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ance and water economy in plant species distribution, plant productivity and,

Correspondence more generally, in plant-environment interactions. Yet, leaf shape measurements
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Email: nicolas.montes@univ-amu.fr based on image processing are still challenging due to the high diversity of leaf

shapes, colours and sizes leading to the development of time-consuming methods
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Handling Editor: Torbjarn Ergon 2. We developed a fully automated method for measuring multiple leaf shape pa-
rameters (area, perimeter, length, width, circularity and solidity) based on a large
image sampling of leaf diversity (including litter) belonging to 587 species and
spread over 232 countries worldwide. To evaluate the accuracy of the method
to detect small objects, the sampling particularly targeted Mediterranean eco-
systems (32 species and 25,205 leaves), in which small leaves often represent
methodological challenges.

3. We compared our approach and found that its mean error in leaf area measure-
ment (+0.46%) was 1.7-148 times lower than four existing methods. It was also
the only one capable of detecting and measuring all leaves in the test data set,
even variegated and small leaves (less than 1 mm?). Its reliability was extensively
checked on the largest and most diversified data set ever used.

4. Our method, accessible to the broader scientific community, was simple, rapid
and effective on multiple image file types and on a high diversity of leaf size,
shape and colour. As such, our approach allows measurement not only on fresh
leaves but also on dry leaves, such as leaf litter or leaves from herbaria. This tol-
erance to leaf characteristics is crucial to increase large-scale sampling efforts
and paves the way for a standardized multispecies approach to measuring leaf

morphological traits for ecological and agricultural studies.
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MONTES ET AL.

1 | INTRODUCTION

Due to their crucial role in plant development and productivity
and their high plasticity, plant leaf traits are key features to un-
derstand both plant responses to environmental conditions (i.e.
response traits) and impacts on ecosystem functioning (i.e. effect
traits) (Violle et al., 2007). Indeed, morphological leaf traits such as
leaf length, perimeter, shape and area (see, e.g. Wright et al., 2017)
are strongly correlated with perturbations (soil and/or air contami-
nation, fire frequency, herbivory), biophysical processes (see, e.g.
leaf surface temperature), plant metabolism (energy, water, nu-
trients, CO, concentration) and resource availability (Anderson
et al., 2020). Leaf traits are, in turn, a key component determin-
ing resource availability (for herbivory), resource prehension and
litter quality with consequences on soil fauna, microbial activity
and fungal diversity (Le Bagousse-Pinguet et al., 2021). Thus, the
accuracy of leaf shape measurements highly influences our under-
standing of many processes involved in functional ecology, plant
diversity and repartition, ecosystem ecology or crop production
(Kumar et al., 2012). However, the predictive capacity of new spe-
cies distribution models faces challenges related to integrating a
diverse range of species (Vesk et al., 2021) while maintaining a
high sensitivity to intraspecific variability. This sensitivity is cru-
cial to getting a deeper understanding of the role of phenotypic
plasticity in local adaptations to climate change (Benito Garzon
et al., 2019).

The leaf shape was traditionally described and measured using
the paper weighing method (Pandey & Singh, 2011) or allometric
relationships between the area of the leaf and the morphometric
parameters such as length and width (Ajayi, 1990). More recently,
such allometric relationships have been investigated with new mod-
els (Amiri & Shabani, 2017) and equations (Liu et al., 2019) but, in
addition to being time-consuming, these methods are only valid on
a limited number of species. To avoid manual measurements, differ-
ent image processing methods were developed. Based on software,
algorithm or script, most of methods are not fully automated and
needed laborious user interventions and treatments for image pro-
cessing (e.g. Varma & Osuri, 2013) or algorithm calibration for each
species (Easlon & Bloom, 2014). Yet, the fully automated methods
published so far have been tested and calibrated on a few numbers
of species (up to 61) or a small number of samples (from 4 to 240),
raising questions about their genericity across species, leaf colours
and leaf shapes.

Othersonly tested the validity of their method on artificial sam-
ples (e.g. geometrical figures cut on paper in Ferreira et al. (2017)).
Another method consists of portable leaf area measurement
devices such as Li-Cor©3100 (Machado et al., 2016) or the leaf
area meter MK2 Delta-T Devices© (Vile et al., 2005). However,
these instruments are expensive and do not allow the acquisition
of leaf pictures for subsequent verifications (Bylesjo et al., 2008).
Additionally, an image sampling provides additional leaf traits (pe-
rimeter, length, width, solidity, circularity, shape, margin type) of
great importance for leaf classification (Murat et al., 2017), leaf
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recognition processes (Thyagharajan & Kiruba Raji, 2019), for
the relationships between leaf margin and temperatures (Royer
et al., 2005), to evaluate the leaf efficiency to trap contaminated
particles (Leonard et al., 2016) or to determine the leaf capac-
ity to home phyllosphere microbial communities (e.g. Kembel
et al., 2014). Yet, so far, no method is fully automatic, fast, highly
accurate, reproducible, easy to implement and can handle a large
number and diversity of leaves (shapes and colours), species and
image type. In addition, no automated image processing method
has successfully measured leaves less than 2mm?. Developing
such a tool could greatly simplify large-scale measurements by
processing a large number of samples using a single process, en-
suring standardization of results, while preserving diversity and
quality of biological information (leaf shape measurements pos-
sibly at intraspecific scale), with the aim of contributing to open
science in ecology and evolution.

We aimed to develop a new powerful, versatile, fully auto-
mated and free-to-use method to measure morphological leaf traits
based on the free Fiji© software (Schindelin et al., 2012): the Fully
Automated Measurement of Leaf Shape (FAMelLeS hereafter). We
focus on improving small leaf detection, accuracy and diversity of
shape measurements (leaf area, perimeter, length, width, solidity,
circularity) and more generally on the validity range of the method,
to avoid the main weaknesses of existing methods.

2 | MATERIALS AND METHODS

In order to ensure performance across a high diversity of leaf sizes,
shapes and colours, the automated image processing proposed was
tested on a mixed sampling of field, databases and web images. To
test the ability of the proposed method to detect all leaves (even the
smallest) and only leaves, a validation procedure was conducted on
26,034 leaves (including 31 species with needles): The number of
leaves detected by the algorithm was compared to manual counts.
To assess the accuracy of the method in measuring various leaf
traits (such as area, perimeter, length, width, circularity and solid-
ity), a subset of 2218 leaves, including 223 leaf litter samples, was
operated (Figure 1). The mean error was estimated by comparing
measurements obtained by the automated threshold set by the al-
gorithm with measurements obtained after manual correction of the
threshold. The correction process involved creating an overlay in Fiji,
where the binary image was superimposed onto the original picture
with 50% transparency. The pixels were then added or removed
from the binary image with pixel-level precision until a perfect match
was achieved between the paired pictures.

Our sampling included images from photographs and scans,
taken on a white background, as this is the most common practice
for leaf imaging. The length, width, perimeter and surface of the
leaves sampled in our study varied by a factor of 187.4; 326.8; 819.6
and 13,118.7, respectively. This high variability in measurements re-
flects the wide variety of leaf shapes, sizes and colours on which
FAMeleS was tested (Figure 2).
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Leaf detection validation

FIGURE 1 The green column (on the
left) represents field sampling, and the

e A e N brown column (on the right) represents
) X y web sampling. The accuracy of the
Field Samplmg Web Samplmg method was tested on the complete
data set for leaf detection (upper part
Ve N of the picture) and on a subset for leaf
25,205 ' 26,034 leaves D4 829 measurements (lower part of the picture).
32 { Number of species } 555
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shrubland near Ve . N\ 232 countries,
Marseille (SE ' Location D4 microstates or
territories
France)
. Scans and
Scsa:czgie; ;255?2256- { Acquisition } photographs from
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tiff {  Imageformat 3 tiff
£00 doi /e Image N\ 28,700 to
P \__resolution/size J 7,419,333 pixels
\ J S J

Leaf measurements validation

( "\ 4 N\
Field Sampling Web Sampling
1389 {  218leaves ) 829
32 { Number of species } 555
(& J & J

* Web and database sources:
Flavia leaf dataset (Wu et al., 2007)
Tree leaf Database (MEW, 2014)

Web site: Baumkunde.de (https://www.baumkunde.de, 10 September 2021).

Images from Murat et al. (2017)

These leaves belong to 94 families, 269 genus and 587 species
(Appendix S1) from 232 countries (Figure 2). The number of leaves in

a single image ranged from 1 to 50.

2.1 | Image processing
The image processing was based on the free and open-source
Imagel(c) v image processing software ImagelJ© v. 2.9.0/1.53t
(Schindelin et al., 2012).

One of the most common procedures to measure the leaf area on
a picture is thresholding, to obtain a two-colour picture: the leaf area
and the background (e.g. LAMINA software in Bylesjo et al., 2008).

Figure 3 shows a flow diagram of the entire image processing that
produces a binarized image from an RGB image.

The issue with thresholding was to remove shadows created by
the thickness of leaf and/or petiole, a difficulty that grows with the
chromatic diversity of leaves (at interspecific, specific, individual or
even leaf scale in the case of variegated leaves) and which explains
why most of the leaf surface area measurement methods have been
limited to a few numbers of species (Appendix S2).

However, the spectral properties of leaves can differ from
the spectral properties of shadows or background, depending on
the considered channel (Varma & Osuri, 2013). Although leaf and
shadow spectral properties can partially overlap in the green and
red channels, we were able to reduce the overlap between the
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(a)
Range
Length* 17-3,272 205.4
Width* 4-1,307 64.6
Circularity 0.01-0.89 0.36
Solidity 0.19-0.99 0.83
Area* 81-1,062,615 17,884
Perimeter* 46-37,653 602
* Pixel unit

[l Biogeographical extent of sampled species

Geographical extent based on the International Plant Name Index database (https://www.gbif.org)

Created wit mapchartnet
[ Locations not covered

(b)

.
v
-

FIGURE 2 Diversity of geographical locations and leaf size (a), leaf margins and lobation (b) and leaf colour and texture (c) considered in

the whole leaf data set (n=26,034).

high reflectance values of leaves and the low reflectance values of
shadows/background in the blue channel (Appendix S3) (Bylesjo
et al., 2008). The originality of our method lies in the use of these
reflectance differences, which allowed us, after fine-tuning on a sep-
arate set of leaves, to remove light and dark shadows in two separate
steps:

From the three layers of the RGB image, a Bandpass filter was
applied, allowing the removal of the darkest shadows, those closest
to the leaf. This step can lead to losing the brightest or lightest parts
of the leaves, which could be assimilated to the white background.
Another image was created from the blue layer of the raw image.
The blue layer was thresholded to separate the leaf from the back-
ground. This step ensures that all parts of the leaf are preserved,
especially the brightest and lightest parts. During this thresholding,
shadows (especially the darkest ones) can be selected along with
the leaf. Combining this image, where light shadows were removed
but dark shadows may have remained, with the previous one, where

dark shadows were removed, will result in an image where all parts
of the leaf are preserved, and all shadows are removed.

The method presented in this paper consists of a full automa-
tion of image processing coupled to batch processing on multiple
files. The FAMelLeS source code (Fiji macro), documentation and trial
set can be freely downloaded on figshare (https://doi.org/10.6084/
m9.figshare.22354405) and can be used without specific skill, since
after ImageJ and the plugins were installed, the user just has to spec-
ify the folder locations when prompted. The step-by-step procedure

is available in Appendix S4.
2.2 | Comparisons with existing methods
To evaluate the effectiveness of FAMeleS, the measurements

were compared with six other existing methods (the only ones
that were free and still available among the 26 partially or fully
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Input RGB Image

FIGURE 3 Flow diagram of the image
processing by FAMelLeS: From the raw
image, two different treatments are
conducted in parallel. The blue channel is

Blue channel )
thresholding

A 4
[ Contrast mask ]

used to create a mask that preserves the
brightest and lightest parts of the leaves,
while the three channels of the RGB image
are used to remove the darkest shadows.

A 4

Bandpass filter |

% y

swm

‘)'. ‘P'M“‘“

\ 4
[ Contrasted file ]

y
Blue channel
thresholding

N
— I
~ B
D)

perimeter, width, length,
circularity and solidity

Files automatically saved

[ Files optionally saved ]

[ Measurement of area,

[ Processes ]

automated methods found in the literature (Appendix S2)). Leaf
area measurements on a subset of 145 leaves, obtained by LeafByte
(Getman-Pickering et al., 2020), BlackSpot (Varma & Osuri, 2013),
LeafArea R package (Katabuchi, 2015) and Easy Leaf Area (Easlon
& Bloom, 2014) on 69 species were compared to FAMeLeS and the
true leaf area obtained after leaf shape was manually checked and
corrected (see above). None of the compared methods had prior ex-

posure to the data set used as it was new to all of them. We also

investigated an Al tool called ‘Segment Anything’ to compare it with
FAMelLeS. This tool is capable of separating objects from their back-
grounds, even if they are heterogeneous. However, we ultimately
decided not to include it in our comparison because it could not
handle batch processing on multiple image files, struggled to accu-
rately segment small leaves in groups, required manual selection of
different parts of compound leaves and was not providing leaf trait

measurement.
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3 | RESULTS

3.1 | Leaf detection

Among the 26,034 leaves considered, 61 detection errors were at-
tributable to image processing (0.23%) and were partially due to
overdetection bias (0.18%) because of leaf image fragmentation
created during image processing. This was the case for species with
silvery trichomes, light basal leaves or small compound leaves. The
underestimation bias of leaf number (0.05%) was due, on the one
hand, to very small leaves that were filtered because they were con-
sidered as dust, and, on the other hand, to bright leaves that were

assimilated to the white background.

3.2 | Variables of leaf shape and size

The wide range of leaf dimensions considered in the entire data set
(see Figure 2 for range and mean values of leaf shape variables) led
to remarkably high values of the standard deviation for all variables.
The smallest leaves had a leaf area of less than 100 pixels squared
(with a width of 4 pixels). Circularity ranged from 0.01 to 0.89 and
solidity ranged from 0.19 to 0.99.

3.3 | Quality of automated measurements and
influence of foliar traits

The mean errors (mean percentage of error between estimated
and manually measured values) were 2.3+0.06% for leaf area,
-1.12+0.08% for leaf perimeter, -0.47+0.02% for leaf length,
1.18+0.05% for leaf width, 0.82+0.04% for leaf solidity and
6.12+0.18% for leaf circularity (Table 1).

The same pattern was observed in the leaf type with the high-
est values of mean error for circularity and the lowest for length.
The absolute error was almost similar for leaf area, width and so-

lidity and a little bit higher for perimeter. However, differences in
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magnitude can be observed between leaf types: Compound leaves
had the highest values of mean error, while simple leaves and litter
had the lowest.

Spearman correlations, used to assess how algorithm perfor-
mance was impacted by variation in leaf morphology, reveal that
the mean errors of the automated measurements were negatively
correlated with their respective variables. This indicates that the ac-
curacy of the measurements increases with leaf size (Appendix S5).

Mean (+ standard error) of automated measurement of leaf
area (81,247 +3306 pixels), circularity (0.392+0.004) and solidity
(0.820+0.003) were significantly higher compared to manual mea-
sured leaf area (80,893 + 3345 pixels), circularity (0.378 +0.004) and
solidity (0.815+0.003) (p <0.001). Automated measurement of the
leaf perimeter (1336 + 34 pixels) was significantly inferior to manual
measurement of the leaf perimeter (1392+37) (p<0.001). No sig-
nificant differences were detected between automated and manual
measurements of leaf length (430+8 and 431 +8 pixels, respec-
tively; p=0.841) and width (190.9 +5 and 190.5+5 pixels, respec-
tively; p=0.636).

3.4 | Comparison with existing methods
With a mean error of +0.46%, FAMeLeS was up to 148 times more
accurate than other methods tested (-0.8%, -2.6%, -19.2% and
-68.4%, for LeafArea, LeafByte, BlackSpot and Easy Leaf Area, re-
spectively) and was the only one able to detect all the 145 leaves
considered (Figure 4). In comparison, eight of the 145 leaves were
not detected by LeafByte (Asparagus acutifolius, C. monspeliensis,
Fumana ericifolia (Wallr.), Fumana laevipes, Fumana thymifolia, Fumana
viridis (Ten.) Font Quer, H. hirtum, T. vulgaris) and one was not de-
tected by BlackSpot (Viburnum x bodnantense Aberc. Ex Stearn), Leaf
Area (Lavandula latifolia Medik.) and Easy Leaf Area (Sedum anopeta-
lum DC.), the latter failing to measure all the leaves of the litter.

Of the 26 automated methods found in the literature
(Appendix S2), only five were fully automated, but only BlackSpot
and LeafArea were free and still available.

TABLE 1 Mean and standard deviation (n=2218) of the percentage of error between estimated and manually measured values of leaf
area, perimeter, circularity, length, width and solidity for the different leaf types (terminology based on Ellis et al., 2009).

Mean errors Area Perimeter Length

Compound 3.20%+0.03 -10.45%+0.07 -0.07%+0.01
Palmately lobed 1.67%+0.05 -4.78%+0.10 0.08%+0.03
Palmatisect -2.32%+0.13 4.76%+0.43 -2.42%+0.08
Pinnately lobed 4.93%+0.14 -3.13%+0.20 0.56%+0.03
Pinnatisect 1.36% +0.03 -4.24%+0.04 0.02%+0.00
Simple 2.38%+0.06 -0.36%+0.05 0.60%+0.02
Litter 0.99%+0.05 1.58%+0.11 0.13%+0.03
Whole data set 2.3%+0.06 -1.12%+0.08 0.47%+0.02

Width Solidity. Circularity Mean
-0.06%+0.01 3.26%+0.03 32.38%+0.29 4.71%
0.21%+0.03 1.62%+0.09 16.32% +0.34 2.52%
2.85%+0.08 -3.18%+0.15 13.80%+0.56 2.25%
2.87%+0.11 1.30%+0.01 16.61%+0.21 3.86%
-0.01%+0.01 1.48%+0.03 13.73%+0.15 2.06%
1.39%+0.05 0.66%+0.04 3.79%+0.13 1.41%
0.59%+0.03 0.03%+0.02 -1.53%+0.10 0.30%
1.18%+0.05 0.82%+0.04 6.12%+0.18 1.66%
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FIGURE 4 Comparisons of leaf area
measurements errors between methods
on a set of 145 leaves belonging to 69
species.
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4 | DISCUSSION

Here, we aimed to develop a powerful, broadly applicable, fully
automated and free-to-use method to measure morphological leaf
traits. Our results highlight that, compared to other available exist-
ing methods, FAMeLeS is an accurate and efficient fully automated
method, able to cope with a wide range of species and a large set
of samples and the only one able to cope with very small leaves.

Although most of the available methods require strong program-
ming skills (PHP language in Can et al. (2012) or Visual C++ in Haggiman
Radzali et al. (2016)) or user adjustments (e.g. Schrader et al., 2017), the
full automation of FAMelLeS enabled high-precision measurements
on thousands of leaves, including isolated leaves or multiple leaves
scanned at once, regardless of the number of leaves in the image.

FAMeleS focussed on a strict preservation of the integrity of
the leaf image by avoiding the numerous isolated pixels generated
by the binarization process. Out of the 26,034 leaves in the dataset,
only 47 supernumerary objects were counted (0.18%), and none
on the 145 leaves tested in the subset, while the existing methods
tested failed to preserve the integrity of the leaf image, generating
multiple objects for each leaf (+210% and +238%, respectively, for
Blackspot and LeafArea). The algorithm of FAMelLeS was tuned to
eliminate outliers by smoothing the picture and removing noise, re-
sulting in leaf margin erosion that negatively affected the accuracy
of the smaller leaf measures. Thus, we recommend prioritizing a
sufficient image resolution to ensure maximum accuracy. However,
it allowed accurate measurements of numerous foliar traits such as
leaf area, with errors ranging from 1.7 to 148 times lower than the
four existing methods used for comparison.

FAMelLeS is the only method that allows dealing with a very
large set of leaves, with 26,034 leaves used to test the detection
accuracy and 2218 leaves used to validate leaf traits measure-
ments. On the contrary, previously published leaf area measure-
ment methods have only been tested on a small set of leaves,

which may be problematic for species with a high polymorphism.
Among the 26 methods listed in Appendix S2, the maximum num-
ber of leaves that were used to validate the accuracy of meth-
ods was 240 (Karatassiou et al., 2015), and the lowest number of
leaves was found in Patil and Bodhe (2011) with only four leaves
to validate their method.

An overview of the existing methods points to the fact that, in
addition to being tested on a low number of leaves, they are based
on a small number of species. The highest number of species used
(when given) to test the method was 61 (Amiri & Shabani, 2017), but
with only one leaf per species, and the mean number of species used
in the 26 methods was 10. Furthermore, most existing methods have
limitations on leaf shape and are not suitable for compound leaves
(Getman-Pickering et al., 2020) or complex leaf margins (Schrader
et al., 2017). Although the precision of FAMeLeS tends to decrease
for compound leaves, it remains high and is relatively stable for
leaves with different levels of complex margins.

Our field sampling focussed on small leaves since no automated
method has yet demonstrated its effectiveness on leaves less than
2mm?Z. The four methods tested failed to detect all leaves, which is
a major obstacle to studying leaf traits in Mediterranean regions, arid
ecosystems or warm deserts, as well as cold high-elevation regions,
where species with small leaves are dominant (Wright et al., 2017)
and ecological issues are of particular concern in a context of global
warming. Red petiole or red parts of lamina were also often missed by
existing methods and generated underestimates, especially EasylLeaf
which failed to measure the completely red or brown leaves (fresh or
litter). In contrast, FAMelLeS allows one to detect and accurately mea-
sure leaves whatever their colour (Figure 2c), and has proven its accu-
racy to measure dead leaves and litter. As such, our method could be
useful to measure leaf features from the herbarium in order to study
leaf morphology changes over time and space. Moreover, the accuracy
of FAMeLeS to detect and measure small objects can be used to deter-
mine the number, shape and size of litter particles.
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The accuracy of FAMeLeS on images from field sampling mixed
with web images attests to the efficiency of the method even with
images from multiple devices (scanner or photographs). While some
authors warned about the limitation of their method depending on
image quality (Meira et al., 2020) or brightness (Haggiman Radzali
et al.,, 2016), FAMelLeS has proven to be very tolerant of the di-
versity of image sizes (compressed or not), resolutions and lighting
conditions which makes it possible to work on existing leaf image da-
tabases or to aggregate data sets from different sources. The combi-
nation of such a high tolerance to image type and leaf characteristics
offers the opportunity to build standardized database of leaf binary
images from any biome, and to produce high amounts of data to
address functional ecology questions, to study biogeographical pat-
terns and drivers of morphological leaf traits and to feed allometric

models and algorithms of plant leaf classification.
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