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Abstract
The link between carbon and nitrogen (N) in soil organic matter has long been recognized but has been largely ignored in

determining the supply of N from soil for crop production. We propose that N mineralization can only be understood as a
by-product of soil organic carbon (SOC) change and that progress in improving N use efficiency by crops must explicitly include
consideration of SOC. This suggests some immediate avenues for improved fertilizer N management as well as future research
activities. Recent advances in understanding the various fractions of soil organic matter and their role in C cycling have great
potential for improving our understanding of N cycling in the soil as well, and the potential for N release that could be utilized
by crops.
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1. Introduction
Providing an adequate supply of nutrients, including nitro-

gen (N), is key to maintaining economic yields of grain, for-
age, or fiber crops. Supplemental N fertilizer is an integral
component of crop production, particularly for nonlegumi-
nous crops, with estimates that the world would require up
to four times the crop area to generate current production
without the use of N fertilizer (Smil 2011). It is also impor-
tant to note that N availability is an important regulator of
how much carbon is fixed by the crop through photosynthe-
sis and therefore an important determinant of the potential
to convert carbon dioxide from the atmosphere into plant
biomass, part of which will contribute to soil organic mat-
ter (SOM). The use of N fertilizer, however, comes with both
economic costs and environmental risks so there is a critical
need to maximize the efficiency of N use. One way to improve
N efficiency is to account for the supply of mineral N from the
organic N pool in the soil (N mineralization).

The apparent goal of accounting for soil organic N mineral-
ization has been to identify the opportunity to replace supple-
mental N fertilizer with N being supplied from the soil. Sig-
nificant effort has been expended to account for the contri-
bution of soil organic N for corn (e.g., Melkonian et al. 2008;
Zebarth et al. 2009; Nyiraneza et al. 2012; Dharmakeerthi and
Kay 2013; Stoeckli et al. 2021), potatoes (e.g., Zebarth 2011;
Dessureault-Rompré et al. 2012; Moulin et al. 2012), vegeta-
bles (Fink and Scharpf 2000; Chahal and Van Eerd 2020), and
wheat (Chen et al. 2006), but the accuracy of prediction tools
has been relatively low (Dessureault-Rompré et al. 2010). As a

result, N mineralization from SOM is often not quantitatively
considered in determining supplemental N fertilizer applica-
tion rates, although some jurisdictions (e.g., Ontario Ministry
of Agriculture Food and Rural Affairs 2017) include an empir-
ical factor for soil texture, which is conjectured to be related
to the soil organic carbon (SOC) content of the soil.

A key missing piece to this puzzle has been that these stud-
ies have been carried out without considering the inextrica-
ble link between N mineralization and SOC. A recent paper
by Daly et al. (2021) begins to address this issue but the dis-
cussion is limited to cycling occurring during the time when
plants are actively growing. The broader context of N and C
stoichiometry over multiple years is ignored, as there is no
accounting for the N removed in the harvested portion of
the crop, C and N returned in the nonharvested portion of
the crop or tied up in the microbial biomass and the impli-
cations of this balance on C and N cycling. The authors do
suggest a possible mechanism for tighter cycling of N miner-
alized from SOM back into organic forms when soil mineral
N concentrations are limited, with an associated reduction
of nitrate leaching, but the quantities involved appear to be
much less than crop removal.

If the N requirements of crops are to be met fully or par-
tially from the soil, there are a limited number of sources.
In some cases, there will be residual mineral N in the soil, as
is commonly the case in prairie environments and occasion-
ally in humid environments. The larger and more consistent
source, however, is the mineralization of N from SOM, which
is then taken up by crops and either recycled back to the soil
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with crop residues at the end of the season or removed in the
harvested portion of the crop. The decomposition of SOM re-
sults in N mineralization at a rate determined by the C:N ratio
of the SOM and moderated by soil temperature and moisture
contents which in turn influence microbial activity.

It is important to acknowledge the seasonality of N miner-
alization and immobilization where in most temperate cli-
mates there is net mineralization in the early part of the
growing season driven by the microbial decomposition of dy-
namic pools of narrow C:N ratio (<10) SOM, followed by crop
uptake of the mineralized N during the summer and finally
the net immobilization due the senescence and the return of
the typically wide C:N ratio crop residues (roots and shoots)
in the fall from nonleguminous plants. It is the wide C:N ra-
tio (>20) of crop residues that causes net immobilization of at
least some of inorganic N remaining in the soil in the fall be-
cause of N demands of microbial biosynthesis. We now under-
stand that SOM is not a single static pool but is composed of
numerous pools ranging from stabilized SOM, which consti-
tutes the largest pool, and several more varying proportions
of dynamic or labile pools that remain biologically active.
Typically, net N mineralization occurring in the early grow-
ing season averages 60–130 kg N/ha for most growing regions
in Canada (Cassman et al. 2002; Van Es 2023) but is influenced
by soil type, climate, soil management, and cropping system.
In most temperate cropping systems roughly 50% of plant N
taken up during the growing season is derived from miner-
alized SOM (Yan et al. 2020) with the remainder provided by
supplemental N sources (fertilizer, manure, legumes) and to
a lesser degree from atmospheric deposition, and asymbiotic
N fixation by soil microbes.

In the absence of a supplemental source of N, the removal
of N from the field in grain or forage represents a net ex-
port of N. This is a nonequilibrium situation where a por-
tion of the SON has been mineralized but is not returned
to the field at the end of the growing season. This will, in-
evitably, be accompanied by either an outright loss of SOC, or
a shift from stable mineral-associated organic matter (MAOM)
or microbial necromass (Zhou et al. 2023) to less stable par-
ticulate organic matter (POM), which can have a wider and
more variable C:N ratio (Lavallee et al. 2020). Previous work
on N availability from soil has focused on mineral N with-
out accounting for any changes in long-term stocks of SOC
(e.g., Stoeckli et al. 2021; Arrington et al. 2024), or on changes
in SOM without considering potential impacts on future N
availability (e.g., Peng and Van Eerd 2024). To build or main-
tain SOC, it is important that sufficient root exudate and crop
residue (roots + shoots) carbon is returned to the soil to off-
set the decomposition of SOM. Failing to do so is counter to
current efforts to maintain or improve soil health, of which
SOC is a key part.

The release of mineral N into the soil is a by-product from
the breakdown of organic matter, so the availability of N for
crop uptake from the soil can only be understood as an end
product of SOM decomposition. Where N is available from
the soil to support significant crop removal, this must have
come through the decomposition of SOM but this N availabil-
ity is a symptom of the conditions that led to this decompo-
sition from soil including:

� Changes in capacity of soil to retain C due to tillage or
residue management.

� Weather conditions conducive to SOM decomposition.
� Past accumulation of SOM through additions of organic ma-

terials (manure, compost) or deposition of eroded topsoil in
the toe slope areas.

We propose that it is the decomposition of SOM that drives
the supply of N from the soil, so that improved N manage-
ment for crops can only be achieved in the context of SOC
cycling in the soil. With N mineralization a consequence of
SOM breakdown, we must endeavor to manage the N that
is mineralized as efficiently as possible to maximize utiliza-
tion by plants and to avoid loss to the environment and that
sufficient organic residues are returned to the soil to main-
tain SOM. N that is held in organic compounds, either in
plant tissue or SOM, is at much lower risk of environmental
losses than mineral forms of reactive N (NH4

+, NO3
−, NO2

−).
In a way, this is parallel to the dilemma that Janzen (2006)
posed for soil carbon, of determining the proper balance be-
tween storage, maintaining the stable pool, and utilization,
making best use of the N flowing through dynamic pools.
Dharmakeerthi and Kay (2013) did attempt to account for
the SOC content of the soil, but as a static property which
varied across the landscape and not in the context of SOC
change.

N management (for annual crop production) will, there-
fore, operate at two different temporal scales. The first is
seasonal, where the rate of release of N from SOM and the
existing store of mineral N are considered in the context
of the uptake of N by the crop, with a goal of minimized
N loss. The goal in this phase is to utilize the N that is re-
leased during SOM breakdown as efficiently as possible so
as to minimize the requirements for added mineral fertiliz-
ers. This will also reduce the risk of excess mineral N in the
soil at the end of the growing season, and so helps to min-
imize the N footprint of crop production. The second phase
is the management of carbon rich above and below ground
crop residues such that the formation of stable SOM can oc-
cur. Within a growing season, N exports from a cropping sys-
tem will be the sum of N in the harvested portion of the
crop and losses from the system through volatilization, leach-
ing, and denitrification. The N for these export pathways will
come from N additions (fertilizer, manure, legumes) plus the
change in soil organic N over that season, and any exceedance
over what is required for crop growth will shift the balance
toward N loss pathways, either during the growing season
or post-harvest. This annual balance will constrain the max-
imum efficiency that can be achieved within the seasonal
N cycles.

2. A new paradigm for N mineralization
from soil

To understand the potential contribution of N mineraliza-
tion to crop nutrition, it must be considered in the context of
the C balance of the soil in which the crops are being grown
and the partitioning of both C and N between the harvested
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portion of the crop residue (shoots and roots) left behind. The
contribution of mineralized soil N to exports from the field
(in harvested yield or environmental losses) can only be un-
derstood in terms of changes in SOC. This can be divided into
three classes:

� Equilibrium, where the SOC and SON remain unchanged
from year to year. Crop uptake of soil mineralized N
matches the N returned to the soil as crop residues at the
end of the growing season and/or other organic amend-
ments and residual soil inorganic N. The corollary of
this is that N from external sources (fertilizer, manure,
or legumes) must produce sufficient crop residues to re-
place the decomposition of SOM, so the N taken up by
the crop but not removed in the harvested portion is re-
turned in primarily organic forms. In this scenario, losses
through volatilization, denitrification, and leaching during
the growing season will directly reduce the N available to
support crop growth; some of these losses are inevitable
but management to minimize them will provide tangible
benefits.

� Degrading, where SOC is decreasing and the return of crop
residue C is not sufficient to offset SOC decomposition. Sur-
plus N is released from the soil that can wholly or partially
offset N fertilizer requirements but can also contribute to N
losses from the field. If this surplus N is not accounted for in
crop nutrition programs, the result will be excess mineral
N in the soil that is susceptible to losses through leaching
or denitrification.

� Aggrading, where SOC is increasing because of the return
of crop residues (including root exudates) and/or organic
amendments more than offsetting SOM decomposition.
There will be net N immobilization by the soil to match the
C:N ratio of the SOM, which can vary significantly between
the POM and MAOM fractions of SOM (Cotrufo et al. 2019;
Daly et al. 2021; Cotrufo and Lavallee 2022). The main limi-
tation to increasing SOC is the supply of C to the soil under
most circumstances, so N immobilization is in response to
the accumulation of C rather than a driver. The manner in
which the crop residues are managed will also influence the
extent to which stable SOM is formed.

In this paradigm, the change in SOC stock is recognized as
a key driver in the supply of N from the soil to crops. Under
equilibrium conditions, soil N is cycled into the crop and then
back into the soil at the end of the growing season. A wide
C:N ratio crop residue drives the immobilization of inorganic
N remaining in the soil and thus reduces N loss. External N
inputs must produce sufficient crop biomass or organic mat-
ter being returned to the soil such that the N returned to the
soil and inorganic N immobilized as a result of C addition is
equivalent to the N mineralized during the growing season.
Further proper soil management (crop residue management
and reduced soil disturbance) should be implemented to en-
sure SOM is formed. These external inputs may be in the form
of mineral fertilizer, livestock manure, biological N fixation
(symbiotic or nonsymbiotic), or atmospheric deposition, but
ultimately they must result in sufficient crop residue C and
N return to balance N mineralization.

The conditions for significant N release from the soil to
support N removal in crop yield will only occur where SOC
is present in the soil at concentrations greater than equilib-
rium; the release of carbon dioxide during breakdown of or-
ganic matter will result in N mineralization. These conditions
existed when the prairies were first plowed, as the equilib-
rium SOC content under annual crops was much less than
in undisturbed grassland. As these soils approached equi-
librium, the N fertilizer requirements increased to account
for the subsequent decrease in mineralization. Voroney et
al. (1981), for example, predicted annual N mineralization
rates of a Chernozem in Saskatchewan to be 143 kg N ha−1

for the first 20 years following initial cultivation, declining
to 7 kg N ha−1 after 80 years of cultivation. This reduction
in N supply is exacerbated by the increased N uptake and
harvest index (reducing C and N returned to the soil) of im-
proved varieties. As more C and N are being removed in
harvestable portions of the crop, less is being returned to
the soil.

Fields that have been under cultivation long enough that
SOC would have declined to stable levels can still exhibit
temporal variation where SOC concentrations exceed equi-
librium for parts of the rotation, or spatial variation where
part of the landscape is above equilibrium levels. Rotating
to forage crops or applying large amounts of organic ma-
terials to the soil, can temporarily maintain the soil in de-
grading category as a result of the amendment when the
fields are returned to grain crop cultivation. Redistribution of
SOM into depressional areas by soil erosion can also raise the
SOC above equilibrium concentrations. Neither of these vari-
ations represent sustainable sources of N for crop production
in the long term but ignoring the net N mineralization that
will occur will result in over-fertilization, wasting resources,
and increasing environmental losses.

The sequestration of N in SOM when it is aggrading has
been largely ignored, although it should be considered when
the N use efficiency of cropping systems is assessed. Although
it is important to note that often this amount is small rela-
tive to the N losses that are occurring from the system and
N sequestration by SOM would be difficult to measure on a
short-term basis (annual), fraught as it is with the same spa-
tial and temporal variability as SOC.

There are barriers to the practical application of this new
paradigm for fertilizer recommendations. The changes in
SOC that match an agronomically meaningful amount of N
release are unlikely to be detectable above the normal vari-
ability in SOC concentrations and in-field variation in N loss.
Determining which C balance class a field belongs to is more
likely to be a matter of modelling rather than measurement,
and the N supply from the soil (i.e., N mineralization po-
tential) may be one tool that informs the modelling of SOC
balance. Nonetheless, it is worthwhile to consider the im-
plications of the link between SOC dynamics and N avail-
ability to crops at both seasonal and annual scales (see Fig.
1). It may, at least, help us to differentiate between circum-
stances when we may or may not expect to see significant
net N mineralization from the soil, and to place boundaries
on how much N mineralization we could reasonably expect
to see.
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Fig. 1. Nitrogen transformations occur at both short (daily or seasonal) and long (annual or multi-year) scales. These cycles
require different management approaches, but they should not be treated in isolation. Figures created in BioRender. Farrell
(2025) https://BioRender.com/0qbgnki. SMN, soil mineral N.

3. Contrasting goals of N management
at different temporal scales

3.1. In-season N management
Within the growing season, N management should focus

on identifying and utilizing the mineral N resource in the
soil as efficiently as possible, followed by supplementing that
resource with appropriate rates of N fertilizer at optimum
times. Future improvements in this area will require a com-
bination of implementation of existing N management prac-
tices plus research to operationalize new techniques for pre-
dicting N release from SOM, as follows:

1. Account for available soil mineral N (SMN) from soil tests.
This is commonly practiced in prairie environments with
fall soil samples, where nitrate remaining in the soil after
the harvest of annual crops is more reliably retained until
the following spring (e.g., Malhi et al. 1985) as a result of
the low rainfall and low leaching or denitrification losses.

It also is considered in more humid environments using a
planting time or pre-sidedress nitrate test (Stoeckli et al.
2021).

2. Determine net mineralization of N from SOM, after ac-
counting for losses between N release and crop uptake.
This may be accomplished from mechanistic modelling of
soil processes (e.g., Melkonian et al. 2008) or by empirical
methods based on early growing season rainfall and tem-
perature (e.g., Kay et al. 2006; Tremblay et al. 2012). There
are significant challenges to these estimates, since they
may depend on estimates of soil properties to a high level
of precision, or the soil measurements available (e.g., SOC)
may not match the parameters that are most relevant
to mineralization (e.g., proportions of POM and MAOM
(O’Rourke et al. 2015)). These estimates may also overlook
the influence of spatial variability in soil properties, so a
field-average prediction may over- or underestimate the
amount of N release from different landscape positions.
Further, the accuracy of the estimates may depend on pre-
dictions of weather for the period following N application.
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Pedo-transfer functions have been developed to reflect the
influence of soil type, landscape position, and cropping
system on growing season N mineralization (Laurance et
al. 2024a, 2024b). As N supply from the soil is more pre-
cisely accounted for in fertilizer programs, the estimation
of in-season losses of N through volatilization, denitrifi-
cation, and leaching also become more important so the
crop is not left short of N.

3. Match fertilizer rate and timing to meet crop needs while
minimizing the lag time between fertilizer application
and crop uptake. Improved timing reduces the risk of N
losses to the environment before it is utilized (Drury et al.
2024) but predicting the crop N uptake remains challeng-
ing since the growth potential of the crop is not fixed at
the time of fertilizer application and can significantly im-
pact the N requirements of the crop (Niemeyer et al. 2021).

4. Consider crop residue management to ensure (i) sufficient
crop residues are being returned to the soil to immobilize
residual soil N and maintain SOC levels and (ii) that the
management of these crop residues is maximizing the po-
tential for the immobilization of residual soil N and for-
mation of SOM.

These management practices assume that the supply of N
from the soil will occur independently of N fertilizer appli-
cations, so accounting for this N is sensible both economi-
cally (optimizing fertilizer investment) and environmentally
(reducing residual soil N at the end of the growing season).
The long-term sustainability of the soil N supply, however,
can only be understood in the context of annual C and N bal-
ances and soil management.

3.2. Annual N management
It is only after the crop harvest has been completed that

the overall N balance of the cropping year can be evaluated,
by comparing the N removal in the harvested portion of the
crop to the N fertilizer applied plus the spring SMN with the
residual mineral N remaining in the soil after harvest. This
evaluation may be done on a whole-field basis, or with com-
bine yield monitor data it can be done by landscape position
or management zone. Observations of crop removal equal-
ing fertilizer N applications imply (but do not guarantee) that
SOC levels in the field are stable, although the same obser-
vations could mean that net N mineralization has been bal-
anced by N losses. There may also be situations of SOC equi-
librium at crop maturity but continued mineralization after
harvest. If SMN accumulates after harvest, there is significant
potential for over winter loss of N via leaching and/or denitri-
fication. Discerning these conditions may be subtle but much
clearer signals will be present where there are wide discrep-
ancies between N fertilizer and crop uptake.

1. When crop uptake and removal of N is much greater than
fertilizer N application, this implies that declining SOC
has led to significantly more N mineralization from the
soil than has been returned in the unharvested portion of
the crop. This situation requires assessment of what con-
ditions created the release of mineral N from the soil, and

the need for management changes to address potential fu-
ture loss of soil carbon and soil quality:
a. This may be a natural part of a crop rotation, where

SOC is built during one phase (e.g., rotation to peren-
nial forages) and then declines during the grain crop
phase. If the long-term balance is maintained, no fur-
ther action is needed.

b. There may be significant spatial variation, where top-
soil high in organic matter has been deposited at foot-
slope positions from water or tillage erosion, leading
to high levels of N mineralization in these areas. This
presents opportunities for variable rate fertilizer appli-
cations to take advantage of the N availability, but also
indicates that tillage management should be addressed
to prevent loss of productivity in the upper and mid-
slope positions.

c. Consider that the crop residue management and soil
disturbance practices associated with the cropping sys-
tem may be causing declines in SOC, that could impact
soil health and future crop productivity. Determine if
this is cyclical pattern of aggradation and degradation
over a crop rotation or if it is an ongoing loss of SOM
that should be addressed.

2. Fertilizer N application is much great than crop removal.
It is possible that some of this N may be sequestered in
SOM, but this will depend on the availability of wide C:N
ratio organic matter (crop residues) and will only account
for a small amount of N at the rate of SOC accumulation
documented under ideal conditions. Mineral N that has
not been incorporated into plant tissue or SOM has a high
likelihood of being lost to the environment through NH3

volatilization, N2O and N2 emissions, and nitrate leaching,
so assessing the potential pathways and opportunities for
increasing N use efficiency should be explored. These ac-
tions will also be economically beneficial.
a. Catastrophic crop loss from hail, frost, or severe

drought or flooding will create an excess of N supply.
This is not amenable to N application management but
may be a situation where actions to “soak up” the SMN
such as cover crops or a fall planted crop such as winter
wheat or winter canola should be considered.

b. Over-application of N fertilizer, including organic N in-
puts (e.g., manure, compost, biosolids), may stem from
failure to account for the inherent supply of N from
the soil or from organic amendments (e.g., manure), or
from unrealistic yield expectations. All of these should
be addressed in setting N fertilizer rates.

c. Fertilizer or manure application methods or timing
may be leading to avoidable losses of N through
volatilization, leaching, or denitrification. Changes to
fertilizer management could increase the proportion
reaching the crop (Drury et al. 2024).

Improved N management at the seasonal or annual time
scale may be beneficial under most circumstances, but there
will always be exceptions. Fields that are in the equilib-
rium or declining classes may mineralize sufficient N over
the season, but the mineralization timing may not match
crop requirements due to variability in weather conditions
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(Melkonian et al. 2008; Dessureault-Rompré et al. 2010). N
that is applied or released before there is adequate capacity
for N uptake, such as prior to planting or at planting, will
be subject to losses by leaching or denitrification. Delayed
N mineralization, in contrast, may result in reduced crop
growth, and possibly to increased concentration of mineral
N in the soil at the end of the growing season which in turn
may be lost as NO3

− through leaching or tile drainage during
the late fall, winter or early spring periods (Drury et al. 2014;
Woodley et al. 2018) or denitrification (Badewa et al. 2022).

4. Conclusions
As SOM breaks down during the growing season, N will be

released as a byproduct and failure to account for this release
will increase the potential for N losses. Accounting for the
SOC balance and seasonality of N mineralization predictions
will remove one source of variability, and so should help to
improve estimates of N availability from the soil. Consider-
ation of the amount, composition, and management of crop
residues and/or the planting of cover crops will help to con-
serve residual soil N. It will also shift the mindset regarding
soil N from a linear extractive perspective of soil N manage-
ment to circularity by implicitly including the annual cycles
of C and N from soil to vegetation and back again. Ultimately,
this should improve the descriptions of N flows through agro-
ecosystems and allow better management of N and minimiza-
tion of N losses to air and water.

Article information

History dates
Received: 10 January 2025
Accepted: 20 March 2025
Accepted manuscript online: 27 March 2025
Version of record online: 24 April 2025

Copyright
© 2025 Authors Reid, Burton; and The Crown. This work is
licensed under a Creative Commons Attribution 4.0 Interna-
tional License (CC BY 4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the
original author(s) and source are credited.

Data availability
The data in this paper have all been derived from published
materials that are cited in the “references” section.

Author information

Author ORCIDs
Keith Reid https://orcid.org/0000-0001-8346-3614
David Burton https://orcid.org/0000-0003-0515-2102

Author contributions
Conceptualization: KR
Writing – original draft: KR
Writing – review & editing: CFD, DB, PJ

Competing interests
The authors declare there are no competing interests.

Funding information
The authors declare no specific funding for this work.

References
Arrington, K.E., Ordóñez, R.A., Rivera-Ocasio, Z., Luthard, M., Tierney, S.,

Spargo, J., et al. 2024. Improving a nitrogen mineralization model for
predicting unfertilized corn yield. Soil Sci. Soc. Am. J. 88: 905–920.
doi:10.1002/saj2.20665.

Badewa, E.A., Yeung, C.C., Rezanezhad, F., Whalen, J.K., and Oelbermann,
M. 2022. Spring freeze-thaw stimulates greenhouse gas emissions
from agricultural soil. Front. Environ. Sci. 10: 909683. doi:10.3389/
fenvs.2022.909683.

Cassman, K.G., Dobermann, A., and Walters, D.T. 2002. Agroecosystems,
nitrogen-use efficiency, and nitrogen management. Ambio, 31: 132–
140, 9. doi:10.1579/0044-7447-31.2.132.

Chahal, I., and Van Eerd, L.L. 2020. Cover crop and crop residue removal
effects on temporal dynamics of soil carbon and nitrogen in a tem-
perate, humid climate. PLoS One, 15: e0235665. doi:10.1371/journal.
pone.0235665. PMID: 32645041.

Chen, X., Zhang, F., Römheld, V., Horlacher, D., Schulz, R., Böning-
Zilkens, M., et al. 2006. Synchronizing N supply from soil and fer-
tilizer and N demand of winter wheat by an improved Nmin method.
Nutr. Cycling Agroecosyst. 74: 91–98. doi:10.1007/s10705-005-1701-9.

Cotrufo, M.F., and Lavallee, J.M. 2022. Chapter one——soil organic matter
formation, persistence, and functioning: a synthesis of current un-
derstanding to inform its conservation and regeneration. In Advances
in agronomy. Edited by D. L. Sparks. Academic Press. pp. 1–66.

Cotrufo, M.F., Ranalli, M.G., Haddix, M.L., Six, J., and Lugato, E.
2019. Soil carbon storage informed by particulate and mineral-
associated organic matter. Nat. Geosci. 12: 989–994. doi:10.1038/
s41561-019-0484-6.

Daly, A.B., Jilling, A., Bowles, T.M., Buchkowski, R.W., Frey, S.D.,
Kallenbach, C.M., et al. 2021. A holistic framework integrating
plant-microbe-mineral regulation of soil bioavailable nitrogen. Bio-
geochemistry, 154: 211–229. doi:10.1007/s10533-021-00793-9. PMID:
34759436.

Dessureault-Rompré, J., Zebarth, B.J., Burton, D.L., Georgallas, A., Shar-
ifi, M., Porter, G.A., et al. 2012. Prediction of soil nitrogen supply in
potato fields using soil temperature and water content information.
Soil Sci. Soc. Am. J. 76: 936–949. doi:10.2136/sssaj2011.0377.

Dessureault-Rompré, J., Zebarth, B.J., Burton, D.L., Sharifi, M., Cooper, J.,
Grant, C.A., and Drury, C.F. 2010. Relationships among mineralizable
soil nitrogen, soil properties, and climatic indices. Soil Sci. Soc. Am.
J. 74: 1218–1227. doi:10.2136/sssaj2009.0213.

Dharmakeerthi, R.S., and Kay, B.D. 2013. Spatial variability of corn yield
and yield response to fertilizer nitrogen: role of organic carbon. Com-
mun. Soil Sci. Plant Anal. 44: 2271–2287. doi:10.1080/00103624.2013.
800099.

Drury, C.F., Smith, W., Grant, B., Reynolds, W.D., Yang, X., and Phillips,
L.A. 2024. Pipes & valves: managing crop production and environmen-
tal impact by mitigating ammonia, nitrous oxide, and nitrate losses.
Field Crop Res. 307: 109520. doi:10.1016/j.fcr.2024.109250.

Drury, C.F., Tan, C.S., Welacky, T.W., Reynolds, W.D., Zhang, T.Q., Oloya,
T.O., et al. 2014. Reducing nitrate loss in tile drainage water with
cover crops and water-table management systems. J. Environ. Qual.
43: 587–598. doi:10.2134/jeq2012.0495.

Fink, M., and Scharpf, H.C. 2000. Apparent nitrogen mineralization and
recovery of nitrogen supply in field trials with vegetable crops. J. Hor-
tic. Sci. Biotechnol. 75: 723–726.

Janzen, H.H. 2006. The soil carbon dilemma: shall we hoard it or use it?
Soil Biol. Biochem. 38: 419–424. do10.1016/j.soilbio.2005.10.008.

Kay, B.D., Mahboubi, A.A., Beauchamp, E.G., and Dharmakeerthi, R.S.
2006. Integrating soil and weather data to describe variability in plant
available nitrogen. Soil Sci. Soc. Am. J. 70: 1210–1221. doi:10.2136/
sssaj2005.0039.

Laurance, L., Heung, B., Strom, H., Stiles, K., and Burton, D. 2024a. To-
wards a cost-effective framework for estimating soil nitrogen pools

C
an

. J
. S

oi
l. 

Sc
i. 

D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
B

IO
T

E
C

H
N

IC
A

L
 F

A
C

U
L

T
Y

 o
n 

01
/2

8/
26

http://dx.doi.org/10.1139/cjss-2025-0003
http://creativecommons.org/licenses/by/4.0/deed.en_GB
https://orcid.org/0000-0001-8346-3614
https://orcid.org/0000-0003-0515-2102
http://dx.doi.org/10.1002/saj2.20665
http://dx.doi.org/10.3389/fenvs.2022.909683
http://dx.doi.org/10.1579/0044-7447-31.2.132
http://dx.doi.org/10.1371/journal.pone.0235665
https://pubmed.ncbi.nlm.nih.gov/32645041
http://dx.doi.org/10.1007/s10705-005-1701-9
http://dx.doi.org/10.1038/s41561-019-0484-6
http://dx.doi.org/10.1007/s10533-021-00793-9
https://pubmed.ncbi.nlm.nih.gov/34759436
http://dx.doi.org/10.2136/sssaj2011.0377
http://dx.doi.org/10.2136/sssaj2009.0213
http://dx.doi.org/10.1080/00103624.2013.800099
http://dx.doi.org/10.1016/j.fcr.2024.109250
http://dx.doi.org/10.2134/jeq2012.0495
http://dx.doi.org/10.1016/j.soilbio.2005.10.008
http://dx.doi.org/10.2136/sssaj2005.0039


Canadian Science Publishing

Can. J. Soil Sci. 105: 1–7 (2025) | dx.doi.org/10.1139/cjss-2025-0003 7

using pedotransfer functions and machine learning. Geoderma, 440:
116692.

Laurance, L., Heung, B., Zhang, J., Pennell, T., Nyiraneza, S,H., Stiles, K.,
and Burton, D. 2024b. Digital soil mapping of nitrogen indices for im-
proving soil health and nitrogen fertilizer management. Submitted
to Geoderma (Accepted).

Lavallee, J.M., Soong, J.L., and Cotrufo, M.F. 2020. Conceptualizing soil or-
ganic matter into particulate and mineral-associated forms to address
global change in the 21st century. Global Change Biol. 26: 261–273.
doi:10.1111/gcb.14859.

Malhi, S.S., Walker, D.R., Nyborg, M., and Laverty, D.H. 1985. Fall and
spring soil sampling for mineral N in North-Central Alberta. Can. J.
Soil Sci. 65: 339–346. doi:10.4141/cjss85-037.

Melkonian, J.J., van Es, H.M., DeGaetano, A.T., and Joseph, L. 2008. ADAPT-
N: adaptive nitrogen management for maize using high-resolution
climate data and model simulations. In Proceedings of the 9th Inter-
national Conference on Precision Agriculture, July 20-23, 2008. Edited
by R. Kosla. Denver.

Moulin, A.P., Cohen, Y., Alchanatis, V., Tremblay, N., and Volk-
mar, K. 2012. Yield response of potatoes to variable nitrogen
management by landform element and in relation to petiole
nitrogen——a case study. Can. J. Plant Sci. 92: 771–781. doi:10.4141/
cjps2011-005.

Niemeyer, C., Nasielski, J., Janovicek, K., Bruulsema, T., and Deen, B. 2021.
Yield can explain interannual variation in optimum nitrogen rates
in continuous corn. Nutr. Cycling Agroecosyst. 121: 115–128. doi:10.
1007/s10705-021-10168-z.

Nyiraneza, J., Ziadi, N., Zebarth, B.J., Sharifi, M., Burton, D.L., Drury, C.F.,
et al. 2012. Prediction of soil nitrogen supply in corn production us-
ing soil chemical and biological indices. Soil Sci. Soc. Am. J. 76: 925–
935. doi:10.2136/sssaj2011.0318.

O’Rourke, S.M., Angers, D.A., Holden, N.M., and McBratney, A.B. 2015.
Soil organic carbon across scales. Global Change Biol. 21: 3561–3574.
do10.1111/gcb.12959.

Ontario Ministry of Agriculture Food and Rural Affairs. 2017. Agronomy
guide for field crops Queen’s Printer for Ontario. Toronto, Canada.

Peng, Y., and Van Eerd, L.L. 2024. Surface soil sampling underestimates
soil carbon and nitrogen storage of long-term cover cropping. Geo-
derma Reg. 39: e00885. doi:10.1016/j.geodrs.2024.e00885.

Smil, V. 2011. Nitrogen cycle and world food production. World Agricul-
ture. pp. 9–13.

Stoeckli, J.L., Sharifi, M., Hooker, D.C., Thomas, B.W., Khaefi, F., Stewart,
G., et al. 2021. Predicting soil nitrogen availability to grain corn in
Ontario. Can. J. Soil Sci. 101: 389–401. doi:10.1139/cjss-2020-0104.

Tremblay, N., Bouroubi, Y.M., Bélec, C., Mullen, R.W., Kitchen, N.R.,
Thomason, W.E., et al. 2012. Corn response to nitrogen is influenced
by soil texture and weather. Agron. J. 104: 1658–1671. doi:10.2134/
agronj2012.0184.

Van Es, H. 2023. Cold climate factors in nitrogen management for maize.
Agriculture, 14: 85. doi:10.3390/agriculture14010085.

Voroney, R.P., Veen, J.A.V., and Paul, E.A. 1981. Organic C dynamics in
grassland soils. 2. Model validation and simulation of the long-term
effects of cultivation and rainfall erosion. Can. J. Soil Sci. 61: 211–224.
doi:10.4141/cjss81-026.

Woodley, A.L., Drury, C.F., Reynolds, W.D., Tan, C.S., Yang, X.M., and
Oloya, T.O. 2018. Long-term cropping effects on partitioning of wa-
ter flow and nitrate loss between surface runoff and tile drainage. J.
Environ. Qual. 47: 820–829. doi:10.2134/jeq2017.07.0292.

Yan, M., Pan, G., Lavallee, J.M., and Conant, R.T. 2020. Rethinking sources
of nitrogen to cereal crops. Global Change Biol. 26: 191–199. doi:10.
1111/gcb.14908.

Zebarth, B.J. 2011. Differential gene expression as an indicator of nitro-
gen sufficiency in field——grown potato plants. Plant Soil, 345: 387–
400.

Zebarth, B.J., Drury, C.F., Tremblay, N., and Cambouris, A.N. 2009. Oppor-
tunities for improved fertilizer nitrogen management in production
of arable crops in eastern Canada: a review. Can. J. Soil Sci. 89: 113–
132. doi:10.4141/CJSS07102.

Zhou, R., Liu, Y., Dungait, J.A.J., Kumar, A., Wang, J., Tiemann, L.K., et al.
2023. Microbial necromass in cropland soils: a global meta-analysis
of management effects. Global Change Biol. 29: 1998–2014. doi:10.
1111/gcb.16613.

C
an

. J
. S

oi
l. 

Sc
i. 

D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
B

IO
T

E
C

H
N

IC
A

L
 F

A
C

U
L

T
Y

 o
n 

01
/2

8/
26

http://dx.doi.org/10.1139/cjss-2025-0003
http://dx.doi.org/10.1111/gcb.14859
http://dx.doi.org/10.4141/cjss85-037
http://dx.doi.org/10.4141/cjps2011-005
http://dx.doi.org/10.1007/s10705-021-10168-z
http://dx.doi.org/10.2136/sssaj2011.0318
http://dx.doi.org/10.1111/gcb.12959
http://dx.doi.org/10.1016/j.geodrs.2024.e00885
http://dx.doi.org/10.1139/cjss-2020-0104
http://dx.doi.org/10.2134/agronj2012.0184
http://dx.doi.org/10.3390/agriculture14010085
http://dx.doi.org/10.4141/cjss81-026
http://dx.doi.org/10.2134/jeq2017.07.0292
http://dx.doi.org/10.1111/gcb.14908
http://dx.doi.org/10.4141/CJSS07102
http://dx.doi.org/10.1111/gcb.16613


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


