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Weeds are a major constraint for crop production and food security. Chemical management, the most utilized
method for weed control, has serious drawbacks. In this context, the development of more sustainable methods
like site-specific weed management (SSWM) is highly deemed. With this study, we assessed the possibility of
applying two convolutional neural networks (CNN) for the recognition of different classes of weeds in a winter
wheat (T. aestivum) cultivation based on RGB images. By using this methodology, we were able to recognize with
a high average precision (AP > 0.6) some species whose abundance and distribution in the field was correlated
with the final wheat yield. We demonstrated that where the presence of R. raphanistrum, A. arvensis and P. rhoeas
was high at the tillering stage and weed biodiversity indexes were low (Menhinich’s Index, Simpson’s Reciprocal
Index and Shannon’s Index), wheat yield was significantly reduced. In contrast, higher weed biodiversity miti-
gated yield losses. Therefore, CNN is a useful tool for early evaluation of the impact that weeds may have on
yield, and it can be used as SSWM classifier for an early mapping of weeds, which is critical to improve our
understanding of weed ecology dynamics in agricultural fields.

Introduction

Among agricultural pests, weeds represent the main cause of yield
loss worldwide [1]. The potential yield losses in wheat (Triticum aestivum
L.) have been estimated around 23 % and attributed mainly to weeds
among the most critical biotic stressors [2]. In wheat, as well as most
other crops, weeds are controlled through applications of synthetic
herbicides [3], which have been documented to be the most abundant
class of pesticides used in global crop production from 1990 to 2020 [4].
Herbicides have numerous advantages compared to other weed control
methods, including high efficacy and wide adaptability to different
cropping systems. However, excessive use of herbicides has led to the
contamination of surface and ground water, damages to non-target
species, and development of resistance by weeds populations [5,6].
Moreover, the chemical weeding as well as intensive agriculture caused
the over-simplification of the cropping systems, leading to the occur-
rence of few dominant, highly competitive weed species in the culti-
vated fields [7,8]. The negative impact of weed chemical control on the
biodiversity of the cropping systems has therefore exacerbated the yield
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losses caused by this biotic constraint [8]. The ecological theories
behind these findings point out that where the biodiversity is high, the
competition for resources limits the prevalence of few dominant species
in terms of number and biomass, possibly delaying the critical period of
weed control (CPWC) and thus leading to lower weed-crop competition
[8]. Understanding how weed diversity can mitigate yield losses is of
critical importance in weed science [9]. Nevertheless, the implementa-
tion of biodiversity patterns/thresholds that may be functional to
develop sustainable strategies for weed management have been
restricted by technological limitations in weed identification, that
impaired a thorough understanding of the ecological basis of weed in-
festations and its relationship with the crop performance [10]. Different
methods for weed identification in the field have been proposed,
including use of sensors to discriminate crop rows from weeds [11], and
the use of multispectral images to identify differences between crops and
weeds [12]. In contrast, a few attempts have been carried out with the
aim to discriminate single weed species, an approach that is necessary to
support the study of weed biodiversity in agricultural fields and expand
our understanding on weed ecology [13]. Convolutional Neural
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Table 1
List of the weed species with their EPPO code and the number of individuals
manually annotated with CVAT after slicing.

Weed species EPPO Number of annotations

Raphanus raphanistrum RAPRA 11,721

Anthemis arvensis ANTAR 10,316
Papaver rhoeas PAPRH 6129
Chenopodium album CHEAL 4977
Medicago polymorpha MEDPO 1436
Polygonum aviculare POLAV 2378
Veronica spp. 1VERG 871
Stellaria media STEME 231
Fumaria officinalis FUMOF 461
Ranunculus repens RANRE 516

Total 39,006

Network (CNN) is a particular application of neural networks generally
used for object detection in computer vision [14,15]. Here we demon-
strate that the application of CNN to weed identification can contribute
to develop a flexible classifier for Multiple species of weeds in wheat
field, enabling the identification of weed species composition at an early
stage of infestation, giving important information on the weed biodi-
versity in the field.

Materials and methods
Plant material and experimental design

The experiment was conducted during the growing season of
2021-2022 at the experimental field of the Department of Agricultural
Science of the University of Naples Federico II (Portici, IT, 40°48'52"°N,
14°20'48°°E). The soil of the field presented a sandy-loam texture with
the following characteristics: sand 77.9 %, clay 6.5 %, silt 15.6 %, 71
ppm available P;Os, and 841 ppm exchangeable K;O. A mixture of
different varieties of wheat from APSOV Sementi S.p.a (Lombardy,
Italy), named “Don Carmine”, was used. The experimental plots were 4
m? arranged in a completely randomized design with two treatments:
weed-free (eight replicates) and weedy plot (14 replicates). Sowing was
performed on December 15th, 2021, with a density of 450 seeds per m?
with an inter-row distance of 10 cm. Fertilization was made following
the guidelines of the Campania region, with the application of phos-
phorus at sowing, and two applications of nitrogen at tillering and stem
elongation for a total of 150 kg ha! of nitrogen. Weed control in the
weed-free plot was performed by the application of Timeline Trio®, a
selective herbicide with three different active molecules (pinoxaden,
clodinafop-propargyl and florasulam) for the control of dicotyledonous
and monocotyledonous weeds. The selectivity toward wheat was guar-
anteed by the presence of the safener molecule cloquintocet-mexyl. The
application was carried out at the tillering stage of wheat with a dose of
1 L hal. Wheat was harvested on June 22nd, 2022, 189 days after
sowing (DAS).

Agronomic measurement on wheat

At the heading stage (145 DAS) and at harvest (189 DAS), 1 m? per
plot was used for the determination of different agronomic traits on
wheat. At the heading stage, wheat plants were collected and counted
for the determination of their density per m2. Plants were then separated
into their vegetative and reproductive portions and weighted for fresh
shoot biomass determination and spike fresh biomass determination. At
harvest (189 DAS), plants were counted for the determination of their
density per plot. Then, wheat plants were divided in spikes and vege-
tative portions for the determination of shoot and spikes dry weights.
Spikes were then subjected to threshing with a bench thresher to sepa-
rate the kernels from husks for yield determination.
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Determination of weed density

Weed density was evaluated at the tillering stage (43 DAS), and at
the heading stage of wheat (145 DAS). At tillering stage, weed density
per single species was evaluated on pictures acquired with a commercial
RGB camera (Huawai Mate 20 Pro, 16-megapixel, resolution of 3968 x
2976 px) between 10:00AM and 12:00PM. Three pictures per plot were
acquired at ~60 cm from the top of the canopy, for an area of ~0.5 m?
per plot. In this phase, the herbicide treatment was not yet performed.
Therefore, the pictures were acquired on all the plots of the field (n =
24). The acquisition height was measured with a roll meter from the soil
to the camera. In every picture, a scale was present to make comparable
the densities throughout the dataset. The weeds in the pictures were
manually annotated with an online free tool “Computer Vision Annotation
Tool” [16]. The total weed density was calculated as the sum of the
number of individuals per plot independently from their species. In
total, the dataset consisted of 72 images with a total of 39,006 elements
manually annotated (i.e., weed individual plants) as reported in Table 1.
Twelve different classes (i.e., weed species) were identified: Raphanus
raphanistrum, Anthemis arvensis, Papaver rhoeas, Chenopodium album,
Melilotus officinalis, Medicago polymorpha, Polygonum aviculare, Veronica
persica, Veronica hederifolia, Stellaria media, Fumaria officinalis, Ranun-
culus repens.

The classes “V. persica” and “V. hederifolia” were merged in one single
class “Veronica spp.” due to the morphological similarity that did not
allow their discrimination at early stages of growth, as well as their low
density found in the field. Similarly, “Melilotus officinalis” and “Medicago
polymorpha” were merged in one single class. At the heading stage,
weeds were cut at the collar, counted, and identified to calculate the
density per single species (145 DAS) in the 1 m? sampling area used for
agronomic measurements on wheat.

Biodiversity index

At tillering stage (43 DAS) and heading stage (145 DAS) were
assessed also several biodiversity index such as the Menhinick’s Index,
Simpson’s Reciprocal Index and Shannon’s Diversity index according to
Kitikidou et al. [17].

Statistical analysis

Correlation matrices and all other statistical analyses were carried
out with the open-source RStudio, correlation matrices were performed
with the package “corrplot” [18]. Other graphics were obtained with
SigmaPlot (Palo Alto, CA, USA).

Training of the convolutional neural network and model goodness
evaluation

A convolutional neural network (CNN) was trained on the basis of
the annotations performed on weeds at wheat tillering stage. All pictures
were sliced in smaller images with a resolution of 640 x 640 pixels for a
total of 3456 images use to train the CNN. For this operation it was
utilized an open-source framework called “Slicing Hyper Aided Inference”
[19]. The final dataset was composed by the number of annotations
reported in Table 1.

The CNNs chosen for the identification of weed species have been
“You only look once version 5" (YOLO v5) [20] and “You only look once
version 8" (YOLO v8) [21]. For the training it was utilized a GPU-sharing
platform for data science Kaggle (Kaggle Inc, Delaware, USA). The im-
ages present in the final dataset were allocated for the 60 % to the
training dataset, 20 % to the validation dataset and 20 % to test dataset.
The main metrics utilized for the evaluation of the goodness model were
average precision (AP) and mean average precision (mAP) on the basis
of the intersection over union (IoU), that represent the ratio of the
shared area between the annotation from the model and the ground
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Table 2

Density for singular weed species present in weedy plot at tillering and heading
stage. Asterisks indicate statistical differences according to the test-t (ns = not
significant, * = p < 0.05; *** = p < 0.001).

Weed species Tillering Heading Percent variation

Number of plants m™

Significance

R. raphanistrum 286.4 64 -77 %
A. arvensis 299.1 148 —50 % *

P. rhoeas 175.4 36.9 —78 % bl

C. album 134.6 0.1 —99 % *

M. polymorpha 28.5 53.4 87 % *
P. aviculare 54.9 44 -19% ns
Veronica spp. 18.4 5.2 71 % bl

S. media 6.18 6.2 1% ns
F. officinalis 3.25 0.2 —-91 % el
R. repens 13.1 2.7 -79 % bl
Total 1101.5 425.6 —61 % okl
Table 3

Average precision value obtained on test dataset at the end of training.

Weed species Average Precision (0.5)

YOLOvVS YOLOV8
Raphanus raphanistrum 0.80 0.81
Anthemis arvensis 0.84 0.85
Papaver rhoeas 0.67 0.71
Chenopodium album 0.29 0.39
Medicago polymorpha 0.34 0.45
Polygonum aviculare 0.56 0.61
Veronica spp. 0.03 0.24
Stellaria media 0.002 0.01
Fumaria officinalis 0.32 0.44
Ranunculus repens 0.26 0.44
mAP 0.41 0.50
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Fig. 1. Training and validation loss for YOLOv5 (A-B) and YOLOvVS8 (C-D).

truth annotation, and the total area from the union of the two annota-
tions [22]. The IoU defines the threshold for three key categories:

e True positive (TP). Correct detection of a ground-truth annotation
e False positive (FP). Incorrect detection of a non-existing annotation
or misplaced detection of an existing annotation
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Average precision

Number of elements

Fig. 2. Correlation between the average precision (AP) and the number of
annotations per single species reported in Table 1.

o False negative (FN). Undetected ground-truth annotation
Using these categories, it was possible to define the Precision (P) and

Recall (R) values:

TP R P
TP+FP ~ TP+FN

The AP with an IoU of 0.5 was defined as the area under the Preci-
sion/Recall curve [23]. The mAP was defined by the following equation:

P=

n
mAP = % xZAPi
i=1

Where n is the number of classes. AP and mAP with an IoU of 0.5 are the
most frequently utilized metrics for the evaluation of model goodness
[22]. The results of metrics used here are referred to the test dataset.

Results
Training and metrics of convolutional neural network training

The CNNs were trained for an increasing number of epochs to
establish the correct number to avoid overfitting as we can see from the
validation loss (Fig. 4). The validation loss rapidly decreases in the early
epochs for YOLOV5 (Fig. 4-B), meanwhile for YOLOvS8 the decrease was
more gradual (Fig. 4-C). The value of AP and mAP precision with an IOU
of 0.5 taken at the end of the CNN training are reported in Table 3. The
higher AP (> 0.6) have been obtained for R. raphanistrum, A. arvensis, P.
rhoeas, with YOLOV5, and for P. aviculare with YOLOvS. For the other
species the APs were smaller, ranging from 0.001 for S. media to 0.34 for
M. polymorpha (Table 3). These results show a positive correlation (r2 =
0.73) between the AP and the number of annotations per single species
(Fig. 3).

Weed density and species distribution

The density of weed species from tillering to the heading stage
showed significant variations (Table 2). At the heading stage, weed
species such as R. rapanistrum, A. arvensis, and C. album showed a
reduction of their density compared to the density at the tillering stage
(=77 %, —50 %, and —99 %, respectively). P. aviculare and S. media
densities were not reduced at the heading stage compared to the tillering
stage, while the M. polymorpha class showed an increase of its density
(+87 %) compared to the tillering stage.
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Correlation between initial weed density and final wheat biometric
parameters

Weed total density at tillering stage showed a high correlation with
wheat yield at final stage (r = —0.82). This parameter was also positive
correlated with P. rhoeas (PAPRH), R. raphanistrum (RAPRA) and A.
arvensis (ANTAR) and negative correlated with three biodiversity in-
dexes: Menhinick’s Index (r = —0.82), Simpson’s Reciprocal Index (r =
—0.51) and Shannon Diversity Index (r = —0.51). All agronomical pa-
rameters of wheat at different phenological stages are reported in sup-
plementary material (Figs. S7-S9). Moreover, correlation between
biodiversity index and final harvest are reported in Figs. S11, S12.

Correlation between yield and biodiversity index at heading stage

Total weed density at heading stage showed a good correlation with

Tillering

P. aviculare

Others

M. polymorpha___

A
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wheat yield at final stage (r = —0.65). This parameter was also positively
correlated with P. rhoeas (PAPRH), R. raphanistrum (RAPRA), A. arvensis
(ANTAR), P. aviculare (POLAV) and R. repens (RANRE). The total weed
density was negatively correlated only with Menhinick’s Index (r =
—0.82).

Discussion
Convolutional neural networks to support site-specific weed management

Real time identification of weed species on large areas has severely
limited in-depth comprehension of weed ecology and relative implica-
tions of weed biodiversity on yield losses caused by weed-crop compe-
tition [24]. This limitation can be overcome by using convolutional
neural networks (CNN), an efficient technology for object detection in
different fields of application [25]. CNN have been applied for weed

Heading

Fig. 3. Weed distribution at the tillering and the heading stage of wheat. “Others” represent the species within the 2 % of the total density.
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Fig. 4. Correlation matrix between weed species reported with EPPO code, biodiversity index and total density at tillering stage (T) and wheat productivity pa-
rameters at harvest stage (HA). In the boxes are reported the Pearson correlation value. Blank boxes are not statistically significant (p < 0.05).
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detection with good results for a generic discrimination of weeds from
wheat and from other vegetable crops [26,27] or to detect single weed
species in the field [28]. Other studies performed weeds species iden-
tification with the use of CNN, but in some cases the images were taken
in laboratory [29], or the CNN was used for a classification task and not
for an object detection [30,31]. In other cases, CNN have been used for
weeds detection at advanced developmental stage [32-35]. In our
experiment we compared the different performances of two CNN ar-
chitectures, namely YOLOv5 and YOLOv8, which showed different ca-
pacity to recognize weeds. YOLOv8 improved the identification of all the
weed classes compared to the previous version YOLOVS5, with higher
average precision for A. arvensis (ANTAR), R. raphanistrum (RAPRA),
and P. rhoeas (PAPRH) (Table 3). It is worth to note that these weeds
represented the most dominant species found in the experimental field
(Table 2), and this is the main reason for the high average precision
obtained for these weed species, which allowed us to use a high number
of annotations for the CNN training (Fig. 2). The final dataset utilized for
the training of the two CNN architectures was the largest in terms of
number of objects among those used in the literature for similar analyses
on weeds in the open field (Table S4). In addition, to the best of our
knowledge, this is the first time that the most updated CNN architecture
YOLOVS has been used for weed identification. (Table S4). Moreover,
this study provides a system for the identification of weeds at an early
stage of development, which is the crucial moment for the evaluation of
the intensity/magnitude of weed infestation. Several studies indicate
that the initial weed density can be detrimental to crop development.
Indeed, it has been reported that weed competition causes different
levels of yield loss depending on the phenological stages of the crop. On
corn, only weed competition occurring at the emergence stage causes
significant yield losses, while it did not affect the yield when they were
controlled until the fourth to sixth leaf stage [36]. Similarly, weed
competition in rice after 29 to 32 days after sowing had negligible effects
on crop yield [37]. On the basis of these evidence, the evaluation of

weed presence at an early stage of wheat cultivation is a pivotal indi-
cator of yield losses induced by weeds. We show that the early identi-
fication by CNNs allowed us to assess the levels of weed biodiversity and
its implication on wheat productivity. This may help us to improve the
sustainability of weed control and increase the ecological services pro-
vided by agriculture since, based on this knowledge, the
sustainability-productivity trade-off can be better tuned [38-41].

Low biodiversity causes dominant species over-growth and higher yield
losses

Early identification of weed species at the tillering stage allowed us
to correlate the density of these species and wheat biometric and pro-
ductive parameters (Fig. 4). Weed total density at the tillering stage was
correlated with the presence of the most dominant species
R. raphanistrum (RAPRA), A. arvensis (ANTAR) and P. rhoaes (PAPRH),
and inversely correlated with weed biodiversity (Fig. 4). Moreover,
biodiversity indices were positively correlated with yield (Fig. 4,
Figs. S11, S12). This is highly relevant since it underlines that diversi-
fied weed communities can reduce the weed competitiveness, and thus
crop yield losses [42]. Indeed, notwithstanding the impact that single
weed species can have on crop productivity, it is pivotal to understand in
which ecological dynamics these species become noxious, an aspect that
has been linked with the over-simplification of agricultural cropping
systems, and already highlighted in the literature [43]. Esposito et al.,
[44] found that the composition of weed communities can be an
important factor in crop-weeds interaction. With a cluster analysis
approach, they found two weed communities, one of which did not
reduce the wheat production. Ferrero et al. [45] in a long-term study of
15 years analyzed the impact of weed diversity on soybean. Also in this
case, an increase of weed diversity was positively associated with yield.
Similarly, Adeux et al. [9] found that more biodiverse weed commu-
nities were correlated with lower yield losses. Indeed, where dominant
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Fig. 6. Schematic representation of the possible output from the use of con-
volutional neural network. The weed classification can be useful to improve our
knowledge about ecology of weeds and their biodiversity, and at same time is
fundamental for the application of site-specific weed management.

species are present, they can easily reach high densities and biomass,
exceeding the critical period for weed control [46]. Our results
confirmed that where the biodiversity was low, the total weed density
was high as well as the yield losses (Fig. 4). Likewise, dominant species
were favored, as confirmed by the inverse correlation between biodi-
versity and A. arvensis (ANTAR), R. raphanistrum (RAPRA), and P. rhoaes
(PAPRH) density (Table 2). It is therefore pivotal to find the best prac-
tices able to increase weed biodiversity in the agro-ecosystem that can
favor species co-existence thus reducing yield loss caused by weeds [8,
44,47,48]. Artificial intelligence and robotics can represent a key tool to
this aim. In order to guarantee both productivity and biodiversity,
Zingsheim and Doring [10] stated that a robot should be technically
capable to distinguish between crop plants vs weeds, and among weeds
the single weed species. As previously pointed out, a species specific
CNN can respond to this need since it can comprehensively track the
initial weed density in crops both in terms of quantity and composition.

Adaptive traits to understand weed dynamics and the implication on yield
loss

The competitive traits of weeds are the main reason of their impact
on crop productivity, depending on the factors for which crops and
weeds compete in the open field. Resource scarcity (water, nutrients), as
well as the competition for light, are the main drivers of weed induced
yield losses, with negative impacts on quantitative and qualitative yield.
In this experiment, weed dynamics could reason the effects of weed
competition on wheat yield. At the early stage of wheat growth
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(tillering), three dominant weeds were present, namely R. raphanistrum
(RAPRA), A. arvensis (ANTAR), and P. rhoaes (PAPRH) (Fig. 1, Table 2).
R. raphanistrum is a well-established noxious weed for wheat [49-51]
with the capacity to reduce yield even with a density of 15 plants m™
[50]. Also, A. arvensis can be a problematic weed, with high plasticity
and adaptability to different environmental constraints [52-54]. Simi-
larly, P. rhoaes is one of the most problematic weeds in wheat fields, due
to the competition for water and light, its high seed production, and its
ability to persist in the field. It has been estimated that this species in-
duces up to 32 % of yield loss in wheat [28]. Where the density of these
species was high, the weed biodiversity was significantly reduced, and
yield losses were higher. At the heading stage, the weed distribution
showed an increase of the presence of M. polymorpha (1LEGF) and
P. aviculare (POLAV) (Fig. 5). Also in this case, the different competitive
traits of the two weeds can be related with the results on weed biodi-
versity, total weed density, and wheat yield (Fig. 5). Indeed,
M. polymorpha was only present where the total weed density was low,
thus where the dominant species found at the tillering stage were absent.
This led to a low competition toward wheat, that can be explained by i)
the late presence of these species, that had a minor impact on wheat
yield loss, which further confirmed the higher detrimental impact of
weed competition at early stages of plant cultivation; ii) the absence of
competition for nitrogen, due to the ability to nitrogen fixation of this
leguminous species. In contrast, P. aviculare did not show correlations
with total weed density, with the dominant species density, and with
wheat yield at the tillering stage (Fig. 4). At the heading stage, its density
was negatively correlated with wheat yield (Fig. 5). This is probably due
to the ability to tolerate the shading induced by the other species,
allowing to maintain a similar density at the two time of assessment [55,
56]. Perthame et al. [57], found that nitrogen assimilation in P. aviculare
was not affected by light scarcity, leading to enhanced performances of
this weed underneath the canopy of competitor plants. The ability to
intercept the sunlight underneath the competitor canopies is functional
to the continuous production of propagules [58,59]. Differently from
M. polymorpha, the presence of P. aviculare (i.e., a non nitrogen-fixing
species) could have induced a high competition for nitrogen, thus
exacerbating the competitiveness toward wheat. These aspects under-
line that an appropriate knowledge of the weed dynamics in the field is
necessary to optimize weed management. It is also important to point
out that these results derive from one single growing season, which
could represent a limitation to the full understanding of weed dynamics.
Moreover, the RGB recognition could be expanded and improved by
using multispectral or hyperspectral images, which would allow us to
better discriminate among morphologically similar species [60,61].

Conclusions

Weeds are the most problematic biotic constraints for wheat pro-
duction. Herbicides have always been proven to be an effective solution
for weeds management, but the shortcomings from their widespread use
have been revealed overtime. Site-specific weed management is a
valuable tool that may limit problems associated to herbicides and
intensive use of chemicals in agriculture. Convolutional neural networks
can be implemented to enhance the efficacy of this strategy because they
can be used for early stage weed detection, improve our knowledge on
weed ecology and so helping us to understand the effects of weed den-
sity, weed biodiversity, and their community composition on crop yield
(Fig. 6).

Authorship

We confirm that the manuscript has been read and approved by all
named authors.



C. Russo et al.
Funding

This study was carried out within the Agritech National Research
Center and received funding from the European Union Next-Generation
EU (PIANO NAZIONALE DI RIPRESA E RESILIENZA (PNRR) - MIS-
SIONE 4 COMPONENTE 2, INVESTIMENTO 1.4 — D.D. 1032 17/06/
2022, CN00000022). This manuscript reflects only the authors’ views
and opinions, neither the European Union nor the European Commission
can be considered responsible for them.

Ethics statement

Not applicable: This manuscript does not include human or animal
research.

CRediT authorship contribution statement

Claudio Russo: Writing — original draft, Visualization, Software,
Methodology, Investigation, Formal analysis, Data curation. Valerio
Cirillo: Writing - review & editing, Validation, Supervision, Method-
ology, Investigation, Conceptualization. Marco Esposito: Methodology,
Investigation. Matteo Lentini: Methodology, Investigation. Nausicaa
Pollaro: Methodology, Investigation. Albino Maggio: Writing — review
& editing, Validation, Supervision, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

We are grateful to Roberto Maiello and Daniele Todisco for excellent
technical assistance.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.atech.2024.100594.

References

[1] B.S. Chauhan, Grand challenges in weed management, Front. Agron. 1 (2020),
https://doi.org/10.3389/fagro.2019.00003.

[2] E.C. Oerke, Crop losses to pests, J. Agric. Sci. (2006), https://doi.org/10.1017/
50021859605005708.

[3] K.N. Harker, J.T. O’'Donovan, Recent weed control, weed management, and
integrated weed management, Weed Technol. 27 (2013) 1-11, https://doi.org/
10.1614/WT-D-12-00109.1.

[4] FAO. World Food and Agriculture — Statistical Yearbook 2023, 2023, https://doi.
org/10.4060/cc8166en.

[5] R. Annett, H.R. Habibi, A. Hontela, Impact of glyphosate and glyphosate-based
herbicides on the freshwater environment, J. Appl. Toxicol. 34 (2014) 458-479,
https://doi.org/10.1002/jat.2997.

[6] L. Guzzella, F. Pozzoni, G. Giuliano, Herbicide contamination of surficial
groundwater in Northern Italy, Environ. Pollut. 142 (2006) 344-353, https://doi.
0rg/10.1016/j.envpol.2005.10.037.

[7] C. MacLaren, J. Storkey, A. Menegat, H. Metcalfe, K. Dehnen-Schmutz, An

ecological future for weed science to sustain crop production and the environment.

A review, Agron. Sustain. Dev. 40 (2020) 24, https://doi.org/10.1007/s13593-

020-00631-6.

J. Storkey, P. Neve, What good is weed diversity? Weed Res. 58 (2018) 239-243,

https://doi.org/10.1111/wre.12310.

[8

—

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Smart Agricultural Technology 9 (2024) 100594

G. Adeux, E. Vieren, S. Carlesi, P. Barberi, N. Munier-Jolain, S. Cordeau, Mitigating
crop yield losses through weed diversity, Nat. Sustain. 2 (2019) 1018-1026,
https://doi.org/10.1038/541893-019-0415-y.

M.L. Zingsheim, T.F. Doring, What weeding robots need to know about ecology,
Agric. Ecosyst. Environ. 364 (2024) 108861, https://doi.org/10.1016/j.
agee.2023.108861.

J.M. Penia, J. Torres-Sanchez, A.I. de Castro, M. Kelly, F. Lopez-Granados, Weed
mapping in early-season maize fields using object-based analysis of unmanned
aerial vehicle (UAV) images, PLoS One 8 (2013) e77151, https://doi.org/10.1371/
journal.pone.0077151.

M.P. Martin, L. Barreto, D. Riano, C. Fernandez-Quintanilla, P. Vaughan, Assessing
the potential of hyperspectral remote sensing for the discrimination of grassweeds
in winter cereal crops, Int. J. Remote Sens. 32 (2011) 49-67, https://doi.org/
10.1080/01431160903439874.

M. Esposito, M. Crimaldi, V. Cirillo, F. Sarghini, A. Maggio, Drone and sensor
technology for sustainable weed management: a review, Chem. Biol. Technol.
Agric. 8 (2021) 18, https://doi.org/10.1186/s40538-021-00217-8.

A.T. Lopes, E. de Aguiar, A.F. De Souza, T. Oliveira-Santos, Facial expression
recognition with convolutional neural networks: coping with few data and the
training sample order, Pattern. Recognit. 61 (2017) 610-628, https://doi.org/
10.1016/j.patcog.2016.07.026.

Z. Zuo, G. Wang, B. Shuai, L. Zhao, Q. Yang, Exemplar based deep discriminative
and shareable feature learning for scene image classification, Pattern. Recognit. 48
(2015) 3004-3015, https://doi.org/10.1016/j.patcog.2015.02.003.

B. Sekachev, N. Manovich, M. Zhiltsov, A. Zhavoronkov, D. Kalinin, B. Hoff,
TOsmanov, D. Kruchinin, A. Zankevich, Sidnev, Dmitriy, M. Markelov,
Johannes222, M. Chenuet, a-andre, telenachos, A. Melnikov, J. Kim, L. Ilouz, N.
Glazov, Priya4607, R. Tehrani, S. Jeong, V. Skubriev, S. Yonekura, truong, vugia,
zliang7, lizhming, T. Truong, 2020. Opencv/cvat: v1.1.0. 10.5281/
ZENODO.4009388.

K. Kitikidou, E. Milios, A. Stampoulidis, E. Pipinis, K. Radoglou, Using biodiversity
indices effectively: considerations for forest management, Ecologies. (Basel) 5
(2024) 42-51, https://doi.org/10.3390/ecologies5010003.

T. Wei, V. Simko, R package “corrplot™: visualization of a correlation, matrix
(2021).

F.C Akyon, S.O. Altinuc, A. Temizel, Slicing aided hyper inference and fine-tuning
for small object detection, arXiv (2019) 2202.06934, https://doi.org/10.48550/
arXiv.2202.06934.

G. Jocher, A. Chaurasia, A. Stoken, J. Borovec, NanoCode012, Y. Kwon, TaoXie, K.
Michael, J. Fang, imyhxy, Lorna, C. Wong, Yifu) ®i%X (Zeng, V. A., D. Montes, Z.
Wang, C. Fati, J. Nadar, Laughing, UnglvKitDe, tkianai, yxNONG, P. Skalski, A.
Hogan, M. Strobel, M. Jain, L. Mammana, xylieong, 2022. Ultralytics/yolov5: v6.2
- YOLOVS5 classification models, apple M1, reproducibility, ClearML and Deci.ai
integrations. 10.5281/ZENODO.7002879.

G. Jocher, A. Chaurasia, J. Qiu, Ultralytics YOLO (2023).

R. Padilla, W.L. Passos, T.L.B. Dias, S.L. Netto, E.A.B. da Silva, A comparative
analysis of object detection metrics with a companion open-source toolkit,
Electronics. (Basel) 10 (2021) 279, https://doi.org/10.3390/electronics10030279.
P. Henderson, V. Ferrari, End-to-end training of object class detectors for mean
average precision, arXiv (2017) 1607.03476, https://doi.org/10.48550/
arXiv.1607.03476.

F. Lopez-Granados, Weed detection for site-specific weed management: mapping
and real-time approaches, Weed. Res. 51 (2011) 1-11, https://doi.org/10.1111/
j-1365-3180.2010.00829.x.

R. Gerhards, D.A. Sanchez, P. Hamouz, G.G. Peteinatos, S. Christensen,

C. Fernandez-Quintanilla, Advances in site-specific weed management in
agriculture—a review, Weed. Res. 62 (2022) 123-133, https://doi.org/10.1111/
wre.12526.

M. Dyrmann, R.N. Jgrgensen, H.S. Midtiby, RoboWeedSupport - detection of weed
locations in leaf occluded cereal crops using a fully convolutional neural network,
Adv. Anim. Biosci. 8 (2017) 842-847, https://doi.org/10.1017/
5$2040470017000206.

X. Jin, Y. Sun, J. Che, M. Bagavathiannan, J. Yu, Y. Chen, A novel deep learning-
based method for detection of weeds in vegetables, Pest. Manage Sci. 78 (2022)
1861-1869, https://doi.org/10.1002/ps.6804.

F.J. Pérez-Porras, J. Torres-Sanchez, F. Lopez-Granados, F.J. Mesas-Carrascosa,
Early and on-ground image-based detection of poppy (Papaver rhoeas) in wheat
using YOLO architectures, Weed. Sci. (2022) 1-9, https://doi.org/10.1017/
wsc.2022.64.

T. Giselsson, R. Jgrgensen, P. Jensen, M. Dyrmann, H. Midtiby, A public image
database for benchmark of plant seedling classification algorithms, arXiv (2017)
1711.05458, https://doi.org/10.48550/arXiv.1711.05458.

H. Jiang, C. Zhang, Y. Qiao, Z. Zhang, W. Zhang, C. Song, CNN feature based graph
convolutional network for weed and crop recognition in smart farming, Comput.
Electron. Agric. 174 (2020) 105450, https://doi.org/10.1016/j.
compag.2020.105450.

P. Wang, Y. Tang, F. Luo, L. Wang, C. Li, Q. Niu, H. Li, Weed25: a deep learning
dataset for weed identification, Front. Plant Sci. 13 (2022), https://doi.org/
10.3389/fpls.2022.1053329.

S.P. Adhikari, H. Yang, H. Kim, Learning semantic graphics using convolutional
encoder-decoder network for autonomous weeding in paddy, Front. Plant Sci. 10
(2019), https://doi.org/10.3389/fpls.2019.01404.

M. Anul Haq, CNN based automated weed detection system using UAV imagery,
Comput. Syst. Sci. Eng. 42 (2022) 837-849, https://doi.org/10.32604/
csse.2022.023016.


https://doi.org/10.1016/j.atech.2024.100594
https://doi.org/10.3389/fagro.2019.00003
https://doi.org/10.1017/S0021859605005708
https://doi.org/10.1017/S0021859605005708
https://doi.org/10.1614/WT-D-12-00109.1
https://doi.org/10.1614/WT-D-12-00109.1
https://doi.org/10.4060/cc8166en
https://doi.org/10.4060/cc8166en
https://doi.org/10.1002/jat.2997
https://doi.org/10.1016/j.envpol.2005.10.037
https://doi.org/10.1016/j.envpol.2005.10.037
https://doi.org/10.1007/s13593-020-00631-6
https://doi.org/10.1007/s13593-020-00631-6
https://doi.org/10.1111/wre.12310
https://doi.org/10.1038/s41893-019-0415-y
https://doi.org/10.1016/j.agee.2023.108861
https://doi.org/10.1016/j.agee.2023.108861
https://doi.org/10.1371/journal.pone.0077151
https://doi.org/10.1371/journal.pone.0077151
https://doi.org/10.1080/01431160903439874
https://doi.org/10.1080/01431160903439874
https://doi.org/10.1186/s40538-021-00217-8
https://doi.org/10.1016/j.patcog.2016.07.026
https://doi.org/10.1016/j.patcog.2016.07.026
https://doi.org/10.1016/j.patcog.2015.02.003
https://doi.org/10.3390/ecologies5010003
http://refhub.elsevier.com/S2772-3755(24)00199-0/sbref0054
http://refhub.elsevier.com/S2772-3755(24)00199-0/sbref0054
https://doi.org/10.48550/arXiv.2202.06934
https://doi.org/10.48550/arXiv.2202.06934
http://refhub.elsevier.com/S2772-3755(24)00199-0/sbref0030
https://doi.org/10.3390/electronics10030279
https://doi.org/10.48550/arXiv.1607.03476
https://doi.org/10.48550/arXiv.1607.03476
https://doi.org/10.1111/j.1365-3180.2010.00829.x
https://doi.org/10.1111/j.1365-3180.2010.00829.x
https://doi.org/10.1111/wre.12526
https://doi.org/10.1111/wre.12526
https://doi.org/10.1017/S2040470017000206
https://doi.org/10.1017/S2040470017000206
https://doi.org/10.1002/ps.6804
https://doi.org/10.1017/wsc.2022.64
https://doi.org/10.1017/wsc.2022.64
https://doi.org/10.48550/arXiv.1711.05458
https://doi.org/10.1016/j.compag.2020.105450
https://doi.org/10.1016/j.compag.2020.105450
https://doi.org/10.3389/fpls.2022.1053329
https://doi.org/10.3389/fpls.2022.1053329
https://doi.org/10.3389/fpls.2019.01404
https://doi.org/10.32604/csse.2022.023016
https://doi.org/10.32604/csse.2022.023016

C. Russo et al.

[34]

[35]

[36]

[371

[38]

[39]

[40]
[41]
[42]

[43]

[44]

[45]

[46]

[47]

A. dos Santos Ferreira, D.M. Freitas, G.G. da Silva, H. Pistori, M.T. Folhes,
Unsupervised deep learning and semi-automatic data labeling in weed
discrimination, Comput. Electron. Agric. 165 (2019) 104963.

A. Olsen, D.A. Konovalov, B. Philippa, P. Ridd, J.C. Wood, J. Johns, W. Banks,
B. Girgenti, O. Kenny, J. Whinney, B. Calvert, M.R. Azghadi, R.D. White,
DeepWeeds: a multiclass weed species image dataset for deep learning, Sci. Rep. 9
(2019) 2058, https://doi.org/10.1038/541598-018-38343-3.

M.R. Jeschke, D.E. Stoltenberg, G.O. Kegode, J.A. Dille, G.A. Johnson, Weed
community emergence time affects accuracy of predicted corn yield loss by
WeedSOFT, Weed Technol. 23 (2009) 477-485, https://doi.org/10.1614/WT-08-
138.1.

D.E. Johnson, M.C.S. Wopereis, D. Mbodj, S. Diallo, S. Powers, S.M. Haefele,
Timing of weed management and yield losses due to weeds in irrigated rice in the
Sahel, Field. Crops Res. 85 (2004) 31-42, https://doi.org/10.1016/50378-4290
(03)00124-2.

R. Gerhards, S. Christensen, Real-time weed detection, decision making and patch
spraying in maize, sugarbeet, winter wheat and winter barley, Weed. Res. 43
(2003) 385-392, https://doi.org/10.1046/j.1365-3180.2003.00349.x.

R. Gerhards, M. Sokefeld, K. Schulze-Lohne, D.A. Mortensen, W. Kiihbauch, Site
specific weed control in winter wheat, J. Agron. Crop. Sci. 178 (1997) 219-225,
https://doi.org/10.1111/j.1439-037X.1997.tb00494.x.

L. Tian, J.F. Reid, J.W. Hummel, Development of a precision sprayer for site-
specific weed management, Trans. ASAE 42 (1999) 893.

C. Timmermann, R. Gerhards, W. Kiihbauch, The economic impact of site-specific
weed control, Precis. Agric. 4 (2003) 249-260.

J. Storkey, D.B. Westbury, Managing arable weeds for biodiversity, Pest. Manage
Sci. 63 (2007) 517-523, https://doi.org/10.1002/ps.1375.

J.A. Foley, R. DeFries, G.P. Asner, C. Barford, G. Bonan, S.R. Carpenter, F.

S. Chapin, M.T. Coe, G.C. Daily, H.K. Gibbs, J.H. Helkowski, T. Holloway, E.

A. Howard, C.J. Kucharik, C. Monfreda, J.A. Patz, I.C. Prentice, N. Ramankutty, P.
K. Snyder, Global consequences of land use, Science (1979) 309 (2005) 570-574,
https://doi.org/10.1126/science.1111772.

M. Esposito, V. Cirillo, P. De Vita, E. Cozzolino, A. Maggio, Soil nutrition
management may preserve non-detrimental weed communities in rainfed winter
wheat (T. aestivum), Agric. Ecosyst. Environ. 355 (2023) 108596, https://doi.org/
10.1016/j.agee.2023.108596.

R. Ferrero, M. Lima, A.S. Davis, J.L. Gonzalez-Andujar, Weed diversity affects
soybean and maize yield in a long term experiment in Michigan, USA, Front. Plant
Sci. 8 (2017), https://doi.org/10.3389/fpls.2017.00236.

S.Z. Knezevic, S.P. Evans, E.E. Blankenship, R.C. Van Acker, J.L. Lindquist, Critical
period for weed control: the concept and data analysis, Weed. Sci. 50 (2002)
773-786, https://doi.org/10.1614,/0043-1745(2002)050[0773:CPFWCT]2.0.CO;
2.

R.G. Smith, D.A. Mortesen, M.R. Ryan, A new hypothesis for the functional role of
diversity in mediating resource pools and weed—-crop competition in

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Smart Agricultural Technology 9 (2024) 100594

agroecosystems, Weed Res. 50 (2010) 37-48, https://doi.org/10.1111/j.1365-
3180.2009.00745.x.

B. Borgy, S. Gaba, S. Petit, X. Reboud, Non-random distribution of weed species
abundance in arable fields, Weed Res. 52 (2012) 383-389, https://doi.org/
10.1111/j.1365-3180.2012.00920.x.

R.D. Cousens, J.W. Warringa, J.E. Cameron, V. Hoy, Early growth and
development of wild radish (Raphanus raphanistrum L.) in relation to wheat, Aust.
J. Agric. Res. 52 (2001) 755, https://doi.org/10.1071/AR00150.

S.V. Eslami, G.S. Gill, B. Bellotti, G. McDonald, Wild radish (Raphanus
raphanistrum) interference in wheat, Weed. Sci. 54 (2006) 749-756, https://doi.
org/10.1614/WS-05-180R2.1.

C. Sun, M.B. Ashworth, K. Flower, M.M. Vila-Aiub, R.L. Rocha, H.J. Beckie, The
adaptive value of flowering time in wild radish (Raphanus raphanistrum), Weed Sci.
69 (2021) 203-209, https://doi.org/10.1017 /wsc.2021.5.

M.L. Flessner, 1.C. Burke, J.A. Dille, W.J. Everman, M.J. VanGessel, B. Tidemann,
M.R. Manuchehri, N. Soltani, P.H. Sikkema, Potential wheat yield loss due to weeds
in the United States and Canada, Weed Technol. 35 (2021) 916-923, https://doi.
org/10.1017/wet.2021.78.

Q.O.N. Kay, Anthemis arvensis L, J. Ecol. 59 (1971) 637, https://doi.org/10.2307/
2258337.

A. Wozniak, M. Soroka, Weed flora in crop rotation and winter wheat monoculture,
Spanish J. Agric. Res. 20 (2022) e0301, https://doi.org/10.5424/sjar/2022202-
18984.

T.M. Griffith, S.E. Sultan, Shade tolerance plasticity in response to neutral vs green
shade cues in Polygonum species of contrasting ecological breadth, New Phytol. 166
(2005) 141-148, https://doi.org/10.1111/j.1469-8137.2004.01277 x.

A.M.C. Verdt, M. Teresa Mas, Comparison of Polygonum aviculare L. seedling
survival under different tillage systems in Mediterranean dryland agroecosystems,
Acta Oecol. 25 (2004) 119-127, https://doi.org/10.1016/j.actao.2003.12.002.

L. Perthame, N. Colbach, H. Busset, A. Matejicek, D. Moreau, Morphological
response of weed and crop species to nitrogen stress in interaction with shading,
Weed Res. 62 (2022) 160-171, https://doi.org/10.1111/wre.12524.

M.S. Defelice, Common chickweed, Stellaria media Vill. - “Mere chicken feed?”,
Weed Technol. 18 (2004) 193-200, https://doi.org/10.1614/0890-037X(2004)
018[0193:CCSMLV]2.0.CO;2.

Inderjit, K. Dakshini, Allelopathic interference of chickweed, Stellaria media with
seedling growth of wheat (Triticum aestivum), Can. J. Bot. 76 (1998) 1317-1321,
https://doi.org/10.1139/b98-159.

L. Cotrozzi, Spectroscopic detection of forest diseases: a review (1970-2020),

J. For. Res. (Harbin) 33 (2022) 21-38, https://doi.org/10.1007/s11676-021-
01378-w.

M. Darbyshire, S. Coutts, E. Hammond, F. Gokbudak, C. Oztireli, P. Bosilj, J Gao,
E. SKlar, S. Parsons, Multispectral fine-grained classification of blackgrass in wheat
and barley crops, arXiv (2024) 2405.02218, https://doi.org/10.48550/
arXiv.2405.02218.


http://refhub.elsevier.com/S2772-3755(24)00199-0/sbref0011
http://refhub.elsevier.com/S2772-3755(24)00199-0/sbref0011
http://refhub.elsevier.com/S2772-3755(24)00199-0/sbref0011
https://doi.org/10.1038/s41598-018-38343-3
https://doi.org/10.1614/WT-08-138.1
https://doi.org/10.1614/WT-08-138.1
https://doi.org/10.1016/S0378-4290(03)00124-2
https://doi.org/10.1016/S0378-4290(03)00124-2
https://doi.org/10.1046/j.1365-3180.2003.00349.x
https://doi.org/10.1111/j.1439-037X.1997.tb00494.x
http://refhub.elsevier.com/S2772-3755(24)00199-0/sbref0050
http://refhub.elsevier.com/S2772-3755(24)00199-0/sbref0050
http://refhub.elsevier.com/S2772-3755(24)00199-0/sbref0051
http://refhub.elsevier.com/S2772-3755(24)00199-0/sbref0051
https://doi.org/10.1002/ps.1375
https://doi.org/10.1126/science.1111772
https://doi.org/10.1016/j.agee.2023.108596
https://doi.org/10.1016/j.agee.2023.108596
https://doi.org/10.3389/fpls.2017.00236
https://doi.org/10.1614/0043-1745(2002)050[0773:CPFWCT]2.0.CO;2
https://doi.org/10.1614/0043-1745(2002)050[0773:CPFWCT]2.0.CO;2
https://doi.org/10.1111/j.1365-3180.2009.00745.x
https://doi.org/10.1111/j.1365-3180.2009.00745.x
https://doi.org/10.1111/j.1365-3180.2012.00920.x
https://doi.org/10.1111/j.1365-3180.2012.00920.x
https://doi.org/10.1071/AR00150
https://doi.org/10.1614/WS-05-180R2.1
https://doi.org/10.1614/WS-05-180R2.1
https://doi.org/10.1017/wsc.2021.5
https://doi.org/10.1017/wet.2021.78
https://doi.org/10.1017/wet.2021.78
https://doi.org/10.2307/2258337
https://doi.org/10.2307/2258337
https://doi.org/10.5424/sjar/2022202-18984
https://doi.org/10.5424/sjar/2022202-18984
https://doi.org/10.1111/j.1469-8137.2004.01277.x
https://doi.org/10.1016/j.actao.2003.12.002
https://doi.org/10.1111/wre.12524
https://doi.org/10.1614/0890-037X(2004)018[0193:CCSMLV]2.0.CO;2
https://doi.org/10.1614/0890-037X(2004)018[0193:CCSMLV]2.0.CO;2
https://doi.org/10.1139/b98-159
https://doi.org/10.1007/s11676-021-01378-w
https://doi.org/10.1007/s11676-021-01378-w
https://doi.org/10.48550/arXiv.2405.02218
https://doi.org/10.48550/arXiv.2405.02218

	Convolutional neural network for the early identification of weeds: A technological support to biodiversity and yield losse ...
	Introduction
	Materials and methods
	Plant material and experimental design
	Agronomic measurement on wheat
	Determination of weed density
	Biodiversity index
	Statistical analysis
	Training of the convolutional neural network and model goodness evaluation

	Results
	Training and metrics of convolutional neural network training
	Weed density and species distribution
	Correlation between initial weed density and final wheat biometric parameters
	Correlation between yield and biodiversity index at heading stage

	Discussion
	Convolutional neural networks to support site-specific weed management
	Low biodiversity causes dominant species over-growth and higher yield losses
	Adaptive traits to understand weed dynamics and the implication on yield loss

	Conclusions
	Authorship
	Funding
	Ethics statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Supplementary materials
	References


