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Tweetable Abstract:

Root analyses tools WinRhizo™ and IJ_Rhizo estimate traits with comparable accuracy at

high but not low resolution

Abstract:

Root traits get increasing attention as functional equivalents of aboveground traits. Image
analysis software such as WinRhizo™ and IJ_Rhizo facilitate root trait analyses. Delory et
al., 2017 presented a comparison between the accuracy of WinRhizo™ and IJ_Rhizo for
measuring root length. We complement their analyses with a comparison of diameter and
volume estimates and a comparison of different image resolutions with manual and automatic
threshold.

We analysed 100 images of fibrous and tap-root systems, which were obtained by using the
root model ArchiSimple. As a result, for each image, diameter, length and volume were
known. The images were analysed with WinRhizo™ and IJ_Rhizo and we compared the
estimates of diameter, length, and volume to ground-truth values. We further computed
relative errors and their magnitude and analysed their dependency on image characteristics
and root system properties.

At 1200 and 800 dpi, diameter and length estimates provided by WinRhizo™ and IJ_Rhizo
were of comparable accuracy. Diameter errors were balanced. Volume estimates were

subjected to a systematic error caused by the assumption of constant diameter. WinRhizo™,
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however, provides the opportunity to calculate correctly computed volumes from diameter
classes. At 1200 dpi, IJ_Rhizo failed to automatically find an appropriate threshold for pixel
classification, which fundamentally decreased accuracy.

The magnitude of diameter errors increased with root overlap for IJ_Rhizo. The length errors
increased with increasing root length, overlap and root length density for WinRhizo™. The
magnitude of underestimation of the volume (WinRhizo™) decreased with volume. It was
higher for tap-root than for fibrous root systems. All errors increased with lower resolution.
Our results confirm the results of Delory et al., 2017 regarding the accuracy for length. They
further confirm that estimates derived from different software packages or at different
resolution should not be compared directly. The characteristics of root systems should be
standardized for image analysis. The dependency of errors on the response variable of interest
can influence the effect size and increase the probability of errors. Validation of methods
should be conducted for each analysed dataset. New image analysis tools should be validated

against a real ground-truth.

German Abstract:

Funktionelle Wurzelmerkmale finden verstirkte Beachtung als Aquivalente zu oberirdischen
Merkmalen. Bildanalysesoftware, wie WinRhizo™ und IJ_Rhizo, vereinfachen die Analyse.
Delory et al., 2017 vergleichen die Genauigkeit dieser beiden Programme beziiglich der
Messung von Wurzelldngen. Wir ergénzen diese Analyse mit einem Vergleich der Prizision
der Durchmesser- und Volumenmessungen bei unterschiedlichen Bildauflosungen sowohl mit
manuellem als auch automatisch gesetztem Schwellenwert zur Unterscheidung von Wurzel
und Hintergrund.

Wir haben 100 Bilddateien mit WinRhizo™ und IJ_Rhizo analysiert, welche mit dem
Wurzelmodel ArchiSimple erstellt wurden. Fiir jedes Bild waren Durchmesser, Linge und

Volumen des Wurzelsystems bekannt und konnten mit den Messwerten der Programme
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verglichen werden. In einem zweiten Schritt haben wir die Abhiéngigkeit der relativen Fehler
aller Parameter von Bildeigenschaften und Wurzelsystemeigenschaften iiberpriift.

Bei einer Bildauflosung von 1200 und 800 dpi war die Genauigkeit der beiden Programme
vergleichbar. Die Fehler der Durchmessermessungen waren balanciert. Die
Volumenmessungen waren durch einen systematischen Fehler beeinflusst, der durch die
Annahme von konstanten Durchmessern verursacht wird. In Falle von WinRhizo™ kann
dieser Fehler vermieden werden. Bei einer Auflosung von 1200 dpi war IJ_Rhizo nicht in der
Lage automatisch einen angemessenen Schwellenwert zu finden, was zu erheblichen Fehlern
fiihrte.

Bei der Analyse mit IJ_Rhizo nahmen die Fehler der Durchmesser mit zunehmender
Uberlappung der Wurzeln zu. Im Falle von WinRhizo™, stiegen die Fehler der Wurzelldnge
mit der Gesamtwurzelliinge, der Uberlappung und der Wurzellingendichte in den Bildern an,
withrend die relativen Fehler der Volumina mit steigendem Gesamtvolumen abnahmen. Alle
Fehler nahmen bei verringerter Bildauflosung zu.

Unsere Ergebnisse bestitigen die Ergebnisse von Delory et al., 2017 beziiglich der
Genauigkeit der Wurzellingenmessungen. Sie bestéirken aulerdem die Schlussfolgerung, dass
Messungen, die mit verschiedenen Programmen oder bei verschiedenen Auflosungen gemacht
wurden, nicht direkt vergleichbar sind. Die Eigenschaften von Bildern sollten moglichst
weitgehend standardisiert werden. Die Abhingigkeit der Fehler von der Antwortvariable kann
sowohl die Effektgrofie als auch die Fehlerwahrscheinlichkeit beeinflussen. Dementsprechend
sollte jede Validierung der Methoden datensatzspezifisch erfolgen. Neue Analysemethoden

sollten anhand direkter Referenzwerte, nicht nur anderer Programme, getestet werden.

Key—words: fibrous roots, 1J_Rhizo, image resolution, root diameter, root length, root

volume, tap-roots, WinRhizo™
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Introduction

Functional plant traits have been identified to be useful predictors of plant strategies and
ecosystem functions (Diaz et al., 2004). While emphasis was mainly on leaf traits (e.g. Wright
et al., 2004), a focus on root traits as equivalently important features of plants has gained
momentum only more recently. Diameter, specific root length, and specific root volume (or
the more commonly used tissue density) are traits of interest since they are related to resource
economic strategies and ecosystem characteristics (Ryser, 2006, Bergmann, Ryo, Prati,
Hempel, & Rillig, 2017, Freschet et al., 2017).

Digital image analysis tools facilitate measurements of these traits, but also bear the risk of
introducing (systematic) errors if not tested or understood (Ryser, 2006, Lobet et al., 2017,
Rose, 2017). In a recent study, Delory and colleagues (2017) compared different root length
estimates from digital image analyses using the software packages WinRhizo™ and ImageJ
with the macro IJ_Rhizo (IJ_Rhizo hereafter, Pierret, Gonkhamdee, Jourdan, & Maeght,
2013). From comparisons with a ground-truth, they conclude that the length estimates
provided by the open source software IJ_Rhizo can be an alternative to WinRhizo ™.
However, care should be taken, when samples analysed with different software are compared.
The ground-truth was derived by tracing roots manually with Image]. This very time-
consuming procedure can only be used for a limited number of images. Further, and more
importantly, it only yields a measure of the total root length, but not of the root diameter or
volume.

Previous studies investigating the accuracy of diameter and volume estimates of image
analyses software used scans of objects of known diameters (e.g. Bauhus & Messier, 1993,
Kimura & Yamasaki, 2003). These objects lack the diameter heterogeneity of real roots,
which can introduce severe errors into volume estimates, if it is not accounted for (Rose,
2017). A recently published set of images of ground-truthed, modelled plant root systems

(Lobet et al., 2017) provides the unique opportunity to analyse length, volume and diameter of
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root systems with image analysis software tools.

The purpose of our study was to complement the analysis from Delory et al., (2017) with
diameter and volume information. More precisely, the aims of our study were to compare the
accuracy of length, volume and diameter estimates provided by WinRhizo™ and IJ_Rhizo

using ground-truthed modelled root images, and to identify possible error sources.

Methods

Images and related data

We used a root image library generated as described in Lobet et al. (2017). In short, the root
model ArchiSimple (Pages et al., 2013) was used to simulate 100 different root systems (50
fibrous and 50 tap-rooted). Root systems were grown in a 2D space, to mimic growth in
rhizotrons. This was done to avoid any measurement bias that could result from the
conversion of a 3D root architecture into a 2D image. Each root system was stored in a Root
System Markup Language file (RSML, Lobet et al., 2015) from which we (1) created a black
and white JPEG image, resolution 1200 dpi (see Supplementary Fig. 1). For each root system,
we extracted two types of ground-truth data. At the root system level, we extracted the total
root length (L), the total volume (V) and average diameter (D). An overlapping index was
computed as the number of root segments having an overlap with other root segments over the
total number of root segments (this was computed directly from each RSML files). In
addition, each root system was split in small root segments of constant diameter. From the
segments data, for each image, we computed the length-weighted coefficient of diameter
variation (CVD, Eq. 1).

N3N 1(d;-0)°
T oL
cvp =+ Eq. 1

D

with N = number of segments, 1 = segment length, d = segment diameter.
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Each image was (2) downsized to resolutions of 800, 600 and 400 dpi, to permit the analysis
of the influence of image resolution on accuracy of estimates.

The root length density in the images ranged between 0.38 and 6.44 cm cm™ (mean = 1.31),
the average root diameter was 0.22 mm (range 0.16 — 0.33) and the thinnest and thickest root
segments in the images had diameters of 0.04 and 0.54 mm, respectively. Image

characteristics differed between fibrous and taproot systems (Supplementary Fig. 2).

Image analyses

All images were analysed with WinRhizo™ 2013, Regent method (Régent Instruments Inc
2013) and ImagelJ (1.51j8, Schneider, Rasband, & Eliceiri, 2012) with the macro 1J_Rhizo
(IJ_Rhizo_vObeta). We conducted batch analyses with the grey level thresholds set to
automatic at all four resolutions. We further analysed the images at 800 dpi and 1200 dpi with
the threshold value manually set to 144. We considered this value suitable after visual
inspection of 10 images at different thresholds using the threshold slider of WinRhizo ™.
Since no debris was simulated, we used no automatic debris correction. For WinRhionM, the

boundaries of diameter classes were set from 0.1 to 1.9 mm (with an increment of 0.1 mm).

Data analyses

The total image volume (VWRgym), length (LWR) and length weighted mean diameter
(DWRy,) were calculated in excel from values of the different diameter classes of the
WinRhizo™ output following Rose (2017). The calculation of a length weighted mean
diameter for IJ_Rhizo is not necessary, because it is already provided by the software (DIJc),
whereas volume estimates are not provided for diameter classes, which prohibits the
calculation of a diameter based volume for IJ_Rhizo. All further analyses were conducted

with R (Version 3.2.3, R Core Team, 2015).
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We used linear models to analyse the dependency of the diameters estimated by 1J_Rhizo
(D1J, average diameter, and DIJc), the average diameter provided by WinRhizo™ (DWR) and
DWRy, on the correct diameter (D). The same procedure was used for the LWR and the
Kimura length estimate from IJ_Rhizo (LIJ) and the correct length (L), as well as the
VWRgym, the total volume provided by WinRhizo™ (VWR) and the volume from the
1J_Rhizo output (VIJ) and the correct volume (V).

In a next step, we calculated errors for each variable and each image as the relative error (Eq.
2) and the magnitude of the relative error (Eq. 3) as relative differences between the software

estimate and the correct (ground-truth) value:

__ Estimate—Correct

Errory, = x 100 Eq.2

Correct

Estimate—Correct

ETroty.g = abs( X 100) Eq. 3

Correct

Subsequently, we used linear models to test which root system characteristics are potentially
influencing the magnitude of errors for the best estimates of D, L and V per software package
(Table 1). In this analysis, we included both volume estimates of WinRhizo™, because we
hypothesized different structural parameters to influence the different measures (Rose 2017).
Tested explanatory variables for errors in diameter were the average diameter, the coefficient
of diameter variation and the root overlap, for errors in root length, the total root length, the
root length density (RLD) and the overlap. For errors in root volume, we tested the average
diameter, the coefficient of diameter variation and the root volume as explanatory variables.
We considered linear, exponential and logarithmic relationships and selected the best models
based on significance and R2.

In a last step, we used Wilcoxon tests to analyse whether the relative errors of diameter,

length, and volume (VWRsum only) differed between fibrous and taproot systems.

This article is protected by copyright. All rights reserved.



Results

Relationships to ground-truth and magnitudes of errors at 1200 dpi with automatic
threshold

The relationships between the diameter, length and volume estimates of WinRhizo™ and the
ground-truth were all highly significant and yielded R? values between 0.95 and 1.00 (Table
1). All regression slopes were significant (P < 0.0001) and ranged between 0.81 (length
WinRhizo™) and 1.01 (Iength weighted mean diameter). We observed intercepts smaller than
0 for VWRgym and significantly larger than 0 for LWR (Table 1). The diameter errors ranged
between 10 % underestimation (DWRyy) to 14 % overestimation (DWR), with mean
magnitudes of 3 %. The length was underestimated on average by 9 % (range 29 — 0 %, Table
1). WinRhizo™ underestimated the true volume up to 40 and 21 %, VWR and VWRgym,
respectively, with error magnitudes of 17 and 10 %. (Table 1).

The relationships between ground truth and IJ_Rhizo estimates at 1200 dpi were all
significant, but surprisingly weak, with R values around 0.2 for diameters, and around 0.7 for
length and volume (Table 1). None of the intercepts differed from 0. The diameter errors
ranged between 72 % underestimation and 11-12 % overestimation, with mean magnitudes of
21 (D1J) and 16 % (DlJc). The length was overestimated up to 238 %, which did not represent
an outlier, and the maximum underestimation was 16 % (mean magnitude 41 %, Table 1).
The true volume was constantly underestimated by a minimum of 5 and a maximum of 80 %.

(Table 1).

Change of relationships and magnitude of errors at lower image resolution and fixed
threshold

Decreasing the resolution from 1200 to 800 dpi increased the magnitude of errors two- to
fourfold for all variables estimated by WinRhizo™. It led to flatter slopes for volume and

diameter and significant positive intercepts for diameters (Table 1). R* values were not
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affected for length and volume, but the explanatory power of the relationships of diameter
estimates to the respective ground-truth decreased from > 95 % explained variance to 55 and
63 % explained variance (DWR, DWR,,,, respectively, Table 1). A further decrease of the
image resolution to 600 and 400 dpi had no additional effect on relationships or error
magnitudes. The application of a fixed threshold alternative to the automatic threshold
detection did not influence the errors or relationships in the case of WinRhizo™.

To our great surprise, a decrease in image resolution from 1200 to 800 dpi substantially
increased the accuracy of estimates from IJ_Rhizo. The R* values for models increased by
0.20-0.35 and the magnitude of errors decreased by 6 (DIJ), 3 (Dlic), 31 (LIJ) and 13 %
(V1)), whereas for diameter estimates the direction of the error changed from mainly under- to
overestimation, while the opposite pattern was observed for the length (Table 1). The decrease
to 600 dpi increased the magnitude of diameter errors by 8 %, but did not influence the
magnitude of length or volume errors. Relative to the 600 dpi resolution, the magnitude of
diameter and volume errors doubled at 400 dpi, while the length estimates were not affected
(Table 1). In contrast to what we observed for WinRhizo™, applying a fixed threshold of 144
improved the estimates substantially for IJ_Rhizo (Table 1): At 1200 dpi it increased the
explanatory power of the linear models fourfold and reduced the magnitude of errors to one
third for diameters. R* was not affected at 800 dpi, but the magnitude of errors decreased by 6
%. For the length, we observed a 10-fold decrease of error and an increase in explanatory
power of 25 % at 1200 dpi, but no noteworthy effect at 800 dpi (Table 1). Appling a fixed
threshold reduced the magnitude of errors of the IJ_Rhizo volume estimates from 33 to 12 %

at 1200 dpi, but increased it from 20 to 32 % at 800 dpi.
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Dependency of errors on root and image properties at 1200 dpi with fixed threshold

At a resolution of 1200 dpi, errors of the diameter and length estimates of WinRhizo™™ were
smaller for taproot systems than for fibrous root systems, while diameter class based volume
estimates revealed more underestimation for taproot systems (Figure 1). For IJ_Rhizo, errors
were independent of the root system structure.

The magnitude of relative diameter errors at 1200 dpi decreased with increasing root diameter
for IJ_Rhizo (R* = 0.08) but not for WinRhizo™ (Figure 2). It increased with root overlap for
WinRhizo™ (R? = 0.14) and decreased with CVD for WinRhizo™ (R? = 0.09) but increased
with CVD for IJ_Rhizo (R* = 0.08, Figure 2). The magnitude of the relative errors in length
increased with increasing root length (R* = 0.38), root length densities (R* = 0.43) and higher
root overlap (R? = 0.21) when images were analysed with WinRhizo™, but not when
IJ_Rhizo was used (Figure 3). Because of the covariance of the explanatory variables, we
tested their effects in a linear model including all three variables in different orders, which
revealed a significant effect of density in all cases, whereas the root length and the overlap
were significant only when fit first (analysis not shown).

For the root volume estimates VIJ and VWR, the error decreased linearly with the root
diameter (R* = 0.07 and 0.06, respectively, Figure 4) and increased with the diameter
variability within images (CVD, R? = 0.57 and 0.52, respectively), but was independent from
the root volume. Contrastingly, the errors of the diameter class based root volume estimates of
WinRhizo™ decreased with root volume and slightly increased with CVD (R* = 0.22 and

0.07) but were independent of the root diameter (Figure 4).
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Discussion

The aim of our analyses was to supplement the length estimate comparison between
WinRhizo™ and IJ_Rhizo by Delory et al. (2017) with ground-truthed images and with
comparisons of accuracy of diameter and volume estimates. Therefore, we first compare our
results with the results of Delory et al. (2017), followed by a discussion of error sources and

their implications.

Parallels and differences to Delory et al., (2017)
The analysis presented by Delory et al., (2017) represents a comparison of the accuracy of
different possible length estimates of WinRhizo ™ and IJ_Rhizo, while we only compared the

accuracy of their best performing methods of WinRhizo ™ (Regent) and IJ_Rhizo (Kimura).

Our analysis confirms the higher root length estimates of IJ_Rhizo compared to WinRhizo™
and the general underestimation of root length by WinRhizo™ reported by Delory et al.,

(2017) at 400 dpi.

Our results are in agreement with Delory et al., (2017), regarding the increase of length
underestimation with increasing root length density for WinRhizo™" but not for IJ_Rhizo. We
further show an increase in error magnitude with root overlap and with total root length for
WinRhizo™. The three measures (RLD, overlap and total length) were highly correlated,
hence, we ran linear models including all three variables and tested whether changing the
order of variables influenced the outcome (analysis not shown). This analysis revealed that
the total length and the overlap only had a significant influence when fit before RLD, which
in turn was significant in all models irrespective of its position. The result was confirmed by
an analysis following Zuur, Ileno, & Elphick (2010), which revealed RLD as the most and

total root length as the least important explanatory variable. Consequently, in our study RLD
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had an effect on error magnitudes additional to its effect on root overlap.

Overall, we can confirm the conclusion of Delory et al., (2017) that root length estimates
derived from different software should not be compared directly, because they differ in the

magnitude and direction of errors.

Potential error sources and implications for data interpretation
Several recent papers have shown that the automated measurement of root system parameters
can be subjected to non-linear errors (Delory et al., 2017, Lobet et al., 2017, Rose, 2017).

Here we show that these errors can have different origins.

Firstly, errors clearly increase with lower image resolution. Furthermore, they change not only
in magnitude, but also in direction. This is particularly relevant for diameter estimation, which
consequently effects volume estimates. As indicated by flat slopes and low R? values (< 0.6),
the diameter estimates at 400 dpi are not sufficiently representing the true diameters. The
direction of the errors of length estimates changed to more underestimation, but the strength
of relationships to the ground-truth were unaffected. This allows interpretation of within
software package comparisons of different samples, but no comparisons between software
packages or between different resolutions. Although the relationships of volume estimates to
the ground-truth remained very strong, we do not recommend to measure volume at 400 or
600 dpi or interpret volume estimates from 400 or 600 dpi images, because the magnitude of
errors (average 22-39 %) is not acceptable any more. It should also be noted that, for root
systems with smaller diameter range than the one used in this study, it might be worth using
images with a resolution higher than 800 dpi. In our sample, the minimal diameter was of root

segments was 0.04 mm, which, at 800 dpi, is represented by 2 pixels in the images.
Closely related to the problem of image resolution is the importance to choose the correct
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threshold for pixels to classify as root or background. Both packages allow to set it manually
or to use an automatic threshold and to inspect the results visually (skeletonized images
IJ_Rhizo, analysed image WinRhionM). WinRhizo™ further allows to adjust the threshold
using the threshold slider. This is a great advantage for heterogeneous image sets, where batch
analysis is not an option. Our comparison of the use of different threshold methods revealed a
significant difference between the two software packages, especially at 1200 dpi.
WinRhizo™, appears to choose the threshold correctly, at least if images have a clear
contrast, while IJ_Rhizo introduced large errors by misclassification. Our images contained
minor variability in colour intensity (Supplement 3) as a result of image conversion
(Minervini, Scharr, & Tsaftaris 2015), which, nevertheless, introduced directional pixel
misclassification towards less pixels being classified as root by IJ_Rhizo at 1200 dpi but not
800 dpi (Supplement 3, zoom to see the effect). This explains the great overestimation of root
length and underestimation of diameters we observed with automatic threshold at 1200 dpi,
since single root segments are partly interpreted as multiple very thin segments by 1J_Rhizo.
The effect appears to average off at 800 dpi. Hence, we can not give general advice as to
which threshold method to use, but can only emphasize the importance of checking

skeletonized images carefully for each image set.

Secondly, errors can result from naive assumptions about uniformity of root diameters. This is
the case for volume estimates based on average diameter and total root length. Both
WinRhizo™ and IJ_Rhizo provide volume estimates, which underestimate the true volume
systematically. Further, the relative error strongly increased with the diameter heterogeneity.
As already discussed by Rose (2017) for WinRhizo™, we can not recommend to use these
volume estimates, but instead use volume estimates based on diameter classes (WinRhionM)

or estimate the volume of root fragments manually sorted into different diameter classes.
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Finally, and most importantly, errors relate to image characteristics and root system structure,
which makes them harder to avoid or account for. In terms of image characteristics, errors
have been linked to the level of overlapping roots (Delory et al., 2017), which was the case
for diameters estimated by WinRhizo™™. It also related to WinRhizo™™ length estimates, but
showed collinearity with the RLD of the images. Root length density was, with an average of
1.3 cm cm'z, close to the recommended threshold of 1 ¢cm cm? (Delory et al., 2017), and
therefore we did not expect it to be an important error source. It was, however, related to the
magnitude of underestimation of root length by WinRhizo™™, even when we accounted for
overlap and the total root length in the images (analysis not shown). Hence, we recommend
keeping RLD as low as possible, when using WinRhizo™ and below 1 cm cm™ when using
IJ_Rhizo to avoid the introduction of biased errors. This will also facilitate the reduction of

root overlap.

Regarding root system structures, root diameter, the total root length, and root volume proved
to be informative predictors of error magnitudes of diameter, length and volume, respectively.
This is especially problematic if the error is not balanced, as is the case for WinRhizo ™ at our
threshold setting. Increasing length underestimation with increasing root length will lead to an
underestimation of length differences if complete root systems are scanned. Length, however,
is relatively easy to control for during scanning and should be kept as uniform as possible,

even if that means splitting some root systems for scanning and others not.

The more challenging variables to estimate correctly are the diameter and the volume of root
samples. The magnitude of both errors decreased with increasing values (diameter:
WinRhizo™ not significant, volume: IJ_Rhizo not relevant due to wrong assumptions). We
assume larger relative errors at small diameters for stochastic reasons, which then in turn
influence errors in volume. The same applies to the negative relationship between volume and

relative error of volume estimates. Although the diameter did not prove to have a significant
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effect on the volume error in a single linear regression, multiple linear regression including
both, volume and diameter, revealed a negative effect. This was a result of a negative
correlation between volume and diameter in our dataset (analyses not shown). Errors in
diameter will always have a strong impact on volume estimates, firstly, because of the
exponential relationship between both and secondly, because the volume is cumulative and
therefore the error is also accumulated. Volume estimates could be improved either by
improving diameter estimates via adjusting the pixel classification and the image resolution
(see above) or by using non-image based methods like the Archimedes’ method (see Birouste,

Zamora-Ledezma, Bossard, Pérez-Ramos, & Roumet 2014).

Conclusions

Several image analyses tools have been developed over the last decades (Lobet, Draye, &
Périlleux 2013). We compared one open source (IJ_Rhizo) and one commercial
(WinRhizo™) software package regarding the accuracy of root diameter, length and volume
estimates at different image resolutions with different threshold methods. Regarding diameter
and length, we show that both packages provide estimates of comparable accuracy. However,
the direction of errors differed between the two and therefore we recommend to not directly
compare results gained from the different tools. Further, we can not recommend to use the
automatic threshold methods of IJ_Rhizo without carefully checking the skeletonized images
or to use IJ_Rhizo to estimate root volume. If WinRhizo™ is used, the volume provided for
the different diameter classes should be summed up, because it is not affected by the naive
assumption of diameter homogeneity. We further do not recommend to use a resolution <
1200 dpi for diameter and volume analyses and to be careful how to interpret length estimates

derived from low resolution images.
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WinRhizo™ is often used as a reference to evaluate the accuracy of new image analyses tools
(e.g. Himmelbauer, Loiskandl, & Kastanek 2004, Pierret et al., 2013). We recommend
benchmarking at least a subset of analysed images against a true ground-truth to avoid

incorporating errors derived from the WinRhizo™ method.

Finally, since errors also changed with changing sample properties (diameter, total length,
diameter variability, volume), we strongly recommend to standardize sample size or sample
properties as much as possible. Different types of root systems will lead to different errors.
Validation of the calculation method should therefore always be performed internally to the

dataset.

We are, however, aware that it is not always possible to standardize by the response variable
of interest (e.g. volume). Root researchers, when using digital image analyses software,
should take into account that even black and white images are subject to errors, which can
change with the magnitude of the variable of interest and incorporate this knowledge into the

interpretation of their results.
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Table 1: Summary of linear models on the relationships between the correct diameter, length and volume
(ground truth) and the same variables estimated by WinR and IJ_R and relative errors of the estimated values at

four image resolutions. Errors are calculated as (Estimate-Correct)/ Correct.

Linear Model Resp ~ ground truth Errors %
mean
Res Interc. SE P, Slope SE R2 min mean max abs
DIJ
400 0.140 0.019 =*** 072 0.09 041 -13 39 67 39
600 0.109 0.018 =*** 0.70 0.08 042 -25 21 45 23
800 0.086 0.017 =*** 0.72 0.08 0.46 -29 13 38 15
8005 0.045 0.018 ** 0.77 0.08 0.48 -43 2 22 9
1200 0.009 0.034 ns. 077 0.15 0.20 =72 -19 11 21
12004, 0.009 0.007 n.s. 1.02  0.03 091 -8 6 22 7
DIJc
400 0.126  0.015 =*** 0.79 0.07 0.56 -5 38 74 38
600 0.102 0.014 =*** 0.72 007 0.56 -14 20 47 21
800 0.083 0.013 =*** 0.72 006 0.62 -29 11 29 13
8004« 0.038 0.013 ** 0.78 0.06 0.65 -35 -3 16 7
1200 -0.007 0.035 ns. 0.89 0.16 0.23 =72 -14 12 16
12004, 0.015 0.005 ** 097 0.02 094 -5 4 13 5
DWR
400 0.072 0.015 =*** 0.62 007 046 -39 -4 24 9
600 0.057 0.014 =*** 0.66 0.07 0.51 -43 -7 16 9
800 0.044 0.014 ** 0.70 0.06 0.55 -44 -9 8 10
8005 0.048 0.014 ** 0.70 0.07 0.53 -43 -8 14 10
1200 0.008 0.005 ns. 097 0.02 0.95 -6 1 14
12005, 0.0109 0.005 ** 095 0.02 0.95 -6 1 14
DWRy,
400 0.043 0.011 =*** 0.67 0.05 0.64 -39 -12 4 12
600 0.034 0.012 ** 070 0.05 0.64 -44 -13 4 13
800 0.028 0.013 ** 0.74 0.06 0.63 -44 -13 3 13
8004 0.031 0.013 ** 0.73  0.06 0.61 -44 -12 4 12
1200 -0.007  0.005 n.s. 1.01 002 0.96 -10 -2 7
12004, -0.004 0.005 n.s. 1 002 0.96 -10 -2 7
LD
400 3267 0.875 *** 082 0.01 0098 -40 -12 11 12
600 2.652 0.812 ** 085 0.01 0.99 -41 -10 10 11
800 0.897 0.548 ns. 091 001 0.99 -41 -9 12 10
8004« 1.589 0.729 ** 089 0.01 0.99 -41 -11 9 11
1200 -4.035 7.501 n.s. 1.62 0.10 0.74 -16 40 238 41
12004 2436 0.611 *** 094 0.01 0.99 -18 1 13 4
LWR
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400 2354  0.746 ** 0.76  0.01 098 -41 -20 -5 20
600 1.995 0.722 ** 0.77 0.01 0.99 42 -19 -5 19
800 0450 0480 ns. 082 0.01 0.99 -41 -19 -5 19
8005 1911 0.714 ** 0.78 0.01 0.99 -41 -19 -5 19
1200 3310 0.688 *** (0.81 0.01 0.99 -29 -9 0 9
12005« 3265 0.679 *** 0.81 0.01 0.99 -29 -9 1 9
v1J
400 -0.002  0.001 ** 1.57 0.03 0.96 -55 34 90 41
600 -0.001  0.001 ** 122 0.03 095 -67 4 56 22
800 -0.002  0.001 ** .12 0.02 0.96 -70 -9 40 20
8005 -0.001  0.000 ** 0.83 0.01 097 -81 -32 9 32
1200 0.001 0.001 ns. 061 0.04 0.69 -80  -33 -5 33
1200« 0.000 0.000 ns. 0.86 0.01 0.98 -27 -12 13 12
VWR
400 -0.002  0.000 *** 092 002 097 =77 -32 5 32
600 -0.002  0.000 *** 084 001 0098 82 -34 -2 34
800 -0.002  0.000 *** 0.80 0.01 0.97 82 -34 -3 34
8005y -0.002  0.000 *** 0.84 0.01 0.98 -79 -37 -1 37
1200 0.000 0.000 ns. 086 0.01 0.99 40 -16 4 17
12005« 0.000  0.000 ns. 0.86 0.01 0.99 40 -17 4 17
VWRm
400 -0.002  0.000 *** 092 001 099 -19 -32 3 32
600 -0.002  0.000 *** 086 0.01 0.99 -19 -36 -1 36
800 -0.002 0.000 *** 0.88 001 0.99 -79 -39 -5 39
8005 -0.002  0.000 *** 089 0.01 0.99 -82  -33 -1 33
1200  -0.0004 0.0002 ** 094 001 1.00 -21 -10 7 10
12006, -0.0004 0.0002  ** 094 0.01 1.00 -21 -10 7 10

D = diameter, L = length, V = Volume, IJ = IJ_Rhizo, WR = WinRhizoTM, wm = weighted
mean, SUM = Sum of diameter classes, fix = fixed threshold, n.s. = not significant, *, *%*, ##%*

P(Intercept) < 0.05, 0.01, 0.001. All slopes significant P < 0.0001. Highlighted in grey:
parameters used for structural analyses
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Figure 1: Errors of diameter and length estimates for WinRhizo™ and IJ_Rhizo and diameter class based
volume estimates for WinRhizo "™ for fibrous and taproot systems at a resolution of 1200 dpi with fixed

threshold. Errors are calculated as (Estimate-Correct)/ Correct. **, *** P < (0.01, 0.001, respectively, Wilcoxon

test.
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Figure 2: Relationships between the magnitude of the relative error in root diameter and the root diameter, the
root overlap and CVD for WinRhizo™ and IJ_Rhizo at 1200 dpi with fixed threshold. Errors are absolutes of
(Estimate-Correct)/Correct* 100. Root overlap and root diameter were negatively correlated, the other

explanatory variables were independent (analysis not shown).
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Figure 3: Relationships between the magnitude of the relative error in root length and the root length, root
length density and root overlap for WinRhizo™ and IJ_Rhizo at 1200 dpi with fixed threshold. Errors are
absolutes of (Estimate-Correct)/Correct®*100. All three explanatory variables correlated positively with each

other in our dataset.
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Figure 4: Relationships between the magnitude of the relative error of root volume estimates (VIJ, VWR and
VWRgym) and the root volume, diameter and CVD at 1200 dpi with fixed threshold. Errors are absolutes of
(Estimate-Correct)/Correct*100. The root volume correlated negatively with the root diameter in our dataset

(analysis not shown).

This article is protected by copyright. All rights reserved.



