










decay pattern regardless of soil layer (Fig. 2). Eq. (2) accounted for
33–76% of the variation in maize and 60–93% of the variation in
soybean root attributes per layer (see R2 values in Fig. S5). Eq. (2) fit to
the data substantially improved when values were combined across
layers (Fig. S5; Fig. 1). Statistical analysis of Eq. (2) parameters (k and
plateau; see Fig. 2 inset) showed no significant effects of experimental
location on root parameter estimates per crop species. Soil layers af-
fected the root parameters values in few cases but the effect was not
consistent.

3.3. Weighted average root attribute algorithm

Application of Eq. (3) to the entire calibration dataset (crops, sites,
soil layers) showed very good correlation with the measured data with
an R2 of 0.70 for mass and R2 of 0.87 for length and a slope near to 1
(Fig. 3). Eq. (3) substantially reduced the over- and under-estimation of
root mass and length, which originally ranged from � 39 to +82%
(Fig. 1), to only 3–8% error (data not shown). We also noticed that the
prediction accuracy of Eq. (3) improved further (data not shown) when
we used to two sampling points (e.g. 0 cm and 36 cm) and then aver-
aged the predictions instead of using a single point (e.g. anywhere from

0 to 36 cm).
Eq. (3) performed well in the validation dataset that encompassed

very different environments, cultivars, and management practices
(Fig. 3). It predicted the weighted average root mass and length with R2

values of 0.95 and 0.70 for maize, and 0.93 and 0.87 for soybean. More
importantly, the slope of the line was near 1 which shows that our
model is robust and can be used across diverse environments. On
average, the error between measured and predicted values for maize
mass and length was 18.7% and 4.5%; in the case of soybean, these
values were 18.2% for mass and 1.8% for length.

4. Discussion

4.1. The e� ect of sampling position on root attributes

Root mass and length provide valuable insight into factors gov-
erning crop production and soil carbon and nitrogen cycling, but the
estimation and extrapolation of root attributes from a single soil core to
unit area in row crops remains under-developed (Maeght et al., 2013;
Paez-Garcia et al., 2015). Sampling position can substantially bias es-
timates (from � 34 to + 66%) and therefore compromise conclusions

Fig. 1. Total profile root mass and length as affected by
position sampling. Circle and square symbols indicate
measured data across two sites (including the standard
deviation), exponential decay lines are fits from Eq. (2)
(R2= 0.94, 0.99, 0.96 and 0.99 for panels a, b, c, and d,
respectively). Horizontal black lines illustrate the
weighted average root attribute value and vertical dotted
lines indicate the ideal sampling position. Percent’s in-
dicate sampling position over/under-estimation as a pro-
portion of the weighted average value.

Table 2
Parameter values (standard error of estimates in parenthesis) used in the weighted average algorithm (Eq. (3)). Different parameters are provided per crop and per
root attribute (mass and length).

Eq. (3) parameters Root mass Root length

Maize Soybean Maize Soybean

Plateau 0.527 (± 0.021) 0.354 (± 0.094) 0.663 (±0.076) 0.474 (± 0.114)
k 0.325 (± 0.013) 0.079 (± 0.022) 0.085 (±0.028) 0.080 (± 0.020)
C 0.647 0.612 0.792 0.628
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Fig. 2. Relative root attribute values per crop and per soil layer as affected by sampling position. Data are fits from Eq. (2) for every 2 cm increment from the plant
row (see Suppl. Fig. S5 for a comparison between measured and predicted data by layer). Statistical analysis results are shown in the inset panels.

Fig. 3. Measured versus predicted weighted average root attribute values using Eq. (3). Panels a) and b) refers to calibration data (this studies crops x sites x soil
layers) and panels c) and d) to validation data from literature studies.
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derived from root studies. This means that researchers should be cau-
tious about extrapolating readily available information from the lit-
erature for subsequent calculations (Amos and Walters, 2006;
Robinson, 2007). It also means that it is very important to thoroughly
document root attribute values and sampling position in every scientific
paper.

In maize and soybean crops with 76 cm row spacing, the ideal
sampling position to obtain a value as close to the true weighted
average is about 10 cm from the plant row (Fig. 1). This result agrees
with previous studies (Devries et al., 1989; Oikeh et al., 1999) and
further informs future efforts in measuring root attributes using a single
sampling approach.

The relationship between maize and soybean root attributes versus
position sampling was not different across experimental locations
(Figs. 1 and 2). Similarly, Liedgens and Richner (2001) reported no
differences across experimental years. This means that the environment
(soils, weather years) is not the main factor determining the above
relationship in soil without physical constraints and in years without
extreme weather. In contrast, crop species had a significant effect on
this relationship in this study (Fig. 2; Table 2) as well as other studies
(Fernández et al., 2009; Gao et al., 2014). This was expected given the
different root architecture between crops (Lersten and Carlson, 2004).
Soil layers somewhat but not consistently affected the shape of re-
lationship between root attributes and sampling position. Similar
findings were reported by Liedgens and Richner (2001). Determining
the effect of soil layer on the aforementioned relationship is complex
and a fine sampling resolution of equal distance across the entire profile
is needed to draw robust conclusions (i.e. soil layers every 5 cm). In this
study, we divided the soil profile into 15 cm (top soil) and 30 cm
(bottom soil) layer, which probably influenced the effect of soil layers
(Fig. 2). Future studies can explore this in more detail.

4.2. A new algorithm to estimate weighted average root attribute values

We developed a new algorithm (Eq. (3)) to correct for sampling-
position errors from existing literature data and provide more re-
presentative weighted averages for root carbon budgets, crop model
calibration exercises, root/shoot estimations, and other agronomic as-
sessments (McGranahan et al., 2014; Fan et al., 2016; Yang et al.,
2017). The algorithm (Eq. (3)) is easy to use and requires only two
inputs: the measured value and position from the plant row. It has
biologically meaningful parameters that capture much of the known
differences in maize and soybean root systems (Gao et al., 2014). The
differences in root systems between these crops is demonstrated by the
k and plateau parameters (Table 2). Maize root mass declined four
times faster and reaches the plateau earlier than soybean does. Fur-
thermore, Eq. (3) can handle different units for mass and length as it is
based on a relative function (Fig. 2). Finally, Eq. (3) performed well
across diverse environments and growing conditions (Fig. 3). Future use
of Eq. (3) will decrease the uncertainty associated with choosing an
appropriate sampling point, which is sometimes associated with logis-
tical and equipment constraints.

In this study, we considered the 0–60 cm profile and not the entire
0–180 cm profile that roots can explore in this environment (Ordóñez
et al., 2018). The reason is that the top 60 cm soil volume accounts for
the majority of the root mass and length. Also, the differences in actual
mass and length between sampling points becomes less noticeable
below 60 cm (Fig. S2; Aina and Fapohunda, 1986). Despite the fact that
Eq. (3) was parameterized using data from the 0–60 cm profile, it is still
valid for use in studies measuring roots beyond 60 cm depth as evi-
denced in the validation tests (Fig. 3). Three of the validation datasets
had observations below 60 cm that verifies the flexibility and usefulness
of Eq. (3) (Fig. 3).

Root mass and length develop over the course of a crop’s life cycle.
In a previous study we found that maize reaches maximum root depth
(and therefore mass and length) around silking time and soybean at

early reproductive stages (Ordóñez et al., 2018). Then, depending on
source-sink plant relationships and soil conditions (e.g. existence of
shallow groundwater), the roots can further accumulate or lose mass
until physiologically maturity. In our study, root samples were taken
two weeks after physiological maturity and there was no loss or gain in
root mass since the beginning of grain filling (data not shown). Our
equation is valid for application at any time during the grain filling
period up to two weeks after maturity but uncertain for early vegetative
stages when roots are still developing. Liedgens and Richner (2001)
showed different root distribution patterns from the 3rd to the 9th leaf
stage in maize. This is something that can be explored in a future study.

5. Conclusions

This work fills an important knowledge gap regarding the position
effect on root attribute estimates for two economically important crops,
maize and soybean. The analysis of newly collected data and the de-
velopment of a generic algorithm can assist both future sampling efforts
as well as minimize bias in existing root data for subsequent use in soil-
root carbon budgets, root/shoot estimations, crop modeling calibration
tasks, and agronomic assessments.
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