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Results Cereal rye and winter triticale were the 
most winter hardy cultivars and provided the highest 
percent canopy cover. Cereal rye and winter triticale 
also generated the highest amount of shoot and root 
biomass among treatments but diverged in their root 
system architectures. Winter triticale forms coarser 
roots and exhibited deeper rooting, which may be 
better suited for carbon sequestration. Rapeseed and 
Siberian kale have favorable C:N ratios for nutrient 
recycling, but rapeseed may invest more into lateral 
root formation and have a higher potential to “catch” 
excess nutrients.
Conclusion Selection of cover crops for ecosystem 
services should account for root system architecture 
and their suitability for these ecosystem services. Dif-
ferences in root traits among cultivars within the same 
family highlight the potential to breed cover crop root 
system architecture to further enhance ecosystem ser-
vice efficacy.

Keywords Cover crops · Carbon sequestration · 
Root traits · Nutrient cycling · Climate change

Introduction

Cover crops can help to mitigate and adapt to cli-
mate change impacts on agricultural lands through 
their ecosystem services. Agricultural practices such 
as tillage and overuse of synthetic fertilizers, pesti-
cides, and herbicides are deleterious to soil health 
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Methods Twenty-two cover crop cultivars across the 
grass, legume, and brassica families were grown in 
O’Fallon, Missouri, USA. Canopy cover was moni-
tored throughout the growing season. Shoot and root 
biomass samples were collected and analyzed.

Responsible Editor: Yinglong Chen.

Kong M. Wong and Marcus Griffiths contributed equally  
to this work.

Supplementary Information The online version 
contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11104- 023- 06431-7.

K. M. Wong · M. Griffiths · A. Moran · A. Johnston · 
A. E. Liu · M. A. Sellers · C. N. Topp (*) 
Donald Danforth Plant Science Center, St. Louis, 
MO 63132, USA
e-mail: ctopp@danforthcenter.org

http://orcid.org/0000-0002-5298-3139
http://orcid.org/0000-0003-2349-8967
http://orcid.org/0000-0002-3836-6556
http://orcid.org/0000-0001-9228-6752
http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-023-06431-7&domain=pdf
https://doi.org/10.1007/s11104-023-06431-7
https://doi.org/10.1007/s11104-023-06431-7


280 Plant Soil (2024) 500:279–296

1 3
Vol:. (1234567890)

and contribute to the generation of greenhouse gases 
(Gomiero et  al. 2011; Lal 2004; Yang et  al. 2020). 
Fallow periods between cash crop growing seasons 
are another such practice. The unprotected, bare soil 
is susceptible to erosion during heavy rainfall and 
strong wind events, which are expected to increase in 
severity and frequency (Fischer and Knutti 2015; Li 
et al. 2021). It is estimated that 35% of cultivated land 
across the US Corn Belt has completely lost its car-
bon-rich A-horizon (Thaler et al. 2021). This soil loss 
is expected to decrease crop yields by 6% and lead to 
around $2.8 billion in annual economic losses (Thaler 
et al. 2021). Soil organic carbon can be lost through 
erosion as well as soil respiration during fallow peri-
ods (Olson et al. 2016; von Haden et al. 2019). Soil 
nitrogen from excess fertilizers can be lost via leach-
ing during fallow periods or lost via soil respiration 
as nitrogen oxide gases that contribute 37% of total 
agricultural greenhouse gas production (Park et  al. 
2012; Paustian et al. 2016). By century end, soil res-
piration is projected to increase by 40% due to climate 
change (Nissan et  al. 2023), which will have drastic 
impacts on soil health and agricultural greenhouse 
gas emission. To help mitigate these problems, cover 
crops can be planted during fallow periods between 
cash crop growing seasons to reduce erosion, “catch” 
excess fertilizer inputs, and act as a carbon sink to 
store carbon belowground in the form of plant bio-
mass and rhizodeposits (Griffiths et al. 2022; Haruna 
et al. 2020; Kaspar and Singer 2011; Lal 2015; Poe-
plau and Don 2015; Thorup-Kristensen et al. 2003).

Roots play a vital role in the ability of plants to 
perform ecosystem functions and are the main conduit 
for delivering carbon to soils (Griffiths et  al. 2022). 
Living roots are also a core principle of soil health 
(Bagnall et  al. 2023; Canisares et  al. 2023). Cover 
crop user’s report “increases overall soil health” and 
“increases soil organic matter” as the top two reasons 
for planting cover crops (CTIC 2016). Yet, cover crop 
rooting behaviors are rarely considered when select-
ing a cover crop. Root system architecture and inter-
actions between roots and the soil microbiome have 
been shown to influence soil pore size distribution, 
microbiome composition, and soil carbon production 
(Bodner et  al. 2014). Thus, consideration for cover 
crop root system architecture is important to how 
soil structure and chemistry will change. However, 
there is a lack of data on cover crop rooting behavior 
(Amsili and Kaye 2021; Bodner et al. 2019; Griffiths 

et al. 2022; Hudek et al. 2022; Kemper et al. 2020), 
and currently most cover crop breeding is based on 
aboveground plant traits. A deeper understanding of 
cover crop root traits and their impact on ecosystem 
services will better inform cover crop breeding and 
lead to the development of cultivars that more effi-
ciently sequester carbon, remediate soil structure, or 
capture excess nutrients. Furthermore, this knowledge 
may help farmers select cover crops that better match 
their goals for improving soil health and increase 
adoption of cover crops in the face of climate change.

Cover crops are often selected for their functional 
traits and winter hardiness with limited consideration 
for root traits and carbon to nitrogen (C:N) ratio of 
shoot and root tissues, which have major influences 
on nutrient cycling and subsequent plant nutrition 
(Nevins et al. 2020). The most common cover crops 
include cereal rye, annual ryegrass, winter wheat, rad-
ish, oats, rapeseed, turnip, crimson clover, and hairy 
vetch according to national surveys (CTIC 2016; 
Wallander et  al. 2021). This list of cover crops can 
be split into 3 functional groups: cool-season grasses, 
legumes, and brassicas. Grasses such as cereal rye, 
annual ryegrass, and winter wheat are thought to have 
fast-growing fibrous root systems that are beneficial 
for preventing soil erosion, sequestering carbon, and 
capturing excess nutrients throughout the soil pro-
file. However, grasses have a high C:N ratio that may 
immobilize N and negatively impact the yield of the 
following cash crop (Adeli et al. 2019; Deines et al. 
2023; Preza-Fontes et al. 2022; Qin et al. 2021). After 
cover crop termination, microbes decomposing high 
C:N ratio biomass consume soil available nitrogen. 
The microbes deplete and immobilize soil avail-
able nitrogen as microbial biomass. The lack of soil 
available N results in a lower N uptake during cash 
crop growth causing a loss in yield in plots covered 
in cover crop residue compared to no cover crop con-
trols (Nevins et  al. 2020). Legumes such as clover, 
hairy vetch, and winter pea produce root nodules that 
provide biological nitrogen fixation through rhizo-
bia and increase mineralized nitrogen content reduc-
ing the need for chemical fertilizer before cash crop 
planting (Sainju et al. 2003, 2005). Though legumes 
have a more favorable C:N ratio, they do not produce 
as much biomass (Gentry et al. 2013). Brassicas such 
as radish, rapeseed, and turnip have thick taproots 
that can reduce soil compaction, and they can act as 
biofumigants to suppress soil-borne pathogens and 
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pests (Dutta et al. 2019; Kirkegaard and Sarwar 1998; 
Williams and Weil 2004). Brassicas are more likely 
to winter kill than legumes and grasses which can 
impact the timing of plant litter decay and nutrient 
cycling (Ruark et al. 2018).

The aim of our study is to characterize root traits 
across commercially available cover crop cultivars 
and discuss their potential impact on ecosystem 
services such as soil structure remediation, carbon 
sequestration, and nutrient capture. We hypothesize 
that there are differences in root system architecture 
between cultivars and between species within each 
cover crop functional group (cool-season grass, leg-
ume, brassica). These differences in root system 
architecture influence their suitability for certain eco-
system services. We evaluated the performance of 22 
commercially available cover crop cultivars selected 
from the 3 functional groups grown over the winter 
in O’Fallon, Missouri, USA. Table 1 shows the cover 
crop treatments assessed in this study and their seed-
ing rates; for some of the 16 species in Table 1, there 
are multiple cultivars resulting in 22 total cover crop 
cultivars. Winter hardiness and plant growth were 
monitored throughout the growing season through 
periodic canopy imaging. Among the cultivars that 
survived the winter, 13 cover crop treatments were 

sampled to compare shoot and root biomass, vertical 
root distribution, and total carbon and nitrogen con-
tent. A better understanding of how these traits vary 
between cultivars and between species will help to 
inform future cover crop selection and breeding to aid 
in preventing soil erosion, sequestering carbon, and 
mineralizing nitrogen.

Materials and methods

Site

The field experiment was conducted at DDPSC Field 
Research Site at Planthaven Farms in O’Fallon, Mis-
souri, USA (38°50’58.3"N, 90°41’06.2"W, 133  m 
elevation). The fields used in this experiment had 
previously been under commercial corn-soy rota-
tion with soybeans planted in the most recent grow-
ing season prior to the winter cover crop experiment. 
The research site is classified as a USDA hardiness 
zone 6a, which corresponds to an average annual 
minimum winter temperature of -20.6 °C. Mean daily 
precipitation at the research station was 2.26 mm/day, 
and mean daily temperatures ranged from 25.6 °C in 
early October and late April to -10.6  °C in January. 

Table 1  Cover crop treatments reported in this study

Species Plant Family Common name Cultivars Broadcast Seed-
ing Rate (g/m2)

Crambe abyssinicum Brassicaceae African Cabbage VNS 9.155
Brassica oleracea Brassicaceae Collard Impact Forage 9.155
Brassica oleracea Brassicaceae Kale Bayou 9.155
Brassica napus Brassicaceae Siberian Kale VNS 9.155
Raphanus sativus Brassicaceae Radish Nitro, Smart 9.155
Brassica napus var napus Brassicaceae Rapeseed Trophy 9.155
Brassica rapa Brassicaceae Turnip Purple Top 9.155
Trifolium michelianum Fabaceae Balansa Clover FIXatioN 12.206
Trifolium incarnatum Fabaceae Crimson Clover Dixie, Kentucky Pride 12.206
Vicia villosa Fabaceae Hairy Vetch AU Merit, MT 12.206
Trifolium pratense Fabaceae Red Clover Medium 12.206
Secale cereale Poaceae Cereal Rye Elbon, Rymin, Yankee 24.412
Avena strigosa Poaceae Black Oats Cosaque 24.412
Hordeum vulgare Poaceae Winter Barley P919 24.412
X Triticosecale Wittmack Poaceae Winter Triticale Montech Forage FX 1001, SY 

TF 813
24.412

Triticum aestivum Poaceae Winter Wheat Gore Soft Red Beardless 24.412
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Monthly temperature and precipitation values for the 
growing season are reported against historical aver-
ages in Supplemental Fig. 1. December was warmer 
than average while January was colder than average. 
February and March were wetter than average. The 
soil series in these plots is classified by the USDA 
Web Soil Survey as a Hurst silt loam. Soil samples 
were taken before planting and sent to Ward labora-
tories (Kearney, NE, USA) for analysis. Soil organic 
matter (SOM), pH, nitrate-nitrogen concentration, 
and Mehlich 3 extractable nutrients are reported in 
Supplemental Table 1. The low soil pH likely results 
from nitrification from the biologically fixed N from 
the soybeans grown over the summer and may have 
been enhanced by tillage prior to sampling. A plow 
pan was observed around 12  cm below the soil sur-
face as indicated by a soil color and texture change 
(Supplemental Fig.  2). Further details on soil color 
and texture changes are included in Supplemental 
Information. The planting area was also located near 
a creek and had a high water table as a result.

Experimental design

Cover crops were planted on October 1, 2021, after 
a soybean growing season and terminated on April 
27, 2022 (208 days). Before planting, the field site 
was disked, cultivated, and graded to prepare the 
seedbed and prevent flooding. Prior to sowing, plots 
were weeded using a hoe to remove emerging soy-
bean plants; no other weeding was performed after 
planting. Cover crop seeds were obtained from Green 
Cover (Bladen, NE, USA). The 32 cover crop treat-
ments were planted by hand broadcasting across 5 
replicate blocks for a total of 160 plots in an alpha lat-
tice design (Supplemental Table 2). Cover crop treat-
ments reported in this study and their seeding rates 
are detailed in Table  1. Each plot measured 1.83 m 
by 1.83 m (6 ft by 6 ft) in size. Mechanical rolling 
was performed to improve seed-soil contact, and plots 
were irrigated for 2 weeks after planting to improve 
emergence. We note that some cover crop treatments 
suffered from poor germination and stand establish-
ment, a common issue for broadcast-seeded cover 
crops (Brennan and Leap 2014). Germination, stand 
quality, and winter survival were scored for all 32 
cover crop treatments and are reported in Supplemen-
tal Table 3.

Canopy imaging

Canopy images were collected with a Canon 5DS R 
camera mounted to a custom rig to center the image 
over each plot at a height of 6 ft. The camera was set 
to f/9.0 aperture, 1/200 sec. shutter speed, ISO100, 
pattern metering mode, and 16 mm focal length. 
Each image was 8688 by 5792 pixels in size with a 
resolution of 72 dpi. Images were collected every 3–4 
weeks between 11am and 1pm CST every 3–4 weeks 
to minimize shadows in the images. Representative 
canopy images at harvest are shown in Supplemen-
tal Fig.  3. Cropped canopy images were processed 
using a custom OpenCV python code to segment 
green shoot tissue (Griffiths and Topp 2021). The 
percentage of pixels assigned as green shoot tissue is 
reported as canopy cover and is plotted across time to 
evaluate plant growth throughout the growing season.

Shoot and root sampling

Plant biomass samples were harvested between April 
25, 2022 and April 27, 2022. Shoot and root bio-
mass samples were collected from 13 of the 32 cover 
crop treatments which had moderate winter survival 
as evaluated from canopy images (Supplemental 
Table 3). Shoot biomass was collected from a repre-
sentative 25.4 cm by 25.4 cm region within the plot 
using a quadrat and dried at 60  °C for at least 72 h 
before weighing. To minimize the effect of weeds, 
care was taken to avoid dense patches of weed within 
plots for evaluation of dominant cover crop presence. 
After drying, shoot material was powderized using 
a Wiley mill (Thomas Scientific, Swedesboro, NJ, 
USA) and passed through a 2 mm sieve.

Root biomass was estimated from soil cores sam-
pled from 3 to 5 replicate plots using a Giddings cor-
ing rig (Giddings Machine Company, Windsor, CO 
USA). Each soil core was 7.62  cm in diameter and 
approximately 1 m in depth. The total number of soil 
cores per cover crop treatment varied between 3 and 
10 cores and are reported in Supplementary Table 4. 
Cores were also carefully sampled from regions 
where the cover crop treatment dominated to mini-
mize the effect of weeds. Each soil core was split into 
4 depths: 0–15, 15–30, 30–60, and 60–90 cm in the 
field. Soil core segments were washed by hand within 
2 days from sampling, and roots from each segment 
were cleaned and separated from particulate organic 
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matter. Washed roots were stored in plastic bags and 
kept at 4 °C until flatbed scanning.

Carbon and nitrogen concentration measurements 
were conducted separately on both root and shoot tis-
sue subsampled from the dried biomass. To ensure 
enough root tissue was collected for root C and N 
measurements, samples were taken from shovel-
excavated soil monoliths from the same representa-
tive 25.4 cm by 25.4 cm region mentioned above to 
an approximate depth of 15 cm. Soil monoliths were 
washed, and roots cleaned before drying. A quarter of 
the dried mat of networked roots was ground by shak-
ing in centrifuge tubes containing stainless steel ball 
bearing to produce powdered root tissues samples. 
Carbon and nitrogen content for root and shoot sam-
ples were determined from the powderized samples 
using an elemental analyzer system (vario ISOTOPE 
cube, Elementar, Langenselbold, Germany).

Washed roots from the soil cores were imaged 
using an Epson Expression 12000XL flatbed scanner 
equipped with a transparency unit (Epson America 
Inc, Los Alamitos, CA, USA). Roots were added to 
a transparent acrylic tray (420 mm × 300 mm) filled 
with a 10 mm layer of deoinized water and spread-out 
using forceps to avoid overlap between roots. Images 
were taken using the Epson Scan 2 software (Epson 
America Inc, Los Alamitos, CA, USA) at a resolution 
of 600 dpi as a JPG file with 99% quality. Total root 
length was computed from each scanned root sample 
using RhizoVision Explorer v2.0.2 (Seethepalli et al. 
2021) based on diameter thresholds (in mm) of > 0.3 
and < 0.3, respectively. The diameter ranges were 
chosen based on tests with representative root scans 
from all species used in the study for first order and 
tertiary roots. In the software, the threshold level was 
set to 200, filter non-root objects set to 1  mm2, and 
root pruning threshold set to 20 pixels. After scan-
ning, the root material was placed in a paper enve-
lope and dried at 60 °C for 3 d before root dry weight 
measurements.

Statistical methods

Statistical analysis was done in Python using pack-
ages SciPy (Virtanen et  al. 2020), Statsmodels 
(Seabold and Perktold 2010), Numpy (Harris et  al. 
2020), Pandas (McKinney 2010; The pandas develop-
ment team 2023), and Seaborn (Waskom 2021). 95% 
confidence intervals were calculated and are reported 

for each plant measurement. In addition, differences 
in plant traits between the different cover crop treat-
ments were evaluated using a one-way ANOVA. The 
Tukey HSD test was applied to determine statistical 
significance in post hoc pairwise comparisons.

Results

Winter hardy grasses provide greater canopy cover 
throughout the growing season compared to legumes 
and brassicas

Cereal rye and winter triticale were the most winter 
hardy and had the highest amount of canopy cover 
among the cover crop treatments (Fig. 1A). Figure 1A 
reports canopy cover percent from October 2021 to 
April 2022; canopy cover was calculated as percent-
age green pixels from cover crop and weed shoots 
captured in cropped canopy images. As shown in 
Fig. 1A, green canopy cover provided a facile method 
for monitoring plant growth and frost damage over 
time. All cover crop treatments showed rapid growth 
between planting October 1st, 2021 and November 
10th, 2021 (Fig.  1A), which corresponds to a steep 
increase in cumulative growing degree days (GDD) in 
Fig. 1B. Grasses, including cereal rye, winter triticale, 
black oat, and winter wheat, had canopy coverage 
ranging from 70 to 85%. The crimson and red clovers 
showed more moderate growth with  ~60% canopy 
cover. Canopy cover in the brassica treatments ranged 
from 65 to 90% with Siberian kale showing the great-
est coverage.

As daily minimum temperatures dropped below 
freezing, frost damage resulted in a decrease in per-
centage canopy cover from mid-November to mid-
February. The steepest decline in canopy cover 
matches with the flat cumulative GDD curve observed 
during this winter period. The percentage canopy 
cover hit a minimum on February 15th, 2022, and a 
comparison of green canopy cover at this date pro-
vided a representative measure of relative susceptibil-
ity to frost damage (Fig. 1a, Supplemental Table 5). 
Cereal rye and winter triticale had the highest canopy 
cover though the foliage was noticeably less green 
as shown in Fig.  1C. All four clover cultivars, win-
ter barley, and winter wheat showed significant frost 
damage and moderate winter hardiness. Many plants 
in the black oat cv. ‘Cosaque’, Siberian kale, rapeseed 
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cv. ‘Trophy’, and turnip cv. ‘Purple Top’ treatments 
were winter-killed; however, some plants survived. 
African cabbage suffered significant frost damage, 
and all plants died as can be seen in Fig. 1C. The rad-
ishes, collard, persian clover, and kale cv. Bayou also 
winter killed.

After mid-February, the cumulative grow-
ing degree days curve increased as temperatures 

increased, and canopy cover also increased over 
the same time period. The transition from moder-
ate regrowth to rapid spring growth as observed by 
percentage canopy cover is reflected in the increase 
in the slope of the cumulative GDD curve over the 
spring growing season. Winter hardy grasses, such 
as cereal rye and winter triticale, had the highest per-
cent canopy cover. Less frost tolerant species showed 

Fig. 1  Cover crop growth throughout the winter growing 
season. A  Comparison of percent canopy cover over time 
for select treatments. Red, blue and green lines denote grass, 
legume, and brassica families, respectively. Linestyles are 
used to distinguish species and cultivars within each fam-
ily. Canopy cover includes cover crop and weed growth; per-
cent canopy cover is overestimated for cover crops with no or 

moderate winter survivability. B  Plot overlaying cumulative 
growing degree days (green) and daily precipitation totals in 
inches (blue) over the growing season. C Representative can-
opy images for African Cabbage and Cereal Rye cv. Rymin at 
three timepoints spread throughout the season (11/10/2021, 
02/15/2022, and 04/19/2022)
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significant spring regrowth; however, they did not 
reach the same percent canopy cover as observed in 
early November. For species that winter killed, the 
observed increase in canopy cover over the spring 
corresponded to weed growth within those plots 
as illustrated in Fig.  1C. The bottom left picture in 
Fig. 1C also showed the strong weed pressure in some 
parts of the field though weed pressure varied greatly. 
Weed growth over the growing season showed a simi-
lar trend of fall growth, winter die-back, and spring 
regrowth as shown in Supplemental Table 5.

Cover crop cultivars differ significantly in root system 
architecture

Winter hardy grasses produced the greatest shoot 
and root biomass among sampled treatments with 
some variation at the species and cultivar levels. 

Cover crop treatments with surviving plants and 
the most consistent stands were selected for fur-
ther analysis by shoot and root biomass sampling 
(see Supplemental Table  3). In general, grasses 
had the highest shoot and root biomasses followed 
by the legumes and brassicas (Fig.  2A-B, Supple-
mental Table  6). Cereal rye produced the greatest 
shoot and root biomass by spring sample harvest 
(April 25th -27th, 2022) across all measured treat-
ments. No significant difference in shoot or root 
biomass was observed between cereal rye cultivars 
(Elbon, Rymin, and Yankee). Winter barley had 
similar amounts of shoot biomass as cereal rye and 
winter triticale but generated significantly less root 
biomass. Consequently, winter barley had a sig-
nificantly lower root:shoot ratio than some cereal 
rye and winter triticale cultivars (Fig.  2C, Supple-
mental Table  6). Winter triticale produced slightly 

Fig. 2  Cover crop shoot and root biomass in late spring. 
A Comparison of shoot biomass of some surviving cover crop 
treatments collected within representative 645.16  cm2 quadrat 
regions. Red, blue, and green bars denote the taxonomic fami-
lies: grass, legume, and brassica, respectively. The brown out-
lined bar represents untreated/weed plots. Error bars indicate 

95% confidence intervals. P-values from pairwise compari-
sons are reported in Supplemental Tables 7–9. B Comparison 
of total root biomass collected from 7.62 cm diameter by 1 m 
long soil cores that have been scaled to the same sampling area 
as the shoot samples. C  Comparison of root to shoot ratios 
among sampled cover crop treatments
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less shoot biomass and similar amounts of root 
biomass. Winter wheat produced the least amount 
of shoot biomass among the grasses and moderate 
amounts of root biomass. Similar trends in shoot 
biomass, root biomass, and root:shoot ratio among 
the grasses (Supplemental Fig. 4) were seen in our 
previous field study in 2021 (Griffiths et al. 2022).

Within the legumes, hairy vetch had similar 
amounts of shoot biomass as cereal rye but signifi-
cantly less root biomass than cereal rye cv. Rymin. 
In our 2021 study (Griffiths et al. 2022), hairy vetch 
was also found to produce much less root biomass 
than cereal rye (Supplemental Fig.  4). Among the 
clovers, crimson clover cv. Dixie had the most shoot 
biomass followed by red clover and crimson clover 
cv. Kentucky Pride, while red clover had the most 
root biomass followed by crimson clover cv. Ken-
tucky Pride and crimson clover cv. Dixie. In Fig. 2C, 
the difference in biomass production between Ken-
tucky Pride and Dixie is shown more clearly when 
comparing the root:shoot ratio. Kentucky Pride is a 
more recent crimson clover cultivar, and plant growth 
differences may result from breeding efforts. Sibe-
rian kale produced slightly more shoot biomass and 
more root biomass than rapeseed. Untreated or weed 
plots produced moderate amounts of shoot and root 
biomass highlighting the strong weed pressure pre-
sent in the field when there is no cover crop for weed 
suppression.

Root length density and specific root length varied 
significantly across cover crop treatments and may 
correlate to differences in root biomass among treat-
ments at each soil depth. Root length density (RLD) 
measures root length per unit volume of soil and 
reports on the thoroughness of soil volume explora-
tion by a root system (Freschet et  al. 2021). On the 
other hand, specific root length (SRL) measures root 
length per dry root mass and can report on the invest-
ment in coarse versus fine roots. Thus, fine/thin roots 
have a high relative SRL while coarse/thick roots 
have a low relative SRL (Freschet et al. 2021). Root 
biomass samples collected from 1-meter soil cores 
were further separated by depth, and root traits were 
measured via flatbed scanning to assess differences 
in root system architecture across the sampled cover 
crop treatments. Figure  3 shows root biomass, root 
length density, and specific root length by soil depth 
for the top two species in each family for clarity; 
results for the other sampled cover crop treatments 

are included in Supplemental Information (Supple-
mental Figs. 5–6).

Cereal rye and winter triticale have different root 
length density and specific root length values which 
correlate with their difference in root distribution. 
Cereal rye had the highest root biomass in the first 
15  cm of soil with root biomass dropping off sig-
nificantly below this depth likely due to a hard pan 
and changes in soil horizon (Fig.  3A, Supplemental 
Fig. 2). At depths below 15 cm, winter triticale had 
the greatest root biomass. Root length density and 
specific root length were higher for cereal rye cv. 
Rymin than winter triticale cv. SY TF 813 as shown 
in Fig.  3B-C. These differences suggest cereal rye 
invests in finer roots (Supplemental Fig.  7) to more 
thoroughly explore the soil volume. In contrast, win-
ter triticale cv. SY TF 813 has more coarse roots as 
seen in Supplemental Fig. 8. In our 2021 study, win-
ter triticale had similar RLD and SRL values as cereal 
rye (Supplemental Fig. 9) which likely is a result of 
the variety selected that season. Winter triticale cv. 
Montech has similar RLD and SRL values to cereal 
rye while winter triticale cv. SY TF 813 has values 
similar to winter wheat (Supplemental Figs.  5–6). 
This genotypic difference likely reflects the fact that 
winter triticale is a man-made cross between cereal 
rye and winter wheat.

Crimson clover and red clover had the next highest 
root biomass after the grasses within the top 15  cm 
of soil. There were no significant differences in root 
length density and specific root length suggesting 
similar root system architecture. Siberian kale and 
rapeseed had the lowest root biomass in the top 15 cm 
of soil. Rapeseed had a higher root length density and 
significantly higher specific root length than Sibe-
rian kale. Visual comparison of root scans suggest 
rapeseed forms more lateral roots and Siberian kale 
forms a thicker tap root (Supplemental Figs. 10–11). 
At depths below 15  cm, root biomass for clovers 
and brassicas decreased significantly with only a 
few short roots recovered at each soil depth as illus-
trated in Supplemental Figs.  10–13. Consequently, 
root length density dropped off significantly for all 
treatments below the hard pan at 15 cm though some 
relative trends between treatments continued at these 
lower soil depths. The specific root length of rape-
seed decreased below 15 cm and was more similar to 
cereal rye. At the same time, the specific root length 
of Siberian kale increases when transitioning from 
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0 to 15  cm to 15–30  cm soil depths. This decrease 
likely corresponds to the lack of a thick storage tap 
root at depths below 15 cm as observed in root images 
(Supplemental Fig.  10). Significant root biomass 

was observed in the untreated or “weedy” field. The 
weeds had high root length density and specific root 
length consistent with thin, fibrous roots. Weed root 
biomass also drops off precipitously below 15 cm.

Fig. 3  Cover crop rooting traits from select treatments at vary-
ing depths. A  Comparison of total root biomass at 4 depths: 
0–15, 15–30, 30–60, and 60–90 cm. Red, blue, and green bars 
represent grasses, legumes, and brassicas, respectively. Error 
bars indicate 95% confidence intervals. Mean values are shown 

next to some bars for clarity. P-values from pairwise com-
parisons are reported in Supplemental Tables 10–18. B Com-
parison of root length density. C Comparison of specific root 
length
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Winter hardy grasses generate the greatest amount of 
organic carbon and nitrogen

At the family level, the grasses generally had higher 
shoot and root C:N ratios than the legumes and bras-
sicas consistent with values reported in the literature. 
Winter wheat had the highest shoot and root C:N 
ratios (31.0 ± 6.6 and 45.9 ± 3.4, respectively) across 
all sampled treatments (Fig.  4A-B). For cereal rye, 
winter barley, and winter triticale, shoot C:N ratios 
ranged from 23.1 to 29.0 while root C:N ratios ranged 
from 27.1 to 37.2. In all cases, the root C:N values 
were higher than the shoot C:N values for a given 
plant. Among the clovers, shoot C:N ratios ranged 
from 19.1 to 24.0, and root C:N ratios ranged from 
24.4 to 34.6. These shoot and root C:N ratios for 

crimson clover and red clover are higher than values 
reported in other studies. Several factors may contrib-
ute to this difference. First, root nodulation and N fix-
ation are sensitive to growing conditions such as soil 
pH (Roy et  al. 2019; Streeter and Wong 1988); low 
soil pH may have resulted in reduced root nodulation 
and N uptake. Root nodules may also have been lost 
during the root washing process even though some 
root nodules were observed. Second, older roots from 
winter-killed plants within the plot may have begun to 
decay increasing the measured C:N ratio. Third, weed 
growth was observed within clover plots. Though 
care was taken to minimize sampling regions with 
heavy weed growth, some weeds were observed in 
shoot tissue samples. Weed plant tissue may raise the 
average C:N ratio in the sampled biomass. Siberian 

Fig. 4  Carbon and nitrogen content analysis of shoot and 
root tissue in select cover crop treatments. A-B Comparison 
of shoot and root tissue C:N ratios. Error bars indicate 95% 
confidence intervals. P-values from pairwise comparisons are 
reported in Supplemental Tables  19–24. C-D  Comparison of 
shoot and root carbon content. Values were calculated from the 

tissue carbon concentration multiplied by total shoot or root 
biomass as reported in Fig.  2. E-F  Comparison of shoot and 
root nitrogen content. Values were calculated from the tissue 
nitrogen concentration multiplied by total shoot or root bio-
mass as reported in Fig. 2
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kale and rapeseed had similar shoot C:N ratios around 
20.0, but rapeseed had a significantly higher root C:N 
ratio (28.9 ± 3.9) than Siberian kale (22.3 ± 0.7). Sim-
ilarly, C:N values for the brassicas may be impacted 
by weeds present in the plots.

Winter hardy grasses contribute the largest amount 
of organic carbon and organic nitrogen in the form of 
shoot and root plant litter. The carbon concentration 
in shoot and root tissues for grass treatments were 
similar in value (Supplemental Fig.  14). In clovers 
and brassicas, the shoot C concentrations were also 
relatively similar in value between cultivars in each 
family. Clover shoot values were slightly lower com-
pared to grass shoot C and brassica shoot C concen-
trations. Root C concentrations were relatively similar 
across all cultivars. As a result, the shoot C content 
and root C content were mostly driven by differences 
in shoot and root biomass. Cereal rye cultivars Elbon 
and Rymin produced significantly more shoot and 
root C content than the legumes and brassicas. Cereal 
rye cv. Elbon also produced the greatest shoot N con-
tent. Grasses generally produced greater shoot N con-
tent than legumes and brassicas as a result of their 
greater shoot biomass. Similarly, cereal rye and win-
ter triticale root N content was significantly higher 
than crimson clover and rapeseed N content.

Discussion

Comparing shoot traits for soil erosion protection and 
weed suppression potential

The most winter hardy cover crop treatments may 
provide the greatest soil erosion protection and 
weed suppression due to their high canopy cover-
age and shoot biomass. The frequency of extreme 
precipitation events has increased since 1990 (Fis-
cher and Knutti 2015; Li et al. 2021), and their con-
tinued increase will lead to significant soil erosion 
(Nearing et  al. 2004). Rainfall, water infiltration, 
and water holding capacity greatly influence soil 
erosion. Cover crops can reduce sheet and interill 
erosion by acting as vegetative filters and reduc-
ing raindrop impact on soil surfaces (De Baets 
et al. 2011; Kaspar et al. 2001; Malik et al. 2000). 
Cover crops can also lower bulk density, create 
more extensive pore networks, and improve soil 

aggregation which increases soil water infiltration 
(Koudahe et  al. 2022). Cereal rye and winter triti-
cale exhibit rapid fall growth and maintain a high 
percent canopy cover throughout the growing sea-
son making it well-suited to mitigate soil erosion 
from heavy rainfall and strong wind events. Cereal 
rye and winter triticale also produce substantial 
shoot biomass to cover the soil and help prevent 
soil erosion upon cover crop termination and during 
cash crop establishment.

In addition to soil erosion protection, a high per-
cent canopy cover can reduce light transmittance 
and soil temperature which can reduce weed seed 
germination and seedling emergence (Fernando 
and Shrestha 2023). Rapid fall cover crop growth 
may help to outcompete weeds for nutrients aiding 
in their suppression. Many of the brassicas exhib-
ited rapid fall growth as well and had high canopy 
coverage comparable to the grasses. However, many 
of the brassicas winter-killed resulting in barren 
plots in early spring. Winter hardy grasses such as 
cereal rye and winter triticale may better suppress 
weeds throughout the growing season. Litter gener-
ated from cover crop shoot biomass can also act as 
a living mulch helping to suppress weeds during the 
cash crop growing season. A minimum of 5 Mg of 
shoot biomass/ha is needed to reduce weed biomass 
by 75% during the cash crop growing season (Nich-
ols et al. 2020). All of the winter hardy grasses pro-
duced enough biomass to meet this threshold.

Canopy cover imaging provides a facile and 
quantitative method for assessing plant growth 
and frost tolerance throughout the growing season. 
Remote sensing technologies such as UAVs may 
enable breeders and researchers to easily assess and 
compare growth dynamics between cover crop treat-
ments (Kümmerer et  al. 2023; Trout et  al. 2008). 
Predictive models of canopy cover from cumu-
lative growing degree days may help to develop 
more comprehensive temporal models of cover 
crop impacts on soil erosion processes. However, 
GDD does not adequately account for frost damage 
as average daily temperatures below the base tem-
perature are assumed to provide zero plant growth 
(McMaster and Wilhelm 1997). Further develop-
ment of cumulative growing degree day models 
may also help to predict winter cover crop growth 
behavior in temperate climates.
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Comparing root traits for carbon sequestration and 
soil structure remediation potential

Differences in root traits, such as the chemical com-
position of roots, rooting distribution, and rooting 
depth, can influence a plant’s capacity to sequester 
carbon and remediate soil structure (Bacq-Labreuil 
et  al. 2019; Bodner et  al. 2014; Hudek et  al. 2022). 
However, more research is needed to characterize 
cover crop root dynamics such as those of cereal rye 
and winter triticale and their impact on soil organic 
carbon  (SOC) stocks. In this study, the cover crop 
biomass partitioned to the root system ranged from 13 
to 43% across the 13 cover crop cultivars. Yet, root 
biomass is rarely included in estimations of cover 
crop soil carbon and nitrogen contributions in cover 
crop studies. Cereal rye and winter triticale pro-
duced the greatest amount of root biomass and larg-
est pool of plant carbon at all soil depths up to 1 m. 
As root biomass decays,  CO2 gas is released into the 
atmosphere; plots with cover crops have been shown 
to release more  CO2 than bare soil (Nilahyane et al. 
2020). Biomass with a high C:N ratio decays more 
slowly (Jahanzad et  al. 2016), which could increase 
particulate matter in the soil and decrease the rate of 
 CO2 production from soil respiration. At deep soil 
depths, microbial activity is reduced (Thorup-Kris-
tensen et  al. 2003; White et  al. 2017), which may 
further reduce rates of soil respiration. By this logic, 
grasses with high C:N ratios may be favorable. How-
ever, biomass with high C:N ratios can also reduce 
soil nitrogen availability during cash crop planting 
and decrease cash crop yields (Nevins et  al. 2020; 
Preza-Fontes et  al. 2022; Qin et  al. 2021). A higher 
starter N application could help mitigate cash crop 
yield losses (Preza-Fontes et  al. 2022). The timing 
of cover crop termination and cash crop planting can 
also help to shift cover crop nitrogen release dynam-
ics relative to corn nitrogen demand (Nevins et  al. 
2020; Qin et al. 2021; Rosa et al. 2021). Future stud-
ies could incorporate both root and shoot analysis to 
further resolve the timing of nitrogen release from 
various cover crop species in relation to cash crop 
development and edaphic factors such as soil mois-
ture, soil temperature, and microbial activity.

While cereal rye and winter triticale produced 
similar amounts of root biomass, their root length 
density and specific root length values differed sig-
nificantly resulting in divergent root distributions. 

Cereal rye had a high root length density and spe-
cific root length corresponding to investment into 
fine roots rather than coarse roots. In contrast, win-
ter triticale had a low root length density and lower 
specific root length indicating investment into thicker 
or more coarse roots. These differences in root thick-
ness can be observed in the root scans shown in Sup-
plemental Figs.  8–9. Fine roots may not easily pen-
etrate compacted soil resulting in less root biomass at 
lower depths (Materechera et  al. 1992). As a result, 
the thicker roots from winter triticale may penetrate 
deeper into the soil contributing to the difference in 
root distribution between winter triticale and cereal 
rye. We note that differences in root distribution by 
depth may also result from differences in root sys-
tem architecture. Fine roots have also been shown 
to decompose significantly faster than coarse roots 
potentially due to their relatively larger surface area 
(Zhang and Wang 2015). As demonstrated in a recent 
switchgrass  study, cultivars with higher proportions 
of fine roots accumulated more soil carbon (Adkins 
et al. 2016).

Rooting behavior of cereal rye and winter triticale 
potentially make them efficient at remediating soil 
structure as well. Though the thick tap roots of bras-
sicas are thought to be ideal for reducing soil com-
paction (Chen et al. 2014; Williams and Weil 2004), 
Siberian kale had a low root length density value 
suggesting it does not invest heavily in soil explora-
tion. Cereal rye invested more in soil exploration as 
seen in the significantly higher root length density. 
The greater soil exploration produces a larger area 
of impact and potentially creates a larger pore net-
work which could improve soil water infiltration. In 
contrast, winter triticale did not explore the soil as 
efficiently but did exhibit deeper rooting. Thus, win-
ter triticale may be better suited to creating pore net-
works deeper in the soil than other treatments and 
may allow the following cash crop to grow deeper 
roots along these pores (Zhou et al. 2020). Data sug-
gests coarse roots increase macropore formation 
while fine roots influence micropore formation (Bod-
ner et al. 2014). Thus, cereal rye will likely form more 
micropores than winter triticale. The resulting pore 
size distributions would differ, which could result 
in different hydraulic conductivities (Aravena et  al. 
2011; Larsbo et al. 2014). Consideration of root traits 
during cover crop selection will likely enhance soil 
carbon sequestration and soil structure remediation 
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efforts and highlights the potential for root trait breed-
ing to enhance these ecosystem services.

Comparing root traits for excess nutrient capture and 
release

Rapeseed may be more ideal for excess nutrient cap-
ture in the fall and nutrient release upon termination 
in the spring when compared to other treatments in 
our study. Cover crops can significantly decrease N 
leaching without significantly increasing direct  N2O 
emissions resulting in a lower net greenhouse gas 
balance (Abdalla et  al. 2019). Root traits such as 
root length density, root thickness, and rooting depth 
could impact nutrient capture in the fall and nutri-
ent release in the spring. Higher root length density 
in nutrient rich patches is thought to increase N cap-
ture in invasive grasses (James et  al. 2010). Deeper 
rooting is a key component of the hypothetical ideo-
type ‘steep, cheap, and deep’ to improve N acquisi-
tion (Lynch 2013). Rapeseed had a moderate root 
length density and the highest specific root length, 
which suggests it forms many thin lateral roots as 
seen in Supplemental Fig.  11. The large number of 
fine lateral roots may point to its ability to efficiently 
scavenge and mineralize nutrients in the soil. In addi-
tion, the shoot and root C:N ratios of rapeseed are 
20.9 ± 1.6 and 28.9 ± 3.9, respectively, which is close 
to the ideal C:N ratio of 24:1 for controlled nutrient 
release and uptake by the following cash crop (Hunter 
et al. 2019; Ibewiro et al. 2000). Rapeseed, like many 
of the brassicas, are not as winter hardy as the grasses 
resulting in lower shoot and root biomass, although 
this relationship could vary across latitudinal clines. 
In our study, some plants in the rapeseed treatment 
plots may not have reached the optimal rosette size 
before first frost and were winter-killed which may 
release N too early before cash crop planting. Timing 
of rapeseed planting before first frost influences win-
ter survivability (Page et  al. 2021), and an increase 
in winterkilled plants would result in an early partial 
release of nutrients. (Page et al. 2021)

Cereal rye produces a higher amount of root bio-
mass especially at deeper depths and efficiently 
explores the soil through its network of fine roots. 
However, its high C:N ratio may impede plant lit-
ter degradation and nutrient release (Grünwald et al. 
2000; Hunter et  al. 2019). In addition, microbes 
involved in the decomposition process may readily 

seek starter nitrogen and may increase the amount of 
fertilizer required at cash crop planting (Adeli et  al. 
2019; Deines et  al. 2023; Preza-Fontes et  al. 2022; 
Qin et al. 2021). This impact on soil nitrogen may be 
reduced for legume cash crops such as soybean. In 
fact, yield impacts from cereal rye on soybeans seem 
to be minimal (Adeli et al. 2019; Hunter et al. 2019; 
Qin et al. 2021). Therefore, breeding efforts for cover 
crops selected for nutrient recycling should account 
for root system architecture, root and shoot C:N 
ratios, and winter hardiness.

Assessing the potential for root-centered cover crop 
breeding and selection

Overall, differences in root traits at the cultivar and 
species levels within grasses and brassicas highlight 
the potential for root system architecture breeding of 
cover crops to enhance ecosystem services. Cereal 
rye cultivars did not show a significant difference in 
shoot and root traits in the environment tested. How-
ever, we observe differences in shoot and root growth 
in winter triticale. Elite cultivars are already highly 
productive, which may limit the potential to further 
improve biomass-related plant traits (Finney et  al. 
2016). The introduction of favorable alleles for genes 
known to control rooting depth in agronomic envi-
ronments, such as Deeper Rooting 1 (DRO1) and 
Enhanced Gravitropism 1 (EGT1) (Fusi et  al. 2022; 
Uga et  al. 2013), may provide a route to generating 
deeper-rooted varieties and/or alter root:shoot ratios. 
Winter triticale is a man-made hybrid between cereal 
rye and winter wheat, which have distinct root sys-
tem architectures. Further breeding of winter triticale 
may provide a quicker route towards manipulating 
root traits while preserving winter hardiness. In the 
Brassicaceae family, Brassica oleracea and Brassica 
napus have high morphological diversity (Soengas 
et al. 2008; Thomas et al. 2016; Yu et al. 2013). For 
example, Siberian kale and rapeseed trophy are dis-
tinct cultivars of Brassica napus and exhibit distinct 
root phenotypes. Rapeseed trophy produced much 
more fine lateral roots compared to Siberian kale 
which produced a thicker storage taproot. The mor-
phological diversity in brassicas may facilitate breed-
ing efforts to enhance specific ecosystem services in 
brassicas. Winter barley produces comparable quan-
tities of shoot biomass to cereal rye. However, win-
ter barley produced significantly lower root biomass 
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highlighting the need to incorporate belowground 
plant traits in future breeding. Surprisingly, the lower 
frost tolerance of winter triticale cv. SY TF 81 com-
pared to winter triticale Montech Forage FX 1001 did 
not result in significantly lower root biomass in our 
study. However, crimson clover cv. Kentucky Pride 
produced more root biomass than crimson clover cv. 
Dixie, which is known to have a lower winter survival 
rate (Herget 2020). Therefore, improving winter har-
diness in some species may provide enhancements 
to root biomass and root-related ecosystem services. 
As we experience more extreme cold due to climate 
change (Cohen et  al. 2021), winter hardiness may 
play an increased role in winter cover crop selection 
and breeding to improve ecosystem services (Poffen-
barger et al. 2023).

Conclusion

Cover crops have the potential to sequester carbon, 
capture excess nutrients, and improve soil structure, 
which can help current agricultural systems adapt to 
climate change impacts and help mitigate greenhouse 
gas emissions that contribute to climate change. 
Despite their role in the ability for a cover crop to 
perform a given ecosystem service, our understand-
ing of cover crop root system architecture is limited. 
In our study, we surveyed several cover crop cultivars 
across multiple species and families to characterize 
their rooting behavior. Our results provide a broad 
assessment of cover crop performance in Missouri 
and within the USDA hardiness zone 6a. We also 
observe significant differences in cover crop root 
traits at the cultivar and species levels which may 
impact their root distribution within the soil. These 
differences in rooting behavior may subsequently 
affect a cover crop’s potential to perform particular 
ecosystem services such as carbon sequestration and 
nutrient capture. Future studies that measure how 
root system architecture influences soil structure, soil 
microbiomes, and soil organic matter pools over sev-
eral years will be critical. We also demonstrate that 
simple green canopy cover measurements can cap-
ture plant productivity over the growing season and 
provide a quantitative comparison of frost tolerance. 
Cumulative growing degree days are shown to follow 
plant growth behavior throughout the growing sea-
son and has potential as a predictive model of plant 

growth stage in cover crops. Finally, root trait differ-
ences among cover crops in our study highlight the 
potential for future cover crop breeding efforts that 
engineer root system architecture to enhance ecosys-
tem services. Elite varieties with optimized root sys-
tems may help reduce the use of chemical fertilizers, 
reduce crop loss due to extreme weather events, and 
improve crop yield while sequestering carbon and 
reducing greenhouse gas emissions. Such improve-
ments could improve the economics of incorporating 
cover crops into commercial agriculture and increase 
their adoption.
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