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Soils are an important source of nitrogen in many of the world’s cropping systems. Especially in low-
. input production systems, nitrogen release from soil organic matter turn-over is the major part of
Accepted: 25 March 2019 . the crop’s nitrogen supply and research suggests that this process is significantly affected by changes
Published online: 10 April 2019 . in climate. The knowledge of the amount of nitrogen being accountable for crop nutrition is purely

. empirical in many production areas in the world and data as a foundation of global-scale climate change
and food security assessments is scarce. Here we demonstrate that nitrogen mineralisation in general
follows similar rules as for carbon, but with different implications for agricultural systems. We analysed
340 data sets from previously published incubation experiments for potential nitrogen mineralisation
which covered a large range of soils and climate conditions. We find that under warm and all-year humid
conditions the share of potentially mineralisable nitrogen in the soil’s total nitrogen is significantly
smaller than in dry or temperate environments. We conclude that - despite relatively high soil nitrogen
stocks — soil-borne nitrogen supply for crop production is very low in tropical and humid subtropical
environments, which is a critical piece of information for global assessments of agricultural production
and food security.
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Low-input agriculture represents a considerable share of global food production, especially where global market
produce is not accessible or affordable!. The production of such systems is low in absolute terms, however, the
number of people relying directly on its output is still high; in many regions of the Global South it remains the
predominant food supply. Global assessments of food security under future conditions face not only the challenge
of data scarcity, but also limited process knowledge with respect to low-input agricultural systems and their man-
agement. One of the reasons for this is the vast variety of cropping systems, technical equipment and manage-
ment strategies across the regions, in contrast to the very similar approaches that have emerged for mechanised,
high-input agriculture.

Among all farmer-controlled input factors, nitrogen (N) has the second-largest impact on plant growth after
water, and in many of the world’s cropping environments soil organic matter (SOM) mineralisation is the pre-
dominant source of N for the crop®. However, N release from SOM mineralisation is difficult to measure in-situ
and only few attempts have been made to do so, using micro-lysimeters’ or field incubations of soil cores**. From
incubation experiments scientists learned that fresh organic litter turn-over through micro-organisms is mainly
governed by soil temperature and soil water content, representing the two most important environmental factors
that soil-inhabiting micro-organisms respond to®. Temperature and water availability through precipitation and
evapotranspiration are two major climate features that are expected to change significantly in many or the world’s
agricultural areas until the end of the century, and direct effects on the SOM turn-over dynamics are likely to
occur”®. Assuming that SOM turn-over will follow the same rules as surface-deposited litter, these findings may
lead to the assumption that SOM mineralisation is highest under warm and humid conditions. On the other
hand, recent findings also confirm that SOM turn-over is strongly controlled by soil geochemistry and accessibil-
ity of SOM by micro-organisms; factors that have the potential to override temperature and moisture relations’.
A systematic analysis of nitrogen release from SOM across different environments, however, does not exist. Such
information is crucial for assessments of agricultural production and food security, especially when simulation
models are employed to produce them. Currently, much focus is on using simulation models for crop physiology
in such assessments to capture the impact of climate and atmospheric CO, levels on crop growth and yield forma-
tion'®!, while soil processes and trade-offs between food security (yields) and climate change mitigation targets
(e.g. soil C sequestration, greenhouse gas emissions) are rarely addressed until now.
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Figure 1. Boxplots for potential nitrogen mineralisation N and its share in total nitrogen (N,/N,) as observed
and reported in literature, including the median (crossbars) and mean (dots) of the observed values (white),
of the predicted values on the basis of the directly observed (red) and of the gridded data (blue). The analysis
distinguishes humid tropical (A) dry (B) humid subtropical (Cf), further separated into warm (Cf1) and

cool (Cf2) sub-groups, subtropical with dry periods (Csw) and temperate (D) climates. Thereby adjusted
p-values < 0.0005 were marked with “*##”, <0.005 with “**” and <0.05 with “*”,

In this paper we review existing literature on N mineralisation in agricultural soils in order to (i) find patterns
across different environments and (ii) quantify the share of the SOM pool which actively contributes to mid-term
N release to the benefit of crops. This information is a useful step towards understanding the nutrient-related
yield gap across the globe!? and improve the representation in crop models of a background N supply from
soils. The latter outcome will lead to improved model-based assessments of global crop yields!®!*!* and nutritive
qualities'®, where agro-ecosystem models are typically applied in a relatively high resolution across contrasting
environments with only coarse soil information as input.

Results

The largest stocks of potentially mineralisable N were found in temperate (D: 151.0mgN kg™!) and cool humid
subtropical climate (Cf2: 121.5mgN kg™!), while in all other climate groups the stocks were, on average, rather
small (Csw: 44.6 mgN kg!; Cf1: 47.4 mgN kg~}; A: 50.0 mgN kg~; B: 64.3 mgN kg~!) with the dry climate (B)
and the warm humid subtropical (Cf1) including also higher values, thus spanning a larger range than the tropical
(A) and semi-dry subtropical (Csw) groups (Fig. 1). On the basis of the directly observed values, the statistical
model performed well and only B and Cf2 were slightly overpredicted. Using the model that was built from the
gridded data, only D was slightly overpredicted while all other means were predicted very well (Fig. 1).

The greatest proportion of total N that was potentially mineralisable N (Ny/N,) was found in cool humid
subtropical (Cf2: 11.28), temperate (D: 12.62) and dry climates (B: 11.83), while smallest shares are found in the
warm humid subtropical (Cf1: 2.07), tropical (A: 5.92) and semi-dry subtropical (Csw: 6.19) climates (Fig. 1).
Similar C to N ratios given, reactive N pool sizes correspond well with total SOM stocks for the first group, while
for the second group medium-size SOM stocks and high organic matter input and turn-over rates result in only
little amounts of plant-available mineral N being released. The statistical model based on the directly observed
values performed very well in predicting the ratios, while the gridded data model slightly underpredicted the
mean of the B group and slightly overpredicted the mean of the two Cf groups.

Discussion

Our results confirm earlier findings that TOC and N, contents are largest in those climates (A, Cf1) where rainfall
and temperature regimes allow strong biomass growth and facilitate correspondingly high organic matter input
into the soil via litter fall, root exudates and residues'® or where decomposition is slowed down due to cooler
temperatures while biomass growth is still moderately high (Cf2, D; Fig. 1). However, our results also show that
high TOC (and N,) contents do not always correspond to high N, as a proportion of N, (i.e. Ny/N,) across cli-
mates (Fig. 2). The difference in Ny/N; is likely to be a result of (i) SOM stabilisation mechanisms in soils'” and
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Figure 2. Schematic overview of dominating processes and system states across general climate characteristics,
addressing fresh organic matter (OM) decomposition in terrestrial ecosystems®**, bedrock weathering

rates®, organic matter productivity and input to soils'®, resulting soil organic matter (SOM) stocks, potentially
mineralisable nitrogen (N,) from SOM as derived from incubation studies*” and the relation between N, and
the total organic nitrogen stock (N,).

(ii) conditions that influence the soil micro-organisms in their ability and motivation to consume SOM and
release N8 Both factors are directly and indirectly influenced by climate, of which “indirectly” refers to long-term
weathering and soil formation processes under influence of climate and the resulting soil properties that govern
the above-mentioned factors™.

Beside geochemistry, soil moisture and temperature are the most important variables influencing the decom-
position of SOM®. In humid and warm conditions microbial activity is high, enabling the decomposer com-
munity to rapidly break-down and consume the large amounts of organic litter being produced?!. However,
biochemical weathering rates are also high, resulting in soils dominated by iron and aluminium hydroxides (some
soil types like Arenosols or Vertisols being an exception), which have been observed as primary associates of
SOC?. Forming stable metal-humus complexes and micro-aggregates, they protect organic matter against micro-
bial decomposition*-*. With a high proportion of physically and biochemically stabilised SOC, also N is poorly
available for microbial consumption, expressed as a small share of N, in an else medium-sized pool of N,.

In subtropical dry and semi-dry regions soils are exposed to extremely variable climate. Soils in these areas
host microbial communities adapted to frequent desiccation®, an attribute that seems to decline towards decreas-
ing temperature environments?” and which explains why in dry and semi-dry regions fast decomposition rates
prevail®®. Together with reduced plant growth due to limited water supply and consequently low OM input into
soil, this leads to generally small SOM stocks in these regions. However, since physical weathering dominates and
soils developed under these climates exhibit lower potential to stabilise SOM, the mineralisable fraction remains
high. Further, it is proposed that periodic drying and rewetting processes can enlarge the mobilisation of mineral
associated organic matter?**. Large mineralisable fractions of N, also apply to soils of temperate climate zones*!,
but with a larger pool of SOM as a result of considerable biomass growth rates and decelerated SOM decom-
position at lower temperature levels. Consequently, the total N mineralisation potential is highest in temperate
climates (Figs 1 and 3).

The models presented above were calculated using only a limited number of observations. It is for this rea-
son that the range of each input parameter determines the lower and upper boundaries for the model equations
(Supplementary Table S1). Using the equations for soils outside of these boundaries will deliver N, estimates with
higher uncertainties. Further, as shown in Fig. 4, only a limited number of soil types were found in the HWSD
for the respective coordinates and the distribution of soils in the climate groups does only vaguely represent the
natural occurrence of soil types within these climates. As a consequence, for some soils, the true value range is not
well represented and a set of soil properties being atypical for the respective climate zone, e.g. for base-rich and
fertile Vertisols from volcanic origin in the climate group A, will surely result in a strongly deviating N, estimate.
But also for other climate groups, distinct soil types show a unique nitrogen mineralisation potential, giving
way to the assumption that other soil properties than those being available for the current analysis may further
improve the N, estimation (e.g. pH). Moreover, as only N, data of arable soils was collected, the application of the
models for soils under different land use will not be valid, as the land use has a strong influence upon the nitrogen
dynamics of a soil*%.

Conclusion
In conclusion we confirm that climate fundamentally influences the soils mineralisation potential, by determin-
ing the organic matter input (assuming comparable management systems), controlling the temperature- and
moisture- dependent microbial activity and directing soil development processes, thereby regulating the potential
of soils to stabilise SOM and prevent its decomposition.

We provide a globally valid estimation of the N mineralisation potential of agricultural soils to feed both
knowledge building in local agricultural practice for optimising fertiliser use and global assessments of
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Figure 3. Global distribution of the nitrogen mineralisation potential of agricultural soils N, (top) and its
relation to soil organic nitrogen stocks, indicated by No/N; (bottom).
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Figure 4. Representations of soil types in the nitrogen mineralisation data set. Size of the points represents the
frequency of the soils in the literature data within each climate group. The colour scheme indicates the mean of
N of the respective soil-climate group.

agricultural production and food security. The N mineralisation potential of soils provides a proxy to inform
agro-ecosystem simulation models when representing situations in which N fertiliser input is likely to remain
below the crop’s demand and the additional N supply from fresh crop residues and SOM turns into sensitive
regulators for crop yields.

Methods

General approach. We analysed 340 data sets from previously published incubation experiments which
investigated potential nitrogen mineralisation (N, see Eq. 1 below) in soils from a large range of climates. N,
describes the amount of soil organic matter that turns over to release N under optimum soil temperature and
moisture within a few years. It is used here as a benchmark to compare across the very different data sets, bearing
in mind that in-field N supply rates are additionally affected by the availability and quality of fresh organic matter
(crop residues, organic amendments)*, soil disturbance processes (e.g. tillage)** and the short-term dynamics of
the micro-climatic conditions, to which micro-organisms respond differently as to constant laboratory environ-
ments?®*, and thus differ substantially from the rates determined through the N method. Present-day agro-eco-
system models, however, consider the effect of soil temperature and moisture and the presence of additional
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organic matter to predict soil-borne N supply to crops and they do very well if parameterised to the background
N mineralisation rate of the soil*.

The only soil variables that were consistently supplied with N, data in the literature were total organic carbon
(TOCQ), total nitrogen content (N,), and soil texture. Across these studies, TOC and N, contents were largest in soil
from sites located in temperate climates, followed by tropical and all-year humid subtropical climates (Fig. 4). C
to N ratios did not vary significantly across climates in the data set (median range: 10-12). N, was largest at sites
in temperate climates (D climate zone median: 151.0kg N ha™!) and cool humid subtropical regions (Cf2: 121.5),
with values that double those in dry regions (B: 64.3) and even triple those in tropical (A: 50.0), semi-dry (Csw:
44.6) and warm humid subtropical (Cf1: 47.4) climates.

The experiments were clustered into different climatic zones based on the locations of soils investigated. We
then developed empirical relationships between N, and various soil properties reported in the experiments within
each climatic zone and, additionally, between N and soil properties reported in global soil databases within each
climatic zone. The output of the latter was then used to develop a global map of N and of its share in total soil
nitrogen N, calculated as Ny/N,.

The nitrogen mineralisation potential. Comparing N mineralisation rates for different soils from lit-
erature sources requires a common standard, to which all data can be translated from their original form. Such
a standard has been proposed by Stanford and Smith*, the mineralisation potential Ny, which is the maximum
amount of N being released from soil under optimum conditions for mineralisation by the microbial biomass
(optimum temperature, soil water content, nutrient and oxygen supply). Their approach is to incubate small
amounts of soil mixed with washed coarse sand at 35 °C and near-field capacity soil water contents, then fitting
the following equation to the cumulative N release data to estimate N:

N=N,- (1 - (1)

where N is the cumulative amount of nitrogen being released from incubated soil at any time ¢, N, is the nitrogen
mineralisation potential and k is the decomposition rate coefficient.

Nitrogen mineralisation data. A literature review was carried out to collect data on nitrogen mineralisa-
tion potential of agricultural soils in different environments. Data on nitrogen mineralisation potential of soils
relevant to this study is rare, as most of the recent publications examine the nitrogen release of soils amended with
various kinds of residues and organic fertilisers**-*, concentrating on short-term nitrogen release rates*' or on
non-agricultural soils****. However, a total of 340 data sets were extracted from 41 publications. The majority of
the data (75%) were calculated values of N, based on the incubation method of Stanford and Smith*’”. The remain-
ing indicated some variation in the incubation methods used in the studies, such as the amount of soil incu-
bated**-*, temperature and moisture regime during the incubations*~*° and/or duration of incubations*>46:4-0,
All studies included in the analysis were evaluated for a sound estimation Ny, especially when the incubation time
seemed too short for the fitting of Eq. (1) to the time series’!. Further, there were also differences in experimental
approaches used in the studies, such as performing the incubations under anaerobic conditions™ or incubating
the soil in polyethylene containers®>?. Data from these studies were included in the analysis, as these deviations
from the standard procedure are assumed to have no substantial impact on the values of N, This also applies to
studies in which the influence of different management and tillage treatments on the N mineralisation dynamics
was investigated. In these cases, the mean value of Nj across the different treatments was included e.g.>-5.

Additional explanatory information was obtained from the studies. This information included latitude, longi-
tude, duration experiment, clay content, total organic carbon content (TOC) and total nitrogen content (N,). In
many studies there was no information provided about basic soil characteristics, such as texture, TOC and N, or
about methods of their determination. If the latitude and longitude of original soil sampling was not stated within
the publication, coordinates for the location were obtained from Google Earth®. Soil type representation across
the dataset is summarised in Fig. 4.

Definition of climate zones. Climatic grouping was done using a cluster analysis on the Bioclim-CliMond
data set in 30 arc seconds resolution®. The clusters corresponded well with the original Képpen-Trewartha
scheme for A, B, Csw and D climates, which is why for the final grouping the Képpen-Trewartha scheme was
applied (Supplementary Fig. S2). However, Cf climates (subtropical without dry season) formed two clusters with
significantly different ratios of No/N, and annual coldest month. Accordingly, the decision tree was extended with
arule that identified subtropical climates without dry season as warm (Cf1: coldest month warmer than 11.22°C)
and cool (Cf2: coldest month cooler than 11.22°C; Supplementary Fig. S2). For the calculation of the dryness
threshold R the Képpen-Geiger equations were used (R=2- T+ 14 for evenly distributed rainfall; =2 T for
regions with primarily winter rainfalls; =2- T4 28 for regions with primarily summer rainfalls, where R denotes
the mean annual precipitation threshold in centimetres and T the annual mean temperature in degrees Celsius).
This approach was chosen since the differences between the Koppen-Geiger and the calculation preferred by
Trewartha and Horn in 1980 was mainly based on imperial unit conversion®®. Further the subdivision between
humid subtropical (Cf) and semi-humid subtropical climates (Csw) refers to a differentiation of more than one
third but less than two thirds of annual precipitation in the winter months (Cf) and vice versa (Csw). The number
of data points in each climate group is well balanced, which ensured a non-biased analysis (Fig. 5).

Determining nitrogen mineralisation potential from soil variables. Relationships between Nyand
various soil properties (Table 1) were determined using the Eureqa software (Nutonian, version 0.98 beta®).
Initially, a relationship was determined using data from all studies. However, the goodness-of-fit of the relation-
ship to the data was poor (R*< 0.1) so relationship were sought for data within each climate group. Models that
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Figure 5. Climate grouping decision tree according to an adjusted Koppen-Trewartha scheme.
Prec = precipitation, R=dryness threshold*®, T = temperature. Numbers below the groups represent the sample
size for each group respectively.

Bulk density (BD) kg dm™3 Field capacity (FC) cm
Topsoil organic carbon (TOC) | % weight Plant-available soil water (PASW) | cm
Clay in topsoil (Clay) % weight Wilting point (WP) cm
Silt in topsoil (Silt) % weight Total N (Nt) gm—?
Sand in topsoil (Sand) % weight

Gravel in topsoil (Gravel) % volume

CEC of the clay fraction (CEC) | cmolc kg™!

Table 1. Gridded data extracted from the Regridded Harmonized World Soil Database (HWSD) and the
Global Gridded Surfaces of Selected Soil Characteristics (IGBP-DIS) database (IGBP-DIS) as independent
input variables for the derivation of statistical models. Abbreviations used in the following model descriptions
(Supplementary Tables S2 and S3) are given in brackets. Note that not all variables were used in developing the
empirical model. *IGBP data refer to 100 cm soil depth.

included either TOC or N as input variable were selected from the Pareto front in the space spanned by complex-
ity (number of coefficients) and accuracy (R?) as indicated by Eureqas’ internal Akaike Information criteria (AIC).
However, to prevent overfitting only suggested equations with a complexity of <0.5-n were considered, where n
denotes the size of the group. For the Csw group a higher complexity (0.6) was accepted as R? was significantly
smaller for less complex models.

Differences among climate groups and soil types were tested for significance using the non-parametric
Kruskall-Wallis H-test, followed by a pairwise Wilcoxon Rank Sum Test (R - “pairwise.wilcox.test”), as the data
was not normally distributed. Level of significance was set to 5%.

Mapping the nitrogen mineralisation potential from agricultural soils at global scale. The
global coverage of the literature data is too limited to extrapolate to the global scale at a useful resolution for fur-
ther application of the N mineralisation potential in global assessments. For this reason we made an attempt to (i)
include more soil properties and (ii) expand the applicability of N, to points of interest for which no incubation
experimental data is available in order. For this we used soil data from the Regridded Harmonized World Soil
Database v1.2 (HWSD)® and the Global Gridded Surfaces of Selected Soil characteristics database (IGBP-DIS)®!
at a resolution of 5 x 5 arc-minutes (further referred to as “gridded soil data”; Supplementary Fig. S1) instead of
the soil data given with the respective incubation experimental studies for creating a second set of Eureqa statisti-
cal models, assuming that at the given location both soils were the same (an assumption that has not been verified
in the context of this analysis and will surely not hold for all data pairs).

The land use and land cover data of the HWSD for total cultivated land®* was used in 5 X 5 arc minutes reso-
lution as the base raster for the generation of a global Ny map. Only grid cells with a cultivation area greater than
zero were taken into account, as the models are only valid for arable soils. Subsequently, these cells were climati-
cally grouped as described in the previous section. The gridded soil data was extracted for the respective cells and
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assigned to each literature N based on the location of the literature site. Models were generated using Eureqa as
described above and N, was calculated for each grid cell using the respective model of each climatic group and
the gridded soil data as input. If literature reported neighbouring data points, the allocation to a grid cell would
lead to the same TOC value for different N, In such case, the deviation from the mean of the original TOC at the
same location was used to correct the predicted TOC values to remain with the same number of data pairs. N/
N, was then calculated from Ny, and from N of the IGBP-DIS data in [g m~*] and transformed into [gkg™'] by
using BD (for TOC values extracted from the gridded soil data see Supplementary Fig. S2).

Predicting N, using gridded soil data (“predicted”) revealed a similar pattern across the climate zones as
compared to the original soil data (“observed”) reported with the literature. A direct comparison of N predic-
tions using the models created by using the respective basic soil data (TOC, N,, clay content) as Eureqa input
demonstrated a good representation of the observed values by the predicted (Supplementary Fig. S3). Only for
the temperate climate zone (D) a coeflicient of determination <0.3 was found, where most of the high values of
N, observed in experiments are represented by much lower predictions, while at the lower end only a few mis-
matches were found. The coeflicients of determination of the models developed on the gridded soil data were
smaller than those developed on the data from the experiments, although greater than 0.28 in six of the seven
climate groups.

Data Availability
All data is available in the supplementary material or in a data repository to which a link is provided in the sup-
plement.

References

1. Marzin, J. B. P, Bessaoud, O. & Ton-Nu, C. Study on small-scale family farming in the Near East and North Africa region - Synthesis.
(Cairo, 2017).

2. Lu, C. Q. & Tian, H. Q. Global nitrogen and phosphorus fertilizer use for agriculture production in the past half century: shifted hot
spots and nutrient imbalance. Earth System Science Data 9, 181-192, https://doi.org/10.5194/essd-9-181-2017 (2017).

3. Nendel, C., Reuter, S., Kersebaum, K. C., Kubiak, R. & Nieder, R. Nitrogen mineralization from mature bio-waste compost in
vineyard soils II. Test of N-mineralization parameters in a long-term in situ incubation experiment. Journal of Plant Nutrition and
Soil Science 168, 219-227, https://doi.org/10.1002/jpln.200420476 (2005).

4. Delphin, J. E. Estimation of nitrogen mineralization in the field from an incubation test and from soil analysis. Agronomie 20,
349-361 (2000).

5. Hatch, D. ], Jarvis, S. C. & Philipps, L. Field measurement of nitrogen mineralization using soil core incubation and acetylene
inhibition of nitrification. Plant and Soil 124, 97-107, https://doi.org/10.1007/bf00010937 (1990).

6. Gregorich, E. G. et al. Litter decay controlled by temperature, not soil properties, affecting future soil carbon. Global Change Biology
23, 1725-1734, https://doi.org/10.1111/gcb.13502 (2017).

7. Conant, R. T. et al. Temperature and soil organic matter decomposition rates - synthesis of current knowledge and a way forward.
Global Change Biology 17, 3392-3404, https://doi.org/10.1111/j.1365-2486.2011.02496.x (2011).

8. Davidson, E. A. & Janssens, I. A. Temperature sensitivity of soil carbon decomposition and feedbacks to climate change. Nature 440,
165-173, https://doi.org/10.1038/nature04514 (2006).

9. Lehmann, J. & Kleber, M. The contentious nature of soil organic matter. Nature 528, 60-68, https://doi.org/10.1038/nature16069
(2015).

10. Asseng, S. et al. Rising temperatures reduce global wheat production. Nature Climate Change 5, 143-147, https://doi.org/10.1038/
nclimate2470 (2015).

11. Rosenzweig, C. et al. Assessing agricultural risks of climate change in the 21st century in a global gridded crop model
intercomparison. Proceedings of the National Academy of Sciences of the United States of America 111, 3268-3273, https://doi.
org/10.1073/pnas.1222463110 (2014).

12. Mueller, N. D. et al. Closing yield gaps through nutrient and water management. Nature 490, 254-257, https://doi.org/10.1038/
nature11420 (2012).

13. Asseng, S. et al. Climate change impact and adaptation for wheat protein. Global Change Biology in press, https://doi.org/10.1111/
gcb.14481 (2019).

14. Ewert, E et al. Crop modelling for integrated assessment of risk to food production from climate change. Environmental Modelling
& Software 72, 287-303, https://doi.org/10.1016/j.envsoft.2014.12.003 (2015).

15. Nuttall, J. G. et al. Models of grain quality in wheat-A review. Field Crops Research 202, 136145, https://doi.org/10.1016/].
fcr.2015.12.011 (2017).

16. Zhang, Y. et al. Precipitation and carbon-water coupling jointly control the interannual variability of global land gross primary
production. Scientific Reports 6, https://doi.org/10.1038/srep39748 (2016).

17. Cotrufo, M. E. et al. Formation of soil organic matter via biochemical and physical pathways of litter mass loss. Nature Geoscience 8,
776—+, https://doi.org/10.1038/nge02520 (2015).

18. Kuzyakov, Y. & Blagodatskaya, E. Microbial hotspots and hot moments in soil: Concept & review. Soil Biology ¢ Biochemistry 83,
184-199, https://doi.org/10.1016/j.s0ilbio.2015.01.025 (2015).

19. Doetterl, S. et al. Soil carbon storage controlled by interactions between geochemistry and climate. Nature Geoscience 8, 780-785,
https://doi.org/10.1038/ngeo2516 (2015).

20. Sierra, C. A,, Trumbore, S. E., Davidson, E. A., Vicca, S. & Janssens, L. Sensitivity of decomposition rates of soil organic matter with
respect to simultaneous changes in temperature and moisture. Journal of Advances in Modeling Earth Systems 7, 335-356, https://doi.
0rg/10.1002/2014ms000358 (2015).

21. Feller, C. & Beare, M. H. Physical control of soil organic matter dynamics in the tropics. Geoderma 79, 69-116, https://doi.
0rg/10.1016/s0016-7061(97)00039-6 (1997).

22. Watanabe, T. In Soils, Ecosystem Processes, and Agricultural Development (ed. Funakawa, S.) (Springer, 2017).

23. Lépez-Ulloa, M., Veldkamp, E. & de Koning, G. H. J. Soil carbon stabilization in converted tropical pastures and forests depends on
soil type. Soil Science Society of America Journal 69, 1110-1117, https://doi.org/10.2136/sssaj2004.0353 (2005).

24. Del Galdo, I, Six, J., Peressotti, A. & Cotrufo, M. E. Assessing the impact of land-use change on soil C sequestration in agricultural
soils by means of organic matter fractionation and stable C isotopes. Global Change Biology 9, 1204-1213, https://doi.org/10.1046/
j.1365-2486.2003.00657.x (2003).

25. Tang, J. Y. & Riley, W. J. Weaker soil carbon-climate feedbacks resulting from microbial and abiotic interactions. Nature Climate
Change 5, 56-60, https://doi.org/10.1038/nclimate2438 (2015).

26. Bottner, P. Response of microbial biomass to alternate moist and dry conditions in a soil incubated with C-14-labeled and N-15-
labelled plant-material. Soil Biology ¢ Biochemistry 17, 329-337, https://doi.org/10.1016/0038-0717(85)90070-7 (1985).

SCIENTIFIC REPORTS |

(2019) 9:5851 | https://doi.org/10.1038/541598-019-42274-y 7


https://doi.org/10.1038/s41598-019-42274-y
https://doi.org/10.5194/essd-9-181-2017
https://doi.org/10.1002/jpln.200420476
https://doi.org/10.1007/bf00010937
https://doi.org/10.1111/gcb.13502
https://doi.org/10.1111/j.1365-2486.2011.02496.x
https://doi.org/10.1038/nature04514
https://doi.org/10.1038/nature16069
https://doi.org/10.1038/nclimate2470
https://doi.org/10.1038/nclimate2470
https://doi.org/10.1073/pnas.1222463110
https://doi.org/10.1073/pnas.1222463110
https://doi.org/10.1038/nature11420
https://doi.org/10.1038/nature11420
https://doi.org/10.1111/gcb.14481
https://doi.org/10.1111/gcb.14481
https://doi.org/10.1016/j.envsoft.2014.12.003
https://doi.org/10.1016/j.fcr.2015.12.011
https://doi.org/10.1016/j.fcr.2015.12.011
https://doi.org/10.1038/srep39748
https://doi.org/10.1038/ngeo2520
https://doi.org/10.1016/j.soilbio.2015.01.025
https://doi.org/10.1038/ngeo2516
https://doi.org/10.1002/2014ms000358
https://doi.org/10.1002/2014ms000358
https://doi.org/10.1016/s0016-7061(97)00039-6
https://doi.org/10.1016/s0016-7061(97)00039-6
https://doi.org/10.2136/sssaj2004.0353
https://doi.org/10.1046/j.1365-2486.2003.00657.x
https://doi.org/10.1046/j.1365-2486.2003.00657.x
https://doi.org/10.1038/nclimate2438
https://doi.org/10.1016/0038-0717(85)90070-7

www.nature.com/scientificreports/

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Maienza, A. & Baath, E. Temperature effects on recovery time of bacterial growth after rewetting dry soil. Microbial Ecology 68,
818-821, https://doi.org/10.1007/s00248-014-0446-x (2014).

Borken, W. & Matzner, E. Reappraisal of drying and wetting effects on C and N mineralization and fluxes in soils. Global Change
Biology 15, 808-824, https://doi.org/10.1111/j.1365-2486.2008.01681.x (2009).

Blankinship, J. & Schimel, J. Biotic versus Abiotic Controls on Bioavailable Soil Organic Carbon. Soil Systems 2, 10 (2018).
Homyak, P. M. et al. Effects of altered dry season length and plant inputs on soluble soil carbon. Ecology 99, 2348-2362, https://doi.
org/10.1002/ecy.2473 (2018).

von Liitzow, M. et al. Stabilization of organic matter in temperate soils: mechanisms and their relevance under different soil
conditions - a review. European Journal of Soil Science 57, 426-445, https://doi.org/10.1111/j.1365-2389.2006.00809.x (2006).

Both, S., Elias, D. M. O,, Kritzler, U. H., Ostle, N. J. & Johnson, D. Land use not litter quality is a stronger driver of decomposition in
hyperdiverse tropical forest. Ecology and Evolution 7, 9307-9318, https://doi.org/10.1002/ece3.3460 (2017).

Bending, G. D., Turner, M. K. & Jones, J. E. Interactions between crop residue and soil organic matter quality and the functional diversity
of soil microbial communities. Soil Biology ¢ Biochemistry 34, 1073-1082, https://doi.org/10.1016/s0038-0717(02)00040-8 (2002).
Mitchell, E. et al. Amount and incorporation of plant residue inputs modify residue stabilisation dynamics in soil organic matter
fractions. Agriculture Ecosystems & Environment 256, 82-91, https://doi.org/10.1016/j.agee.2017.12.006 (2018).

Harrison-Kirk, T., Beare, M. H., Meenken, E. D. & Condron, L. M. Soil organic matter and texture affect responses to dry/wet cycles:
Changes in soil organic matter fractions and relationships with C and N mineralisation. Soil Biology & Biochemistry 74, 50-60,
https://doi.org/10.1016/j.s0ilbio.2014.02.021 (2014).

Kersebaum, K. C., Hecker, J. M., Mirschel, W. & Wegehenkel, M. In Modelling water and nutrient dynamics in soil-crop systems: (eds
Kersebaum, K. C., Hecker, J. M., Mirschel, W. & Wegehenkel, M.) 1-17 (Springer, 2007).

Stanford, G. & Smith, S. J. Estimating potentially mineralizable soil-nitrogen from a chemical index of soil-nitrogen availability. Soil
Science 122, 71-76, https://doi.org/10.1097/00010694-197608000-00002 (1976).

Abera, G., Wolde-Meskel, E. & Bakken, L. R. Carbon and nitrogen mineralization dynamics in different soils of the tropics amended
with legume residues and contrasting soil moisture contents. Biology and Fertility of Soils 48, 51-66, https://doi.org/10.1007/s00374-
011-0607-8 (2012).

Kaupa, P. & Rao, B. K. R. Nitrogen mineralization and efficiency from co-applied animal manures and mineral fertilizer in
sweetpotato under humid tropical conditions. Field Crops Research 168, 48-56, https://doi.org/10.1016/j.fcr.2014.08.011 (2014).
Hernéandez, T. et al. Nitrogen mineralisation potential in calcareous soils amended with sewage sludge. Bioresource Technology 83,
213-219, https://doi.org/10.1016/s0960-8524(01)00224-3 (2002).

Pandey, C. B,, Srivastava, R. C. & Singh, R. K. Soil nitrogen mineralization and microbial biomass relation, and nitrogen conservation
in humid-tropics. Soil Science Society of America Journal 73, 1142-1149, https://doi.org/10.2136/sssaj2008.0182 (2009).

Hseu, Z. Y. & Huang, C. C. Nitrogen mineralization potentials in three tropical soils treated with biosolids. Chemosphere 59,
447-454, https://doi.org/10.1016/j.chemosphere.2004.10.042 (2005).

Motavalli, P. P,, Palm, C. A., Parton, W. ], Elliott, E. T. & Frey, S. D. Comparison of laboratory and modeling simulation methods for
estimating soil carbon pools in tropical forest soils. Soil Biology ¢ Biochemistry 26, 935-944, https://doi.org/10.1016/0038-
0717(94)90106-6 (1994).

Cabrera, M. L. & Kissel, D. E. Evaluation of a method to predict nitrogen mineralized from soil organic-matter under field
conditions. Soil Science Society of America Journal 52, 1027-1031, https://doi.org/10.2136/sssaj1988.03615995005200040024x
(1988).

Nordmeyer, H. & Richter, J. Incubation experiments on nitrogen mineralization in loess and sandy soils. Plant and Soil 83, 433-445,
https://doi.org/10.1007/bf02184455 (1985).

Roelcke, M., Han, Y., Cai, Z. C. & Richter, J. Nitrogen mineralization in paddy soils of the Chinese Taihu Region under aerobic
conditions. Nutrient Cycling in Agroecosystems 63, 255-266, https://doi.org/10.1023/a:1021115218531 (2002).

Frankenberger, W. T. & Abdelmagid, H. M. Kinetic-parameters of nitrogen mineralization rates of leguminous crops incorporated
into soil. Plant and Soil 87, 257-271, https://doi.org/10.1007/bf02181865 (1985).

Saito, M. & Ishii, K. Estimation of soil-nitrogen mineralization in corn-grown fields based on mineralization parameters. Soil Science
and Plant Nutrition 33, 555-566, https://doi.org/10.1080/00380768.1987.10557604 (1987).

Boeira, R. C., Ligo, M. A. V. & Dynia, J. E Nitrogen mineralization in a tropical soil amended with sewage sludges. Pesquisa
Agropecuaria Brasileira 37, 1639-1647, https://doi.org/10.1590/50100-204x2002001100016 (2002).

Sinha, M. K., Sinha, D. P. & Sinha, H. Organic-matter transformations in soils 0.5. Kinetics of carbon and nitrogen mineralization
in soils amended with different organic materials. Plant and Soil 46, 579-590, https://doi.org/10.1007/bf00015917 (1977).

Béttcher, . Uncertainties of nonlinearly estimated parameters from incubations of soil organic matter. Journal of Plant Nutrition and
Soil Science 167, 293-302, https://doi.org/10.1002/jpln.200321323 (2004).

Angus, J. E, Bolger, T. P, Kirkegaard, J. A. & Peoples, M. B. Nitrogen mineralisation in relation to previous crops and pastures.
Australian Journal of Soil Research 44, 355-365, https://doi.org/10.1071/sr05138 (2006).

Parentoni, S. N., Franca, G. E. & Bahia Filho, A. . C. Avaliagdo dos conceitos de quantidade e intensidade de mineralizacdo de
nitrogenio para trinta solos do Rio Grande do Sul. Revista Brasileira de Ciéncia do Solo 12, 225-229 (1993).

Campbell, C. A, Lafond, G. P, Leyshon, A. J., Zentner, R. P. & Janzen, H. H. Effect of cropping practices on the initial potential rate
of N mineralization in a thin black chernozem. Canadian Journal of Soil Science 71, 43-53, https://doi.org/10.4141/cjss91-004
(1991).

Schomberg, H. H. et al. Assessing Indices for Predicting Potential Nitrogen Mineralization in Soils under Different Management
Systems. Soil Science Society of America Journal 73, 1575-1586, https://doi.org/10.2136/sss2j2008.0303 (2009).

Cardoso, E. G. et al. Nitrogen dynamics in soil management systems. II - Mineralization and nitrification rates. Revista Brasileira De
Ciéncia Do Solo 35, 1651-1660, https://doi.org/10.1590/s0100-06832011000500019 (2011).

Kriticos, D. J. et al. CliMond: global high-resolution historical and future scenario climate surfaces for bioclimatic modelling.
Methods in Ecology and Evolution 3, 5364, https://doi.org/10.1111/j.2041-210X.2011.00134.x (2012).

Belda, M., Holtanovd, E., Halenka, T. & Kalvovd, J. Climate classification revisited: from Koppen to Trewartha. Climate Research 59,
1-13, https://doi.org/10.3354/cr01204 (2014).

. Eureqa (Version 0.98 Beta) (Nutonian Inc., Somerville, Mass, USA, 2013).
. Wieder, W. R., Boehnert, J., Bonan, G. B. & Langseth, M. Oak Ridge National Laboratory Distributed Active Archive Center, Oak

Ridge, Tennessee, USA (2014).

. Group, G. S. D. T. Oak Ridge National Laboratory Distributed Active Archive Center, Oak Ridge, Tennessee, USA (2000).
. Fischer, G. et al. Global Agro-ecological Zones Assessment for Agriculture. (IITASA and FAO, 2008).
. Carvalhais, N. et al. Global covariation of carbon turnover times with climate in terrestrial ecosystems. Nature 514, 213—+, https://

doi.org/10.1038/nature13731 (2014).

. Hartmann, J., Moosdorf, N., Lauerwald, R., Hinderer, M. & West, A. J. Global chemical weathering and associated P-release - The

role of lithology, temperature and soil properties. Chemical Geology 363, 145-163, https://doi.org/10.1016/j.chemgeo0.2013.10.025
(2014).

SCIENTIFIC REPORTS |

(2019) 9:5851 | https://doi.org/10.1038/s41598-019-42274-y 8


https://doi.org/10.1038/s41598-019-42274-y
https://doi.org/10.1007/s00248-014-0446-x
https://doi.org/10.1111/j.1365-2486.2008.01681.x
https://doi.org/10.1002/ecy.2473
https://doi.org/10.1002/ecy.2473
https://doi.org/10.1111/j.1365-2389.2006.00809.x
https://doi.org/10.1002/ece3.3460
https://doi.org/10.1016/s0038-0717(02)00040-8
https://doi.org/10.1016/j.agee.2017.12.006
https://doi.org/10.1016/j.soilbio.2014.02.021
https://doi.org/10.1097/00010694-197608000-00002
https://doi.org/10.1007/s00374-011-0607-8
https://doi.org/10.1007/s00374-011-0607-8
https://doi.org/10.1016/j.fcr.2014.08.011
https://doi.org/10.1016/s0960-8524(01)00224-3
https://doi.org/10.2136/sssaj2008.0182
https://doi.org/10.1016/j.chemosphere.2004.10.042
https://doi.org/10.1016/0038-0717(94)90106-6
https://doi.org/10.1016/0038-0717(94)90106-6
https://doi.org/10.2136/sssaj1988.03615995005200040024x
https://doi.org/10.1007/bf02184455
https://doi.org/10.1023/a:1021115218531
https://doi.org/10.1007/bf02181865
https://doi.org/10.1080/00380768.1987.10557604
https://doi.org/10.1590/s0100-204x2002001100016
https://doi.org/10.1007/bf00015917
https://doi.org/10.1002/jpln.200321323
https://doi.org/10.1071/sr05138
https://doi.org/10.4141/cjss91-004
https://doi.org/10.2136/sssaj2008.0303
https://doi.org/10.1590/s0100-06832011000500019
https://doi.org/10.1111/j.2041-210X.2011.00134.x
https://doi.org/10.3354/cr01204
https://doi.org/10.1038/nature13731
https://doi.org/10.1038/nature13731
https://doi.org/10.1016/j.chemgeo.2013.10.025

www.nature.com/scientificreports/

Acknowledgements
D.M. acknowledges funding from the Germany Ministry of Education and Research (031A289B).

Author Contributions
C.N. motivated and designed the study, D.M. analysed the data and prepared the figures, C.N., D.M. and P].T.
discussed the results and wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42274-y.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:5851 | https://doi.org/10.1038/s41598-019-42274-y 9


https://doi.org/10.1038/s41598-019-42274-y
https://doi.org/10.1038/s41598-019-42274-y
http://creativecommons.org/licenses/by/4.0/

	The nitrogen nutrition potential of arable soils

	Results

	Discussion

	Conclusion

	Methods

	General approach. 
	The nitrogen mineralisation potential. 
	Nitrogen mineralisation data. 
	Definition of climate zones. 
	Determining nitrogen mineralisation potential from soil variables. 
	Mapping the nitrogen mineralisation potential from agricultural soils at global scale. 

	Acknowledgements

	Figure 1 Boxplots for potential nitrogen mineralisation N0 and its share in total nitrogen (N0/Nt) as observed and reported in literature, including the median (crossbars) and mean (dots) of the observed values (white), of the predicted values on the basi
	Figure 2 Schematic overview of dominating processes and system states across general climate characteristics, addressing fresh organic matter (OM) decomposition in terrestrial ecosystems20,63, bedrock weathering rates64, organic matter productivity and in
	Figure 3 Global distribution of the nitrogen mineralisation potential of agricultural soils N0 (top) and its relation to soil organic nitrogen stocks, indicated by N0/Nt (bottom).
	Figure 4 Representations of soil types in the nitrogen mineralisation data set.
	Figure 5 Climate grouping decision tree according to an adjusted Köppen-Trewartha scheme.
	Table 1 Gridded data extracted from the Regridded Harmonized World Soil Database (HWSD) and the Global Gridded Surfaces of Selected Soil Characteristics (IGBP-DIS) database (IGBP-DIS) as independent input variables for the derivation of statistical models




