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Nitrogen management is central to the economic and environmental dimensions of
agricultural sustainability. Yield response to nitrogen fertilisation results from multiple
interacting factors. Theoretical frameworks are lagging for the interaction between
nitrogen and air temperature, the focus of this study. We analyse the relation between
yield response to nitrogen fertiliser and air temperature in the critical period of yield
formation for spring wheat in Australia, winter wheat in the US, and maize in both the US
and Argentina. Our framework assumes (i) yield response to nitrogen fertiliser is primarily
related to grain number per m?, (i) grain number is a function of three traits: the duration of
the critical period, growth rate during the critical period, and reproductive allocation, and
(iii) all three traits vary non-linearly with temperature. We show that “high” nitrogen supply
may be positive, neutral, or negative for yield under “high” temperature, depending on the
part of the response curve captured experimentally. The relationship between yield
response to nitrogen and mean temperature in the critical period was strong in wheat
and weak in maize. Negative associations for both spring wheat in Australia and winter
wheat with low initial soil nitrogen (< 20 kg N ha™") in the US highlight the dominant
influence of a shorter critical period with higher temperature; with high initial soil nitrogen (>
120 kg N ha™) that favoured grain number and compromised grain fill, the relation
between yield response to nitrogen and temperature was positive for winter wheat. The
framework is particularly insightful where data did not match predictions; a non-linear
function integrating development, carbon assimilation and reproductive partitioning
bounded the pooled data for maize in the US and Argentina, where water regime,
previous crop, and sail nitrogen overrode the effect of temperature on yield response to
nitrogen fertilisation.
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INTRODUCTION

An agricultural system is sustainable if it is profitable, accounts
for environmental and social expectations, and delivers safe
products (Sadras et al., 2009). Nitrogen fertilisation is central
to both the economic and environmental dimensions of
agricultural sustainability. These dimensions are intricately
linked, as over fertilisation releasing reactive nitrogen to the
environment is more likely in heavily subsidised systems and in
more profitable industries such as horticulture, and under
fertilisation leading to soil mining and yield gaps is more
common in less profitable sectors (Jobbagy and Sala, 2014;
Zhang et al., 2015; Angus and Grace, 2017; Cassman and
Dobermann, 2022).

The response of yield to the interaction between nitrogen and
air temperature, the focus of this study, is attracting attention in
the context of climate change, and involves further interactions
with genotype and water availability (Ordonez et al., 2015; Slafer
and Savin, 2018; Cossani and Sadras, 2021); the interaction with
air CO, concentration is important but is beyond the scope of
this paper (Miglietta et al., 1996; Kimball et al., 2001; Zong et al,,
2021). Lack of theoretical frameworks hinders the interpretation
of the interaction between nitrogen and temperature. Here we
investigate overlooked aspects of crop physiology to help
understanding, modelling, and managing the response of grain
yield to nitrogen interacting with temperature.

Flowering plants overproduce flowers and ovules
(Stephenson, 1981), and yield of annual crops correlates tightly
with grain number (Sadras, 2021). Grain number is particularly
responsive to stress in species-specific developmental stages
(Darwin, 1859; Andrade et al., 2005; Sadras and Dreccer,
2015). Temperature and daylength drive development, and
thus the timing and duration of the critical period for yield
formation in most crops including wheat and maize (Otegui
etal, 2021a; Slafer et al., 2021). Irrespective of the source, namely
sowing date, location, season or climate change, there are two
physiologically distinct aspects of elevated temperature affecting
yield: non-stressful elevated temperature that primarily affects
the rate of phenological development, shortening key
developmental periods, and stressful temperature that disrupts
reproduction and grain growth (Rattalino Edreira et al., 2011;
Sadras and Dreccer, 2015).

The pairing of cultivar and sowing time is an active topic of
research as an adaptation to climate change, to accommodate an
extended sowing program in large farms, and to manage trade-
offs, e.g., between frost and heat, or between drought and insect
herbivory (Caviglia et al., 2014; Hunt et al., 2019; Lake et al,,
2021; Otegui et al., 2021b). Yield of late-sown cereals is usually
less responsive to nitrogen fertiliser for at least two reasons:
increased availability of soil nitrogen through mineralisation,
and a shorter critical period that restricts yield potential (Caviglia
et al., 2014; Cossani and Sadras, 2021). This is illustrated in two
examples with wheat and maize, the target crops in this study.
Wheat crops with experimental sources of variation including
sowing time, cultivar, fertiliser rate, season and location in South
Australia yielded between 0.01 and 6 t ha™; the critical period
shortened with increasing temperature and accounted for three-

quarters of the variation in yield (Cossani and Sadras, 2021).
Fertilised crops (100-200 kg N ha™) outyielded their unfertilised
counterparts when mean temperature during the critical period
was below ~ 13°C, and unfertilised controls were superior above
this threshold. An empirical link was thus established between
temperature during the critical period and yield response to
nitrogen. Of interest, long days increase wheat floret autophagy
and reduce grain number in comparison to short days
independently of resource availability (Ghiglione et al., 2008).
We thus speculate that, in addition to the shortening of the
critical period, a direct developmental effect of long days is to
reduce wheat grain number and yield in late-sown crops.

Maize in Argentina has traditionally been sown in early
spring (September-October), reaching the critical period in
mid-summer, with peak evaporative demand and erratic
rainfall compromising yield and yield reliability (Caviglia et al.,
2014; Otegui et al.,, 2021b). Crops sown in late-spring
(November-December) reach the critical period under a more
favourable water balance in late summer but are susceptible to
lepidopteran pests. With Bt-maize, late sowing became feasible
and widespread, with a current acreage ratio of early-to-late
sown crops close to 1 (Otegui et al., 2021b). In a comparison of
fertilised (200 kg N ha™) and unfertilised Bt-maize crops sown in
September and December, late sowing increased soil nitrogen
availability, shortened the critical period, reduced biomass,
improved crop nitrogen status measured as the nitrogen
nutrition index, and reduced yield response to fertilisation
(Caviglia et al., 2014).

In this study, we use agronomically diverse data for spring
wheat in Australia, winter wheat in the US, and maize in both the
US and Argentina to explore the temperature-driven
developmental modulation of yield response to nitrogen. We
analyse yield response to nitrogen against a framework that
assumes (i) yield response to nitrogen is primarily related to
grain number, (ii) grain number is a function of three traits: the
duration of the critical period, growth rate during the critical
period, and reproductive allocation (Fischer, 1984; Andrade
et al., 2005; Otegui et al., 2021a; Slafer et al., 2021), and (iii) all
three traits vary non-linearly with temperature (Kim et al., 2007;
Lohraseb et al., 2017). Where the main effect of elevated
temperature is shortening the critical period, our hypothesis is
that yield response to nitrogen fertiliser correlates negatively with
temperature. For wheat, we also hypothesise that long days
further reduce yield response to nitrogen (Ghiglione et al,
2008). The effect of temperature on the dynamics of soil
nitrogen are beyond the scope of this study.

AGRONOMIC BACKGROUND AND
DATA SOURCES

We explored the relationship between yield response to nitrogen
and mean air temperature in the critical period in four data sets -
spring wheat in Australia, winter wheat in the US, and maize in
the US and Argentina. For wheat in Australia, we also explored
associations with daylength. Yield response to nitrogen was
calculated as 100 - (Yn-Yo)/Yo, where Y is grain yield and
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subscripts indicate fertilised (N) and unfertilised control (0). The
critical period was calculated as 300°Cd before to 100°Cd after
anthesis with base temperature 4.5°C for wheat (Fischer, 1985;
Slafer et al., 2021), and 200°Cd before to 250°C after anthesis
with base temperature 8°C for maize (Otegui et al., 2021a).

Figure 1 summarises frequency distributions of yield, yield
response to nitrogen, duration of critical period and mean
temperature in the critical period. Data sets were larger and
more scattered for maize than for wheat (Figure 1). This was
associated with a larger and more diverse sample of
environments for maize (Figure 2) compared with wheat (see
below). Supplementary Figures 1, 2 present yield components of
wheat; yield components were not available for maize.

Spring Wheat in Australia

We analysed a data set of 384 rainfed wheat crops resulting from
the combination of four location-seasons, four nitrogen
treatments (unfertilised control, and crops fertilised with 50,
100 or 200 kg N ha™), four sowing dates at approximately
fortnightly intervals from mid-May to late-June, early July, and
six cultivars. Full details are in Cossani and Sadras (2021).
Briefly, locations were Hart (-33.76° 138.42°) and Turretfield
(- 34.55° 138.79°) in 2017, and Roseworthy (-34.54°, 38.69°) and
Mintaro (-33.88, 138.77) in 2018. The soils were a clay loam
Calcarosol at Hart, sandy loam over medium clay on rock
Sodosol at Turretfield, a calcareous loam Calcarosol at
Roseworthy, and a medium-heavy clay Vertosol at Mintaro
(Isbell, 1996). Urea was applied manually between sowing and
shortly before stem elongation to establish the nitrogen
treatments. Cultivars varied in phenology from Axe (average
time to flowering 111 d after sowing, range from 84 to 161 d
depending on time of sowing and location) to Trojan (average

time to flowering 122 d after sowing, range from 92 to 173 d),
with intermediate varieties Cobra, Mace, Scout and Spitfire.
Treatments were arranged in a split-split-plot design with
three replicates; sowing time was allocated to the main plot,
cultivar to the sub-plot, and nitrogen rate to the sub-sub plot.
Plant density was 180 plants m™, and inter-row space was 0.34 m
at Turretfield, 0.23 m at Hart, and 0.26 m at Mintaro and
Roseworthy. The experimental unit consisted of six rows,
between 5 and 12.5 m long. Seasonal rainfall varied from
113 mm to 290 mm and available soil water at sowing from 7
to 161 mm. Initial nitrogen, including inorganic soil nitrogen at
sowing and fertiliser, ranged from 51 kg N ha™ to 571 kg N ha™".
At maturity, we sampled shoot biomass from centre rows in four
0.5-m sections. Samples were oven-dried at 65°C for 48 h and
threshed to determine grain yield. Grain weight was determined
in 300-grain subsamples. Daily weather data were sourced from
the meteorological station of SILO climate database (https://
www.longpaddock.qld.gov.au/silo/) closest to the experimental
site. Weeds, insects, and diseases were monitored and controlled
with the protocols of National Variety Trials (https://nvt.grdc.
com.au/).

Winter Wheat in the US

We analysed a data set of 224 rainfed winter-wheat crops
resulting from the factorial combination of four locations in
Kansas, four nitrogen treatments (unfertilised control, and crops
fertilised with 45, 90, and 134 kg N ha'!) and 14 cultivars.
Locations were Ashland Bottoms (39.14°, -96.63°), Great Bend
(39.82°, -97.67°), Hutchinson (37.93°, -98.02°) and Viola (37.31°,
-97.67°). The experiment is fully described elsewhere (Giordano
and Lollato, 2021) and Supplementary Table 1 summarises soil
properties and management operations. Briefly, treatments were

wheat, Australia wheat, US

maize, US maize, Argentina
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FIGURE 1 | Frequency distribution of yield, yield response to nitrogen, duration of the critical period and mean temperature during the critical period for spring
wheat in Australia (n = 384), winter wheat in US (n = 224), maize in the US (n = 1165), and maize in Argentina (n = 984). Yield response to nitrogen is 100 - (Yn-Yo)/
Yo, Where Y is grain yield and subscripts indicate fertilised (N) and unfertilised control (0). Inset for yield response to nitrogen for maize in the US highlights the large
response for rainfed crops after cereal in a sandy soil with low organic matter, where yield increased 8-fold from unfertilised control to crops with 280 kg N ha™.
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FIGURE 2 | Locations and seasons for maize trials in the US and Argentina.

established in a split-plot design with nitrogen rate allocated to
plot and cultivar to the sub-plot. Crops were sown in October
2018 at a rate of 297 seeds per m’ adjusting for seed size.
Experimental units consisted of seven 19-cm spaced rows,
approximately 9 m long. Phenology was monitored using the
scale of Zadoks et al. (1974) (Supplementary Table 2). After
winter dormancy, at GS2.3, crops were fertilised with gypsum
(22 kg S ha™) to avoid the interaction between nitrogen and
sulphur documented for these environments (Jaenisch and
Lollato, 2019), and with urea to establish the nitrogen
treatments. Foliar fungicide was applied when the earliest
maturing varieties reached GS6.1 to avoid the confounded
effect of variation in resistance to diseases among cultivars. At
harvest maturity, plants were clipped at the ground level from a
0.19 m” area for measurement of yield components and nitrogen
concentration to estimate total nitrogen uptake. The entire
experimental unit was harvested with a self-propelled small
plot combine to determine grain yield. Daily weather data were
retrieved from a nearby weather monitoring station from the
Kansas Mesonet (Patrignani et al., 2020) located < 100 m from
the experiment at Ashland Bottoms, Great Bend, and
Hutchinson, and 9 km from the experiment at Viola.

Maize in the US

We analysed a data set of 1165 maize crops resulting from the
combination of seasons, locations, and fertiliser rate treatments.
Data were gathered from 23 data sources, including published
and unpublished studies, representing a total of 217 trials. The
database spans from 30.43° to 48.03° latitude and from -103.67°
to -77.97° longitude (Figure 2). Sowing date ranged from early
March to early June. Relative maturity of maize hybrids ranged
from 83 to 127 CRM units. Fertiliser treatments included at least
four rates, from an unfertilised control to a maximum rate
ranging from 168 to 336 kg N ha™'. Fertiliser sources were
urea-ammonium nitrate (32-0-0), ammonium nitrate (34-0-0),
urea (46-0-0), or anhydrous-ammonia (82-0-0), and application

68°W

64°W 60°W

Longitude

timing ranged between pre-sowing to V6. Grain yield was the
average of 3-5 replications. Daily maximum and minimum
temperature were accessed via the Daymet (Thornton et al,
2019) API-client source developed for R-software (package
daymetr) using latitude-longitude coordinates of the trial or
nearest town with a spatial resolution of 1 km?. Further details
on data sources and experiments are in Supplementary Table 3.

Maize in Argentina

We analysed a data set of 984 rainfed crops resulting from the
combination of seasons and locations across a latitudinal transect
from -38.57° to -24.88° (Figure 2), a range of sowing dates from
early September to late January, and fertiliser treatments. The
data are from Bayer Argentina network of trials; full details are in
https://cultivio.com. Briefly, crops were grown in a range of soils,
but predominately Typic Argiudolls and Typic Hapludolls.
Coarse-textured Entisols were represented in the south of
Cordoba province and north of La Pampa province in the
centre of the country, and Vertisols featured in the eastern
Entre Rios province (Figure 2). Each experiment included an
unfertilised control and five fertiliser rates: 30, 60, 90, 180 kg N
ha''; the fifth rate corresponding to the maximum rate was
270 kg N ha™' in 89% of the experiments and 210 kg N ha™ in the
remaining. Urea was applied manually between sowing and V2
(Ritchie et al., 1986) to achieve the nominal rates above.
Fertilisation treatments were randomly allocated in a block
design with 3-4 replicates. Single cross hybrids with a relative
maturity ranging from 119 to 125 d were sown at 6 to 8 plant m™
in rows 0.52 m apart as usual in the region (ReTAA, 2021). The
smallest experimental unit had four rows, 10 m long. Plots were
harvested mechanically and threshed to measured grain yield
and grain moisture. Daily maximum and minimum temperature
were accessed via the Nasapower (Sparks, 2018) API-client
source developed for R-software (package nasapower) using
latitude-longitude coordinates of the trial or nearest town with
a spatial resolution of approx. 50 km?.
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FIGURE 3 | (A) Spring-wheat yield was proportional to the duration of the critical period, from 300°Cd before to 100°Cd after flowering (base temperature = 4.5°C). (B)
The correlation between mean temperature during the critical period and daylength at flowering varied with location and time of the year; the top x-axis shows daylength
in hours. Grain yield correlated with (C) mean temperature in the critical period, and (D) temperature-to-daylength ratio. In (A, C, D) lines are least squares regressions, all

with p < 0.0001.

Thermal Responses of Development,
Carbon Assimilation, and Reproductive
Allocation in Wheat and Maize

Mathematical functions relating plant traits and environmental
factors are the core of crop simulation models. These functions
are termed reaction norms in developmental biology and their
slopes are a measure of phenotypic plasticity (Woltereck, 1909;
Sadras and Richards, 2014). Here we use reaction norms relating
developmental, assimilation, and partitioning traits and
temperature to aid the interpretation of the empirical relations
between yield response to nitrogen and temperature. For both
wheat and maize, we used our data to derive functions relating
duration of critical period and mean air temperature during the
critical period.

For wheat, we used the curves of Lohraseb et al. (2017)
relating three traits with ambient temperature between 11 and
29°C: (i) the relative rate of developmental processes, (ii) daily
net CO, assimilation, and (iii) daily net CO, assimilation per unit
of developmental time normalised to 20°C, Anoc (Figures 4B, C).

The response of harvest index to temperature from ~10 to 14°C
was taken from Batts et al. (1997).

For maize, we used the curves of Kim et al. (2007) relating two
traits, canopy carbon exchange rate and ear-to-biomass ratio,
and temperature between 17.0 and 36.5°C (Figure 7C). Of the
two CO, treatments in Kim et al. (2007), we used the curves at
CO, concentration = 370 mmol mol™. A third reaction norm
was derived that relates the product of three traits — duration of
critical period, canopy carbon exchange rate, and ear-to-biomass
ratio — and temperature (red curve in Figure 7C).

DEVELOPMENTAL MODULATION OF
SPRING-WHEAT YIELD RESPONSE TO
NITROGEN IN SOUTH AUSTRALIA

Yield ranged from 129 kg ha™' to 6 t ha™ (Figure 1). Yield
response to nitrogen varied from -69 to 111%, with 61% of crops
between -6 and 12% (Figure 1). Biomass varied 4.6-fold, harvest

Thermal time after
terminal spikelet (°Cd)

Ghiglione et al. (2008); (B, C) Lohraseb et al. (2017).
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FIGURE 4 | (A) Developmental effect of daylength on floret survival of field-grown wheat, where short-day (SD) was the natural photoperiod of the growing season
(approximately 12.5 h) and long day (LD) was the natural photoperiod extended by 6 h with a mixture of incandescent and fluorescent lamps. The photosynthetic
photon flux density (400-700 nm) of the supplementary light was 4 mol m™? s™'. (B) Relative rate of developmental processes and CO, assimilation normalised to
20 °C in response to ambient temperature. (C) Daily net CO, assimilation per unit of developmental time, Anzoc, @s a function of temperature. Data sources: (A)
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index 17.3-fold, grain number 40-fold, and grain weight 2.2-fold
(Supplementary Figure 1). Grain protein concentration varied
from 7.1 to 16.3% and nitrogen uptake at maturity from 34 to
167 kg ha™ (Supplementary Figure 1). The duration of the
critical period varied from 32 to 85 d, with an average mean
temperature from 9.3 to 17.2 °C (Figure 1). Crop nitrogen status,
quantified with the nitrogen nutrition index, varied from 0.33 to
1.80, and water status, quantified with carbon isotope
composition, from -27.95 to -23.37%o (Supplementary
Figure 1). The relations between yield and both nitrogen
nutrition index and carbon isotope composition have been
analysed elsewhere (Cossani and Sadras, 2021; Cossani and
Sadras, 2022); here we focus on overlooked aspects of
crop development.

Yield Response to Nitrogen Fertiliser
Declined With Increasing Temperature and
Daylength
Grain yield declined with shorter critical period (Figure 3A).
Both higher temperature and longer days shorten wheat critical
period (Slafer et al., 2021). Temperature and daylength are
correlated but the correlation depends on location and time of
the year (Aphalo and Sadras, 2021). For a given daylength, the
critical period for the crops in our data set was hotter for
Roseworthy and Turretfield than in the other locations
(Figure 3B). In experiments where daylength was manipulated
independently of temperature and supply of resources, long days
reduced floret viability (Figure 4A). As expected from the causal
links between duration of critical period and yield, and between
the duration of critical period and temperature, yield declined
with higher temperature in the critical period (Figure 3C). The
correlation was slightly stronger with temperature-to-daylength
ratio (Figure 3D), consistent with the expectation of a direct
developmental effect of daylength on grain set (Figure 4A).
Grain number, the main yield component, correlated slightly
better with temperature-to-daylength ratio (F; 35, = 502.8, r =
-0.75) than with temperature (F; 35, = 453.1, r = -0.73).

Pooling the data for crops fertilised with 100 and 200 kg N ha™’,
yield response to nitrogen increased with the duration of the
critical period at a rate of 1.05 + 0.116% d™' (F, 199 = 81.6, r = 0.55,
p < 0.0001) and correlated closely with the response of grain
number to nitrogen (F; 199 = 758.3, r = 0.89, p < 0.0001). The
response of yield to nitrogen fertiliser declined with increasing
mean temperature in the critical period at -5.5 + 0.68%°C "' and
shifted from positive to negative at 12.5 + 2.21°C (Figure 5A). The
slope of the least square regression between yield response to
nitrogen and temperature in the critical period was steeper with
higher fertiliser rate (Table 1); it was -6.2%°C™" (F o4 = 34.1; p<
0.0001) for 200 kg N ha™', -4.9%°C™ (F, o4 = 24.7; p < 0.0001) for
100 kg N ha', and -2.0%°C™" for 50 kg N ha™' (Fjo4 = 3.9
p =0051).

For crops fertilised with 100 and 200 kg N ha™', the response
of grain number to nitrogen varied from 67% reduction to 124%
increase, declined with increasing mean temperature in the
critical period at a rate of 10.1 + 0.77%°C™", and shifted from
positive to negative at 14.1 + 1.47°C (Figure 5B). The response to
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FIGURE 5 | Response to nitrogen fertilisation of spring wheat (A, D) yield,
(B, E) grain number and (C, F) grain weight as a function of (A-C) mean
temperature during the critical period and (B, E, F) temperature: daylenght
ratio. Response to nitrogen is: 100 - (X\-Xo)/Xo Where X is the trait (yield, grain
number, grain weight), subscript N indicates fertilised (100 or 200 kg N ha™"),
and subscript 0 indicates unfertilised control. The critical period is from
300°Cd before to 100 °Cd after flowering (base temperature = 4.5°C). Lines
are least squares regressions, all with p < 0.0001.

nitrogen of average grain weight increased with mean
temperature during the critical period at a rate of 3.2 *
0.26%°C™" (Figure 5C). The response to nitrogen of both grain
number and average grain weight correlated slightly better with
temperature-to-daylength ratio (Figures 5E, F) than with mean
temperature during the critical period (Figures 5B, C).

DEVELOPMENTAL MODULATION OF
WINTER WHEAT YIELD RESPONSE TO
NITROGEN FERTILISER IN THE US

Yield ranged from 1.1 to 5.0 t ha' (Figure 1). Yield response to
nitrogen varied from -11 to 133%, with a flat frequency
distribution and two apparent peaks: 44% of crops ranged
from -4 to 10%, and 32% of crops from 53 to 83% (Figure 1).
Biomass varied 5.4-fold, harvest index 1.7-fold, grain number
7.8-fold, and grain weight 1.9-fold (Supplementary Figure 2).
Grain protein concentration varied from 7.3 to 17.7% and
nitrogen uptake at maturity from 34 to 278 kg ha'
(Supplementary Figure 2). Averaged across cultivars, time
from sowing to anthesis spanned from 194 d at Viola to 215 d
at Great Bend. Averaged across sites, time from sowing to
anthesis spanned from 198 d for Everest to 210 for LCS
Chrome (Supplementary Table 1). The critical period varied
from 35 to 61 d, with an average mean temperature from 10.8 to
16.2°C (Figure 1). In contrast to the environments for spring
wheat in Australia where temperature and daylength were
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TABLE 1 | Slope, standard error and p of the least squares regression between yield response to nitrogen and mean air temperature in the critical period of spring

wheat in Australia, winter wheat in the US, and maize in the US and Argentina.

Crop Source of Variation Slope s.e. p
Spring wheat, Australia Fertiliser rate (kg N ha™)
200 -6.2 1.06 <0.0001
100 -4.9 0.98 <0.0001
50 -2.0 1.03 0.0510
Winter wheat, US Fertiliser rate (kg N ha™) Initial soil nitrogen
134 <20kgNha -11.0 3.07 0.0013
90 -6.2 2.21 0.0092
45 -3.1 1.76 0.0855
134 >120 kg N ha 4.4 1.27 0.0018
90 4.9 1.35 0.0012
45 3.8 1.38 0.0105
Maize, US Water regime
irrigated 4.6 2.23 0.0403
rainfed 101 1.46 <0.0001

Maize, Argentina Temperature (°C)*

*23.2°C is the temperature for the peak response from a quadratic model.

decoupled (Figure 3B), a tight correlation between temperature
and daylength in the environments for winter wheat in Kansas
(Supplementary Figure 3) precludes the assessment of
temperature and daylength effect; thus, the analysis in the next
section only considers temperature.

The Correlation Between Yield Response
to Nitrogen Fertiliser and Temperature
Varied With Initial Soil Nitrogen

Initial NO3-N in soil (0 to 0.6 m) varied 6-fold, from more than
120 kg N ha™! in Hutchinson and Great Bend to less than 20 kg N
ha! at Ashland Bottoms and Viola (Figure 6A).

With low initial soil nitrogen, yield response to nitrogen
fertiliser (134 kg N ha') was positive and large, from 57 to
133%, and declined with increasing mean temperature in the
critical period at -11.0 + 3.07%°C"" (Figure 6B closed symbols).
The slope of the least square regression between yield response to
nitrogen fertiliser and temperature in the critical period varied
with fertiliser rate (Table 1); it declined from -11.0%°C™" with
134 kg N ha™', to -6.2%°C™" with 90 kg N ha' and to -3.1%°C"™
with 45 kg N ha (Figure 6D).

With high initial soil nitrogen, yield response to nitrogen fertiliser
(134 kg N ha) was smaller, from -11 to 23%, increased with
increasing mean temperature in the critical period at 4.4 + 1.27%°
C'', and shifted from negative to positive at 12.9 + 5.4°C (Figure 6B
open symbols). The slope of the least squares regression between yield
response to nitrogen and temperature did not vary with nitrogen
fertiliser rate (Figure 6D; Table 1). The positive association between
yield response to nitrogen fertiliser and temperature in the critical
period was partially associated with agronomic, soil, and weather
conditions in the two sites originating the response, Hutchinson and
Great Bend. In comparison to the late-sown crop at Great Bend, the
timely-sown crop at Hutchinson (Supplementary Table 1) had
cooler conditions during the critical period (12.9 + 0.06°C), higher
biomass (13.8 0.2 tha'), and negligible response of biomass (1.1 £
1.2%) and grain yield (-3.8 £ 0.6%) to nitrogen fertilisation. The high
soil nitrate-nitrogen content at sowing (193 kg N ha™!, Figure 7A) and
negative yield response to nitrogen suggests this crop was at the far
end of the nitrogen response curve where added nitrogen reduces
wheat yield (Borghi, 1999). The late-sown crop in Great Bend
(Supplementary Table 1) had a warmer critical period (14.5 + 0.2°
C), smaller crop biomass (8.4 + 0.1 t ha'), 113 + 1.2% biomass
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FIGURE 6 | (A) Initial NO3-N in soil (0 to 0.6 m) in four locations in Kansas. (B) Yield response to nitrogen fertilisation as a function of mean temperature in the
critical period. (C) Association between the response to nitrogen fertiliser of test weight and yield. In (B, C): response to nitrogen is: 100 - (Xx-Xo)/Xo where X is the
trait (yield, test weight), subscript N indicates fertilised (134 kg N ha™"), and subscript 0 indicates unfertilised control; lines are least squares regressions. (D) Slope +
s.e. of the lest squares regression between yield response to nitrogen fertiliser and temperature in the critical period for crops fertilised with 45, 90 or 134 kg N ha™'.
In (A-D), open symbols indicate high (> 120 kg N ha™") and closed symbols low initial nitrogen (< 20 kg N ha').
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increase, and 12.5 + 1.2% yield increase in response nitrogen
fertilisation compared to unfertilised controls. With 124 kg N ha™
at sowing, this crop was likely in a central region of the nitrogen
response curve where increase in grain yield associated with increase
in biomass (Borghi, 1999).

For the data pooled across soil nitrogen, the response of yield
to nitrogen fertiliser correlated more strongly with the response
of grain number (r = 0.91, F; 54, = 290.9) than with the response
of grain weight (r = 0.69, F; 5, = 48.6) (Supplementary Figure 4).
Response of grain number to nitrogen averaged 17% with high
soil nitrogen and 125% for low nitrogen (F;s4 = 154.5, p <
0.0001). Response of grain weight to nitrogen averaged -11%
with high soil nitrogen and 0.2% for low nitrogen (F; 54 = 48.3,
p < 0.0001). The correlation between response of yield and
response of test weight to nitrogen fertiliser captured these
responses of grain weight: data clustered for locations with low
initial soil nitrogen, where test weight responded positively to
fertiliser, and locations with low initial nitrogen where test
weight mostly reduced in response to fertiliser (Figure 6C).

DEVELOPMENTAL MODULATION OF
MAIZE YIELD RESPONSE TO NITROGEN
FERTILISER IN THE US

Grain yield ranged from 0.9 to 18.8 t ha™ (Figure 1). Across
sources of variation, average yield was 11.8 + 0.17 t ha™" under
irrigation and 10.2 + 0.13 t ha™* for rainfed crops (p < 0.0001).
Yield response to nitrogen varied from -64 to 736%, with an L-
shaped frequency distribution featuring 84% of crops between -24
and 56% (Figure 1). Inset in Figure 1 illustrates the increase in
yield from just below 1 t ha™! in the unfertilised control to 8.1 t ha™
for crops with 280 kg N ha™' under rainfed conditions in extremely
unfertile sandy soils (86% sand, 3% clay) with 1.25% soil organic
matter, and rye as previous crop (Torino et al, 2014). The

duration of the critical period varied from 24 to 43 d, and mean
temperature during critical period from 18.7 to 27.8°C (Figure 1).

Maize Yield Response to Nitrogen
Fertiliser Increased With Temperature in
the Critical Period

Yield response to nitrogen increased with mean temperature in
the critical period at 7.9 + 1.15%°C™" for the pooled data (r = 0.22,
F 035 =47.1, p < 0.0001), with a larger response in rainfed (10.1 +
1.46%°C!, r = 0.26, Fj 643 =47.1, p < 0.0001) than irrigated crops
(4.6 + 2.23%°C™", r = 0.12, F 59, = 4.2, p = 0.04) (Figure 7A,
Table 1). Analysis of residuals of the regression for the pooled
data showed larger yield response to nitrogen after cereal
compared with crop sequences including legumes (F;g93, =
584, p < 0.0001) and no interaction between previous crop
and water regime (p = 0.73) (Figure 7B).

The green curves in Figure 7C are the reaction norms of three
traits in response to temperature: duration of critical period,
canopy carbon exchange rate, and ear-to-biomass ratio; the
product of the three traits returns a function that integrates
developmental, assimilation, and partitioning responses to
temperature (red curve in Figure 7C), and bounds the actual
yield response to nitrogen (red curve in Figure 7A).

DEVELOPMENTAL MODULATION OF
MAIZE YIELD RESPONSE TO NITROGEN
FERTILISER IN ARGENTINA

Yield ranged from 2.7 to 16. 4 t ha™* (Figure 1). Yield response to
nitrogen varied from -32 to 289%, with 83% of crops between 16
and 48% (Figure 1). Yield response to nitrogen was inversely
correlated with inorganic soil nitrogen at sowing, which varied
from 20 to 354 kg N ha', and increased non-linearly with
fertiliser rate (Supplementary Figure 5). The duration of the
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FIGURE 7 | (A) Yield response to nitrogen as a function of mean temperature in the critical period for irrigated and rainfed maize grown after alfalfa, cereal, maize-
alfalfa, and legume in the US. Response to nitrogen is: 100 - (Yn-Yo)/Yo Where Y is yield, and subscripts indicate fertilised (N) and unfertilised control (0). The green
line is the least squares regression fitted to the data. The red line is the product of three traits: duration of the critical period, canopy carbon exchange rate and ear-
to-biomass ratio from (C), scaled to the actual maximum. (B) Average residuals of the regression between yield response to nitrogen and temperature for maize
grown after alfalfa, cereal, maize-alfalfa, and legume. Error bars are one standard error. (C) Duration of the critical period, canopy carbon exchange rate, ear-to-
biomass ratio and the product of the three traits as a function of mean temperature. The black segment is the range of temperature in our data set. Duration of the
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FIGURE 8 | (A) Yield response to nitrogen as a function of mean air temperature in the critical period for rainfed maize in Argentina. Response to nitrogen is: 100 - (Yn-
Yo)/Yo where Y is yield, and subscripts indicate fertilised (N) and unfertilised control (0). The green line is a quadratic model fitted to the data. The red line is the 3-trait
boundary defined as a function of duration of the critical period, canopy carbon exchange rate and ear-to-biomass ratio (Figure 7C), scaled to the actual maximum. (B)
Gap between boundary and actual yield response to nitrogen as a function of soil nitrogen at sowing. (C) Average (+ s.e.) gap between boundary and actual yield
response to nitrogen as a function of fertiliser rate. The open symbol is a small sample of crops with 210 kg N ha™', which was not included in the regression. (D) Actual
yield response to nitrogen as a function of temperature in the critical period for 1756 crops in Argentina and US against the 3-trait boundary curve.

critical period ranged from 24 to 43 d, and mean temperature in
the critical period from 19.0 to 30.6°C (Figure 1).

Maize Yield Response to Nitrogen
Fertiliser Varied Non-Linearly With
Temperature in the Critical Period

Yield response to nitrogen was highly scattered and weakly, non-
linearly associated with mean temperature in the critical period (r =
0.13,F, g,7 ="7.14, p = 0.008; Figure 8A). A quadratic model returned
a peak yield response to nitrogen at 23.2°C, with a flat response for
temperature below this threshold (slope ~ 0) and a declining yield
response to nitrogen with increasing temperature at -4.1%°C™ for
temperature above the threshold (Table 1). The 3-trait curve
resulting from the product of duration of critical period, canopy
carbon exchange rate and ear-to-biomass ratio (Figure 7C) bounded
the actual yield response to nitrogen as a function of temperature
(Figure 8A), and the gap between the boundary and actual data was
proportional to the amount of inorganic nitrogen in the soil at sowing
(r=0.27, p < 0.0001) and declined with fertiliser rate (r = 0.20, p <
0.0001) (Figures 8B, C). Figure 8D shows the 3-trait curve bounds
the pooled data for Argentina and US.

DISCUSSION

We frame our discussion on three levels — the crop at the centre of this
study (level n), the agronomic context (n+1), and the physiology of
the temperature-driven developmental modulation of yield response
to nitrogen (n -1) (Passioura, 1979).

Agronomic Context

In the winter-rainfall environments of Australia, uncertain rainfall
and therefore uncertain wheat yield make nitrogen fertilisation a risky
investment (Monjardino et al., 2013; Monjardino et al., 2015; Sadras
et al, 2016; Meier et al, 2021). Nitrogen mining associated with
chronic under-fertilisation has removed between one-fifth and one-
quarter of the original soil nitrogen in Australian farmlands (Angus
and Grace, 2017). To deal with the recalcitrant problem of matching
nitrogen to uncertain seasonal conditions, nitrogen could be

managed strategically, for example building soil nitrogen banks,
and tactically (Basso et al, 2011; Meier et al, 2021). Tactically,
rainfall forecasts have been advanced to guide nitrogen fertilisation
with mixed results (Anwar et al., 2008; Moeller et al., 2008; Asseng
et al.,, 2012). Fertiliser recommendations based on measured soil
nitrogen have been advanced, but farmer adoption remains low
(Peoples et al., 2017). Schut and Giller (2020) have reviewed fertiliser
recommendations against errors associated with soil sampling and
chemical analysis procedures within and between laboratories. Crop
nitrogen status informs fertilisation decisions in Western Australia
(Neuhaus and Sadras, 2018). Measurement of crop water status to
guide nitrogen application, on its own or associated with
measurement of nitrogen status, is incipient (Pancorbo et al., 2021;
Cossani and Sadras, 2022).

In Kansas and most of the U.S. central Great Plains, nitrogen is the
most limiting nutrient to wheat yield (Raun et al., 1999) and average
nitrogen rates in commercial wheat fields are ~2.5-fold those in
Australia (Jaenisch et al, 2021; Lawes et al,, 2021). Historically,
nitrogen fertiliser rate has been determined with a simple
framework of expected yield and average grain nitrogen content,
ie,33kgN t1 (Westermann, 1987), crediting NO;-N in the topsoil at
sowing (Halvorson et al., 1987; Raun et al., 1999) and organic matter
mineralisation (Leikam et al., 2003). High variation in soil NO5-N in
space and time (Zhang et al., 1998), which is a crucial determinant of
wheat response to nitrogen, constrains this approach. In common to
Australia, uncertain environmental conditions compromise the
estimation of target yield (Raun et al, 2017). Thus, efforts have
shifted to vegetation indices, fertilised strips, and remote sensing for
nitrogen management (Solie et al., 2003; Franzen et al., 2016). These
methods overlook seasonal conditions (but see Dhillon et al., 2020),
and do not consider the interactions between nitrogen and other
nutrients (Duncan et al., 2018; Lollato et al., 2019a). Timing of winter
wheat fertilisation depends on crop purpose and rotation. Nitrogen
may be applied pre-season in widespread dual-purpose wheat crops
where both forage and grain are economic (True et al., 2001). For
grain-only crops, autumn fertilisation is inefficient (Lollato et al.,
2019b). Wheat grown after fallow is usually timely sown and uses
nitrogen more efficiently when the application is split between
autumn and spring (Mahler et al., 1994; Thomason et al., 2002).
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Wheat grown after a summer crop is usually sown late, high
temperature during the critical period reduces yield potential, and
full fertilisation in spring may be more efficient (Lollato et al., 2021).

In the US, rates of nitrogen fertiliser in maize since 1965 have
exceeded nutrient removal, but that excess has declined in recent
years (Grassini et al., 2015). The steady improvement in yield per
unit nitrogen fertiliser since the late 1970s coincides with a
decline in the apparent surplus of nitrogen fertiliser (difference
between nitrogen input in fertiliser and nitrogen removed with
grain), which has narrowed from an average 50-70 kg N ha™' in
1976-1985 to 10-20 kg N ha™ in 2001-2010 (Grassini et al.,
2015). Regional estimates indicate a slightly positive nitrogen
balance in current systems (Fixen et al, 2015; Cassman and
Dobermann, 2022) but the risk of excess reactive nitrogen
remains a concern (Ciampitti and Lemaire, 2022). Historically,
fertiliser recommendations for maize in North America followed
a simplified nitrogen balance for a target yield that more recently
shifted to an economic optimum nitrogen rate estimated from
empirical relations between grain yield and fertiliser rate, and
variable rate fertilisation based on vegetation indices (Lory and
Scharf, 2003; Kyveryga et al., 2007; Kitchen et al., 2010). These
methods do not consider the interaction of nitrogen with water
and other nutrients (Ciampitti and Vyn, 2014) and the
uncertainty on maize nitrogen needs has not been solved
(Raun et al., 2019; Correndo et al., 2021b; Correndo et al., 2021¢).

In Argentina, fertiliser use over the last 20 years has increased
but remains low-to-medium for world standards (Norton et al.,
2015; Garcia and Gonzalez Sanjuan, 2016). Under fertilisation of
grain crops is apparent in soil mining at an estimated rate of 15
to 45 kg N ha™ yr™', and higher rates of fertilisation are critical to
improving grain yield and the efficiency in the use of water and
radiation (Caviglia et al., 2019; Correndo et al., 2021a). Most
nitrogen recommendations are based on empirical functions
relating grain yield and soil nitrogen (frequently NOs-N in the
top 0.6 m) plus nitrogen fertiliser, which provides a critical
nitrogen above which the probability of response to fertiliser is
low (Pagani et al., 2008; Diaz Valdez et al., 2020; Correndo et al.,
2021a). Late-sown maize has spread over the last decade (Otegui
et al., 2021b) but fertilisation practices tailored to this system are
lagging (Diaz Valdez et al., 2020).

This brief account of nitrogen management in the targeted
cropping systems highlights common themes, including the
uncertainty in yield where crops rely on seasonal rainfall, spatial
and temporal variation in soil nitrogen, interactions with
environmental and management factors, and the scarcity of
theoretical frameworks to deal with interactions. Theory has been
developed to account for the interaction between water and nitrogen
and between nutrients (Kho, 2000; Cossaniand Sadras, 2018; Kunrath
etal,, 2018; Kunrath et al., 2020). Theory is lagging for the interaction
between nitrogen and temperature, hence the focus of this paper.

Temperature-Driven Developmental
Modulation of Yield Response to Nitrogen
Crops accommodate environmental variation mostly through
grain number, and grain number is established in a species-
specific critical window (Darwin, 1859; Sadras, 2021). The

duration of the critical period, together with the growth rate
and partition to reproduction, collectively drive grain number
and most of the variation in yield (Fischer, 1984; Andrade et al.,
2005; Otegui et al., 2021a; Slafer et al., 2021). The relationship
between grain number and photothermal quotient, defined as the
ratio between crop intercepted radiation and mean air
temperature in the critical period, highlights the widespread
effect of elevated temperature shortening the critical period
and reducing grain number in wheat, maize and other annuals
(Fischer, 1985; Islam and Morison, 1992; Magrin et al., 1993;
Cantagallo et al., 1997; Didonet et al., 2002; Poggio et al., 2005;
Francia et al., 2011; Faraji, 2014). Experimental manipulation of
day length to extend/shorten the critical period often increases/
reduces grain number (Gonzalez et al., 2003; Kantolic and Slafer,
2007; Nico et al., 2016). Depending on the setting, other traits
may have a dominant influence. For example, growth rate in the
critical period was the main driver of grain number and yield of
maize in the experiments by Andrade et al. (2002) and of wheat
in the experiments by Sadras et al. (2012). Importantly, all three
traits — duration of critical period, growth rate and partitioning -
vary non-linearly with temperature (Figures 4B, C, 7C).

Yield response to nitrogen was idiosyncratic (Figure 1). Thus,
despite the large ranges of yield and yield response to nitrogen
associated with agronomically meaningful sources of variation,
our results cannot be generalised to “South Australian wheat” or
“US maize”; caution is needed. Yield reductions in response to
nitrogen fertiliser were identified in all four data sets from -11%
for maize in the US to -69% for spring wheat in Australia
(Figure 1). For wheat in Australia, the frequency distribution
of yield response to nitrogen was fairly symmetrical, with a close-
to-zero average. The average yield response to nitrogen for the
other three crops varied from 29 to 53%, with long tails in the
frequency distribution for maize in both the US and Argentina.

Spring Wheat in Australia and Winter
Wheat in the US

For both spring wheat in South Australia and winter wheat in Kansas
under low soil nitrogen, yield response to nitrogen correlated
negatively with temperature in the critical period. For wheat grown
in a range of temperature from 11 to 29°C, development was more
responsive to temperature than carbon assimilation, and carbon
assimilation per unit developmental time declined with increasing
temperature (Lohraseb et al., 2017). Wheat harvest index declined
with increasing temperature from ~10 to 14°C (Batts et al., 1997).
Hence, for the range of temperature in our wheat data sets, the
reduction in yield response to nitrogen with increasing temperature
associated with a shorter critical period, and possibly with a lower rate
of assimilation per unit developmental time, and reduced allocation
to reproduction.

For winter-wheat in the US, the correlation between yield
response to nitrogen fertiliser and temperature shifted from
negative to positive depending on initial soil nitrogen
(Figures 6B, D). Under low initial soil nitrogen, the response
was in the direction of our primary expectation: higher
temperature that shortens the critical period reduces yield
response to nitrogen. Under high initial soil nitrogen, lower
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temperature in the critical period favours higher grain number
and potentially compromises grain fill, as supported by the
cluster of negative response to nitrogen fertiliser of test weight
(Figure 6B). Three factors compound this effect: high nitrogen
favours early growth with the potential to deplete stored soil
water during critical states (van Herwaarden et al., 1998), high
temperature during grain fill prevalent in these environments
(Tack et al, 2015; Lollato et al., 2017; Bergkamp et al., 2018;
Lollato et al., 2020; Couédel et al., 2021), and the lower amount of
reserve carbohydrates associated with high nitrogen (Hoogmoed
and Sadras, 2016).

Our analysis indicates that long days can further constrain yield
response to nitrogen; direct test of this proposition is needed in
factorial experiments combining nitrogen supply and daylength. The
relation between yield, yield response to nitrogen and daylength is
biologically interesting and agronomically important. In a biological
context of plants forecasting environmental conditions (Aphalo and
Sadras, 2021), long days signal the end of the season for wheat, which
adaptively accelerates development (Ghiglione et al., 2008). Of
interest, soybean accelerates reproductive development in response
to short days signalling the end of the season (Nico et al., 2016).
Higher grain number in wheat with long days and higher pod
number in soybean with short days are developmental responses
that precede and interact with resource availability (Gonzalez et al.,
2005; Ghiglione et al., 2008; Nico et al., 2016). Agronomically, the
developmental effect of daylength on grain set is an overlooked aspect
of research on the interaction between genotype and sowing date. In
contrast to the historical use of spring wheat in Australia, experiments
are exploring the suitability of winter wheat to expand the sowing
window in large farms. Winter wheat in Australia has
characteristically low harvest index (Porker et al., 2020) that might
be partially associated with developmental effects of day length
irrespective of resource availability.

Maize in the US and Argentina
For maize in the US and Argentina, the relation between yield
response to nitrogen and mean temperature in the critical period
was weak. Agronomic and environmental factors including water
regime, previous crop and soil nitrogen at sowing overrode the
effects of temperature. Consistent with this finding, Correndo et al.
(2021Db) report a large influence of previous crop on the yield of
unfertilised maize yield with a ranking alfalfa > annual legumes >
cereals, and negative associations of yield with both spring rainfall
and the number days with maximum temperature above 30°C
during August-September for both rainfed and irrigated crops.
The large data sets contributed to both the scatter of maize
yield response to nitrogen and the low p of the statistical models
(Figures 7A, 8A). The positive association between yield
response to nitrogen and temperature for maize in the US
contrasted with both expectation and observations in wheat.
This may relate to the thermal responses of rate of crop growth in
the critical period and allocation to reproduction (Otegui et al.,
2021a). We tested this proposition using reaction norms relating
duration of critical period, canopy carbon exchange rate, and
ear-to-shoot ratio with temperature (Figure 7C). For the range
of temperature in the US data set, from 18.6 to 27.8°C, we
estimate the duration of the critical period was shortened from

1.0 to 0.56 of the maximum, canopy carbon exchange rate
increased from 0.47 to 0.95 of maximum, and ear-to-shoot
biomass increased from 0.24 to 0.81 of maximum (Figure 7C).
Thus, the combined increase in carbon exchange rate and
allocation to ear cancelled the effect of shortened critical
period, collectively returning a weak positive association
between vyield response to nitrogen and temperature in the
critical period. The product of the three traits returns a trait
that integrates development, carbon assimilation, and
reproductive allocation central to yield; it peaked at ~ 30°C
(red curve in Figure 7C) and bounded the measured yield
response to nitrogen as a function of temperature for maize in
the US and Argentina individually, and for the pooled
data (Figure 8D).

The slope of the regression between yield response to nitrogen and
mean temperature in the critical period for maize in the US was twice
as large in rainfed than in irrigated crops (Table 1). The interaction
between water and nitrogen has been approached from the
perspectives of co-limitation (Cossani and Sadras, 2018) and with
allometric relations that link capture and efficiency in the use of water
and nitrogen (Kunrath et al, 2018; 2020). Kunrath et al. (2018)
highlighted a two-fold effect of drought on crop growth: a direct effect
whereby crop growth is reduced proportionally to the reduction in
transpiration, and an indirect effect mediated by a drought-induced
crop nitrogen deficit, quantified as the nitrogen nutrition index.
Under drought, sorghum maintained the nitrogen nutrition index
and transpiration efficiency (biomass per unit of transpiration)
whereas both nitrogen nutrition index and transpiration efficiency
declined in drought-stressed maize in comparison to well-watered
crops (Kunrath et al,, 2020). Our finding of a larger yield response to
nitrogen per °C in rainfed crops is thus consistent with a large
drought-induced nitrogen deficit in maize. Further, the response of
yield to the interaction between water and nitrogen varies with maize
hybrid (Ao et al., 2020). Factorial experiments combining hybrids,
nitrogen, water, and temperature and reliable quantification of crop
nitrogen and water status are needed to further elucidate these higher-
order interactions in maize.

The curve relating yield response to nitrogen and mean
temperature in the critical period for maize in Argentina was
flat for temperature below ~23°C and had a negative slope for
higher temperature (Table 1). The reduction in yield response to
nitrogen with increasing temperature is consistent with sowing
time experiments in Parana, Argentina (Caviglia et al., 2014),
with factorial experiments combining temperature and nitrogen
supply (Ordonez et al., 2015), and with the predictions of the 3-
trait curve (Figure 7C). In Parana, December-sown maize had
higher nitrogen nutrition index and lower response to fertiliser
(200 kg N ha™' vs. unfertilised control) than September-
sown crops. In addition to the higher amount of available
nitrogen at sowing, our analysis suggests that the temperature-
driven shortening of the critical period may have contributed
to this response. Ordofniez et al. (2015) grew maize under
two temperature regimes (unheated control and elevated
temperature with closed field chambers) and 2-3 nitrogen rates
(unfertilised control, and fertilised with 100 or 200 kg N ha™);
they found temperature-by-nitrogen interaction in three out of
four experiments where the reduction in yield with elevated
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temperature was larger in fertilised crops. Their heated
treatments, which reached maximum temperature from
mid-30°C to mid-40°C, were in the predicted phase of negative
correlation between yield response to nitrogen and temperature
(Figure 7C). Qualitatively, the 3-trait curve based on
temperature effects on development, carbon assimilation and
allocation bounds the actual data. However, there are
quantitative mismatchs in two important aspects that warrant
further investigation. First, the boundary curve predicts an
inflection at ~30°C whereas the data returned an inflection
at ~23°C. Second, the boundary predicts a positive phase in
the response, whereas the data showed a flat response (i.e.,
slope ~ 0) below the inflection point in Argentina (Table 1).
The positive phase was apparent for maize in the US (Table 1).

CONCLUSION

Interactions between factors underly the complexity of natural and
agricultural systems, and high-order interactions are elusive. Data-
driven approaches are favoured to understand interactions, but
lagging theory constrains our ability to understand and manipulate
the phenotype (Nurse, 2021; Sadras, 2021). Ghiglione et al. (2008)
illustrate the insights of hypothesis-driven research, and Lohraseb
et al. (2017) and Kim et al. (2007) highlight the importance of
reaction norms that link phenotype and environment; these
relations are critical to modelling. Owing to the non-linearity of
yield response to nitrogen and to the non-linearity of biological
processes in response to temperature, the outcome of the interaction
between temperature and nitrogen is bound to be range-dependent.
We show that “high” nitrogen may be positive, neutral or negative
for yield under “high” temperature, depending on the segment of
the response curve captured experimentally. We advance a
conceptual framework to link the response of grain yield to
nitrogen and temperature-driven developmental processes in
cereals. The framework is particularly useful where data do not
match predictions (Kinraide and Denison, 2003; Porter, 2020);
departure from the expected negative correlation between yield
response to nitrogen and temperature-driven shortening of the
critical period highlighted the dominant role of other physiological
processes (assimilation, partitioning) or agronomic factors (water
supply, previous crop).
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