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Abstract

Aims Sustaining agricultural productivity and
ensuring food security through adaption to climate
change are main challenges in modern agriculture.
Leveraging the connection between roots and their
growth environment could be an effective approach
to addressing these issues. Thus, this study aimed to
quantify the root biomass production and depth dis-
tribution among different maize varieties under con-
trasting water regimes and to investigate the influ-
ence of variety and water regime on the relationship
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between the biomass allocation to above- and below-
ground biomass.

Methods Root traits (biomass, root distribution,
length, diameter) to 100 cm soil depth and yields
were assessed in 10 different maize varieties grown
at four experimental sites, each with two contrasting
water regimes.

Results The average root biomass of maize down
to 100 cm was found to be 3.2+ 1.2 Mg ha~! across
all sites and treatments. Well-watered conditions led
to 29% higher root biomass in the top soil (0-30 cm)
compared to water deficit conditions. In the subsoil
(30-100 cm) however, root biomass was 25% higher
under water deficit and increased significantly with
the number of water stress days. Varieties differed
site-specifically by 59 to 71% for root biomass and
by 10 to 48% for yield under well-watered conditions.

R. Chapuis - N. Luchaire
DIASCOPE, INRAE, Université Montpellier, Montpellier,
France

C. Gelot
GEVES, Beaucouzé, France

K. Beauchéne - J. Bouidghaghen

ARVALIS, Ouzouer-Le-Marché, Beauce La Romaine,
France

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-025-08176-x&domain=pdf
http://orcid.org/0000-0003-2345-3507
https://doi.org/10.1007/s11104-025-08176-x
https://doi.org/10.1007/s11104-025-08176-x

Plant Soil

Under water deficit conditions varieties differed by 63
to 72% for root biomass and by 20 to 74% for yield.
Conclusions Subsoil roots may play a pivotal role
for water acquisition during water stress periods and
may contribute more than topsoil roots and above
ground biomass to the accrual of soil carbon.

Keywords EJP soil - Yield - Grain maize - Root
depth distribution - Root length - Water stress

Introduction

There has been a notable increase in both the fre-
quency and intensity of extreme weather events in the
last decades (Field et al. 2012). For instance, Europe
has already experienced severe heatwaves in 2003
(Luterbacher et al. 2004), 2018-2019 (Buras et al.
2020; Mitchell et al. 2019) and 2022 (Toreti et al.
2022). Such events have the potential to elevate the
risk of multiple crop failures occurring at regional
and even global scale (Beillouin et al. 2020). The
factors that drive crop development include water,
atmospheric temperature, and photosynthetically
effective radiation (Qin et al. 2023). Thus, for exam-
ple, the 2003 European heatwave led to a decrease
in European gross primary production, estimated at
approximately 30% (Ciais et al. 2005).

In Europe, maize is the second-most cultivated
crop after wheat (Eurostat 2025) and future yields are
threatened by climate change due to drought stress
(Harrison et al. 2014). Maize yields will likely be
threatened by heat and water stress at crucial growth
stages, such as silking and grain filling (Cairns et al.
2012). Severe water deficits during grain filling are
estimated to occur 25% more often by 2050 (Harri-
son et al. 2014). Subsequently, average maize yields
are projected to decrease by 9% for the 2020s to
15% by the 2080s compared to current yields for
north and central Europe, while for southern Europe
the decrease is expected to be 28% by 2080 com-
pared to current yields (Knox et al. 2016). However,
it is possible to mitigate yield losses through adapta-
tion to future climate regimes, e.g. maize yields can
potentially be enhanced by up to 7% if crop cycle
duration and sowing dates were optimized at farm
scale (Parent et al. 2018). Another means for climate
change adaptation is direct breeding for adaptation of
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physiological traits under rainfed and more challeng-
ing conditions (Welcker et al. 2022).

Breeding and selecting varieties that show best
yields in field trials under drought environments of
current climates can allow to develop suitable vari-
eties for projected future climates (Harrison et al.
2014). A new ideotype of maize roots with deep and
steep roots that would optimise water and nitrogen
from the subsoil was suggested for best performances
under drought conditions (Lynch 2013). However,
a large root system may be an ineffective use of
resources in high-input agriculture where nutrient
availability does not limit plant growth (Lynch 2018).
An efficient root system was linked to a declining bio-
mass allocation to roots, as well as a more efficient
water capture (van Qosterom et al. 2016). However,
the reallocation of biomass to roots under water defi-
cit conditions is a known drought adaptation mecha-
nism (Yan et al. 2023). This characteristic differs
between maize varieties (Zhao et al. 2018), thereby
determining the response of varieties to drought.
Herein lies a potential to increase drought tolerance
by breeding for these traits. Furthermore, Heinemann
et al. (2023) demonstrated in a global review contain-
ing 13 experiments that root biomass and yield can be
increased simultaneously by selecting the appropriate
varieties.

In addition to the function of roots to acquire
water and nutrients (Fitter 2002; Hodge et al.
2009), the average contribution of roots to total
mean annual organic carbon input into arable soils
accounts for 43% (Jacobs et al. 2020). Carbon
inputs into arable soils are needed to maintain or
enhance soil organic carbon (SOC) stocks (Riggers
et al. 2021). SOC is important for soil health (Lal
2016; Biinemann et al. 2018) and food production
(Oldfield et al. 2019). A major pathway of SOC
formation are C inputs from roots with a higher
C retention as compared to aboveground biomass
(Rasse et al. 2005; Kitterer et al. 2011). A modeling
approach reported that increasing the biomass allo-
cation to roots in maize will result in increased SOC
stocks of 0.05 to 0.15 Mg C ha™! per year (Cotrufo
et al. 2024). For comparison, by the end of the
twenty-first century an average annual SOC loss of
between 0.065 and 0.120 Mg ha~! year™! was pro-
jected for Germany (Riggers et al. 2021). Increased
SOC stocks, in turn, can improve soil functions,
such as water retention (Rawls et al. 2003) and soil
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fertility (Smith et al. 2015) potentially resulting in
increased yields (Campos-Cailiz, et al., 2024; Kit-
terer and Bolinder 2024).

However, the visualisation and quantification
of root systems remains challenging, as there is
a lack of low-cost, high-throughput phenotyping
methods. The manual excavation of roots, the use
of rhizotrons and ingrowth cores and soil coring
are common methods to study root biomass in the
field (Addo-Danso et al. 2016). Root traits are often
assessed during seedling stage but rarely close to
maturity or at harvest. Consequently, studies that
investigate root biomass or root traits of differ-
ent crops and varieties together with aboveground
parameters are scarce. Recent studies showed the
need for reliable root data to better understand vari-
ous ecosystem functions such as C sequestration in
soils, resource use efficiency and plant nutrition to
allow for projections of C sequestration and yields
in future drier climate conditions (Fan et al. 2016;
Keel et al. 2017; Ordéiiez et al. 2020). Currently,
root-derived C inputs are mostly estimated from
crop yields using allometric functions in SOC mod-
elling (Keel et al. 2017). These allometric functions
are specific to crop type and are yield-dependent
(Jacobs et al. 2020; Keel et al. 2017). More recent
data and knowledge challenge the concept of yield-
dependent allocation functions for arable crops
(Taghizadeh-Toosi et al. 2016; Hirte et al. 2018b).
However, the evidence is insufficient to establish
new and robust allocation functions.

Thus, comprehensive datasets are needed to
quantify the variability of root biomass production
and distribution in the field under contrasting water
regimes. This work is framed from a soil science per-
spective, with an emphasis on how water availability,
maize variety and soil texture drive the variability of
C inputs derived from root biomass. By integrating
root biomass and depth distribution data with above-
ground parameters, we aim to improve our under-
standing of aforementioned root biomass C inputs
under field conditions. The objectives of this study
were i) to quantify the root biomass production and
depth distribution among different maize varieties
under contrasting water regimes, ii) to investigate the
influence of variety and water regime on the biomass
allocation to roots and shoots, and iii) quantify the
effects of variety and water treatment on the variabil-
ity of root biomass derived C inputs.

Material & methods
Field experiments

A set of ten commercial maize hybrids was used in
this study. These varieties were released by different
breeders in Europe from 2009 to 2018 and belong to
mid-early (FAO 280) to mid-late (FAO 480) matu-
rity classes (Table 1). The set of maize hybrids was
grown in four field experiments (defined as com-
binations of site X water regime) across France in
2022 (Fig. 1, Table 2) as part of the H2020_INVITE
project. The experimental designs corresponded to
randomised complete block or split block designs,
according to national conventionality in variety test-
ing. The sites were Ouzouer-Le-Marché (hereafter
referred to as Ouzouer), Le Magneraud, Pusignan
and Mauguio. They differed in terms of soil texture,
pH, SOC content (Supplementary Table 1) and soil
depth (Pusignan 85 cm, Ouzouer, Le Magneraud,
Mauguio: > 100 cm). The field trials were managed
in accordance with regional conventional practices. A
maximum of 190 kg N ha~! was applied in order to
satisfy the crops’ needs. Daily weather data on pre-
cipitation and mean temperature are reported in Sup-
plementary Fig. 1.

At each site, two contrasting treatments were
applied: well-watered (WW) and water deficit (WD).
Soil water potential (SWP) was measured every day
with tensiometers at 30 and 60 cm depths, located
in plots sown with a reference hybrid. In the WW
treatment, the objective was to irrigate optimally and
avoid getting SWP lower than —300 hPa at 30 cm

Table 1 The ten maize varieties used, their names and abbre-
viations in this study, FAO index group, year of release

Variety code FAO index group Breeder Year of release

ARV32 (280—310) EURALIS 2012
ARV79 (280—310) RAGT 2014
ARV04 (310—400) KWS 2018
ARV18 (310—400) BAYER 2009
ARV20 (310—400) BAYER 2016
ARV39 (310—400) RAGT 2012
ARV52 (310—400) KWS 2018
ARVSS5 (310—400) RAGT 2015
ARV72 (400—470) PIONEER 2014
ARV23 (310—400) BAYER 2009

@ Springer



Plant Soil

Ouzouer

Le Magneraud

Fig. 1 Maize trial sites of the study in France

depth, to cover maize evaporative demand during the
whole crop cycle. In the WD treatment, the objective
was to avoid irrigation or rain water supply to plants
from 8 leaves stage to grain abortion limit stage.
Rainout shelters were used in one site (Ouzouer)
for better monitoring water supply in the trial. Each
treatment of the experiments had three replicates of
four-row plots. Depending on sites, plot size var-
ied between 15.6 m? and 22.5 m? and plant density
between 7.5 and 8.5 plants m~2 (Table 2). The two
central rows of each plot were harvested mechani-
cally, and grain yield was determined and scaled to
15% moisture content. The WD treatment in Mauguio
was considerably damaged by Ustilago maydis infes-
tation favoured by water deficit conditions.

The water treatments lead to differences in water
availability expressed as SWP (Supplementary
Fig. 2). Koehler et al. (2023) reported a critical SWP
ranging from —461 hPa to —1268 hPa for 48 maize
varieties at which plants decreased transpiration
upon soil drying. The mean of the range reported
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by Koehler et al. (2023) was used to derive a variety
unspecific critical SWP which is —864.5 hPa. With
this, the water stress days per site and water treatment
were calculated to estimate the plants’ water stress
(Table 2, Supplementary Fig. 3).

Root and soil sampling

Root sampling of the maize hybrids was conducted
shortly after harvest in October 2022. Most of maize
root biomass is expected to be in the upper 30 cm of
soil (Hirte et al. 2018b; Komainda et al. 2018). Thus,
six representative plants per plot were selected based
on plant density and condition after harvest and exca-
vated with a shovel down to 30 cm. This excavation
aimed to extract a soil monolith with the dimensions
of 15X 15%30 cm to capture the same size across all
sites. The excavated roots were washed directly in the
field with tap water, the roots belonging to neighbour-
ing plants were discarded. A multi sprayer attached to
a hose was used with low pressure to prevent dam-
aging of the roots. The excavated roots stocks were
spread out on a blanket to dry in the sun. Sun dried
samples were carefully stored and transported to the
lab. Subsequently, root stocks were dried at 55 °C
using an oven until the weight remained constant.

In addition, three varieties (ARV18, ARV72,
ARV79) were selected where root samples down to
100 cm depth were taken using soil coring. These
varieties were selected because they belong to differ-
ent maturity classes (Table 1). A soil auger with an
inner diameter of 6 cm was driven 100 cm into the
soil using an electric hammer to extract core samples.
Two cores per plot were taken, one directly under a
plant and one between crop rows. In total, six cores
per variety were taken at each site and water treat-
ment, three under a plant and three between crop
rows. Two additional soil cores per site were ran-
domly taken inside the plots for soil analyses. The soil
cores were cut into the following depth increments:
0-15, 15-30, 30-50, 50-75 and 75-100 cm. Soil tex-
ture was determined on samples from the additional
soil cores.

For root biomass determination from the soil
cores, roots were extracted from each soil core sep-
arately as follows: The soil core was dispersed in
a hydro vortex, and roots were separated from the
mineral soil fraction through floating and recovered
on a 0.5 mm sieve (Smucker et al. 1982) using an



Plant Soil

Table 2 Location, weather data (temperature and precipitation) for the periods sowing to harvest, vegetative, flowering and grain

filling for the study sites

Site Le Magneraud Mauguio Ouzouer-Le-Marché Pusignan

Location (decimal degrees) 46.1530 43.6130 47.8842 45.7135
—0.6936 3.9790 1.5194 5.0464

Climate (Koppen Geiger) Ctb Csa Cfb Cfb

Mean temp 21.2 249 20.9 22.1

(sowing to harvest) [C°]

Precipitation sum 269.9 428.0 91.6 539.8

(sowing to harvest) [mm]

Mean PAR 23.0 253 22.4 227

(sowing to harvest) [MJ m~2]

Water stress days WW treatment (sowing to harvest) 0 0 5 14

Water stress days WD treatment (sowing to harvest) 18 15 31 27

Mean of daily mean temp 20.3 25.0 19.4 20.6

(vegetative) [C°]

Precipitation sum (vegetative) [mm] 66.2 8.0 13.0 38.6

Mean of daily mean temp 25.1 27.2 21.0 23.2

(flowering) [C°]

Precipitation sum (flowering) [mm)] 1.4 1.5 15.0 130.7

Mean of daily mean temp 229 25.7 229 24.0

(filling) [C°]

Precipitation sum 26.0 167.1 11.2 68.4

(filling) [mm]

Plot size (m?) 22.5 22.5 15.6 20.8

Plant density (plants m~2) 7.8 7.5 8.5 8.1

automated root washer (Gillison’s Variety Fabri- Calculations

cation, Inc.). The root samples were subsequently
transferred to aluminium dishes where extraneous
organic matter was visually identified and removed
using tweezers (Hirte et al. 2021). Finally, washed
roots were dried at 55 °C using an oven until the
weight remained constant. The C content (%) of
dried roots was measured by dry combustion on
subsamples using an elemental analyser (LECO,
TruMac, St. Joseph, MI, USA). The average C con-
tent of roots was 39 +3%.

Soil analyses were performed on samples from
the additional soil cores that were sieved (2 mm) and
dried at 40 °C. Soil pH was measured in 0.1 M CaCl,
solution at a ratio of 1:2.5, and total C and N were
measured by dry combustion (LECO, TruMac, St.
Joseph, MI, USA). Organic C was determined as the
difference between total C and inorganic C. To deter-
mine inorganic C, aliquots were combusted for 16 h
in a muffle furnace at 400 °C. The remaining C frac-
tion was defined as total inorganic C and was subse-
quently measured again with the elemental analyser.

Root biomass collected by soil coring was extrapolated to
field scale by weighting with respect to row width, adapted
from Frasier et al. (2016) by Hirte et al. (2021) (Eq. 1, 2).
This was done for each depth increment as follows:

M ithi D
RBwithin = W—”mz * 3
er @ S (1)
between S-D
RBberween = 2
7 (2) S @
where RB,;;, and RB,,...., represent root biomass

(g m™?) within and between rows, M, i a0d My poon
are the dry weights of roots (g) extracted from the soil
cores, D is the inner diameter of the soil corer (m)
and S is the distance between rows (m). The total root
biomass for the whole sampling depth was calculated
by summing up the area-related biomass per depth

increment.

@ Springer



Plant Soil

Root biomass from excavated roots down to 30 cm
was upscaled to field scale by using the plant density of
each established plot:

RB3OCWL = RBplanl * PD (3)
where RB,,,, is the root biomass per plant down to
30 cm (g plant™") and PD is the plant density (plants
m_z).

R:S ratios were calculated here as the ratio of root
biomass to aboveground biomass (Eq. (4). The harvest
index (HI) was used to estimate the total aboveground
biomass from grain yield. The HI of 0.5 was derived
from Jacobs et al. (2020).

extra

Statistics

The root biomass data is slightly right skewed; thus,
the median was used to describe average values. Differ-
ences in the dependent variables root biomass, R:S and
grain yield between varieties were evaluated by means
of linear mixed-effects models to account for the promi-
nent hierarchical data structure and different sources
of variability. A random intercept model was used to
assess the variability in non-transformed aboveground
data and log-transformed root biomass and R:S data to
meet the assumption of homogeneous distribution of
the residuals. The log-transformation of root biomass
and R:S were used for the next calculation steps. The
variety differences were tested for yield, root biomass

R : Sratio = ————— . .
Yield+0.85 “4) and R:S ratio across water treatments (Eq. 5) and with a
H split data set per water treatment (Eq. 6).
dependent variable ~ Variety + stressdays * watertreament + 1|Site|Replicate 5

dependent variable ~ Variety + stressdays + 1|Site|Replicate
(6)

The effects of environmental indices like soil tex-
ture on root biomass, R:S and yield were tested using

mixed-effects models with an interaction term of vari-
ety and index

dependent variable ~ Variety * index + watertreatment + 1|Site|Replicate N

The relationship between root biomass and yield
was tested as follows:

yield ~ rootbiomass * watertreatment % stressdays + 1|Site|Replicate ®

The models were checked for influential cases by
computing Cook’s distance and for heteroscedastic-
ity by performing Levene’s test. Overall model per-
formances were checked by pseudo-R? (marginal
and conditional R?) for generalised mixed models
and the normality of the residuals (QQ-plots). Sta-
tistical differences were assigned at group level
based on analysis of variance (ANOVA) and sub-
sequent multiple pairwise comparison of estimated
marginal means. Differences in slopes for root bio-
mass, R:S and yield between varieties were tested
by multiple pairwise comparisons of estimated mar-
ginal trends. For all multiple comparisons, a Sidak
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adjustment of p-values was applied and a signifi-
cance level of alpha=0.05 was used.

Software

All analyses were performed with R, version 4.4.2
(R Core Team 2023), with the R packages tidyverse
(Wickham et al. 2019) and openxlsx (Schauberger
and Walker 2023) for data management, emmeans
(Lenth 2023), multcomp (Hothorn et al. 2008) and
predictmeans (Luo et al. 2023) for statistical anal-
ysis, nlme (Pinheiro et al. 2023) and lme4 (Bates
et al. 2015) for model fitting, and ggplot2 (Wickham
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2016) and ggpubr (Kassambara 2023) for visualisa-
tion. The root scans were analysed using RhizoVi-
sion Explorer v2.0.3 (Seethepalli and York 2020;
Seethepalli et al. 2021).

Results
Root biomass production and distribution

The average root biomass of maize at a depth of
0—100 cm was found to be 3.2+ 1.2 Mg ha~! across
all sites and water treatments. 90.1% of the total
root biomass was found in 0- 15 cm of the soil and
only 9.9% in 15-100 cm depth. Under WD condi-
tions, 86.5% of the total plant root biomass was
located in the 0-15 cm increment. However, under
WW conditions, this proportion increased to 92.9%
of the total plant root biomass. Thus, root biomass

Fig. 2 Comparison of
root biomass [Mg ha™']

in 0-15 cm decreased from 2.3 + 1.5 Mg ha~! under
WW condition to 1.6+0.8 Mg ha™' under WD
conditions.

The contrasting water treatments resulted in sig-
nificantly different root biomass within a soil layer,
irrespective of site and variety (Fig. 2). WW con-
ditions led to 29% higher root biomass in the top-
soil (0-30 cm) compared to WD conditions. In
the subsoil (30-100 cm) in contrast to the topsoil
(0-30 cm), root biomass was 25% lower under
WW conditions than under WD conditions (Fig. 2).
There was a significant increase of root biomass in
the subsoil with increasing number of stress days
but no significant interaction with variety. Total root
biomass was negatively related to the number of
stress days (p <0.001).

For the root biomass across the total sampling
depth as well as for the top soil root biomass the SWP
in 30 and 60 cm depth exhibited a significant positive
correlation during the vegetative and the flowering

. A) topsoil (0-30 cm)

of water treatments in —
top- (0-30 cm) and subsoil Y
(30-100 cm). Statistical _‘CU
grouping via a compari- o 61
son of estimated marginal =S
means per water treatment ';'
and soil layer is indicated 8 44
by letters =

ke

s

]

o

0

T

—

well-watered

water deficit

B) subsoil (30-100 cm)

-
o

= d c
Im ¢
=
=)
=3
?
) 0.5+
€
ko]
o
°
o
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0.0 : ' -
well-watered water deficit
Water treatment
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Table 3 Significance of

. X Root biomass Root biomass top- Root bio-
cor.relatlon coefﬁ(l:lent.s for (total sam- soil [Mg ha™'] mass sub-
main effects of chn}atlc pling depth) [Mg soil [Mg
Yar1ables for root 'blomass ha1] ha™!]
in the total sampling depth
of 0-100 em, root biomass Vegetative SWP 30 [MPa] 0.003 (+) 0.049 (+) 0.056
ls’lllgs’glio(%s(;’_ﬂl (()%fr?l)c{;)szgd SWP 60 [MPa] 0.01 (+) 0.23 026
on linear mixed models SWP mean [MPa] 0.003 (+) 0.071 0.08

Mean Temp [°C] 0.964 0.895 0.727
Max Temp [°C] 0.661 0.81 0.619
Min Temp [°C] 0.766 0.947 0.193
Rain sum [mm)] 0.001 (-) 0.925 0.319
Flowering SWP 30 [MPa] 0.001 (+) 0.022 (+) 0.057
SWP 60 [MPa] 0.001 (+) 0.031 (+) 0.054
SWP mean [MPa] 0.001 (+) 0.022 (+) 0.055
Mean Temp [°C] 0.75 0.813 0.917
Max Temp [°C] 0.865 0.733 0.886
Min Temp [°C] 0.513 0.883 0.254
Rain sum [mm] 0.641 0.497 0.056
Grain filling SWP 30 [MPa] 0.041 (+) 0.138 0.187
SWP 60 [MPa] 0.349 0.479 0.3
) ) SWP mean [MPa] 0.124 0.265 0.226
ggvcigsgélcvrffrr gloetf;‘s:‘rll a Mean Temp [°C] 0.123 0.767 0.305
of both, Temp: daily mean Max Temp [°C] <0.001 (+) 0.571 0.617
temperature or mean of Min Temp [°C] 0.87 0.938 0.233
daily maximum/minimum Rain sum [mm] 0.582 0.912 0.422

temperatures.

Table 4 Comparison of average total root biomass [Mg ha™']
per site separated in well-watered (WW) and water-deficit
(WD) treatments with the relative difference (in %) between
WW to WD

Site WW median WD median root Relative
root biomass biomass [Mg differ-
[Mg ha™'] ha™'] ence

Le Magneraud 2.3°+1.3 2.12+0.7 -8.8

Mauguio 3.28+1.9 1.5°+0.9 -525

Ouzouer 2.3°+0.9 1.8%+0.6 -224

Pusignan 2.3%+1.1 2.0°+0.7 -124

Statistical differences via a comparison of estimated marginal
means per water treatment and site indicated by letters. SD
indicates standard deviation.

stage (Table 3). Thus, the drier the soil the fewer root
biomass was found. For the subsoil, this correlation
was barely not significant. However, it is worth to
note that the effect had been reversed. Accordingly,
in dry conditions there would be more roots in the
subsoil.

@ Springer

Statistical analysis of the data revealed significant
variations in root biomass among the sites, with Mau-
guio exhibiting the highest values among all four sites
with 3.2+ 1.9 Mg ha™! in WW conditions (Table 4).
However, under WD conditions, the highest total root
biomass was observed in Le Magneraud (2.1+0.7
Mg ha™!) and Pusignan (2.0+0.7 Mg ha™!). Mau-
guio showed the highest relative difference (—52.5%)
between WW and WD conditions and Le Magneraud
the smallest (—8.8%). Data on the depth distribu-
tion of root biomass at the four sites showed that
Ouzouer exhibited higher absolute root biomass in
the subsoil in comparison to the other three sites for
both water treatments. In Ouzouer the average root
biomass below 30 cm under WW conditions was
0.3 Mg ha~! and increased to 0.5 Mg ha~!' under
WD conditions. This corresponded to 6% of the total
root biomass below 30 cm depth under WW condi-
tions and 16% below 30 cm depth under WD condi-
tions (Supplementary Fig. 4). Ouzouer also showed
the highest number of water stress days under WD
conditions and concurrently demonstrating the most
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prominent difference (26 stress days) in water stress
days between the two water treatments (Table 2).
Consequently, at sites where water treatments did not

result in substantial differences in water stress, there
was minimal change in the root biomass proportion
in the subsoil. In Le Magneraud, the proportion of

A) water deficit
5 cd d ab d de a cd e bc be
I(u 4
.C
(=2}
=3
23 T
© .
=
kel
f 2 . -
o
[e]
1 —
ARV04 ARV18 ARV20 ARV23 ARV32 ARV39 ARV52 ARV72 ARV79 ARV85
B) well-watered
[ o4 a bc ab a G bc a a
6
,IL_‘ .
©
£=
[}
=
m 4
) * .
©
I
ke '
e}
8
3 2
ARV04 ARV18 ARV20 ARV23 ARV32 ARV39 ARV52 ARV72 ARV79 ARV85
. C) relative difference
S .
a 0
=
! [ ]
% [ ] ° °
3 20
8]
o
— [ ]
£
© -40-
g [ ]
= [ ]
o °
)
o [ ]
60" ARVO4 ARV18 ARV20 ARV23 ARV32 ARV39 ARV52 ARV72 ARV79 ARV85
Variety

Fig. 3 Root biomass in the top soil (0-30 cm) by variety for
water deficit (A) and well-watered conditions (B) and the rela-
tive difference of medians per variety between the two water

treatments (C). Statistical grouping via a comparison of esti-
mated marginal means per variety is indicated by letters
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root biomass below 30 cm increased from 4% under
WW to 7% under WD conditions (18 stress days
difference).

Total root biomass differed significantly
(p<0.05) between maize varieties across both
water treatments (Supplementary Table 2) ranging
from 1.6 to 3.7 Mg root biomass ha™!' in the WW
treatment and from 0.9 to 2.8 Mg ha~! in the WD
treatment. Thus, variety selection could site-spe-
cifically increase root biomass by 59 to 71% in the
WW treatment and by 63 to 72% in the WD treat-
ment considering the lowest and best performing
variety.

The relative variety differences for total root bio-
mass became apparent once the water conditions
were considered separately (Fig. 3). In general, a loss
of total root biomass by on average —27% under WD
conditions compared to WW conditions was found
for almost all varieties, where ARV52 was the excep-
tion. In contrast, for ARV52 the average root biomass
actually increased slightly by 4%. Under WW con-
ditions, the difference between the best performing
and the worst performing variety was 2.2 Mg ha™! or
59% in relative terms. Under WD conditions this dif-
ference was 1.8 Mg ha™! or 65%. A significant inter-
action of variety and water stress days was found for
the root biomass in the topsoil. Root biomass always
declined with increasing number of stress days
but the slope depended on variety (Supplementary
Fig. 5).

In the subsoil (30-100 cm), there were no dif-
ferences of root biomass for the three varieties that
were additionally sampled with coring. Subsoil root
biomass accounted for 3% of the total root biomass
among the three varieties in the WW treatment. Irre-
spective of variety and water treatment, a significant
positive correlation was identified between the soils’
silt content and total root biomass (p <0.001). In line
with this, sand content exhibited a negative correla-
tion with root biomass (p<0.001). However, clay
content did not show a significant correlation with
root biomass (p=0.62).

Classified by FAO maturity groups no distinct dif-
ferences were observed for the root biomass. The mid-
early varieties (FAO 280-310) ARV32 and ARV79 as
well as the later variety (FAO 400-470) ARV72 and
ARVS85 showed the highest differences between root
biomass under WW and WD conditions with up to
40% less root biomass (Fig. 3). Three varieties from
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the intermediate maturity group (ARV04, ARV39
and ARV 18) exhibited the lowest differences between
water treatments (max. 14%) but also showed gen-
erally low root biomass independently of the water
treatment.

Root architecture

The mean root diameter exhibited a depth-dependent
variation, with a significantly higher mean diameter
observed in the topsoil (0-30 cm) compared to the
subsoil (30-100 cm). Furthermore, water treatments
have been observed to result in varying diameters,
with higher diameters being attained under WW
conditions. The diameters exhibited by the varie-
ties did not demonstrate a significant difference.
The root diameter exhibited a significant correlation
with the texture. Silt exhibited a significant nega-
tive influence on root diameter (p=0.02), whereas
clay demonstrated a significantly positive influence
(p=0.04).

A significant variation in root length was observed
among the different varieties, with ARV72 exhibiting
the highest root length across all sites and both water
treatments. However, the WD treatment resulted in
a significantly higher total root length than the WW
treatment across sites. However, the root length for
the total sampling depth exhibited a negative cor-
relation with SWP in 30 and the mean SWP during
the vegetative stage (Supplementary Table 3). The
data revealed a negative correlation between the root
length and the SWP (30 cm and 60 cm), as well as
the mean SWP during the flowering and grain-filling
stages. In contrast, a positive correlation was observed
between the mean diameter and the SWP at 30 and
60 cm depth for all three developmental stages. The
total precipitation during the vegetative stage exhib-
ited a positive correlation with the root length in the
topsoil. The precipitation during the flowering period
had a positive effect on the mean diameter throughout
the entire sampling depth, as well as in both the top-
soil and subsoil layers.

Yield

Average yield across all sites and varieties was
12.3+3.1 Mg ha~!. Over both water treatments, the
yield varied significantly between varieties (Sup-
plementary Table 4). The yield ranged in the WW
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Fig. 4 Yields by variety for water deficit (A) and well-watered
conditions (B) and the relative difference of medians per vari-
ety between the two water treatments (C). Statistical grouping

treatment from 11.6 to 14 Mg ha™! and in the WD
treatment from 6.5 to 10.3 Mg ha~'. The average
yield was significantly higher (+32%) under WW
conditions (13.4+ 1.4 Mg ha™!) than under WD con-
ditions (9.0+3.1 Mg ha™!). There was a significant

via a comparison of estimated marginal means per variety is
indicated by letters

decrease of yield with increasing water stress days
but no interaction with variety. At both water treat-
ments, the yield varied significantly between varieties
with a site-specific increase in yield by 10 to 48% in
the WW treatment and 20 to 74% in the water deficit
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treatment when the lowest performing variety is com-
pared to the best.

The varieties ARV79, ARV 18 and ARV20 showed
the highest relative yield difference between water
treatments (44% decline under WD). Under WW
conditions, the difference between the best perform-
ing and the worst performing variety was 2.4 Mg ha™!
or 17.1%. Under WD conditions this difference
increased to 3.8 Mg ha™! or 36.7%. The variability of
yield between sites was lower at well-watered condi-
tions with an average coefficient of variation (CV) of
11% as compared to water deficit conditions (34%)
(Fig. 4). No maturity group specific trend was found.

Biomass allocation

The median R:S ratio across varieties, sites and water
treatments was 0.16+0.07. R:S ratios were signifi-
cantly lower under WW conditions (0.15 +0.06) than

Fig. 5 R:S (root to shoot)
ratio by variety for water
deficit (A) and well-watered

A) water deficit
04

under WD conditions (0.17+0.07). Over both water
treatments, the R:S ratio varied significantly between
varieties (Supplementary Table 5) ranging from 0.06
to 0.30 under WW conditions and from 0.07 to 0.22
under WD conditions (Fig. 5). No maturity group
specific trend was found.

Water deficit effects on the R:S ratios depended on
the variety (Fig. 5). For varieties ARV18 and ARV72
the water deficit did not result in changed R:S ratio.
In contrast, ARV79 showed higher R:S ration under
WD than WW conditions.

The root biomass difference due to water deficit
ranged from —87% to 27% depending on the vari-
ety, while the yield loss ranged from —2% to —75%
(Fig. 6). This indicated a higher impact of WD on
root biomass than on yield. A positive root bio-
mass difference indicated that the average root bio-
mass was higher under WD conditions than under
WW conditions and was found for variety ARV18
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at Pusignan and Le Magneraud, for ARV39 at
Pusignan, for ARV20 at Ouzouer and for ARV04
at Ouzouer. A positive yield difference was not
observed showing always less yield under WD con-
ditions. Thus, yield always declined from WW to
WD conditions for all varieties (Fig. 6).

Per site and water treatment, trends of yield with
increasing root biomass C were mostly negative but
not significant (Fig. 7). Significant negative trends
were found at Ouzouer WW (p=0.04) and Ouzouer
WD (p=0.005). A nonsignificant positive trend for
yield with increasing root biomass was found at
Pusignan WD (p=0.9).

O ARVO4 @ ARV20 @ ARV32 O ARV52 @ ARV79
© ARV18 @ ARV23 O ARV39 @ ARV72 @ ARV85

Discussion

Drought impact on root biomass production and
distribution depends on variety

The root biomass of maize (0—100 cm) found in this
study are in the upper end of reported values ranging
from 1.8 Mg ha™! to 3.4 Mg ha~! derived by differ-
ing sampling methods and depths between 0-210 cm
(Hirte et al. 2018a; Komainda et al. 2018; Ordoiez
et al. 2020; Xu et al. 2020). Xu et al. (2020) sampled
0-30 cm with a monolith method and reported a max-
imum of 1.8 Mg ha~!. Hirte et al. (2018a) combined a
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monolith and an auger approach and found not more
than approximately 2 Mg ha™! in 0-75 cm. Komainda
et al. (2018) reported up to 3.4 Mg ha™! for a com-
bined method of ingrowth core and soil auger to a
depth of 60 cm. Ordéiiez et al. (2020) sampled down
to 210 cm and reported root biomass of maximum
2.8 Mg ha~!. The sampling method, position and
depth has a significant impact on the estimated root
biomass (Ordéiiez et al. 2018). Our sampling design
was chosen to be cost and time efficient as only a very
limited time period after harvest was available for
sampling due to agricultural management following
harvest at the four sampling sites.

Differences between varieties were found for
root biomass which was unclear before as literature
showed conflicting evidence (Shao et al. 2019; Xu
et al. 2020; Taube et al. 2020). Significant variety
differences in root biomass of maize were reported
by Shao et al. (2019) for eight varieties under three
different planting densities with up to 50% increase
between the variety with the lowest to the variety with
the highest root biomass. We found higher differences
of root biomass between the variety with the lowest
to the variety with the highest root biomass by 59 to
71% in the WW treatment and by 63 to 72% in the
WD treatment. In contrast, Xu et al. (2020) did not
find significant variety differences for root biomass
in a Belgian field experiment. Still, the difference
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between the variety with the lowest root biomass
and the variety with the highest root biomass ranged
between 29 and 45% at the three Belgian sampling
sites. One could argue that the varieties were geneti-
cally too similar to show significant differences but
the varieties differed in their photosynthetic capac-
ity (Swanckaert et al. 2017). However, Taube et al.
(2020) constructed a timeline of the breeding pro-
gress in silage maize in Germany from 1970 to 2012
with ten varieties released in this period. Genetic
variability was present and the analysis also showed
a non-significant increase in root biomass of 13%
from the 1970 variety to the 2012 variety. Insignifi-
cance could have been caused by a high variability of
root biomass data. However, this raises the question
of how these findings should be interpreted in rela-
tion to the C input from root biomass to the soil in the
context of SOC modelling. Root derived C inputs also
vary significantly depending on the variety, and show
great variability between water treatments. Within
the limited range of varieties included in this study,
the variation in root biomass and, consequently, the
root-derived C inputs between varieties can reach up
to 72%. For SOC models, this entails a high degree of
uncertainty.

In the subsoil (30-100 cm), we found no differ-
ences in root biomass for the three sampled varieties
(ARV72, ARV18, ARV79). This contrasts findings by
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Hund et al. (2009) where differences in rooting depth
were found among four different varieties (Ac7643,
AcT729/TZSRW, CML444, SC-Malawi). How-
ever, in that study, the proportion of deep roots was
increased by a limited water availability irrespective
of variety (Hund et al. 2009). This is supported by the
present study where the root biomass in the subsoil
was enhanced by 25% by WD conditions compared
to WW conditions. The variability of root biomass
in the subsoil is subsequently important vor the SOC
build up below the plough horizon. Approximately
20% of agricultural management’s impact on SOC
occurs in subsoil layers, underscoring the importance
of deep soil C dynamics for C sequestration (Skadell
et al. 2023).

Biomass allocation

The average R:S ratio across the three varieties, sites
and water treatments was 0.16+0.07. Even though
data for shoot biomass was not available in this study
and had to be estimated based on the yield, the R:S
ratios fit to earlier reported R:S values for maize of
0.05—0.19 under various pedo-climatic conditions
(Heinemann et al. 2023). Komainda et al. (2018)
reported R:S ratios between 0.17 to 0.22 for two
maize varieties at harvest averaged over years and
two different N treatments in northern Germany. R:S
ratios of 0.04 to 0.13 with an average of 0.09+0.02
were found for maize across 10 locations, three
years and multiple cropping systems in Iowa, USA
(Ordoiiez et al. 2020). In our study, R:S ratios varied
significantly between varieties for both water treat-
ments. Earlier findings did not report significant dif-
ferences in R:S ratios of maize (Komainda et al. 2018;
Xu et al. 2020). Komainda et al. (2018) included only
two genotypes in their study which limits the ability
to find significant variety differences. Another factor
for insignificant variety differences might be a high
variability in the data or a method that was not suit-
able. Xu et al. (2020) chose a soil monolith approach.
To avoid collecting roots from neighbouring plants,
they set the width only to 10 cm. It is possible that
this sampling approach did not allow to capture vari-
ety differences.

Previous research indicated that limited water
availability had a greater impact on shoot growth (dry
weight —75%) than on root growth (root surface area
—51%) (Hund et al. 2009) leading to increased R:S

ratios with water stress which is in line with our find-
ings (Fig. 5). This was also supported by Yan et al.
(2023) reporting an increase in R:S ratios from 0.11
under moderate drought to 0.20 under light drought
conditions in a field experiment in China. Another
factor that plays a role in the biomass allocation under
drought conditions is the timing of drought. Yield
can be reduced by 75% due to drought during flower-
ing and by 40% by drought during grain filling stage
compared to a continuous water supply (Barron et al.
2003). In our study, yield was reduced by 32% due to
WD conditions across four sampling sites. The WD
conditions in our experiments occurred also during
flowering and grain filling. The differences between
the two water treatments however was not as big as
expected following Barron et al. (2003). This might
be the case because WW conditions were not optimal,
plants grown under these conditions experienced also
water limitations during crucial growth stages (Sup-
plementary Figs. 2 and 3). This could have resulted
in a reduction of the yield in both water treatments,
thereby lowering the observed difference.

The timing of drought is expected to alter the
yields of maize varieties classified into different
maturity groups. Early-maturing varieties are able to
avoid droughts in the late season; however, if water
stress conditions start mid-season, these varieties
perform worse than mid- and late-maturing varieties
(Cairns et al. 2012; Grewer et al. 2024). In our study,
ARV32 and ARV79 can be assigned to an earlier and
ARV72 and ARV23 to a later maturity group, other
varieties belong to an intermediate maturity group
(Table 1). However, it was not possible to assign any
distinguishable behaviours to the groups in this study.

Irrespective of maturity group, our results indi-
cated that plants invested more resources into roots
to adapt to drought conditions. Generally, above- and
belowground biomass production declined from WW
to WD conditions. Figure 6 showed that the reac-
tions of root biomass to water deficit were greater
than those of the yield. Returning to the root-derived
C inputs to the soil this finding poses the question of
whether yield-dependent allocation functions, as cur-
rently employed to calculate C inputs from under-
ground biomass based on yield data, are truly suit-
able. Hirte et al. (2018b) also found a disconnect
between above and belowground C dynamics in two
Swiss field trials under different farming systems but
the evidence is insufficient to determine whether this
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is the case for arable crops at large. Thus, yield-inde-
pendent allocation functions for estimating below-
ground C might be more suited to generated reliable
data.

Benefit of roots under drought stress

There seems to be a fine line between a beneficial
(for yield and yield stability) root system and an
unfavourable (investment without return) root system
under current, common climate conditions (Lynch
2018; White et al. 2013). Roots are especially valu-
able under extreme conditions such as drought, heat
or limited nutrient availability (Comas et al. 2013).
However, it was stated that plants with low root bio-
masss in the topsoil should be adapted to drougth
conditions (Bolafios et al. 1993).

When talking about the benefits of roots under
water stress root biomass might not be the best meas-
ure to evaluate it. The root system architecture and
the plasticity of the root system are equally impor-
tant to discuss. The root anatomical and architec-
tural responses to drought are complex phenomena
that vary among cultivars and root classes, as well
as along root axes (Hazman and Kabil 2022). Hund
et al. (2009) reported higher transpiration, stomatal
conductance and shoot biomass for maize varieties
with increased rooting depth. An improved drought
tolerance through increased rooting depth and water
acquisition from subsoil was reported from a field
experiment in Pennsylvania, USA for eight varieties
of maize (Gao and Lynch 2016). This enhancement
was attributed to a reduced number of crown roots.
Furthermore, the best performing varieties in a root
phenotyping study grew at steeper root angles when
exposed to drought stress (Klein et al. 2020). Gener-
ally, with increased stress days and lower SWP we
found more root biomass in the subsoil. However,
with lower SWP the root length generally increased
and the root diameter decreased (Supplementary
Table 3). This can be attributed to a drought adaption
mechanism of plants whereby roots are thinned dur-
ing water deficit conditions. The root thinning occurs
as a means to reduce the consumption of photosyn-
thetic resources, leading to a reduction in root bio-
mass (Yan et al. 2022).

Another factor that needs to be included in this dis-
cussion is the soil texture. Soil texture has significant
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effects on how maize responds to drought stress,
influencing both root development and water uptake
mechanisms. It was shown that sandy soils lead to
higher root diameters and root length densities in
maize compared to a loamy substrate (Vetterlein et al.
2022). Cai et al. (2021) were able to quantify the vari-
ation in soil-plant hydraulic conductance and root
length of maize in response to soil conditions, includ-
ing water limitations and soil texture differences.
Both studies point out that soil texture strongly influ-
ences root trait plasticity in maize and consequently
the drought response.

The metabolic costs of roots can account for
more than 50% of the daily photosynthesis (Lam-
bers et al. 2003). Thus, an overinvestment in root
biomass can be expected to limit aboveground bio-
mass and thus yield if higher root biomass does
not lead to increased resource acquisition. How-
ever, for the aim of C sequestration in soils a high
root biomass and therefore root derived C inputs
are favourable. As illustrated in Fig. 7, it appears
that a trade-off exists between grain yield and root
biomass C. It seems that, either high yields can be
achieved or high levels of root biomass C inputs
to the soil can be achieved. Based on a systematic
review and a comprehensive field study one might
expect that high yields and root biomass C inputs
can be achieved simultaneously (Heinemann et al.
2023, 2025). However, it is important to bear in
mind that site conditions have a strong influence
on root biomass. For instance, soil depth influences
the distribution and production of root biomass (see
Pusignan, Supplementary Fig. 4). Moreover, the
root architecture exhibits a high degree of plasticity
with regard to texture (Vetterlein et al. 2022). Fur-
thermore, diseases such as the infection by Ustilago
maydis in Mauguio have the potential to further
alter the correlation between yield and root mass.
This again poses the question of whether yield-
dependent allocation functions are truly suitable for
calculation root-derived C inputs to soils.

Conclusions

Root biomass in the top soil (0-30 cm) was 29%
higher under WW conditions compared to WD con-
ditions. In the subsoil (30-100 cm) however, root
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biomass was 25% higher under WD conditions and
increased significantly with the number of water
stress days. Only a small root fraction of 3.4 to 6.6%
was located in the subsoil. Still, these roots may play
a pivotal role for water acquisition during water stress
periods and may contribute more than topsoil roots
and above ground biomass to the accrual of soil C.
Under the pressure of more frequent extreme weather
events due to climate change this could be a way to
prevent from crop failures and may contribute to cli-
mate mitigation via C sequestration in the soil. How-
ever, the calculation of root derived C inputs into
soils via C allocation functions might introduce high
variability into SOC modelling as the experimental
data showed that root biomass C of maize cannot be
directly estimated from aboveground biomass data.

Acknowledgements We thank all the people for their tech-
nical support during sampling, sample processing and analy-
sis: Fabien Durand-Maniclas from Agroscope, Mats Behrens,
André Dorrie, Frank Hegewald, Ana Cecilia Quisoboni Cantor,
Sebastian Sieckfeld, Fenja Steinberg and Marie Wirtz from the
Thiinen Institute, and all the technical teams involved in setting
up and managing the field trials and Aurélia Gouleau (GEVES)
and Juan Herrera (Agroscope) for their contribution to the
resources collection for the INVITE multisite field experiment.
Furthermore, we thank Fabien Durand-Maniclas for his sup-
port in analysing the data.

Author contribution H. Heinemann: data curation, formal
analysis, investigation, methodology, visualization, writing —
original draft, writing — review and editing.

F. Seidel: methodology, data curation, project administra-
tion, funding acquisition, conceptualization, writing — review
and editing.

J. Hirte: project administration, funding acquisition, meth-
odology, validation, conceptualization, writing — review and
editing.

C. Welcker: funding acquisition, conceptualization, project
administration, resources, writing — review and editing.

R. Chapuis: management of field platform experiment, data
curation, writing — review and editing.

C. Gelot: management of field experiment, data curation,
writing — review and editing.

K. Beauchéne: management of field platform experiment,
data curation, writing — review and editing.

N. Luchaire: data curation, writing — review and editing.

J. Bouidghaghen: data curation, writing — review and
editing.

A. Don: conceptualization, data curation, validation, project
administration, funding acquisition, methodology, supervision,
writing — review and editing.

Funding Open Access funding enabled and organized
by Projekt DEAL. This work was supported by EJP Soil
[MaxRoot-C] project (which has received funding from the

European Union’s Horizon 2020 Research and Innovation Pro-
gramme under grant agreement No. 862695). Horizon 2020
INVITE project (which has received funding from the Euro-
pean Union’s Horizon 2020 Framework Programme under
grant agreement No. 817970).

Data availability The dataset generated during the current
study are available in the Zenodo repository, https://doi.org/10.
5281/zenodo.14229689.

Declarations

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

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

References

Addo-Danso SD, Prescott CE, Smith AR (2016) Methods
for estimating root biomass and production in forest and
woodland ecosystem carbon studies: a review. In For
Ecol Manage 359:332-351. https://doi.org/10.1016/].
foreco.2015.08.015

Barron J, Rockstrom J, Gichuki F, Hatibu N (2003) Dry spell
analysis and maize yields for two semi-arid locations in
east Africa. Agric for Meteorol 117(1-2):23-37. https://
doi.org/10.1016/S0168-1923(03)00037-6

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting lin-
ear mixed-effects models using Ime4. J Statistical Soft-
ware 67(1):1-48. https://doi.org/10.18637/jss.v067.i101

Beillouin D, Schauberger B, Bastos A, Ciais P, Makowski D
(2020) Impact of extreme weather conditions on Euro-
pean crop production in 2018. Philos Trans R Soc Lond
B Biol Sci 375(1810):20190510. https://doi.org/10.
1098/rstb.2019.0510

Bolafios J, Edmeades GO, Martinez L (1993) Eight cycles
of selection for drought tolerance in lowland tropical
maize. III. Responses in drought-adaptive physiological
and morphological traits. Field Crops Res 31(3—4):269—
286. https://doi.org/10.1016/0378-4290(93)90066-V

Biinemann EK, Bongiorno G, Bai Z, Creamer RE, Deyn Gd,
Goede Rd et al (2018) Soil quality — a critical review.

@ Springer


https://doi.org/10.5281/zenodo.14229689
https://doi.org/10.5281/zenodo.14229689
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.foreco.2015.08.015
https://doi.org/10.1016/j.foreco.2015.08.015
https://doi.org/10.1016/S0168-1923(03)00037-6
https://doi.org/10.1016/S0168-1923(03)00037-6
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1098/rstb.2019.0510
https://doi.org/10.1098/rstb.2019.0510
https://doi.org/10.1016/0378-4290(93)90066-V

Plant Soil

Soil Biol Biochem 120:105-125. https://doi.org/10.
1016/j.s0ilbi0.2018.01.030

Buras A, Rammig A, Zang CS (2020) Quantifying impacts of
the 2018 drought on European ecosystems in compari-
son to 2003. Biogeosci 17(6):1655-1672. https://doi.
org/10.5194/bg-17-1655-2020

Cai G, Carminati A, Abdalla M, Ahmed MA (2021) Soil
textures rather than root hairs dominate water uptake
and soil-plant hydraulics under drought. Plant Physiol
187(2):858-872. https://doi.org/10.1093/plphys/kiab271

Cairns JE, Sonder K, Zaidi PH, Verhulst N, Mahuku G, Babu
R et al (2012) Maize production in a changing climate.
In Elsevier (Advances in Agronomy) 114:1-58

Campos-Caliz A, Valencia E, Plaza C, Garland G, Edlinger
A, Herzog C et al (2024) The positive effects of soil
organic carbon on European cereal yields level off at
1.4%. J Sustain Agric Environ 3(4):e70017. https://doi.
org/10.1002/sae2.70017

Ciais Ph, Reichstein M, Viovy N, Granier A, Ogée J, Allard
V et al (2005) Europe-wide reduction in primary pro-
ductivity caused by the heat and drought in 2003. Nature
437(7058):529-533. https://doi.org/10.1038/natur
e03972

Comas LH, Becker SR, Cruz VMYV, Byrne PF, Dierig DA
(2013) Root traits contributing to plant productivity
under drought. Front Plant Sci 4:442. https://doi.org/10.
3389/fpls.2013.00442

Cotrufo MF, Haddix ML, Mullen JL, Zhang Y, McKay JK
(2024) Deepening root inputs: potential soil carbon
accrual from breeding for deeper rooted maize. Glob
Change Biol 30(11):e17591. https://doi.org/10.1111/
2cb.17591

Eurostat (2025): Production of main cereals, EU, 2013-
2023. Available online at https://ec.europa.eu/euros
tat/statistics-explained/index.php?title=Agricultural _
production_-_crops, updated on 1/30/2025, checked on
2/17/2025.

Fan J, McConkey B, Wang H, Janzen H (2016) Root distribu-
tion by depth for temperate agricultural crops. Field Crops
Res 189:68-74. https://doi.org/10.1016/j.fcr.2016.02.013

Fitter A (2002) Characteristics and functions of root systems.
In: Waisel Y, Eshel A, Beeckman T, Kafkafi U (eds)
Plant Roots: CRC Press, pp. 49-78.

Frasier I, Noellemeyer E, Ferndndez R, Quiroga A (2016)
Direct field method for root biomass quantification in
agroecosystems. MethodsX 3:513-519. https://doi.org/
10.1016/j.mex.2016.08.002

Gao Y, Lynch JP (2016) Reduced crown root number
improves water acquisition under water deficit stress
in maize (Zea mays L.). ] Exp Bot 67(15):4545-4557.
https://doi.org/10.1093/jxb/erw243

Grewer U, Kim D-H, Waha K (2024) Too much, too soon?
Early-maturing maize varieties as drought escape strat-
egy in Malawi. Food Policy 129:102766. https://doi.org/
10.1016/j.foodpol.2024.102766

Harrison MT, Tardieu F, Dong Z, Messina CD, Hammer GL
(2014) Characterizing drought stress and trait influence
on maize yield under current and future conditions.
Glob Change Biol 20(3):867-878. https://doi.org/10.
1111/gcb.12381

@ Springer

Hazman MY, Kabil FF (2022) Maize root responses to
drought stress depend on root class and axial position.
J Plant Res 135(1):105-120. https://doi.org/10.1007/
$10265-021-01348-7

Heinemann H, Hirte J, Seidel F, Don A (2023) Increasing
root biomass derived carbon input to agricultural soils
by genotype selection — a review. Plant Soil 490(1):19—
30. https://doi.org/10.1007/s11104-023-06068-6

Heinemann H, Durand-Maniclas F, Seidel F, Ciulla F, Bar-
cena TG, Camenzind M et al (2025) Optimising root
and grain yield through variety selection in winter
wheat across a European climate gradient. Eur J Soil Sci
76(2):70077. https://doi.org/10.1111/ejss.70077

Hirte J, Leifeld J, Abiven S, Mayer J (2018a) Maize and
wheat root biomass, vertical distribution, and size class
as affected by fertilization intensity in two long-term
field trials. Field Crops Res 216:197-208. https://doi.
org/10.1016/j.fcr.2017.11.023

Hirte J, Leifeld J, Abiven S, Oberholzer H-R, Mayer J
(2018b) Below ground carbon inputs to soil via root
biomass and rhizodeposition of field-grown maize and
wheat at harvest are independent of net primary produc-
tivity. Agricult Ecosyst Environ 265:556-566. https://
doi.org/10.1016/j.agee.2018.07.010

Hirte J, Walder F, Hess J, Biichi L, Colombi T, van der Hei-
jden MG, Mayer J (2021) Enhanced root carbon alloca-
tion through organic farming is restricted to topsoils.
Sci Total Environ 755(Pt 2):143551. https://doi.org/10.
1016/j.scitotenv.2020.143551

Hodge A, Berta G, Doussan C, Merchan F, Crespi M
(2009) Plant root growth, architecture and function.
Plant Soil 321(1-2):153-187. https://doi.org/10.1007/
s11104-009-9929-9

Hothorn T, Bretz F, Westfall P (2008) Simultancous infer-
ence in general parametric. In Biometrical Journal
50(3):346-363

Hund A, Ruta N, Liedgens M (2009) Rooting depth and
water use efficiency of tropical maize inbred lines, dif-
fering in drought tolerance. Plant Soil 318(1-2):311-—
325. https://doi.org/10.1007/s11104-008-9843-6

Jacobs A, Poeplau C, Weiser C, Fahrion-Nitschke A,
Don A (2020) Exports and inputs of organic carbon
on agricultural soils in Germany. Nutr Cycl Agro-
ecosyst 118(3):249-271. https://doi.org/10.1007/
$10705-020-10087-5

Kassambara A (2023) ggpubr: ‘ggplot2’ based publication
ready plots. Version 0.6.0. Available online at https:/
CRAN.R-project.org/package=ggpubr

Kitterer T, Bolinder MA (2024) Response of maize yield to
changes in soil organic matter in a Swedish long-term
experiment. Eur J Soil Sci 75(2):e13482. https://doi.org/
10.1111/ejss.13482

Kitterer T, Bolinder MA, Andrén O, Kirchmann H, Menichetti
L (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—
2):184-192. https://doi.org/10.1016/j.agee.2011.02.029

Keel SG, Leifeld J, Mayer J, Taghizadeh-Toosi A, Olesen
JE (2017) Large uncertainty in soil carbon modelling
related to method of calculation of plant carbon input in


https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.5194/bg-17-1655-2020
https://doi.org/10.5194/bg-17-1655-2020
https://doi.org/10.1093/plphys/kiab271
https://doi.org/10.1002/sae2.70017
https://doi.org/10.1002/sae2.70017
https://doi.org/10.1038/nature03972
https://doi.org/10.1038/nature03972
https://doi.org/10.3389/fpls.2013.00442
https://doi.org/10.3389/fpls.2013.00442
https://doi.org/10.1111/gcb.17591
https://doi.org/10.1111/gcb.17591
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agricultural_production_-_crops
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agricultural_production_-_crops
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agricultural_production_-_crops
https://doi.org/10.1016/j.fcr.2016.02.013
https://doi.org/10.1016/j.mex.2016.08.002
https://doi.org/10.1016/j.mex.2016.08.002
https://doi.org/10.1093/jxb/erw243
https://doi.org/10.1016/j.foodpol.2024.102766
https://doi.org/10.1016/j.foodpol.2024.102766
https://doi.org/10.1111/gcb.12381
https://doi.org/10.1111/gcb.12381
https://doi.org/10.1007/s10265-021-01348-7
https://doi.org/10.1007/s10265-021-01348-7
https://doi.org/10.1007/s11104-023-06068-6
https://doi.org/10.1111/ejss.70077
https://doi.org/10.1016/j.fcr.2017.11.023
https://doi.org/10.1016/j.fcr.2017.11.023
https://doi.org/10.1016/j.agee.2018.07.010
https://doi.org/10.1016/j.agee.2018.07.010
https://doi.org/10.1016/j.scitotenv.2020.143551
https://doi.org/10.1016/j.scitotenv.2020.143551
https://doi.org/10.1007/s11104-009-9929-9
https://doi.org/10.1007/s11104-009-9929-9
https://doi.org/10.1007/s11104-008-9843-6
https://doi.org/10.1007/s10705-020-10087-5
https://doi.org/10.1007/s10705-020-10087-5
https://CRAN.R-project.org/package=ggpubr
https://CRAN.R-project.org/package=ggpubr
https://doi.org/10.1111/ejss.13482
https://doi.org/10.1111/ejss.13482
https://doi.org/10.1016/j.agee.2011.02.029

Plant Soil

agricultural systems. European J Soil Sci 68(6):953-963.
https://doi.org/10.1111/ejss.12454

Klein SP, Schneider HM, Perkins AC, Brown KM, Lynch JP
(2020) Multiple integrated root phenotypes are associ-
ated with improved drought tolerance. Plant Physiol
183(3):1011-1025. https://doi.org/10.1104/pp.20.00211

Knox J, Daccache A, Hess T, Haro D (2016) Meta-analysis of
climate impacts and uncertainty on crop yields in Europe.
Environ Res Lett 11(11):113004. https://doi.org/10.1088/
1748-9326/11/11/113004

Koehler T, Schaum C, Tung S-Y, Steiner F, Tyborski N, Wild
AlJ et al (2023) Above and belowground traits impacting
transpiration decline during soil drying in 48 maize (Zea
mays) genotypes. Ann Bot 131(2):373-386. https://doi.
org/10.1093/aob/mcac147

Komainda M, Taube F, Kluf C, Herrmann A (2018) The
effects of maize (Zea mays L.) hybrid and harvest date on
above- and belowground biomass dynamics, forage yield
and quality — a trade-off for carbon inputs? European J
Agronomy 92:51-62. https://doi.org/10.1016/j.eja.2017.
10.003

Lal R (2016) Soil health and carbon management. Food Energy
Security 5(4):212-222. https://doi.org/10.1002/fes3.96

Lambers H, Cramer MD, Shane MW, Wouterlood M, Poot P,
Vneklaas EJ (2003) Introduction. Plant Soil 248(1/2):1-2.
https://doi.org/10.1023/A:1025561812696

Lenth, R. (2023): emmeans: Estimated Marginal Means, aka
Least-Squares Means. Version 1.8.5. Available online at
https://CRAN.R-project.org/package=emmeans

Luo, D; Ganesh, S; Koolard, J (2023): predictmeans: Predicted
Means for Linear and Semiparametric Models. Version
1.0.9. Available online at https://CRAN.R-project.org/
package=predictmeans

Luterbacher J, Dietrich D, Xoplaki E, Grosjean M, Wanner H
(2004) European seasonal and annual temperature vari-
ability, trends, and extremes since 1500. Science (New
York, ny) 303(5663):1499-1503. https://doi.org/10.1126/
science.1093877

Lynch JP (2013) Steep, cheap and deep: an ideotype to opti-
mize water and N acquisition by maize root systems. Ann
Bot 112(2):347-357. https://doi.org/10.1093/aob/mcs293

Lynch JP (2018) Rightsizing root phenotypes for drought
resistance. J Experimental Botany 69(13):3279-3292.
https://doi.org/10.1093/jxb/ery048

Mitchell D, Kornhuber K, Huntingford C, Uhe P (2019) The
day the 2003 European heatwave record was broken. Lan-
cet Planetary Health 3(7):e290-e292. https://doi.org/10.
1016/S2542-5196(19)30106-8

Oldfield EE, Bradford MA, Wood SA (2019) Global meta-
analysis of the relationship between soil organic mat-
ter and crop yields. SOIL 5(1):15-32. https://doi.org/10.
5194/s0il-5-15-2019

Ordéilez RA, Castellano MJ, Hatfield JL, Licht MA, Wright
EE, Archontoulis SV (2018) A solution for sampling posi-
tion errors in maize and soybean root mass and length
estimates. In European Journal of Agronomy 96:156-162

Ordonez RA, Archontoulis SV, Martinez-Feria R, Hatfield JL,
Wright EE, Castellano MJ (2020) Root to shoot and car-
bon to nitrogen ratios of maize and soybean crops in the
US Midwest. Eur J Agron 120:126130. https://doi.org/10.
1016/j.€ja.2020.126130

Parent B, Leclere M, Lacube S, Semenov MA, Welcker C,
Martre P, Tardieu F (2018) Maize yields over Europe may
increase in spite of climate change, with an appropriate
use of the genetic variability of flowering time. Proc Natl
Acad Sci U S A 115(42):10642-10647. https://doi.org/10.
1073/pnas.1720716115

Pinheiro J, Bates D, R Core Team (2023): nlme: Linear and
nonlinear mixed effects models. Version 3.1-162. Avail-
able online at https://CRAN.R-project.org/package=nlme

Qin M, Zheng E, Hou D, Meng X, Meng F, Gao Yu et al (2023)
Response of wheat, maize, and rice to changes in tempera-
ture, precipitation, CO2 concentration, and uncertainty
based on crop simulation approaches. Plants. https://doi.
org/10.3390/plants 12142709

R Core Team (2023): R: A language and environment for sta-
tistical computing. Vienna: R Foundation for statistical
computing

Rasse DP, Rumpel C, Dignac M-F (2005) Is soil carbon mostly
root carbon? Mechanisms for a specific stabilisation.
Plant Soil 269(1-2):341-356. https://doi.org/10.1007/
s11104-004-0907-y

Rawls WJ, Pachepsky YA, Ritchie JC, Sobecki TM, Blood-
worth H (2003) Effect of soil organic carbon on soil water
retention. Geoderma 116(1-2):61-76. https://doi.org/10.
1016/S0016-7061(03)00094-6

Riggers C, Poeplau C, Don A, Frithauf C, Dechow R (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(1-2):417-433.
https://doi.org/10.1007/s11104-020-04806-8

Schauberger P, Walker A (2023) openxlsx. Read, Write and
Edit xIsx Files. Version 4.2.5.2. Available online at https://
CRAN.R-project.org/package=openxlsx

Seethepalli A, Dhakal K, Griffiths M, Guo H, Freschet GT,
York LM (2021) RhizoVision explorer: open-source soft-
ware for root image analysis and measurement standardi-
zation. AoB Plants 13(6):plab056. https://doi.org/10.1093/
aobpla/plab056

Seethepalli A, York LM (2020) RhizoVision Explorer - Inter-
active software for generalized root image analysis
designed for everyone: Zenodo.

Shao H, Shi D, Shi W, Ban X, Chen Y, Ren W et al (2019)
Genotypic difference in the plasticity of root system
architecture of field-grown maize in response to plant
density. Plant Soil 439(1-2):201-217. https://doi.org/10.
1007/s11104-019-03964-8

Skadell LE, Schneider F, Gocke MI, Guigue J, Amelung W,
Bauke SL et al (2023) Twenty percent of agricultural
management effects on organic carbon stocks occur in
subsoils — results of ten long-term experiments.

Smith P, Cotrufo MF, Rumpel C, Paustian K, Kuikman PJ,
Elliott JA et al (2015) Biogeochemical cycles and bio-
diversity as key drivers of ecosystem services provided
by soils. Soil 1(2):665-685. https://doi.org/10.5194/
s0il-1-665-2015

Smucker AJM, McBurney SL, Srivastava AK (1982) Quan-
titative separation of roots from compacted soil pro-
files by the hydropneumatic elutriation system. Agron J
74:500-503

Swanckaert J, Pannecoucque J, van Waes J, Steppe K,
van Labeke M-C, Reheul D (2017) Stay-green

@ Springer


https://doi.org/10.1111/ejss.12454
https://doi.org/10.1104/pp.20.00211
https://doi.org/10.1088/1748-9326/11/11/113004
https://doi.org/10.1088/1748-9326/11/11/113004
https://doi.org/10.1093/aob/mcac147
https://doi.org/10.1093/aob/mcac147
https://doi.org/10.1016/j.eja.2017.10.003
https://doi.org/10.1016/j.eja.2017.10.003
https://doi.org/10.1002/fes3.96
https://doi.org/10.1023/A:1025561812696
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=predictmeans
https://CRAN.R-project.org/package=predictmeans
https://doi.org/10.1126/science.1093877
https://doi.org/10.1126/science.1093877
https://doi.org/10.1093/aob/mcs293
https://doi.org/10.1093/jxb/ery048
https://doi.org/10.1016/S2542-5196(19)30106-8
https://doi.org/10.1016/S2542-5196(19)30106-8
https://doi.org/10.5194/soil-5-15-2019
https://doi.org/10.5194/soil-5-15-2019
https://doi.org/10.1016/j.eja.2020.126130
https://doi.org/10.1016/j.eja.2020.126130
https://doi.org/10.1073/pnas.1720716115
https://doi.org/10.1073/pnas.1720716115
https://CRAN.R-project.org/package=nlme
https://doi.org/10.3390/plants12142709
https://doi.org/10.3390/plants12142709
https://doi.org/10.1007/s11104-004-0907-y
https://doi.org/10.1007/s11104-004-0907-y
https://doi.org/10.1016/S0016-7061(03)00094-6
https://doi.org/10.1016/S0016-7061(03)00094-6
https://doi.org/10.1007/s11104-020-04806-8
https://CRAN.R-project.org/package=openxlsx
https://CRAN.R-project.org/package=openxlsx
https://doi.org/10.1093/aobpla/plab056
https://doi.org/10.1093/aobpla/plab056
https://doi.org/10.1007/s11104-019-03964-8
https://doi.org/10.1007/s11104-019-03964-8
https://doi.org/10.5194/soil-1-665-2015
https://doi.org/10.5194/soil-1-665-2015

Plant Soil

characterization in Belgian forage maize. J Agric Sci
155(5):766-776.  https://doi.org/10.1017/S002185961
600085X

Taghizadeh-Toosi A, Christensen BT, Glendining M, Olesen
JE (2016) Consolidating soil carbon turnover models by
improved estimates of belowground carbon input. Sci
Rep 6:32568. https://doi.org/10.1038/srep32568

Taube F, Vogeler I, Klufl C, Herrmann A, Hasler M, Rath
J et al (2020) Yield progress in forage maize in NW
Europe—breeding progress or climate change effects?
Front Plant Sci 11:1214. https://doi.org/10.3389/fpls.
2020.01214

Toreti A, Bavera D, Acosta NJ, Cammalleri C, De Jager A, Di
Ciollo C et al (2022) Drought in Europe August 2022. In
1831-9424. https://doi.org/10.2760/264241

van Oosterom EJ, Yang Z, Zhang F, Deifel KS, Cooper M,
Messina CD, Hammer GL (2016) Hybrid variation for
root system efficiency in maize: potential links to drought
adaptation. Functional Plant Biol FPB 43(6):502-511.
https://doi.org/10.1071/FP15308

Vetterlein D, Phalempin M, Lippold E, Schliiter S, Schreiter S,
Ahmed MA et al (2022) Root hairs matter at field scale
for maize shoot growth and nutrient uptake, but root trait
plasticity is primarily triggered by texture and drought.
Plant Soil 478(1-2):119-141. https://doi.org/10.1007/
s11104-022-05434-0

Welcker C, Spencer NA, Turc O, Granato I, Chapuis R, Madur
D et al (2022) Physiological adaptive traits are a potential
allele reservoir for maize genetic progress under challeng-
ing conditions. Nat Commun 13(1):3225. https://doi.org/
10.1038/s41467-022-30872-w

White PJ, George TS, Gregory PJ, Bengough AG, Hallett PD,
McKenzie BM (2013) Matching roots to their environ-
ment. Ann Bot 112(2):207-222. https://doi.org/10.1093/
aob/mct123

@ Springer

Wickham H, Averick M, Bryan J, Chang W, McGowan LD,
Francois R et al (2019) Welcome to the tidyvers. J Open
Source Software (43):1686. https://doi.org/10.21105/joss.
01686

Wickham H (2016) ggplot2: Elegant graphics for data analy-
sis: Springer-Verlag New York. Available online at https://
ggplot2.tidyverse.org

Xu H, Vandecasteele B, Maenhout P, Pannecoucque J, Neve
Sd, Sleutel S (2020) Maize root biomass and architecture
depend on site but not on variety: consequences for pre-
diction of C inputs and spread in topsoil based on root-to-
shoot ratios. Eur J Agron 119:126121. https://doi.org/10.
1016/j.€ja.2020.126121

Yan S, Weng B, Jing L, Bi W, Yan D (2022) Adaptive pathway
of summer maize under drought stress: transformation of
root morphology and water absorption law. Front Earth
Sci 10:1020553. https://doi.org/10.3389/feart.2022.10205
53

Yan S, Weng B, Jing L, Bi W (2023) Effects of drought stress
on water content and biomass distribution in summer
maize(Zea mays L.). Front Plant Sci 14:1118131. https://
doi.org/10.3389/fpls.2023.1118131

Zhao J, Xue Q-W, Jessup KE, Hou X-B, Hao B-Z, Marek TH
et al (2018) Shoot and root traits in drought tolerant maize
(Zea mays L.) hybrids. J Integr Agric 17(5):1093-1105.
https://doi.org/10.1016/S2095-3119(17)61869-0

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


https://doi.org/10.1017/S002185961600085X
https://doi.org/10.1017/S002185961600085X
https://doi.org/10.1038/srep32568
https://doi.org/10.3389/fpls.2020.01214
https://doi.org/10.3389/fpls.2020.01214
https://doi.org/10.2760/264241
https://doi.org/10.1071/FP15308
https://doi.org/10.1007/s11104-022-05434-0
https://doi.org/10.1007/s11104-022-05434-0
https://doi.org/10.1038/s41467-022-30872-w
https://doi.org/10.1038/s41467-022-30872-w
https://doi.org/10.1093/aob/mct123
https://doi.org/10.1093/aob/mct123
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://doi.org/10.1016/j.eja.2020.126121
https://doi.org/10.1016/j.eja.2020.126121
https://doi.org/10.3389/feart.2022.1020553
https://doi.org/10.3389/feart.2022.1020553
https://doi.org/10.3389/fpls.2023.1118131
https://doi.org/10.3389/fpls.2023.1118131
https://doi.org/10.1016/S2095-3119(17)61869-0

	Variability in maize root biomass distribution under drought can contribute to climate change adaptation
	Abstract 
	Aims 
	Methods 
	Results 
	Conclusions 

	Introduction
	Material & methods
	Field experiments
	Root and soil sampling
	Calculations
	Statistics
	Software

	Results
	Root biomass production and distribution
	Root architecture
	Yield
	Biomass allocation

	Discussion
	Drought impact on root biomass production and distribution depends on variety
	Biomass allocation
	Benefit of roots under drought stress

	Conclusions
	Acknowledgements 
	References


