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ABSTRACT: Recycling of carbon (C) and nitrogen (N) from plants into soils is decisive for 
maintaining soil organic matter and soil fertility. Therefore, we quantified plant biomass 
and C and N in the shoots and roots from the topsoil layer for a wide range of annual crops 
grown under subtropical conditions. We grew 26 species, 13 main crops, and 13 cover 
crops, in the field in standard sowing arrangements. Root biomass was recovered from 
the 0.00-0.20 m soil layer at flowering, and shoot biomass was measured at flowering 
for all crops and at maturity only for the main crops. Root dry matter (DM) exhibited an 
average of 14.9 ± 5.7 % of the total shoot biomass at flowering, and the mean shoot 
DM to root DM ratio was 6.9 (2.8-15.0) for the 26 crops considered. Leguminous species 
had less root DM (0.5 to 1.0 Mg ha-1) than grass species (1.1 to 2.3 Mg ha-1). The shoot 
C to root C ratio varied consistently with DM, while the root N to shoot N ratio varied 
considerably among species. Proportionally more biomass, C, and N was allocated to the 
root systems of grasses (Poaceae species) than non-grass species (especially Fabaceae 
species). The findings of this study contribute to designing rotations to include species 
that promote cycling of N and have high potential for adding C to the soil through roots. 
In this sense, the use of intercropped grasses and legumes is a promising strategy, 
especially for cover crops.
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INTRODUCTION
Agricultural soils are important components of terrestrial ecosystems. They allow food 
production but also help in reducing greenhouse gas emissions through C sequestration 
(Lal, 2004). The quantity of nutrients produced and of C sequestered annually for a given 
soil mainly depends on the crops used, the environmental conditions, and management 
practices. The choice of crops and crop rotations have multiple effects, determining the 
pattern of soil covered by living or dead plant biomasses, total biomass production, 
the quantity and quality of the biomasses recycled, subsequent accumulation of C and 
nutrients, and their potential for recycling back to soils. This last effect is of primary 
importance, as plant biomass is the prime source for renewal of soil organic matter and 
plant rhizodeposition (Bolinder et al., 2007). 

Allocation of plant biomass among the various vegetative parts (leaves, stems, and 
roots), the quality of the plant biomasses (chemical and physical traits of plants), and 
the links between quality and decomposability have received considerable attention, 
particularly in natural ecosystems (Cornelissen and Thompson, 1997; De Deyn et al., 
2008; Birouste et al., 2012; Freschet et al., 2013). Functional traits of plants, in particular, 
can express plant strategy regarding resource exploitation (e.g., light and nutrients) 
(Poorter et al., 2012; Freschet et al., 2015). In agricultural systems, interspecific 
variations in biomass allocation have been studied relatively little (Tribouillois et al., 
2015); notably, the root component has long been neglected, due to lack of economic 
stake. It is also much harder to quantify root biomass compared to shoots and to study 
its decomposition in soils. The situation has changed over the past 15 years and an 
increasing aim is to manage and, if possible, increase the potential for root-derived 
C stabilization in soil (Dos Santos et al., 2011; Katterer et al., 2011; Sanaullah et al., 
2011; Menichetti et al., 2015), as well as set up alternative cropping systems with crop 
rotations (Naudin et al., 2012; Valbuena et al., 2012) and optimize the trade-off between 
several ecosystem services (Tribouillois et al., 2015). Even in agricultural systems, 
which are highly managed compared to natural systems, a better understanding of 
the allocation of biomass to shoots and roots for annual crops is a key issue to better 
predict soil C and nutrient dynamics and the effects of agrosystem management on 
soil C stabilization. This issue is relevant not only in systems where crop residues are 
exported but also to some extent in no-till agricultural systems, where aboveground 
residues are left at the soil surface as mulch and where plant roots represent the only 
entry of organic matter in depth (Zibilske et al., 2005). 

Root dry matter (DM) may represent 23 to 45 % of the total DM of crops (Prakash et al., 
2002). The ratio of shoot to root DM (S:R) or of root to shoot DM (R:S) varies across 
families and species (Xu and Juma, 1993; Roumet et al., 2008), growing conditions, and 
phenological stage (Bolinder et al., 1997; Plaza-Bonilla et al., 2014). The root N content 
generally represents 10-15 % of the total plant N (Kumar and Goh, 2000), but in legume 
species, it can reach 40 % of the total plant N (Rochester et al., 1998). Currently, sufficient 
data are not available on root biomass and root-C and root-N inputs from annual crops, 
especially for cover crops in farming systems. Recent studies have referred to such 
estimates, including studies that take root contributions and the rate of humification of 
roots into account (Katterer et al., 2011; Menichetti et al., 2015). However, most of these 
studies were based on a relatively small number of measurements of root biomasses or 
used production estimates with average coefficients (harvest index, shoot to root ratios, 
average C content, etc.). Limited availability of information forces the routine use of 
few results and their means as a reference to estimate the inputs of C and N in the soil 
(Bolinder et al., 2007; Boddey et al., 2010; Dos Santos et al., 2011). This motivated the 
approach adopted here, namely, estimation of crop residues (roots and shoots) for a wide 
diversity of crops, representing virtually all crops of the area of this study and comparing 
crops grown under identical climate and soil conditions, except for fertilization, which 
was applied only to crops that are generally fertilized.
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Since plant species and family are primary factors in determining biomass allocation to 
shoots and roots, we hypothesized that Poaceae species (Gramineae) would exhibit a 
greater relative accumulation of C in root system compared to other species. The objective 
of this study was to assess the contribution of roots and shoots to the recycling of C and 
N in the topsoil layer for a large range of crops used either as main crops or cover crops 
in no-tilled agricultural systems under subtropical conditions.  

MATERIALS AND METHODS

Description of the site and cropping system 

The field study was conducted in an experimental area (29° 43’ 13” S, 53° 42’ 19” W, altitude 
88 m) of the Department of Soil Science, Federal University of Santa Maria in the state of 
Rio Grande do Sul, Brazil. The agricultural area is characterized by biannual crop rotation, 
with two main crops (or a main crop and a cover crop) sown in the autumn and then in the 
spring, or with a cover crop grown in the summer between the two main crops. The climate 
is subtropical humid with hot summers, with annual rainfall of 1,686 mm, and mean annual 
air temperature of 19.3 °C. The soil is classified as a Typic Hapludalf (Soil Survey Staff, 2014), 
which corresponds to an Argissolo Vermelho Distrófico arênico (Santos et al., 2013). The 
main soil properties are shown in table 1. 

Crop species and crop management

Twenty-six species of annual crops were used, as follows: 11 grasses (Poaceae) and 
15 non-grasses (Fabaceae, 11; Asteraceae, 1; Brasicaceae, 2; Euphorbiaceae, 1) (Table 2). 
Thirteen of the species were cropped as main crops, and the other 13 were cropped as 
cover crops. The main crops and cover crops were cultivated either during spring-summer 
or during autumn-winter. Cover crops were all harvested at flowering, which corresponds 
to the stage of cutting of cover crops in fields. All species were grown in soil with a 
consolidated no-till system (over 12 years) and without the use of irrigation. The species 
were sown in 20 m2 (4 × 5 m) plots with three replicates, distributed in a randomized 
experimental design. Sowing was carried out manually to achieve greater uniformity 
and distribution of the plants in rows. For species sown in seed holes (jack bean, castor 
bean, and gray mucuna), we used four seeds per seed hole; after seedling emergence, 
only two plants were left in each plant hill. The row spacing, and density of plant species 
depended on the species and ranged from 0.17 to 0.90 m and from 3 to 420 plants 
per m2, respectively, according to farmers’ practices in the area (Table 2). All the crops 
were managed according to technical recommendations for the area. Weed control was 
performed manually during the early stage of plant growth.

Shoot and root sampling and analysis

The roots of all species were collected during the reproductive stage corresponding to full 
flowering of the plants. The sampling stage was chosen as the time that best represented 

Table 1. Properties of soil in the experimental area where species of main crops and cover crops 
were cultivated

Layer Bulk 
density pH(H2O) V SOM Clay P K H+Al Ca2+ Mg2+

m Mg m-3 % g kg-1 mg kg-1 mmolc dm-3

0.00-0.10 1.54 5.4 74.5 16.1 170.4 13.5 156.4 2.5 2.9 3.7

0.10-0.20 1.55 5.3 70.8 12.4 160.6 6.9 40.3 2.5 2.4 3.3
pH(H2O) (1:1); V = base saturation; SOM = soil organic matter (Walkley-Black); Clay (densimeter); P = available 
phosphorus (Mehlich-1); K = exchangeable potassium (Mehlich-1); Ca2+ and Mg2+ extracted by 1 mol L-1 KCl; 
H+Al = potential acidity. Values are the mean of three replicates.
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root system weight and composition, i.e., at the beginning of plant senescence (e.g., 
Amos and Walters, 2006). The biomass of aboveground parts (shoots) was measured 
both at flowering and at physiological maturity for the primary crops, and at flowering 
for the cover crops. In both cases, measurement always included the actual date of crop 
harvest in the fields. 

The plants were collected on an average of 0.48 linear meters per block, except for 
oilseed radish, ryegrass, and rye, which were collected on 1.1 linear meters to increase 
the representativeness of the biomasses collected. The number of plants collected 
ranged from 2 to 54, depending on the distance between the rows and the plant density 
(Table 2). The roots were collected from the top 0.00-0.20 m soil layer of the same crop 

Table 2. Description, agricultural use of crops, plant density (PD), row spacing (RS), mineral fertilizer, collected area (CA), and 
collected plants per repetition (CP)

Binomial name Common name Family PD RS N-P-K(1) CA CP
plants m-2 m m2

Main crops – Winter
Triticum aestivum Wheat Poaceae 317 0.17 87-12-35 0.09 27
Secale cereale Rye Poaceae 106 0.17 87-12-35 0.17 18
Triticosecale rimpaui Triticale Poaceae 152 0.17 87-12-35 0.09 13
Hordeum vulgare Barley Poaceae 232 0.17 87-12-35 0.09 19
Avena bysantina Yellow oat Poaceae 165 0.17 87-8-30 0.09 14
Avena sativa White oat Poaceae 153 0.17 87-8-30 0.09 13
Brassica napus oleifera Oilseed rape Brassicaceae 171 0.17 80-12-35 0.09 15

Main crops - Summer
Zea mays Corn Poaceae 6 0.90 105-25-35 0.36 2
Sorghum bicolor Sorghum Poaceae 31 0.45 95-20-45 0.23 7
Phaseolus vulgaris Dry edible bean Fabaceae 18 0.45 45-13-14 0.17 3
Glycine max Soybean Fabaceae 26 0.45 0-13-41 0.19 5
Helianthus annuus Sunflower Asteraceae 8 0.60 50-13-41 0.24 2
Ricinnus comunis Castor bean Euphorbiaceae 3 0.90 50-10-17 0.36 1

Cover crops - Winter
Avena strigosa Black oat Poaceae 215 0.17 87-12-35 0.09 18
Lolium multiflorum Ryegrass Poaceae 120 0.17 87-12-35 0.17 21
Vicia sativa Vetch Fabaceae 247 0.20 0-10-30 0.10 25
Pisum arvensis Pea Fabaceae 129 0.17 0-10-30 0.09 11
Lupinus angustifolius Blue lupine Fabaceae 58 0.17 0-10-25 0.09 5
Lupinus albescens Native lupine Fabaceae 110 0.17 40-10-25 0.09 10
Raphanus sativus oleiferus Oilseed radish Brassicaceae 91 0.17 0-10-35 0.25 23

Cover crops - Summer
Pennisetum glaucum Milhet Poaceae 420 0.20 90-0-0 0.10 37
Sunn hemp Crotalaria juncea Fabaceae 60 0.40 0-0-0 0.20 12
Canavalia ensiformis Jack bean Fabaceae 15 0.45 0-0-0 0.14 2
Stizolobium niveum Gray mucuna Fabaceae 15 0.40 0-0-0 0.15 2
Crotalaria spectabilis Showy rattlebox Fabaceae 100 0.30 0-0-0 0.15 15
Cajanus cajan Dwarf pigeonpea Fabaceae 35 0.40 0-0-0 0.20 7

(1) N-P-K is the total fertilizer in kg ha-1 of N (ammonium sulfate and urea), P (triple superphosphate), and K (potassium chloride). 0-0-0: natural fertility 
of the soil. 
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plot, with three replicates per species. This approach was chosen because it is impossible 
to quantitatively determine the roots throughout the rooting depth, particularly for many 
crop species, such as those in this study. Studies in the literature showed that the root 
mass present in the topsoil for annual crops accounted for over 70 % of the total root 
mass of the plant (Buyanovsky and Wagner, 1986; Bolinder et al., 1997; Giacomini et al., 
2009; Williams et al., 2013). We therefore selected this approach, which accounts for most 
of the recycling of roots in the soil surface layers but neglected the potential stabilization 
of root-derived C in deeper layers (Sanaullah et al., 2011). 

An excavation method was used to collect the roots. The excavation consisted of opening 
a pit in the soil (areas from 0.09 to 0.36 m2) to a depth of 0.20 m, perpendicular to the 
planting row; the width of the trench was equal to the distance between two rows (from 
0.17 to 0.90 m, depending on the crop), and half the trench was located on each side of 
the plant row (Table 2). The vertical distribution of roots in the topsoil was determined 
by separately sampling the 0.00-0.10 and 0.10-0.20 m depth layers. The horizontal 
distribution of the root biomass of the spring species was evaluated in the 0.00-0.10 m 
soil layer. To do so, the collection area of the roots was divided into two portions (50/50) 
at increasing distances from plant rows or initial seed holes.

Afterwards, the monoliths (soil + roots) were transported to the laboratory, the main 
roots were first removed from the soil manually, and then the entire soil sample was 
washed under running water over a 1-mm mesh sieve. After collection, the shoots and 
roots, nodule-free roots for legume species, were dried at 65 °C to constant weight. The 
dried roots were separated manually according to their diameter (Ø) as either coarse 
roots (Ø ≥2 mm) or fine roots (1< Ø <2 mm). The dried residues of the shoots and 
roots were finely ground (<1 mm) using a Wiley mill. A 1-g subsample of the ground 
material was incinerated in a muffle furnace at 550 °C for 4 h to determine the ash 
content and to express the results free of ash. The total organic C and total N contents 
of the shoots and roots were determined from the finely ground subsamples dried at 
65 °C using an elemental analyzer (FlashEA 1112, Thermo Electron Corporation, Milan, 
Italy). The amount of C (QC) and N (QN) in the roots and the shoots were obtained by 
multiplying the content of the elements by the amount of dry matter (DM) of roots and 
shoots produced per hectare.

Data treatment and statistical analyses

Calculations were performed to express the interspecific plant allocation to above- and 
below-ground fractions. First, the leaf, stem, and root mass fractions (LMF, SMF, and 
RMF), i.e., the weight of the various organs expressed relative to the total weight of the 
vegetative parts of the plant, were plotted against the shoot + root DM for all crops 
(Poorter et al., 2012). The ratio of the shoot DM to root DM (SDM:RDM) was calculated 
by dividing the total DM of the shoots by the total DM of the roots measured in the 
0.00-0.20 m layer, both measured at the flowering stage for all of the crops. For the main 
crops, the SDM:RDM ratios were also calculated at maturity. The shoot C to root C (SC:RC) 
and the shoot N to root N (SN:RN) ratios were calculated by dividing the QC and QN in the 
shoots, measured at the flowering stage for the cover crops and at the maturity stage 
for the main crops, by the QC and QN in the roots measured at the flowering stage for all 
of the crops. As the ratios were not normally distributed, we calculated the mean S:R 
ratios after a log2 transformation of the individual crop species ratio and then expressed 
the back-transformed mean S:R according to Poorter and Sack (2012). Lastly, the root 
mass fraction (0.00-0.20 m layer) was also plotted against the total shoot mass fraction 
for each species. This type of analysis avoids the problem of the ratio approach, where 
two ratios could be equal with very different values in the numerators and denominators 
(Poorter and Sack, 2012).

The percentage of fine roots (%RF) was calculated as the DM of the roots 1< Ø <2 mm 
relative to the total DM of the roots recovered. The percentage of roots present in the 
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0.00-0.10 m depth layer relative to the total root DM recovered in the 0.00-0.20 m depth 
layer was also calculated. 

A principal component analysis (PCA) was conducted on the correlation matrix obtained 
from the results of the root biomass (i.e., %R0-10 and %RF), the root-C and N contents 
(i.e., QC and QN), the S:R ratios (i.e., SC:RC and SN:RN), and the total N content (%N). The 
PCA produced an ordination of the species and the properties of the roots, which were 
plotted in one and two dimensions, respectively, based on the scores of the first two 
principal components (PCs). A correlation circle was computed to assess the importance 
of each property of the roots in the PC axes. We considered r values (i.e., the correlation 
coefficient) as a significant contributor when r ≥0.5.

The data were analyzed via a two-way analysis of variance (Anova). The means of the 
treatments were compared using the Scott-Knott test at 5 % probability. The statistical 
tests were performed using Statistica® software (version 7.0). 

RESULTS

Biomass allocation in the shoots and roots 

The DM production in the shoots varied greatly among the 26 species studied, from 
2.4 Mg ha-1 DM for oilseed rape to 12.2 Mg ha-1 DM for pigeonpea, plus a high value 
of 22.5 Mg ha-1 DM for millet (Table 3). At flowering, the DM accumulation in the plant 
shoots did not distinguish the main crops from the cover crops and the grasses from the 
non-grasses when millet was discarded from the analysis, due to its very high shoot DM 
production (Table 3). However, the summer crops produced significantly greater shoot 
DM during flowering compared to the winter crops. Regarding the main crops, which 
were sampled both at the flowering and the maturity stages, the general pattern was 
an average decrease in the shoot DM between flowering and maturity, although this 
decrease was not significant for wheat, rye, triticale, and white oat when considered 
individually. The accumulation of roots Ø ≥1 mm in the 0.00-0.20 m soil layer varied 
considerably depending on the species and ranged from 0.53 Mg ha-1 for castor bean 
up to 1.85 Mg ha-1 for sunflower and black oat (Table 3). Analyzing the average values 
of the root DM, we observed that the cover crops produce 22 % less root DM than the 
main crops, that grasses produced 1.6 times more DM than non-grasses, and that winter 
species produce 10 % more root DM than summer species.

The fraction of total plant DM of leaf (LMF), stem (SMF), and root (RMF) for all species 
at flowering is presented in figure 1a. The LMF ranged from 0.27 to 0.53 in main crops 
and from 0.17 to 0.67 in cover crops. The SMF ranged from 0.34 to 0.52 in main crops 
and from 0.26 to 0.74 in cover crops. The RMF in main crops ranged from 0.08 to 0.25 
and in cover crops from 0.06 to 0.27.

The allocation of biomass to the leaf from the root reveals the plant strategy for 
resource acquisition. At flowering (Figure 1b), the root DM of the Fabaceae crops was, 
on average, lower than the root DM of species from the Poaceae family. Additionally, 
for similar leaf DM, the Poaceae species invested more in the roots compared to 
the Fabaceae species. For the Poaceae species, there was a significant relationship 
between leaf and root DM (except for millet), whereas there was no relationship within 
the group of Fabaceae species. Pooling data for flowering and maturity stages for all 
species (Figure 1c), there was a linear relationship between root DM and shoot DM for 
the Poaceae species (harvested either at the flowering or maturity stage). Conversely, 
there were no relationships among other species (Fabaceae family and others), due to 
small changes in root DM, which ranged from 0.5 to 1.0 Mg ha-1, regardless of shoot 
production. There was no influence of harvest time on the pattern observed, with 
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Table 3. Dry matter, accumulation of C and N in shoots and roots of main crops and cover crops

Species

Shoots Roots

DM
C N QC

(1) QN
(1) C/N DM(2) C N QC

(3) QN
(3) C/N 0-10 RF

(4)

flowering harvest

Mg ha-1 g kg-1 kg ha-1 Mg ha-1 g kg-1 kg ha-1 %

Main crops – Winter

Wheat 6.34 e A(5) 5.98 c A 466 5.2 2790 31.0 90 1.24 464 11.0 576 13.7 42 75 100

Rye 5.74 e A 5.06 c A 474 4.7 2400 23.5 102 1.37 424 12.1 579 16.6 35 94 100

Triticale 4.26 f A 3.84 d A 468 4.9 1794 18.8 95 1.40 459 18.0 645 25.3 26 92 100

Barley 5.71 e A 4.79 c B 464 5.6 2227 26.8 83 1.07 490 14.7 492 14.8 33 92 100

Yellow oat 6.33 e A 5.55 c B 467 12.7 2592 70.6 37 1.82 446 12.5 812 22.7 36 93 100

White oat 4.75 e A 4.23 d A 474 12.1 2008 50.9 39 1.36 467 13.3 635 18.1 35 91 100

Oilseed rape 2.77 f A 2.38 e A 479 30.0 1139 71.1 16 0.84 452 6.2 379 5.2 73 77 46

Main crops – Summer

Corn 7.77 d A 6.55 b A 464 4.4 3039 28.9 105 1.36 481 13.9 654 18.9 35 83 52

Sorghum 8.04 d A 7.64 b A 480 17.9 3662 136.5 27 1.84 464 12.0 856 22.1 39 87 42

Dry edible bean 4.73 e A 3.50 d B 460 18.9 1611 66.1 24 0.72 455 13.1 332 9.5 35 90 41

Soybean 9.70 c A 7.37 b B 474 12.3 3490 90.3 39 0.81 462 14.6 374 11.7 32 91 45

Sunflower 12.05 b A 9.19 a B 464 10.4 4264 95.6 45 1.85 469 5.2 864 9.6 90 93 31

Castor bean 3.35 f A 3.11 e A 481 19.6 1494 61.2 25 0.53 470 8.8 248 4.6 54 72 37

Cover crops – Winter

Black oat 7.98 d 478 13.1 3464 94.8 37 1.85 461 11.7 855 21.6 40 89 100

Ryegrass 5.48 e 464 4.7 2269 23.2 98 1.15 458 8.2 529 9.4 56 86 100

Vetch 3.67 f 480 38.3 1758 140.7 13 1.33 469 37.9 624 50.4 12 82 100

Pea 5.43 e 470 43.2 2554 233.4 11 0.66 464 37.3 309 24.7 13 68 100

Blue lupine 5.54 e 476 35.4 2637 195.7 14 0.85 460 11.2 392 9.5 41 63 32

Native lupine 5.51 e 473 29.0 2609 159.8 16 0.76 467 11.8 369 9.2 40 64 12

Oilseed radish 6.81 d 459 17.4 3129 118.7 26 0.86 462 11.4 397 9.8 41 92 11

Cover crops – Summer

Millet 22.48 a 460 10.3 10334 232.1 45 1.60 448 11.4 720 18.2 40 97 73

Crotalaria juncea 8.90 c 464 16.0 4129 142.8 29 0.88 463 10.6 406 9.3 44 90 26

Jack bean 7.99 d 478 40.7 3822 325.0 12 0.54 460 13.6 247 7.3 34 79 41

Gray mucuna 5.74 e 480 31.4 2754 180.0 15 0.67 465 25.0 310 16.6 19 73 41

Showy rattlebox 7.21 d 483 24.3 3474 174.8 20 0.59 474 8.0 279 4.7 59 87 4

Dwarf pigeonpea 12.22 b 484 21.4 6288 278.0 23 1.44 465 11.8 670 17.2 39 86 9

Main crops vs cover crops

Main crops 6.27 b 470 a 12.0 b 2501 c 59.3 b 56 a 1.24 a 462 a 12.0 b 573 a 14.8 a 43 a 87 a 69 a

Cover crops 8.07 a 473 a 25.0 a 3804 a 176.9 a 27 b 1.02 b 463 a 16.1 a 470 b 16.0 a 37 b 81 b 50 b

Cover crops (- millet) 6.87 b 474 a 26.0 a 3259 b 172.2 a 26 b 0.97 b 465 a 16.5 a 449 b 15.8 a 36 b 80 b 48 b

Grasses vs non-grasses

Non-grasses 6.78 b A 5.11 b B 474 a 29.7 a 2984 b 154.6 a 22 b 0.89 b 465 a 15.1 a 413 b 13.3 b 42 a 80 b 38 b

Grasses 7.72 a A 5.46 a B 469 a 8.7 b 3381 a 68.1 b 69 a 1.46 a 460 a 12.6 b 668 a 18.3 a 38 b 89 a 88 a

Grasses (- millet) 6.24 b A 5.46 a B 470 a 8.9 b 2686 c 51.7 b 71 a 1.44 a 462 a 12.7 b 663 a 18.4 a 38 b 88 a 89 a

Winter vs summer crops

Winter 5.45 c A 4.55 b B 471 a 18.3 a 2428 c 90.8 b 48 a 1.18 a 460 a 15.5 a 542 a 17.9 a 37 b 82 b 79 a

Summer 9.18 a A 6.62 a B 472 a 18.9 a 3998 a 149.8 a 34 b 1.07 b 465 a 12.3 b 497 b 12.5 b 43 a 86 a 37 b

Summer (- millet) 7.97 b A 6.62 a B 474 a 19.6 a 3422 b 141.6 a 33 b 1.02 b 467 a 12.4 b 476 b 12.0 b 43 a 85 a 34 b
C and N (dry combustion). (1) Accumulation at flowering for cover crops and maturity physiology for main crops. (2) Total dry matter (DM) of roots 
(0.00-0.20 m). (3) Accumulation at flowering. (4) Fine roots (1< Ø <2 mm). (5) Means followed by the same letters for species and main crops × 
cover crops, grasses × non-grasses, and winter vs summer crops in column (lowercase) or line (uppercase) do not differ significantly by the 
Scott-Knott test (p<0.05).
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Figure 1. Allocation of plant dry matter biomass (DM): (a) proportion of leaf (LMF), stem (SMF), and root 
(RMF) to total vegetative biomass (leaf + stem + root) at the flowering stage; (b) relationships between 
leaf and root biomass at the flowering stage for the Poaceae and Fabaceae species; (c) relationships 
between root biomass and shoot biomass at flowering or maturity stages for the different crops.
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Poaceae species harvested at flowering having the same relationship as other Poaceae 
species harvested at maturity. 

The SDM:RDM ratio ranged from 2.8 (vetch) to 15.0 (jack bean) at flowering time (Table 4). 
At flowering, SDM:RDM > 10, i.e., a low root DM compared to the shoot DM, was observed 
for millet, crotalaria juncea, showy rattlebox, and jack bean. For main crops measured 
at both the flowering and maturity stages, the SDM:RDM tended to be slightly lower at 
maturity (except for soybean), although the differences were not significant. For the grass 
species (Poaceae family), the mean SDM:RDM was 5.4 and was significantly lower compared 
to other non-grass species (8.3). The mean SDM:RDM was much lower for the main crops 
compared to the cover crops and for the winter crops compared to the summer crops. 

Carbon and nitrogen contents in shoots and roots

In general, the accumulation of shoot C followed the total DM and ranged from 1.13 
(oilseed rape) to 10.33 (millet) Mg ha-1 C (Table 3). Both the shoot N content and the 
total N accumulation in the shoots were two to three times greater in the cover crops 
compared to the main crops, as expected; the cover crops were primarily legumes 
(only three grass species were used as cover crops), but also harvested and recycled 
at their flowering stages, when the N content in the plant tissues was higher. The 
cropping period (summer vs. winter) did not discriminate shoot N content, but the 
total amount of N accumulated was much higher for the summer crops due to their 
high shoot DM. 

The main crops had significantly higher amounts of root DM and C (in the 0.00-0.20 m 
layer) compared to the cover crops (Table 3), which corresponded to higher amounts in 
roots for the grass crops (mean 668 kg ha-1 C) compared to the non-grass crops (mean 
413 kg ha-1 C). There were significant differences between the species grown in the 
summer and those grown in the winter (497 vs. 542 kg ha-1 C). Nitrogen accumulation 
in the roots ranged from approximately 5 (castor bean, showy rattlebox, and oilseed 
rape) to 50 kg ha-1 N (vetch) and clearly differentiated the crop species. The grasses, 
which had high root DM, had lower N content in their roots than the non-grass species, 
which reduced the difference in the root N accumulation between the grasses and 
non-grasses. Vetch plants were an exception, which combined high root DM and very 
high N content of the roots. 

As expected, the SC:RC ratio varied consistently with the SDM:RDM (Table 4). Regarding 
N distribution between shoots and roots, the ratio varied considerably among species 
by a factor of approximately 5, with a lower SN:RN for the grass species (mean at 2.7) 
compared to the non-grass species (mean at 12.5). This arises from the combination of 
a lower mean N accumulation in the grass shoots compared to the non-grasses shoots 
and a higher DM and accumulated N in the grass roots compared to the non-grass roots. 
This translates into a large difference in SN:RN between the main crops and the cover 
crops, and between the winter crops and the summer crops. In the non-grass species, 
vetch exhibited an SN:RN that was 5 times lower than the mean value observed for the 
other species of this group of plants, due to its low accumulation of N in the shoots 
compared to N in the roots (Table 4). Although these differences are also the fruit of the 
dates of cutting of crops (at maturity for the main crops, at flowering for cover crops), 
these large differences in the S:R for N well reflect the differences in the potential N 
recycling of these species.

Root traits

The plants differed greatly in their proportion of fine roots (Table 3), with grasses exhibiting 
primarily fine roots, in contrast with non-grasses, which were characterized by a root 
system composed of approximately 60 % of root DM as coarse roots (Ø ≥2 mm). Within 
the group of grass species studied, the exceptions were corn, sorghum, and millet, which 
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had root systems consisting of approximately 45 % coarse roots and, within the group of 
non-grass species, pea and vetch, which had 100 % fine roots. The highest N content in 
the root tissues was observed for pea, vetch, and gray mucuna. For the others species, 

Table 4. Shoot:root ratios (S:R) calculated for total dry matter (DM), C, and N contents of main 
crops and cover crops sampled at flowering or maturity stages

Species SDM:RDM
(1) SDM:RDM

(2) SC:RC
(3) SN:RN

(3)

Main crops - Winter
Wheat 5.2 c A (4) 4.9 b A 4.9 d 2.3 g
Rye 4.3 c A 3.8 c A 4.3 d 1.5 h
Triticale 3.1 d A 2.8 c A 2.8 e 0.8 i
Barley 5.7 c A 4.8 b A 4.6 d 1.9 h
Yellow oat 3.6 d A 3.1 c A 3.3 e 3.2 g
White oat 3.5 d A 3.2 c A 3.2 e 2.9 g
Oilseed rape 3.4 d A 2.9 c A 3.1 e 14.1 c

Main crops - Summer
Corn 5.8 c A 4.9 b A 4.7 d 1.6 h
Sorghum 4.4 c A 4.2 c A 4.3 d 6.2 e
Dry edible bean 6.8 b A 5.1 b A 5.1 d 7.8 e
Soybean 12.8 a A 9.8 a A 10.0 b 8.3 e
Sunflower 6.7 b A 5.1 b A 5.1 d 10.2 d
Castor bean 6.4 b A 5.9 b A 6.1 d 13.3 c

Cover crops - Winter
Black oat 4.4 c 4.6 d 4.9 f
Ryegrass 4.8 c 4.9 d 2.8 g
Vetch 2.8 d 2.8 e 2.8 g
Pea 8.1 b 8.3 c 9.5 d
Blue lupine 6.7 b 7.0 c 21.1 b
Native lupine 7.2 b 7.1 c 17.8 c
Oilseed radish 8.0 b 7.9 c 12.2 c

Cover crops - Summer
Millet 14.2 a 14.6 a 13.0 c
Crotalaria juncea 10.5 a 10.5 b 15.8 c
Jack bean 15.0 a 15.6 a 44.8 a
Gray mucuna 8.8 b 9.1 b 11.2 c
Showy rattlebox 12.4 a 12.6 a 37.3 a
Dwarf pigeonpea 8.7 b 9.1 b 15.9 c

Main crops vs cover crops
Main crops 5.5 b A 4.6 A 4.4 b 3.3 b
Cover crops 8.6 a 8.3 a 13.1 a

Non-grasses vs grasses
Non-grasses 8.3 a A 5.8 a B 7.6 a 12.5 a
Grasses 5.4 b A 4.0 b B 4.3 b 2.7 b

Summer vs winter crops
Summer 9.4 a A 5.8 a B 8.5 a 11.8 a
Winter 5.1 b A 3.6 b B 4.6 b 3.1 b

(1) Flowering time. (2) Harvest time. (3) Flowering time for cover crops and harvest time for main crop species. 
(4) Means followed by the same letters for species and main crops × cover crops, grasses × non-grasses, and 
winter vs summer crops in column (lowercase) or line (uppercase) for SDM:RDM, SC:RC, and SN:RN do not differ 
significantly by the Scott-Knott test (p<0.05).
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the root N contents ranged from 5.2 to 18.0 g kg-1, with large variation among species. 
The differences observed in the N content of the root tissues explain the wide variation 
in the C:N ratio of the roots (from 12 for vetch roots to 90 for sunflower roots) (Table 3). 
Small but significant differences in the C:N ratio were observed between summer and 
winter crops, grasses and non-grasses, and main and cover crops. 

Regardless of species, on average, 84 % of the total root DM recovered in the top 0.20 m 
of the soil was present in the 0.00-0.10 m layer, ranging from 64 % for blue lupine to 
96 % for millet (Table 3). The proportion of roots in the soil surface layer was slightly 
but significantly higher for grasses compared to non-grasses (89 vs. 80 %). The spatial 
distribution of the roots in the top 0.00-0.10 m layer, which was analyzed for the summer 
crops only, showed that more than 80 % of the root DM was concentrated near the rows 
or the seed holes (mean 90 ± 4 %) (Figure 2). 

Principal component analysis (PCA) showed that the first two principal components (PC) 
accounted for 71 % of the total variance of the data (Figure 3). The PC 1 explained 48 % 
of the variance of the data and clearly discriminated the Poaceae (grass) species in the 
positive region (Figure 3a), which significantly correlated with the %RF, QN, and Qc (in the 
range r = 0.72 to 0.81) (Figure 3b). In PC 1, other plant species corresponded to the 
negative region, except the vetch and pea of Fabaceae, which strongly correlated with 
the SN:RN and SC:RC parameters (Figure 3b). The PC 2 explained 23 % of the variance 
of the data and identified the grass species primarily in the negative region of the PCA 
(Figure 3a), which were significantly correlated with the %R0-10 (r = -0.66) (Figure 3b). 
Vetch and pea were strongly correlated with %N. The %RF exhibited strong significant 
and negative correlation with SN/RN (r = -0.65; p<0.001), positive intermediate correlation 
with N (r = +0.59; p<0.01), and slight correlation with QC (r = +0.44; p<0.05) (Figure 3b). 

Figure 2. Relative horizontal distribution of root dry matter (DM) in the 0.00-0.10 m soil layer, 
either near the plant row (or seed hole) (red bars) or between rows (green bars), determined for 
crops grown in the spring/summer (% of total DM in the layer). Species: Sh = sunn hemp; Sr = 
showy rattlebox; B = dry edible bean; Jb = jack bean; Gm = gray mucuna; S = soybean; Sw = 
sunflower; Cb = castor bean; C = corn; Sg = sorghum; Ml = millet. Means followed by the same 
letters for plant row (uppercase) or between rows (lowercase) do not differ significantly by the 
LSD test (p<0.05).
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Figure 3. Factorial map (PC 1 × PC 2) (a) and correlation circle (b) obtained from principal 
component analysis (PCA) performed using data from the roots of 27 species: vertical distribution 
(%R0.00-0.10), proportion of fine roots (%RF), root C and N contents (QC, QN), root N concentration 
(%N), and shoot:root ratio for N and C inputs (SN:RN and SC:RC). Fab = Fabaceae; Poa = Poaceae; 
Ast = Asteraceae; Bra = Brassicaceae; Eup = Euphorbiaceae.
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The %RF was not significantly correlated with the %N total in the roots. The %R0-10 was 
significantly correlated with C (r = +0.50; p<0.05).

DISCUSSION
Root and stem production exhibited great diversity in the biomass DM among the different 
species. In particular, millet produced a very high aboveground biomass compared to the 
other crops, whereas its root biomass was proportionally low. The root DM collected from 
the 0.00-0.20 m layer represented an average of 13.6 ± 4.5 % of the total vegetative 
biomass at flowering (ranging from 6.3 % for jack bean to 26.6 % for vetch). The S:R 
ratio allowed the results to be compared to other production conditions. Our results 
are in the upper range of the values available in the literature. On average, the S:R 
ratio estimated at the flowering stage of the crops was 7.1 (2.8-15.0) for the 26 crops 
considered, whereas Bolinder et al. (2007) obtained an S:R value of 5.0 (1.0-10.7) for 
nine crops grown in different systems and climates of North America. Therefore, there 
is good agreement regarding both the average and the range of variation of this ratio. 
Under relatively close climatic conditions, Dos Santos et al. (2011) used a similar S:R 
ratio for oat (3.1) and either a lower or higher S:R for other crops (corn, wheat, ryegrass, 
soybean, and vetch). Is bias possible in comparison of the various species studied by 
sampling in the 0.00-0.20 m layer, due to the various root development strategies, 
for example, between Poaceae and Fabaceae? In fact, we observed that most of the 
root biomass recovered in the 0.00-0.20 m layer was located in the 0.00-0.10 m layer 
(80-87 % of the total, on average) and that the proportion of fine roots was lower for the 
Fabaceae species, making their root collection easier. Consequently, we assumed that 
the root C and N inputs in the top layer of the species studied could be compared to one 
another. The contribution of fine roots to deep C stabilization could not be neglected for 
all species (Sanaullah et al., 2011), and C rhizodeposition of the crops was not quantified. 
Thus, these results do not address the effects of growing plant species on soil C storage. 
Recent work estimated that rhizodeposited C represents between 65 to 100 % of the 
measurable root C (Katterer et al., 2011). 

Recycled DM and recycled C were highly correlated due to the small variation in the C 
content in the plant tissues, corresponding to an average of 462 g kg-1 C for the roots 
and 472 g kg-1 C for the shoots. As expected, a high %N was observed for plant parts 
harvested at the flowering stage (cover crops), which, coupled with a higher amount of 
aboveground biomass, led to three times greater accumulation of N in the shoots for the 
cover crops compared to the main crops (on average 177 vs. 59 kg ha-1 N). For the roots 
sampled during flowering, the %N was far more similar among species, corresponding to 
an average of 14.1 g kg-1 N of root biomass, even if the %N remained significantly higher 
for legumes compared to grasses. Along with variations in shoot N, typology among the 
species was even more pronounced considering SN:RN = 2.71 for the grass species and 
SN:RN = 9.0 for the legumes, considering the species sampled during flowering. This implies 
a very different strategy in plants regarding plant N allocation and its subsequent fate. 

Further analysis of the plant biomass allocation to the leaves and roots was necessary 
because similar S:R ratios may be obtained from different values of the shoot and 
roots; therefore, these ratios tell little regarding the strategies of the different species 
(Poorter et al., 2012). Our results clearly showed that the leguminous plants had root DM 
values lower than the grass plants, and their root dry weight varied little. Conversely, 
for grasses, we found a greater production of root DM, and root DM was proportional to 
the total shoot (leaf + stem) DM. Two exceptions to this pattern were the roots of vetch 
and peas, which exhibited high N contents and their entire root system as fine roots. 
This suggests a relatively low average investment of the Fabaceae in roots compared 
to the Poaceae. These results agree well with previous studies conducted in natural 
ecosystems on plant strategies for resource use and allocation. In both field and laboratory 
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conditions, Roumet et al. (2006, 2008) showed that root characteristics (i.e., root traits) 
for Poaceae, Fabaceae, and Asteraceae species differ strongly between Fabaceae and 
Poaceae. Grasses had a higher root dry matter, a higher proportion of fine roots, and 
a lower N content compared to the Fabaceae species, whereas the Asteraceae species 
showed intermediate characteristics. Compared to Fabaceae, Poaceae also allocated a 
greater proportion of biomass to the roots (Roumet et al., 2008). 

As in natural ecosystems (Freschet et al., 2015), the properties of agrosystems dominated 
by root biomass production likely differ strongly from those of agrosystems dominated by 
shoot biomass production, particularly in terms of soil organic matter build-up and nutrient 
recycling. Redin et al. (2014) used plant residues from the same experimental area and 
showed that both the chemical traits of root residues and their potential degradation 
in the soil varied according to the families of their species. In particular, roots from 
the Poaceae species exhibited a lower N content, a lower lignin content, and a lower 
variability in overall chemical composition compared to roots from the Fabaceae species. 
They also decomposed significantly more slowly than other species. Therefore, different 
features of grass and non-grass species may make different contributions in terms of 
C and nutrient cycling, the so-called “afterlife effects” of plant traits on agroecosystem 
functions (Freschet et al., 2012). In an agricultural context, the selection of crops and 
rotations, i.e., the contributions of grass and legume crops as main crops and the presence 
or absence of cover crops directly affect the potential for C and nutrient recycling in the 
soil and subsequent stabilization or mineralization (Tribouillois et al., 2015). 

CONCLUSIONS
The pattern of allocation of biomass, C, and N to shoots and roots of annual crops grown 
under subtropical conditions in Brazil agreed well with previous observations made from 
plants grown in natural ecosystems under different climatic conditions. 

Grasses (Poaceae species) allocated proportionally more biomass, C, and N to their root 
systems compared to non-grass species (Fabaceae species, notably). 

Different functional traits were observed in the large range of crops evaluated (main 
crops and cover crops), which could be combined either in space (mixed cropping) or in 
time (rotation) to ensure not only satisfactory primary productivity but also long-term 
preservation of fertility and soil C storage.
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