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Earthis teeming with life on the move, shaping ecosystems and human

civilizations alike. However, the magnitude of movement by humans and
other animals has yet to be assessed holistically. Here we quantify the
movement of biomass across all animal life and in comparison to humanity.
We show that the combined biomass movement of all wild birds, land
arthropods and wild land mammals is about one-sixth that of humans
walking and about 40 times smaller than all the biomass movement of
humans. The biomass movement of marine animals, which we find to be the
living world’s largest, has been halved since 1850 due to industrial fishing
and whaling, while human biomass movement has increased by about
40-fold. This study gives a quantitative perspective on global mobility in the
Anthropocene and sharpens our perception regarding the extent of human
versus animal activity.

Mobility is central and common to wild animals and humans alike’. It
is a defining feature of animals, sometimes travelling thousands of
kilometres eachyear while actively migrating? foraging, searching for
mates and so on. Mobility is also essential to the daily lives of humans
and their participation in society. As animals and humans move, they
shape ecosystems in myriad ways**, from transporting nutrients and
organisms to trophic effects and physical ecosystem engineering.
Mobility can thus serve as a concrete and direct comparison between
humans and animals, which is consequential and intuitive.

Thisled usto ask: how does the total mobility of humans compare
with that of all wild animals combined? To our knowledge, human
versus animal mobility has yet to be addressed comparatively or sys-
tematically onaglobal scale'. Here, we define the biomass movement
of a given species as its total biomass times the distance it actively
travels per year (having units of annual biomass-distance, that is, units
of mass times speed, like those of momentum). This metric makes it
possible to compare human and animal mobility® and extends the
passenger-distance units commonly used to unify and analyse modes
of human transportation.

We synthesized hundreds of studies and data sources and
used diverse approaches to coherently evaluate the biomass move-
ment of all animals and humans on Earth. We recognize that future
high-resolution monitoring might increase current estimates®. Only
afraction of species was monitored for travelling distances. However,
they represent characteristic movement patterns of central animal
groups and the total biomass of many species is small, allowing us to
make order-of-magnitude estimates of global biomass movement. We
include different modes of locomotion, taxonomy and timescales. As
exemplified below, the biomass movement metric offers a valuable
perspective on humanity as part of the biosphere.

Results

We quantified the active biomass movement of a taxonomic group
as the product of their biomass and the distance they actively travel
per unit of time. We estimated the biomass stock and typical move-
ment patterns of all major groups of organisms. We grouped them on
the basis of their mode of locomotion, taxonomy, movement-related
traits and data availability. For all modes of human transportation,

'Department of Plant and Environmental Sciences, Weizmann Institute of Science, Rehovot, Israel. ?Institute of Social Ecology, BOKU University, Vienna,
Austria. ®Hot or Cool Institute, Berlin, Germany. “Department of Physics, California Institute of Technology, Pasadena, CA, USA. *Division of Biology and

Biological Engineering, California Institute of Technology, Pasadena, CA, USA.

e-mail: ron.milo@weizmann.ac.il

Nature Ecology & Evolution


http://www.nature.com/natecolevol
https://doi.org/10.1038/s41559-025-02863-9
http://orcid.org/0000-0002-6681-8329
http://orcid.org/0000-0001-7418-3477
http://orcid.org/0000-0001-8385-4033
http://orcid.org/0000-0003-4422-8819
http://orcid.org/0000-0003-1641-2299
http://crossmark.crossref.org/dialog/?doi=10.1038/s41559-025-02863-9&domain=pdf
mailto:ron.milo@weizmann.ac.il

Article

https://doi.org/10.1038/s41559-025-02863-9

we included only human biomass. The mass movement of vehicles
(excluding human biomass) is estimated and discussed separately. We
provide our main results below, while Supplementary Information fully
describes our estimates. The section on ‘Sensitivity and uncertainty
analysis’in Supplementary Information explains how we treat uncer-
tainties and provides detailed uncertainty estimates for every animal
group considered in the paper.

Land animals

Figure 1shows the main groups that contribute tobiomass movement
on land. The biomass movement of each such group is calculated as
the sum of the estimated biomass movement of all the species in
that group, as described in Supplementary Information. For exam-
ple, we estimated the combined biomass movement of all wild land
mammals, excluding bats, to be 30 Gt km yr™ (uncertainty range
10-70 Gt km yr™). We divide the ~-30 Gt km yr™ total biomass move-
ment by their combined biomass of 20 Mt (ref. 7) (uncertainty range
13-38) to find a biomass-weighted average daily distance of 4 km d™*
(uncertainty range 2-5 km d™) (Fig. 1a). We also estimated an upper
bound of -150 Gt km yr™, accounting for possible systematic biases
(Supplementary Information). Figure 1b shows the biomass movement
estimates with uncertainty ranges and upper bounds for all wild ter-
restrial animals, humans and livestock. The uncertainty ranges for ver-
tebratesand humans arebased on statistical analyses (Supplementary
Information). Land arthropod uncertainty range is based on minimal
and maximal values and biological or ecological constraints instead
of 95% confidence intervals (Cls) which are difficult to derive owing to
the scarcity of data (Supplementary Information). For animal groups
without sufficient data only upper-bound estimates were evaluated,
having a combined biomass movement of less than 100 Gt km yr™.

We found that large animals dominate the biomass movement of
land mammals. Large-bodied mammals need to forage extensively and
they move with a low energetic cost of transport (COT)® (see below).
Mammals whose adult mass is over 50 kg contribute ~-50% of the bio-
mass of wild land mammals, excluding bats, but ~-80% of their total
biomass movement. The African savannah elephant alone contributes
~23% of their biomass movement (while representing ~-6% of their
global biomass).

Athigher taxonomiclevels, smallinvertebrates completely domi-
nate wild animal biomass on land, but most move much less thanlarger
vertebrates, resulting in small overall biomass movement. All birds and
all arthropods have a similar combined biomass movement despite
birds having a total biomass of only ~3 Mt or ~300 times less biomass
than terrestrial arthropods (Fig. 1). We estimate an upper bound of
~130 Gt km yr™*for wild birds and -300 Gt km yr~ for terrestrial arthro-
pods, accounting for possible biases.

In comparison, we found that the biomass movement of people
is4,000 Gt km yr™ (uncertainty range 3,400-7,000 Gt km yr™) (Fig. 1),
over 40 times greater than our best estimate for all wild land mammals,
arthropods and birds combined and over six times greater than the
upper estimate for the biomass movement of all land animals com-
bined. With about 8 billion people and an average weight of ~54 kg
per person (Supplementary Information), the biomass of humanity is
0.43 + 0.02 Gt—an order of magnitude higher than the biomass of all
other wild terrestrial vertebrates. Humans also move longer average
distances of -30 km d* (including via motorized transportation).

Most human biomass movement uses motorized vehicles, with
~65% in cars and motorcycles, ~-10% in airplanes and ~5% in trains and
subways. Two-thirds of all motorized mobility occurs in high-income
and upper-middle-income countries’. However, walking still corre-
spond to over 10% of human biomass movement (600 Gt km yr with
uncertainty range 400-700 Gt km yr™), probably exceeding all ter-
restrial animals combined (-100 Gt km yr™ with an upper estimate of
~400 Gt km yr™and an upper bound of -700 Gt km yr™; Fig. 1c). Inthe
air, the biomass movement of flying wild animals (40 Gt km yr™ with
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Fig.1| Total biomass movement of land animals and birds. a, The area of
eachcircle is proportional to the total annual biomass movement of the
corresponding group in Gt km yr™.. Distances are biomass-weighted averages
over all species in each group over a year. Wild mammals exclude bats.

b,c, Mean biomass movement estimates (dots) with uncertainty ranges

(error bars) and upper bounds (bars with downwards arrows) for all terrestrial
animals, humans and livestock. b, Wild animal estimates by taxonomic group.
¢, Sums of the biomass movement of wild animal groups shown inb, compared
with that of humans and livestock. Each estimate aggregates values from
constituent subgroups such as different species or different modes of
transportation. Error bars represent the arithmetic sum of the uncertainties
of the subgroups, which are based on 95% Cls or extrema, to conservatively
account for potential systematic biases. See Supplementary Information for
more details on the data used for analysis, estimation methods, uncertainties
and upper bounds.

anupper bound of less than 300 Gt km yr™) is much smaller than that
of humans flying in airplanes (500 Gt km yr™ with uncertainty range
400-700 Gt km yr™). Domesticated animals have biomass movement
of the same order of magnitude as humans, 1,000 + 600 Gt km yr™.
Locomotion of non-dairy cattle corresponds to most of this biomass
movement.

Prominent migrations and the dominance of marine

biomass movement

The magnitudes of total biomass movement can be further appreci-
ated by comparing prominent case studies, as summarized in Fig. 2.
The spectrum of animal migrations spans many orders of magnitude
of biomass movement. Flying animals may migrate great distances,
but have low biomass movement due to their low total biomass.
Roughly 2 million arctic terns (Sterna paradisaea) migrate annu-
ally from pole to pole, covering distances longer than any other ani-
mal. However, their body mass is only ~100 g, so their total biomass

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-025-02863-9

Aerial (@ Terrestrial (@ Aquatic Human Livestock Vehicles
10°
Passenger

] i hicle

' Arctic tern World Cup Humpback  Germany domestic All humans, venees

5 " whale travel O

£ 1 0* 4 Hajj

; i wild ti

< Monarch @/O Grey wolf - [ | Wild birds ~ Wild land ‘aniar::li - ,
[} butterfly S, mammals 0%
o Ss Serengeti Livestock O ) .

S 10° 4 0 migration Diel vertical

“ V@/h migration

o Movement type: @/73(

] 10? 4 D Animal migrations and 1/677

2 Human gatherings 7 . wild land

c J 7 mammals, birds, 7
< O All movements ‘06 ‘0¢ 0% and arthropods (O

10" 4
T T T T T
10° 10" 10° 10° 10"
Mass (t)

Fig. 2| Biomass movement across prominent migrations and gatherings,

and total mass movement across groups. Squares represent migrations, with
distance summed over a year. Axes are on alogarithmic scale. Dashed lines depict
lines of constant mass movement in units of t km yr™, representing constant

multiplications between the mass (horizontal axis) and annual distance

(vertical axis). Circles represent the total mass movement of entire groups,
extending beyond specific migrations or gatherings. Circlesinclude data
presented in Figs. 1and 3. See Supplementary Information for detailed estimates.

movementis only -16 million t km yr™” (-0.016 Gt km yr™). The biomass
movement of arctic terns is about half the global biomass movement
of grey wolves (Canis lupus), which travel especially long distances for
land mammals'®, with a biomass movement of ~0.03 Gt km yr™’. The
migration of over amillion blue wildebeest (Connochaetes taurinus),
gazelles and zebras of the Serengeti are an icon of ungulate mass
migrations. Their annual biomass movementis ~20 times larger than
that of grey wolves. Putting it in a human perspective, it is similar to
the biomass movement associated withinternational human gather-
ings such as the Muslim Hajj (-2 million pilgrims) or the FIFA World
Cup (-1 million spectators).

We find that the ocean is the location of vastly larger biomass
movements. Humpback whales (Megaptera novaeangliae) of ~30 t of
body mass travel from tropical breeding grounds to feeding grounds
near the poles, with a global population of ~80,000 mature whales.
Their long migration alone has a similar biomass movement to that of
allland mammals or all birds combined. It is also similar to domestic
travelin Germany, whichincludes ~80 million people with asimilar total
biomass and a travel distance of -15,000 km yr (-40 km d*). While
massive whales migrate impressive long distances, the daily vertical
movement of zooplankton and mesopelagic fish has far greater bio-
mass movement. They compose most of the animal biomass on Earth'"?
and, every day, 15-50% of them swim up and down the water column to
forage forfood and escape predators'. The zooplankton and mesope-
lagic fish migrate -1 km daily with a total biomass of -5 Gt. This so-called
dielvertical migration, whichexceeds 4 Gt km d™, or~1,000 Gt km yr™,
surpasses any other animal migrationin biomass movement. It has far
greater biomass movement than all wild land animals combined and is
on par with humans walking and cycling.

While the diel vertical migration appears to have maintained most
of its original abundance", the ocean as a whole lost ~60% of its bio-
mass movement since the year 1850, primarily because of commercial
fishing and whaling, from ~-80,000 Gt km yr™to ~-30,000 Gt km yr™*
(Fig. 3). Humanity, therefore, decreased by more than 50% the total
biomass movementin our oceans. The total biomass of fish and marine
mammalsinthe upper oceanisnow atleast 40% (ref. 11) lower thanin
1850. Large-bodied animals, which travel more, declined the most.
During the same time, human biomass movementincreased 40-fold.
While human walking was responsible for the vast majority of human
biomass movementin 1850, today, walking corresponds to roughly a
seventh of human biomass movement. High-income countries’ have
seen the largest increase in per capita biomass movement, almost
twiceasmuch asinotherincome groups (Supplementary Fig.1). They
host16% of the global population but ~-30% of human biomass move-
ment. Low-income countries host 9% of the global population and
only ~-4% of human biomass movement. Before the late Pleistocene

Biomass movement (Gt km yr™)

(@)

1850 Present

Time
Fig. 3| Change in marine and human biomass movements and their
compositions. Marine biomass movement (blue dots) has decreased by ~60%
since 1850 due to fishing, while human biomass movement (orange dots) has
increased 40-fold. Most of the current aquatic biomass movement is due to the
locomotion of pelagic fish (-70%), with mesopelagic fish (-15%), zooplankton
(-10%) and mammals (-5%) contributing the rest—see upper doughnut chart.
Most human biomass movement is currently in motorized road vehicles (-65%),
followed by walking and cycling (-20%), flying (-10%) and rail transport (-5%)—see
lower doughnut chart. See Supplementary Information for detailed estimates.

extinction (-50,000 years ago), before early human-driven extinc-
tions, wild mammals had about ten times more biomass than today,
mostly in megafauna™ (body mass >44 kg, thatis >100 Ib). We estimate
that their biomass movement was on par with current human walking
and cycling (Supplementary Information).
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Table 1| Energy used for locomotion by different animal groups

Biomass movement = COTaverage Energy per year Power average Human-associated power analogue
(Gtkmyr™) (Jkg'm™) (TWhyr™) (GW)

Wild land mammals 30 3 20 2 Alarge power station
Wild birds 30 9 80 9 Fleet of a major airline carrier
Marine mammals 1,000 0.8 200 20 Al ships transporting natural gas and chemicals
Fish 30,000 4 30,000 4,000 All of human transportation
Humans walking 600 500 50 One-tenth of global caloric intake by humans
Humans, all transport modes 4,000 30 30,000 4,000 One-third of humanity’s final energy use

Estimates are based on the biomass movement of animals and allometric relations for the COT'" and have an approximately threefold uncertainty (Supplementary Information). Bird energy use

assumes active movement and the actual energy required might be smaller.

Non-animal mass movement

Bacteria and other prokaryotes are collectively the most massive
actively moving taxonomic group, with a global biomass of 200 Gt
(ref.15). Their average velocity is commonly muchless than-10 pums™,
so their active biomass movement is much less than -50 Gt km yr™.
Thus, animal biomass movement approximates all active living bio-
mass movement. Human transportation uses ~1.3 billion cars, with a
combined mass of -2 Gt. We find that the mass movement of passen-
ger vehicles amounts to ~40,000 Gt km yr~, similar to the biomass
movement of all life on Earth (Fig. 2). Food transport accounts for most
human-associated biomass movement. Such ‘food miles’amount to
~8,000 Gt km yr™ (ref. 16) or about twice the biomass movement of
humans themselves. This nutrient transport is much larger than that
facilitated by animals. Per person, food is transported -3,000 kg km d,
primarily by ships'. Total cargo mass movement is still much larger,
withinternational maritime trade transporting over 100,000 Gt km yr™
of freight”. The mass movement of oil alone is similar to that of all the
passenger vehicles it powers.

Energetic cost of movement

We can translate biomass movement into the energy used to achieve
this movement. The COT describes the energy required for an animal
tomove a unit of its body mass over a unit distance’. An adult person,
forinstance, requires a total of -3 kg™ m™ (-0.7 kcal kg™ km™) when
comfortably walking'®". The COT typically obeys allometric scaling
laws based on the body mass of an animal and its locomotion mode?.
We multiplied biomass movement by the corresponding COTs to find
that wild terrestrialmammals use -20 TWh yr™, or-2 GW in total power,
asshownin Table 1. This is similar to the energy capacity of a single
large power station. The power used for the air mobility of birds is
also far exceeded when compared with its human counterpart, sum-
ming to the power used by a single major airline carrier. The average
COT of land mammalsis similar to that of a person since efficient large
animals (with lower COT) dominate mammalian biomass movement.
In contrast, cars and other motorized vehicles are much heavier than
the passengers they typically carry, thus requiring ~30J kg™ mwhen
considering only passenger mass. Therefore, the overall use of energy
for human transportation (-30,000 TWh yr; ref. 21) surpasses that of
land vertebrates on the order of 300-fold and that of marine mammals
~100-fold, as seenin Table 1.

Discussion

The results described here give a globally comprehensive quantifica-
tion of biomass movement across animals and humanity. Our estimates
account for limited data availability, resulting in an uncertainty of the
overall biomass movement of ~3-fold for wild land animals, ~-5-fold
for wild marine animals and ~1.3-fold for humans and their vehicles
(Supplementary Information). It includes uncertainties in total ani-
mal biomass”"'*?* and the extent of their movements. Our estimate
for the global biomass movement of insects is more uncertain than

that of birds and mammals, highlighting a knowledge gap that future
research should aimto close. Higher-resolution animal tracking could
substantially increase some estimated values by more fully account-
ing for small-scale movements®. Similarly, human mobility datain the
Global South and for walking and cycling generally remain scarce. We
thus complement our estimates with upper-bound estimates that are
robust tosuch systematic biases and are typically based on the activity
time and characteristic velocities.

Animals spend much energy on locomotion?, facilitating vital
ecological processes*?**. They transport nutrients, energy and other
organisms as they move. They defecate, forage and are preyed upon
and they physically change their environments by compacting soils,
mixing waters and more. While our metric does not directly measure
any of these processes, it relates to many. For instance, the substan-
tial biomass movement of large animals reflects their ecological
importance in transporting nutrients®. We find that most natural
biomass movement is composed of non-migratory animals, sug-
gesting the need for attention to their movement ecology. Simi-
larly, non-migratory birds constitute two-thirds of avian biomass
movement, but even their most abundant species have very lim-
ited movement data. A standing challenge is quantifying the global
extent of the change in animal movement patterns in response to
human disturbances'®**°, The systematic survey presented here
can help tackle these challenges by focusing future research on
global mobility elements that are quantitatively dominant. Such
research could also help to monitor biomass movement trends across
scales and predict ecological outcomes such as nutrient cycling and
energy expenditure.

While wild land animals (including invertebrates) outweigh
humans roughly ten times in biomass', the systematic synthesis
presented here reveals that human biomass movement exceeds the
combined biomass movement of all terrestrial wildlife by an order
of magnitude (Fig. 1). Large animals, which dominate the natural
biomass movement, have declined onland and in the oceans over the
past two centuries®*°?, as seenin Fig. 3. In contrast, human biomass
movement has soared 40-fold (Fig. 3) due to population growth and
utilization of motorized vehicles, fossil fuels and extensive mobil-
ity infrastructure systems. Today, a large power station generates
as much power as is used for locomotion by all wild land mammals
combined (Table 1). Similarly, iconic mass animal migrations pale
compared with everyday human commutes (Fig. 2). While wild ani-
mals engage in remarkable migrations?, the biomass movement of
humans walking probably exceeds that of all terrestrial wildlife. Our
findings offer another perspective to assess the current state of the
biosphere. It complements other metrics**~*° of environmental rel-
evance in quantifying the magnitude of human actions compared
with those of animals. Quantifying biomass movement across species
and its associated energy costs provides a deeper understanding of
the relationships between humanity and other species. It improves
our perception and opens up new research avenues regarding their
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interactions, trade-offs and potential pathways towards environ-
mental sustainability.

Methods

We evaluate total mobility as global biomass movement, which is the
product of the global biomass of any given species and the total average
distance its individuals travel within a typical year.

Global biomass movement o
1
= global biomass x total distance per year

Each group required a distinct analysis due to variations in data
availability and unique characteristics.

Animal biomass movement

The total biomass for the various taxonomic groups was mostly taken
from the literature (for example, ref. 12). The distance travelled was
typically evaluated as an annual average, including most migrations
and other movements. These data were evaluated on the basis of pre-
vious measurements and estimates, tracking data, models, or typical
movement parameters suchas speed and activity durations. For birds,
we estimated such distances by original analysis using publicly avail-
able raw tracking data for ~6,000 individual birds. When aggregating
taxonomic groups, such asall terrestrial mammals or all wild birds, the
total biomass movement was first estimated onasingle species level or
for each subgroup with similar locomotion characteristics. The total
biomass movement of the aggregated group was calculated as the
sum of the total biomass movement of each species or each subgroup.
When possible, we have made several independent biomass movement
estimates as a consistency check and as a way to assess and mitigate
possible errors. We assess the uncertainties of our estimates on the
basis of the uncertainties in the underlying data and assumptions.
Adetailed description of all our biomass movement estimatesis given
in Supplementary Information.

Human biomass movement
The biomass movement of humans was estimated in two steps. We
first merged multiple global databases, country-level studies and
scientific literature, using informed assumptions and our estima-
tions to fill data gaps and harmonize the data. We derived estimates
from the data for each mode of transport (motorized road vehicles,
walking and cycling, flying and rail-based transport), considering
missing information, population size and generalized assumptions.
We developed estimates for all countries grouped into four income
groups, as established by the World Bank®, from which we also sourced
population estimates. In the second step, we used two modelling
approaches to account for human mobility where data were miss-
ing. The first model extrapolates the average biomass movement
per person to the unreported part of the population of each income
group. The second approach uses a regression model between each
transportation mode and national GDP per capitato predict the aver-
agedistancestravelledin each country. The results presented are the
sum of the data-driven estimates of the first step and the average of
the two extrapolation approaches of the second step (Supplementary
Information). Data availability and quality generally decline rapidly
for lower-middle-income and low-income countries and for walking
and cycling across most countries. We developed upper, mean and
lower estimates to address the uncertainties in the underlying data,
our assumptions and extrapolations.

We have used JupyterLab v.4.0.11 with Python v.3.12.4 and Micro-
soft Excel v.16.77.1to analyse all the data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated and used to produce the results described
in this study are available via Zenodo at https://doi.org/10.5281/
zenodo.16731770 (ref. 37). The raw data of bird movement are avail-
able at https://www.movebank.org and can be downloaded using the
code we provide.

Code availability

The code used for data analysis, along with the code for downloading
the raw data of bird movement, are available via Zenodo at https://doi.
org/10.5281/zenodo.16731770 (ref. 37).
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