Plant Soil
https://doi.org/10.1007/s11104-026-08653-x

RESEARCH ARTICLE

®

Check for
updates

From past to future: Trends in maize N dilution curve

Leonardo Bosche

- Gustavo Maddonni - Federico Gomez -

German Mandrini - Juan Carlos Villavicencio - Juan Ignacio Cagnola -
Arslan Munir - Daniel Quinn - Tony Vyn - Ignacio Ciampitti

Received: 10 February 2026 / Accepted: 11 May 2026
© The Author(s) 2026

Abstract

Background and Aims Maize (Zea mays L.) grain
yield has increased over recent decades due to genetic
improvement and advances in crop management,
accompanied by greater nitrogen (N) fertilizer use.
The N dilution curve provides a physiological frame-
work to diagnose crop N status by describing allomet-
ric relationship between aboveground biomass and
plant N concentration. However, it remains unclear
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whether long-term breeding progress and recent
architectural have altered this relationship. This study
aimed to (i) evaluate historical changes in the maize
N dilution curve and (ii) compare N dilution patterns
between short- and tall-stature hybrids.

Methods Three published datasets including hybrids
released between 1930 and 2020 were synthesized
and combined with two experiments conducted in the
United States and Argentina under non-limiting N
conditions. Nitrogen dilution curves were fitted using
Bayesian modeling, whole-plant and organ-level (leaf
and stem) N dilution dynamics were evaluated.
Results The N dilution curve differed between
the oldest hybrids (1930-1949) and modern
hybrids (1990-2020). Posterior model parameters
median across eras were 2.69 for a and 0.22 for
b, with no shifts detected among hybrids released
from 1950 to 2020. Across field experiments, short-
and tall-stature hybrids exhibited similar N dilution
patterns at the whole-plant, leaf, and stem levels.
Conclusion These findings demonstrate that neither
long-term genetic improvement nor reduced plant
height alters the core physiological relationships gov-
erning N dilution in maize. Overall, the results rein-
force the robustness of the N dilution framework and
support its use as a physiological reference for under-
standing crop N status.

Keywords N dilution curve - N deficiency - N
management - Short-stature maize - Eras
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Abbreviations
N Nitrogen
C Carbon

%N Nitrogen concentration
w Aboveground plant biomass
YOR Year of release

Introduction

Maize (Zea mays L.) grain yield increases over time
are well documented and represent one of the greatest
achievements in modern crop production (Duvick and
Cassman 1999; DeBruin et al. 2017; Mueller et al.
2019). These gains have resulted from a combination
of factors, including genetic improvement (Duvick
2005) and advances in crop management practices
(Ciampitti and Vyn 2012; Assefa et al. 2018). Over
the same period, the use of synthetic nitrogen (N)
fertilizers has also risen substantially (Erisman et al.
2008; Zhang et al. 2015), driven by the need to meet
the high N demand of maize (Ciampitti and Lemaire
2022), along with increases in plant density (Duvick
and Cassman 1999) and shifts in soil management
practices. However, many farmers apply N above the
optimal rate (Houser 2022), thereby, generating a N
surplus (N inputs greater than N outputs) that increase
environmental impact risks. Therefore, development
of better diagnostic tools to help farmers and agron-
omists to improve targeting the right N rate are still
needed. An approach based on the eco-physiological
basis of N nutrition, such as the N dilution curve pro-
posed by Lemaire and Gastal (2009) nearly 30 years
ago, could adequately serve progress towards a more
universal science-based N recommendation.

The relationship between plant biomass and N
concentration follows a characteristic dilution pat-
tern, where increases in biomass are accompanied by
a reduction in tissue N concentration (Lemaire et al.
1984). This relationship, known as the crop N dilu-
tion curve, describes the allometric scaling between
aboveground biomass and plant N concentration
and is typically represented by a power function
(%N =a W), where a indicates the N concentration
at 1 Mg ha™! of biomass and b is the dilution coef-
ficient (Greenwood et al. 1990; Plénet and Lemaire
1999). This pattern is primarily driven by an increas-
ing proportion of structural tissues with lower N con-
centration (e.g., stems) as plants develop, along with
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reduced N concentration in shaded leaves as canopy
closure progresses (Lemaire and Gastal 2009; Gastal
et al. 2026). Given that breeding and management
have substantially altered plant architecture (e.g.,
plant height, leaf angle, and density), it is reason-
able to expect that these changes could influence N
dilution dynamics through shifts in biomass (and N)
partitioning and canopy structure. However, there is
limited research assessing whether the advances in
genetic and management achieved over time have
altered this relationship, and the extent and direction
of such potential changes remain unclear.

Recent evidence indicates that the parameters of
the critical N dilution curve, a and b, which define
the curve describing the minimum N concentration
required to maximize crop growth at a given bio-
mass, are largely consistent across modern maize
hybrids (from 1992 to 2016), with only minor vari-
ations under contrasting genotype X management
conditions (Ciampitti et al. 2021). These findings sup-
port the robustness of the original curve proposed by
Plénet and Lemaire (1999), suggesting that breeding
progress and management changes have not substan-
tially altered the overall N dilution pattern (Fernandez
and Ciampitti 2026). However, slight shifts in the b
coefficient, reflecting how N concentration declines
with biomass, may be linked to differences in canopy
architecture among hybrids (Ciampitti et al. 2021).
For instance, compared with older hybrids, modern
hybrids have a more erectophile leaf habit, enabling
greater light penetration to lower canopy leaf layers
(Cagnola et al. 2021). This has led to the hypothesis
that structural traits, such as the more compact can-
opy of modern shorter hybrids, could subtly influence
N dilution dynamics through changes in C-N allom-
etry or in leaf-to-stem C and N ratios.

A recent study examining the breeding effect in
commercial hybrids released from 1983 to 2017 in
the US Corn Belt reported greater N dilution in newer
hybrids when each of them were grown at their typi-
cal plant density across their decade of release, but no
differences when all hybrids were grown under cur-
rent, higher plant densities (Saenz et al. 2025). Like-
wise, another recent study reported no differences in
N dilution patterns of US maize hybrids released from
1936 to 2011 despite the higher total N uptake and
lower N stem content of modern hybrids (Fernandez
and Ciampitti 2026). Regarding the new generation of
short-stature hybrids, recent studies observed similar
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total biomass and N uptake compared to traditional
tall hybrids, but higher leaf biomass, leaf N concen-
tration, and N partitioning to reproductive structures
(Kosola et al. 2023; Ordéiiez et al. 2024). However,
the specific impact of the BRACHYTIC2 gene muta-
tion (Multani et al. 2003), the non-transgenic tech-
nology responsible for reduced stem elongation, on
N biomass partitioning, and the N dilution curve
remains unexplored. Overall, while N dilution pat-
terns appear relatively stable in modern germplasm,
it remains unclear how long-term breeding progress
across multiple decades and current changes in plant
architectures may have influenced these relation-
ships. Understanding these historical shifts in N parti-
tioning and plant architecture are important, as the N
dilution concept supports diagnostic tools for assess-
ing crop N status and guiding fertilizer management.

Following this rationale, the aims of this study
were to (i) study historical changes (from 1930 to
2020) in maize N dilution curve and (ii) evaluate
whether short-stature maize hybrids including iso-
hybrids (with BRACHYTIC2 gene mutation), exhibit
similar or distinct N dilution patterns compared to
conventional tall-stature hybrids. By linking histori-
cal hybrid development with novel plant architec-
tures, this study provides insight into the stability and
applicability of N dilution relationships for both past
and future maize production systems.

Materials and Methods
Historical hybrid dataset

Data included in this study were obtained from three
published studies on the literature covering histori-
cal maize hybrids: Emmett et al., (2018), Woli et al.
(2016), and Mueller et al. (2019) hereafter referred
to as study 1, 2, and 3 respectively (Table 1). Studies

were screened and selected based on the following
criteria: (i) evaluation of historical maize hybrids
under field conditions; (ii) inclusion of at least three
hybrids released in different decades; (iii) reporting
of grain yield, plant N concentration or N uptake, and
plant dry biomass at a minimum of two maize growth
stages, spanning from the six ligulated leaf stage to
kernel milk (V6 to R3; Ritchie and Hanway 1982);
and (iv) inclusion of at least one N fertilization rate
considered sufficient to ensure non-limiting N condi-
tions, as validated using the critical N dilution curve
(Ciampitti et al. 2021) (Supplementary material
Figure S1).

To analyze the effects of release period, hybrids
were grouped into five chronological categories based
on their year of release (YOR): A) 1930-1949, B)
1950-1969, C) 1970-1989, D) 1990-2000, and E)
2001-2020. This grouping allowed for comparison
among genotypes across distinct breeding periods
while capturing the progression of genetic improve-
ments over time.

Field experiments

In addition to the historical hybrid dataset, two field
experiments were conducted with short- and tall- stat-
ure maize hybrids under non-limiting N conditions
(Table 1). One experiment was conducted at the Pur-
due Agronomy Center for Research and Education
(ACRE) in West Lafayette, United States of America
(40° 28’N, 86° 59'W) (study 4). The experiment fol-
lowed a maize-soybean (Glycine max L.) rotation
under rainfed conditions with four replications. N rates
ranged from O to 269 kg N ha™! (0, 67, 134, 201, and
269 kg N ha™!). The 201 kg N ha~! was selected for
the analysis to ensure non-limiting N conditions, fol-
lowing the same methodology as in the historical
studies. Two hybrids were compared, a short-stature
hybrid PR111-20SSC and standard stature hybrid

Table 1 Characteristics of
the studies included in the
dataset

Study Location Year Number  Sampling stages N rate
of hybrids (kg Nha™h)
1 Aurora, NY, US 2015 12 V6,R1,R3 170
2 Ames, IA, US 2008 10 V6,V10, V14, VT,R1 168
3 West Lafayette, IN, US ~ 2016-2017 7 V13,R1,R2 176
4 West Lafayette, IN, US 2025 2 V6, V9, V12, VI5,R1 201
5 Buenos Aires, Argentina 2023 4 V7,V12,R1 250
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DKC62-70 (Bayer Crop Science). Hybrids were sown
on 9 May 2025 at a target density of 84,000 plants
ha™!. Plots were six rows wide (0.76 m spacing) and
12 m long. All plots, except the control, received
44 kg N ha™! as starter fertilizer, and sidedress appli-
cations were made at the four ligulated leaf stage (V4;
Ritchie and Hanway 1982) using sub-surface coulter-
injected urea ammonium nitrate (28% UAN) between
the maize rows.

A second field experiment was conducted in the
experimental field of the Department of Plant Produc-
tion of the Faculty of Agronomy, University of Buenos
Aires, Buenos Aires, Argentina (34° 35’S, 58° 29'W)
(study 5). Two pairs of maize isohybrids were evalu-
ated and sown on December 5, 2023 (Table 1). Each
pair includes a traditional stature hybrid (tall; T) and its
respective reduced stature isohybrid (short; S) due to
the mutation of the BRACHYTIC2 gene (T1 and S1; T2
and S2 respectively). Hybrids were cultivated at a target
density of 80,000 plants ha™! and fertilized with 250 kg
N ha™! in a randomized complete block design with
3 replicates. Each plot involved 4 rows 6 m long dis-
tanced at 0.52 m. The experiment was conducted with
assisted irrigation, free of diseases, pests, and weeds. All
plots received 250 kg N ha™! at the three ligulated leaf
(Ritchie and Hanway 1982) as urea ammonium nitrate
(28% UAN). Fertilizer was applied along the rows and
incorporated into the soil with a hoe. Data from study 5
was averaged due to non-significant differences between
pairs. Weather and soil information for both studies are
presented in the supplementary material (Figure S2 and
Table S1).

Plant measurements and N determination

Aboveground biomass was sampled at different
stages during vegetative and early reproductive stages
(Table 1) by collecting four whole plants per plot at
ground level. In Studies 4 and 5, harvested plants
were partitioned into leaves and stems before subse-
quent analyses. Samples were oven-dried at 60 °C in
a forced-air dryer until constant weight to determine
dry matter. Plant N concentration was subsequently
analyzed using the micro-Kjeldahl method (Nelson
and Sommers 1973). Crop phenology was taken bi-
weekly in 5 tagged plants within each plot.
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Statistical analysis

The N dilution curve was obtained for each YOR
group. Bayesian modeling was used to character-
ize the relationship between plant N concentration
(%N) and aboveground plant biomass (W, Mg ha™!)
employing a power function %N = a X W~°, where a
and b are parameters and W represents aboveground
biomass. Data from studies 1, 2, and 3 (Table 1)
were included in the analysis. A detailed descrip-
tion of statistical analyses is provided in the Supple-
mentary Material.

Briefly, posterior distributions were obtained
using a Markov chain Monte Carlo algorithm
(MCMQO). Four parallel chains were run with 50,000
iterations each, and a burn-in period of 10,000 and
a thin rate of 2. The convergence of the models and
mixing of the chains were assessed via trace plots
and Gelman-Rubin diagnostic (Gelman and Rubin
1992). Priors were defined as weakly informa-
tive distributions centered on biologically realistic
parameter values reported in previous maize N dilu-
tion studies (Ciampitti et al. 2021), ensuring con-
sistency with established physiological ranges while
allowing the data to drive posterior inference. The
models were fit using the brms package (Biirkner
2017) in R software (R Core Team 2025). Param-
eter estimates a and b were considered different
across YOR groups if the 95% credible intervals for
the difference between groups did not include zero.

The same modeling approach was used to study
the N dilution curve from short- and tall-stature
hybrids, as well as the specific relationships of
leaf (%Nleaf) and stem (%Nstem) N concentrations
with aboveground biomass (W, Mg ha™!) (Stud-
ies 4 and 5 from Table 1). In these hierarchical
models, hybrid stature was included as a random
effect and BLUPs were estimated for short- vs.
tall-stature hybrid comparisons. Analyses were
conducted separately for each experiment due to
differences in genetic structure: study 5 evalu-
ated two pair of maize isohybrids with or without
mutation of the BRACHYTIC2 gene, while study 4
included a short- and a tall- stature hybrids with
different genetic background. More details about
models and priors are provided in the supplemen-
tary material.
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Results
Historical changes in maize N dilution

The N dilution curve differed between the oldest
(1930-1949) and more modern hybrids (1990-2020),
driven by shifts in both parameters a and b (Fig. 1,
Table 2). The oldest hybrids exhibited a lower ini-
tial N content (a parameter) and a slower N dilution
rate (b parameter) compared to the modern counter-
parts. However, no shift in the N dilution curve was
observed among hybrids released between 1950 and
2020 (Fig. 1, Table 2). In summary, posterior distribu-
tion median for parameter a was 2.69 (¢, o5 = 2.37;
qo 975 = 2.98), while parameter b presented a median
of 0.22 (gy s = 0.15; ggg975 = 0.27) across all eras

(Table 2). Regarding the YOR groups created in this
study, both biomass and N concentration ranges were
very similar. Across groups, biomass ranged from
1.3 to 18 Mg ha™!, while N concentration presented
values from 3.80% to 0.88%.

Short- vs. tall-stature hybrid N dilution curve

The N dilution curve did not differ between short-
and tall-stature hybrids in both studies, with no dif-
ferences observed in parameters a or b (Fig. 2A and
D, Table 3). In study 4, plant N concentration ranged
from 4.48% to 1.56% (short), and 4.82% to 1.49%
(tall), while aboveground biomass varied from 0.46
to 11.9 Mg ha™! (short) and 0.28 to 9.40 Mg ha™!

A (1930-1949)

B (1950-1969)

C (1970-1989)

D (1990-2000)

E (2001-2020)

N concentration (%)

0 5 10 15 0 5

10 15 0 5 10 15

Biomass (Mg ha™")

Fig. 1 Relationship between plant N concentration (%) and
aboveground biomass (Mg ha~!) for each hybrid era group
(A to E). Curves represent the dilution model for each group,
while shaded areas indicate the 95% credible interval of each

curve. Points represent the observed data from studies 1, 2, and
3 within each group. Colors refer to each hybrid era group, and
F represents combined data from all groups
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Table 2 N dilution curve parameters (a and b) for each hybrid
era, including the 2.5th, 50th, and 97.5th percentiles of their
posterior distributions, and pairwise comparisons among
hybrid eras. Different letters indicate significant differences for
each parameter based on the 95% credible intervals of the dif-
ferences between parameter estimates. Uppercase letters indi-
cate differences for a parameter, while lowercase letters indi-
cate differences for the b parameter

Hybrid era  Parameter q2.5% q50% q97.5% Pairwise
compari-
son

A(1930- a 228 251 274 A

1949) b 0.13 018 023 a
B(1950- a 247 269 2.89 AB
1969) b 0.16 021 024 ab
C(1970- a 239 258 276 AB
1989) b 0.18 022 026 ab

D(1990- a 268 286 3.03 B

2000) b 021 024 027 b
E(2001- a 259 281  3.02 B
2020) b 021 024 028 b

(tall) (Fig. 2A). In study 5, plant N concentration
ranged from 3.51% to 1.20% (short), and 3.28%
to 0.90% (tall), with biomass ranging from 0.43 to
12.43 Mg ha~! (short) and from 0.47 to 13.20 Mg
ha~! (tall) (Fig. 2D). Analysis of the BLUPs for the
N dilution curve parameters (a and b) indicated that
the 95% credible intervals for the differences between
hybrids included zero in both experiments (Table 3).
No difference between the short- and tall-stature
hybrids was observed when exploring leaf N concen-
tration (%Nleaf) and stem N concentration (%Nstem)
relationship with aboveground biomass in both stud-
ies (Fig. 2 B-C and E-F). Additionally, analysis of
the BLUPs for the curve parameters (a and b) indi-
cated that the 95% credible intervals for hybrids-spe-
cific deviations from the global curve included zero
(Table 3). This confirms that deviations from the over-
all mean were not statistically distinguishable from
zero, consistent with the observed similarity in the
N dilution relationship at crop level. In study 4, the
short-stature hybrid leaf N concentration presented
a median of 3.0% with values ranging from 4.7%
to 2.3%, comparable to the tall hybrid with median
of 2.87%, varying from 4.75% to 2.5%. Regarding
stem N concentration, the short-stature hybrid val-
ues ranged from 3.98% to 0.86%, with median of
1.68%, and tall hybrid presented values from 4.97%

@ Springer

to 0.75%, with median of 1.79% (Fig. 2B and C). On
the other hand, in study 5, short-stature hybrids leaf
N concentration median was 2.54% with values rang-
ing from 3.51% to 1.94%, while for tall hybrids the
median was 2.12%, with values ranging from 3.28%
to 1.57%. Regarding stem N concentration, the short-
stature hybrids values ranged from 1.39% to 0.59%,
with median of 0.85%, and for the tall hybrids values
ranged from 1.46% to 0.43%, with median of 0.59%
(Fig. 2E and F).

Discussion

This study provides new insights into the stabil-
ity of maize N dilution dynamics by combining a
retrospective analysis of historical hybrids with a
forward-looking perspective on short-statured geno-
types. Our findings suggest that the N dilution curve
remains robust from 1950 onwards across diverse
maize hybrids, which confirms the N dilution curves
reported in earlier studies (Plénet & Lemaire, 1999;
Ciampitti et al. 2021) and reinforce the continued
relevance of this established approach. Furthermore,
understanding and characterizing the physiological
basis for N allocation and dilution in short-statured
maize, a growing architectural trend designed to
improve crop resilience and resource use efficiency,
is fundamental for guiding N research and integrating
these new hybrids into future cropping systems.

In retrospect, the robustness of the N dilution
curve over the past seven decades aligns with recent
findings indicating minor variation in curve param-
eters for modern genotypes, including the short-
stature type (Ciampitti et al. 2021; Fernandez and
Ciampitti 2026). Specifically, the consistency of the
coefficient b suggests that although breeding has
dramatically increased biomass and yield (Duvick
2005; Lee and Tollenaar 2007; Messina et al. 2022;
Mueller et al. 2019; Ordéiiez et al. 2025), it has not
fundamentally altered the rate of N dilution along
different values of shoot biomass. These results fur-
ther support the original curve proposed by Plénet
and Lemaire (1999) and more globally tested by
Ciampitti et al. (2021), reinforcing the stability of
this concept despite substantial genetic shifts. One
possible hypothesis for the observed differences in
older maize hybrids is linked to historical differ-
ences in plant density. Lower plant densities, which
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Fig. 2 Relationship A
between plant N concentra-
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were more common in earlier production systems,
may have resulted in larger individual plants at early
growth stages. This could, in turn, lead to lower val-
ues of the allometric coefficient a, as plants reach
an initial biomass of around 1 Mg ha~! with greater
individual size, potentially influencing N dilution
patterns (Seginer 2004).

Stem N concentration (%)
w

75 10.0 125

00 25 50 7.5 10.0 125
Biomass (Mg ha™")

Shifting to a future perspective, our study high-
lights a similar N dilution pattern in the novel
short-stature and conventional tall-hybrids. The
consistency of the parameters a and b implies that
the foundational N status assessment tools derived
from this concept remain applicable to short-stature
maize, a vital prerequisite for successfully employing

@ Springer
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Table 3 Whole plant, leaf and stem N dilution curve param-
eters (a and b) BLUPs differences between hybrids by study,
including the 2.5th, 50th, and 97.5th percentiles of their poste-
rior distributions

Experi- Plant Parameter BLUPs differences

ment Fraction
q25% q50% q97.5%

Study4  Whole a —0.01 028 0.57
plant b -0.06 —0.01 0.04
Leaf a 0 0.19 039
b —0.03 0 0.03
Stem a —0.38 —0.03 0.25
b —0.12 -0.04 0.03
Study 5  Whole a —0.12 012 041
plant b -0.13 —-0.04 0.03
Leaf a —0.02 021 043
b -0.06 —0.01 0.04
Stem a —425 -0.18 2.12
b

-0.29 -0.12 0.16

in-season N diagnostic tools in these new hybrids
and for advancing sustainable N management prac-
tices. Mechanistically, this stability can be understood
through three interconnected processes. First, N parti-
tioning between leaves and stems followed compara-
ble dilution trajectories across stature types, indicat-
ing that modifications to canopy architecture did not
alter the fundamental coordination between organ-
level N allocation and whole-plant growth. Second,
leaf N concentration, closely linked to photosyn-
thetic capacity and canopy-level carbon assimilation
(Sinclair and Horie 1989), declined similarly across
stature types, suggesting that the functional relation-
ship between light interception, biomass accumula-
tion, and N investment in photosynthetic tissues was
maintained despite differences in canopy structure.
This point is particularly relevant because short-stat-
ure hybrids differ in leaf angle and canopy architec-
ture, which could in principle alter light distribution
and the resulting C:N balance at the canopy level.
However, the similar leaf N dilution trajectory (even
when the short type presents more N concentration
at same biomass) suggests these architectural differ-
ences did not translate into divergent N demand per
unit biomass. Third, stem N concentration, primar-
ily associated with structural support and transient N
storage (Ciampitti & Vyn 2012; Mueller et al. 2019),
exhibited comparable dilution behavior, indicating
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that internal N remobilization and storage dynam-
ics within vegetative tissues were preserved. Collec-
tively, these organ-level responses suggest that the
allometric relationship between N concentration and
biomass, which is the foundation of the dilution curve
concept, is governed by conserved plant physiologi-
cal processes that so far are robust to the documented
changes in plant stature. Thus far, reduced stature
type does not appear to disrupt the coordination
between growth, N allocation, and dilution at either
the organ or whole-plant level (Briat et al. 2020). In
addition, weather conditions and soil characteristics
across studies did not show extreme variability, sup-
porting the consistency of the dataset and reducing
the likelihood that environmental heterogeneity drove
the observed patterns.

Our findings are subject to three main limitations.
First, the retrospective analysis relied on N dilution
patterns under non-limiting N conditions rather than
on the critical N dilution curve. This was a constraint
imposed by the scarcity of comprehensive histori-
cal datasets spanning several decades that included
different N rates and adequate sampling times and
(at least three during the season; Fernandez et al.
2022), Additionally, the datasets available for the
historical analysis were all conducted in the United
States. Second, the analysis focused on hybrid era
effects and did not account for other potential drivers
of variation in N dilution across the historical data-
sets. Third, although there are multiple genetic and
breeding strategies to reduce plant height in maize,
this study only focused on a limited number of this
variation. However, the non-transgenic nature of this
trait facilitates its acceptance in sensitive regulatory
markets (Turnbull et al., 2021), positioning it as a tool
with great potential to reduce yield losses from stem
lodging (Barten et al. 2022). Finally, while this study
characterized the reference N dilution curve, reflect-
ing N uptake dynamics under non-limiting condi-
tions, future work should prioritize establishing the
critical N dilution curve (defined as the minimum
N concentration required to maximize biomass pro-
duction) for the short-stature maize hybrids relative
to the benchmark N dilution curve (Ciampitti et al.,
2021). Defining this critical threshold is essential for
validating existing N diagnostic tools (i.e., N nutrition
index; Lemaire et al. 2008; Bosche et al. 2025) for
this novel architecture. Additionally, further research
is needed in diverse environments and with different
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N management practices to detect subtle agronomi-
cally significant variations in the N dilution param-
eters (a and b) that could affect future N management
guidelines.

Conclusion

This study shows that the maize N dilution curve
seemed to remain stable over the last seven decades
of genetic improvement despite significant changes
in grain yield and plant architecture. Short-stature
hybrids exhibited N dilution patterns similar to con-
ventional tall-stature hybrids at the whole-plant and
organ levels. This indicates that reductions in plant
height may not alter the fundamental physiological
relationships that govern N dilution. The conservation
of leaf and stem N concentration dynamics further
supports the robustness of N allocation and dilution
processes across contrasting plant heights. Mecha-
nistically, this stability reflects the conservation of
core processes governing biomass accumulation and
N partitioning, specifically, the coordinated relation-
ship between carbon assimilation, structural tissue
development, and N demand, across diverse genetic
backgrounds and plant architectures. The comparable
dilution trajectories, obtained from the tested genetic
backgrounds, observed for leaf and stem N concentra-
tion suggest that neither long-term genetic improve-
ment nor architectural modifications associated with
reduced stature disrupt the allometric scaling between
aboveground biomass and plant N concentration.
These relationships are expected to remain structur-
ally stable under moderate stress conditions, as they
emerge from conserved growth-N coordination rather
than condition-specific responses, but warrants fur-
ther investigation under severe stress environments.

However, we acknowledge that the evaluation of
short-stature hybrids is based on a limited number of
genotypes, and further studies encompassing greater
genetic diversity are required to confirm these pat-
terns. Additionally, our analysis is based on N dilu-
tion relationships under non-limiting N conditions
rather than on the critical N dilution curve, a con-
straint imposed by the limited availability of histori-
cal datasets with multiple N rates and adequate tem-
poral sampling.

From a practical standpoint, the stability of N
dilution across the tested maize hybrids supports the

continued applicability of existing N status diagnos-
tic frameworks, including the use of the NNI as a rel-
evant diagnostic tool. If this could be transfer to other
short-stature hybrids, the application of the published
framework could assist in reducing calibration bur-
den on N demand and management nutrient decision
tools; however, this scenario warrants further investi-
gation as new short-stature hybrids are commercially
available.

Acknowledgements This work has been partially supported
by the United States Department of Agriculture (USDA)
National Institute of Food and Agriculture (NIFA), Award
Number 2023-67021-44838, and by the USDA-NRCS CIG
On-Farm Project, NR233A750011G001. Any opinions, find-
ings, and conclusions or recommendations expressed in this
material are those of the author(s) and do not necessarily reflect
the views of the USDA NIFA.

Authors Contributions All authors contributed to the
study conception and design. The first draft of the manuscript
was written by Leonardo Bosche, and all authors commented
on previous versions of the manuscript. All authors read and
approved the final manuscript.

Funding This work has been partially supported by the
United States Department of Agriculture (USDA) National
Institute of Food and Agriculture (NIFA), Award Number
2023-67021-44838, and by the USDA-NRCS CIG On-Farm
Project, NR233A750011G001. Any opinions, findings, and
conclusions or recommendations expressed in this material are
those of the author(s) and do not necessarily reflect the views
of the USDA NIFA.

Data Availability The datasets analyzed during the current
study are available from the corresponding author on reason-
able request.

Declarations

Competing interests The authors have no relevant financial
or non-financial interests to disclose.

Open Access This article is licensed under a Creative Com-
mons 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 Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly

@ Springer



Plant Soil

from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Assefa Y, Carter P, Hinds M, Bhalla G, Schon R, Jeschke M,
Paszkiewicz S, Smith S, Ciampitti IA (2018) Analysis of
long term study indicates both agronomic optimal plant
density and increase maize yield per plant contributed
to yield gain. Sci Rep 8:4937. https://doi.org/10.1038/
s41598-018-23362-x

Barten TJ, Kosola KR, Dohleman FG, Eller M, Brzos-
towski L, Mueller S, Mioduszewski J, Gu C, Kashyap
S, Ralston L, Renaud A, Hall M, Mack D, Gillespie K
(2022) Short-stature maize reduced wind damage dur-
ing the 2020 Midwestern derecho, improving yields
and greenhouse gas outcomes. Crop Sci 62:2439-2450.
https://doi.org/10.1002/csc2.20823

Bosche L, Gomez F, Palmero F, Kerns A, Hefley T, Ransom
C, Prasad PVV, Van De Woestyne B, Ciampitti I (2025)
Nitrogen nutrition index as an in-season N diagnostic
method for maize yield response to N fertilization. Field
Crops Res 328:109941. https://doi.org/10.1016/j.fcr.
2025.109941

Briat J-F, Gojon A, Plassard C, Rouached H, Lemaire G
(2020) Reappraisal of the central role of soil nutrient
availability in nutrient management in light of recent
advances in plant nutrition at crop and molecular levels.
Eur J Agron 116:126069. https://doi.org/10.1016/j.¢ja.
2020.126069

Biirkner P-C (2017) brms: an R package for bayesian multi-
level models using Stan. J Stat Softw 80:1-28. https://doi.
org/10.18637/jss.v080.101

Cagnola JI, Parco M, Rotili DH, Ploschuk EL, Curin F, Amas
JI, Luque SF, Maddonni GA, Otegui ME, Casal JJ (2021)
Artificial selection for grain yield has increased net
CO, exchange of the ear leaf in maize crops. J Exp Bot
72:3902-3913. https://doi.org/10.1093/jxb/erab119

Ciampitti IA, Lemaire G (2022) From use efficiency to effec-
tive use of nitrogen: a dilemma for maize breeding
improvement. Sci Total Environ 826:154125. https://doi.
org/10.1016/j.scitotenv.2022.154125

Ciampitti IA, Vyn TJ (2012) Physiological perspectives of
changes over time in maize yield dependency on nitrogen
uptake and associated nitrogen efficiencies: a review. Field
Crops Res 133:48-67. https://doi.org/10.1016/j.fcr.2012.
03.008

Ciampitti IA, Fernandez J, Tamagno S, Zhao B, Lemaire G,
Makowski D (2021) Does the critical N dilution curve for
maize Crop vary across genotype X environment X man-
agement scenarios? - A Bayesian analysis. Eur J Agron
123:126202. https://doi.org/10.1016/j.€ja.2020.126202

DeBruin JL, Schussler JR, Mo H, Cooper M (2017) Grain yield
and nitrogen accumulation in maize hybrids released dur-
ing 1934 to 2013 in the US Midwest. Crop Sci 57:1431—
1446. https://doi.org/10.2135/cropsci2016.08.0704

Duvick DN, Cassman KG (1999) Post—-Green Revolution trends
in yield potential of temperate maize in the North-Central

@ Springer

United States. Crop Sci 39:1622-1630. https://doi.org/10.
2135/cropscil999.3961622x

Duvick DN (2005) The Contribution of Breeding to Yield
Advances in maize (Zea mays L.), in: Advances in Agron-
omy. Academic Press, pp. 83-145. https://doi.org/10.
1016/S0065-2113(05)86002-X

Emmett BD, Buckley DH, Smith ME, Drinkwater LE (2018)
Eighty years of maize breeding alters plant nitrogen
acquisition but not rhizosphere bacterial community com-
position. Plant Soil 431:53-69. https://doi.org/10.1007/
s11104-018-3744-0

Erisman JW, Sutton MA, Galloway J, Klimont Z, Winiwarter
W (2008) How a century of ammonia synthesis changed
the world. Nat Geosci 1:636-639. https://doi.org/10.1038/
ngeo325

Fernandez JA, Ciampitti IA (2026) Beyond NUE: a focus on
true nitrogen gains in cereals. Eur J Agron 173:127896.
https://doi.org/10.1016/j.€ja.2025.127896

Fernandez JA, van Versendaal E, Lacasa J, Makowski D,
Lemaire G, Ciampitti IA (2022) Dataset characteristics
for the determination of critical nitrogen dilution curves:
from past to new guidelines. Eur J Agron 139:126568.
https://doi.org/10.1016/j.€ja.2022.126568

Gastal F, Ciampitti IA, Bélanger G, Lemaire G (2026) Reap-
praisal of nitrogen dynamics and crop responses for an
effective use of nitrogen by major field crops, in: Crop
Physiology. Elsevier, pp. 129-159. https://doi.org/10.
1016/B978-0-443-30208-4.00002-2

Gelman A, Rubin DB (1992) Inference from iterative simu-
lation using multiple sequences. Stat Sci 7:457-472.
https://doi.org/10.1214/ss/1177011136

Greenwood DJ, Lemaire G, Gosse G, Cruz P, Draycott A,
Neeteson JJ (1990) Decline in percentage N of C3 and
C4 crops with increasing plant mass. Ann Bot 66:425—
436. https://doi.org/10.1093/oxfordjournals.aob.a0880
44

Houser M (2022) Farmer motivations for excess nitrogen use
in the U.S. Corn Belt. Case Stud Environ 6:1688823.
https://doi.org/10.1525/cse.2022.1688823

Kosola KR, Eller MS, Dohleman FG, Olmedo-Pico L, Bern-
hard B, Winans E, Barten TJ, Brzostowski L, Murphy
LR, Gu C, Ralston L, Hall M, Gillespie KM, Mack D,
Below FE, Vyn TJ (2023) Short-stature and tall maize
hybrids have a similar yield response to split-rate vs.
pre-plant N applications, but differ in biomass and nitro-
gen partitioning. Field Crops Res 295:108880. https://
doi.org/10.1016/j.fcr.2023.108880

Lee EA, Tollenaar M (2007) Physiological basis of success-
ful breeding strategies for maize grain yield. Crop Sci
47:S-202-S—215.  https://doi.org/10.2135/cropsci2007.
04.0010IPBS

Lemaire G, Salette J, Sigogne M, Terrasson J-P (1984) Rela-
tion entre dynamique de croissance et dynamique de
prélevement d’azote pour un peuplement de graminées
fourrageres. I. — Etude de I’effet du milieu. Agronomie
4:423-430. https://doi.org/10.1051/agro:19840503

Lemaire G, Jeuffroy M-H, Gastal F (2008) Diagnosis tool for
plant and crop N status in vegetative stage: theory and
practices for crop N management. Eur J Agron 28:614—
624. https://doi.org/10.1016/j.eja.2008.01.005


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-018-23362-x
https://doi.org/10.1038/s41598-018-23362-x
https://doi.org/10.1002/csc2.20823
https://doi.org/10.1016/j.fcr.2025.109941
https://doi.org/10.1016/j.fcr.2025.109941
https://doi.org/10.1016/j.eja.2020.126069
https://doi.org/10.1016/j.eja.2020.126069
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1093/jxb/erab119
https://doi.org/10.1016/j.scitotenv.2022.154125
https://doi.org/10.1016/j.scitotenv.2022.154125
https://doi.org/10.1016/j.fcr.2012.03.008
https://doi.org/10.1016/j.fcr.2012.03.008
https://doi.org/10.1016/j.eja.2020.126202
https://doi.org/10.2135/cropsci2016.08.0704
https://doi.org/10.2135/cropsci1999.3961622x
https://doi.org/10.2135/cropsci1999.3961622x
https://doi.org/10.1016/S0065-2113(05)86002-X
https://doi.org/10.1016/S0065-2113(05)86002-X
https://doi.org/10.1007/s11104-018-3744-0
https://doi.org/10.1007/s11104-018-3744-0
https://doi.org/10.1038/ngeo325
https://doi.org/10.1038/ngeo325
https://doi.org/10.1016/j.eja.2025.127896
https://doi.org/10.1016/j.eja.2022.126568
https://doi.org/10.1016/B978-0-443-30208-4.00002-2
https://doi.org/10.1016/B978-0-443-30208-4.00002-2
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1093/oxfordjournals.aob.a088044
https://doi.org/10.1093/oxfordjournals.aob.a088044
https://doi.org/10.1525/cse.2022.1688823
https://doi.org/10.1016/j.fcr.2023.108880
https://doi.org/10.1016/j.fcr.2023.108880
https://doi.org/10.2135/cropsci2007.04.0010IPBS
https://doi.org/10.2135/cropsci2007.04.0010IPBS
https://doi.org/10.1051/agro:19840503
https://doi.org/10.1016/j.eja.2008.01.005

Plant Soil

Lemaire G, Gastal F (2009) Quantifying Crop Responses
to Nitrogen Deficiency and Avenues to Improve Nitro-
gen Use Efficiency, in: Crop Physiology. Elsevier, pp.
171-211. https://doi.org/10.1016/B978-0-12-374431-9.
00008-6

Messina CD, Rotundo J, Hammer GL, Gho C, Reyes A, Fang
Y, van Oosterom E, Borras L, Cooper M (2022) Radia-
tion use efficiency increased over a century of maize
(Zea mays L.) breeding in the US Corn Belt. J Exp Bot
73:5503-5513. https://doi.org/10.1093/xjb/erac212

Mueller SM, Messina CD, Vyn TJ (2019) Simultaneous
gains in grain yield and nitrogen efficiency over 70 years
of maize genetic improvement. Sci Rep 9:9095. https://
doi.org/10.1038/s41598-019-45485-5

Multani DS, Briggs SP, Chamberlin MA, Blakeslee JJ, Mur-
phy AS, Johal GS (2003) Loss of an MDR transporter in
compact stalks of maize br2 and sorghum dw3 mutants.
Science 302:81-84. https://doi.org/10.1126/science.
1086072

Nelson DW, Sommers LE (1973) Determination of total nitro-
gen in plant material. Agron J 65:109—112. https://doi.org/
10.2134/agronj1973.00021962006500010033x

Ordoénez RA, Pico LBO, Dohleman FG, Fernandez-Juricic
E, Verhagen GS, Vyn TJ (2024) Short-statured maize
achieved similar growth and nitrogen uptake but greater
nitrogen efficiencies than conventional tall maize. Crop
Sci 64:3502-3520. https://doi.org/10.1002/csc2.21345

Ordoéiiez RA, Olmedo-Pico L, Ferela A, Trifunovic S, Eudy
D, Archontoulis S, Vyn TJ (2025) Modern maize hybrids
have increased grain yield and efficiency tolerances to
nitrogen-limited conditions. Eur J Agron 168:127621.
https://doi.org/10.1016/j.eja.2025.127621

Plénet D, Lemaire G (1999) Relationships between dynamics
of nitrogen uptake and dry matter accumulation in maize
crops. determination of critical N concentration. Plant Soil
216:65-82. https://doi.org/10.1023/A:1004783431055

R Core Team (2025) R: a language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Viena, Austria

Ritchie S, Hanway J, Benson G (1982) How a corn plant develops.
Towa State University of Science and Technology. Coopera-
tive Extension Service Ames, Iowa. Special report, 1-21

Saenz E, Trifunovic S, Narvel J, Vyn T, Archontoulis SV
(2025) Maize breeding strategies for increased grain yield
and nitrogen use efficiency. Field Crops Res 333:110076.
https://doi.org/10.1016/j.fcr.2025.110076

Seginer I (2004) Plant spacing effect on the nitrogen concentra-
tion of a crop. Eur J Agron 21:369-377. https://doi.org/10.
1016/j.€ja.2003.10.007

Sinclair TR, Horie T (1989) Leaf nitrogen, photosynthesis, and
crop radiation use efficiency: a review. Crop Sci 29:cropsc
11989.0011183X002900010023x. https://doi.org/10.2135/
cropscil989.0011183X002900010023x

Turnbull, C., Lillemo, M., Hvoslef-Eide, T.A.K., 2021. Global
Regulation of Genetically Modified Crops Amid the Gene
Edited Crop Boom — A Review. Front. Plant Sci. 12.
https://doi.org/10.3389/fpls.2021.630396

Woli KP, Boyer MJ, Elmore RW, Sawyer JE, Abendroth LJ,
Barker DW (2016) Corn era hybrid response to nitrogen
fertilization. Agron J 108:473-486. https://doi.org/10.
2134/agronj2015.0314

Zhang X, Davidson EA, Mauzerall DL, Searchinger TD,
Dumas P, Shen Y (2015) Managing nitrogen for sustain-
able development. Nature 528:51-59. https://doi.org/10.
1038/nature15743

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

@ Springer


https://doi.org/10.1016/B978-0-12-374431-9.00008-6
https://doi.org/10.1016/B978-0-12-374431-9.00008-6
https://doi.org/10.1093/xjb/erac212
https://doi.org/10.1038/s41598-019-45485-5
https://doi.org/10.1038/s41598-019-45485-5
https://doi.org/10.1126/science.1086072
https://doi.org/10.1126/science.1086072
https://doi.org/10.2134/agronj1973.00021962006500010033x
https://doi.org/10.2134/agronj1973.00021962006500010033x
https://doi.org/10.1002/csc2.21345
https://doi.org/10.1016/j.eja.2025.127621
https://doi.org/10.1023/A:1004783431055
https://doi.org/10.1016/j.fcr.2025.110076
https://doi.org/10.1016/j.eja.2003.10.007
https://doi.org/10.1016/j.eja.2003.10.007
https://doi.org/10.2135/cropsci1989.0011183X002900010023x
https://doi.org/10.2135/cropsci1989.0011183X002900010023x
https://doi.org/10.3389/fpls.2021.630396
https://doi.org/10.2134/agronj2015.0314
https://doi.org/10.2134/agronj2015.0314
https://doi.org/10.1038/nature15743
https://doi.org/10.1038/nature15743

	From past to future: Trends in maize N dilution curve
	Abstract 
	Background and Aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and Methods
	Historical hybrid dataset
	Field experiments
	Plant measurements and N determination
	Statistical analysis

	Results
	Historical changes in maize N dilution

	Short- vs. tall-stature hybrid N dilution curve
	Discussion
	Conclusion
	Acknowledgements 
	References


