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Abstract

Cotton root growth can be affected by different nitrogen fertilizer rates. The objective of the

present study was to quantify the effects of nitrogen fertilization rate on cotton root growth

and distribution using minirhizotron and soil coring methods. A secondary objective was to

evaluate the minirhizotron method as a tool for determining nitrogen application rates using

the root distribution as an index. This study was conducted on a Bt cotton cultivar (Jimian

958) under four nitrogen fertilization rates, i.e., 0, 120, 240 and 480 kg ha-1 (control, low,

moderate and high levels, respectively), in the Yellow River basin of China from 2013–2015.

The sampling process, details of each method as well as the root morphology and root distri-

bution were measured. The operational processes, time and labor needed for the soil core

method were all greater than those for the minirhizotron method. The total root length

density and the length density in most soil layers, especially in the upper soil layers, first

increased but then decreased as nitrogen fertilization increased, and the same trend was

observed for both methods. Compared with N0, the total root length density under moderate

nitrogen fertilization by the soil coring method increased by more than 94.82%, in 2014 and

61.11% in 2015; while by the minirhizotron method the corresponding values were 28.24%

in 2014 and 57.47%, in 2015. Most roots were distributed in the shallow soil layers (0–60

cm) in each method. However, the root distribution with the soil coring method (>73.11%)

was greater than that with the minirhizotron method (>47.07%). The correlations between

the root morphology indexes of shallow soil depth measured using the two methods were

generally significant, with correlative coefficients greater than 0.334. We concluded that the

minirhizotron method could be used for cotton root analysis and most cotton roots distrib-

uted in upper soil layers (0-60cm). In addition, a moderate nitrogen rate (240 kg ha-1) could

increase root growth, especially in the shallow soil layers. The differences observed with the

minirhizotron method were clearer than those observed with the soil coring method.
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Introduction

Roots play an important role in plant growth, as they are in direct contact with the soil and are

the main organs that absorb water and nutrition [1]. In addition, roots enable crop synthesis

and the transportation of physiological activators, such as cytokinin (CTK) and auxin (IAA)

[2–4]. Furthermore, root growth and distribution are closely correlated with crop development

and yield [5]. Therefore, the root system is very important in crop production, however, root

systems have been frequently overlooked [6]. Root growth is affected by a number of factors,

among which nitrogen is considered a key one [7–9]. The roots of cotton are sensitive to nitro-

gen stress. Cotton root morphology, root biomass are affected by nitrogen fertilization [7].

Adequate nitrogen can improve the root length density and root activity in the 40–120 cm

soil layer under mulch drip irrigation [10, 11]. Nitrogen fertilizer reduces root length, root sur-

face area, volume, and diameter under drip irrigation with saline water [12]. Fertilizer affects

root distribution, cotton root length density, root volume density in the 0–40 cm soil layer is

decreased by nitrogen application [13]. In addition, nitrogen application can increase cotton

root nitrate reductase activity and protective enzyme [14–16]. Research on the effects of nitro-

gen fertilization on the roots morphology and distribution of cotton under field conditions is

of great importance.

Several methods are used to study roots, and each has its merits and faults [17]. Destructive

sampling has been routinely used in crop root research [18–19]. Intensive labor is needed to

dig out soil block and separate living roots from the soil [20]. In addition, the accuracy of root

density measurements can be affected by the spatial variability of root distribution. The mini-

rhizotron method provides an in situ, nondestructive method for observing root growth using

sequential photographs [21]. This method involves a transparent soil tube, scanner, collapsible

measuring rod and computer. The use of the minirhizotron method averts one of the main

constraints of root studies, namely, the time and labor needed for sampling and selecting roots

for further quantification. Furthermore, the minirhizotron method allows dynamic studies

because each individual root can be tracked over time, which makes it possible to simulta-

neously investigate root production and mortality [22], fine root turnover [23] and irrigation

water management [24]. Another advantage of the minirhizotron method is that images

scanned at different depths clearly reflect the root growth and distribution throughout the soil

profile. However, this method has certain drawbacks, such as increased root concentration

near the soil tube interfaces, statistical problems, and the high cost and difficulty of installing

tubes [25]; in addition, minirhizotron tube material can affect roots, which was noted by Jenni-

fer et al. [26]. The minirhizotron method has been used in many studies. The roots within the

surface soil are affected by the minirhizotron method [27]. Pierret concluds that fine roots are

the major component of root systems of most annual and perennial plants using minirhizo-

tron method [28]. Hulugalle suggests that most of the fine root of cotton occurred in the sur-

face 0.5m, with low density in the subsoil under waterlogged conditions [29]. Bland [30] and

Merrill [31] find a theoretical model for the conversion of minirhizotron data of cotton roots

to root length density. The quantitative estimates of root length density observed using the

minirhizotron and other methods are not the same [32]. Therefore, the minirhizotron method

still needs to be calibrated against various traditional methods for increase the utility of the

method.

The objective of the present study was to quantify the effects of nitrogen fertilization rates

on cotton root growth and distribution using the minirhizotron and soil coring methods

under field conditions. A secondary objective was to evaluate the minirhizotron method as a

tool for determining nitrogen application rates using the root distribution as an index.

Nitrogen effects on cotton root growth and distribution with soil cores and minirhizotrons
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Materials and methods

Experimental site and cultivar

The experiment was conducted at the experimental station of Hebei Agricultural University in

Baoding district (38.85˚N, 115.30˚E), Hebei Province, in the Yellow River basin of China, in

2014 and 2015. The experimental site has a temperate climate. The rainfall and temperatures

during the 2014 and 2015 are given in Fig 1. The total precipitation during the growing seasons

was 396.0 mm in 2014 and 517.9 mm in 2015. The soil was a loam with an organic matter con-

centration of 16.4 g kg-1, a total nitrogen concentration of 1.13 g kg-1, an available phosphorus

concentration of 15.36 mg kg-1 and available potassium concentration of 191 mg kg-1; the fer-

tility level was moderate. The soil bulk density was 1.31, and the pH was 5.9. The experiment

was conducted in the same field for two years to avoid soil differences. Acid-delinted seeds

were treated with fludioxonil (Shileshi, Syngenta Crop Protection Company, Switzerland).

Experimental design

A completely randomized block design consisting of three replications was used for the study.

The treatments included nitrogen fertilizer (in the form of urea) at rates of 0, 120, 240, and 480

kg N ha-1, hereafter referred to as the control, low, moderate and high nitrogen treatments,

respectively. A nitrogen rate of 240 kg ha-1 was the typical fertilization rate used locally. Each

plot contained fourteen rows of cotton and constituted an area of 115 m2.

Half of each nitrogen rate was applied basally before sowing, and the remaining half was

furrow dressed at the flowering stage and peak boll-setting stage. The amounts of P2O5 and

K2O were 135 kg ha-1 and 75 kg ha-1, respectively, and both were applied basally. Urea (N,

46%) was used as a nitrogen fertilizer, calcium superphosphate (P2O5, 12%) was used as a

phosphate fertilizer, and potassium chloride (K2O, 60%) was used as a potassium fertilizer.

Field management

The field was irrigated (1100 m3 ha-1) 10–15 days before sowing each year. The soil was then

rotary plowed (20 cm) and harrowed when the soil moisture was considered acceptable. The

cotton was sown on 24 April 2014 and on 22 April 2015.

The planting density was 45,000 plants ha-1, and the row distances were 0.50 and 1.00 m.

Using the mechanical sowing method, four or five seeds were dropped per hill. The seeds were

then quickly covered by moist soil. A plastic film (0.008 mm) was mulched along the row after

sowing to reduce evaporation, increase soil temperature and control weeds.

Fig 1. Monthly precipitation distribution and average soil temperature during the cotton growth period in 2014

and 2015 in Baoding (China).

https://doi.org/10.1371/journal.pone.0197284.g001
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In accordance with local practices, holes were poked in the mulching film to allow the seed-

lings emerge. At the two-leaf stage, one vigorous plant was then left per hill; the seedlings were

thinned to 45,000 plants ha-1. Near the squaring stage, the vegetative branches at the bottom of

the cotton main stem were removed (11 June 2014 and 14 June 2015). During the flowering

and boll period, the terminal buds at the top of the main stem were also removed (20 July in

2014 and 21 July 2015). Also at the flowering and boll period, all the plots were irrigated (late

June of 2014 and 2015). Pest and weed control and other cultivation practices were performed

in accordance with cultivation practices.

Sampling and investigation

Root sampling. The growth characteristics of cotton roots in this experiment were mea-

sured using the minirhizotron method and soil coring method. The roots were sampled four

times, namely, at the budding, early flowering, flowering and boll period stages, as well as the

boll opening period.

Soil coring method. Root samples were obtained by digging out soil blocks in the flower-

ing and boll period (on 14 August 2014 and 19 August 2015). A cylindrical soil core with a 70

mm inner diameter was used to dig out the roots. Three plants were selected per plot. Three

samples were taken at the distance of 25 cm from each plant. The nine samples were treated

separately.

Soil cores were obtained by soil coring (70 mm inner diameter). Eight soil samples to a

depth of 150 cm were successively removed, and each soil core was sampled for eight soil blocks

at different depths (0–15, 15–30, 30–45, 45–60, 60–75, 75–90, 90–120 and 120–150 cm). After

the soil blocks were obtained, the soil blocks of each sample were placed in separate marked

plastic bags. The soil blocks were then placed into mesh bags (0.15 mm diameter), after which

the bags were placed in water containing an ultrasonic transducer (the ultrasonic waves help

disperse the clay aggregates) and shaken for 10 minutes. The water washing removed the soil

particles, leaving behind the roots and some large debris in the mesh bag. The roots and large

debris were subsequently brought to the laboratory. They were placed in a transparent box,

and white paper was put beneath the box to increase the visibility of the roots. The living cotton

roots were collected with tweezers by the same experienced operators each year.

The roots were scanned using EPSON-V700 scanner. For scanning, the roots were placed

in the transparent polyvinyl chloride (PVC) box, and water was added to a depth of 2mm. The

roots were placed separately to reduce error. The storage format of picture is “tiff”. The root

length, root projected area, root surface area and root volume were determined using WinR-

HIZO 7.6.1 software. The density of root length, root projected area, root surface area and root

volume were calculated by applying the following formulas: root length density (RLD) = L/v,

root projected area density (RPAD) = PA/v, root surface area density (RSAD) = SA/v, and root

volume density (RVD) = V/v. L, PA, SA, and V represent the root length, root projected area,

root surface area and root volume, respectively, as measured by the WinRHIZO software; v is

the volume of each soil sample.

Minirhizotron method. Eighteen minirhizotron tubes per treatment were installed at an

angle of 45˚ to vertical, parallel to the plant row, and at a distance of 25 cm (halfway between

rows) from the cotton plants. The tubes were made of plastic, and the bottom was sealed. The

total length of each tube was 200 cm, and the tubes reached a total depth of 150 cm (with 15–

20 cm left outside the soil). Light was restricted from the aboveground section of each tube by

a black cover. The minirhizotron tubes were installed during the winter of 2013 to ensure that

the soil would be well distributed around the tubes and prevent roots from growing around

the tubes.

Nitrogen effects on cotton root growth and distribution with soil cores and minirhizotrons
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To measure root growth characteristics, images were recorded by the scanner (Manufac-

turer: CID Bio-Science, Inc. 1554 NE 3rd Ave Camas, WA 98607; Models: Model CI-600). The

scanner was connected to a laptop computer and was inserted into each tube during measure-

ments. Images were captured at 9 positions along the tube with the aid of a connecting rod and

separated by intervals of 20 cm.

The images were saved as “bmp” format and then analyzed with WinRHIZO software,

which provided values of root length, root projected area, root surface area, and root volume

by tracings of the boundaries of each root using a mouse.

The root length, root projected area, root surface area, and root volume per unit soil volume

were obtained by applying the following formulas: root length density (RLD) = L/(A×DOF),

root projected area density (RPAD) = PA/(A×DOF), root surface area density (RSAD) = SA/

(A×DOF), and root volume density (RVD) = V/(A×DOF). L, PA, SA, and V represent the root

length, root projected area, root surface area and root volume, respectively, as observed by the

WinRHIZO software. A represented the area of each image, and DOF was the thickness of the

soil of the root being observed, which was 2 mm in this study.

Statistical analysis

Analysis of variance (ANOVA) was performed with a complete randomized analysis using

SPSS version 17.0. Differences between treatments were analyzed using Duncan’s test of one

factor ANOVA at the 5% probability level, with nitrogen as the main effect. Correlation analy-

ses were conducted using Spearman’s method of SPSS version 17.0.

Results

Sampling procedures of the soil coring method and minirhizotron method

First, the number of processes were different: the soil coring method involved six processes,

including digging out the soil blocks, bagging the soil blocks, washing the soil blocks, picking

out the roots, scanning the roots and analyzing the root images; the minirhizotron method

involved only two processes, namely, root scanning and root image analysis. Second, the sam-

pling volume of the soil coring method was greater than minirhizotron method; the volumes

were 467.59 cm3 and 79.17 cm3, respectively (Table 1).

In addition, sampling required more time in the soil coring method: one sample generally

took approximately 10 minutes, and more time was required when the soil layer was of a heavy

texture—upwards of 20–30 minutes; using the minirhizotron method, each sampling required

only 2–3 minutes. Compared with the minirhizotron method, the soil coring method required

more time to analyze the data. The time needed for each sample ranged from 10 to 80 minutes;

In minirhizotron method, all the roots are marked on a computer with a mouse. The time

needed ranged from 5 to 30 minutes.

In addition, at least three people were needed to perform the complex and difficult pro-

cesses involved in the soil coring method, while two people were needed in minirhizotron

method. The results showed that the minirhizotron method was simpler and more convenient

than soil coring method.

Table 1. Comparison of sampling procedures using the soil coring method and minirhizotron method.

Sampling method Number of processes Sampling volume (cm3) Sampling time (min) Data analysis time (min) Number of Labors

Soil coring method 6 467.59 10–20 10–80 3

Minirhizotron method 2 79.17 2–3 5–30 2

https://doi.org/10.1371/journal.pone.0197284.t001
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Total cotton root length density as measured by the soil coring method and

minirhizotron method under different nitrogen treatments

The total root length density measured using the soil coring method was less than that mea-

sured using the minirhizotron method (Fig 2); the results were consistent in both years. Nitro-

gen fertilization increased the total root length density. The moderate nitrogen fertilization

resulted in the greatest total root length density, which was significantly greater than that

resulting from N0, and the same results were obtained in both methods. Compared with that

under N0, the total root length density under moderate nitrogen fertilization by the soil coring

method at the budding stage, early flowering stage, flowering and boll opening stage, and boll

opening period increased by 124.69%, 101.58%, 94.82%, and 107.64%, respectively, while the

corresponding values with the minirhizotron method were 68.91%, 61.69%, 28.24%, 77.19%,

respectively, in 2014; in 2015, these values were 90.37%, 82.47%, 61.11%, and 138.06%, respec-

tively, for the soil coring method and 57.47%, 107.57%, 93.88%, and 78.66%, respectively, for

the minirhizotron method.

Cotton root length density at different soil depths under different nitrogen

treatments as measured by the soil coring method and minirhizotron

method

As Fig 3 shows, compared with the soil coring method, the minirhizotron method resulted in

higher root length density values at different soil layers, and the differences among treatments

Fig 2. Total root length density of cotton under different nitrogen treatments using the soil coring method and

minirhizotron method.

https://doi.org/10.1371/journal.pone.0197284.g002

Nitrogen effects on cotton root growth and distribution with soil cores and minirhizotrons

PLOS ONE | https://doi.org/10.1371/journal.pone.0197284 May 11, 2018 6 / 14

https://doi.org/10.1371/journal.pone.0197284.g002
https://doi.org/10.1371/journal.pone.0197284


Fig 3. Changes in root length density at different soil depths under different nitrogen treatments using the soil

core method and minirhizotron method.

https://doi.org/10.1371/journal.pone.0197284.g003
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were more obvious. Furthermore, nitrogen effects on root length density at different soil

depths were consistent between the two methods. The root length density at most soil depths

first increased but then decreased as the fertilizer rate increased, especially in the shallow soil

depths. Compared with N0, moderate nitrogen fertilization resulted in the greatest root length

density, which markedly increased.

Effects of nitrogen rate on the root distribution in different soil layers with

the soil coring method and minirhizotron method at the flowering and boll

opening period

The results showed that the root distribution in the shallow soil was greater than that in the

deeper soil for both methods (Fig 4). The distribution in the shallow soil layers observed using

the soil coring method was greater than the distribution values observed from the minirhizo-

tron method. As recorded from the soil coring method, the main root indexes distributed

in the 0–60 cm soil layer, including the root length, root projected area, and root volume,

accounted for more than 85.87%, 82.27% and 77.67%, respectively, in 2014 and 78.73%,

76.12% and 73.11%, respectively, in 2015; the percentages observed using the minirhizotron

method were greater than 47.48%, 47.07% and 46.77%, respectively, in 2014 and 48.67%,

48.96% and 49.76%, respectively, in 2015. In addition, the root distribution in the deeper soil

layers was greater when measured using the minirhizotron method.

Correlations between root morphology distributions at different soil

depths measured using the soil coring method and minirhizotron method

at the flowering and boll stage

The correlations between the root morphology distributions generally reached a significant

level when measured by both methods (Table 2). The correlation coefficients between the root

length density distribution, root projected area density distribution, and root volume density

distribution and other indexes were greater than 0.346, 0.325, and 0.300, respectively, using

the soil coring method and 0.383, 0.402, and 0.300, respectively, using the minirhizotron

method in 2014; in 2015, the values were 0.484, 0.526, and 0.555, respectively, using the soil

coring method and 0.628, 0.672, and 0.586, respectively, using the minirhizotron method. The

correlation coefficients measured using the soil coring method were lower than those mea-

sured using the minirhizotron method. In addition, the relationships between root volume

density distribution using the minirhizotron method and the other indexes were generally not

significant.

Correlations between root morphology densities at shallow and deep soil

depths measured using the soil coring method and minirhizotron method

With respect to the 239 groups of root morphology density data within shallow soil depth (0–

60 cm) and deep soil depth (60–150 cm), correlations between the two methods were analyzed

(Table 3). The correlative coefficients of root length density, root projected area density, root

surface area density, root average diameter density and root volume density of the two models

were 0.687, 0.544, 0.508, 0.334 and 0.418, respectively, in shallow soil depth and 0.348, 0.277,

0.260, 0.143 and 0.190, respectively, in deep soil depth. The root morphology densities in shal-

low soil depth obtained by the two methods were significantly correlated, and the values were

higher than the deep depth.
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Discussion

The main advantage of the minirhizotron method is continuous and in situ observation with

high efficiency; thus, the minirhizotron method could reflect actual growth more accurately

[33]. In order to further calibrate the minirhizotron method against traditional method, we

studied the cotton root morphology and distribution under different nitrogen fertilization

rates using the soil coring method and minirhizotron method. The response of most root traits

Fig 4. Percent change in root length, root projected area and root volume at different soil depths under different

nitrogen treatments using the soil coring method and minirhizotron method.

https://doi.org/10.1371/journal.pone.0197284.g004
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to nitrogen supply showed similar trends for both methods. However, the results showed sev-

eral interesting aspects, as described below.

Comparison of the root sampling processes involving the soil coring

method and minirhizotron method

On the one hand, the minirhizotron method has great advantages. The process of cotton

root measurement was simpler with the minirhizotron method, and less time and labor were

needed [34]. Because there are more involved processes and labor needed for the soil coring

method, the error will be larger. In addition, many fine roots could be lost in the process of

washing the soil block [35].

However, the sampling volume of the minirhizotron method was much smaller than that of

the soil coring method, and the installation environment of the minirhizotron tubes and the

soil texture can easily affect the results [36, 37], necessitating more replication. Although

image capturing is fast, the analysis of the images is time consuming. The use of software to

automatically analyze minirhizotron images may be able to solve this problem in the future

[38].

Comparison of root indexes under different nitrogen fertilization rates as

measured by the soil coring method and minirhizotron method

The total root length density and the majority of the root length density in different soil

layers, especially in the upper soil layers, first increased but decreased as nitrogen fertilization

increased, and the same trend was observed for both methods. This finding indicated that a

lack of nitrogen could restrain root growth and that excessive nitrogen did not increase root

growth. The root length density measured via the minirhizotron method was higher than that

measured via the soil coring method. This difference, by virtue of the loss of fine roots during

the process of the soil coring method, was irreconcilable. However, this finding is different

from Machado’s results [39], which showed that a black cover used to prevent light caused a

decrease of the root length at the uppermost soil layers. In our study, we used covered white

tubes outside the black cover, and the minirhizotron tubes were shaded by the cotton plants.

And the tubes were installed the year before experiment.

Most roots are distributed within the shallow soil layers, as observed via both methods. Sim-

ilar results have been reported [12, 40, 41]. However, the distribution in shallow soil layers was

greater in the soil coring method than in the minirhizotron method. The percentages of roots

distributed in the 0–60 cm soil layer observed using the soil coring method and minirhizotron

method were more than 73% and 46%, respectively. This difference possibly occurred because

the roots in the deeper soil layers were small and tender and could have been easily lost in the

Table 3. Correlations between root morphology densities at shallow soil depth and deep soil depth measured

using the soil coring method and minirhizotron method.

Correlation

coefficient

Root length

density

Root projected

area density

Root surface

area density

Root average

diameter density

Root volume

density

within shallow soil

depth

0.687�� 0.544�� 0.508�� 0.334�� 0.418��

within deep soil

depth

0.348�� 0.277�� 0.260�� 0.143 0.190�

� Significant at P�0.05;

�� Significant at P�0.01.

https://doi.org/10.1371/journal.pone.0197284.t003
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soil coring method. Moderate nitrogen fertilizer increased the percentage in the deeper soil

layers. The results showed that proper nitrogen may promote root growth in deeper soil,

which will not only accelerate root growth but also increase the use of nutrients in deeper soil.

The correlation coefficients between the root morphological indexes obtained using the

minirhizotron method were higher than those obtained using the soil coring method, which

indicated that the root morphology observed using the minirhizotron method was more accu-

rate, to some extent. However, with respect to root volume, the minirhizotron method was less

accurate. This difference could have been occurred because the roots were partially covered by

the soil in the minirhizotron method, and the sampling volume was smaller. The correlations

of the root morphology indexes between the two methods were generally significant in the

shallow soil depth, which is consistent with the results of Jose’s research [42]. However, addi-

tional studies in which models are established to calibrate the root indexes are needed to

understand the exact relationships between the two methods.

Conclusion

The results in the present study have shown that the minirhizotron method may be suitable for

the continuous monitoring of cotton roots under field conditions. Most of the correlations of

the cotton root length and root distribution indexes were significant when measured by mini-

rhizotron method and the soil coring method. A moderate amount of nitrogen increased the

root growth, especially within the upper soil layers, which were observed by the two methods.

In addition, the differences between the different nitrogen treatments were clearer and more

accurate with the minirhizotron method than with the soil coring method.
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24. Yavuz MY, Çakir R, Kavdir Y, Deveciler M, Bahar E. Irrigation Water Management for sprinkler irrigated

corn using rooting data obtained by the minirhizotron technique. Int. J. Agric. Biol. 2012; 14(1): 11–19.

25. Sanders JL., Brown DA. A new fiber optic technique for measuring root growth of soybeans under field

conditions. Agron. J. 1978; 70: 1073–1077.

26. Withington JM, Elkin AD, Bułaj B, Olesinski J, Tracy KN, Bouma TJ, et al. The impact of material used

for minirhizotron tubes for root research. New Phytol. 2003; 160(3), 533–544.

27. Katayama K, Ito O, Adu—Gyamfi JJ, Rao TP. Analysis of relationship between root length density and

water uptake by roots of five crops using minirhizotron in the semi—arid tropics. Jpn. Agr. Res. Q. 2000;

34(2), 81–86.

28. Pierret A, Moran CJ, Doussan C. Conventional detection methodology is limiting our ability to under-

stand the roles and functions of fine roots. New Phytol. 2005; 166(3): 967–980. https://doi.org/10.1111/

j.1469-8137.2005.01389.x PMID: 15869656

29. Hulugalle NR, Broughton KJ, Tan DKY. Fine root production and mortality in irrigated cotton, maize and

sorghum sown in verticals of northern New South Wales, Australia. Soil Till. Res. 2014; 146: 313–322.

30. Bland WL, Dugas WA. Root length density from minirhizotron observation. Agron. J. 1988; 80(2): 271–

275.

31. Merrill SD, Upchurch DR. Converting root numbers observed at minirhizotrons to equivalent root length

density. Soil Sci. Soc. Am. J. 1994; 58(4): 1061–1067.

32. Tierney GL, Fahey TJ. Fine root turnover in a northern hardwood forest: a direct comparison of the

radiocarbon and minirhizotron methods. Can. J. Forest Res. 2002; 32(9), 1692–1697.

33. Amato M, Lupo F, Bitella G, Bochicchio R, Aziz MA, Celano G. A high quality low—cost digital micro-

scope minirhizotron system. Comput. Electron. Agr. 2012; 80, 50–53.

34. Majdi H. Root sampling methods—applications and limitations of the minirhizotron technique. Plant

Soil. 1996; 185(2), 255–258.

35. Vogt KA, Persson H. Measuring growth and development of roots. In: Lassoie JP, Hinckley TM, editors.

Techniques and approaches in forest tree ecophysiology. Florida: CRC Press Inc; 1991. pp. 477–501.

36. Vos J, Groenwold J. Estimation of root densities by observation tubes and endoscope. Plant Soil. 1987;

74(2): 295–300.

37. Nielsen KL, Eshel A, Lynch JP. The effect of phosphorus availability on the carbon economy of contrast-

ing common bean (Phaseolus vulgaris L.) genotypes. J. Exp. Bot. 2001; 52: 329–339. PMID:

11283178

38. Zeng G, Birchfield ST, Wells CE. Automatic discrimination of fine roots in minirhizotron images. New

Phytol. 2008; 177(2), 549–557. https://doi.org/10.1111/j.1469-8137.2007.02271.x PMID: 18042202

39. Machado RM, Rosario MD, Oliveira G. Comparison of tomato root distributions by minirhizotron and

destructive sampling. In Roots: The Dynamic Interface between Plants and the Earth. Springer Nether-

lands; 2003. pp. 375–385.

40. Gregory PJ. A periscope method for observing root growth and distribution in field soil. J. Exp. Bot.

1979; 30: 205–214.

41. Bragg PL, Govi G, Cannell RQ. A comparison of methods, including angled and vertical minirhizotron,

for studying root growth and distribution in oat crop. Plant Soil. 1983; 73: 435–440.

42. Jose S, Gillespie AR, Seifert JR, Pope PE. Comparison of minirhizotron and soil core methods for quan-

tifying root biomass in a temperate alley cropping system. Agrofor Systems. 2001; 52: 161–168.

Nitrogen effects on cotton root growth and distribution with soil cores and minirhizotrons

PLOS ONE | https://doi.org/10.1371/journal.pone.0197284 May 11, 2018 14 / 14

https://doi.org/10.1111/j.1469-8137.2007.02242.x
http://www.ncbi.nlm.nih.gov/pubmed/17944827
https://doi.org/10.1111/j.1469-8137.2005.01389.x
https://doi.org/10.1111/j.1469-8137.2005.01389.x
http://www.ncbi.nlm.nih.gov/pubmed/15869656
http://www.ncbi.nlm.nih.gov/pubmed/11283178
https://doi.org/10.1111/j.1469-8137.2007.02271.x
http://www.ncbi.nlm.nih.gov/pubmed/18042202
https://doi.org/10.1371/journal.pone.0197284

