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Mechanization has greatly contributed to the success of modern agriculture, with vastly
expanded food production capabilities achieved by the higher capacity of farm machin-
ery. However, the increase in capacity has been accompanied by higher vehicle weights
that increase risks of subsoil compaction. We show here that while surface contact
stresses remained nearly constant over the course of modern mechanization, subsoil
stresses have propagated into deeper soil layers and now exceed safe mechanical limits
for soil ecological functioning. We developed a global map for delineating subsoil com-
paction susceptibility based on estimates of mechanization level, mean tractor size, soil
texture, and climatic conditions. The alarming trend of chronic subsoil compaction risk
over 20% of arable land, with potential loss of productivity, calls for a more stringent
design of farm machinery that considers intrinsic subsoil mechanical limits. As the total
weight of modern harvesters is now approaching that of the largest animals that walked
Earth, the sauropods, a paradox emerges of potential prehistoric subsoil compaction.
We hypothesize that unconstrained roaming of sauropods would have had similar
adverse effects on land productivity as modern farm vehicles, suggesting that ecological
strategies for reducing subsoil compaction, including fixed foraging trails, must have
guided these prehistoric giants.

soil compaction j soil functions j crop productivity j mechanization j dinosaurs

Civilization relies on soil for provision of numerous ecosystem services (1, 2). Invari-
ably, these services are predicated on maintenance of favorable conditions for soil fauna
and flora (3, 4). Soil structure emerges as a central trait for many ecological, hydrologi-
cal, and agronomical functions, serving as a fragile scaffolding for biological activity
(5–7). The intensification of modern food production with its reliance on efficient
agrotechnical practices presents a growing risk to the maintenance of favorable soil
structure and poses a threat to the long-term productivity of arable land. Of particular
concern is the steady increase in the weight of modern agricultural vehicles that may
have already caused chronic subsoil compaction (8–11), with potential loss of soil pro-
ductivity and functioning (12, 13). In contrast with well-known (and visible) effects of
soil surface compaction, an insidious and largely overlooked threat is the gradual com-
paction of soil below the annual tillage depth, referred to as subsoil compaction. Evi-
dence from long-term field studies shows that subsoil compaction is difficult to reverse
and can impair soil functioning for years to decades (14, 15).
Here, we analyze historical trends in combine harvester weights and their associated

agricultural tires to show that while soil surface stresses of farm vehicles remained
nearly constant from the 1960s to date, the stresses in the subsoil, i.e., in the plant root
zone, have steadily increased. Our analysis implies that the design of larger agricultural
vehicles has been guided primarily by maintaining a constant contact area–weight rela-
tionships, similar to the evolutionary scaling relationship between footprint size and
body mass of walking terrestrial animals. However, the limited consideration of stress
propagation into the subsurface plant root zone has caused exceedance of soil mechani-
cal limits in the subsoil that impairs soil ecological functioning. We present an index of
subsoil compaction susceptibility, calculated as the ratio of estimated typical soil stress
to soil strength at a 0.5-m depth. A global map of this index delineates regions where
present mechanization levels are likely to exceed safe mechanical limits for soil
functioning.
The evolutionary trend in contact area–mass scaling reveals a potential prehistorical

paradox concerning the largest animals that walked Earth: sauropods. Evidence suggests
that while their footprint size–body mass relationship follows a similar scaling law as
for contemporary mammals and farm machinery, their body mass (or load per foot)
exceeded that of the heaviest modern farm vehicles that are associated with inducing
chronic root zone compaction. While resolving this prehistorical paradox is beyond the
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scope of the study, we argue that this putative mechanical limit
on land productivity must have constrained the movement, for-
aging patterns, and habitats of these vegetarian giants.

Soil Mechanical Properties Constrain the
Contact Area–Mass Relationship

The total weight of laden combine harvesters has increased
nearly 10-fold, from around 4,000 kg in 1958 to about 36,000
kg in 2020 (SI Appendix, Table S1), with wheel loads of the
front axle increasing from 1,500 to 12,500 kg (SI Appendix,
Table S1). The rapid evolution in farm machinery weight has
been driven by an increase in power and capacity with wider
cutter boards and larger grain tank capacity (SI Appendix, Fig.
S1), aimed at improving harvest efficiency. In the same time,
the agricultural tires have become larger (i.e., more voluminous
and wider; SI Appendix, Table S1) and more flexible, allowing
lower tire inflation pressure at a given load (16). In other
words, agricultural machinery designers have adjusted the
tire–soil contact area to maintain nearly constant contact
stresses (SI Appendix, Table S1). This reflects an important
design criterion for adjusting average surface stresses to prevent
sinking into the soil, thus ensuring floatation and traction.
Interestingly, similar principles have guided the evolution of

footprint size of land animals (17, 18). For example, mammals
follow unique scaling relationships between log contact area
and log body mass (Fig. 1). Special adjustments are found for
animals inhabiting regions with soft ground, such as camels
that must float over sandy landscapes and thus have evolved
with a relatively high footprint contact area. Our data
(SI Appendix, Table S2) suggest that modern agricultural
machinery belongs to the floating category, with a higher con-
tact area relative to average mammal footprints. Arable soil is
often soft due to annual tillage operations and due to high soil
moisture conditions, especially in temperate regions. Another
consideration for this design optimization is that tire sinking
increases rolling resistance, power requirement, and fuel con-
sumption (19). Notably, even the heaviest animals that walked
the land, the prehistoric sauropods, seem to follow the floating
category (Fig. 1). This suggests that across soil types and cli-
matic conditions, a relatively narrow range of surface contact
stresses (centered around 230 kPa; Figs. 1 and 2A) prevents

sinking into soil. The analyses of Cumming and Cumming
(17) demonstrate that hoof pressure is relatively constant irre-
spective of body size.

Exceedance of Critical Stresses in Subsoil

While surface contact stresses of agricultural vehicles have not
changed much over the course of modern mechanization (Figs.
1 and 2A), we seek to emphasize an overlooked consequence of
increased vehicle weight, namely, the increase in the magni-
tudes and penetration depths of subsoil stresses (Fig. 2B). With
increasing depth, vehicle-applied soil stress becomes dependent
primarily on wheel load and less affected by (surface) contact
stress (Fig. 2) (20, 21). As demonstrated theoretically in SI
Appendix, Fig. S2, and measured by, e.g., Smith and Dickson
(22) and Horn and Fleige (23) for identical contact stress,
higher wheel loads result in higher stress levels into the subsoil.
Higher stresses that propagate into deeper and often wetter soil
layers raise the prospects for subsoil compaction within sensi-
tive crop root zones that lie below tillage depths. Experimental
evidence from in situ measurements suggests a nearly constant
critical limiting stress for internal soil deformation of about
50 kPa for moist soils in temperate regions (24). This threshold
represents an estimate based on in situ measurements; however,
local soil conditions can modify this value (texture, soil organic

Fig. 1. Scaling relationship between footprint size (contact area) and body
or vehicle mass. Blue circles represent sauropods (data in SI Appendix, Table
S3), and red squares represent agricultural machinery, with tire characteris-
tics given in SI Appendix, Table S2. The orange circles are from Cumming and
Cumming (17), and the light blue line is the scaling law of Michilisens et al.
(18), also presented in the inset taken from Clemente et al. (72). Note the rel-
atively narrow range of surface contact stress that spans the entire range of
animals (extant and extinct) and agricultural machinery.

Fig. 2. Subsoil stress but not surface stress is affected by body or vehicle
mass. (A) Surface stress and (B) soil stress at a 0.5-m depth as a function of
mass per foot or wheel load. Bold black lines are trend lines, and the gray
area in A indicates mean value ± SD. Numbers in red indicate the year of a
typical combine harvester of that time, blue numbers in italics refer to
sauropods (1, Plateosaurus engelhardti; 2, Morosaurus agilis; 3, Cetiosaurus
sp.; 4, Argyrosaurus superbus; 5, Prontopodus sp.; 6, Neosodon praecursor;
7, Sauropodichnus giganteus; 8, Brachiosaurus sp.; 9, cf. Prontopodus birdi;
10, Barosauros lentus; 11, cf. Argentinosaurus).
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carbon, soil structure, and soil moisture affect soil strength)
(25). Using estimates of soil precompression stress as a critical
stress (i.e., soil strength) threshold (SI Appendix, section 5 and
Figs. S3 and S4), we show that subsoil stresses under farm
vehicles have affected progressively deeper soil layers over the
past six decades (Fig. 3). While soil compaction as indicated by
exceedance of the critical stress threshold had been restricted to
shallow soil layers within the annual tillage depth a few decades
ago, it has now penetrated deeper into the subsoil, thus poten-
tially affecting untilled crop root zones (Fig. 3 and SI Appendix,
Figs. S2–S4). An important yet difficult-to-detect consequence
of exceedance of the critical soil strength threshold in the sub-
soil is the onset of chronic compaction that negatively impacts
various soil functions (9, 26). These are manifested by a persis-
tent decline in crop yields (13, 27, 28), limited water infiltra-
tion capacity (8, 10), and a decline in other soil ecosystem
services (29, 30). A key point is that the likelihood of subsoil
compaction increases with increasing vehicle weights. Higher
vehicle weights also limit the time windows for safe passage
without the risk of root zone compaction (SI Appendix, Figs.
S5 and S6). For illustration purposes, we have used combine
harvesters to show the historical increase in vehicle weights and
associated adverse consequences for soil functioning. However,
similar trends of increasing weights related to efficiency gains
are observed for other field operations, including in-furrow
plowing, slurry spreading, and sugar beet, maize, or cotton har-
vesting (SI Appendix, section 6). Additionally, similar trends of
increasing machinery weights (e.g., forwarders) and their
impacts on soil are of concern in the context of forest produc-
tivity (31–33). Considerations of present mechanization levels
and estimated average tractor size (linked to average farm size)
reveal alarming patterns in subsoil compaction susceptibility
and potential for chronic compaction in regions with intensive
mechanization combined with climatic moist soil conditions
(Fig. 4 and SI Appendix, section 7). The regions where the sub-
soil compaction susceptibility index (SCSI) exceeds unity agree
well with global patterns of yield losses due to soil compaction
presented by Sonderegger and Pfister (34). The values of the

SCSI on the global map depend on numerous assumptions
regarding average tractor size, soil stress and climatic soil water
content (SI Appendix, Figs. 13–15) that may vary locally and
with conditions and timing of farming operations. The fraction
of arable land that is presently at high risk of subsoil compac-
tion is about 20% of global cropland area (Fig. 4), concentrated
in mechanized regions in Europe, North America, South
America, and Australia. We note that certain mechanized arid
regions show considerably lower risk due to lower moisture and
average higher soil strengths (e.g., western United States, south-
west Australia, Saudi Arabia, and southern Russia). Conserva-
tion agriculture (35) may not necessarily alter the risk picture
due to the use of heavy combines and harvesters that can
induce subsoil compaction (Fig. 3 and SI Appendix, Fig. S11).
Despite a rapid increase in the number of tractors, most of Asia
(including India and China) exhibits low SCSI values due to
small farms that require small tractors. Values of the SCSI are
low in sub-Saharan Africa because of low mechanization levels.
Nevertheless, trends in land aggregation in these regions (36)
and the emergence of business models for provision of services
using larger agricultural vehicles (for efficiency) may drive the
SCSI toward values presently found in high-income countries.

Trends of increasing weights of agricultural machinery sug-
gest that the focus of agricultural vehicle design on increasing
efficiency, floatation, and traction may have ignored intrinsic
soil limits exceeded with deeper subsoil stress propagation.
Considering the narrow range of mechanical limits of most soils
in temperate regions, future agricultural vehicles must be
designed with intrinsic soil mechanical limits in mind to avoid
chronic soil compaction. A recent trend toward using rubber
track undercarriages on heavy agricultural machinery reduces
contact stresses and may alleviate vertical stress in the upper
subsoil, but it does not significantly reduce the risk of subsoil
root zone compaction. Moreover, experimental evidence shows
that adverse impacts on soil structure persist, potentially due to
higher shear deformation (37) and higher loading dynamics
compared with tires (38). Ironically, highly efficient tractors
and harvesters may hamper progress toward increasing food
production for a growing population under a changing climate
(39–41) due to the unintended risk of subsoil compaction. The
total weights of modern agricultural machinery exceed by far
the heaviest living terrestrial animals [African bush elephants,
with a maximum body mass of ca. 8,000 kg (42)] and are now
approaching that of the heaviest animals that ever walked on
Earth: sauropods.

The Sauropods Paradox

The similarity in mass and contact area between modern farm
vehicles and sauropods raises the question: What was the
mechanical impact of these prehistoric animals on land produc-
tivity? Following a similar analysis as shown for farm vehicles
(Figs. 2 and 3), we hypothesize that sauropods must have com-
pacted the subsoil during their locomotion, especially if we
consider that the enormous weight of sauropods must have
been supported by three feet during locomotion. The resulting
mass per foot would have been 20,000 kg or more, considering
the heaviest sauropod weighed 60,000 to 80,000 kg (43–45).
For comparison, a modern sugar beet harvester weighs 60,000
kg when fully laden (9) but is equipped with three axles and six
tires, resulting in about 10,000 kg per wheel. In other words,
even the heaviest modern agricultural machinery applies only
about half the weight of the heaviest sauropod per leg. We note
that the difference between a sauropod footprint [the largest

Fig. 3. Risk of soil compaction has increased over the past six decades in
the course of agricultural mechanization. Soil stress is shown in relation to
soil strength as a function of soil depth for typical combine harvesters of
1958, 1989, and 2020. The stress/strength profiles for a horse and a sauro-
pod (Prontosaurus birdi) are shown for comparison. Soil compaction is
expected for soil stress/soil strength > 1.0. The green area indicates no
severe risk of compaction (above the annual tillage depth), and the red
area indicates risk of permanent subsoil compaction (below the annual till-
age depth). The inset shows the depth until which stress exceeds strength,
indicating the progression of critical stress-exceedance depths over time
(the horizontal dashed line at a 0.25-m depth indicates the typical tillage
depth), for typical combine harvesters from 1958 to date (red squares),
mammals (violet triangles—1, horse; 2, African elephant), and sauropods
(blue circles—3, Brachiosaurus sp.; 4, Prontosaurus birdi; 5, Argentinosaurus).
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ever found is about 1.35 to 1.5 m2 (45, 46)] and the footprint
of a modern high-volume agricultural tire (about 1 m2; SI
Appendix, Table S1) is less than the relative difference in mass.
The potential for significant soil compaction by foraging sau-

ropods seems incompatible with productive land that supported
renewable vegetation for feeding these prehistoric herbivores.
Although the soil mechanical properties and other conditions
supporting sauropods are not known, it is reasonable to assume
that the soil must have received ample precipitation to support
growth of vegetation, and foraging ranges explored by these
giants were likely small considering the challenge of locomotion
over wet soils. While resolving this paradox is beyond the scope
of this study, such an intrinsic constraint must have imposed
certain ecological adaptations to sustain ample vegetation and
sauropod mobility, such as walking on well-compacted path-
ways while browsing away from the path or life partially sus-
pended in water and foraging along the margins of water bodies
[such as postulated in Smith et al. (47) concerning feeding on
mangroves along ancient shorelines]. Both hypothesized strate-
gies favor animals with long necks (44), a characteristic of sau-
ropods that supported the successful evolution of these giants.
The picture of free foraging over the landscape seems unlikely
due to the risk of massive soil compaction and loss of
productivity.

Conclusion

Our study provides evidence that present trends of increasing
agricultural vehicle weights are not sustainable, necessitating
consideration of subsoil critical stresses in future designs to sup-
plement the present focus on traction and contact stress. Sub-
soil stresses induced by today’s agricultural vehicles have

reached or crossed critical levels for ecological functioning of
subsoil root zones, with adverse consequences for land produc-
tivity. Based on a proposed subsoil compaction susceptibility
index that integrates mechanization levels and soil and climatic
conditions, nearly 20% of arable land is at risk for chronic sub-
soil compaction in regions that are central for global food pro-
duction. As the weights of modern agricultural vehicles are now
approaching those of sauropods, questions regarding the poten-
tial impacts of these giants on land productivity emerge. This
perplexing observation suggests constraints on the patterns of
sauropod foraging behavior toward minimizing subsoil compac-
tion risk over prehistoric landscapes to support land productiv-
ity and sauropod mobility.

Methods

Data Sources.
Combine harvesters. We used data on mass and wheel load from Schjønning
et al. (9), complemented with data on the most recent harvesters that were
obtained from data sheets of John Deere and Tractorbook (SI Appendix, Table
S1). Data on cutter board width and grain tank volume were obtained from Trac-
torbook (SI Appendix, Table S1).
Agricultural tires. Data were obtained from Terranimo (48), which incorporates
an up-to-date database with characteristics (tire dimensions and load–tire infla-
tion pressure characteristics) of ca. 5,000 agricultural tires (SI Appendix, Table
S2). Contact area was calculated using Terranimo, which uses an equation for
estimation of contact area developed by Schjønning et al. (49). For the data
presented in Fig. 1, we used the following modern tires: Michelin CerexBib
2 900/60R42, Michelin MegaXBib 1050/50R32, GoodYear Optitrac DT 824 710/
70R38, and Michelin MulitiBib 600/65R38.
Sauropods. Data on body mass and footprint size of sauropods used for Figs. 1
to 3 were obtained from Molina-P�erez and Larramendi (45) (SI Appendix,
Table S3).

Fig. 4. Global distribution of subsoil compaction susceptibility expressed as an index relating estimated mean tractor-applied stress to soil strength at a
depth of 0.5 m (SCSI). (A) Global map derived from mechanization levels, farm sizes, estimated tractor size, soil texture, and climatic average water content
calculated at a 0.1° resolution (SI Appendix, section 7 for details). (B) Fraction of arable land exceeding a value of the SCSI, with SCSI > 1 indicating a likelihood
of chronic subsoil compaction. The global fraction of arable land under threat of subsoil compaction exceeds 20% and concentrates in high-income coun-
tries with large farms and moist average soil conditions. Note the sensitivity of the calculated SCSI to the average soil moisture conditions. The ERA5-Land
product (62, 63) is wetter and expands the regions under compaction risk, whereas the climatic water content procedure (60) predicts drier conditions on
average, resulting in lower estimates of arable land fraction under subsoil compaction risk.
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Tractors. To create the global map of subsoil compaction susceptibility (Fig. 4),
we used data on tractor power, mass, and typical tires from Tractorbook (SI
Appendix, Table S4).

Soil Stress Simulations. Stress propagation in soil below agricultural tires and
animal feet (Figs. 2 and 3) was modeled using the classical Boussinesq (50) solu-
tion in relation to the problem of the normal loading of the surface of a homoge-
neous isotropic elastic half-space. For simplicity, we assumed a circular shape for
the contact area (i.e., footprint and tire–soil area) and uniform contact stress dis-
tribution across the contact area. Vertical normal stress, σzz, at depth z under the
centerline of the contact area with radius a is then calculated as follows (50):

σzz ¼ p0 1� z3

ða2 þ z2Þ3 2=

0
@

1
A, [1]

where p0 is the surface stress.
Assumption of a circular contact area and uniform stress distribution in the

contact area results in underestimation of soil stress in the topsoil layers but has
little influence on the prediction of subsurface stress (51–53), which is the focus
of our analysis. In other words, the procedure applied here can be considered a
conservative estimate of soil stress. Hence, our estimates of the ratio of soil stress
to soil strength are also conservative.

For calculations of the SCSI (Fig. 4), we used the mean value of two vertical
soil stress estimates, representing a lower and an upper soil stress estimate. As a
lower soil stress estimate, we simulated vertical soil stress using uniform stress
distribution at the tire–soil contact area and Eq. 1 as described above. Addition-
ally, we considered a parabolic tire–soil contact stress distribution (51) and simu-
lations, using a Fr€ohlich (54) concentration factor of 6 (20) as an upper soil stress
estimate (SI Appendix, section 7); these simulations were performed using the
SoilFlex model (55). For this, the tire–soil contact area is divided into i small ele-
ments each with an area Ai and a vertical stress σz,i carrying the load Pi = σz,i Ai,
which is treated as a point load (20). Vertical normal stress, σzz, at depth z is
then calculated as follows (20):

σzz ¼ ∑
i¼n

i¼0

υPi
2πz2i

cosυþ2αi, [2]

where α is the angle between the normal load vector and the position vector
from the point load to the desired point and ν is the concentration factor (54),
typically taking values between 3 and 6 (20). For ν = 3, Eq. 2 satisfies the elastic
theory of Boussinesq (50) as given in Eq. 1.

Estimation of Soil Precompression Stress.
Soil texture. Global analysis based on SoilGrids predictions (56) reveals that
loamy texture is by far the most predominant textural class in Europe, North
America, and Asia (57), and we therefore used this soil textural class for estima-
tions of soil strength (precompression stress, see below) in simulations represen-
tative of general trends, as shown in Fig. 3. We used average bulk density for
loamy texture as given in Dexter (58). For calculations of the SCSI (Fig. 4), we
used subsoil texture (0.3- to 0.6-m depth) from SoilGrids 2.0 (59) as
detailed below.
Soil moisture. For our analysis of general trends, as shown in Fig. 3, we
assumed a typical soil moisture profile for temperate climate with decreasing
matric suction with depth (assuming field capacity at a 1-m depth), based on cli-
matic soil water content (60, 61). The typical soil moisture profile corresponds to
the climatic water content of central Europe (60). This was obtained from the
global rainfall record of the last four decades (Multi-Source Weighted-Ensemble
Precipitation database), applied to land pixels and considering internal drainage
and estimates of evapotranspiration, thus providing climatic averaged soil water
content. Additional simulations for other moisture profiles (both wetter and drier
and again based on climatic soil water content) were performed and are shown
in SI Appendix, section 5.

For calculations of the SCSI (Fig. 4), we averaged information from different
global rainfall products to derive climatic (mean) root zone soil moisture for esti-
mation of the soil precompression stress required for the SCSI (see below) using
ERA5-Land (62, 63) and climatic water content (60, 61) as the wet and dry
bounds, respectively.

Soil precompression stress. Soil precompression stress, representing the criti-
cal stress (i.e., strength) of a soil (64), was estimated from soil texture, bulk den-
sity, and soil matric suction using data and pedotransfer functions from eight
studies (25, 48, 65–70) (SI Appendix, section 5). For Fig. 3, we used a typical soil
moisture profile (see above) and presented the central value of the eight esti-
mates of precompression stress. Estimates for either wetter or drier soil condi-
tions, as well as information on the range of precompression stress obtained from
the eight different pedotransfer functions, are given in SI Appendix, section 5. For
calculations of the SCSI (Fig. 4), the mean value for soil precompression stress,
obtained from the eight pedotransfer functions, as a function of soil moisture was
applied for three different soil texture classes, as described below.

Global Distribution of Subsoil Compaction Susceptibility. The global dis-
tribution of subsoil compaction susceptibility of arable land was based on esti-
mating soil stress induced by representative agricultural machinery, estimating
typical soil strength (i.e., precompression stress), and calculating a SCSI as the
ratio of soil stress to soil strength. As our focus is on subsoil, estimates of the
SCSI were calculated for a 0.5-m soil depth. A flowchart of the calculations is
given in SI Appendix, Fig. S7. Details on development of the map (Fig. 4) and
the used map layers are given in SI Appendix, section 7, and data and maps are
available at https://www.doi.org/10.5281/zenodo.6052097.

To obtain estimates of tractor-applied soil stress, we estimated for each coun-
try the distribution of tractor size from (i) global data on tractor density (Food
and Agriculture Organization of the United Nations, World Bank), (ii) a
mechanization-level index (ranging from 0 to 100%, with the latter indicating
full mechanization) derived from the relationship between power source for field
operations and tractor density (SI Appendix, Fig. S9), and (iii) tractor power as a
function of farm size (SI Appendix, Fig. S8). These relationships were based on
literature data at the country level (SI Appendix, section 7 for details). Tractor
weight and wheel load were calculated from tractor power (SI Appendix, Table
S4). Finally, soil stress was calculated from wheel load. We simulated soil stress
for the most common tillage operation, i.e., conventional in-furrow plowing [ca.
80% of arable mechanized land (35, 71)], similar to in Keller et al. (11). Conven-
tional tillage is less representative in areas of high adaption of conservation till-
age (35); however, subsoil stresses of combine harvesters (with typical wheel
loads twice as high as for tractors) induce similar subsoil stresses (11)
(SI Appendix, Fig. S11). Hence, our approach using tractors, for which global
data are available, is a good general indicator for subsoil stress in mechanized
agriculture.

Soil precompression stress was estimated from soil texture and soil moisture
using pedotransfer functions. Global distribution of subsoil texture (0.3- to 0.6-m
depth) was obtained from SoilGrids 2.0 (59), and each pixel was classed into
three textural classes (<15, 15 to 30, and >30% clay). We used eight different
pedotransfer functions for soil precompression stress based on a literature search
and used the mean of these eight estimates for each soil class as an estimate of
soil strength (SI Appendix, sections 5 and 7). Global distribution of soil moisture
was based on the mean values from two different estimates representing a dry
bound [climatic water content (60)] and a wet bound [ERA5-Land (62, 63)];
SI Appendix, section 7, has more details.

Data Availability. The Dataset providing a global map of subsoil compaction
risk of arable land by farm machinery has been deposited in Zenodo (https://
www.doi.org/10.5281/zenodo.6052097). Study data are included in the article
and/or SI Appendix (73).
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