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Abstract. Pattern of vertical distribution of plant roots determines plant water and nutrient uptake and
influences various soil processes under field conditions. However, information of root distribution in the
whole rooting profile is rarely available in practice. This paper documents a method to quickly quantify
root vertical distribution pattern using limited root length density data obtained from soil cores under field
conditions. It was implemented through the development of a Minitab macro and an R script, with sample
calculations conducted on field collected root length density data from the winter wheat crop in Texas,
USA. The method is potentially useful for quantifying plant root activities in natural soils where deep
roots are difficult to access by physical means and data of root length density distribution are only
available in the upper root zone.
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Introduction

Vertical distribution of roots of land plants generally follows an exponential decay
pattern (Weaver, 1926) and this has been frequently recognized in models describing
plant water uptake from the soil profile (Ojha and Rai, 1996; Wu et al., 1999; Yadav et
al., 2009; Dong et al., 2010; Dong, 2016). This fashion of root distribution is also an
important trait dictating plant resource acquisition from the soil environment (Xue et al.,
2003; Acufa and Wade, 2013; Sharma et al., 2014; Wasson et al., 2014; Hodgkinson et
al., 2017). For example, the depth at which the densest roots locate in the soil profile
influences plants’ capacity to tolerate drought stress (Wan et al., 2000; Yu et al., 2007).
The roots of numerous plants can easily reach 2 meters deep in the soil (Coupland and
Johnson, 1965), but it is difficult to measure the roots from deeper soil profile. As a
result, field studies usually only report root data collected from upper soil layers (Xue et
al., 2003), and a major challenge for researchers is to extract the most information from
the limited survey data of plant roots. The need for obtaining simple indices to
summarize root distribution becomes more acute for large field experiment involving a
complex design structure. The pattern of vertical distribution of plant roots in the soil
profile is described elsewhere (Wu et al., 1999; Zuo et al., 2004; Yadav et al., 2009;
Zuo et al., 2013). Despite complexities due to variations in plant growth and soil micro-
environment, a salient feature pervading the literature is the exponential decay of the
roots with the increase of soil depth. This fashion of root distribution allows calculation
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of the normalized root length density (Wu et al., 1999) that has important applications
in describing water uptake by plant roots. The main purpose of this paper is to describe
a simple procedure for estimating root distribution pattern using limited field data. This
will include an automated calculation to extract root information from large survey data
sets, so that variables such as normalized root length density can easily be obtained
based on field survey data of root length density distribution.

Method

The relative importance of roots located in a particular soil layer to plant water
uptake is conveniently described by the normalized root length density Lnrd
(dimensionless), which can be calculated according to Wu et al. (1999):

JI'r":lz:l'r:i = Ln":z.":' (qu)

J‘E;_ Lglzd=,

where Ld(z/) is root length density (cm cm™), zr = z/Ln is the relative soil depth
containing plant roots and z (cm) and L, are soil depth and the maximum rooting depth
(cm), respectively. It has been shown that Equation 1 can be used as a weighting factor
to partition potential transpiration into components of root water uptake occurring from
different soil layers (Wu et al., 1999; Zuo et al., 2013).

Under field conditions, values of Lm at different growth stages of a crop may be
estimated using a sigmoidal growth curve (Wu et al., 1999; Dong et al., 2010), or based
on the ratio of potential transpiration and measured maximum rooting depth at the peak
growth stage (Ojha and Rai, 1996). While Lq(zr) can easily be measured for a particular
soil layer by destructive sampling, the denominator of Equation 1 normally needs to be
estimated based on measured root length density data, as well as a model describing
root length density as a function of soil depth. Assuming that root length density L4(z) is
measured for the first L' cm of soil for n intervals, each of L’/n cm in depth, root length
density as a function of soil depth may be described using an exponential decay
function

L (z) =Ke™= (Eq.2)

in which K and o are parameters that can be estimated using a nonlinear least-squares
regression procedure. Then, with the estimated values of K and «, the total lengths of
roots (per unit of soil surface area) contained in the soil depth from L' to Ln can be
estimated by integrating Equation 2:

Logteom = Jy" Ke™dz = — Z[e%m — L] (Eq.3)

where K is maximum root length density near soil surface (z = 0 cm), a is a parameter
determining the rate of decay of root length density with soil depth z (cm).

The normalized root length density (Equation 1) for the ith soil layer can be
calculated as

_ Lmlg
1:1‘.' - R l r
et E:;:-_ Azplg iyt Lporrom

L (Eq.4)
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where the 2" term of the denominator (Lnotom) is calculated according to Equation 3.
Also, we used the relation f:"" L,(z)dz/L,, = fﬁl L,(z,)dz, Figure 1 shows the
distribution of normalized root length density at different relative depths of soil.
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Figure 1. Normalized root length density (Lnra) @s a function of relative soil depth (zr), based on
measured root length densities in the upper root zone (rectangles). Numerals enclosed in
parentheses indicate the relative depths of centers of the soil depth intervals with root
measurement. Also shown is the predicted distribution of Lnq in the root zone, assuming = 3.0

The normalized root length densities calculated in Equation 4 will be fitted to a one-
parameter nonlinear model of Ojha and Rai (1996), assuming maximum rooting depth
(Lm) is known:

L:lz:-'d = (JB + 1)(1 - z;u)'gi (Eq5)

where S is the unknown parameter to be estimated using nonlinear least-squares.
Compared with the four-parameter polynomial equation of Wu et al. (1999), Equation 5
is simpler, containing only one parameter. It attains the maximum value near soil
surface when z, = 0O; it gives zero value at bottom of the root zone (zr = 1). Also, the

integral of Equation 5 over the root zone is unity: f: L,.:(z,)dz,. It should be noted
that Equation 5 was also obtained independently from a different derivation by Zuo et
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al. (2004, 2013) as a generalized root length density function. It was used by Dong et al.
(2010) to characterize plant root distribution pattern in a mixed-grass prairie. The best
parameter can be estimated using nonlinear curve-fitting method based on measured
root length density data.

Once the values of £ are estimated based on experimental data, Equation 5 can be
employed to calculate the relative soil depth zrgs (or absolute soil depth zgs) above
which 95% of roots are found. Knowing how much deep into the soil profile should we
dig in order to find 95% of roots will surely help our future root survey by concentrating
our efforts in the depth of soil that is most important for root growth and function. We
can estimate zr g5 by evaluating the following definite integral:

[F===(B + 1)(1—z,)*dz, = 095, (Eq.6)

0

which yields

Inlo.os)

.Z:,,JB.E = 1 — & s+-‘ " (Eq.?)

Using Equations 6 and 7, the absolute depth above which 95% of plant roots are
found (i.e., zos) can be calculated as zgz = Lz, 5z-

Computer code with sample data testing

The root distribution parameters can be calculated using the Minitab macro len.mac,
or the R script len_R.txt, as can be found in the Appendix. As a test of the computer
code, a sample input data file, soil.csv, is provided and the output results are shown in
out.csv. The main output results include (a) distribution pattern of root length densities
as measured from soil coring (not normalized within the whole root zone; see the
documentation of len.mac in the Appendix); (b) the ratio of total roots contained in the
upper and lower profile (the dividing line between the upper and lower profile is set at
40 cm in the illustration, but this can be changed easily); (c) the distribution pattern of
normalized root length density as measured from soil coring; and (d) the estimated
depth of soil containing 95% of total root lengths. Parameter values estimated from the
nonlinear regression procedure are accompanied by estimated standard errors. As can be
seen from the sample output file out.csv, standard errors of the model parameters for
some soil depths are quite high, primarily due to the small sample size (5 for each soil
core in the testing data set). The errors could be reduced for larger sample sizes with
soil layers divided into thinner segments. It has been found that root vertical distribution
is strongly influenced by soil bulk density (Zhang et al., 2012). Thus, under some
situations, such as one in which there exists a hard plow pan, root distribution can
become more complex. In that case, different nonlinear models may be used in place of
current ones (modifications may be made to lines marked with *** in len.mac), as well
as some other minor changes to properly collect the outputs from new nonlinear models.

The current setup of the programs gives reasonable estimates of the average root
distribution patterns of winter wheat varieties from a relatively large data set obtained in
field conditions, as seen in Figure 2, in which fitted values for normalized root length
densities for 240 soil core samples are compared against the measured ones. The root
samples were collected in two seasons in 2016 and 2017 during the flowering stage
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from the same set of ten winter wheat varieties planted in two locations in Texas:
Amarillo and Uvalde. The soil in Amarillo is clay loam (Xue et al., 2003) while that in
Uvalde is clay (Sharma et al., 2014). Amarillo (35°52°N, 101°58’W; elevation 1114 m)
is located in Texas High Plains, with an annual rainfall of 516 mm, average temperature
of 14.1 °C and average wind speed of 6.4 m/s. Uvalde (29°13’N, 99°45°W; elevation
283 m) is located in the southwest of Texas (Wintergarden), with an annual rainfall of
594 mm, average temperature 27.6 °C and average wind speed 3.1 m/s. Root samples
were taken using a hydraulic soil corer from 1 m profile at 20 cm intervals. The samples
were promptly stored in a -20 °C freezer and later washed to obtain the fine roots, which
were scanned into digital images and measured for root length using the WinRhizo
software version 2013b (Reagent Instruments Inc., Quebec, Canada). Root length
density was expressed as the total length of roots contained in unit soil volume
(cm/cm?®). The winter wheat plots were planted with a seeding rate of 5.8 g/m? and row
spacing of 19 cm (see Liu et al., 2018 for detail).

(1200 depth points from 240 soil cores)

Normalized root length density (measured)

0 1 2 3 4 5 6 7 8
Normalized root length density (fitted)

Figure 2. Measured normalized root length density (Lnrq) @s compared against the values fitted
using the nonlinear regression based on 1200 depth points from 240 soil cores collected in
winter wheat fields in Uvalde and Amarillo, Texas, USA. Also shown is the 1:1 line

The proposed root data processing method allowed us to estimate average soil depths
(zes5) containing 95% of roots in two Texas locations. As seen in Figure 3, the average
depth of ze5 in Amarillo was 117 cm, while the value for Uvalde was only 63 cm. A
further discussion of the agronomic significance of these data is out of the scope of this
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method paper, but we do see clearly that the shallow rooting depths in Uvalde are
associated with the heavy clay soil prone to compaction, while the soils in Amarillo are
of clay loam type that promote deep root growth, especially for winter wheat (the dry,
windy weather conditions in Amarillo may also be a factor influencing root
distribution). Full data of root length density used to generate the results in Figures 2
and 3, as well as other related results, are collected in the Appendix. Finally, the
computer code (both R script and Minitab macro), testing data and full data set are
freely available at Zenodo (https://zenodo.org/record/1484655#.W-06BzFReUK).

Plant root distribution is frequently described by an empirical equation relating the
cumulative proportion of roots to soil depth according to ¥ = 1 — 8%, where Y is the
cumulative proportion of roots (from 0 to 1), D is soil depth (cm) and £ is a fitted
extinction coefficient (Gale and Grigal, 1987; Jackson et al., 1996). While this equation
can also be used to calculate the soil depth at which 95% of roots can be found, the
parameter 8 is defined differently from that in Equation 5, in which £ is associated with
normalized root length density, a quantity that is directly useful for modeling root water
uptake (Wu et al., 1999).
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Figure 3. Histograms of soil depths that contain 95% of total root lengths (zgs) for 240 plots of
winter wheat growing in Amarillo and Uvalde of Texas, USA. The values of zgs are calculated
according to Equation 7 of the main text, which uses the estimated values of corresponding to
each of the 240 soil core samples. “Density” in the vertical axis indicates probability density of
the fitted normal distribution curves

Implications and potential uses of the computer code

Although root densities of plants generally tend to decrease exponentially from top to
lower soil layers, the rate at which this decrease occurs may change under different
situations. The computer code documented in this paper can facilitate a rapid extraction
of parameters dictating root distribution patterns, with the potential of uncovering root
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traits associated with different genotypes, environment or management interaction
scenarios. With the accumulation of field data of root distribution patterns in regional
and global scales, rapid methods, such as the one proposed in this paper, are much
needed in order to conduct meta-analysis using large data sets. In particular, the method
proposed in this application note can handle variable sample sizes (one sample is
defined as one set of roots obtained from one soil core divided into different segments),
as well as flexible depth intervals (i.e., variable and/or uneven depth intervals for
samples collected from the same ecosystem by different researchers under different
circumstances). Finally, as the current method relies on the nonlinear regression
procedure, the precision of parameter estimation is heavily dependent on the quality of
field data (i.e., with soil cores sampled at fine, instead of coarse, segments).
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ELECTRONIC APPENDICES

List of Minitab macro len.mac.

List of R script len_R.txt.

Sample input data soil.csv.

Sample output results out.csv.

Full data set for generating results in Figures 2 and 3 (full.csv).
Output results from the full data set (full_out.csv).
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