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o Predicting root-derived C inputs and
SOC under varying conditions is
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e We reviewed how various environ-
mental factors affect root:shoot ratio at
field scale.

e We compared soil-crop models simula-
tions for environmental stress responses.

e Model simulations were in the range of
observations for CO, enhancement and
tillage.

e Temperature effects on root:shoot ratio
require further data and model
improvements.
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GRAPHICAL ABSTRACT

What do we know about the effects of abiotic environmental stresses and
tillage on root:shoot ratios? Observations and ensemble modeling

There is uncertainty in the calculation of the root-derived C
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We report on how process-based soil-crop models typically 3 E 200
account for and implement these factors and tested four models = ¢ + - ::;ﬁ;s
The model simulations were in the range of observations for CO, e

and tillage, for drought and N stress it depended on the model

Further data and model improvements are needed especially for o
temperature effects on root:shoot ratio

ABSTRACT

Process-based soil-crop models are becoming increasingly important to estimate the effects of agricultural
management practices and climate change impacts on soil organic carbon (C). Although work has been done on
the effects of crop type and climate on the root:shoot (biomass) ratio, there is a gap in research on the effects of
specific environmental or management conditions such as drought, temperature, nutrient limitation, elevated
CO;, or tillage on the root:shoot ratio and thus, atmospheric C sequestration. In this study, we quantified the
effects of these factors on the root:shoot biomass ratio by reviewing the current literature, presented common
simulation approaches and performed model simulations using different examples. Finally, we identified
different research gaps with respect to the root:shoot ratio with the aim of better estimating and predicting
atmospheric C sequestration. A predominantly positive response of the root:shoot ratio was observed in case of
elevated CO3 (~12 %), low soil N levels (~44 %), and drought (~14 %). Soil tillage did not affect root:shoot
ratio of the major field crops but increased it by ~15 % in case of wheat. There are only few field studies on air
temperature increase and the results vary widely (mean — 48 %). The responses of tested models to the
mentioned effects root:shoot ratio were slightly positive in case of CO3 elevation (0 to 2 %) and tillage (0 to 8 %),
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slightly to clearly positive in the case of drought and N limitation depending on the model (1 to 40 %), and very
variable in case of the air temperature scenarios. Our study reveals large model uncertainty (especially on
temperature effects), particularly for below ground processes that highlight knowledge gaps in simulating root:
shoot ratio. We advocate for the need of more model-oriented specific experiments under abiotic stresses to help
model improvement. Such research effort would enable more robust and reliable root:shoot ratio simulations.

1. Introduction

Climate-smart use of agricultural soils has a great potential to
become a managed sink for atmospheric CO,. To increase soil organic
carbon (SOC) stocks through agricultural activities is considered a
negative emissions technology (Merante et al., 2017; Lal, 2019) and has
led to the 4 per mille initiative launched at the COP21 aiming to increase
SOC stocks by 0.4 % annually (Minasny et al., 2017). At the same time,
climate change-driven SOC losses to the atmosphere might hinder such
benefit (Riggers et al., 2021). In soils, root-derived C inputs (roots, ex-
udates, secretes) in deep soil layers are a major stable source of SOC, due
to limited microbial activity with increased soil depths (Chen et al.,
2020; Yu et al., 2022). Other sources of C input besides roots are fer-
tilizers (e.g., farmyard manure, compost), and above ground crop resi-
dues (e.g., stubbles, dead leaves) (Ranaivoson et al., 2017), which are
incorporated mainly into the top soil.

On average, plants allocate 76 % of C stocks to shoots and only 24 %
to roots (Mathew et al., 2017). Only few studies that have investigated
the quantitative relationship between plant C and SOC (Mathew et al.,
2017). According to Kuzyakov and Domanski (2000), cereals transfer
20-30 % of total assimilated C to the soil. Half of this amount is sub-
sequently found in the roots and about one third in the CO, extracted
from the soil by root respiration and microbial utilisation of root organic
matter (Kuzyakov and Domanski, 2000). Based on experimental data of
the Swedish Ultuna long-term continuous soil organic matter experi-
ment, Katterer et al. (2011) reported that root-derived C contributes
more to relatively stable soil C pools than the same amount of above-
crop residue-derived C. In their meta-analysis, Mathew et al. (2017)
compared data of 389 field trials to determine allocation of biomass and
C in plants and SOCs under fields of different crop types considering
long-term mean annual precipitation and mean annual temperature,
geographical location and soil properties (clay content, bulk density and
pH). Grasses and cereals had the highest potential for C sequestration.
Furthermore, the authors stated that the highest C sequestration would
be expected to occur in tropical climates. Beside crop type and climate,
agricultural management can affect soil C input dynamics in agricultural
soils (Stockmann et al., 2013).

The application of dynamic carbon models to report changes in SOC
stocks is becoming increasingly important (Jacobs et al., 2020; Keel
etal., 2017; Riggers et al., 2019; Riggers et al., 2021). However, there is
a large uncertainty in soil carbon modelling related to method of
calculating of plant C input in agricultural systems (Keel et al., 2017).
Most process-based multi-compartment SOC models such as ROTH-C,
Yasso, Candy carbon balance, or IPCC equation describe SOC decom-
position by first order kinetics and define different SOC qualities rep-
resented by interacting SOC pools (Farina et al., 2021). C-pool
decomposition rates are modulated by external factors, such as soil
temperature, soil moisture (sometimes aeration), or soil texture (mostly
clay content). These SOC models use crop-specific coefficients to
quantify soil C inputs for above- and below-ground plant residues
including exudates and dead roots (Keel et al., 2017). Additionally, these
models assume either a linear relationship between yield and C input, or
use a yield-independent C input (Keel et al., 2017), which increases the
uncertainty when calculating C inputs as the methods selection can lead
to different results. This approach also constrains the modelling to soil
processes and excludes the simulation of shoot and root growth re-
sponses to changes in the environment.

Process-based one-dimensional field-scale soil-crop models are

composed of different sub-modules for certain processes related to crop
growth and soil-nutrient and water dynamics in response to atmospheric
conditions and management practices. Biomass increment can be
affected by water and nutrients (mainly nitrogen N) availability in a
given physical environment (Ittersum et al., 2003). Drought stress ef-
fects on crop growth are often quantified by the ratio between actual and
potential transpiration and often lead to an increased dry matter allo-
cation to root biomass while reducing leaf biomass (Ittersum et al.,
2003). Current model intercomparisons have shown that root simula-
tions, and how roots impact SOC formation via root biomass residues,
largely diverge among models (Couédel et al., 2024). Process-based crop
models simulate several of the above mentioned C inputs and related
processes such as shoot and root biomass production of main and catch
crops, fertilizer input (including organic fertilizers like manure with
defined C contents), and plant residue return to the soil. Several process-
based crop models simulate also SOC turnover including soil respiration
and microbial activity and microbial biomass production. Currently,
only very few crop models consider root exudates such as AgroC
(Klosterhalfen et al., 2017) as a source of C to the soil. Several crop
models also simulate the effect of tillage practices on soil states
(Maharjan et al., 2018). Therefore, crop models can potentially capture
in season stress effects on the root:shoot ratio (calculated by dividing the
total root biomass by the shoot biomass) and yield and long-term
feedbacks (legacy effects in crop rotations, C sequestration) of envi-
ronment and management practices on total biomass and soil C input.

However, the simulation of effects of extreme climate events such as
heat, drought, and excess water on crop growth, which are expected to
become more frequent in the future, are not always well considered in
crop models (Kim et al., 2024; Webber et al., 2022), therefore, pre-
dicting agronomic management impacts (e.g., fertilization, crop rota-
tion) on agroecosystem performance under future environments poses
an additional challenge (Peng et al., 2020). Although the effects of crop
type and climate on atmospheric carbon sequestration have been stud-
ied (Bolinder et al., 1997, 2007; Kuzyakov and Domanski, 2000; Mathew
et al., 2017), there is a lack of knowledge about the effects of atmo-
spheric CO, elevation, air temperature change, drought, N deficiency
and conventional tillage on the root:shoot ratio, which is also reflected
in the modelling approaches and simulation capabilities.

For given inputs, variability in soil-crop model simulations arises
from variability in the model equations (structure) and the used
parameter values (Wallach et al., 2024; Wang et al., 2024). To our
knowledge, dry matter partitioning as main sources of uncertainty in
climate change impact assessment for agricultural crop yield has not
been investigated before. Consequently, there is an urgent need to
evaluate and improve the simulation of the root biomass-derived soil C
input, and therefore, atmospheric C sequestration potential considering
environmental conditions and (changing) agricultural management
practices.

In this study, we focused on testing the sensitivity of model equations
to the different inputs for fixed model parameters. We i) review how the
root:shoot ratio and the root biomass-derived C input via root biomass of
common arable crops are affected by atmospheric CO; elevation, air
temperature change, drought, N deficiency, and conventional tillage; ii)
report how process-based soil-crop models account for these factors in
their equations, and iii) compare and evaluate the sensitivity of four
process-based soil-crop models to simulate the impacts of these factors
on root:shoot ratio and absolute root biomass input in the soil in a
scenario analysis.
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2. Materials and methods

2.1. Observed effects of abiotic factors and tillage on root:shoot ratio of
crops

In total, we found and reviewed 12 articles on the effects of atmo-
spheric CO; elevation (3 of them were meta-analysis or reviews), 7 of air
temperature variation, 7 of drought (3 reviews), 13 of N deficiency, and
29 articles of soil tillage effects (no-tillage vs. conventional or reduced
tillage) on root:shoot ratio of common agricultural crops observed under
field conditions (or semi-natural conditions) (sources see supplementary
material). The major outcomes of these factors on root:shoot ratios are
presented in the following sub-sections.

2.1.1. Elevated atmospheric CO levels

Enhanced atmospheric CO, generally leads to increased biomass
growth and root:shoot ratios due to improved water use efficiency,
which indicate a proportional stimulation of below-ground biomass
production, though the magnitude of the response can vary among crop
species (Fig. 1) (Vanuytrecht et al., 2012). A review by Rogers et al.
(1995) showed substantial variation in root:shoot ratio response to
enhanced CO; for various crops, with a mean positive response of 7 %
(12 % for <580 ppm). In 59.5 % of the cases, the root:shoot ratio
increased, whereas in 37.5 % of the cases it decreased, and in only 3 % of
the cases it remained unchanged. However, most experiments were
conducted under controlled conditions. Results from a meta-analysis on
agricultural crops showed that above ground biomass and root:shoot
ratio increased substantially, by 15 % and 14 %, respectively, for
elevated CO; between 541 and 580 ppm, and further increased by 35 %
when CO; ranged between 581 and 620 ppm (Vanuytrecht et al., 2012).
Another meta-analysis in a wide range of ecosystems reported a signif-
icant root:shoot ratio increase of 12 % for agricultural crops (Nie et al.,
2013).

With regards to wheat, we identified only four field FACE studies that
provide data on root:shoot ratio. Kou et al. (2007) used two atmospheric
CO;, concentration levels (350 and 550 ppm) and high or low N fertilizer.
The reported root:shoot ratio declined between 2 (low N) and 8 % (high
N) in all treatments. In contrast, Ma et al. (2007) reported about 20 %
(low N) and 25 % (high N) higher wheat root:shoot ratio under elevated
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COo, with the strongest increase observed between jointing to heading
stages. As for spring wheat, Wall et al. (2006) reported increased of root:
shoot ratio due to elevated CO5 (ambient 370 ppm vs. ambient +180
ppm) by 10 and 3 % under dry and wet conditions, respectively. But,
during another growth period, elevated atmospheric CO; led to about 3
% (dry conditions) and 7 % lower (wet conditions) root:shoot ratio. In
two open top chamber experiments with elevated CO3, Rgnn et al.
(2003) reported a 2 % decrease of root:shoot ratio, whereas Qiao et al.
(2010) reported an increase of root:shoot by 22.8 % and of 9.1 % under
well-watered and drought conditions, respectively. Considering these
six FACE and open chamber wheat studies, a mean positive response of

Table 1

Effect of factors on observed (obs) root:shoot ratio (mean, minimum, and
maximum differences) of common agricultural crops and of winter wheat
observed under field conditions and semi-natural controlled conditions in case of
low data availability. Simulated values are ranges of the applied models where
each value represents the mean of the daily difference in % from end of tillering
to end of flowering of winter wheat of the scenarios with the highest difference.

Factor Obs root:shoot of Obs root:shoot Simulated in
common crops of winter wheat this study

Elevated CO; +12 %, +14 %, +12% +5(-5%to 0to+2%
(~11 % to +47 %)* +16 %)*

Drought 13.5 % (+13 to 459 +21 % to +27 +1 to +40 %
occurence %)3 %*

Nitrogen +44 % (—22 % to +64 % (+40 % +1to +43 %
deficiency +121 %)° to 84 %)°

Air temperature —20 % to +26° —20 % to —30 —30 to —86 %
increase ° %°

Soil tillage 0.5 % (—104 % to 69 24%(-25%to Oto+8%

%)’ 45 %)’

1Considering Rogers et al. (1995) and Vanuytrecht et al. (2012) with CO, in-
crease <580 ppm with 12 % and Nie et al. (2013); % Considering only the six
FACE and open top chamber studies; ® Based on the review of Zhou et al. (2018);
4 Based on Fang et al. (2017); ® based on Lopez et al. (2023);  Air temperature
increase compared to normal conditions/ control. Based on Fiillner et al. (2012)
and Rehman et al. (2019); 7 On average, CT (conservative and conventional
tillage) increased root:shoot ratio in wheat by 14.8 % compared to NT (no-
tillage) based on 8 studies with n = 16 data pairs. Considering only winter
wheat, the increased root:shoot ratio is only 2.4 % (4 studies, 9 pairs).

——

factor

B3 co2

B drought
B Niimitation
B soiltilage

E temperature

Fig. 1. Effect of abiotic factors on observed root:shoot ratios of common agricultural crops under field and semi-natural controlled conditions in case of low data
availability. The data show the percentage effect of ambient CO, elevation (number of data points n = 15), drought stress (n = 7), nitrogen (N) limitation (n = 191),
increasing air temperature (n = 10) and conventional soil tillage (vs. no-tillage or conservative tillage, n = 68). The data source can be found in the supplemen-

tary material.
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5 % on root:shoot ratio to elevated CO, was observed (Table 1, range:
—59% to +16 %, n = 9). However, the root:shoot response of wheat, and
other agricultural crops, to elevated CO5 experiments is contradictory as
evidenced by the wide range of results obtained from different studies.
Additionally, CO5 may interact with other factors such as water and
nutrient supply, genotype, plant age. For instance, legumes, root and
tuber crops are expected to have a greater response to elevated COy
(Butterly et al., 2015; Rogers et al., 1995), with increased response
under well-watered (23 %) than under drought conditions (9 %) (Qiao
et al., 2010). In general, it was found that root:shoot ratio increased
when increasing ambient CO; levels by a mean of 12-14 % (Table 1).

2.1.2. Water supply and drought

Drought is one of the main abiotic stress factors in agriculture, which
negatively affect crop growth and development, and therefore, crop
productivity (Fahad et al., 2017; Farooqi et al., 2020). Changes in root
architecture and distribution are important mechanisms to cope with
drought stress in crops (Dietz et al., 2021; Matsui and Singh, 2003;
Siddiqui et al., 2021), as well as changes in root:shoot ratio (Seleiman
et al., 2021). In a synthesis of global field trials synthesized data from
128 published studies, Zhou et al. (2018) showed that drought signifi-
cantly decreased root length and root length density by 38 % and 11 %,
respectively, but increased root diameter by 3.5 %.

In general, root:shoot ratio tends to increase under drought condi-
tions, but the magnitude of increase depends on the crop as well as on
timing and magnitude of the stress. Kou et al. (2022) reported, that
under drought stress conditions, crops with fibrous root systems resulted
in 22 % increase in root:shoot ratio, while in crops with tap root systems,
the root:shoot ratio increased by 43 %. Zhou et al. (2018) reported that
drought stress tends to increase the root:shoot ratio by 13.5 % (Table 1),
with a wide range of variation depending on the crop and magnitude of
drought stress. Additionally, root:shoot ratios responded negatively to
drought at <25 % intensity (moderate drought stress), but increased at
25-50 % and > 50 % intensity (severe drought stress). Root:shoot ratio
increased in wheat when drought stress was applied during the vege-
tative stage, which resulted in an increased crop growth rate due to the
higher root water uptake and gas exchange (Bacher et al., 2022). Fang
et al. (2017) reported different responses to moderate drought stress
(rainfed vs. irrigated) in an old and a modern winter wheat cultivar
grown under field conditions, where the root:shoot ratio increased in the
old cultivar by 27 % and increased in the modern cultivar by 4 %. For
legumes, a similar response of increasing root:shoot ratio under drought
stress has been reported although some crop legume species, like
cowpea, are more tolerant to drought stress (Du et al., 2020; Matsui and
Singh, 2003; Pang et al., 2011). Root length density, root depth, and root
dry matter can potentially be used for selection of drought tolerance
cultivars (Matsui and Singh, 2003). However, selection for increased
root:shoot ratio can be challenging. A study conducted with 99 wheat
genotypes showed a negative correlation between root:shoot ratio and
grain yield, high environmental variance and low heritability as limi-
tations for breeding cultivars to have more root biomass and maintain
grain yield under drought conditions (Mathew et al., 2018).

2.1.3. Nitrogen supply and soil nitrogen limitation

Plant root characteristics play a crucial role in acquisition of re-
sources and plant performance, especially when the availability of nu-
trients in the soil is low. Several field studies on the effect of N deficiency
report increased root:shoot ratio (Welbank and Williams, 1968; Myers,
1980; Anderson, 1988; Eghball and Maranville, 1993; Sharifi et al.,
2005; Wang et al., 2005; Farrior et al., 2013; Xue et al., 2014; Hadir
et al., 2021). In a meta-analysis of 50 field studies considering nitrogen
(N), Lopez et al. (2023) found that the root:shoot ratio was often
enhanced (mean of 44 %, based on 13 studies) under N-poor conditions.
Two studies conducted by Anderson (1988) and Eghball and Maranville
(1993) reported an increase in the root:shoot ratio of maize under
nitrogen-deficient conditions, particularly in low N conditions.

Science of the Total Environment 955 (2024) 176738

Anderson (1988) observed a significantly higher root:shoot ratio in
unfertilized trials compared to the high fertilization (application of 180
kg N per ha) across three years of evaluation. In winter wheat, Xue et al.
(2014) also observed an increase in the root:shoot ratio with decreasing
N supply. The data are similar to those provided by Wang et al. (2014),
who found that no fertilization treatments significantly increased the
root:shoot ratio in winter wheat. However, N applications were partic-
ularly beneficial for the shoots, leading to a decrease in the root:shoot
ratio when N was applied (Welbank and Williams, 1968). While most
studies have reported an increase in the root:shoot ratio under N defi-
ciency, few studies have found variable effects on the ratio depending on
other factors studied. Feng et al. (2016) reported that maize root:shoot
ratio at silking was higher in the no fertilization treatment, except in the
loamy clay soil in one out of the three years of the study. In sugarcane, N
deficiency led to a decrease in the root:shoot ratio at the beginning of the
production cycle at one out of two experimental sites, with similar ratios
observed between treatments in later growth stages (Otto et al., 2014).
In general, Lopez et al. (2023) reported that root:shoot ratio increased
with decreasing N level by a mean of 44 % and 64 % for wheat (Table 1).

2.1.4. Air temperature

Air temperature is an important factor for phenological development
and above and below plant growth (Gregory, 2006). Optimal tempera-
ture ranges, and thus, the effect of temperature on the root:shoot ratio,
seem to differ strongly between crop species (Koevoets et al., 2016). For
wheat, reported optimal air temperatures for root growth range around
16.3 (£3.7)°C, while optimal air temperatures for shoot growth range
around 20.3 (£0.3)°C (Porter and Gawith, 1999). Under non-optimal
root zone temperatures, root:shoot ratios increased compared with op-
timum temperature ranges (Koevoets et al., 2016). In a pot study with
barley, Fiillner et al. (2012) found a 21 % (from 0.39 to 0.31) mean
decrease in root:shoot ratio when changing the root temperature from
10 °C to 20 °C. In another pot experiment where air temperatures were
increased from 25/20 °C (day/night) to 36/28 °C Rehman et al. (2019)
observed a root:shoot ratio decrease of 20 and 30 % in two wheat cul-
tivars. These changes in root:shoot ratios might, however, not be
directly related to temperature but adaptations to restrictions in water
and nutrient uptake (Wilson, 1988; Equiza et al., 2001, de Lima et al.,
2021).

While the previously listed studies can give us a good understanding
of physiological responses of roots and of the root:shoot ratio to changes
in temperature, these experiments are also limited in transferability as
they have been conducted under controlled conditions in pot experi-
ments. One of the main differences between field trials and most pot
experiments is the temperature gradient in natural soils, where tem-
perature is not uniform but changes with depth. In a pot study with and
without temperature gradients, Fiillner et al. (2012) observed that
barley roots exposed to a vertical gradient in soil temperature of 20-10
°C had a 161 % higher root:shoot ratio than plants grown under uniform
soil temperature of 20 °C. Additionally, observations from most pot
experiments are focussing on early developmental stages. Although,
widely accepted methodologies to alter soil- and atmospheric temper-
atures under field conditions exist (Patil et al., 2013), field experimen-
tation on root growth remains are rare. In a study where two maize
varieties were grown in buried pots in three environments with mean air
temperatures of 14.6, 16.9, and 18 °C respectively, Richner et al. (1996)
observed highest root:shoot ratios under mean air temperatures of 14.6
°C at the four-leaf stage. Ordonez et al. (2020) reported positive corre-
lation between temperature and root:shoot ratios in a study with maize
and soybean at 10 different sides in the U.S. State Iowa. Hou et al.
(2018), applied infrared heaters 3 m aboveground for two years and an
interaction between temperature and tillage on root biomass distribu-
tion of winter wheat was reported, with significantly higher root
biomass in the upper 0-10 cm under no tillage and warming and
significantly higher root biomass between 10 and 30 cm under tillage
and warming, but no variation was observed in the root:shoot ratios
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(Hou et al., 2018).

2.1.5. Soil tillage

Conventional tillage (CT) system with heavy machinery can result in
subsoil compaction that limits water infiltration and restricts crop root
growth, and therefore, affects biomass yield (Zhang et al., 2024; Horn,
2004; Horn and Smucker, 2005). The response of root:shoot ratio to
tillage systems is complex and strongly depends on soil texture (Zhao
et al., 2023; Schneider et al., 2017), soil bulk density (Oussible et al.,
1992; Qin et al., 2004; Alvarez and Steinbach, 2009), weather and
climate conditions (Alvaro-Fuentes et al., 2007; Munoz-Romero et al.,
2010), soil moisture and temperature (Liu et al., 2015; Guan et al., 2014;
Hou et al., 2018), soil nutrient status (Oussible et al., 1992; Haugen-
Kozyra et al., 1993; Schneider et al., 2017; Munoz-Romero et al., 2010),
and crop type (Alvaro-Fuentes et al., 2007; Andersen et al., 2013).
Therefore, assigning a single root:shoot ratio for specific crops without
considering the tillage effect could result in biased estimation of root-
induced carbon to the soil, especially for modelling soil organic car-
bon storage and changes.

Generally, conservative and conventional tillage (CT) tends to in-
crease root:shoot ratios for cereals by about 4 % (based on 19 studies
with 45 root:shoot ratio data pairs, see supplement). In a 3-year study,
Munoz-Romero et al. (2010) studied the effects of root growth under CT
and no tillage (NT) for spring wheat under rainfed conditions and the
results showed higher root biomass in the top soil layer under CT, but no
differences were observed in deeper soil layers. Additionally, the root:
shoot ratio was lower in the NT vs. CT (0.13 vs. 0.18) due to increased
shoot biomass. Rotary tillage before seeding increased the axile root:
shoot ratio by 16 % in maize as reported by Bian et al. (2016). Despite
that in most cases CT increases root:shoot ratios of cereals including
maize, studies have also found the opposite or no response to tillage
(based on 21 studies with 46 root:shoot ratio data pairs). Hou et al.
(2018) found no significant differences in one of two years in irrigated
winter wheat, whereas Wilhelm (1998) stated that NT increased the
root:shoot ratio of winter wheat by 24 % compared to CT. Other studies
reported no difference in root:shoot ratio of winter wheat under NT and
CT under temperate climate (Ellis and Barnes, 1980; Qin et al., 2004).
On average, soil tillage (conservation and conservative tillage)
decreased root:shoot ratio only by 0.5 % as compared to no-tillage
among several field crops under diverse environmental conditions
(based on 29 studies with 68 root:shoot ratio data pairs). In case of le-
gumes, tillage decreased root:shoot ratio by 13 % as compared to no-
tillage (House et al., 1984; Munoz-Romero et al., 2012; Das et al.,
2021; Adamic and Leskovsek, 2021). Specifically for wheat, soil tillage
increased root:shoot ratio by about 15 % as compared to no-tillage (9
studies with 18 root:shoot ratio data pairs). Considering only winter
wheat, tillage increased root:shoot ratio by about 2.4 % as compared to
no-tillage (Table 1).

2.2. Implementation of the effect of abiotic environmental stresses and
tillage on root:shoot ratio in simulation models

2.2.1. Experimental data used for model calibration

The experimental data were taken from a field trial conducted at the
agricultural research station Campus Klein-Altendorf of the University
of Bonn, situated in the western Germany at 50°37'N, 6°59'E, and 176 m
altitude. Winter wheat (Triticum aestivum) cultivar cv. Milaneco was
sown on August 29th, 2020 harvested on August 8th, 2021.The shoot
data used for the current study included leaf area index (LAI) collected
four times, shoot biomass measured five times, and straw and grain yield
at harvest. Root sampling was carried out on May 19th, 2021 using a
root auger with an inner diameter of 9 cm and a length of 1 m, the root
biomass and root length density were determined. Details on the
experimental site, the trial and the data collection and post-processing
can be found in the supplementary material.
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2.2.2. Selected crop growth models

For the modelling exercise, the process-based soil-crop models
STICS, SIMPLACE, AgroC, and MONICA were selected. They are process-
based agroecosystem models (or soil-crop models) that represent main
processes related to crop development and growth and the interactions
with the environment. Typically, biomass production is a function of
radiation and temperature. The growth may be further modulated by
radiation use efficiency, temperature and CO, response curves, as well
as water and nutrient stresses (Jamieson et al., 2008). Common main
processes implemented in these 1D field-scale crop models are outlined
in the supplementary material.

2.2.3. Model setup and calibration (baseline scenario)

Weather data, soil characteristics and initial volumetric soil water
content from the experiment explained above were provided as input.
The models were calibrated separately by adjusting the phenology pa-
rameters to match the observed dates for emergence, flowering, and
physiological maturity. As for crop growth, intermediate and final
above-ground biomass, root biomass, LAI and final grain yield were used
for the model calibration. The calibrated models were then applied for
the scenario runs.

2.2.4. Model scenarios

Five scenarios with respect to ambient CO; enhancement, changes in
air temperature and precipitation, N availability, and tillage were
generated. Only one input (e.g., air temperature) per scenario was
changed and the others (e.g., CO5 concentration) were kept constant.
Model parameters (such as crop parameters) were held constant
throughout the scenario runs in each of the models, allowing only the
effect of the varying input to be studied. One exception was the tem-
perature scenarios: The phenology parameters were adjusted so that the
flowering and harvest dates were always the same in all scenarios, to
allow better analysis and interpretation of the root:shoot ratios.

The baseline was considered as the simulation with the original input
data (see Section 2.2.3). For the atmospheric CO, concentration 11
scenarios ranging from 424 to 570 ppm, with a 3 % (13-16 ppm) in-
crease by scenario were created. For the precipitation scenarios (drought
and excess water), the mean daily precipitation was reduced and
increased by 10, 20, 30, 40, and 50 % from the baseline. In case of the
temperature scenario, the mean daily temperatures were increased and
reduced from the baseline by 1, 2, 3, 4 and 5 °C, respectively. For the N
availability scenario, the initial soil N (0-90 cm) and the applied mineral
fertilizer were set to (initial soil N/applied N fertilizer) 0/0, 25/0,50/0,
0/50, 25/50, 50/50, 0/100, 25/100, 50/100, 150/140 (baseline) and
200/200 kg N/ha. Finally, for the tillage scenario, the topsoil (0-27 cm)
bulk density ranged between 1.14 and 2.06 g cm™>, with continuous
increments of 6 % by scenario. For the tillage scenario, the respective
topsoil hydraulic properties were generated using the Hypres pedo-
transfer functions (Wosten et al., 1999).

To allow for a better comparison with observations, we calculated
the mean of the daily difference between the scenarios with the highest
difference per model in a period where root observations in the field
often take place, namely from end of tillering to end of flowering which
relates to May 5th to June 24th 2021.

3. Results and discussion
3.1. Scenario results

3.1.1. Simulated root:shoot ratios in the baseline scenario

In general, the shape of the simulated root:shoot ratio curves as well
as the maximum absolute root:shoot ratio values varied widely among
the models (Fig. 2). For the baseline from March 1st to harvest, the
maximum absolute root:shoot ratio values were for AgroC = 0.3, STICS
= 0.4, MONICA = 1.1, and SIMPLACE = 1.4. Strong differences in
simulated root:shoot ratio over the entire growing season were observed
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Fig. 2. Simulated daily root:shoot ratios for STICS, SIMPLACE, AgroC, and MONICA models for the baseline scenario from emergence to harvest in August (left) and

from March 1st until harvest in August 2021 (right).

especially in early growing stages before March 1st. The mean winter
wheat root:shoot ratio provided by the meta-analysis of Mathew et al.
(2017) was 0.30. Bolinder et al. (1997) reported of winter wheat root:
shoot ratios of 0.13-0.2 measured at or close to maturity in field studies
and Hirte et al. (2021) of a root:shoot ratio of 0.09 at flowering of winter
wheat (conventional farming). Thus, the simulated root:shoot ratios in
the later growth stages were in the range of reported values.

3.1.2. Atmospheric CO; levels

The simulated root:shoot ratios for changes in atmospheric CO;
levels only differed marginally from those simulated under the baseline
scenario for all models (Fig. 3, and S1 to S4 in the supplement). The
mean difference (mean of the highest difference of all eleven scenarios
per day) was 1.5 % for MONICA, 3 % for STICS, 1 % for SIMPLACE with
peaks at harvest of 3 % for MONICA, STICS, and SIMPLACE. AgroC did
not consider feedbacks of changing atmospheric CO5 concentrations on
crop growth in the version used in this study. From end of tillering to end
of flowering the root:shoot was affected by 0 % for STICS, 1 % for
SIMPLACE, and 2 % for MONICA pointing again to the fact that changes
in CO, concentration will not impact the root:shoot ratio substantially in
the models. An absolute shoot biomass (Figs. S11-13) and root biomass

100

-l
o

effect

N
o

0

Co2 N limitation

factor
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(Figs. S7-9) increment with increasing ambient CO5 enhancement was
simulated by STICS, SIMPLACE, and MONICA.

3.1.3. Water supply and drought

The root:shoot ratios simulated with SIMPLACE were very sensitive
to changes in precipitation (Fig. 3). The maximum difference among
scenarios was 53 % for the root:shoot ratio simulated in mid-May as the
root biomass was low in the scenarios which received very little rainfall
but shoot biomass was similar within all scenarios. At harvest, the shoot
and root biomass were proportionally reduced in the scenarios with
lower precipitation. Also, the STICS and AgroC model results showed a
moderate to strong sensitivity of root:shoot ratios to drought stress. The
mean difference of root:shoot ratios in the scenarios with changing
precipitation was 12 % (season mean) with a maximum difference
among scenarios at harvest with about 65 % for the STICS model. The
mean difference of root:shoot ratios in the rainfall scenarios in AgroC
was slightly lower with 11 % and the maximum difference among sce-
narios was ~50 % simulated after emergence, which decreased over
time and increased again around DVS 1.5 up to 15 % at harvest (sce-
narios 3 vs. scenarios 8). MONICA showed the lowest response with 2 %
mean difference of the root:shoot ratios for the precipitation scenarios.

model

$ AgroC
‘ MONICA

BE siMPLACE

B3 sTics

A LA

soil tillage temperature

Fig. 3. Maximum simulated winter wheat root:shoot difference in % for each factor across the scenarios (e.g. the 10 atm CO, elevation scenarios for four soil-crop
models. Each boxplot represents the maximum difference among the 10 scenarios from 5th May to 24th June 2022 (daily values) per model.
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The maximum difference among scenarios was about 7 % simulated for
end of November with another peak of differences of 5 % at harvest by
MONICA. From end of tillering to end of flowering the root:shoot ratio
stayed relatively unaffected for STICS (1 %) and MONICA (1 %),
whereas AgroC simulations showed a slightly larger difference (8 %),
and largest was simulated by SIMPLACE with 40 %. A decline of the
absolute root (Fig. S6-9) and shoot biomass (Figs. S10-13) with
increasing dry conditions was simulated by all models. The only
exception was MONICA with no decline of root biomass with increasing
drought.

3.1.4. Nitrogen supply and soil nitrogen limitation

The MONICA model reacted most to N limitation (Fig. 3). The
simulated root:shoot ratios differed by maximum ~50 % at harvest with
a daily mean difference of 20 % for the MONICA modelling results. The
root:shoot ratios in the N scenarios simulated by STICS differed by
maximum ~30 % at harvest with a daily mean difference of 4 % only.
Intermediate differences were calculated by the SIMPLACE model with
maximum root:shoot differences of 20 % at harvest (scenarios 1 vs. 11).
The root:shoot ratios simulated by SIMPLACE only started to differ after
mid-May at DVS 0.5 as the shoot growth started to differ among the N
scenarios (more shoot growth in scenarios with higher N availability),
whereas the root biomass was similar for all scenarios. As for AgroC, the
simulated root:shoot ratios differed maximum only by 11 % at harvest
(scenariol vs. scenarioll). From end of tillering to end of flowering the
root:shoot ratio was affected by 43 % for MONICA, which was much
larger as those simulated for the other models with 1 % for STICS, 4 %
for SIMPLACE, and 5 % for AgroC. A decrease in absolute root biomass
with increasing N availability was simulated by all models (Figs. S6-S9).
The only exception was SIMPLACE, which showed no decrease in root
biomass with increasing N limitation.

3.1.5. Air temperature

The simulated root:shoot ratio was most sensitive to air temperature
decrease and increase compared to all other environmental impacts
analyzed (Figs. 3, S2-5 in SI). The impact of variations of air tempera-
ture on the root:shoot ratio already kicked in at or soon after emergence.
Both, absolute root and shoot biomass, were affected. A linear decrease
of root:shoot ratio from scenarios 1-5 (lower temperature than baseline)
and an increase of root:shoot ratio from scenarios 7-11 (higher tem-
perature than baseline) for AgroC and SIMPLACE. The difference of root:
shoot ratio at harvest between scenario 6 (baseline) and the scenario
with the highest temperature increase (scenario 11) was 50 % (SIM-
PLACE) and 13 % (AgroC). The decline of root:shoot ratio from end of
tillering to end of flowering between scenario 6 (baseline) and the sce-
nario with the highest temperature increase (scenario 11) was 50 %
(SIMPLACE, AgroC). By contrast, in case of STICS and MONICA,
increasing temperature (scenarios 1 to 11) lead to a linear decline of
root:shoot ratio leading to multiple times lower values in case of high
temperatures at harvest and a mean root:shoot difference from end of
tillering to end of flowering of 86 % for MONICA and 30 % for STICS. A
decrease in absolute root biomass in the later growth stages with
increasing air temperature was simulated by all models. The only
exception was SIMPLACE, which showed an increase in root biomass. An
increase in absolute shoot biomass with increasing air temperature was
simulated by all models but AgroC.

3.1.6. Soil tillage

The simulated root:shoot ratios for the tillage scenarios were only
slightly sensitive in case of AgroC, SIMPLACE, STICS, and MONICA
model outputs (Fig. 3). Tillage affected early root:shoot ratios in the
AgroC and SIMPLACE outputs, and late root:shoot ratio in the STICS and
MONICA model. The mean difference of root:shoot ratios in the tillage
scenarios was 12 % (daily means comparing the scenarios with
maximum differences of root:shoot ratios). The maximum difference of
root:shoot ratio in the tillage scenarios was 6 % (scenario means of root:
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shoot ratios) with a maximum span of 25 % (scenario 1 to 5 vs. scenario
11) shortly after emergence for the SIMPLACE simulation results. Much
lower differences in the mean root:shoot ratios for the tillage scenarios
with 1 % and a maximum span of 2 % at harvest was reported for the
MONICA model. Similarly, the STICS model showed mean difference of
the root:shoot ratio of 2 % (daily means comparing the scenarios with
maximum differences of root:shoot ratios) but a much wider span with a
maximum value of 22 % at harvest (scenario 1 vs. scenario 11). From
end of tillering to end of flowering the root:shoot ratio was affected by
0.5 % for MONICA, 0 % for STICS, 1 % for SIMPLACE, and slightly larger
with 8 % for AgroC.

As AgroC solves the Richards equation for soil water dynamic cal-
culations, it may be more sensitive to changes in the soil hydraulic
characteristics induced by bulk density changes compared to the bucket-
based models.

3.2. Simulated maximum absolute root biomass responses to abiotic
stresses and tillage

The simulated maximum absolute root dry matter biomass in the
season (potential root-C input into soil excluding exudates and secretes)
plays an important role in simulating SOC dynamics and carbon
sequestration. As the root:shoot ratio is affected by both, root and shoot
biomass, we explored if the effects were rather on simulated absolute
root or shoot biomass.

On average, the total C input in the soil by winter wheat roots (6 t
ha™! grain yield) is about 1200 kg ha~! within one growing season
(Kuzyakov and Domanski, 2000). The simulated maximum root dry
matter biomasses in the baseline scenarios were 1.3 (MONICA), 1.7
(STICS), 1.9 (SIMPLACE) 3.9 tha ! (AgroC) (Fig. S5). Assuming a 40 %
C content in the dry matter of the roots, (Kuzyakov and Domanski,
2000), this is equal to about 520 (MONICA), 680 (STICS), 750 (SIM-
PLACE) 1560 kg C ha! (AgroC). Of the four models, only AgroC sim-
ulates root exudates. The total C amounts translocated in the soil by
winter wheat (6 t ha™! grain yield) including exudates, rhizodeposits,
and root and rhizomicrobial respiration is about 1500 kg ha~!
(Kuzyakov and Domanski, 2000). In AgroC, the total amount of root
exudates transferred to the soil is a function of glucose assimilated and is
defined as 5.3 % of the total glucose assimilated. Thus, additional 525
kg ha™! of C (baseline) are translocated to the soil via the exudates
during the winter wheat season in AgroC.

In the case of air temperature, simulated absolute root biomass was
highly affected (Fig. S5-S10). Although the simulated shoot dynamics
and absolute values, including yield, where similar among the models
(baseline), the simulated absolute root biomass values over time differed
widely among the models (Fig. S5). In general, dry conditions decreased
absolute root biomass in SIMPLACE, STICS, and AgroC but not in
MONICA. On the other hand, low N conditions decreased absolute root
biomass simulated by STICS, MONICA, and AgroC but not in SIMPLACE.
The simulated absolute maximum root dry matter biomass was strongly
negatively affected by drought and N limitation in most models. Drought
decreased the absolute maximum root biomass by up to 70 % in AgroC,
60 % in SIMPLACE and STICS, and 1 % by MONICA considering all
drought scenarios (scenarios with reduced precipitation). Also the N
deficiency affected maximum root biomass negatively (decline of up to
55 % in STICS, 53 % in MONICA, 50 % in AgroC, and 2 % in SIMPLACE).
Soil tillage (here reflected by decreasing of soil bulk density and
respective changes in the soil hydraulic characteristics) fostered a slight
increase of absolute maximum root biomass of up to 11 % for AgroC, 9 %
for STICS, and 2 % for SIMPLACE, but no change was detectable for the
MONICA simulation results. Elevated atmospheric CO; increased
simulated absolute maximum root biomass by up to 13 % for SIMPLACE,
10 % for MONICA, and 7 % for STICS considering all scenarios. An in-
crease of air temperature led to an increase of absolute maximum root
biomass up to about 300 % for SIMPLACE, 600 % for AgroC, 47 % for
STICS, and 35 % for MONICA.
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3.3. Comparison of observed and simulated responses to changing
environments

According to our literature research, Table 1 summarizes the
observed and simulated effects of abiotic factors in common crops and in
particular, for winter wheat. Results show that, in general, root:shoot
ratio increases under elevated CO,, drought and N deficiency, while it
tends to decrease with temperature above the optimum. Tillage resulted
in a minimum effect on root:shoot biomass ratio.

According to the model scenario results, the effects of abiotic factors
and tillage on simulated winter wheat root:shoot ratios (mean values
from end of tillering to end of flowering) were as follows: The root:shoot
ratio i) increased slightly by up to 2 % in case of elevated atmospheric
CO4, concentrations, ii) increased slightly to moderately (1 to up to about
40 %) in case on increasing drought and N limitation, iii) decreased
moderately to strongly in case of increased air temperatures, and iv)
increased slightly to moderately (mean change of 0 to 8 %) in case of
tillage. Thus, the wheat root:shoot biomass responses seem to be
adequately simulated in case of atmospheric CO; increase and tillage,
moderately in case of drought (depending on the model being used), and
rather underestimated in case of N limitation with also a high variation
in simulated results among the models. For air temperature increase
(above the average), the models reproduced the negative effects on root:
shoot ratio but the observations and the model simulations varied
widely (Table 1 and Fig. 3). Observations, though scarce, suggest a
decrease of root:shoot ratio of 20 to 30 % in wheat under warmer
conditions.

Mathew et al. (2017) revealed a significant negative correlation of
root:shoot ratios with mean annual precipitation and SOC, but a sig-
nificant positive correlation with soil pH, and mean annual temperature.
We report an root:shoot ratio increase by a mean of 14 % under drought
conditions versus well-water conditions in line with Mathew et al.
(2017) who suggest an increase of root:shoot ratio with decreasing mean
annual precipitation. Similar to the results in our study, the root:shoot
ratios were often strongly increased under N deficiency (Lopez et al.,
2023). An increase in the root:shoot ratio due to stress (drought, N
deficiency) may be a result of increased C allocation to the roots leading
to an increase in root biomass. According to the ‘functional equilibrium’
theory, plants increase the allocation of resources to maintain the
development of the organ under stress as a way of counteracting the
effects of stress (Poorter and Nagel, 2000).

According to our literature research, the effects of increasing air
temperature on root:shoot ratio vary widely and also in different di-
rection (—20 % to +26 %). Mathew et al. (2017) reported a significant
positive correlation of root:shoot ratio with mean annual temperature.
We need to have in mind that trials were conducted in temperate and
(sub)tropical climates, whereas in our study we considered studies with
treatment pairs of low and high temperature. In our review, root:shoot
ratio decreased only by 0.5 % in case of conventional tillage vs. no-
tillage, which is in line with Mathew et al. (2017) who reported a
non-significant positive correlation of root:shoot ratio with soil bulk
density.

3.4. Model evaluation

RUE correction factors for atmospheric COy enhancement are
implemented in SIMPLACE, STICS, and MONICA. This approach (or the
applied model parameters) seems to underestimate the effect of atmo-
spheric CO, enhancement on root:shoot ratio, especially, the absolute
increase in root biomass. AgroC does not consider elevated CO- effects
on crop growth.

The simulated effects of drought stress on the root:shoot ratio were
moderate and in a similar range than the observations. SIMPLACE
explicitly considers the effect of drought stress on root:shoot ratio via a
root factor that leads to a higher C allocation to the roots (Fig. 3). This
leads to strong effects on root:shoot ratio of up to 40 % in the driest
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scenario. In AgroC, the root:shoot ratio is predefined and drought effects
are not explicitly considered. The simulation results indicate no or only a
very minor effect of drought stress on root:shoot ratio but a clear effect
on absolute root biomass. In MONICA, a drought stress factor, which
varies by developmental stages and organs, influences assimilation, but
drought stress effects are not explicitly considered. Thus, despite that the
models MONICA and SIMPLACE are able to capture directly the drought
effects on C allocation into the roots, the simulated responses widely
vary.

The observed N limitation effects on root:shoot ratio were moder-
ately to high (mean of 44 % for all crops and 64 % for wheat), whereas
the simulated ones ranged from 1 to 43 %. In SIMPLACE, the fraction of
biomass transferred to the leaves is reduced by a factor in case of low N
conditions. However, this led to a minor effect on root:shoot ratio (4 %
from end of tillering to end of flowering). For AgroC and STICS, no
explicit approach is implemented and the assumed N deficiency affected
root:shoot ratio by 5 and 1 %, respectively. MONICA was the only model
were N deficiency led to a clear effect on root:shoot ratio. MONICA uses
a crop reduction factor for nitrogen stress that also reduces root growth
when tissue N concentration falls below a defined threshold (Eq. S13).
This apparently favorable approach leads to a proportionally stronger
decline in shoot than in root biomass (Figs. S7 and S11).

Simulated soil tillage barely affected root:shoot ratio, which was
similar to the observations for winter wheat (~2.4 % increase) (Table 1).
Decreasing soil bulk density (soil tillage scenarios, soil hydraulic pa-
rameters were also affected), did not or only slightly increase simulated
root:shoot ratios for STICS, AgroC, and MONICA. With regards to SIM-
PLACE, which accounts for soil strength, the root:shoot ratio was mostly
affected in the early development stages before shoot stem elongation.
We therefore assume that, for winter wheat, the model equations
applied can reproduce the effects of soil tillage well.

Increasing and decreasing air temperatures (from the average base-
line value) decreased observed root:shoot ratio by 20-30 %. Air tem-
perature affects the simulation of crop growth in various ways, e.g. via
the temperature driven crop development, or RUE correction factors for
temperature to account for heat stress, but also via effects on soil N
mineralisation. Air temperature decrease from 0° to —5 °C led to a
stepwise decrease of root:shoot ratio in all models. While the daily in-
crease from 1 to 5 °C led to an increase of root:shoot ratio for AgroC and
SIMPLACE with maximum differences of root:shoot ratios at harvest of
50 % (SIMPLACE) and 13 % (AgroC). In case of STICS and MONICA,
increasing temperature led to a linear decline of root:shoot ratio when
comparing all eleven scenarios (Figs. S3 and S4).

3.5. Suggestions for model improvement

The high variability and uncertainty of the modelling results (Fig. 3),
especially for temperature, drought and N limitations scenarios, indicate
a clear need to fill research gaps with regards to the impacts of abiotic
stress, particularly in below ground dynamics for root:shoot ratio and
absolute root biomass growth, and consequently, the need for model
improvement. Our results are in line with previous model intercom-
parison showing large differences among models when simulating root:
shoot ratio and crop to soil feedback (Couédel et al., 2024). We call for
more systematic field experiments, particularly on the effects of single
abiotic stress and their interactions considering the effects of shoot and
root growth, as well as their influence in biomass partition over different
developmental stages (Wang et al., 2024). Such experiments are criti-
cally required to develop and improve mechanistic models that account
for the effect of abiotic stress under a wide range of environments
(precipitation and soil). For example, the simulated root biomass could
not be validated, because, while there is extensive research in above-
ground effects, time series data on below ground root growth pro-
cesses remains scarce. Besides, the partitioning of assimilated carbon to
different above and below-ground components vary during growth
stages and also under different stress factors. This will also impact
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parameterization of different models. This is further complicated by the
complexity of an accurate estimate of the below-ground biomass (Rogers
et al., 1995; Madhu and Hatfield, 2013). However, emerging root phe-
notyping technologies can facilitate the study of below ground processes
(root growth and exudate quantification) in the coming years (Tracy
et al., 2020).

Model improvement can be complex and challenging, especially if no
general approaches (i.e. mathematical equations of the relationships of
interest) are available. In general, there are two approaches for model
improvement: (i) General approaches (e.g. the relation between biomass
production and the amount of radiation absorbed by photosynthetically
active tissues, see Sadras et al., 2016) are available and can be imple-
mented as equations into the model structure; (ii) The use of experi-
mental data that meet modelers requirements (Kersebaum et al., 2015),
which can serve for model improvement. In recent years, the Agricul-
tural Model Intercomparison and Improvement Project (https://agmip.
org/) consortium was created, which brings together the crop model-
ling community and has allowed for modelling improvement. One
example is the improvement of heat stress routines in wheat crop
models, which helped to reduce model uncertainty (Maiorano et al.,
2017). In another example, a literature review was conducted with the
aim to improve the ability of crop models to simulate heat stress impacts
on wheat based on the extensive data set of the “Hot Serial Cereal
experiment” (Rezaei et al., 2015; Webber et al., 2017).

In a similar way, to improve the overall model simulation capabil-
ities of root:shoot biomass ratios under varying conditions, we suggest to
prioritize research on the responses of root:shoot ratio to air tempera-
ture changes and N and drought stress. This will allow for a more
comprehensive understanding of root:shoot ratio as affected by these
factors, which can then be implemented into models. As for tempera-
ture, there are only very few and contradictory field studies on air
temperature increase with respect to root responses. Moreover, drought
and especially N stress have strong effects on the root:shoot biomass
ratios. Despite that the two later factors are considered in the evaluated
models, the responses were inconsistent. For the current study, we
focused in evaluation wheat models, due to its importance as a staple
crop. However, further basic research would be also needed for under-
represented crops, as our review showed the root:shoot responses to
environmental stress can vary by crops. Lastly, as the effects of CO5
enrichment, and especially of tillage, on the mean root:shoot ratio was
rather small in the case of wheat, and the simulation capabilities of the
models were generally good, we consider model improvements with
respect to these two factors to be less critical.

4. Conclusions and outlook

Process-based soil-crop models are becoming increasingly important
for estimating the effects of agricultural management practices and
climate change on SOC stocks. However, there is a large uncertainty in
the calculation of C inputs from roots, especially under changing envi-
ronmental or management conditions. Our model intercomparison
study is one of the first to address root biomass simulation and root:
shoot ratio. It is a first step towards identifying weaknesses for model
improvement and improved understanding of effects of environmental
factors on root:shoot ratio, root biomass-derived C input, and thus,
simulations of SOC dynamics and carbon sequestration. We conclude
that there is a lack of time series of field experimental data on below
ground processes on effects of major abiotic environmental stresses and
tillage systems on root:shoot ratio. This is especially the case for changes
in COy, air temperature and drought stress. This lack of field data makes
it difficult to implement general approaches that can be translated into
field-scale models and proof of concepts and demands for model
improvements.

Science of the Total Environment 955 (2024) 176738
CRediT authorship contribution statement

S.J. Seidel: Writing — original draft, Visualization, Software, Fund-
ing acquisition, Data curation, Conceptualization. S.H. Ahmadi:
Writing — review & editing, Data curation, Conceptualization. L. Wei-
hermiiller: Writing — review & editing, Software. A. Couédel: Writing —
review & editing, Software. G. Lopez: Writing — review & editing,
Software, Data curation. D. Behrend: Writing — review & editing, Data
curation. B. Kamali: Writing — review & editing, Software. T. Gaiser:
Writing — review & editing, Methodology. I.M. Hernandez-Ochoa:
Writing — review & editing, Software, Data curation, Conceptualization.

Declaration of competing interest

We confirm that neither the manuscript nor any parts of its content
are currently under consideration or published in another journal.

We disclose any financial and personal relationships with other
people or organizations that could inappropriately influence (bias) their
work.

Acknowledgements

The presented study has been funded by the Deutsche For-
schungsgemeinschaft (DFG, German Research Foundation) under Ger-
many's Excellence Strategy-EXC 2070-390732324 (PhenoRob), by
DFG-SFB 1502/1-2022 project number: 450058266, the Federal Min-
istry of Education and Research (BMBF) (project “Sustainable Subsoil
Management-Soil3”, Grant 031B0151A), the Sustainable Development
Goal Fellowship of the University of Bonn granted to Seyed Hamid
Ahmadi, the Federal Ministry of Food and Agriculture (BMEL) based on
a decision of the Parliament of the Federal Republic of Germany via the
Federal Office for Agriculture and Food (BLE) (grant number
2822ABS010), as well as by the European Union (EU horizon project
IntercropVALUES, grant agreement No 101081973).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.176738.

Data availability
Data will be made available on request.

References

Adamig, S., Leskovsek, R., 2021. Soybean (Glycine max (L.) Merr.) growth, yield, and
nodulation in the early transition period from conventional tillage to conservation
and no-tillage systems. Agronomy 11, 2477. https://doi.org/10.3390/
agronomy11122477.

Alvarez, R., Steinbach, H.S., 2009. A review of the effects of tillage systems on some soil
physical properties, water content, nitrate availability and crops yield in the
Argentine Pampas. Soil Tillage Res. 104 (1), 1-15.

Alvaro-Fuentes, J., Cantero-Martinez, C., Lopez, M., Arrte, J.L., 2007. Soil carbon
dioxide fluxes following tillage in semiarid Mediterranean agroecosystems. Soil
Tillage Res. 96 (1-2), 331-341.

Andersen, M.N., Munkholm, L.J., Nielsen, A.L., 2013. Soil compaction limits root
development, radiation-use efficiency and yield of three winter wheat (Triticum
aestivum L.) cultivars. Acta Agriculturae Scandinavica, Section B — Soil & Plant
Science 63 (5), 409-419.

Anderson, E.L., 1988. Tillage and N fertilization effects on maize root growth and root:
shoot ratio. Plant Soil 108, 245-251. https://doi.org/10.1007/BF02375655.

Bacher, Harel, Sharaby, Yoav, Walia, Harkamal, Peleg, Zvi, 2022. Modifying root-to-
shoot ratio improves root water influxes in wheat under drought stress. J. Exp. Bot.
73 (5), 1643-1654. https://doi.org/10.1093/jxb/erab500.

Bian, D., Jia, G., Cai, L., Ma, Z., Eneji, A.E., Cui, Y., 2016. Effects of tillage practices on
root characteristics and root lodging resistance of maize. Field Crop Res. 185, 89-96.

Bolinder, M.A., Angers, D.A., Dubuc, J.P., 1997. Estimating shoot to root ratios and
annual carbon inputs in soils for cereal crops. Agric. Ecosyst. Environ. 63 (1), 61-66.
https://doi.org/10.1016/50167-8809(96)01121-8.

Bolinder, M.A., Janzen, H.H., Gregorich, E.G., Angers, D.A., VandenBygaart, A.J., 2007.
An approach for estimating net primary productivity and annual carbon inputs to


https://agmip.org/
https://agmip.org/
https://doi.org/10.1016/j.scitotenv.2024.176738
https://doi.org/10.1016/j.scitotenv.2024.176738
https://doi.org/10.3390/agronomy11122477
https://doi.org/10.3390/agronomy11122477
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0015
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0015
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0015
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0020
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0020
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0020
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0025
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0025
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0025
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0025
https://doi.org/10.1007/BF02375655
https://doi.org/10.1093/jxb/erab500
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0055
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0055
https://doi.org/10.1016/S0167-8809(96)01121-8

S.J. Seidel et al.

soil for common agricultural crops in Canada. Agric. Ecosyst. Environ. 118 (1-4),
29-42, https://doi.org/10.1016/j.agee.2006.05.013.

Butterly, Clayton R., Armstrong, Roger, Chen, Deli, Tang, Caixian, 2015. Carbon and
nitrogen partitioning of wheat and field pea grown with two nitrogen levels under
elevated CO2. Plant Soil 391 (1), 367-382. https://doi.org/10.1007/511104-015-
2441-5.

Chen, Xinli, Chen, Han Y.H., Chen, Chen, Ma, Zilong, Searle, Eric B., Zaipeng, Yu,
Huang, Zhiqun, 2020. Effects of plant diversity on soil carbon in diverse ecosystems:
a global meta-analysis. Biol. Rev. 95 (1), 167-183. https://doi.org/10.1111/
brv.12554.

Couédel, A., Falconnier, G.N., Adam, M., Cardinael, R., Boote, K., Justes, E., Smith, W.N.,
Whitbread, A.M., Affholder, F., Balkovic, J., Basso, B., Bhatia, A., Chakrabarti, B.,
Chikowo, R., Christina, M., Faye, B., Ferchaud, F., Folberth, C., Akinseye, F.M.,
Gaiser, T., Galdos, M.V., Gayler, S., Gorooei, A., Grant, B., Guibert, H.,
Hoogenboom, G., Kamali, B., Laub, M., Maureira, F., Mequanint, F., Nendel, C.,
Porter, C.H., Ripoche, D., Ruane, A.C., Rusinamhodzi, L., Sharma, S., Singh, U.,
Six, J., Srivastava, A., Vanlauwe, B., Versini, A., Vianna, M., Webber, H., Weber, T.K.
D., Zhang, C., Corbeels, M., 2024. Long-term soil organic carbon and crop yield
feedbacks differ between 16 soil-crop models in sub-Saharan Africa. Eur. J. Agron.
155, 127109. https://doi.org/10.1016/j.eja.2024.127109.

Das, A., Rangappa, K., Basavaraj, S., Dey, U., Haloi, M., Layek, J., Ngachan, S., 2021.
Conservation tillage and nutrient management practices in summer rice (Oryza
sativa L.) favoured root growth and phenotypic plasticity of succeeding winter pea
(Pisum sativumL.) under eastern Himalayas, India. Heliyon 7 (5).

Dietz, K.-J., Zorb, C., Geilfus, C.-M., 2021. Drought and crop yield. Plant Biol. 23 (6),
881-893. https://doi.org/10.1111/plb.13304.

Du, Yanli, Zhao, Qiang, Chen, Liru, Yao, Xingdong, Zhang, Wei, Zhang, Bo, Xie, Futi,
2020. Effect of drought stress on sugar metabolism in leaves and roots of soybean
seedlings. Plant Physiol. Biochem. 146 (January), 1-12. https://doi.org/10.1016/j.
plaphy.2019.11.003.

Eghball, B., Maranville, J.W., 1993. Root development and nitrogen influx of corn
genotypes grown under combined drought and nitrogen stresses. Agron. J. 85,
147-152. https://doi.org/10.2134/agronj1993.00021962008500010027x.

Ellis, F.B., Barnes, B.T., 1980. Growth and development of root systems of winter cereals
grown after different tillage methods including direct drilling. Plant Soil 55,
283-295.

Equiza, Maria A., Miravé, Juan P., Tognetti, Jorge A., 2001. Morphological, anatomical
and physiological responses related to differential shoot vs. root growth inhibition at
low temperature in spring and winter wheat. Ann. Bot. 87 (1), 67-76. https://doi.
org/10.1006/anbo.2000.1301.

Fahad, Shah, Bajwa, Ali A., Nazir, Usman, Anjum, Shakeel A., Farooq, Ayesha,

Zohaib, Ali, Sadia, Sehrish, et al., 2017. Crop production under drought and heat
stress: plant responses and management options. Front. Plant Sci. 8 (June). https://
doi.org/10.3389/fpls.2017.01147.

Fang, Y., Du, Y., Wang, J., Wu, A., Qiao, S., Xu, B., Zhang, S., Siddique, K.H.M., Chen, Y.,
2017. Moderate drought stress affected root growth and grain yield in old, modern
and newly released cultivars of winter wheat. Front. Plant Sci. 8. https://doi.org/
10.3389/fpls.2017.00672.

Farina, Roberta, Sandor, Renata, Abdalla, Mohamed, Alvaro—Fuentes, Jorge,

Bechini, Luca, Bolinder, Martin A., Brilli, Lorenzo, Chenu, Claire, Clivot, Hugues, De
Antoni, Massimiliano, Migliorati., 2021. Ensemble modelling, uncertainty and
robust predictions of organic carbon in Long-term bare-fallow soils. Glob. Chang.
Biol. 27 (4), 904-928.

Farooqi, Zia Ur Rahman, Muhammad Ashar Ayub, Muhammad Zia ur Rehman,
Muhammad Irfan Sohail, Muhammad Usman, Hinnan Khalid, and Komal Naz. 2020.
“Chapter 4 - regulation of drought stress in plants.” In Plant Life Under Changing
Environment, edited by Durgesh Kumar Tripathi, Vijay Pratap Singh, Devendra
Kumar Chauhan, Shivesh Sharma, Sheo Mohan Prasad, Nawal Kishore Dubey, and
Naleeni Ramawat, 77-104. Academic Press. doi:https://doi.org/10.1016/B978-0-
12-818204-8.00004-7.

Farrior, C.E., Tilman, D., Dybzinski, R., Reich, P.B., Levin, S.A., Pacala, S.W., 2013.
Resource limitation in a competitive context determines complex plant responses to
experimental resource additions. Ecology 94, 2505-2517. https://doi.org/10.1890/
12-1548.1.

Feng, G., Zhang, Y., Chen, Y., Li, Q., Chen, F., Gao, Q., et al., 2016. Effects of nitrogen
application on root length and grain yield of rain-fed maize under different soil
types. Agron. J. 108, 1656-1665. https://doi.org/10.2134/agronj2015.0367.

Fiillner, K., Temperton, V.M., Rascher, U., Jahnke, S., Rist, R., Schurr, U., Kuhn, A.J.,
2012. Vertical gradient in soil temperature stimulates development and increases
biomass accumulation in barley. Plant Cell Environ. 35 (5), 884-892. https://doi.
org/10.1111/j.1365-3040.2011.02460.x.

Gregory, P.J., 2006. Plant Roots: Growth, Activity, and Interaction With Soils. Blackwell
Pub, Oxford; Ames, Iowa.

Guan, D., Al-Kaisi, M.M., Zhang, Y., Duan, L., Tan, W., Zhang, M., Li, Z., 2014. Tillage
practices affect biomass and grain yield through regulating root growth, root-
bleeding sap and nutrients uptake in summer maize. Field Crop Res. 157, 89-97.

Hadir, S., Gaiser, T., Hiiging, H., Athmann, M., Pfarr, D., Kemper, R., et al., 2021. Sugar
beet shoot and root phenotypic plasticity to nitrogen, phosphorus, potassium and
lime omission. Agriculture 11, 21. https://doi.org/10.3390/agriculture11010021.

Haugen-Kozyra, K., Juma, N.G., Nyborg, M., 1993. Nitrogen partitioning and cycling in
barley soil systems under conventional and zero tillage in Central Alberta. Can. J.
Soil Sci. 73, 183-196.

Hirte, Juliane, Walder, Florian, Hess, Julia, Biichi, Lucie, Colombi, Tino, van der
Heijden, Marcel G., Mayer, Jochen, 2021. Enhanced root carbon allocation through
organic farming is restricted to topsoils. Sci. Total Environ. 755 (2), 143551. https://
doi.org/10.1016/j.scitotenv.2020.143551.

10

Science of the Total Environment 955 (2024) 176738

Horn, R., 2004. Time dependence of soil mechanical properties and pore functions for
arable soils. Soil Sci. Soc. Am. J. 68 (4), 1131-1137.

Horn, R., Smucker, A., 2005. Structure formation and its consequences for gas and water
transport in unsaturated arable and forest soils. Soil Tillage Res. 82 (1), 5-14.

Hou, Ruixing, Ouyang, Zhu, Han, Daorui, Wilson, Glenn V., 2018. Effects of field
experimental warming on wheat root distribution under conventional tillage and no-
tillage systems. Ecol. Evol. 8 (5), 2418-2427. https://doi.org/10.1002/ece3.3864.

House, G.J., Stinner, B.R., Crossley, D.A., Odum, Jr, E. P., 1984. Nitrogen cycling in
conventional and no-tillage agro-ecosystems: analysis of pathways and processes.
J. Appl. Ecol. 21 (3), 991-1012.

Ittersum, M.K. van, Leffelaar, P.A., van Keulen, H., Kropff, M.J., Bastiaans, L.,
Goudriaan, J., 2003. On approaches and applications of the Wageningen crop
models. European Journal of Agronomy, Modelling Cropping Systems: Science,
Software and Applications 18 (3), 201-234. https://doi.org/10.1016/51161-0301
(02)00106-5.

Jacobs, Anna, Heidecke, Claudia, Jumshudzade, Zaur, Osterburg, Bernhard,

Paulsen, Hans, Poeplau, Christopher, 2020. Soil organic carbon certificates -
potential and limitations for private and public climate action. Landbauforschung:
Journal of Sustainable and Organic Agr. Syst. 70 (2), 31-35. https://doi.org/
10.3220/LBF1605778405000.

Jamieson, P.D., Asseng, S., Chapman, S.C., Dreccer, M.F., White, J.W., McMaster, G.S.,
Porter, J.R., Semenov, M.A., 2008. Modelling Wheat Production. World Wheat Book.

Katterer, Thomas, Bolinder, Martin Anders, Andrén, Olof, Kirchmann, Holger,
Menichetti, Lorenzo, 2011. Roots contribute more to refractory soil organic matter
than above-ground crop residues, as revealed by a long-term field experiment. Agric.
Ecosyst. Environ. 141 (1), 184-192. https://doi.org/10.1016/j.agee.2011.02.029.

Keel, S.G., Leifeld, J., Mayer, J., Taghizadeh-Toosi, A., Olesen, J.E., 2017. Large
uncertainty in soil carbon modelling related to method of calculation of plant carbon
input in agricultural systems. Eur. J. Soil Sci. 68 (6), 953-963. https://doi.org/
10.1111/ejss.12454.

Kersebaum, K.C., Boote, K.J., Jorgenson, J.S., Nendel, C., Bindi, M., Frithauf, C.,
Gaiser, T., Hoogenboom, G., Kollas, C., Olesen, J.E., Rotter, R.P., Ruget, F.,
Thorburn, P.J., Trnka, M., Wegehenkel, M., 2015. Analysis and classification of data
sets for calibration and validation of agro-ecosystem models. Environ. Model. Soft.
72, 402-417. https://doi.org/10.1016/j.envsoft.2015.05.009.

Kim, Y.U., Webber, H., Adiku, S.G.K., Néia Junior, R. de S., Deswarte, J.C., Asseng, S.,
et al., 2024. Mechanisms and modelling approaches for excessive rainfall stress on
cereals: waterlogging, submergence, lodging, pests and diseases. Agric. For.
Meteorol. 344. https://doi.org/10.1016/j.agrformet.2023.109819.

Klosterhalfen, A., Herbst, M., Weihermiiller, L., Graf, A., Schmidt, M., Stadler, A.,
Schneider, K., Subke, J.-A., Huisman, J.A., Vereecken, H., 2017. Multi-site
calibration and validation of a net ecosystem carbon exchange model for croplands.
Ecol. Model. 363 (November), 137-156. https://doi.org/10.1016/j.
ecolmodel.2017.07.028.

Koevoets, Iko T., Venema, Jan Henk, Theo, J., Elzenga, M., Testerink, Christa, 2016.
Roots withstanding their environment: exploiting root system architecture responses
to abiotic stress to improve crop tolerance. Front. Plant Sci. 7 (August). https://doi.
org/10.3389/1pls.2016.01335.

Kou, T., Zhu, J., Xie, Z., 2007. Effect of elevated atmospheric CO2 concentration on soil
and root respiration in winter wheat by using a respiration partitioning chamber.
Plant Soil 299, 237-249. https://doi.org/10.1007/s11104-007-9380-8.

Kou, Xinyue, Han, Weihua, Kang, Jian, 2022. Responses of root system architecture to
water stress at multiple levels: a meta-analysis of trials under controlled conditions.
Front. Plant Sci. 13 (December). https://doi.org/10.3389/fpls.2022.1085409.

Kuzyakov, Yakov, Domanski, Grzegorz, 2000. Carbon input by plants into the soil.
Review. J. Plant Nutr. Soil Sci. 163 (4), 421-431. https://doi.org/10.1002/1522-
2624(200008)163:4<421::AID-JPLN421>3.0.CO;2-R.

Lal, Rattan, 2019. Conceptual basis of managing soil carbon: inspired by nature and
driven by science. J. Soil Water Conserv. 74 (2), 29A-34A. https://doi.org/10.2489/
jswe.74.2.29A.

de Lima, Fonseca, Flavio, Cassio, Kleine-Vehn, Jiirgen, De Smet, Ive, Feraru, Elena, 2021.
Getting to the root of belowground high temperature responses in plants. J. Exp. Bot.
72 (21), 7404-7413. https://doi.org/10.1093/jxb/erab202.

Liu, X., Zhang, X., Chen, S., Sun, H., Shao, L., 2015. Subsoil compaction and irrigation
regimes affect the root—shoot relation and grain yield of winter wheat. Agric. Water
Manag. 154, 59-67.

Lopez, Gina, Ahmadi, Seyed Hamid, Amelung, Wulf, Athmann, Miriam, Ewert, Frank,
Gaiser, Thomas, Gocke, Martina 1., et al., 2023. Nutrient deficiency effects on root
architecture and root-to-shoot ratio in arable crops. Front. Plant Sci. 13. https://doi.
org/10.3389/1pls.2022.1067498.

Ma, H., Zhu, J., Xie, Z., et al., 2007. Responses of rice and winter wheat to free-air CO2
enrichment (China FACE) at rice/wheat rotation system. Plant Soil 294, 137-146.
https://doi.org/10.1007/5s11104-007-9241-5.

Madhu, M., Hatfield, J.L., 2013. Dynamics of plant root growth under increased
atmospheric carbon dioxide. Agron. J. 105 (3), 657-669. https://doi.org/10.2134/
agronj2013.0018.

Maharjan, Ganga Ram, Prescher, Anne-Katrin, Nendel, Claas, Ewert, Frank, Mboh, Cho
Miltin, Gaiser, Thomas, Seidel, Sabine J., 2018. Approaches to model the impact of
tillage implements on soil physical and nutrient properties in different agro-
ecosystem models. Soil Tillage Res. 180 (August), 210-221. https://doi.org/
10.1016/j.5till.2018.03.009.

Maiorano, A., et al., 2017. Crop model improvement reduces the uncertainty of the
response to temperature of multi-model ensembles. Field Crop Res. 202, 5-20.
Mathew, I., Shimelis, H., Mutema, M., Chaplot, V., 2017. What crop type for atmospheric
carbon sequestration: results from a global data analysis. Agric. Ecosyst. Environ.

243, 34-46. https://doi.org/10.1016/j.agee.2017.04.008.


https://doi.org/10.1016/j.agee.2006.05.013
https://doi.org/10.1007/s11104-015-2441-5
https://doi.org/10.1007/s11104-015-2441-5
https://doi.org/10.1111/brv.12554
https://doi.org/10.1111/brv.12554
https://doi.org/10.1016/j.eja.2024.127109
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0090
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0090
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0090
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0090
https://doi.org/10.1111/plb.13304
https://doi.org/10.1016/j.plaphy.2019.11.003
https://doi.org/10.1016/j.plaphy.2019.11.003
https://doi.org/10.2134/agronj1993.00021962008500010027x
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0115
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0115
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0115
https://doi.org/10.1006/anbo.2000.1301
https://doi.org/10.1006/anbo.2000.1301
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.3389/fpls.2017.00672
https://doi.org/10.3389/fpls.2017.00672
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0135
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0135
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0135
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0135
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0135
https://doi.org/10.1016/B978-0-12-818204-8.00004-7
https://doi.org/10.1016/B978-0-12-818204-8.00004-7
https://doi.org/10.1890/12-1548.1
https://doi.org/10.1890/12-1548.1
https://doi.org/10.2134/agronj2015.0367
https://doi.org/10.1111/j.1365-3040.2011.02460.x
https://doi.org/10.1111/j.1365-3040.2011.02460.x
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0195
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0195
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0200
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0200
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0200
https://doi.org/10.3390/agriculture11010021
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0210
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0210
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0210
https://doi.org/10.1016/j.scitotenv.2020.143551
https://doi.org/10.1016/j.scitotenv.2020.143551
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0230
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0230
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0235
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0235
https://doi.org/10.1002/ece3.3864
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0245
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0245
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0245
https://doi.org/10.1016/S1161-0301(02)00106-5
https://doi.org/10.1016/S1161-0301(02)00106-5
https://doi.org/10.3220/LBF1605778405000
https://doi.org/10.3220/LBF1605778405000
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0260
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0260
https://doi.org/10.1016/j.agee.2011.02.029
https://doi.org/10.1111/ejss.12454
https://doi.org/10.1111/ejss.12454
https://doi.org/10.1016/j.envsoft.2015.05.009
https://doi.org/10.1016/j.agrformet.2023.109819
https://doi.org/10.1016/j.ecolmodel.2017.07.028
https://doi.org/10.1016/j.ecolmodel.2017.07.028
https://doi.org/10.3389/fpls.2016.01335
https://doi.org/10.3389/fpls.2016.01335
https://doi.org/10.1007/s11104-007-9380-8
https://doi.org/10.3389/fpls.2022.1085409
https://doi.org/10.1002/1522-2624(200008)163:4<421::AID-JPLN421>3.0.CO;2-R
https://doi.org/10.1002/1522-2624(200008)163:4<421::AID-JPLN421>3.0.CO;2-R
https://doi.org/10.2489/jswc.74.2.29A
https://doi.org/10.2489/jswc.74.2.29A
https://doi.org/10.1093/jxb/erab202
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0335
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0335
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0335
https://doi.org/10.3389/fpls.2022.1067498
https://doi.org/10.3389/fpls.2022.1067498
https://doi.org/10.1007/s11104-007-9241-5
https://doi.org/10.2134/agronj2013.0018
https://doi.org/10.2134/agronj2013.0018
https://doi.org/10.1016/j.still.2018.03.009
https://doi.org/10.1016/j.still.2018.03.009
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0365
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0365
https://doi.org/10.1016/j.agee.2017.04.008

S.J. Seidel et al.

Mathew, 1., Shimelis, H., Mwadzingeni, L., Zengeni, R., Mutema, M., Chaplot, V., 2018.
Variance components and heritability of traits related to root: shoot biomass
allocation and drought tolerance in wheat. Euphytica 214 (12), 225. https://doi.org/
10.1007/s10681-018-2302-4.

Matsui, T., Singh, B.B., 2003. Root characteristics in cowpea related to drought tolerance
at the seedling stage. Exp. Agric. 39 (1), 29-38. https://doi.org/10.1017/
50014479703001108.

Merante, Paolo, Dibari, Camilla, Ferrise, Roberto, Sanchez, Berta, Iglesias, Ana,
Lesschen, Jan Peter, Kuikman, Peter, Yeluripati, Jagadeesh, Smith, Pete,

Bindi, Marco, 2017. Adopting soil organic carbon management practices in soils of
varying quality: implications and perspectives in Europe. Soil Tillage Res. 165
(January), 95-106. https://doi.org/10.1016/j.still.2016.08.001.

Minasny, Budiman, Malone, Brendan P., McBratney, Alex B., Angers, Denis A.,
Arrouays, Dominique, Chambers, Adam, Chaplot, Vincent, et al., 2017. Soil carbon 4
per mille. Geoderma 292 (April), 59-86. https://doi.org/10.1016/j.
geoderma.2017.01.002.

Munoz-Romero, V., Benitez-Vega, J., Lopez-Bellido, L., Lopez-Bellido, R.J., 2010.
Monitoring wheat root development in a rainfed vertisol: tillage effect. Eur. J. Agron.
33 (3), 182-187.

Munoz-Romero, V., Lopez-Bellido, L., Lopez-Bellido, R.J., 2012. The effects of the tillage
system on chickpea root growth. Field Crop Res. 128, 76-81.

Myers, R.J.K., 1980. The root system of a grain sorghum crop. Field Crop Res. 3, 53-64.
https://doi.org/10.1016,/0378-4290(80)90007-6.

Nie, Ming, Meng, Lu, Bell, Jennifer, Raut, Swastika, Pendall, Elise, 2013. Altered root
traits due to elevated CO2: a meta-analysis. Glob. Ecol. Biogeogr. 22 (10),
1095-1105. https://doi.org/10.1111/geb.12062.

Ordonez, Raziel A., Archontoulis, Sotirios V., Martinez-Feria, Rafael, Hatfield, Jerry L.,
Wright, Emily E., Castellano, Michael J., 2020. Root to shoot and carbon to nitrogen
ratios of maize and soybean crops in the US Midwest. Eur. J. Agron. 120 (October),
126130. https://doi.org/10.1016/j.eja.2020.126130.

Otto, R., Franco, H.C.J., Faroni, C.E., Vitti, A.C., Oliveira, E.C.A., Sermarini, R.A., et al.,
2014. The role of nitrogen fertilizers in sugarcane root biomass under field
conditions. AS 05, 1527-1538. https://doi.org/10.4236/as.2014.514164.

Oussible, M.R.K.C., Crookston, R.K., Larson, W.E., 1992. Subsurface compaction reduces
the root and shoot growth and grain yield of wheat. Agron. J. 84 (1), 34-38.

Pang, Jiayin, Yang, Jiyun, Ward, Phil, Siddique, Kadambot H.M., Lambers, Hans,
Tibbett, Mark, Ryan, Megan, 2011. Contrasting responses to drought stress in
herbaceous perennial legumes. Plant Soil 348 (1), 299-314. https://doi.org/
10.1007/511104-011-0904-x.

Patil, Raveendra H., Laegdsmand, Mette, Olesen, Jgrgen E., Porter, John R., 2013. Soil
temperature manipulation to study global warming effects in arable land:
performance of buried heating-cable method. Environ. Ecol. Res. 1 (4), 196-204.

Peng, Bin, Guan, Kaiyu, Tang, Jinyun, Ainsworth, Elizabeth A., Asseng, Senthold,
Bernacchi, Carl J., Cooper, Mark, et al., 2020. Towards a multiscale crop modelling
framework for climate change adaptation assessment. Nature Plants 6 (4), 338-348.
https://doi.org/10.1038/541477-020-0625-3.

Poorter, H., Nagel, O., 2000. The role of biomass allocation in the growth response of
plants to different levels of light, CO2, nutrients and water: a quantitative review.
Funct. Plant Biol. 27 (12), 1191. https://doi.org/10.1071/PP99173_CO.

Porter, John R., Gawith, Megan, 1999. Temperatures and the growth and development of
wheat: a review. Eur. J. Agron. 10 (1), 23-36. https://doi.org/10.1016/51161-0301
(98)00047-1.

Qiao, Yunzhou, Zhang, Huizhen, Dong, Baodi, Shi, Changhai, Li, Yuxin, Zhai, Hongmei,
Liu, Mengyu, 2010. Effects of elevated CO2 concentration on growth and water use
efficiency of winter wheat under two soil water regimes. Agric. Water Manag. 97
(11), 1742-1748. https://doi.org/10.1016/j.agwat.2010.06.007.

Qin et al. (2004): Qin, R., Stamp, P., & Richner, W. (2004). Impact of tillage on root
systems of winter wheat. Agron. J., 96(6), 1523-1530.

Ranaivoson, Lalaina, Naudin, Krishna, Ripoche, Aude, Affholder, Francois,
Rabeharisoa, Lilia, Corbeels, Marc, 2017. Agro-ecological functions of crop residues
under conservation agriculture. A review. Agron. Sustain. Dev. 37 (4), 26. https://
doi.org/10.1007/513593-017-0432-z.

Rehman, Abdul, Farooq, Muhammad, Asif, Muhammad, Ozturk, Levent, 2019. Supra-
optimal growth temperature exacerbates adverse effects of low Zn supply in wheat.
J. Plant Nutr. Soil Sci. 182 (4), 656-666. https://doi.org/10.1002/jpln.201800654.

Rezaei, E.E., Webber, H., Gaiser, T., Naab, J., Ewert, F., 1996. Heat stress in cereals:
Mechanisms and modelling. Eur. J. Agron. 64 (1), 98-113. https://doi.org/10.1016/
j.€ja.2014.10.003.

Richner, W., Soldati, A., Stamp, P., 1996. Shoot-to-root relations in field-grown maize
seedlings. Agron. J. 88 (1), 56-61. https://doi.org/10.2134/
agronj1996.00021962008800010012x.

Riggers, Catharina, Poeplau, Christopher, Don, Axel, Bamminger, Chris, Hoper, Heinrich,
Dechow, René, 2019. Multi-model ensemble improved the prediction of trends in
soil organic carbon stocks in German croplands. Geoderma 345 (July), 17-30.
https://doi.org/10.1016/j.geoderma.2019.03.014.

Riggers, Catharina, Poeplau, Christopher, Don, Axel, Frithauf, Cathleen, Dechow, René,
2021. How much carbon input is required to preserve or increase projected soil
organic carbon stocks in German croplands under climate change? Plant Soil 460 (1),
417-433. https://doi.org/10.1007/s11104-020-04806-8.

Rogers, Hugo H., Prior, Stephen A., Brett Runion, G., Mitchell, Robert J., 1995. Root to
shoot ratio of crops as influenced by CO2. Plant Soil 187 (2), 229-248. https://doi.
org/10.1007/BF00017090.

Renn, Regin, Ekelund, Flemming, Christensen, Sg¢ren, 2003. Effects of elevated
atmospheric CO2 on protozoan abundance in soil planted with wheat and on

11

Science of the Total Environment 955 (2024) 176738

decomposition of wheat roots. Plant Soil 251 (1), 13-21. https://doi.org/10.1023/A:
1022931830078.

Sadras, V.O., Villalobos, F.J., Fereres, E., 2016. Radiation interception, radiation use
efficiency and crop productivity. In: Villalobos, F., Fereres, E. (Eds.), Principles of
Agronomy for Sustainable Agriculture. Springer, Cham. https://doi.org/10.1007/
978-3-319-46116-8_13.

Schneider, F., Don, A., Hennings, 1., Schmittmann, O., Seidel, S.J., 2017. The effect of
deep tillage on crop yield-what do we really know? Soil Tillage Res. 174, 193-204.

Seleiman, Mahmoud F., Al-Suhaibani, Nasser, Ali, Nawab, Akmal, Mohammad,
Alotaibi, Majed, Refay, Yahya, Dindaroglu, Turgay, Abdul-Wajid, Hafiz Haleem,
Battaglia, Martin Leonardo, 2021. Drought stress impacts on plants and different
approaches to alleviate its adverse effects. Plants 10 (2), 259. https://doi.org/
10.3390/plants10020259.

Sharifi, M., Zebarth, B.J., Hajabbasi, M.A., Kalbasi, M., 2005. Dry matter and nitrogen
accumulation and root morphological characteristics of two clonal selections of
‘russet norkotah’ potato as affected by nitrogen fertilization. J. Plant Nutr. 28,
2243-2253. https://doi.org/10.1080/01904160500323552.

Stockmann, Uta, Adams, Mark A., Crawford, John W., Field, Damien J.,
Henakaarchchi, Nilusha, Jenkins, Meaghan, Minasny, Budiman, et al., 2013. The
knowns, known unknowns and unknowns of sequestration of soil organic carbon.
Agric. Ecosyst. Environ. 164 (January), 80-99. https://doi.org/10.1016/j.
agee.2012.10.001.

Tracy, S.R., Nagel, K.A., Postma, J.A., Fassbender, H., Wasson, A., Watt, M., 2020. Crop
improvement from phenotyping roots: highlights reveal expanding opportunities.
Trends Plant Sci. 25 (1), 105-118. https://doi.org/10.1016/j.tplants.2019.10.015.

Vanuytrecht, Eline, Raes, Dirk, Willems, Patrick, Geerts, Sam, 2012. Quantifying field-
scale effects of elevated carbon dioxide concentration on crops. Clim. Res. 54 (1),
35-47.

Wall, G.W., Garcia, R.L., Kimball, B.A., Hunsaker, D.J., Pinter Jr., P.J., Long, S.P.,
Osborne, C.P., et al., 2006. Interactive effects of elevated carbon dioxide and drought
on wheat. Agron. J. 98 (2), 354-381. https://doi.org/10.2134/agronj2004.0089.

Wallach, D., Buis, S., Seserman, D.-M., Palosuo, T., Thorburn, P., Mielenz, H., Justes, E.,
Kersebaum, K.-C., Dumont, B., Launay, M., Seidel, S.J., 2024. A calibration protocol
for soil-crop models. Environ. Model Softw. 180, 106147. https://doi.org/10.1016/j.
envsoft.2024.106147.

Wang, B., Jagermeyr, J., O’Leary, G.J., et al., 2024. Pathways to identify and reduce
uncertainties in agricultural climate impact assessments. Nat Food 5, 550-556.
https://doi.org/10.1038/543016-024-01014-w.

Wang, C., Liu, W., Li, Q., Ma, D., Lu, H., Feng, W., et al., 2014. Effects of different
irrigation and nitrogen regimes on root growth and its correlation with above-
ground plant parts in high-yielding wheat under field conditions. Field Crop Res.
165, 138-149. https://doi.org/10.1016/j.fcr.2014.04.011.

Wang, Y., Mi, G., Chen, F., Zhang, J., Zhang, F., 2005. Response of root morphology to
nitrate supply and its contribution to nitrogen accumulation in maize. J. Plant Nutr.
27, 2189-2202. https://doi.org/10.1081/PLN-200034683.

Webber, H., Martre, P., Asseng, S., Kimball, B., White, J., Ottman, M., Wall, G.W., De
Sanctis, G., Doltra, J., Grant, R., Kassie, B., Maiorano, A., Olesen, J.E., Ripoche, D.,
Rezaei, E.E., Semenov, M.A., Stratonovitch, P., Ewert, F., 2022. Canopy temperature
for simulation of heat stress in irrigated wheat in a semi-arid environment: A multi-
model comparison. Field Crops Res. 202, 21-35. https://doi.org/10.1016/j.
fcr.2015.10.009.

Webber, Heidi, Rezaei, Ehsan Eyshi, Ryo, Masahiro, Ewert, Frank, 2022. Framework to
guide modeling single and multiple abiotic stresses in arable crops. Agric. Ecosyst.
Environ. 340 (December), 108179. https://doi.org/10.1016/j.agee.2022.108179.

Welbank, P.J., Williams, E.D., 1968. Root growth of a barley crop estimated by sampling
with portable powered soil-coring equipment. J. Appl. Ecol. 5, 477. https://doi.org/
10.2307/2401574.

Wilhelm, W.W., 1998. Dry-matter partitioning and leaf area of winter wheat grown in a
long-term fallow tillage comparisons in the US Central Great Plains. Soil Tillage Res.
49 (1-2), 49-56. https://doi.org/10.1016/50167-1987(98)00154-8.

Wilson, J. Bastow, 1988. A review of evidence on the control of shoot: root ratio, in
relation to models. Ann. Bot. 61 (4), 433-449. https://doi.org/10.1093/
oxfordjournals.aob.a087575.

Wosten, J., Lilly, A., Nemes, A., Le Bas, C., 1999. Development and use of a database of
hydraulic properties of European soils. Geoderma 90, 169-185.

Xue, Y.-F., Zhang, W., Liu, D.-Y., Yue, S.-C., Cui, Z.-L., Chen, X.-P., et al., 2014. Effects of
nitrogen management on root morphology and zinc translocation from root to shoot
of winter wheat in the field. Field Crop Res. 161, 38-45. https://doi.org/10.1016/j.
fcr.2014.01.009.

Yu, Rui-Peng, Yang, Hao, Xing, Yi, Zhang, Wei-Ping, Lambers, Hans, Li, Long, 2022.
Belowground processes and sustainability in agroecosystems with intercropping.
Plant Soil 476 (1), 263-288. https://doi.org/10.1007/511104-022-05487-1.

Zhang, B., Jia, Y., Fan, H., Guo, C,, Fu, J,, Li, S., et al., 2024. Soil compaction due to
agricultural machinery impact: a systematic review. Land Degrad. Dev. 35,
3256-3273.

Zhao, S., Xu, X., Qiu, S., He, P., 2023. Response of wheat and maize yields to different
tillage practices across China: a meta-analysis. Eur. J. Agron. 144, 126753.

Zhou, G., Zhou, X., Nie, Y., Bai, S.H., Zhou, L., Shao, J., Cheng, W., Wang, J., Hu, F.,
Fu, Y., 2018. Drought-induced changes in root biomass largely result from altered
root morphological traits: evidence from a synthesis of global field trials. Plant Cell
Environ. 41 (11), 2589-2599. https://doi.org/10.1111/pce.13356. Nov. Epub 2018
Aug 24. PMID: 29879755.


https://doi.org/10.1007/s10681-018-2302-4
https://doi.org/10.1007/s10681-018-2302-4
https://doi.org/10.1017/S0014479703001108
https://doi.org/10.1017/S0014479703001108
https://doi.org/10.1016/j.still.2016.08.001
https://doi.org/10.1016/j.geoderma.2017.01.002
https://doi.org/10.1016/j.geoderma.2017.01.002
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0425
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0425
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0425
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0430
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0430
https://doi.org/10.1016/0378-4290(80)90007-6
https://doi.org/10.1111/geb.12062
https://doi.org/10.1016/j.eja.2020.126130
https://doi.org/10.4236/as.2014.514164
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0465
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0465
https://doi.org/10.1007/s11104-011-0904-x
https://doi.org/10.1007/s11104-011-0904-x
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0475
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0475
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0475
https://doi.org/10.1038/s41477-020-0625-3
https://doi.org/10.1071/PP99173_CO
https://doi.org/10.1016/S1161-0301(98)00047-1
https://doi.org/10.1016/S1161-0301(98)00047-1
https://doi.org/10.1016/j.agwat.2010.06.007
https://doi.org/10.1007/s13593-017-0432-z
https://doi.org/10.1007/s13593-017-0432-z
https://doi.org/10.1002/jpln.201800654
https://doi.org/10.1016/j.eja.2014.10.003
https://doi.org/10.1016/j.eja.2014.10.003
https://doi.org/10.2134/agronj1996.00021962008800010012x
https://doi.org/10.2134/agronj1996.00021962008800010012x
https://doi.org/10.1016/j.geoderma.2019.03.014
https://doi.org/10.1007/s11104-020-04806-8
https://doi.org/10.1007/BF00017090
https://doi.org/10.1007/BF00017090
https://doi.org/10.1023/A:1022931830078
https://doi.org/10.1023/A:1022931830078
https://doi.org/10.1007/978-3-319-46116-8_13
https://doi.org/10.1007/978-3-319-46116-8_13
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0560
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0560
https://doi.org/10.3390/plants10020259
https://doi.org/10.3390/plants10020259
https://doi.org/10.1080/01904160500323552
https://doi.org/10.1016/j.agee.2012.10.001
https://doi.org/10.1016/j.agee.2012.10.001
https://doi.org/10.1016/j.tplants.2019.10.015
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0605
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0605
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0605
https://doi.org/10.2134/agronj2004.0089
https://doi.org/10.1016/j.envsoft.2024.106147
https://doi.org/10.1016/j.envsoft.2024.106147
https://doi.org/10.1038/s43016-024-01014-w
https://doi.org/10.1016/j.fcr.2014.04.011
https://doi.org/10.1081/PLN-200034683
https://doi.org/10.1016/j.fcr.2015.10.009
https://doi.org/10.1016/j.fcr.2015.10.009
https://doi.org/10.1016/j.agee.2022.108179
https://doi.org/10.2307/2401574
https://doi.org/10.2307/2401574
https://doi.org/10.1016/S0167-1987(98)00154-8
https://doi.org/10.1093/oxfordjournals.aob.a087575
https://doi.org/10.1093/oxfordjournals.aob.a087575
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf3015
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf3015
https://doi.org/10.1016/j.fcr.2014.01.009
https://doi.org/10.1016/j.fcr.2014.01.009
https://doi.org/10.1007/s11104-022-05487-1
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0690
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0690
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0690
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0695
http://refhub.elsevier.com/S0048-9697(24)06895-5/rf0695
https://doi.org/10.1111/pce.13356

	The overlooked effects of environmental impacts on root:shoot ratio in experiments and soil-crop models
	1 Introduction
	2 Materials and methods
	2.1 Observed effects of abiotic factors and tillage on root:shoot ratio of crops
	2.1.1 Elevated atmospheric CO2 levels
	2.1.2 Water supply and drought
	2.1.3 Nitrogen supply and soil nitrogen limitation
	2.1.4 Air temperature
	2.1.5 Soil tillage

	2.2 Implementation of the effect of abiotic environmental stresses and tillage on root:shoot ratio in simulation models
	2.2.1 Experimental data used for model calibration
	2.2.2 Selected crop growth models
	2.2.3 Model setup and calibration (baseline scenario)
	2.2.4 Model scenarios


	3 Results and discussion
	3.1 Scenario results
	3.1.1 Simulated root:shoot ratios in the baseline scenario
	3.1.2 Atmospheric CO2 levels
	3.1.3 Water supply and drought
	3.1.4 Nitrogen supply and soil nitrogen limitation
	3.1.5 Air temperature
	3.1.6 Soil tillage

	3.2 Simulated maximum absolute root biomass responses to abiotic stresses and tillage
	3.3 Comparison of observed and simulated responses to changing environments
	3.4 Model evaluation
	3.5 Suggestions for model improvement

	4 Conclusions and outlook
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	datalink4
	References


