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A B S T R A C T   

Quantifying maize root response to nitrogen (N) fertilizer, soil texture, and weather is crucial to understand 
complex soil-root-plant processes. We performed a 2-year x 4 locations (sand content range: 5–95%) x N 
treatments (range: 0 to 336 kg N ha− 1) field experiment in Iowa, U.S. to (1) determine the response of root traits 
to N fertilizer, and (2) develop generalized functions to aid understanding and prediction of root mass and root to 
shoot (R:S) ratio. Deep root samples (0− 210 cm, increments of 30 cm) were collected using the soil core 
approach at early to middle grain fill period and quantified root mass, length, and N and C concentrations. In 
addition, yield and shoot biomass was measured. Root traits and yield had different responses to N fertilizer 
input. Root mass was maximized at 168 kg N ha− 1; zero and excessive N fertilization decreased root mass by 33 
and 17 %, respectively. Nitrogen fertilizer significantly affected root traits only in the top 30 cm soil layer. Soil 
texture affected root traits in a dry year (root mass was positively associated with silt and clay), but not in a wet 
year, suggesting that soil moisture overwhelms the effect of texture. The combined data (N rates x locations x 
years) revealed a negative relationship between R:S ratio and yield. This resulted in a new set of equations (e.g., 
upper bound R:S = e(–1.5 – 0.04*yield)) that can replace the constant R:S approach used in the literature. Yield, 
which is commonly measured, integrates the effects of environment, management, and genetic variation; hence 
the proposed equations can be widely applied. This study provides evidence that different plant traits are 
maximized at different levels of mineral N nutrition. Results can enhance biophysical models and prediction of R: 
S ratio.   

1. Introduction 

The effect of nitrogen (N) fertilization on root traits has received far 
less attention than the effect of N fertilization on crop yields. Several 
studies highlighted the need for more research on maize roots to 
improve predictability of the optimum N fertilizer rate that maximizes 
both productivity and environment sustainability (Hoogenboom, 1999; 
Mi et al., 2010; Gao et al., 2010; Yu et al., 2014). 

Research on maize yield response to N fertilizer has indicated that 
fertilizing at the agronomic optimum N rate maximizes aboveground 
crop residue production, soil carbon (C) and soil health (Poffenbarger 
et al., 2017; Mahal et al., 2019) while minimizing N losses to the envi-
ronment (Zhao et al., 2017; Greer and Pittelkow, 2018). Yet, there is 
significant uncertainty in the optimum N rate from year-to-year (Puntel 
et al., 2018). The optimum N rate differs from year-to-year and 

field-to-field due to weather, soil type, genetics, and management 
practices (Cerrato and Blackmer, 1990; Cassman et al., 2002; D’andrea 
et al., 2008; Ordóñez et al., 2015a; Feng et al., 2016; Sun et al., 2016; 
Hawkesford and Griffiths, 2019). 

Experiments on the effect of N fertilizer on root traits are fewer than 
that of yields and results are often inconsistent (Anderson, 1988; Oikeh 
et al., 1999; Yu et al., 2014; Feng et al., 2016). Russell et al. (2009) 
reported no significant effects of N fertilizer on maize root mass grown 
under a maize-soybean rotation system. Durieux et al. (1994) found a 
reduction in root mass with increasing N fertilizer rate under 
water-limited field experiments. Feng et al. (2016) reported a 4-fold 
variation in root mass across three soil types (loamy-clay to 
sandy-loam) and five N rates (0–312 kg N ha− 1). Additional literature 
has showed that soil properties, such as texture (Jobbágy and Jackson, 
2000; Feng et al., 2016), bulk density (Jones, 1983; Barber, 1995), 
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fertility (Goss et al., 1993; Wen et al., 2016); and management, such as 
tillage, and fertilizer placement (Eghball and Maranville, 1993; Ball--
Coelho et al., 1998; Fageria and Moreira, 2011; Hansel et al., 2017) 
influence maize root traits. Synthesizing and extrapolating this infor-
mation to different production environments is challenging and addi-
tional experiments are needed to increase our understanding of root 
functioning. Extrapolations become more challenging when accounting 
for the effect of cultivar on root attributes (York et al., 2015; Wu et al., 
2019) in the context of genotype x management x environment 
interaction. 

The variability in root trait data affect eco-physiological indices such 
as R:S ratio, which partly determines soil C budgets (Amos and Walters, 
2006; Bolinder et al., 2007), specific root length, which is used to 
calculate water and nutrient uptake rates (Huth et al., 2012), and root 
length density, which is used to evaluate nutrient use efficiency (Eis-
senstat, 1992; Wang et al., 2006). Crop cultivars also affect root prop-
erties (Siddique et al., 1989; York et al., 2015), which adds further 
uncertainty to calculation of these indices. 

To our knowledge, the effects of N fertilization on maize root growth 
in contrasting soil types has not been examined in the central U.S. Corn 
Belt. The lack of root data has constrained our ability to answer crucial 
agronomic questions. For example, excessive N fertilization has been 
shown to decrease the rate of soil C gain (Poffenbarger et al., 2017), yet 
we do not know if this is due to a reduction in root inputs or a change in 
soil nutrient cycling (e.g., priming of soil organic mineralization; Cheng, 
2009). The optimum N fertilizer rate to maximize root mass may differ 
from the optimum N rate to maximize grain production. 

We established field experiments at four locations with contrasting 
soil textures and multiple N rates over a 2-yr period with the following 
objectives:  

1) determine whole-profile (0− 210 cm) variation in root traits 
including mass, length, tissue N and C concentrations, and root:shoot 
(R:S) ratio  

2) quantify N fertilizer x soil type effects on root traits across the soil 
profile  

3) develop generalized functions to aid understanding and prediction of 
root mass and R:S ratios. 

We hypothesized that low N fertilizer input would increase root mass 
at the cost of reducing aboveground plant growth (Bloom, 1985; Eis-
senstat, 2018; Kobe et al., 2010) and that low N fertility will enhance 
root depth (Fageria and Moreira, 2011; Saengwilai et al., 2014). We also 
hypothesized that N fertilizer input in excess of the amount required to 
maximize grain yield will reduce root growth but not grain yield (Dur-
ieux et al., 1994). Because root production can be influenced by texture 
x moisture interaction (Jobbágy and Jackson, 2000; Fageria and Mor-
eira, 2011), we further hypothesized that root mass is higher in fine than 
coarse texture soils due to lower bulk density and higher holding water 
capacity (Dwyer et al., 1996; Feng et al., 2016; Xu et al., 2020). 

2. Materials and methods 

2.1. Experimental sites, soil properties, weather conditions, and 
managements 

Experiments were set up at four locations over a 2-year period 
(Fig. 1a). The experimental sites were selected to account for different 
soil types, which were determined by collecting six baseline soil cores 
per field for texture and soil organic matter one year before the start of 
each experiment. By using Saxton and Rawls (2006) equations and 

Fig. 1. Location (panel a, background yellow color indicates area cultivated with maize and soybean), weather conditions (panel b) and soil properties (panel c) of 
the four experiments. Panel (b) includes air temperature (oC), rain (mm) and water table depth (cm) as well as temperature and rain departure from the 35-yr 
average. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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measured texture and soil organic matter we estimated water holding 
capacity and bulk density. Among sites, whole-profile sand content 
varied from 5 to 95 %, water holding capacity to a depth of 150 cm 
varied from 120 to 250 mm, top soil organic matter from 2.8 to 4.8 %, 
and bulk density from 1.12 to 1.56 (Fig. 1). The corresponding soil 
textures for each site were loam in Kanawha, clay loam in Boone, silty 
clay loam in McNay and sandy loam to sandy in Muscatine. The field 
slopes ranged from 0 to 3%. 

The Kanawha and Boone sites represent high productivity regions in 
Iowa with a county yield average of 12.5 Mg ha− 1 (USDA-NASS, 2018). 
In Kanawha, maize was grown in rotation with soybean while in Boone 
maize was grown after maize. The McNay site reflects a low productivity 
region (county yield average of 8 Mg ha− 1; USDA-NASS, 2018) mostly 
because of soil constraints such as fine texture, a clay pan at ~40 cm 
depth, and poor drainage. In these three locations crops were rainfed. In 
the fourth location, Muscatine, maize was grown in rotation with soy-
bean and it was irrigated because crop production at that location is only 
possible with irrigation due to low soil water holding capacity. With the 
exception of Muscatine, all other locations have shallow water tables. 
Companion studies at the same sites and years showed that the depth to 
water table, measured in mid-August, ranged from 125 to 240 cm below 
the soil surface (Fig. 1b, Nichols et al., 2019; Archontoulis et al., 2020). 

Weather variables, such as daily temperature, precipitation, and 
solar radiation, were recorded at each experimental site (Iowa Envi-
ronmental Mesonet Network, 2019). Across years and locations, the May 
to August average temperature ranged from 19 to 23 ◦C and the total 
precipitation from 238 to 728 mm (Fig. 1b). Temperature and precipi-
tation deviated from the 35-yr average by ±2 ◦C and ±180 mm, 
respectively. The 2017 growing season was ~33 % dryer than the 2018. 
The McNay site in 2017 received the least precipitation, while the 

Kanawha site in 2018 received the greatest precipitation (Fig. 1b). The 
Muscatine location received about the same precipitation (430 mm) in 
both years, and additional 228 mm and 314 mm irrigation water in 2017 
and 2018, respectively. 

Maize hybrids were planted and managed following standard prac-
tices for each location. In brief, maize Pioneer hybrids ranged from 101 
(Kanawha) to 111 relative maturity days (Boone, McNay, Muscatine), 
planted late-April to mid-May, at 76 cm row spacing and 8.4 plants m2 

(details in Archontoulis et al., 2020). The two hybrids have similar 
morphological and biomass production and partitioning traits based on 
previous findings using in-season growth data and crop modeling 
(Archontoulis et al., 2020). Each plot had 12 rows, sized from 140 to 290 
m2, and replicated three times. The experiment was a single factor (N 
rate) randomized complete-block design experiment per location (3 
N-rates x 3 replications = 9 plots, expect Muscatine which was 2 N-rate x 
3 replications = 6 plots). In Kanawha, Boone, and McNay the N fertilizer 
rates were 0, 168 and 336 kg N ha− 1. The form of fertilizer was urea-N, 
which was hand-broadcast and incorporated with tillage a week before 
planting. At the irrigated Muscatine site, there was no zero-N treatment 
because maize production is not possible without supplemental N fer-
tilizer. Therefore, two N rate treatments: conventional and reduced N 
rates, were considered. The application rates were 149 and 239 kg N 
ha− 1 in 2017, and 260 and 304 kg N ha− 1 in 2018. 

2.2. Aboveground plant sampling and estimation of maximum biomass 

Biomass sampling (area of 1.5 m2) was performed every other week 
from the 6th leaf to physiological maturity stage (Ritchie and Hanway, 
1982). Plants within the selected area were cut at the soil surface, par-
titioned into different tissues (stems, leaves, grains, cobs, and husks), 

Fig. 2. Root dry weight (Mg ha− 1), grain yield (Mg ha− 1 at 0% moisture), maximum shoot dry weight (Mg ha− 1), and root to shoot ratio (R:S) across N fertilizer rates, 
locations and years. The R:S ratio is the quotient of root dry weight and maximum shoot dry weight (Mg ha− 1). Error bars represent the standard error of the mean 
from three replications. 
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and dried at 60 ◦C until constant weight. Total biomass was calculated as 
the sum of all plant tissues. The time series biomass data were fitted to 
the beta-growth function (Yin et al., 2003) to estimate maximum crop 
biomass, an attribute used for the calculation of the root to shoot ratios 
(see below). Grain yield at physiological maturity (reported here as dry 
yield, 0% moisture) was used to explore relationships with root mass 
and R:S ratios (see below). 

2.3. Root sampling, cleaning, and determination of root attributes 

Maize root samples were collected at R2 growth stage (when maize 
root mass has been maximized, Chilundo et al., 2017; Ordóñez et al., 
2020) using a hydraulic probe of 6.2 cm diameter over a 210 cm depth 
(Giddings, Inc., CO). Soil cores were taken on the plant row and between 
two consecutive plants. Following sampling, the maximum root depth 
was determined as the point where root tissues were no longer visible in 

the soil column. Then the soil cores were fractioned into seven layers: 
0–30, 30–60, 60–90, 90–120, 120–150, 150–180 and 180− 210 cm. In 
the lab, root cleaning, scanning, and trait determination followed the 
procedure described by Ordóñez et al. (2018b). In brief, roots were 
cleaned using a Hydropneumatics Elutriation System (Smucker et al., 
1982; Hirte et al., 2018; Ordóñez et al., 2018b), the cleaned root tissues 
were deposited in a glass jar containing a 70/30 ethanol- deionized 
water solution and maintained no longer than one month at 4 ◦C until 
further analysis. The cleaned roots were scanned using an EPSON 800 
scanner at 720 DPI. Colored digital images (JPG format) were analyzed 
using WinRhizo software, 2017 (Quebec City, Canada) using default 
setting. Following scanning, root tissues were oven-dried at 60 ◦C to 
constant weight to determinate the root dry mass. Finally, root and shoot 
tissues were analyzed for carbon (C) and nitrogen (N) concentrations 
using dry combustion elemental analysis. 

Fig. 3. Root dry weight (Mg ha− 1) (panel a) and length (km m− 2) (panel b) distribution across the soil profile at different locations, N-rates, and years. Error bars 
represent standard error of the mean from three replications. Different letters indicate statistically significant differences (p = 0.05). 
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2.4. Sampling position bias correction and estimation of root traits 

Soil core root mass and length data were upscaled to unit area using 
Eqs. 1–2 to correct for sampling position bias (Ordóñez et al., 2018b): 

Root mass weighted average=
Measured root mass value ∗ 0.647

(1 − 0.527)∗ e(− 0.325 ∗Measured position) +0.527
(1)   

Root length weighted average=
Measured root length value ∗ 0.792

(1 − 0.663) ∗ e(− 0.085 ∗Measured position) +0.663
(2)  

where measured root mass (kg ha− 1) and length (cm) values are the 
values obtained directly from the soil core method at a certain distance 
from the plant row (here 0 cm), and numeric values are coefficients 
determined by Ordóñez et al. (2018b). In general, soil core root mass 
declines exponentially with distance from the plant row. Sampling at 
0 cm from the plant row overestimates root mass by 50 % while sam-
pling 36 cm from the plant row underestimates root mass by 29 % 
(Ordóñez et al., 2018b). Eq.s 1–2 correct for the sampling position bias 
and have been used in previous papers (Nichols et al., 2019; Ordóñez 
et al., 2020). 

The weighted average root mass and length values from Eqs. 1 and 2 
were used to calculate the specific root length (SRL, mm mg). Root C and 
N concentrations and C:N ratios do not vary with sampling position 
(Nichols et al., 2019), thus values were not corrected. Root C and N 
contents (kg N ha− 1) were estimated using the measured tissue con-
centrations and weighted average root mass values. The root to shoot (R: 
S) ratio was calculated as: 1) weighted average root mass / maximum 
shoot biomass and 2) weighted average root mass / shoot biomass at 
maturity. The maximum shoot biomass was derived from nonlinear 
model analysis of the time-series biomass data (see 2.2). 

2.5. Data analysis 

ANOVA was performed to identify the effects of location, N fertilizer 
rate, and year on root traits. Root datasets were analyzed in two ways: as 
whole profile values and per layer. Location (which incorporated the 
effect of different hybrid) was treated as a stand-alone unit where a 
randomized complete-block design was used to evaluate the effects of N 
rates on shoot and root traits. In addition, a two factor analysis was 
performed to evaluate the effect of year and its interactions with loca-
tion and N-rates. Statistical analyses were performed using SAS 9.1 (SAS 
institute Inc., Cary, NC, U.S.) and plots were created using GraphPad 
8.1.2 (GraphPad Inc., San Diego, CA, U.S.). 

Regression analysis was performed to identify correlations between 

Fig. 4. Root depth (cm), root length (km m− 2), and specific root length (mm mg− 1) as affected by N fertilizer, location, and year. Root length and specific root length 
data are average values across the profile. Error bars represent the standard error of the mean from three replications. 
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root traits and N rates. Data were normalized by location and by year 
(0–1 scale, diving the treatment value with the maximum value observed 
in a site-year) to identify general patterns. Similarly, we explored cor-
relations with soil texture, but in this analysis we consider only the in-
termediate N rate to minimize the effect of N across locations and years. 

Grain yield was regressed with root mass and R:S ratio to identify 
relationships that can be used for prediction. Quantile regression anal-
ysis was used to derive R:S limits in R 3.6.1 (R Core Team, 2020). Upper 
and lower boundaries were determined by fitting exponential quantile 
regression models at 0.975 and 0.025 quantiles, respectively. To 
strengthen this analysis, we included additional root mass, R:S, and yield 
data collected from different locations and years using the same sam-
pling protocol within Iowa (n = 17 datasets, see Ordóñez et al., 2020) for 
a total of 39 datasets. 

3. Results 

3.1. Root mass and grain yield 

Location, nitrogen (N) fertilizer and year caused a 2.5-fold variation 
in whole profile root mass (1.2 to 3.0 Mg ha− 1; Figs. 2 and 3). The 
response of root mass to N fertilizer rate differed from that of yield or 
biomass. Averaged across locations and years, root mass was maximum 
at the middle N rate, 33 % lower at the zero N rate and 17 % lower at the 
excessive rate. In contrast to root mass, yield rapidly increased up to the 
middle rate and then plateaued or slightly increased. Nitrogen fertilizer 
had a significant effect (p = 0.05) on root mass at only the 0–30 cm soil 
layer, but this effect was consistent across sites and years. Below the 30 
cm soil layer, there was no N fertilizer effect on root mass distribution at 

any location (Fig. 3). 

3.2. Root depth, length, and specific root length 

Maximum root depth was less affected by N fertilizer than root mass 
(Figs. 3a and 4 a, d). On average, the unfertilized plots had 5–8 % 
shallower roots than the fertilized plots. The maximum depth ranged 
from 101 to 153 cm. The shallowest roots were observed in the irrigated 
location. At the Kanawha and McNay sites, root length increased with 
increasing N fertilizer rate from 0 to 168 kg N ha− 1 but then declined 
with increasing N rate from 168 to 312 kg N ha− 1. In contrast, the Boone 
site showed no changes in root length with increasing N fertilizer from 
168 to 312 kg N ha− 1. Similar to root mass, N fertilizer significantly (p =
0.05) affected root length only in the 0–30 cm soil layer. The specific 
root length (length to mass ratio) was stable over the soil profile depth 
(Fig. 5) and ranged from 104 to 177 mm mg-1. This pattern differed from 
root length or mass that both declined with depth (Fig. 4). 

3.3. Root carbon and nitrogen concentration and contents 

Whole-profile average root N concentrations slightly increased with 
N fertilization rates: zero N (1.1 %), middle N (1.2 %) and excess N (1.3 
%) (Fig. 6a, d). Root N concentrations did not change with soil depth but 
exhibited large variation from site-to-site. Although we did not find a 
significant effect of N fertilizer on N concentration, in 75 % of the ex-
periments root N concentration increased with increasing N rate (Fig. 7). 
In contrast to the root N concentration, the root N content was signifi-
cantly affected by N fertilizer: zero N (16 kg N ha− 1), middle N (27 kg N 
ha− 1), and excessive N (24 kg N ha− 1; Fig. 6c, f). This was mostly caused 

Fig. 5. Specific root length (mm mg) distribution across the soil profile at each experimental site and year as affected by N fertilizer. Error bars indicate standard 
error of the mean (N = 3). 
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by the effect of N fertilizer rate on root mass (r2 = 0.74) than N con-
centrations (r2 = 0.14; data not shown). The whole profile average C:N 
ratio ranged from 26 to 49 and tended to decrease with increasing N 
fertilizer rates (Fig. 6b and e), but this was not significant except for 
McNay and Muscatine in 2018. The C:N ratios remained constant across 
the entire soil profile (Fig. 8). 

3.4. Root to shoot ratio 

The R:S ratio varied substantially across sites, years, and N rates. The 
R:S ratios ranged from 0.04 to 0.17 with an average of 0.09 when using 
maximum aboveground biomass (Ordóñez et al., 2020) in the denomi-
nator (Fig. 2d, h). When biomass at maturity was used in the calculations 
there was a small change in R:S; these values ranged from 0.05 to 0.21 
with an average of 0.10. The R:S values were consistently lower in the 
high yielding sites (Muscatine, Boone, Kanawha) and higher in the least 
productive site (McNay; Fig. 2d and h). 

3.5. Correlations between traits, N fertilizer rates, and soil types 

Nitrogen fertilizer rate affected grain yield, root mass, and R:S ratio 
differently. Each trait was maximized at a different N fertilizer rate 
(Fig. 9 and Fig S1): root mass at 178 kg N ha− 1, grain yield at 263 kg N 

ha− 1, while the R:S ratio at the range of 0–100 kg N ha− 1. Year (wet vs 
dry weather) had little effect on yield response to N fertilizer. In 
contrast, the year had a substantial effect on the soil texture response 
functions (Fig. 9). In the dry 2017-year, root mass exponentially 
increased with increasing clay or silt content and exponentially declined 
with increasing sand content. However, these patterns were not present 
in the wet 2018-year (no effect of texture on root mass was observed). 

Across all data, there was a significant relationship between yield 
and HI (Fig. 10a) but no relationship between yield and root mass 
(Fig. 10b). Use of yield and biomass data together (multi-regression) did 
not improve root mass prediction (r2 = 0.02, p = 0.231, data not shown). 
When data were grouped by soil type, a positive relationship between 
yield and root mass was observed in the clay loam soil (r2 = 0.76, Boone 
location with continuous corn) but weak to no relationships in the other 
soils, in which corn followed soybeans. In contrast to root mass, the 
pooled data revealed a negative relationship between yield and R:S 
(Fig. 10c). The higher the yield the lower the R:S ratio. The negative 
relationship was consistent for the rainfed sites (regardless of soil type) 
but not for the irrigated site, probably because of the lack of low yielding 
data in this location. Nevertheless, the current data plus additional 
literature data (Ordóñez et al., 2020) revealed a general pattern that can 
assist prediction of R:S as a function of yield. The developed equations 
are shown in Fig. 10c. 

Fig. 6. Root N concentration (%), root carbon:nitrogen (C:N) ratio, and root N content (kg ha− 1) across N rates, locations, and years The error bars represent the 
standard error of the mean from three replications. 
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4. Discussion 

4.1. Prediction of R:S ratio as a function of yield 

The constructed empirical model (Fig. 10c) to predict root to shoot 
(R:S) ratio as a function of yield is a major advance compared to the 
current state of the art (i.e. constant R:S regardless of yield; Bolinder 
et al., 1997; Fan et al., 2016; Russell et al., 2009; Peng et al., 2010; 
Poffenbarger et al., 2020). We found that using yield is more predictive 
of R:S than root mass (Fig. 10). The reason is the strong relationship 
between yield and shoots (yield = shoot * HI). Mathematically, the R:S 
ratio can be written as:  

Root / Shoot = Root / (yield/HI) = Root * HI / yield                                  

This formula indicates that as yield increases the R:S decreases unless 
the root mass or HI increases. Empirical data that covered a range of soil 
types, N-fertilization rates, weather-years support the decline of R:S with 
increasing yield (Fig. 10b). Of interest, as the yield increases from 5 to 
18 Mg ha− 1 (3.4-fold change), the HI increases from 0.44 to 0.64 (1.4- 
fold change) in our multi-site-year-treatment dataset (Fig. 10a). The 
increase in HI is not enough to change the shape of the observed rela-
tionship between yield and R:S in this study (Fig. 10c). Only if HI and 
yield had the same fold change the R:S would had remained constant, 
which is not the case. Era studies for maize confirm that the yield level 
increase over years of plant breeding is much larger than the HI increase 
(Lorenz et al., 2010; Haegele et al., 2013; Mueller et al., 2019; Curin 
et al., 2020). 

Yield is the integrator of many environmental-management factors 
and given that yield is commonly measured in all experiments, the 
proposed equations (Fig. 10c) can be widely applied to estimate the R:S 
ratio and hence the root C input to the soil. Future studies would benefit 

by using both the upper and lower boundary estimates (Fig. 10c) to cope 
with the uncertainties in root C estimates. The proposed equations have 
biologically meaningful parameters across a range of yield levels (5 to 
17 Mg ha− 1). Extrapolating results beyond the measured range 
(Fig. 10b) revealed that the R:S ratio ranges from 0.13 to 0.22 at zero 
yield. As the yield increases, the R:S ratio declines at a lower rate (not 
constant) but does not reach zero even at very high yields (e.g., 30 Mg 
ha− 1). 

Based on current data, we believe previous studies that used a con-
stant R:S value (the higher the shoot biomass, the higher the root mass; 
Eghball and Maranville, 1993; Bolinder et al., 1997; Fan et al., 2016; 
Russell et al., 2009; Peng et al., 2010; Poffenbarger et al., 2020) have 
overestimated maize root C inputs, especially in the maize-soybean 
rotation. A higher shoot biomass implies a higher yield and therefore 
a higher root mass. Such an assumption is not valid for all soils and 
cropping systems according to our results (Fig. 10b). We found a pro-
portional increase of root and shoot mass in only the continuous maize 
system (Boone location only). The continuous maize system is vulner-
able to root diseases and soil pathogens (Ranzi et al., 2017). Moreover, 
in the rainfed Corn Belt, maize following maize yields lower and has a 
greater optimum N fertilizer input than maize following soybean (Pof-
fenbarger et al., 2017; Gentry et al., 2013). A study including five maize 
hybrids reported 36 % less root mass during the second experimental 
year, in which maize followed maize (Oikeh et al., 1999). Our results 
provide evidence that crop rotation influence the yield vs root rela-
tionship, something that needs further research. 

4.2. N fertilizer and soil type effects on root traits 

We demonstrated that maize shoots and roots respond differently to 
N fertilizer inputs and this response can be influenced by soil texture. 

Fig. 7. Root nitrogen concentration (%) distribution across the soil profile for different N rates, locations, and years. The error bars indicate the standard error of the 
mean (N = 3). 
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While the empirical model (Fig. 10c) can help to predict these responses, 
the constructed relationships between environmental drivers (soil 
texture, N fertilization, Fig. 9) and root traits can assist understanding of 
the underlying processes. 

The low root mass production under excessive N fertilizer is consis-
tent with, and can explain, the negative effect of excess N fertilizer on 
soil organic matter. Poffenbarger et al. (2017) and Singh (2018) found 
that excess N fertilizer inputs reduced soil organic C. They attributed the 
decrease to a ‘priming’ effect of N fertilizer on soil C mineralization (i.e., 
decomposition; Cheng, 2009). However, in contrast to this hypothesis, 
Mahal et al. (2019) demonstrated that excess N fertilizer inhibited soil 
organic matter mineralization. Our results offer an alternative expla-
nation for the observed decline in soil organic matter at excessive N 
fertilizer rates: lower root mass production. Indeed, root mass may be a 
more important contributor to the soil organic matter than aboveground 
crop residues (Rasse et al., 2005; Kong and Six, 2010). 

We rejected our first hypothesis that insufficient N fertilizer input 
would stimulate root growth at the cost of aboveground plant growth 
(Bloom, 1985; Eissenstat, 2018; Kobe et al., 2010). In contrast, both root 
mass and shoot mass decreased under zero N fertilizer (Fig. 2). Across 
locations, the R:S ratio was nearly constant at 0–100 kg N ha− 1 fertilizer 
range (Fig. 9) and then declined with increasing N fertilizer rate because 
of the increase in shoot biomass and decrease in root mass. However, 
within a location the R:S declined with increased N-fertilizer from 0 to 
336 kg N ha− 1 in three of the four locations (Fig. 2). We could not reject 
our second hypothesis as excess N fertilizer application did inhibit root 
growth but not grain yield (Durieux et al., 1994; Fig. 9). Nevertheless, 
we did reject the second part of this hypothesis that low N fertility en-
hances root depth (Fageria and Moreira, 2011; Saengwilai et al., 2014). 
In fact, we found the opposite: 8% lower maximum root depth in the 

unfertilized plots compared to the fertilized plots (Fig. 4). Our results 
agree with Chilundo et al. (2017) but in general few studies have 
examined N fertility effects on the maximum root depth trait; the ma-
jority of studies have examined root length and other traits up to a 
certain depth (Somma et al., 1998; Peng et al., 2015, 2012; Lynch, 2013; 
Trachsel et al., 2013). Our maximum root depth values agree well with 
previous estimates from Iowa (Ordóñez et al., 2018a; Nichols et al., 
2019). However, owing to native soil organic nitrogen stocks (~10,000 
kg N ha-1) that promote high amounts of N mineralization, it should 
noted that low-N fertility conditions in central US Corn Belt still likely 
represent relatively high N fertility conditions when compared across 
global maize systems (Loecke et al., 2012; Osterholz et al., 2017). 

Our third hypothesis of larger root mass production in fine texture 
soils than coarse textured soils due to lower bulk density and higher 
holding water capacity (Dwyer et al., 1996; Feng et al., 2016; Xu et al., 
2020; O’Geen, 2013) is supported by our findings but we propose a 
different explanation. We observed larger root mass in the rainfed silt 
clay loam soil (McNay) than the irrigated sandy-loam soil (Muscatine; 
Figs. 2a, e; and 3 a). Indeed, Muscatine had higher bulk density than 
McNay (1.48 vs 1.27 g cm3, see Fig. 1) and thus bulk density can be a 
reason, but according to Nichols et al. (2019) evaluation of weath-
er–soil–management factors effects on root mass, bulk density was not 
among the top predictors. Given also the much higher R:S ratio in 
McNay than Muscatine, especially in the dry year (Fig. 2d), we believe 
the main reason for the high root mass in McNay is the inability of the 
roots to extract water and nutrients from high clay content soil layers 
(Fig. 1). We believe plants allocated more C belowground towards 
increasing the root’s ability to extract resources to support shoot growth. 
In the irrigated sandy-loam soil, plants received adequate water through 
irrigation (from the top layer) and thus there was no need for plants to 

Fig. 8. Root Carbon:Nitrogen ratio (C:N) across the soil profile at each experimental site, year, and N rate treatment. Error bars indicate the standard error of the 
mean (N = 3). 
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invest additional C to roots to capture water and nutrients. Overall, our 
results suggest that there is a strong soil type x precipitation interaction 
on root mass (Fig. 9), which agrees with previous reports (Jobbágy and 
Jackson, 2000; Feng et al., 2016). Nichols et al. (2019) reported that soil 
moisture is the main driver of root mass production and distribution in 
central U.S. Corn Belt soils. 

Our findings can lead to enhancements in the ability of crop models 
to predict and explain emergent outcomes between yield and root traits 
(Fig. 10). Such enhancements are needed because (1) there is substantial 
uncertainty regarding root mass prediction because crop models have 
been mainly calibrated and validated using yield and/or crop biomass 
data (Wang and Smith, 2004; Ebrahimi-Mollabashi et al., 2019; Peng 
et al., 2020; Archontoulis et al., 2020, Stöckle and Kemanian, 2021), and 
(ii) crop models are increasingly used for soil health and environments 
assessments, in which root traits play a key role (Morrel et al., 2016; 
Puntel et al., 2016; Wang et al., 2015; Banger et al., 2018; Marti-
nez-Feria et al., 2019; Jin et al., 2019; Grace et al., 2010; Iqbal et al., 
2017). 

4.3. The effect of fertilizer and soil type on the profile distribution of root 
traits 

Our results indicate that N fertilizer affects root traits only in the 
uppermost 30 cm soil layer (Figs. 3,5). This is probably due to nodal root 
formation in the top layer (Peng et al., 2012; York et al., 2015). The top 
30 cm layer contains 60 ± 10 % of the total root mass regardless N rate 
and soil type in our findings, which agrees with previous estimates 
(Nichols et al., 2019). This finding suggests that future studies can 
simplify measurement protocols to top 30 cm assessments (Xu et al., 
2020). Also, caution should be exercised with the soil core approach 
because at lower depth there are less roots to sample, and therefore the 
error will be greater. 

The N fertilizer somewhat increased root N concentration and 
decreased C:N ratio in most of our observations (Fig. 8). This was ex-
pected given that plant tissue stoichiometry is plastic and can accom-
modate luxury uptake of nutrients (Plénet and Lemaire, 1999). Despite 
the trends, the differences in N concentrations between N treatments 
were not statistically significant and we attribute this to the high 
plot-to-plot variability (see standard errors in the figures). Interesting, 
neither the N concentration nor the C:N ratio varied within the soil 
profile. Typically, above ground plant tissues such as leaves, and stems 
exhibit a top-down gradient in N concentration (Anten et al., 1995; 
Connor et al., 1993; Archontoulis et al., 2011; DeBruin et al., 2013; 
Ordóñez et al., 2015b). Perhaps the absence of a gradient in the root N 
concentration may be due to the sampling time or because of different 
plant mechanisms in belowground N allocation. More research is needed 
in this topic. Our results for invariant root N and C:N distributions across 
the profile agrees with Nichols et al. (2019) who used a similar mea-
surement protocol and disagree with Dietzel et al. (2017) who reported 
an increased root C:N ratio with depth. Dietzel et al. (2017) used a 
different measurement protocol (both live and dead roots included in 
the analysis and root sampling occurred 40 days after physiological 
maturity). 

5. Conclusions 

Our results demonstrated that fertilizing maize near to the agro-
nomic optimum N rate maximizes root mass while under- and over- 
fertilization reduces root mass. This is a different response compared 
to the well-known yield response to N fertilizer and reinforces the need 
to accurately predict the optimum N rate in light of designing cropping 
systems that enhances soil health and environmental sustainability. Soil 
type influenced the root mass response to N fertilizer, and we observed a 
strong soil type x precipitation interaction that enhances our current 

Fig. 9. Normalized grain yield, root mass, and root to shoot ratio response to N fertilizer rate (panels a, and c) and soil texture (panels b and d). Regression fits 
correspond to data from all locations. For regression fits by location see Suppl. Fig. 1. 
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understanding of root functioning. Lastly, we developed empirical 
equations that predict root:shoot ratio as a function of yield (note that 
yield integrates environmental-management drivers). The new equa-
tions offer an alternative way to predict belowground C inputs, a very 
important information for soil C budgets and evaluations. 
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