Soil & Tillage Research 260 (2026) 107103

Soil & Tillage

Contents lists available at ScienceDirect
Research

Soil & Tillage Research

journal homepage: www.elsevier.com/locate/still

ELSEVIER

Check for

Within-field variation in root-to-shoot ratios and root traits in spring barley: |
Implications for estimating carbon inputs

a,* a,c

Miyanda Chilipamushi , Claudia von Bromssen ”, Tino Colombi , Thomas Kétterer @,

Mats Larsbo®

& Department of Soil and Environment, Swedish University of Agricultural Sciences, Box 7014, Uppsala 750 07, Sweden
b Department of Energy and Technology, Swedish University of Agricultural Sciences, Box 7013, Uppsala 750 07, Sweden
€ School of Biosciences, University of Nottingham, Sutton Bonington LE12 5RD, UK

4 Department of Ecology, Swedish University of Agricultural Sciences, Box 7044, 750 07 Uppsala, Sweden

ARTICLE INFO ABSTRACT

Keywords:

Allometric functions
Root-to-shoot ratio

Soil carbon inputs

Soil carbon modelling

Soil organic carbon monitoring
Temporal variability
Within-field variability

Roots are a major pathway for carbon (C) input into agricultural soils, yet field-scale measurements of below-
ground C inputs and associated root traits remain limited. Consequently, many soil carbon models rely on fixed
root-to-shoot ratios, and root trait variability is rarely considered. In this study, we quantified within-field
variation in root-to-shoot ratios and root traits (root diameter, root length density and root tissue density) in
spring barley (Hordeum vulgare L.) grown in southwestern Sweden in soil classified as Stagnic Eutric Cambisol,
Eutric Stagnosol or Haplic Phaeozem according to the World Reference Base system. Roots (0-40 cm) and shoots
were sampled during early to mid-reproductive stage, i.e. milking/early dough development stage, in a
50 x 50 cm grid at 11 sampling locations in the same field in two consecutive years. Shoot and root biomass were
not correlated, resulting in variable root-to-shoot ratios (quartile coefficients of variation 7-18 %) and no
consistent spatial pattern between years. Root traits displayed clear between year and depth variation, with
coarser roots in the topsoil and root tissue densities and root length densities shifting across the profile, reflecting
the highly plastic nature of root systems. The spatial variation in root properties in the field could not be
explained by basic soil properties. Our findings call for a more mechanistic understanding of the drivers for root-
to-shoot ratios and the plastic response of root traits to improve field-scale estimates of root-derived C inputs and
SOC modelling accuracy.

1. Introduction Cabal et al., 2021, Lux and Rost, 2012). Although above- and especially

below-ground plant traits play a key role in determining SOC inputs,

Changes in soil organic carbon (SOC) stocks in agricultural soils are
monitored using repeated soil inventories or estimated with dynamic
soil carbon models such as RothC (Coleman and Jenkinson, 2014),
C-TOOL (Taghizadeh-Toosi et al., 2014), ICBM (Bolinder et al., 2019)
and Yasso07 (Liski et al., 2005). In arable crops, about 25 % of the
carbon fixed through photosynthesis is allocated to roots and rhizode-
position (Jacobs et al., 2020). Root-derived carbon inputs are particu-
larly important for carbon balances, as they tend to form more stable
SOC pools compared to input from above-ground plant residues (Rasse
et al., 2005, Katterer et al., 2011, Gasser et al., 2022). Hence, SOC input
through roots needs to be properly accounted for in monitoring pro-
grams and modelling efforts. However, root sampling and analysis are
labor-intensive, and root data are, therefore, often limited (Bohm, 1979,
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their influence on overall SOC balances remains insufficiently explored.
Consequently, soil carbon models rely on simplifications such as fixed
root-to-shoot ratios to estimate root-derived carbon inputs. This in-
troduces uncertainty in modelled soil carbon inputs because, in reality,
root-to-shoot ratios vary with soil properties, soil and crop management,
soil nutrient status, soil moisture and climate (Bolinder et al., 2007,
Taghizadeh-Toosi et al., 2020).

Previous studies have primarily focused on soil and crop manage-
ment effects on root-shoot ratios using long-term plot-scale field ex-
periments (Xu and Juma, 1992) and on inter-field and regional
variability in root-to-shoot ratios (Bolinder et al., 2007, Mattila and
Hakkinen, 2025, Hirte et al., 2018, Plaza-Bonilla et al., 2013, Heine-
mann et al., 2025) with little consideration of field scale heterogeneity.
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Furthermore, it remains difficult to separate the effects of soil properties
from the effects of management and climate in regional studies since this
would require large amounts of data. For example, regional studies of
annual crops have shown that root-to-shoot ratios may vary with soil
texture (Poeplau and Katterer, 2017; Mattila and Hakkinen, 2025) and
weather conditions (Hirte et al., 2021).

Soil carbon sequestration is not determined by the quantity of root
input only. The root system architecture (i.e., the spatial configuration
of the root system), which encompasses features such as root length,
spread, and diameter (Khan et al., 2016), influences microbial accessi-
bility and, hence, root turnover. Despite the impact of above- and
particularly below-ground plant traits for estimating SOC inputs, their
impacts on SOC balances are understudied (Raza et al., 2025). Similar to
root-to-shoot ratios, root architecture exhibits substantial variation in
response to soil and crop management, soil properties and climate (Bao
et al., 2014, Weemstra et al., 2022, Weemstra et al., 2021, Asefa et al.,
2022, Durand-Maniclas et al., 2025). Soil-crop simulation models (e.g.
USSF (Jarvis et al., 2024); DAISY (Hansen et al., 2012); APSIM (O’Leary
et al., 2015)) are increasingly used to simulate SOC dynamics and other
ecosystem processes under varying environmental and management
conditions. These models integrate key biophysical processes such as
crop growth, water and nutrient uptake, and carbon allocation, and
often also consider, at least some aspects of root system architecture,
such as root length density and diameter (Seidel et al., 2024, Dupuy
et al., 2010). A deeper understanding of within-field variation in root
architecture and its interaction with soil properties, as well as examining
both between- and within-field variability in the root-to-shoot ratio and
its underlying drivers, could enable improved process descriptions and
parameterization of belowground components in soil and crop, and SOC
models (Dupuy et al., 2010, Raza et al., 2025).

The objectives of this study were to i) quantify the within-field
spatial and between year variation in shoot and root properties and
corresponding root-to-shoot ratios, ii) quantify the within-field variation
in root traits such as the root diameter, root length density and root
tissue density, iii) test if soil properties could explain the variation in
shoot and root properties, and iv) test if root biomass could explain the
within-field variation in SOC in the topsoil. This was achieved by col-
lecting shoot and root samples of spring barley during early to mid-
reproductive stage, i.e. milking/early dough development stage from
11 sampling points during two consecutive years in a commercially
managed field with large variation in soil texture and SOC content. This
study moves beyond “average” rooting and biomass allocation by
quantifying spatial heterogeneity within a single field and by linking
root-to-shoot ratios and root traits to within-field variation in soil
properties that are generally not considered in regional studies or in
long-term plot-scale field experiments.

2. Methods and materials
2.1. Site description

The study area was a 46.9 ha conventionally-managed field in
Bjertorp, Vastergotland, in southwestern Sweden (58°14'00"N 13°08'00"
E) with large spatial variations in soil texture and SOC content (clay
content 9-45 % and SOC content 0.6-2.7 g kg ! in the topsoil (0-20 cm)
(Lindahl et al., 2008). Mean annual precipitation and temperature be-
tween 1961 and 2024 were 706 mm and 6.8°C, respectively. Depending
on location, the soil in the field was classified either as Stagnic Eutric
Cambisol, Eutric Stagnosol or Haplic Phaeozem according to the World
Reference Base system (IUSS Working Group, 2015, Fukumasu et al.,
2021). The field has been under continuous arable cultivation for more
than 60 years (Lindahl et al., 2008, Fukumasu et al., 2021). The crop
rotation has primarily consisted of winter wheat (Triticum aestivum),
barley (Hordeum vulgare L), oats (Avena sativa) and oilseed rape (Brassica
napus L) as the main crops. The uppermost 20-25 cm has been mould-
board ploughed in the autumn, with a shallower plough depth in years
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when winter rapeseed was sown (Fukumasu et al., 2021). Fertilization
has been applied with nitrogen, phosphorus, and potassium, with no
addition of farmyard manure (Fukumasu et al., 2021). Fertilizers were
applied at sowing between seeding rows at rates of 70, 26 and
44 kg ha™ of nitrogen, phosphorus and potassium in 2023, and 70, 32
and 52 kg ha™! of nitrogen, phosphorus and potassium in 2024. Addi-
tional nitrogen fertilizer was applied uniformly to the soil surface at
24 kg ha™! in 2023 and 43 kg ha™! in 2024.

2.2. Sampling design and analyzed variables

The sampling locations were selected to cover the variation in SOC
content and soil texture (Fig. 1A, B). This selection was based on data
from Fukumasu et al. (2021), who investigated the relationships be-
tween soil physicochemical properties, the reactive mineral phase, mean
relative grain yield (as a proxy for carbon input) and SOC content in
different soil fractions. From the initial 35 sampling points selected by
Fukumasu et al. (2021), we applied systematic sampling at a fixed in-
terval based on the SOC content analyzed by Fukumasu et al. (2021) to
obtain the 11 representative sampling points shown in Fig. 1A, from
which we collected samples for the analysis here. We sorted the SOC
content measurements for the 35 points in ascending order and selected
every third point.

Soil samples at the same sampling points were previously collected
and analyzed by Fukumasu et al. (2021) for the variables listed in
Table S1 at a depth of 3 — 13 cm. From the published dataset, we used
SOC content, clay content, and elevation (Table 1). The elevation was
between 88 and 94 m above sea level with a median slope of 0.3°. Loose
soil was sampled at about 3 - 13 cm, dried at 38°C, crushed and sieved to
< 2 mm, and SOC content was subsequently determined using a LECO
Trumac CN analyzer according to SS-ISO 10694 (Fukumasu et al., 2021).
Soil texture was also analyzed using the pipette method after organic
matter oxidation according to Messing et al., 2024 in the data published
in Fukumasu et al., 2021. A full description of the methods can be found
in Fukumasu et al. (2021). Precipitation and temperature data at a daily
resolution were obtained from a gridded map produced by the Swedish
Meteorological and Hydrological Institute (SMHI) for the two years of
our study (2023 and 2024).

2.3. Crops and growth conditions

Two-rowed spring barley (Hordeum vulgare L.) was grown in both
2023 and 2024 using different cultivars in the two years (Laureate in
2023 and Lexy in 2024). Plants were sampled during early to mid-
reproductive stage, i.e. milking/early dough development stage (BBCH
71-83) in both years to capture root biomass after flowering, even
though maximum biomass is often reported to occur at flowering
(Gregory et al., 1996; Hoad et al., 2001) and to avoid the presence of
extraneous organic matter (Hirte et al., 2017; Watt et al., 2008). Lexy
and Laureate are similar malting barley cultivars; Lexy is distinguished
by fine straw, while Laureate has a slightly shorter stalk (Lantmannen,
2025). In 2023, the plants were sown on 21st April. Root and shoot
samples were collected on 25th and 26th July 2023. The mean tem-
perature between sowing and sampling was 12.7 °C, and average daily
precipitation during the same time was 2.6 mm, with a maximum daily
precipitation of 37.3 mm. Cumulative precipitation in the preceding
months was also relatively low compared to the peak in August
(192.3 mm; Fig. 1D). Throughout the growing period, average monthly
temperatures remained below 20 °C (Fig. 1C).

In 2024, plants were sown on 13th May. Root and shoot sampling
were carried out on 29th and 30th July 2024 with a mean temperature of
12.7 °C and an average daily precipitation of 2.4 mm between sowing
and sampling. Cumulative precipitation in April 2024 was approxi-
mately six times higher than in April 2023, and precipitation in the
following two months was also larger in 2024 (Fig. 1D). Average
monthly temperatures did not exceed 20 °C (Fig. 1C).
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Fig. 1. Maps of the field in Bjertorp, Sweden, showing the sampled locations in 2023 and 2024 and the spatial variation in topsoil properties: (A) soil organic carbon
content and (B) clay content at 3-13 cm depth. Box plots illustrate (C) mean daily temperature (each box shows the distribution of mean day temperatures for that
month) and (D) monthly cumulative precipitation, based on interpolated gridded data from Swedish Meteorological and Hydrological Institute (SMHI).

Table 1

Descriptive statistics for the variables used for the 11 sampling locations used in the current study. Data was derived from Fukumasu et al. (2021) taken at 3 - 13 cm

depth. SD is the standard deviation, and CV is the coefficient of variation.

Variable Units Means SD Minimum Maximum Median Ccv

Soil organic carbon content mgg ! 16.9 4.3 11.8 24.3 15.1 25.2
Elevation m (above sea level) 92.9 2.7 87.7 95.4 94.5 2.9
Clay content % 28.1 7.6 16.5 38.8 30.3 26.9

2.4. Shoot and root sampling

Shoot samples were collected in one 50 cm x 50 cm area at each
location using an electric clipper. The shoot samples were cut approxi-
mately 1 cm above the soil surface. The shoot samples were oven-dried
at 60°C for 48 h within one day of collection. Root samples were taken at
the depths 0-20 and 20-40 cm in the same grid as the shoot samples.
Four sampling points were randomly chosen per sampling location: two
samples between and two within the rows (Schuurman and Goede-
waagen, 1971). Samples were taken using a metal auger with an inner
diameter of 7 cm. Samples were stored in sealed polyethene bags at
—20°C until further processing.

2.5. Separation of roots and root biomass determination

Root biomass was determined using an adapted version of the
method described in Mattila and Hakkinen (2025). Roots were first
soaked overnight in a mixture of water and 100-200 mL of perfume-free
liquid soap (Molndal, Sweden) in closed buckets at 4°C. Following
soaking, the soil was removed using a power hose, and remaining
organic matter residues and any residual soil particles were repeatedly
rinsed and sifted through a 1 mm sieve until all soil aggregates had
disintegrated to minimize any losses (Bohm, 1979). Once all visible

aggregates had been broken down, organic matter was separated from
sand and gravel by density and transferred to a colorless container to
which water was added. The mixture was continuously stirred, and
floating organic matter was extracted using a 50 pum sieve. This process
was repeated 5-10 times, depending on the volume of organic matter.
The material collected on the 50 um sieve was transferred to 70 %
ethanol for storage until further analysis. Roots were then visually
identified using a 127 mm glass lens magnifying lamp with a 570-lumen
LED light by color and root architectural properties, and separated using
tweezers (Bohm, 1979). Roots were stored in 70 % ethanol at 4°C until
further analysis. All root fragments smaller than about 5 mm were
excluded for practical reasons before scanning or removed from the
images during post-processing. Finally, the roots were dried at 60°C for
48 h and weighed.

2.6. Root imaging and image processing

Roots were scanned in a flatbed scanner (Epson Perfection V850,
Tokyo, Japan) at a resolution of 600 dpi. The roots were physically
separated using plastic tweezers so that they did not exceed 1 cm of root
length per cm? of tray area to minimize overlap (Delory et al., 2017). The
final images were saved in tif-format and analyzed with RhizoVision
Explorer Version 2.03 (Seethepalli et al., 2021) using the settings given
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in Supplemental Table S4. Root length and volume measurements ac-
quired with RhizoVision were used to calculate root length density (cm
root cm™ soil) and root tissue density (g root cm™ dry root biomass). In
addition, the median root diameter was determined from RhizoVision,
and roots were assigned to diameter classes (very fine: 0-0.2 mm, fine:
0.2-2 mm, and small to large: >2 mm).

2.7. Quantification of plant traits

We calculated the root biomass by summing root biomass within and
between rows according to Frasier et al. (2016) and adapted by Hirte
et al. (2021) as follows:

Mwithin d .
RBuithin = —— 3% ¢ @
T * <g>
Mbetween s—d

(id)

where RByjithin (8 m~2) and RBpetween (g m~2) denote root biomass
within and between rows respectively, Myithin (8) and Mpetween (8)
denote the dry weight of roots extracted from the soil cores taken within
and between rows respectively, d (m) is the inner diameter of the auger,
and s (m) is the distance between rows. The shoot biomass per area, SB
(g mfz), was determined by:

SB = AMQ (iii)
where M (g) is the dry weight of the shoots, and Ag (m?) is the sampled
area. Measured shoot and root biomass (0-40 cm) data were then used

to calculate root-to-shoot ratios.

2.8. Statistics and data visualization

We used non-parametric rank tests to analyse the data since the
variables were generally not normally distributed, and the sample size
was relatively small (n = 11) (Table S2). Spearman's rank correlation
coefficients (p) were used to assess all correlations. Field variation was
characterized with median values and the quartile coefficient of varia-
tion (QCV). The QCV was calculated as the ratio of the difference be-
tween the third and first quartiles to their sum, expressed as a
percentage (Bonett, 2006). Comparisons between years were conducted
using the Wilcoxon signed-rank test. To explore temporal trends, scatter
plots were used for measurements taken at the same locations in both
years, with a 1:1 reference line included to facilitate visual comparison.
Additionally, the geostatistical interpolation in Fig. 1A-B was performed
applying ordinary kriging at a spatial resolution of 10 m with SOC and
clay content data from Lindahl et al. (2008) for the field.

All data processing and statistical analyses were conducted using R
version 4.3.1 (R Core Team, 2023). Root image data extracted from
RhizoVision were aggregated using weighted means using the “combi-
nefeature” function (Seethepalli et al., 2024). Data processing and
structuring were performed using “tidyverse” (Wickham et al., 2019)
and “dplyr” (Wickham, Bryan., 2023). Data visualization was carried
out using “ggplot2” (Wickham, 2016), with additional enhancements for
statistical plots provided by “ggpubr” (Kassambara, 2023). Correlation
matrices were visualized using custom functions built with the “corr-
plot” package (Wei and Simko, 2021). For geospatial analyses, vector
data were managed using the “sf” package (Pebesma, 2018), and raster
outputs were generated and masked to field boundaries using “terra”
(Hijmans, 2023). Geostatistical interpolation was performed with
“gstat” (Graler et al., 2016). Field boundaries and the slope were digi-
tized using Google Maps and Earth, respectively.
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3. Results
3.1. Root and shoot biomass and the corresponding root-to-shoot ratio

Shoot biomass differed significantly between 2023 and 2024
(p < 0.05; QCV = 10 %; Fig. 2 A). Root biomass showed a similar
pattern, with larger values in 2024 than in 2023 over the entire sampling
depth (0-40 c¢m; Fig. 2B). Specifically, root biomass was 127 + 24 g m™2
(median) in 2023 (QCV = 9 %; 0-40 cm; Fig. 2B) and 150 + 40 g m™>
(median) in 2024 (QCV = 19 %; 0-40 cm; Fig. 2B). No significant dif-
ferences in root biomass were found between years in the 20-40 cm
layer or for the total 0-40 cm profile (p > 0.05; Fig. 2B). In contrast, root
biomass in the top 20 cm was significantly larger in 2024 than in 2023
(p < 0.05; 0-20 cm; Fig. 2B). Across both years, 70-92 % of total root
biomass was in the upper 20 cm, increasing from 2023 to 2024
(Fig. S1A). There was no significant overall effect of year on the root-to-
shoot ratio (p > 0.05), with median values of 0.16 + 0.04 in both years
(Fig. 2 C). However, variation in root-to-shoot ratio was greater in 2023
(QCV = 18 %y; Fig. 2 C) than in 2024 (QCV = 7 %j; Fig. 2 C).

The shoot biomass, root biomass over the entire sampling depth, and
root-to-shoot ratios in 2023 and 2024 were not correlated (Fig. 2D-F).
Although there was a general tendency for both shoot and total root
biomass to increase from 2023 to 2024, some locations showed notable
decreases (Fig. 2 A, B). Relative increases were up to 70 and 200 % for
shoots and total roots, respectively (Fig. S1A, B). Additionally, no
consistent pattern was observed in the root-to-shoot ratio, with de-
creases up to 54 % and increases of more than 120 % (Fig. 2 F; Fig. S1C).

3.2. Root diameter, root tissue density and root length density

Root traits showed both notable within-field (QCVs up to 20 %j;
Table §2, S3) and temporal variation (Fig. 3A-C). Roots consistently had
a higher median diameter in 2023 (QVC=4 %) than in 2024 (QVC=4 %)
(p < 0.05; 0-40 cm; Fig. 3A). At 0-20 cm depth, the median root
diameter was 0.29 + 0.02 mm (QCV = 3 %; Fig. 3A) in 2023 and 0.27 +
0.02 mm in 2024 (QCV = 4 %; Fig. 3A). A similar pattern was evident at
20-40 cm, where median root diameter decreased (p < 0.05) from 0.34
4+ 0.02 mm in 2023 (QCV = 4 %) to 0.29 + 0.04 mm in 2024 (QCV =
10 %). Across all depths and years, the majority (up to 98 %) of roots
had diameters smaller than 2 mm, while roots thicker than 2 mm
contributed less than 1 % to the total length (Fig. S3).

Root length density (RLD) exhibited notable variation within the
field (QCV up to 24 %; Tables S2, S3) and differed significantly between
years (p < 0.05; Fig. 3B). At 0-20 cm depth, median RLD was 13.0 +
3.38 cm cm~ in 2023 (QCV = 15 %) and was significantly smaller
(p < 0.05) than in 2024, where values were 17.4 + 5.33 cm cm™ (QCV
=15 %). The same trend was observed at 20-40 cm depth as at 0-20 cm
depth, with a wider variation in 2023 (QCV = 24 %) and 2024 (QCV =
16 %).

Root tissue density (RTD) also displayed considerable within-field
variation (QCV up to 20 %; Tables S2, S3), with values ranging from
0.05 to 0.09 g cm™ . However, no significant differences in RTD were
observed between years (p > 0.05; Fig. 3C). At 0-20 cm depth, median
RTD ranged from 0.07 + 0.01 g cm™ in 2023 (QCV = 7 %) and 0.07 +
0.01 g cm™in 2024 (QCV = 9 %). Median RTD values were similar at
the 20-40 cm depth.

Root diameter, root length density (RLD), and root tissue density
(RTD) in 2023 and 2024 were not correlated to each other (Fig. 3D-F).
Relative decreases in root diameter from 2023 to 2024 were up to 20 %
(Fig. S2A), while RLD and RTD increased up to 200 and 30 %, respec-
tively (Fig. S2B, C).

3.3. Correlations between soil properties and root traits across years in the
top 20 cm

There were generally more significant correlations between soil
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Fig. 2. (A) Total shoot biomass (g m~2), (B) root biomass by depth (g m-2), and (C) root-to-shoot ratio in study years 2023 and 2024. P-values indicate significance
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denotes equal values between years and deviations from this line illustrate the absence of a consistent relationship between 2023 and 2024 sampled at early to mid-

reproductive stage, i.e. milking/early dough development stage (BBCH 71-83).

properties and plant traits in the wetter year 2024 compared to 2023 in
the top 20 cm (Fig. 4A-B). In 2023, RLD was negatively correlated with
SOC content, while in 2024, shoot biomass was negatively correlated
with clay content and root diameter and RTD were positively correlated
with clay content (Fig. 4A-B). The mean root biomass in the top 20 cm
for the two years was also uncorrelated with SOC content (Fig. 4A-B).

4. Discussion

Observed median root-to-shoot ratios in our study (0.16) align with
values reported for spring barley in southern Finland (0.14; Pietola and
Alakukku 2005), values for small-grain cereals in Central European
(0.07-0.18; Hirte et al. (2021)) and North American agro-ecosystems
(~0.13; Bolinder et al. (2007)), indicating broad consistency in
magnitude across regions and methods. Across both years, 70-92 % of
root biomass was contained in the upper 20 cm of the soil profile
(Fig. 2B). This depth distribution is broadly consistent with prior reports
for small-grain cereals: spring barley allocated approximately 59 % of
total (0-60 cm) root biomass to the 0-20 cm layer under Finnish con-
ditions (Pietola and Alakukku, 2005), 70-75 % of spring barley roots
were found within 0-20 cm of the 0-100 cm profile in experiments
sensitive to nitrogen fertilization (Hansson and Andrén, 1987), and
spring annual crops, on average, had allocated about 13-92 % of the
root biomass to the 0-20 cm portion of the 0-40 cm profile across
Finnish systems (Mattila and Hakkinen, 2025).

4.1. Root-to-shoot ratios show large within-field variation

Here, we found substantial within-field variation in root-to-shoot
ratios across both sampling years. The quartile coefficient of variation
(QCV) was 18 % in 2023 and 7 % in 2024, with no consistent spatial

pattern emerging between years (Fig. 2 F). This indicates that above-
ground biomass was a poor predictor of SOC input via roots, even under
uniform management and climate. Previous studies have reported even
larger variation in root-to-shoot ratios across sites and broader spatial
scales, where differences have been attributed to tillage practices, soil
texture, nutrient availability, crop genotype, and climate conditions.
These findings highlight the multifactorial nature of belowground car-
bon allocation in annual cereals (Bolinder et al., 2007, Heinemann et al.,
2023, Hirte et al., 2021, Hu et al., 2018, Mattila and Hakkinen, 2025, Xu
and Juma, 1992).

For instance, the range of root-to-shoot ratios, including only roots in
the 0-20 cm depth observed in our study (0.06-0.16 in 2023; 0.07-0.17
in 2024) was much narrower than the values reported for annual grain
crops in a regional study from Finland (0.01-2.27; Mattila and
Hakkinen, 2025). Similarly, when considering roots down to 40 cm,
QCVs of 40 % in 2021 and 54 % in 2023 were found across multiple
farms and spring crops in Mattila and Hakkinen (2025), again exceeding
the variation observed within our field.

In the study of Mattila and Hakkinen (2025), the strongest predictors
of root-to-shoot ratios were depth to a compacted layer and clay content.
However, within our field, root-to-shoot ratios were not correlated with
SOC content, clay content, or elevation (Fig. 4), suggesting that other
unmeasured variables governed the observed within-field variation.
Moreover, the lack of correlation between years (Fig. 2 F) indicates that
different factors may have been important in the drier year 2023
compared with 2024. Alternatively, the same variables may have
interacted differently with climatic conditions, so that their relative
influence shifted between the years.
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4.2. Shoot and root biomass differed between years

Inter-annual differences were evident in both shoot biomass and root
biomass in the top 20 cm (Fig. 2 A, B), with topsoil biomass increasing
from 2023 to 2024. These differences coincided with lower cumulative
precipitation between April and June in 2023 (97.1 mm) compared with
2024 (254 mm), while mean temperatures were similar (~12 °C;
Fig. 1C, D). The drier conditions in 2023 likely contributed to the
reduced shoot and root biomass in the topsoil. In April 2023, the sowing

month, had the lowest precipitation during the growing season
(18.1 mm; Fig. 1D), which may have impaired crop productivity
(Kaushal and Wani, 2016).

Although there was no significant overall effect of year on the root-
to-shoot ratio, patterns varied considerably among sampling points
(Fig. 2 F). This suggests that root-to-shoot ratio responses depended on
field location, indicating interactive effects between site-specific soil
properties and year-to-year weather conditions. Similar inter-annual
effects have been reported elsewhere: in a four-year Danish study,
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variation in root-to-shoot ratios of cereals was strongly linked to
weather conditions, with dry springs associated with reduced topsoil
root biomass and deeper root distribution (Hu et al., 2018). Likewise,
Mattila and Hakkinen (2025) found that the proportion of roots in
subsoil layers was partly determined by the number of early-season
moisture stress days, with more subsoil allocation occurring in the
year with higher moisture stress.

It remains uncertain whether differences in barley cultivars between
the two years (Laureate in 2023 and Lexy in 2024) and the differences in
the growth stage at the time of sampling (i.e. early to mid-reproductive
stage at milking/early dough development stage) contributed to the
observed inter-annual variation in shoot and root biomass and, thus, the
root-to-shoot ratio. For instance, the effect of timing on root-to-shoot
ratios has been documented in western Canada, producing a wide
range of root-to-shoot ratios with time (Xu and Juma, 1992). However,
this is unlikely to explain the differences observed here, as both cultivars
(Lexy and Laureate) were sampled at similar growth stages. Addition-
ally, cultivar-dependent variation at ripening ranged from 0.08 to 0.11
among four barley cultivars (Abee, Harrington, Bonanza and, Samson)
(Xu and Juma, 1992), which may have contributed to the variation
observed between Lexy and Laureate in this study. However, other
studies have found root-to-shoot ratios to be broadly consistent among
barley cultivars (Leger, Chapais and Codac) (Bolinder et al., 1997). In
wheat, by contrast, considerable genotypic variation expressed in
different cultivars and varieties has been reported, with coefficients of
variation up to 45 % in spring wheat and 25 % in winter wheat
(Heinemann et al., 2023).

4.3. Implications of the observed within-field variation in root and shoot
data on SOC content

Although the majority of root biomass was concentrated in the upper
20 cm of the soil profile, we found no correlation between soil organic
carbon (SOC) content and root biomass in either study year (Fig. 4) or
when data from both years were averaged (Fig. S4). Previous research
has established that root-derived inputs are among the most important
factors in building up SOC (e.g., (Bolinder et al., 2007, Ogle et al., 2012,
Borjesson et al., 2018). However, in our study, root inputs measured at
the 0-20 cm depth did not explain SOC content in the topsoil. Three
main factors likely contributed to this result:

First, there was substantial year-to-year variation in root biomass at
most field locations, and two years of sampling were insufficient to
generate representative mean values of root inputs. For comparison, a
previous long-term study at this site found a correlation (p=0.49) be-
tween SOC and mean relative yield (the ratio of site-specific grain yield
to the field’s average yield, used as a proxy for total plant carbon inputs
from both roots and above-ground residues) for 14 years in the period
1997-2016 (Fukumasu et al., 2021). Notably, mean relative yield
correlated negatively with both elevation and clay content, suggesting
reduced carbon inputs in lower-lying, clay-rich areas due to sub-optimal
crop growth. In contrast, our measurements of root and shoot biomass
did not reveal similar patterns. Second, we did not account for carbon
inputs from rhizodeposition, such as sloughed-off root cells and exu-
dates, which can amount to roughly 65 % of below-ground carbon
(Bolinder et al., 2007). Third, SOC contents are not only determined by
carbon inputs but on the long-term balance between input and losses,
primarily through microbial decomposition.

Despite pronounced variation in clay content, SOC, and elevation
across the field (Fig. 1A-B), the sources of variation in root-to-shoot
ratios remain unresolved. These ratios were uncorrelated between
years (Fig. 2 F), suggesting that unmeasured local properties played an
important role and that their effects on root-to-shoot ratios varied be-
tween the two seasons, which experienced contrasting early-season
precipitation.
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4.4. Root diameter, root tissue density and root length density varied
between years and soil depth

Root tissue density (RTD) showed within-field variation (QCV
6-20 %) across years. Although no significant interannual differences
were detected, differences in changes per sampling location were
observed (Fig. 3F). Notably, in the wetter year of 2024, but not in 2023,
RTD in the top 20 cm was positively associated with clay content and
negatively correlated with elevation (Fig. 4A-B). This suggests that RTD
was affected by interactive effects between the weather and localized
soil conditions. Median root diameters showed limited within-field
variation (QCV = 4 %) and were larger during the drier year of 2023,
ranging from 0.27 to 0.34 mm, compared to 2024 (0.25-0.31 mm) and
tended to become larger with depth (Fig. 3B and E). These results sug-
gest that the increase in diameter was a response to increased soil me-
chanical resistance, which typically increases in drier soil and in lower
soil layers with greater bulk density (Vanhees et al., 2022, Potocka and
Szymanowska-Putka, 2018).

Similarly, the larger mean root diameter in the topsoil at sites with
higher clay content in 2024 (Fig. 4) likely reflects greater mechanical
resistance in soils with higher clay content. Increased penetration
resistance also decreases root branching (Potocka and Szymanowska--
Putka, 2018, Lynch, 2022). Both root thickening and reduced branching
lead to increased mean root diameter. In our study, we cannot separate
these two possible effects. Such variation and the plastic nature of root
diameter, even at this scale, are critical for trait-to-trait conversions,
such as RTD and specific root length, as well as for robust model
parameterization (Pages and Kervella, 2018, Rose, 2017, Freschet et al.,
2020, Jarvis et al., 2024, Hansen et al., 2012).

Root length density ranged from 3.5 to 9.9 cm cm™ in 2023 and
increased twofold in 2024 (Fig. S1B) and showed considerable within-
field variation with a QCV of 16-24 %. Our data from 2023 align with
reported values for spring barley under medium and high sowing den-
sities and other temperate cereals (Gregory, 2006). The range of RLD
values in 2024 (6.9-19 cm cm‘3) was comparable to grasses that have an
RLD of about 20 cm cm™> or more (Stokes et al., 2009). Improved un-
derstanding of the source of this variation in the RLD, could improve the
parametrization of SOC models. In these predictive models, such as the
USSF model (Jarvis et al., 2024), RLD is modelled to dictate where
organic matter is supplied within the soil profile, especially when it is
combined with the root depth distribution (Freschet et al., 2020, Cou-
cheney et al., 2024, Poirier et al., 2018).

5. Conclusions

The large within-field variability in shoot and root biomass, root-to-
shoot ratios and root traits at early to mid-reproductive stage, together
with differences in both mean values and spatial patterns between the
two study years, indicate that the use of fixed root-to-shoot ratios for
estimating root carbon inputs may introduce substantial uncertainty
into SOC model predictions. The observed variability in root biomass
and root traits highlights their plasticity in response to environmental
conditions. Recognizing and accounting for spatial heterogeneity in root
traits is crucial, as these dynamics should be reflected in SOC model
parameterization, even at the scale of individual fields. The current
scarcity of comprehensive root trait datasets that demonstrate plasticity
in response to environmental conditions is a key limitation in SOC
modelling, reinforcing the need for expanded empirical research.
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