtless underrepresented
(37% of publications). To acknowledge this bias, we use the term
“reported” zoogeomorphic agents throughout.

Results

Global Diversity of Reported Animal Geomorphic Agents and
their Effects. We found 608 animal taxa reported as zoogeomorphic
agents that were identified to species, genus, or family level using
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systematic review (Materials and Methods). This included 603
wild animals plus five livestock taxa: cattle, yak, goat, sheep, and
feral horse. Of these, 500 animals (including the livestock) were
identified to species level, comprising 170 freshwater species
and 330 terrestrial species (Fig. 14 and SI Appendix, Fig. S1),
meaning freshwaters support 34% of reported zoogeomorphic
species despite covering only 2.4% (28) of the nonmarine surface
of the globe. Zoogeomorphic taxa include, in order of species-
richness: insects, mammals, clitellate worms, crustaceans, ray-
finned fishes, molluscs, birds, arachnids, reptiles, and amphibians
(Fig. 14 and SI Appendix, Fig. S1). The majority of reported wild
animal geomorphic agents were studied solely within their native
range (95%), compared to 3% studied in their non-native range
and 3% studied in both (Fig. 1B). More than a quarter (28%)
of zoogeomorphic species are vulnerable to future population
decline or regional or global extinction (Fig. 1C). This includes
57 listed as either threatened (critically endangered, endangered,
or vulnerable; 34 species) or near-threatened (23 species) on the
International Union for the Conservation of Nature (IUCN) Red
List of Threatened Species (Materials and Methods). Future loss of
vulnerable zoogeomorphic species and the energy they contribute to
geomorphic processes may induce substantive geomorphic changes
in the landscapes they occupy. Most types of zoogeomorphic
forms and processes were reported in both freshwater and
terrestrial environments (Fig. 1D), including bioerosional forms
and processes such as burrows and diggings, bioconstructional
forms such as mounds and nests and bioturbation processes of
soil/ sediment mixing, ingestion, and geomorphic disturbances
associated with foraging. Freshwaters host a unique assemblage
of bioconstructional landforms (e.g., redds, cases, tubes, nets,
and dams). Burrowing and mounding, often interrelated, were
associated with the greatest species richness, while dens, wallows,
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Fig. 1. Global diversity, range and conservation status of reported zoogeomorphic species, and types of zoogeomorphic effect. (A) Number of zoogeomorphic
species identified from published literature (filled circle = a species) color-coded by taxonomic class, with circles scaled by research attention (number of papers).
(B) Proportion of reported wild species studied in native/non-native ranges and (C) conservation status of reported species. (D) Zoogeomorphic landforms and
processes identified within terrestrial and freshwater ecosystems, filled circle scaling reflects number of species linked with that effect. Some species may
be associated with multiple effect types (e.g., burrows and mounds, or dens and diggings) but each species is only represented once for each type of effect.
Classifications are primarily based on descriptions and terminology provided in the original published studies (Materials and Methods).
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rubs/ scrapes, trails and compaction effects, and dung burial
were reported for fewer species. Photographs of some example
zoogeomorphic effects are provided in SI Appendix, Fig. S2.

Global Abundance and Distribution of Reported Geomorphic
Agents. Global occurrence data were available for reported
zoogeomorphic species in 289 genera (79% of the total identified)
and were used to indicate global abundance (Materials and Methods).
Zoogeomorphic species collectively are globally widespread, with
over 16 million global occurrence records reported across wild
animal species. Freshwater zoogeomorphic species were associated
with more occurrence records than terrestrial species, accounting
for 70% of occurrence records compared to 34% of the total
zoogeomorphic species (Fig. 2A). This reflects the relatively high
proportions of widespread genera of ray-finned fishes, waterfowl,
and shorebirds in freshwater habitats. Zoogeomorphlc animals
with intermediate global occurrences (10 to 10" records) were
most common and most taxonomically diverse (Fig. 2B). Rare or
geographically restricted taxa (<100 occurrence records) accounted
for 19% of genera and the majority of these were less visible,
small-bodied animals (insects, clitellate worms, small crustaceans,
and arachnids) which are likely to be more widespread than global
occurrence data suggest. Livestock occurrences are low relative to
wild animal occurrences in the datasets (Materials and Methods)
and are presented separately in S/ Appendix, Fig. S3.
Geomorphic effects of animals were identified in all major fresh-
water and terrestrial ecosystem functional groups (87 Appendix,
Fig. $4). Regional patterns in the characteristic geomorphic agents
reported included bears, bison, and salmonids in North America;
ants, termites, and shrimp in South America; marsupials in
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Australia; large herbivores in Africa; termites and ants in Asia; and
earthworms, boar, and freshwater insects in Europe, while bioge-
omorphic effects of rodents were reported more widely (Materials
and Methods for discussion of geographical and taxonomic biases).
To explore the global distributions of the identified zoogeomorphic
species and identify potential hotspots of zoogeomorphic activity,
we created raster surfaces using global occurrence records (Materials
and Methods). Occurrence density and richness patterns (Fig. 2 C
and D) indicate the highest co-occurrence of wild zoogeomorphic
species (tens of species) in western Europe and North America,
followed by Australia, South Africa, and South America where data
are richer, in comparison to the tropics and subtropics (Materials
and Methods). The distributions for livestock taxa follow a similar
pattern (SI Appendix, Fig. S3). As a result of the stated biases in
research, publication, and occurrence data, zoogeomorphic species
abundance and diversity are likely significantly underestimated in
the tropics and subtropics and, hence, the co-occurrence of tens
of zoogeomorphic species is likely far more widespread.

Potential for Undiscovered Species. Since species within a
genus share similar traits and behaviors, it is plausible that genera
containing reported zoogeomorphic species may also contain
undiscovered or unreported geomorphically active species.
Hence, we calculated the proportion of described species that were
reported as geomorphic agents for each genera using global species
inventories (22). Species data were available for 362 genera (99% of
the total reported). We grouped genera based on the total number
of species they contained (Fig. 3 and SI Appendix, Table S1).
A small number of genera were monotypic (containing one extant
species), two-thirds of which were mammals. Known extinct
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Fig. 2. Global distribution, abundance, and richness of reported zoogeomorphic agents. (A) Distribution of occurrence records for terrestrial and freshwater
species. (B) Frequency distribution of global occurrence records for reported zoogeomorphic species, grouped by genera, colored by taxonomic class. (C) Global
patterns in species abundance (occurrence density) of reported zoogeomorphic agents and (D) global patterns in species richness of reported zoogeomorphic
agents. Maps (C) and (D) are based on GBIF occurrence records for wild animal species. Livestock distributions captured in GBIF data are presented in S/ Appendix,

Fig. S3.
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species of these genera may have been significant zoogeomorphic
agents in the past. Small genera (less than 10 species) contained
on average (median) one third zoogeomorphic species including
some better-known, “charismatic” and larger-bodied animals
such as grizzly bears, beavers, crayfish, and wild boar. There is
limited potential for undiscovered species within this group of
more visible genera that contain fewer species. In contrast, the
species-rich genera have greater potential for overlooked and/or
undiscovered zoogeomorphic species and were differentiated into
two groups. Large genera containing 10 to 100 species in total and
on average 6% zoogeomorphic species were termed “Cinderella”
genera (29) since they were typically less visible (e.g., underwater
or underground dwelling, smaller-bodied). Combined with a high
number of species within the genera, this indicates potential for
overlooked species not uncovered by our searches. Very species-
rich genera (100 to 1000 species) with a disproportionately
small number of geomorphic agents uncovered by our searches
(~1%) were predominantly insects, which are generally accepted
to have high numbers of undescribed species (26). Together,
these characteristics indicate high potential for undiscovered
zoogeomorphic agents; hence, we termed these “latent” genera.

Global Biomass and Energy of Reported Animal Geomorphic
Agents. To assess the global geomorphic significance of reported
zoogeomorphic species, we estimated their collective biomass and
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converted this to biological energy content to enable comparison
with energy from geophysical disturbances. We used existing recent
estimates of global biomass for nonmarine animals (24), wild
terrestrial mammals (25), and ants (family Formicidae) (26) and
estimated the proportion of that biomass associated with species
we know to be zoogeomorphic agents (Materials and Methods).
Since data availability for global biomass estimates and global
species abundance varied across taxonomic groups, we used two
approaches to estimate the zoogeomorphic proportion of published
global biomass estimates: calculating the percentage of all known
species (22, 29) that were reported as zoogeomorphic agents and
(where possible) the percentage of all global occurrence records (23)
associated with zoogeomorphic species (Materials and Methods).
Biomass estimates were converted to total energy content using
existing calorie per gram relationships (Materials and Methods).
Livestock taxa were excluded from the wild animal estimates and
their biomass was estimated separately using published livestock
biomass data (Materials and Methods). Uncertainty bounds of
published biomass estimates (ranging from 2 to 5-fold) and of
published calorie per gram values (1.35-fold) were used to represent
the uncertainty of biomass and energy estimates.

For different orders of mammals and for ants, estimates of the
collective biomass of reported zoogeomorphic agents ranged from
~10~ and =10” Mt of carbon, equivalent to ~10° to =10” GJ of
biological energy (87 Appendix, Tables S2 and S3). Except for
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Fig. 3. Classification of genera containing zoogeomorphic species based on genus size, proportion of reported zoogeomorphic agents, and taxonomic
characteristics. Groups are organized by ecosystem and total genus size: Each filled circle represents a genus (n = 362), scaled by the number of zoogeomorphic
species in that genus. Genera are color-coded by taxonomic class. Representative animals are shown by icons.
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Perissodactyla (odd-toed ungulates), estimates based on occur-
rence data were higher than those based on species richness, gen-
erally by an order of magnitude. The estimate range was largest
for ants (=1 million to 97 million GJ), reflecting their ubiquity
(26). Larger estimates were also produced for larger-bodied but
globally rare animals (elephants, 2.4 to 20 million GJ). The total
biological energy estimate based on the biomass of all nonmarine
wild animal zoogeomorphic species is therefore considered very
conservative, and likely a significant underestimate, at ~7.6 million
GJ (range =1.1 to 51 million GJ).

The total energy values are maxima and not all this energy will
be available to do geomorphic work. A large proportion of energy
will be expended on living costs and that fraction of the remainder
spent doing geomorphic work will reflect diverse factors including
life stage, environmental context and contingency of zoogeomor-
phic effects (30), time partitioning of behavior (e.g., nocturnal,
seasonal), temperature, and invasion status (31). Research quanti-
fying energy partitioning is sparse and hence the magnitude of
these influences across all species and environments is unknown,
but most animals perform geomorphic work as a survival necessity,
for example, as a result of feeding, locomotion, or to construct and
maintain shelter that is used throughout lifecycles. Where available,
published estimates for energy expenditure on these activities range
from <1% to over 40% of an animal’s energy budget, depending
on the species and activity type (Materials and Methods). Reflecting
this diversity, we adopt a conservative assumption that at least 1%
of the maximum available global biological energy of wild zooge-
omorphic species is expended on geomorphic work in a year, yield-
ing a global estimate of over 76,000 GJ (range: ~11,000 to
510,000 GJ; Fig. 4). This is approximately equivalent to the total
energy of over 500,000 extraordinary river floods or 200,000 mon-
soon seasons, or the annual energy of 700 periglacial mountain
rock glacier systems (Fig. 4 and SI Appendix, Table S4). Based on
published estimates of livestock biomass, the potential contribution
of livestock taxa to geomorphic processes could exceed wild animals
by 450-fold, at 34.5 million GJ.

If the energy contribution of wild animal geomorphic agents
is evenly distributed across the land surface of the Earth below the
treeline, this equates to an average of =0.58 J m ™y~ (range: ~0.09

t0 3.89 ] m™ y™!) which exceeds published data for large floods,
tropical storms, and monsoons by between one and three orders
of magnitude (57 Appendix, Table S4). This value will be higher
in hotspots of zoogeomorphic species diversity and abundance
and lower in areas where geomorphic agents are less diverse and/
or abundant. Our species density and richness maps (Fig. 2 Cand D)
indicate that 5% of the nonmarine land surface may host up to
90% of the reported wild zoogeomorphic agents (S/ Appendix,
Fig. S5). Under this scenario, annual zoogeomorphic energy in
these hotspots could exceed ~10 J m™y ™" (range: =2 t0 70 Jm ™y "),
which is orders of magnitude lower than spatially averaged energy
values for annual mountain slope processes but exceeds spatially
averaged values for typical hydrologically and meteorologically
driven disturbances.

Discussion

Animals acting as geomorphic agents have a profound influence
on the processes shaping the Earth’s surface, yet until now, the
global diversity and collective biomass and energy of these animals
has remained unexplored. Our analysis has shown that the diver-
sity and abundance of freshwater and terrestrial animals shaping
the Earth’s surface is extensive. Our searches identified 500 animal
species that are reported as geomorphic agents. They range in body
size from insects to megafauna, spanning thirteen taxonomic
classes and all freshwater and terrestrial ecosystem types. Reporting
of zoogeomorphic agents was disproportionately sparse in global
biodiversity hotspots such as the tropics and subtropics (32),
among insects which likely host undiscovered species numbering
millions (26), and among smaller, less visible but potentially
impactful “Cinderella” species such as those living underwater or
underground (29). Other animal geomorphic agents may also be
overlooked or underemphasized because their impacts are not
obvious. As a resul, it is likely that many more as yet unidentified
species will be zoogeomorphic agents, and that the zoogeomorphic
agency of many described species is underreported. We therefore
consider the species inventory and associated calculations reported
in this paper, which are based on systematic review of published
studies, to represent a minimum and likely a considerable
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Fig. 4. Range of estimates for the energy of zoogeomorphic species available for geomorphic work annually. Values represent an estimated minimum of 1% of
total biological energy. Size of each circle reflects the number of zoogeomorphic species in that group. Estimates for different taxonomic groups are compared
to example geomorphological disturbances (river floods, monsoons, and total annual energy of mountain slope processes) from the literature (S/ Appendix,
Table S4). The livestock estimate is shown in gray and was calculated using published biomass estimates for the five reported zoogeomorphic livestock species.
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underestimate. Notably, the scope of this study, and hence calcu-
lations, excludes marine and coastal environments where zooge-
omorphic effects will also be substantial (33).

We found that terrestrial environments were richer in reported
zoogeomorphic species in absolute terms, but that freshwater
habitats contained a higher proportion of reported zoogeomor-
phic species per unit area, and freshwater zoogeomorphic species
collectively were more globally abundant based on available
occurrence data. Freshwater ecosystems are known to support
high biodiversity per unit area overall (34, 35) but are subject to
multiple stressors (36) and are experiencing exceptionally high
rates of population decline (35). This indicates high risks of future
decline or loss of important zoogeomorphic processes. The geo-
morphic processes and landforms associated with other vulner-
able taxa such as terrestrial megafauna (37) and marsupials (38)
face similar future threats. Indeed, more than a quarter (28%) of
all reported zoogeomorphic species were listed as being exposed
to current or future threats, meaning that there is a real risk of
losing many zoogeomorphic processes from landscapes before we
have developed a full understanding of their environmental
significance.

Recently published estimates of the global biomass of different
taxonomic groups (24-26) enabled estimation of the collective
biomass and biological energy of reported wild animal geomorphic
agents at ~0.2 Mt Carbon and =7.6 million GJ respectively.
Biomass and biological energy for livestock reported as geomor-
phic agents were estimated at ~75 Mt Carbon and =3.5 billion
GJ respectively. Even assuming only 1% of this total energy con-
tributes to geomorphic work in a given year, this yields total and
spatially averaged energy estimates for wild animals that exceed
those of major geophysical disturbances such as floods by orders
of magnitude. Our 1% estimate is a conservative minimum based
on available published studies of energy expenditure for a limited
number of species which included reported values upward of 10%
(Materials and Methods for details), meaning the average contri-
bution across all species could be an order of magnitude higher.
Estimates of livestock energy contributions to geomorphic work
exceed wild animals by three orders of magnitude due to their
global abundance and large body size, but realization of their
geomorphic effects will reflect factors such as stocking density,
environmental conditions, feeding, and behavior in a domesti-
cated setting (39—41). These impacts remain underexplored (41),
with our searches returning only 14 publications addressing the
geomorphic effects of livestock relative to 503 on wild animals.
Global estimates of biomass are typically associated with high
uncertainty (24-26) meaning our energy estimates could reach
an order of magnitude higher or lower but the minimum estimate
for wild animals is still equivalent to the energy expended by tens
of thousands of extraordinary floods.

These estimates are astounding, partly because they challenge
the geophysical orthodoxy that has historically overlooked the
geomorphic significance of animals (42). Yet, existing documen-
tation of the profound impact of animals on geomorphology
provides context and perspective to support the magnitude of
these estimates, beginning with Charles Darwin’s recognition of
the role of earthworms in soil formation and landscape evolution
(43, 44). Recent studies have revealed that the energy of macroin-
vertebrate communities can match or exceed stream power for
most of the year in some rivers (19) and Hippopotamus trails can
initiate the development of drainage networks (45). Remote
sensing has revealed extensive termite mounds in Brazil covering
over 100,000 km? (46) and the global abundance of ants has
been estimated at 20 quadrillion (26), many of which are highly
effective geomorphic agents (10).

https://doi.org/10.1073/pnas.2415104122

Our uncertainty bounds account for the uncertainty in biomass
estimates and in published Calorie per gram estimates. Data are
not available to explicitly account for variations in energy parti-
tioning by zoogeomorphic agents and environmental contingency
but this is implicitly recognized in our adoption of a conservative
estimate of 1% of total energy dedicated to geomorphic work
across all species. We do not convert biological energy estimates
into sediment flux since this relationship will depend on landscape
characteristics and species traits, behaviors, and interactions (5,
47-49). Further empirical research is required to understand these
relationships for different species, but studies on crustaceans (19)
and mammals (50) indicate that animal geomorphic agents alter
soil and sediment fluxes efficiently and can move particles at
energy levels below those required for geophysical processes (19).

Our analysis has revealed that the energy of zoogeomorphic
species represents a significant and overlooked driver of geomor-
phic change at the global level. Some of their energy will drive
changes that are beneficial for ecosystem functioning, but some
may also be ecologically destructive, such as the effects of invasive
non-native zoogeomorphic agents (31). The nature and signifi-
cance of these processes will also be altered by the combined effects
of climate change on geomorphic systems, species ranges, and trait

filtering (51).

Materials and Methods

Systematic Review. To create a global species inventory of reported animal
geomorphicagents, we conducted a systematic review (52) of zoogeomorpholog-
ical research following the established Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines (PRISMA), including the extension pro-
posed for ecology (PRISMA Eco-Evo) (53, 54). The approach was a comprehensive
search rather than a representative sample. Searches were conducted in Scopus
and Web of Knowledge (WOK) using predetermined search strings designed to
capture studies using discipline-specific descriptors (e.g., zoogeomorphology,
biogeomorphology, ecosystem engineer, geomorphology, bioerosion, bioturba-
tion, etc.) as well as those using more general terms for the same effects (e.g.,
sediment, soil, grain, etc.). Search strings were applied to title, abstract, and key-
words (S/Appendix, Table S5). Searches were first conducted on 6th July 2021 and
updated on 14th June 2022 to capture papers published between those dates.
References were also extracted from key published reviews and meta-analyses
(S Appendix, Table S6) including systematic reviews focusing on ecosystem
engineering by land animals (55) and soil disturbing vertebrates (56), the biotic
effects on sediment transport in streams (57), and animal geomorphic effects in
mountain streams (58). The searches and reference lists returned 8,312 publica-
tions combined (excluding duplicates), which were screened for relevance using
the following eligibility criteria: i) contemporary freshwater or terrestrial environ-
ments on Earth; ii) animal effects on geomorphology; iii) ecosystem engineering
effects that are geomorphological in nature are a primary focus of the paper; and
iv) publication is empirical or a quantitative review (S/ Appendix, Fig. S6). Two
members of the research team independently carried out the screening and data
extraction manually and 33% of the extractions (167 out of 513 publications) were
validated by researchers assessing the same papers. Where taxonomic data were
not provided on the animal responsible for geomorphic effects, the study was
excluded from the final dataset. Where species-level taxonomic data were unavail-
able, the study was excluded from the quantitative analysis. Marine ecosystems
and ecosystem engineering by humans were beyond the scope of the research
project and were not included in the search terms or inclusion criteria. The final
retained dataset contained 493 empirical papers and 20 quantitative reviews
(59). Data extractions were checked to ensure no replication was introduced by
quantitative review data.

Species Inventories and Occurrence Data. All returned papers that met eli-
gibility criteria were used to extract information on animal species with reported
geomorphic impacts to create the zoogeomorphic species inventory. Our zoo-
geomorphic species list was derived from publications that undertook quan-
titative assessment of geomorphic effects using control and treatment design
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Fig. 5. Distribution of research attention (number of publications) by country and study locations for field-based studies (n = 435 papers). Silhouettes of
characteristic zoogeomorphic species are shown by region (non-native species are displayed in red).

(n= 144 species); orfrom papers that assessed effects by other means including
measuring landform geometry, quantifying processes, observational approaches
including photographs, or quantitative reviews (n = 356). Our species inven-
tory is inevitably influenced by known research publication biases, including our
exclusion of publications not written in English. Fig. 5 shows the distribution of
published studies and illustrates the bias toward temperate Northern Hemisphere
environments. Zoogeomorphic research is notably lacking from the high biodi-
versity tropical and subtropical latitudes where high animal species richness (32)
indicates potential for high numbers of geomorphic agents. As a result of these
inherent biases, our results doubtless underrepresent geomorphicagents outside
of temperate zone (and Northern Hemisphere) environments, and we recognize
this by referring to “reported” geomorphic agents throughout. The Catalogue of
Life (22) was used to quantify the total numbers of described extant species within
different taxonomic groups to calculate the relative proportion of reported zooge-
omorphic species within those groups. Data on species range (native, non-native)
were derived from the publications reporting zoogeomorphic impacts, and con-
servation status was assigned based on the IUCN Red List of Threatened Species
(60). Since accurate global species abundance data are not available, we used
occurrence records as a proxy for global abundance. Species were assigned to one
or more zoogeomorphic effect types to explore the diversity of effects. Category
designations were primarily based on the descriptions provided in the published
studies. Burrows and mounds, while commonly co-occurring, were treated as
separate features on the basis of mounds being deliberately constructed to extend
subterranean dwellings aboveground, whereas spoil piles or ejecta associated
with burrowing are byproducts formed to create void space elsewhere (61). There
was inevitably some variation in terminology, and subjectivity in classification
of features within the original papers and in our own subdivision of effects into
bioturbation, bioconstruction, and bioerosion groupings, which conceptually
contain overlap (21, 27). However, the purpose was to illustrate the nature and
diversity of the effects and relative numbers of species associated with them
rather than to provide a rigid classification of effect types. Each species could be
assigned to multiple features but is only represented once per feature in Fig. 1D.

Occurrence records for all reported zoogeomorphic species were downloaded
fromThe Global Biodiversity Information Facility (GBIF) (23, 62-64) where availa-
ble using the rgbif package version 3.7.8 (65) and used to create raster surfaces
of global zoogeomorphic species occurrence and richness in R version 4.3.0 (66)
forwild and livestock species separately. Prior to mapping, the CoordinateCleaner
package version 3.0.1 (67) was used to exclude occurrence data if they were
duplicates; absence records; fossils or living specimens; nongeoreferenced or oth-
erwise spatially invalid or uncertain; located in marine areas; recorded priorto the
year 1900 (due to data quality); located within 100 m of zoos; or located within
2 km of country or capital centroids. Centroid coordinates are retrospectively
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assigned by GBIF to occurrence records when only textual location descriptions
are provided, so excluding these improved the accuracy of our dataset (66). Where
global biomass estimates could be extracted for specific taxonomic groups (see
below), we downloaded the GBIF occurrence records for all species in that taxo-
nomic group (68, 69) in order to estimate the proportion of occurrence records
associated with zoogeomorphic species within that group. GBIF data are derived
from a network of participating countries and organizations and bring together
information from thousands of different datasets (23). GBIF occurrence data can
be used to estimate abundance butare subject to inherent biases associated with
the historical concentration of taxonomic resources (70) including the research
and publication biases discussed above, changes in data collection practices
through time, spatial biases (e.g., landcover), and identification and recording
of different taxonomic groups (71, 72). Livestock are underrepresented in the
database and occurrence data were not used to estimate biomass and energy
for this group. Thus, while occurrence data were selected systematically using
our species inventory, we acknowledge that the unquantified biases and error
margins in these data inevitably influence the analyses. Despite these issues, GBIF
remains one of the largest global biodiversity resources available for large-scale
analyses of species occurrence and richness.

Zoogeomorphic Biomass Estimates. We used recent estimates of global
biomass for different animal groups according to data availability (all wild ani-
mals, wild mammals, specific orders of wild mammals, ants, and livestock) to
estimate the total biomass and energy associated with zoogeomorphic species.
The proportion of total animal biomass associated with zoogeomorphic species
will reflect the species richness, global abundance, and individual biomass of
zoogeomorphic species. We assessed the body size distribution of reported zoo-
geomorphic agents at the genus level to verify that reported zoogeomorphic
species encompass a range of body sizes (S/ Appendix). Data were available for
302 genera (82% of the total reported). These data show that reported zoogeo-
morphicagents span a range of body sizes from milligrams to more than 1 tonne
(S Appendix, Fig. S7) and include some of the largest animals on Earth (elephants,
bison, hippopotamus, etc.) as well as the smallest (ants, aquaticinsect larvae, etc.).
In the absence of a global animal biomass frequency distribution, we therefore
assumed the distribution for zoogeomorphic species to be broadly similar to the
distribution for all wild terrestrial and freshwater animals.

We estimated the proportional contribution of wild zoogeomorphic spe-
cies to global animal biomass estimates using two methods: (i) by calculating
the proportion of all species that are reported zoogeomorphic agents (spe-
cies richness-based estimates) and (ii) by calculating the proportion of global
species occurrence records that are associated with zoogeomorphic species
(occurrence-based estimates). These proportions could be calculated for all wild
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animals combined (24) and for orders of wild mammals (Rodentia, Proboscidea,
Lagomorpha, Perissodactyla, Diprotodontia, Carnivora, and Primates) (25) and
ants (family: Formicidae)(26). Data are provided in S/ Appendix, Tables S2 and S3.
Livestock biomass was calculated separately for taxa identified as geomorphic
agents (cattle, sheep, goats, yak, and feral horse) using the published biomass
estimates for those taxa (24) (S Appendix, Table S2). We applied the following
uncertainty bounds of each type of biomass estimate provided in published bio-
mass inventories: 5-fold for all nonmarine wild animals and for livestock (24),
2-fold for wild mammals (25), and = 3.1 Mt Carbon for ants (26).

Zoogeomorphic Energy Contributions. The global biomass estimates used
were reported in Mt Carbon, which was converted to dry weight using the
standard approach [dry weight = 2 x biomass (carbon)] (24). Dry weight was
converted to calories (kcal) using Calorie per gram relationships available
within the literature for different taxonomic groups (S/ Appendix, Table S7).
Relationships were available for some but notall of our taxonomic groups and
variation between them was relatively low (3.71t0 5.65 kcal g™') so we used an
average value of 4.831 kcal g™ for all wild animals with an uncertainty bound
of 1.35-fold. We applied a conversion of 5.5 kcal g~ for livestock, which is the
lower of two estimates for cattle and sheep protein (73). Estimates of total cal-
orie content of zoogeomorphic animals globally were computed from biomass
dry weight and converted to Joules using the conversion 1 kcal = 4,184 J,
to enable comparison with geomorphological disturbances reported in the
literature. Total energy calculations for zoogeomorphic species (in Gigajoules;
GJ)are included in S/ Appendix, Tables S2 and S3. Biological energy available
for geomorphic work was conservatively estimated at 1% of the total energy
content of animals. While published estimates of energy partitioning and
contributions to geomorphic processes are sparse, and variation between
species is considerable, the available data confirm that this is a conservative
estimate. Energy costs associated with burrowing can be as high as 40 to 70%
for earthworms (74) and 14% of daily energy budget for the pocket gopher
Thomomys bottae (75). Mammals may expend 4 to 35% of their daily energy
budget on locomotion (75, 76), and estimates of foraging costs include 15 to
22% of daily energy budget for the armored catfish Ancistrus triradiatus (77) and
27% and 36% of daily energy expenditure on subsurface and surface foraging,
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respectively, for the Namib Desert golden mole Eremitalpa namibensis (78).
Intensive but temporally constrained activities such as redd construction by
salmonids may still account for 5 to 30 d of the year; equating to ~1to 10% of
time dedicated to the activity annually (79-81). Energy expenditure estimates
for the construction of an individual burrow have been reported at 0.27% of
annual energy budget for the rodent Ctenomys talarum (82) and 2% of annual
energy turnover for the scorpion Urodacus yaschenkoi (83). Estimates of total
energy associated with physical geomorphological disturbances (extreme river
floods, monsoon seasons, annual energy of periglacial mountain rock glacier
systems) were derived from the literature for comparison with biological energy
(SIAppendix, Table S4).To obtain average energy values per unit area, we used
anonmarine land surface area of 131,180,000 km?, excluding Antarctica and
land above the treeline (84) where animal abundance is very low as a result of
the inhospitable conditions.

Data, Materials, and Software Availability. All data and code have been made
publicly available in the Zenodo repository (59). Data: species inventory including
all data used to produce figures, and full bibliography of papers derived from
systematic review of the literature. Code: code used to produce, download and
map GBIF occurrence data, and code used to produce the biomass and energy
estimates.
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