nature communications

Article

https://doi.org/10.1038/s41467-025-56132-1

Deep soil contributions to global nitrogen

budgets

Received: 23 May 2024

Accepted: 9 January 2025

Maya Almaraz®'?' , Chao Wang ®° & Michelle Y. Wong ®*°

Published online: 23 January 2025

M Check for updates

Previous estimates of deep soil inorganic nitrogen (N) reservoirs have been
mainly limited to desert soils, however, recent evidence suggests that deep soil
pools are far more ubiquitous across biomes and therefore may be important
for global N budgets. Here, we used observations from 280 deep soil profiles
(2-205 m) across a wide array of ecosystem and land cover types to seek insight
into the full geospatial variation of deep soil nitrate. Using a random forest
machine learning approach we estimate a total deep soil nitrate pool of 15.2
(+1.1SD) Pg of N. When included in the global soil N pool, our estimates of
deep soil N increase the global N storage budget by 16%. Estimating these deep

soil N pools continues to add to our understanding of soils as a fate for
anthropogenically fixed N, and the critical role that deep soils play in our

biosphere.

Biologically available soil nitrogen (N) limits primary productivity
across much of Earth’s surface’, influencing crop production in certain
parts of the world? and limiting vegetative growth that would other-
wise buffer against climate change by removing atmospheric carbon
dioxide**. Despite its importance, and a multitude of advances in
various areas of N cycling research, reactive N storage in environ-
mental reservoirs remains one of the largest uncertainties in our
understanding of N budgets’. While observations have found soils as
deep as 250 m®, global estimates of soil N are typically based on surface
soil measurements in the top meter of soil (or less) and often omit N
stored at depth. Based mainly on surface soil measurements (<1m),
our current estimates of global N pools range from 5.4 to 335 Pg
(Table S1), with 95 Pg N most often cited’. However, large amounts of N
can be stored in soils deeper than 1 m and these pools of N are highly
variable across space. Considering that deep soils have the capacity to
retain large amounts of N°, incorporating these pools into global
estimates has the potential to increase the global soil N budget.
While most of the world’s N is retained in the earth’s core and in
our atmosphere, the pools that are ecologically relevant are primarily
those that cycle amongst our biota. Soils comprise the largest pool of N
in the terrestrial biosphere, with most existing as organic N. Inorganic
N pools comprise a smaller percentage of soil N but play a dis-
proportionately important role in ecosystems. Nitrate (NO5;") and
ammonium (NH4"), two forms of inorganic N, are the most readily

available forms for biotic uptake, with NO5;™ being scarce where N
cycles tightly’. While estimates of global soil N are common (Table S1),
those of global NO5;™ remain rare. Nitrate is also of particular interest as
this form of N is highly mobile and chemically reactive, thus con-
tributing significantly to environmental N pollution'®. Despite its
importance, there has yet to be a spatially explicit synthesis of global
soil NO3™ pools.

Large pools of NO3™ have been found to accumulate in deep soils
around the world. Researchers have found evidence of deep soil NO5~
accumulation in a variety of biomes, including tropical", desert®, and
temperate' ecosystems. The prevalence of these sizable deep soil N
pools is likely to vary geographically and do not necessarily correlate
with surface soil NO3~ concentrations. Factors that control their pre-
valence include N input rates such as fertilization, deposition, or fixa-
tion that promote nitrification; anion exchange capacity or hardpans
that can constrain NO3~ mobility; and loss rates such as leaching,
denitrification, and biologic uptake®. Precipitation, temperature, soil
pH, soil texture, and the degree of geologic weathering can all affect
these processes, indirectly influencing soil N storage. An under-
standing of the size and geographic distribution of deep soil NO;~
stocks will require an understanding of controls on the pools and the
geographic distribution of said factors.

Here, we address two major gaps in our current soil N budget
estimates: (1) most global N budgets do not include deep soil N, and (2)
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global soil NO3;™ budgets have yet to be spatially quantified. Given that
there are no robust global estimates of soil NO5~, but evidence of NO5~
pools in deep soils globally, we sought insight into the full geospatial
variation of NO5™ pools in deep soils across a wide array of ecosystems
and how this contributes to our understanding of soil N budgets
globally. We performed a systematic review of deep soil NO;~ pools
(=2 m deep) and coupled results from our synthesis with a machine
learning approach to produce spatially explicit global estimates of
deep soil NO;™. We hypothesized that deep soil NO3™ pools could sig-
nificantly increase the global N budget and discussed the potential
ecological significance and fate of these understudied pools.

Results and Discussion

Global synthesis of field measured deep soil nitrate pools

Our observational synthesis generated data for 363 soil profiles
(ranging from 2 to 205 m in depth) that reported inorganic N and
280 soil profiles that reported soil NO5;™ from 57 studies that spanned
tropical, temperate, and arid ecosystems (Figures S1 and S2). While
most soil profiles were sampled up to 5m (72%), a considerable
portion were sampled between 5-15 m deep (21%), while our deepest
profile extended down to 205 m (Table S2). Results from our synth-
esis indicated that deep soil NO3™ pools ranged from 0-13,600 kg N
ha”, with a median of 218 kg N ha™, regardless of sampling depth.
The observations with the largest deep soil NOs;  pools
(>10,000 kg N ha™) were all located in arid regions of the southwest
United States and within natural ecosystems, followed by a group of
more temperate sites located mainly in China and under cultivation
(4000-8000 kg N ha™), with the vast majority of sites having smaller
deep soil NO5™ pools and spanning a much wider breadth of climates
and land use (see Data Availability Statement for raw data). Forested/
woodland soil profiles ranged from 10-282kgN ha™ (median =
49kgN ha™), croplands ranged from 0-8050kgN ha™ (median =
254 kgN ha™), deserts ranged from 5-12,900 kgN ha™ (median =
78 kg N ha™), and grass/shrublands ranged from 24-13,600 kg N ha™
(median = 161 kg N ha™, Figure S3). Smaller deep soil NO5™ pools in
forests may be attributed to the occurrence of large or deep-rooted
trees that have the potential to uptake deep soil N or create pre-
ferential flow pathways®. Alternatively, smaller deep soil NO5™ pools
in forests may be explained by the fact that climate co-varies with
ecosystem type, and wetter environments are more likely to support
forests as well as conditions for N loss pathways such as leaching and
denitrification™.

Modeled estimates of global deep soil nitrate pools

We coupled results from our synthesis with machine learning
approaches to generate spatially explicit N budget estimates for deep
soils. We considered climate, soil properties, plant biomass, and
human activity as the predictors to build the global model (see
Methods section for details). By using the Recursive Feature Elimina-
tion (RFE) method, we found the most important of selected pre-
dictors for global soil NO;~ prediction were soil depth, rock N
weathering rate, aridity index, fertilizer application rate, and tem-
perature (Figure S4 and S5). Following RFE, we used three machine
learning models (RF, random forest regression; CUBIST, cubist; GBM,
stochastic gradient boosting) to train the dataset, and RF provided the
best fit (R*=0.38; Figure S6). The RF model generated 2.6 Pg N in
cropland soils, 2.0 Pg N in grasslands, 5.1 Pg N in forest soils, and 5.5 Pg
N in desert soils (Table 1, Figure S7). Together, deep soil NO3™ pools
equate to 15.2 (£1.1SD) Pg of N, with the largest pools having the
highest degree of variation (Fig. 1). When we add this to the existing 95
Pg of soil N globally’, based on measurements taken in the top 1 m of
soil, our estimates of deep soil NO5™ increase the global soil N budget
by 16% (Table S1). However, the magnitude by which our estimates
increase the global N budget is dependent on the global soil N estimate
used. Because estimates of total soil N are quite variable, ranging from

5.4 to 335 Pg, deep soil NO3™ pools could increase the N budget any-
where from 5-281% (Table S1).

To our knowledge, there have previously been a handful of
attempts to quantify global soil N, which were quite variable (Table S1),
however, these did not include deep soil NO3™ pools (=2 m). Approa-
ches in the way previous global soil N estimates were made varied and
appear to affect the outcome (Table S1). While a few publications used
soil profile measurements and spatial methods to make global esti-
mates of soil N, many relied on published estimates of already scaled N
pools and/or used stoichiometric ratios for scaling. In a few cases, the
methodology used to derive soil N estimates was not available and/or
the estimates were not reproducible. Those estimates that used soil
core data and spatial methods to produce global soil N estimates range
from 65-105 Pg N, which we assume to be more reliable than others
given their transparent and more sophisticated methodology. Fur-
thermore, while other soil N estimates may partition between soil type
or reservoir, we found none that distinguished between agricultural
and natural ecosystem stocks. Our analysis builds upon previous
estimates of soil N by including deeper soil N pools, advances the
methodology available to derive global soil N estimates, and provides
ecosystem specific estimates.

To our knowledge, only one previous paper has attempted to
estimate deep soil N. Walvoord et al.® estimated soil NO5™ reservoirs in
arid lands by extrapolating N measurements from 30 m deep soil
solution measurements taken from five arid sites in the southwest
United States. They estimated that 3-15 Pg N (mean of 9 Pg N) can be
found in deep soil from arid regions globally. By adding their N esti-
mates to existing budgets, they found that deep soil N increased global
estimates by 3-16%. We take this approach further by synthesizing new
soil NO;™~ measurements at a global extent (Figure S1). While our deep
soil NO3™ estimates (15.2 Pg N) increase the global N budget, our esti-
mates are smaller than Walvoord et al.® estimates; we estimate 5.5 Pg N
in deserts. Furthermore, we estimate 12.6 Pg N for all natural ecosys-
tems (10.4 x10°ha), comparable to Walvoord et al.® estimate for
deserts despite covering a much larger area than deserts (3 x 10 ha).
One explanation for the difference in estimates is that Walvoord et al.®
extrapolated measurements from arid regions with particularly large
deep soil NO5;™ pools, while the broader range of ecosystems included
here typically have smaller N reservoirs. Another explanation is that
Walvoord et al.® included the top 2 m of soil in their estimates, which
typically have higher soil N stocks, whereas we did not. For example, in
another study, Post et al.” estimated 21 Pg of N in the top meter of
desert soils alone. Finally, our approach differs from Walvoord et al.® in
that our analysis included measurements deeper than 30 m (Table S2)
and included soil extract measurements of NO5"~. From our dataset, soil
extract measurements of NO3~ were lower on average (Figure S9) than
soil solution measurements used by Walvoord et al.® as extractable soil
N is likely a more stable pool than soil solution measured N. Notably,
soil N measurement methodology covaried with biome, whereby most
soil solution measurements were made in deserts.

Our analysis shows high degrees of spatial variability in deep soil
N pools, the mechanisms for which are not robustly characterized and
may vary geographically. In highly weathered clayey soils, such as
those in Australia, sub-Saharan Africa, Costa Rica, and Brazil*"",
deep soil NO5™ has been found to covary with anion exchange capa-
city. This is because highly weathered tropical soils with variable
charge 1:1 clays can develop net anion exchange capacity at low pH,
which allows them to hold large quantities of NO5™ '°. This contrasts
with less weathered temperate soils in which NO5™ is typically quite
mobile. Previous researchers have found that soil anion exchange
capacity explained the magnitude of NO3™ accumulation in tropical
soils at depth (down to 8 m)*" and that large soil N pools were con-
sistent with a higher density of binding sites and anion exchange
capacity’. In China, we saw instances where ecosystem/management
played arole, as deep soil N pools were higher beneath croplands than
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grasslands®. In arid soils, subsurface NO;~ accumulation is typically
found 1-2m down, below what is considered the active rooting
zone®®, One key factor contributing to NOs™ accumulation in desert
soils is the establishment of a persistent hydraulic sink at the base of
the soil. Nitrate accumulation in desert sites is estimated to range
from 10,000 to 16,000 years, consistent with the onset of arid
Holocene climatic conditions and shifts to xeric vegetation that trig-
gered subsoil NO5™ retention®. Nitrogen cycling processes have been

Table 1| The global soil NO3-N storage (Pg N) globally, and in
croplands, grasslands, forests, and deserts

Global area Mean NO; for each cell Global NO5-N
km? kg N ha™ Pg N

Global 1.23x108 1224 15.2

Cropland 0.20x108 1296 2.6

Grassland 0.18x10® 1073 2.0

Forest 0.56x10° 909 5.1

Desert 0.30x10° 1862 55

(A) Soil NO;~ (kg N/ha)
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relatively constant since the Pleistocene/Holocene transition and
modern factors furthering subsoil NO3~ accumulation are considered
to be diminished soil resources (water and organic carbon) and rare
leaching events'®. Even within croplands, we found that arid soils tend
to hold more N, suggesting an important role of soil characteristics
and climate in driving N retention and losses.

We found soil depth, rock N weathering rate, and aridity index
were the best predictors of soil NO5". Deep soil NO5™ also increased
with fertilization rate. These findings imply that fertilizer inputs in
managed croplands impact subsurface reservoirs, providing further
evidence that, as others have suggested, these deep soil N pools are
dynamic and have the potential to minimize losses to waterways™".
We were surprised to find that croplands had relatively small soil N
pools (2.6 Pg N) compared to other ecosystems (Table 1), and this likely
speaks to the multitude of factors that influence deep NO;™ storage. In
addition to N inputs, deep soil N accumulation can be influenced by
vegetation, rooting depth, rainfall, leaching, denitrification, and soil
characteristics that promote anion exchange capacity or hardpan
development, among other factors. It is unclear why croplands have
smaller N pools than natural ecosystems, but this may be that
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Fig. 1| Global nitrate (NO3™-N) pools for soils deeper than 2 m (2-205 m) in kg N per ha, which equate to 15.2 Pg N globally. (A) Mean NO3™-N value for each cell, and (B)

standard deviation. Map is at a spatial resolution of 10 km by 10 km.

Nature Communications | (2025)16:966


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56132-1

agriculture in temperate regions lack anion exchange capacity to
retain N, N inputs are typically targeted to reach crops through pre-
cision fertilization techniques, agricultural soils have high rates of
denitrification that remove N from surface soils, and that irrigation of
well-drained agricultural soils promotes downward movement of the
remaining N to groundwater.

While we compiled the most comprehensive database of deep soil
N measurements for this study, 280 soil profiles remains a low sample
size for machine learning, increasing the uncertainty of our estimates.
We acknowledge the limitations of scaling field measurements via
machine learning, which functions much better when the data cover
the range of predictor values?. Due to the intensive nature of sampling
deep soils, our analyzes were limited by available data and repre-
sentative distribution across our predictors. In particular, our esti-
mates were highly driven by soil depth, however, when we look at the
distribution of study sites included in our synthesis, few measure-
ments were taken in the deepest soils (50-250 m; Figure S2), sug-
gesting a need for more soil N measurements in those regions to better
understand and extrapolate soil NO3™ stocks to the greatest soil
depths. Furthermore, the majority of data we used to train and validate
the model were in the upper 2-5m of soil, thus our analysis has a
depth-related limitation due to sample size. Although 30% of data
points were deeper than 5 m, our results would have higher prediction
accuracy if more data > 5m were available. Thus, we present the
uncertainty of our spatially explicit estimates through the standard
deviation (Fig. 1B).

While the geographic distribution of our synthesis exceeded
those of previous studies, there were still notable gaps that may bias
our spatially explicit estimates. We found arid soils from natural eco-
systems to have the highest N pools (Table 1), however, we lack
observations from key regions such as the Saharan desert and the
Middle East, even though these are some of the regions contributing
the most to our global total. Tropical soil observations were scarce,
given the depth of these soils and their potential for anion exchange
capacity™”, more deep soil measurements should be taken in the
tropics. High latitude soils data are also underrepresented in our
synthesis; thus, we did not account for permafrost in our model, which
can store large amounts of N, Finally, we based our analysis on
instantaneous measurements of soil NO3;~ from publications that
spanned decades and thus provide a global estimate rather than one
for a particular point in time. Since soil NO3™ is highly mobile, it is likely
that patterns will change over time. A more robust database of deep
NO3;™ measurements made in conjunction with potential drivers could
enable a mechanistic understanding that would allow for improved
process-based modeling, while repeated measurements would allow
us to understand whether these deep soil N pools are dynamic in time.
Despite the uncertainties, we consider our estimates to represent the
most current state-of-the-art understanding. Future research should
include measurements of other deep soil N pools and develop
approaches to investigate the dynamics of deep soil N in response to
anthropogenic activity.

Potential implications for deep soil nitrate pools
While the implications of deep NO3™ to the global N budget are clear,
the potential of deep soil NO5™ to leach out of soils and affect down-
stream ecosystems, and the biological relevance to plants are still
relatively unknown. The former may depend on the depth to
groundwater and anion exchange capacity of the soil, and the latter
may depend on the rooting depth and accessibility of NO5~, the main
form of N that plants take up, to deep roots. Estimating these deep soil
N pools continues to add to our understanding of soils as a fate for
anthropogenically fixed N, and the critical role that deep soils play in
our biosphere.

Deep soil N pools may represent less mobile reservoirs of NOz
compared to aquatic and terrestrial surface pools of NO5™ that actively

contribute to environmental pollution. Deep soil N is less susceptible
to denitrification®?, which converts soil NO5~ into the air pollutant nitric
oxide or the greenhouse gas nitrous oxide. The lower susceptibility to
denitrification is attributed to microbial biomass, where half is typi-
cally found in the top 10 cm of soil and decreases dramatically with
depth®. Leaching of limiting nutrients like N can contaminate
groundwater and cause eutrophication in rivers, lakes, and coasts***.
Leaching is primarily influenced by precipitation or irrigation, but
abiotic soil properties can play a role as well. Some data suggest that
the deep NO3™ pools may attenuate against leaching to ground water in
croplands where N fertilizer is applied®. In a cropland soil, Weitzman
et al.”® found that -44% of surface N was removed in crop harvest, ~29%
was leached into groundwater, while ~27% was retained along 3 m deep
soil profiles. Still, there is much to understand about soil N turnover
rates and the speed with which land use change can influence this N
pool. Correlations between deep soil N pools and fertilizer application
rate suggest that these reservoirs can be influenced by N inputs to
surface soils. The dynamics of these deep soil N pools depends on the
balance between inputs (e.g., N fertilizer applications, N fixation, N
deposition, etc.) and losses (e.g., leaching, denitrification, etc.), as well
as the mechanisms that retain N. For instance, if anion exchange
capacity is the primary mechanism for the storage of soil NO;™ at
depth, it’s possible that there is a finite amount of charge, that once
saturated will no longer allow deep soils to protect against leaching>%.
More research is needed to better understand the extent to which
deep soil can hold fertilizer N on soils surfaces and thus reduce
leaching or if this pool is dynamic and actively cycles amongst biota,
surface soils, and atmospheric reservoirs.

One potential fate of deep soil N is uptake by deep-rooted vege-
tation. Our synthesis focuses on soils deeper than 2 m, and includes
measurements as deep as 205 m. While there is strong evidence for
deep roots well below 2 m across many ecosystems®, as well as sup-
port for their role in the hydrologic and carbon cycles®, it is still
unclear if these roots can access deep pools of NO3". Shallow, fine roots
play a more important role in NO3~ uptake for plants, but deep-rooted
taproots may still be able to access NO5~ *°. Root depth varies by
ecosystem and climate, with some of the deepest roots occurring in
forests, deserts, and tropical grasslands®. While we find evidence of
smaller NO3™ pools in forests, we find the opposite for deserts, despite
both being relatively deeply rooted ecosystems. In croplands, most
species are short rooted and thus seemingly unlikely to access deep
soil N, however, some cropland roots have been documented as deep
as 4 m* and common crops like alfalfa and soybean have roots as deep
as 2 m*. Within agricultural studies that examine the role of plants in
taking up fertilizer N, there is support for the ability of deep-rooted
plants to access NO;~ below the surface soils (up to 3.9 m)*™. For
example, Kristensen and Thorup-Kristensen® found that fodder radish
captured 80% of the NO3™ up to 2.5m. Deep-rooted plants likely can
access and take up NO5 ™, but this still needs to be investigated outside
of agricultural settings. Future research should explore the relation-
ship between root characteristics and deep soil N uptake, as well as
their relevance to plant productivity.

Annual inputs of N to the biosphere typically exceed N outputs
suggesting a pool of missing N, or a sink that remains under/unac-
counted. Our finding suggest that deep soils may play a role in
unearthing this missing N sink. Galloway et al.’> suggested that about
175 Tg of N were missing from the global N budget in the early 1990s,
and that 115 Tg of that N was estimated to be denitrified to the atmo-
sphere, while the remaining 60 Tg was assumed to be routed to sto-
rage in biomass and soils. While denitrification and N storage in soils
remain the most poorly constrained aspects of the N cycle’, our esti-
mate of 15.2 Tg N in deep soils (which increases the soil N budget by
16% but accounts for 25% of presumed terrestrial storage) contributes
evidence for soils as a substantial N sink. The partitioning of
anthropogenically-fixed N entering the biosphere between
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denitrification and soil storage remains an area that requires more
research and new techniques to advance®.

For the last 30 years, the narrow concept of soil has been chal-
lenged, as many argue for a new conception of soils and ecosystems that
extends to deeper depths®**~*2 Soil is biologically active much deeper
than has been thought by many ecologists. Thus the lower boundary of
soil should extend into the C horizon, which ranges from shallow to very
deep, sometimes extending many meters in depth®*°. Deep soils
represent important stores of nutrients and carbon that are poorly
understood and rarely sampled®. Richter et al.”® estimated that the
median depth to which soils were being sampled by ecologists inter-
ested in carbon was 15 cm and that 90% of ecologically-relevant studies
sampled only the upper 30 cm. Natural and anthropogenic terrestrial
activity significantly affects biogeochemistry throughout soil profiles,
however, the lower boundaries of most terrestrial ecosystems have been
demarcated too shallow to facilitate a complete understanding of eco-
system structure and function. For example, accurate assessments of
photosynthetically-fixed carbon requires accounting of respiratory CO,
and carbonic acid to the base of the critical zone*’. A good illustration of
our bias in studying N cycling in surface soils is the recently discovered
extent to which rock weathering influences soil N cycling and above-
ground ecosystem dynamics**. Critical zone science aims to highlight
the interconnectedness of the plant-soil-water-rock continuum, but this
approach has been embraced more widely by hydrologists and geolo-
gists than by soil scientists. Unique processes, depth dynamics, and the
large volumes of deep soils make them an integral part of understanding
biogeochemistry beyond the surface.

Soil N estimates are critically important as they have implications
for global and regional N budgets, resource management, and feed-
backs to climate change. Soil nutrient status not only influences N loss
rates® and limits the ability of soils to sequester carbon® but is also a key
factor in determining the ability of vegetation to buffer against climate
change. Deep soil N can promote the redistribution of new organic
carbon to deeper soil layers, furthering the potential capacity for carbon
sequestration in soils*. Nitrogen fertilizer currently supports about half
the world’s population, but a doubling of N in our biosphere has also
resulted in widespread pollution of our water and air'®. Deep soils have
the potential to function as a sink for N pollution in the environment and
better quantification of such N pools can help us to understand how
anthropogenic activity has altered the N cycle. Deep soil N pools may
have implications for vegetation and crop production, as well as water
and air quality, and their quantification can help inform scientific
questions that rely on robust N budgets. A deeper understanding of the
global N cycle will improve our ability to model biotic thresholds related
to food production, environmental pollution, and climate change.

We conclude that terrestrial N pools are likely larger than previous
estimates. When we include deep soil N pools, global soil N budgets
increase 5-281%, depending on the soil N estimate used. This is per-
haps not surprising given that our current N budget is based on just the
top meter of soil and does not account for up to hundreds of meters of
soil N at depth. While much of soil biogeochemistry focuses on surface
soil measurements, there remains a need for studying deep soils, not
only for their capacity to store N and subsequently reduce N pollution,
but for their role in other critical processes such as organic carbon
storage. We emphasize the need for understanding deep soils in the
context of global change, as they will continue to play a critical role in
ecosystem function.

Methods

Observational synthesis

We searched Web of Science using the search term (((deep AND soil)
OR subsoil) AND (nitrate OR (mineral AND nitrogen))) in January of
2020, which generated 5225 results. We extracted data from papers
that reported N stock (kg ha™) for the soil profiles below 2 m, measured
either as soil extracts or from soil solution (NH,*, NO3", total N). Our

literature review generated data from 363 soil profiles from 57 studies
(all between 2 and 205 m deep). Our data set included 68 study sites
that spanned tropical, temperate, and arid ecosystems. Among soil
profiles, 76% reported only NO5~, 4% reported only ammonium (NH;"),
and 30% reported total inorganic N (in sum or as NO3~ and NH,").
Because NO;™ pools were on average an order of magnitude higher
(787 kg NOs™-N ha™ and 47 kg NH,"*-N ha™), with a larger sample size,
we chose to focus our analysis on observations of deep NO3~, which
limited our analysis to the 280 profiles. We also collected other soil and
environmental data that might influence the accumulation of N in
subsurface soils (e.g., climate, pH, anion exchange capacity, soil tex-
ture, vegetation type, land use-history (including historical fertilization
rates), N deposition rate, depth to bedrock, and soil type). A list of all
data collected in the observational synthesis is linked to in the Data
Availability Statement, some of which were used in the machine
learning analysis (see the Global depth soil NO5;-N modeling sec-
tion below). We included only analyzes that report N stock (soil inor-
ganic N on a per area basis) and did not include those that only report
soil N concentration data, except in a handful of circumstances where
concentration data were scaled to round out gaps in the dataset
(mainly, a lack of data in tropical ecosystems).

Global depth soil NO5; -N modeling

Based on previous studies, we identified mean annual precipitation
(MAP), mean annual temperature (MAT), aridity index (Al), potential
evapotranspiration (PET), soil depth, soil pH, plant biomass, rock N
weathering rate, clay content, and fertilizer addition rate as predictors to
predict variation in deep soil NO;™%**™!, When a variables’ value was not
reported in the original paper, we extracted the values for each obser-
vation from the global database (see below for the database sources).

To select a representative group of auxiliary variables, we utilized
the Recursive Feature Elimination (RFE) method available in the caret
package*®. RFE is an algorithm designed for backward selection of pre-
dictors. This technique initially constructs a model with all predictors
and evaluates the importance of each predictor in this model. Subse-
quently, it removes the least important predictor and rebuilds the
model*’. One of the advantages of RFE is its ability to mitigate the effect
of correlation on the importance measure. In this study, we executed
RFE with thirteen subsets of variables ranging from 5 to 10. We selected
the optimal subset of covariates based on the lowest root mean squared
error (RMSE) following a 10-fold cross-validation. After RFE selection, we
found soil depth, fertilizer N application rate, Al, MAT, and rock N
weathering rate were the most important variables in the global NO3
model with the lowest RMSE, thus we used those in our analysis.

Due to potential nonlinear relationships between soil NO3™ and
environmental variables, we used an ensemble machine learning
method to build a global deep soil NO;~ model. We compared three
machine learning methods (RF, random forest regression; CUBIST,
cubist; GBM, stochastic gradient boosting; Figure S6) with the same
variables previously selected to assess the most accurate model of
NOj5™ stocks.

To build the models, we separated the dataset randomly into a
training subset (60% of the total observations) and a testing holdout
subset for validation (40% the total observations). We used 10-fold
cross-validation with five repetitions with the training data to access
the variability of the predictions (Figure S8). The average value of root
mean squared error (RMSE), mean absolute error (MAE), and R-square
(R?) will get statistical metrics for the model’s performance. Finally, we
used the testing holdout data to evaluate the final model’s perfor-
mance (Figure S8). The importance of each predictor was calculated as
the percentage increase in the mean standard error (Figure S4). The
mean marginal effect of each value of a given predictor to the final
prediction was visualized by using a partial dependence plot (Fig-
ure S5). These model building and validation processes were adapted
from Sena-Souza et al.®.
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Global depth soil NO5;-N spatial prediction

Since random forest (RF) best captured geospatial variation in soil
NOj3™ (Figure S6), we used RF to generate the global soil NO5;™ predic-
tion using the best fit model. The whole dataset (n = 280) was applied
to the RF model to create the final soil NO5™-N map globally at a spatial
resolution of 10,000 by 10,000 m. We performed the spatial predic-
tions by using the prediction function in a raster package in R (3.5-2,
https://rspatial.org/raster) and applying the chosen model to the
stacked covariate raster, which includes MAT, Al, soil depth, rock N
weathering rate, and fertilizer addition rate. We predicted the NO3™-N
map at global scales using RF, then used a land cover map®' to separate
the projections in to managed agricultural land (referred to as crop-
land), grassland, forest, and desert. The built-up water and the other
area without soils were removed in our analysis. The standard devia-
tion was generally used to predict the spatial uncertainty from the RF
model (Fig. 1). We applied one spatial prediction to RF models in order
to generate a map of deep soil NO;™ (Fig. 1) and 20 spatial predictions
to generate a standard deviation map (Fig. 1).

Global fertilization rate was sourced from Wang et al.*>. Global
depth of soil to bedrock data were sourced from Pelletier et al.°.
(https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1304). Global soil pH
map was derived from Batijes®. The global Al and PET were sourced
from Zomer et al.>*. Plant biomass data were derived from Spawn and
Gibbs®. Soil clay data were sourced from Hengl et al.’*. Mean annual
temperature and precipitation were derived from Fick and Hijmans™,
Rock N weathering rate data were from Houlton et al.*. A complete list
of references for predictors used in the model can also be found in
Table S3. Global land use maps were sourced from FAO GLC-SHARE®
database.

Data availability

The observational synthesis data generated in this study has been
deposited in the Zenodo repository under accession code 11267429.
The global soil nitrate projection input data and R code generated in
this study have been deposited in the Zenodo repository under
accession code 13154845.

Code availability

The global soil nitrate projection input data and R code generated in
this study have been deposited in the Zenodo repository under
accession code 13154845.
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