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Abstract

BACKGROUND: The aggregated spatial pattern of weeds in agricultural systems is a widespread phenomenon. Depending on
species characteristics, for example life form, weed patches may maintain their location across growing seasons. These spatial
and temporal patterns underpin site-specific weed control, where herbicide applications are tailored to within-field infestation
levels using variable rates and targeted spot spraying, thereby reducing overall herbicide use. The various practices that com-
prise conservation agriculture, like tillage reduction or cover crops, may affect the spatial patterns and temporal stability of
weeds. This study examines short-term responses of weed spatial and temporal patterns following the implementation of con-
servation agriculture practices. Ten large experimental plots, five for each of conservation and conventional agriculture,
located in northern Israel, were surveyed over two consecutive years (2021-2022) to evaluate the spatio-temporal
patterns of weeds.

RESULTS: Weed spatial patterns were influenced by both cropping system and species life form. Higher levels of weed aggre-
gation were observed in conservation compared to conventional agriculture. Perennial species formed denser weed patches
compared to annuals. Weed patch stability was mainly governed by species life form, with perennials demonstrating persistent
patches.

CONCLUSION: The transition to conservation agriculture may enhance the phenomena of weed aggregation and weed patch
stability even within a short time. Consequently, under these conditions, the benefits of site-specific weed control become even
more significant compared to conventional systems. This suggests that two key objectives, mitigating soil degradation and
decreasing the use of herbicides, can be accomplished through conservation agriculture and site-specific herbicide applica-
tions.

© 2025 The Author(s). Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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permanent soil cover via cover crops and mulch, and diversified
crop rotations.®

Since their introduction, herbicides have significantly improved
crop yields by providing effective, systematic, and economical
weed control.”® Nowadays, herbicides account for more than

1 INTRODUCTION

Weed control is essential for crop management to ensure optimal
growth conditions and support agricultural productivity.' Tillage
and herbicide applications are the two most widely used practices
for weed management in conventional farming systems. Recent
estimates indicate that two-thirds of Europe's arable land is man-
aged with conventional tillage.” Conventional tillage is linked to
various environmental problems, including soil degradation,
increased erosion, and nutrient depletion, all of which undermine
long-term soil health.>* To mitigate these impacts, it is essential to
adopt practices that minimize or eliminate the use of conven-
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tional tillage, thereby preserving soil structure and promoting sus-
tainable agriculture. Accordingly, alternative farming systems
have been proposed.” Conservation agriculture is increasingly
recognized as a sustainable cropping system, emphasizing princi-
ples such as minimal soil disturbance through no-tillage,
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50% of all pesticide applications worldwide, and their use con-
tinues to increase globally.”® The reduction of tillage, as pro-
moted in conservation agriculture, poses challenges for farmers,
often leading to stronger reliance on herbicides.'®'? Repeated
and widespread herbicide use has led to the emergence of
herbicide-resistant weed populations.’>™'> As a result, herbicides
become less effective, making weed control more challenging.
The decline in the efficacy of herbicides often results in increased
frequency and volume of herbicide applications,’® which in turn
accelerates resistance development and escalates production
costs.'”'® Apart from the challenge posed to crop production,
excessive herbicide use results in soil and water contamination,
impacts non-target species, and contributes to global biodiversity
loss.*'9%° Integrated weed management, through the application
of mechanical and cultural practices, is suggested as a proactive
and alternative tool to control herbicide-resistant weeds and help
prevent their recurrence.?’ In conservation agriculture, cover
crops and crop diversification may serve as weed management
practices®*™>> as well as provide a range of valuable ecosystem
services.”"2® While these practices are reported to control weeds
effectively, weed management in conservation agriculture still
relies predominantly on herbicide treatments.?>°

A suggested approach to reduce herbicide usage is precision
agriculture and, more explicitly, site-specific weed control
(SSWC)*' and time-specific weed control. %33 At the core of SSWC
lies the common phenomenon of weed aggregation into patches.
The SSWC approach involves the precise application of herbicides
exclusively to weed-infested zones within a field, thereby reduc-
ing chemical use, costs and pollution. Time-specific weed control
adds an important dimension by targeting weeds at their most
susceptible stage, considering the time they are predicted to
emerge.*? Weed patch stability, defined as the tendency of weed
patches to persist in the same locations across growing seasons,**
can facilitate informed mapping based on the field history of
high-risk zones. This enables early, targeted weed management
in areas where weeds are most likely to recur.®®

Weed aggregation is a prevalent phenomenon, whereas the
temporal stability of weed patches varies.>® Both generally
depend on species traits, farming practices, and the interaction
of the two.3® Life forms, reproduction modes and dispersal mech-
anisms are most likely to impact weed spatio-temporal patterns.
Annual weeds reproduce through seeds, which are spread by var-
ious mechanisms such as wind, water, and animals, typically
resulting in scattered and temporary infestations. Perennial
weeds, which spread through tubers, runners or rhizomes, typi-
cally form persistent, dense patches that gradually expand out-
ward. Weak spatio-temporal stability of weed patches in a field
may result from a high proportion of annual species in the com-
munity, with variable emergence patterns across years. Species

that dominate in one year but fail to emerge in the following year
(or vice versa) can lead to reduced patch stability over time, caus-
ing spatial weed patches to shift unpredictably from year to year.
Nonetheless, the resulting pattern highly depends on field activi-
ties during crop production. For example, weed patches have
been reported to be elongated along crop rows.>’~3° Perennial
species and weeds that shed seeds close to the mother plant,
without dispersal strategies, exhibit high patch stability.3#374° A
recent review by Blank et al.>® found that spatio-temporal weed
patterns have been widely studied under conventional agricul-
ture practices, whereas in emerging farming systems such as con-
servation agriculture, remain unexplored.

The practices encompassed by conservation agriculture may
differentially alter the spatio-temporal dynamics of individual
weed species compared to conventional systems. Reducing soil
disturbance limits vertical seed dispersal through the soil profile.
In addition, reduced runoff resulting from conservation tillage*'
may further decrease seed movement.** Consequently, both hor-
izontal and vertical seed movement are restricted,** potentially
causing seeds to accumulate near the soil surface in localized
areas, which can lead to the formation of compacted patches.**
The lack of seed movement may stabilize the location of weed
patches over time. No-till practices preserve root systems,
enabling perennials to regenerate even after removing above-
ground biomass,***® thereby facilitating the establishment
perennial weeds,*” whose patches are generally more stable than
annual patches.3**” In contrast, conservation cropping systems
may select for wind-dispersed species,*®**° that are associated
with a random spatial pattern.>® Some mechanical dispersal of
weed seeds, such as by harvesters,”' continues to occur across
cropping fields irrespective of production system. Cover crops
suppress weeds*® through a combination of aboveground bio-
mass, allelopathic compounds, and interactions with seed preda-
tors.>*>2>3 Variations in cover crop growth across space or time
can lead to the emergence of weed patches in new locations.
Crop diversification may serve as a weed control technique,****
but the specific crops and their associated management practices
can greatly influence the weed community.>* Consequently, the
occurrence of different weed species each year is likely to change
the locations of weed patches. Therefore, considering all prac-
tices, weed aggregation and stability may both be elevated or
decreased, as summarized in Table 1.

Increased clustering and patch stability in conservation com-
pared with conventional agrosystemes, likely driven by differences
in soil disturbance and dominant species, were reported by Niko-
li¢ et al.>® Integrating conservation agriculture with SSWC could
potentially decrease the use of both tillage and herbicides,
thereby mitigating their negative impacts. Moreover, the known
benefits of SSWC could be amplified through conservation

patch stability

Table 1. Potential effects of conservation agriculture practices on weed spatio-temporal dynamics, including their influence on aggregation and

Cover crops implementation

Crop diversification Varying weed communities®*

Practice Agronomic effect Potential effect
Aggregation Stability
No tillage Reduced seed movement**** 4 +
Low-interference farming systems to support wind-dispersed species*®*’ _ —
Shift to perennial-dominated community>®>” + .

Heterogeneity in cover crop growth® and thereby variability in weed suppression®? + -

+/—- -
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agriculture if weed patches are dense and stable. The objective of
this study is to examine the short-term spatial and temporal
responses of two weed life forms (annuals and perennials) follow-
ing the implementation of two key conservation agriculture prac-
tices: no-till and winter cover crops. The weed dynamics were
compared with those in a conventional agriculture system (tillage
and cultivated fallow). We hypothesize that differences in the spa-
tial and temporal patterns of weeds between cropping systems
will emerge after only two growing seasons. Specifically:
(i) weed spatial patterns will be aggregated in both systems, but
aggregation will be higher in conservation agriculture; (i) the
effect of cropping system on weed patterns will depend on life
form, with perennial species exhibiting greater patchiness than
annuals; and (iii) similarly, higher temporal stability of weed
patches is expected in conservation agriculture and among
perennial species.

2 METHODOLOGY

2.1 Study site

The experiment was conducted at the Helmsley Model Farm for
Sustainable Agriculture, part of the Newe Ya'ar Research Centre
(32°42/23.3" N, 35°10'46.4" E) situated on the edge of the Jezreel
Valley in northern Israel. The area is characterized by an eastern
Mediterranean climate, consisting of a cold, rainy winter and a
hot, dry summer. During the two growing seasons, the average
temperature and cumulative precipitation measured were 20.8 °
C and 460 mm in 2021 and 20.1 °C and 470 mm in 2022,
respectively.

2.2 Research area history and experimental design

Before the experiment, crop production in the research area fol-
lowed conventional management practices. In 2019, wheat was
planted across the entire research area. Afterwards, a randomized
complete block design with five blocks was introduced, dividing
the area into plots assigned to either conservation agriculture or
conventional agriculture. The conservation agriculture system
examined in this study was therefore in its early phase of imple-
mentation, with limited crop diversification. Nonetheless, in addi-
tion to its two core practices, no-till and winter cover crops, other
management aspects differed between the systems, including
herbicide treatments, planting equipment and technique, fertil-
izer application, and mulch cover (Table 2). Given these differ-
ences, we treat this as a comparison of two distinct cropping
systems rather than a simple contrast between a single factor,
such as cover crops versus cultivated fallow. The blocks were
defined based on topography, which included a minor slope
toward a stream, as well as soil survey results.®® Within this exper-
imental scheme, which consists of two distinct cropping systems,
winter cover crops were sown in the conservation agriculture
plots, while the conventional plots were ploughed and remained
as fallow fields. This was followed by the planting of sunflower as
the main crop in both cropping systems within this experimental
scheme in 2020. Data was not collected for the first year of the
transition and is not reported here.

Maize was sown in both years of the study in 2021 and 2022.
While conservation agriculture typically involves diverse crop
rotations, to ensure consistency and minimize confounding
effects from crop-specific traits, such as herbicide use and sowing
dates,®’ the same crop was used. This approach strengthens the
comparison between cropping systems by isolating their effects
on weed dynamics across years. The research set-up remained

unchanged from the earlier description. The experimental plots
were approximately 1ha each, thereby demonstrating
within-field heterogeneity and allowing for proper representation
of species distribution and spatial pattern for each plot. The two
cropping systems differed in the employed agronomic practices
and herbicide applications (Table 2). A comprehensive list of
active ingredients, mode of action, and rates for each herbicide
application is provided in the Supporting Information Table S1.

2.2.1 Conservation agriculture

Conservation agriculture comprised no-till methods and winter
cover crops (sown each year). In both years of the study, cover
crops were sown in November/December and grew throughout
winter. The cover crop species mixture remained consistent
throughout both years, with only slight variations in seeding rates
to improve species mixture balance, as informed by establish-
ment success in the previous year. In 2021, Avena strigosa var.
Saya was sown at 80 kg ha™", Trifolium alexandrinum var. Tabor
at 15 kg ha™", and Brassica napus at 2 kg ha™". In 2022, the same
species were sown at adjusted rates of 70, 8, and 3 kg ha™",
respectively. To terminate cover crops before sowing the main
crop, herbicides were applied, followed by a roller-crimper (Zach
Agricultural Equipment Afula Ltd, Afula, Israel) 3 days later. This
left the cover crops as mulch bedding throughout the summer
growing season.

2.2.2 Conventional agriculture

Conventional agriculture reflected the more common practices of
tillage and keeping the plots in a fallow state, not cultivated dur-
ing winter. When left as fallow fields and in preparation for the
growing season, plots were tilled with a disk plow (operating at
15-20 cm depth) and a paraplow subsoiler (operating at 60 cm
depth). In addition, herbicides were applied to control high weed
infestation. In 2021, herbicide applications on multiple occasions
were required to handle repeated weed flushes that emerged
throughout the winter. In 2022, weed infestation during this fal-
low period was not as severe, thus requiring only a single herbi-
cide application upon maize sowing (Tables 2 and S1). During
both growing seasons, field cultivation reached a depth of
approximately 10-15 cm.

Maize was sown with an NG+ planter (Monosem Inc., Edwards-
ville, KS, USA) in a double-row layout with 80 cm spacing, at a rate
of nine seeds per metre per row, totalling 18 seeds per square
metre. In conservation agriculture plots, the planter had an appa-
ratus to cut mulch layers. The conventional agriculture plots had
maize sown about a week earlier due to favourable conditions
at that time. Fertilization was applied via fertigation throughout
the growing season, based on soil surveys.

2.3 Data collection

Weed surveys were conducted in two consecutive years (2021
and 2022). Each year, the plots were sampled once in late April,
approximately 2 weeks after the main crop was sown and before
the implementation of within-season weed control measures. A
rectangular sampling area of 120 x 40 m? was positioned in the
centre of each plot, allowing a distance from the plot margin to
avoid the potential edge effect in which high weed density is
observed.®*®* Each plot was sampled using a grid with 10-m inter-
vals using the ‘Create Fishnet’ tool in ArcGIS Pro 2.8 (ESRI, Red-
lands, CA, USA). This setup allowed for systematic sampling of
65 quadrats within each of the ten plots (Fig. 1). Each quadrat
location was navigated using a Trimble Juno T41/5 global
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Table2. Timeline of field activities and critical weed management operations under the two cropping systems (conservation and conventional agri-
culture) during 2021 and 2022

2020 2021

Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Conservation agriculture cc cc cc cc He, SM, Ws He Ha He, cc cc
Conventional agriculture He He He, SM Ws, He Ha, Ti

2022
Jan Feb Mar Apr May Jun Jul Aug

Conservation agriculture cc cc cc He, SM, Ws He Ha
Conventional agriculture Ti He SM, Ws, Ti He Ha
Note: Each row represents one cropping system, and activities within each month are shown in chronological order. Activities include tillage (Ti), her-
bicide application (He), sowing of cover crops (cc), maize sowing (SM), weed surveys (Ws), and harvest (Ha).

Al ~

120
™™ \jcters

Figure 1. Experimental layout (A) and zoom-in of quadrats location placements within plots (B) where plots of conservation agriculture and conventional
agriculture are represented by green and orange colours, respectively. Surveyed areas in the experimental plots are marked with darker colours of their
respective cropping systems. Field conditions at the time of survey in conventional (C) and conservation agriculture (D).

positioning system (GPS, accuracy 1-4 m). To enhance location
accuracy and minimize errors, sampling was conducted when
high GPS precision was confirmed. The coordinates allowed for
precise and consistent relocation of the same quadrat over the
2-year period. At each 0.5 m X 0.5 m quadrat, weeds were identi-
fied and counted at the species level, except for Amaranthus seed-
lings, which were identified to the genus level. Unidentified
individuals were grouped under ‘others’ and counted.

2.4 Data analysis

In accordance with previous reports on the spatio-temporal differ-
ences between life forms, species counts were grouped into
‘Annuals’ and ‘Perennials’. A third group, referred to as ‘Total’,
was defined to include all recorded weed counts, including both
annual and perennial species. The spatial distribution of the two
life forms and the total weed community was mapped using the
inverse distance weighting (IDW) interpolation method. Although
poor scores in preliminary evaluation indices led to their exclusion
from further statistical analyses, these interpolated maps pro-
vided an important representation of weed distribution.

The six most abundant species were examined for aggregation
level and spatio-temporal stability: four annual species (Chrozo-
phora tinctoria (L.) Raf., Echinochloa colonum (L.) Link, Moluccella
laevis L. and Amaranthus spp.) and two perennials (Cyperus rotun-
dus L. and Convolvulus arvensis L.). Characterized by distinct bio-
logical and dispersal mechanisms (Table 3), the populations of
all species are naturally occurring and widely distributed in agri-
cultural fields across the region.

Spatial pattern was evaluated by two indices. First, Lloyd's index
of patchiness, which quantifies the level of aggregation, was cal-
culated for each plot within each year separately using the
agg_index() function from the epiphy package in R.°° Values lower
or equal to 1 indicate a uniform and random distribution, respec-
tively, while values higher than 1 represent an aggregated pat-
tern, and larger values correspond to higher levels of
aggregation.”®”" Second, Moran's I, which measures spatial auto-
correlation by quantifying the degree of clustering among similar
values, was calculated.”? With values ranging from —1 to 1, Mor-
an's | indicates clustering when positive, dispersion when nega-
tive, and randomness at 0. Both indices are widely used for
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Table 3. Biological and dispersal traits of the six most abundant weed species established in the experimental site
Morphological

Scientific name Family Life form group Dispersal mechanism(s)

Chrozophora tinctoria (L.) Euphorbiaceae Annual Dicot Explosive dehiscence, ant-mediated seed dispersal®*
Raf.

Echinochloa colonum (L.) Poaceae Annual Monocot Machinery, water, contaminated seed, animals®”
Link

Moluccella laevis L. Lamiaceae Annual Dicot Gravity

Amaranthus spp. Amaranthaceae  Annual Dicot Gravity, water, wind, animals, machinery, and contaminated

seed®®
Cyperus rotundus L. Cyperaceae Perennial  Monocot Rhizomes, tubers, water, machinery®”
Convolvulus arvensis L. Convolvulaceae  Perennial  Dicot Seeds, rhizomes, machinery®®

evaluating the spatial pattern of species’® and are particularly
employed to characterize weed spatial patterns in agricultural
fields.>>”*"7® The two indices complement each other by provid-
ing a comprehensive view of the spatial pattern. Lloyd's index of
patchiness is based on the statistical characteristics of the dataset
and indicates the pattern of weed count heterogeneity. Moran's |,
however, accounts for the spatial relationship between similar
values, such as the formation of larger patches. The spatio-
temporal pattern was evaluated by calculating the Spearman rank
correlations of weed densities between the same quadrats across
years for each plot. The spatial pattern indices and patch stability
correlations were calculated for the six most abundant species, as
well as at the life form scale and their combined total counts.

To calculate the estimated marginal means of Lloyd's index,
Moran's |, and Spearman correlations and compare the two crop-
ping systems, generalized linear mixed models were fitted using
the glmmTMB package’” in R. These models evaluated the effect
of the cropping system within each year and the two life forms
(‘Annuals’ and ‘Perennials’); ‘Total’, which was modelled sepa-
rately as it includes both life forms; and the six most abundant
species. The interactions of weed life form or species with the
cropping system, and the sampling year with the cropping system
were considered fixed effects. For modelling the six most abun-
dant species, we also included the interaction between species
and year. ‘Block’, ‘Block:Year’ and ‘Plot’ were considered random
effects to account for potential variability due to the experimental
blocks and the repeated measures within the same plots across
years. For Lloyd's patchiness index, an additional dispersion
parameter was included for the different life forms to accommo-
date potential heteroscedasticity. To quantify temporal stability,
we examined the correlation across quadrats placed in the same
location between years. The correlation values were then fitted
with the interaction of the cropping system and life forms while
considering ‘Block’ as a random effect and a dispersion parameter
for the cropping system, as this was found significant. A similar
model was fitted to the species level, but without a separately
calculated dispersion parameter. A Gamma distribution and a
log-link function were used in all cases. Because the Gamma distri-
bution is limited to positive values, a constant was added to Mor-
an's | and the correlation prior to model fitting to ensure all values
were positive. The reported values were then back-transformed to
their original scale. Model assumptions were validated using the
simulateResiduals() function from the DHARMa package.”® Esti-
mated marginal means (EMM) were computed via emmeans
package.”®

Type lll analysis of variance (ANOVA) from the car®® package in R
was used to test the significance of each predictor. Patchiness
indices and spatio-temporal stability were compared between
conservation and conventional agriculture for Annuals, Perennials
and Total weed communities. For the six most abundant species,
values for Lloyd's index, Moran's |, and Spearman correlations are
presented but not statistically compared across cropping systems
due to low counts and their absence in some plots.

3 RESULTS

Substantial variations in weed densities were found at a plot level,
with some areas highly infested while others are weed-free (Fig. 2).
Heterogenous spatial distributions occurred for ‘Annuals’, ‘Peren-
nials’ and ‘Total’, that is, their combined total densities, and in both
cropping systems. Overall, weed densities were numerically higher
in conventional plots in 2021 across both life forms and in total. By
2022, ‘Annuals’ weed densities were similar between the two crop-
ping systems, while ‘Perennials’ and Total' weed densities
remained slightly higher on average in conventional plots
(Table S2). The overall weed counts of annual and perennial weeds
were 54% and 46%, respectively. Four annual species (Chrozophora
tinctoria, E. colonum, Moluccella laevis, and Amaranthus spp.),
accounted for 92% of all annual individuals. Cyperus rotundus and
Convolvulus arvensis accounted for 99% of all perennial individuals.
Species weed densities (plants quadrat™") ranged from 0 (indicating
absence from the cropping system) for Chrozophora tinctoria and
Moluccella laevis under conservation agriculture in 2021, to 13.05
+ 19.02 (mean =+ standard deviation) for Amaranthus spp. under
conventional agriculture the same year (Table S2). The standard
deviation exceeded the mean in most cases, reflecting pronounced
spatial heterogeneity.

3.1 Spatial pattern
3.1.1 Patchiness by cropping system and life form
The spatial pattern of weeds was shaped by their life form and the
cropping system applied. Lloyd's patchiness index was signifi-
cantly affected by the life form and cropping system, but not by
year or their interactions (Table 4). This indicates differences in
patchiness levels between ‘Annuals’ and ‘Perennials’, as well as
between conservation and conventional agriculture systems. Sim-
ilarly, the cropping system significantly affected Moran's I, under-
scoring its overall impact.

In both years, ‘Annuals’, ‘Perennials’, and Total’ exhibited an
aggregated spatial pattern, indicated by a high Lloyd's patchiness
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Figure 2. Density maps showing the spatial distribution of two weed life
forms (‘Annuals’, ‘Perennials’) and the Total weed community in 2021 and
2022. Density is expressed as the number of individuals per 0.25 m? quad-
rat and interpolated using the inverse distance weighting (IDW) method.
Darker areas indicate higher weed density. Plot border colours denote
cropping systems: conservation agriculture (green) and conventional agri-
culture (orange).

index (>1) (Fig. 3). Cropping system was a significant predictor of
Lloyd's patchiness (Table 4), with conservation agriculture typi-
cally displaying higher values, although significance was attained
in only a few pairwise comparisons (Fig. 3). This suggests that
although both systems had weed patches interspersed with
zones where no (or only a few) weeds were present, the patches
under conservation agriculture were generally denser. Conserva-
tion agriculture significantly increased the observed patchiness
only for ‘Annuals’ in both years. In contrast, ‘Perennials’ exhibited
high patchiness values in both cropping systems, with no signifi-
cant difference. This may indicate that while perennials remain
highly aggregated regardless of management practices, annuals

tend to be less aggregated overall but were more strongly influ-
enced by the cropping system. The ‘Total’ weed community was
significantly higher in conservation agriculture in 2021 but similar
between the cropping systems in 2022.

Moran's | scores were positive across cropping systems and life
forms (Fig. 3). Values ranged approximately between 0 and 0.2,
indicating that the patches represented small-scale aggregations
rather than large weed patches. In 2021, ‘Annuals’ in conservation
agriculture exhibited a marginally significant (P = 0.06) lower
Moran's | value (0.03) compared to conventional agriculture
(0.13), with smaller, more dispersed weed patches under conser-
vation management and larger, well-defined clusters under con-
ventional management. However, this difference diminished the
following year. ‘Perennials’ exhibited similar values in both years
with no significant difference between cropping systems. In
2021, Total’ weed community Moran's | was similar among crop-
ping system; yet found significantly higher in conservation agri-
culture in 2022. Overall, Moran's | values for conservation
agriculture increased in the second year of the experiment, hence
the significance of Year (Table 4).

3.1.2  Patchiness at a species level

At the species level, differences in spatial patterns between crop-
ping systems were less pronounced (Fig. 4). It should be noted
that although statistical analyses were precluded due to insuffi-
cient data for certain species, clear descriptive patterns were still
observed. In 2021, conservation agriculture exhibited higher
Lloyd's patchiness index compared to conventional agriculture
for Cyperus rotundus and Echinochloa colonum. For the other
two species present in both systems, differences were negligible.
Amaranthus spp. and Chrozophora tinctoria displayed lower
Lloyd's patchiness index relative to the other species in 2021. By
2022, overall patchiness levels declined, further reducing con-
trasts between systems. However, the two perennial species,
Cyperus rotundus and Convolvulus arvensis, consistently exhibited
higher spatial patchiness. Moran's | values were relatively consis-
tent across species and cropping systems in 2021. In 2022, three
of the six species showed higher Moran's | values under conserva-
tion agriculture. Chrozophora tinctoria, which was absent from
conservation plots in 2021, exhibited lower spatial autocorrelation
(Moran's I) in conservation plots in 2022.

3.2 Temporal stability

Temporal stability was significantly affected by life form
(P = 0.05), but not by cropping system (P = 0.66) or their interac-
tion (P = 0.53). ‘Total’ weed density showed intermediate correla-
tions of 0.25 for conservation and 0.20 for conventional
agriculture (Table 5). ‘Annuals’ showed weak correlation
(r=0.11 and 0.07 for conservation and conventional agriculture,
respectively). Species-level correlations for annuals were gener-
ally weak, except for Echinochloa colonum, which reached a corre-
lation of 0.32 (Table 5). ‘Perennials’ had moderate correlations,
stronger in conventional (r = 0.56) than in conservation agricul-
ture (r = 0.41). Convolvulus arvensis had a stronger correlation in
conservation (r=0.76) compared to conventional agriculture
(r = 0.45), while Cyperus rotundus showed a weaker correlation
in conservation agriculture (r = 0.27) (Table 5).

4 DISCUSSION

Weed aggregation is a common phenomenon that generally
depends on numerous factors including species traits, cropping
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Table4. Type Ill analysis of variance (ANOVA) results for Lloyd's index of patchiness and Moran's |, showing the effects of life form, cropping system,
year, and their interactions
Lloyd's index patchiness Moran's |
Predictor Chi-square df P-Value Chi-square df P-Value
Life form 5.32 1 0.02 0.62 1 043
Cropping system 491 1 0.03 4.10 1 0.04
Year 0.10 1 0.75 427 1 0.04
Life form x Cropping system 0.03 1 0.86 237 1 0.12
Cropping system X Year 0.11 1 0.74 297 1 0.09
Note: Significant P-values (a < 0.05) are shown in bold.
2021 2022
x
B 50- p <0.05 p =0.09 p <0.001 p <0.05 p=021 p =013
=
v 40+
wn
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0.5- p =0.06 p=0.88 p=0.11 p=0.84 p =0.09 p <0.05
0.4+
,g 0.3
5 0.2+ {
= } E )
0.0+ }
Annuals Perennials Total Annuals Perennials Total
Life ® Annuals B Total
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Figure 3. Comparison of cropping systems based on Lloyd's patchiness index and Moran's |, indicating spatial heterogeneity across weed life forms
(‘Annuals’, ‘Perennials’) and the ‘Total’ weed community. Values represent estimated marginal means (+ standard error) for each cropping system, with
pairwise comparisons made within each year X life form combination (P-values shown above).

practices, and the combinations of these factors.>*%! The effect of
cropping systems on weed infestation or community assembly is
covered in numerous studies,®278> whereas their potential impact
on weed spatial patterns is inadequately represented in the liter-
ature.®® This study evaluated the impact of conservation agricul-
ture practices, specifically no-till combined with winter cover
crops, compared to conventional agriculture, on the spatio-
temporal dynamics of annuals, perennials and the overall weed
community across two consecutive years. Conducted during the
early phase of transitioning from a conventional cropping system
to conservation agriculture, the results should therefore be inter-
preted as early-stage, short-term responses rather than long-term
outcomes. We hypothesized that spatial and temporal patterns
would differ between conventional and conservation agriculture
cropping systems, as well as between perennial and annual life
forms. Additionally, it was hypothesized that differences in the
spatio-temporal dynamics between perennials and annuals
would depend on the type of cropping system, indicating an

interaction between these factors. Weeds were more aggregated
in conservation agriculture (Table 4 and Fig. 3). Temporal stability
was similar in both cropping systems and was mainly influenced
by the life form (Table 5). Differences in aggregation and temporal
stability were observed across life forms, with perennials demon-
strating denser patches and greater patch stability. Given the
costs and herbicide savings attributed to SSWC,2*®” and the
growing global adoption of conservation agriculture,® our results
provide valuable insights into the phenomenon of the spatio-
temporal dynamics of weeds. These findings extend their rele-
vance to conservation agriculture and suggest complementary
benefits of integrating these practices.

4.1 Weeds spatial pattern

Spatial aggregation was observed for both cropping systems and
life forms, which is consistent with reports of field heterogeneity
and weed clustering in various crops and orchards.3437747688-90
Conservation agriculture exhibited higher patchiness across the
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Figure 4. Comparison of cropping systems based on Lloyd's patchiness index and Moran's |, indicating spatial heterogeneity across the six most abun-
dant species. Values represent estimated marginal means (+ standard error) for each cropping system, with comparisons made within each year X life
form combination.

Table 5. Estimated marginal means (EMM) with 95% confidence intervals (Cls) [lower, upper] for cross-year correlations computed at both the spe-
cies and life form levels

Spearman's correlation (EMM, 95% Cl)

Species Conservation agriculture Conventional agriculture

Annuals

Amaranthus spp.
Chrozophora tinctoria
Moluccella laevis
Echinochloa colonum
Perennials

Cyperus rotundus
Convolvulus arvensis
Total

0.12 [-0.08,0.37] 0.07 [-0.09, 0.25] 0.11 [-0.06, 0.30] 0.11[0.03, 0.19]
NA [NA, NA] 0.17 [0.02, 0.32]
NA [NA, NA] 0.21 [0.03, 0.43]

[

0.02 [-0.16, 0.25] 0.32[0.15,0.52]

0.27 [0.08, 0.50]
0.76 [0.53, 1.03]

0.41[0.22, 0.64] 0.63 [0.44, 0.85]

0.45 [0.28, 0.65]

0.56 [0.44, 0.68]

0.25 [0.06, 0.46] 0.20 [0.14, 0.26]

Note: Correlations are reported for each species within cropping systems and for aggregated life form categories (e.g., ‘Annuals’, ‘Perennials’). Higher
values indicate stronger temporal stability in species or life form occurrence across years. NA indicates cases where correlation could not be calculated
due to the absence or insufficient data for a species in a cropping system's plot.

two life forms and their combined ‘Total’, thus supporting our first
hypothesis regarding the influence of cropping system. Stronger
aggregation was observed in ‘Perennials’ compared to ‘Annuals’,
highlighting a complex difference in spatial dynamics. The

interaction between life form and cropping system was not
significant. However, differences between cropping systems were
consistently significant only for ‘Annuals’ across both years, sug-
gesting that the cropping systems influence likely differs between

____________________________________________________________________________________________________________|
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life forms. These complementary findings support our second
hypothesis, reflecting pronounced patchiness observed in peren-
nials and a differential impact of cropping systems on weed spa-
tial patterns across life forms. Lloyd's index values varied
considerably among different life forms and species, aligning with
previous studies.”’? In comparison, Moran's | values indicated
some degree of spatial autocorrelation, peaking around 0.3, but
remained relatively low. For instance, Rozenberg et al.”® docu-
mented Moran's | values ranging from 0.1 to 0.6 when analysing
weeds spatial patterns in multiple onion fields. The high Lloyd's
index values observed for both life forms and their combined
‘Total’ group suggest substantial spatial variability in species
counts, indicating a patchy distribution. In contrast, the low posi-
tive Moran's | scores reflect weak spatial autocorrelation, implying
that these patches are irregularly scattered and vary in densities,
rather than forming a continuous spatial pattern.

Consistent with the broader pattern observed between life
forms, all six species exhibited a patchy spatial distribution. This
finding was expected, as none of these species, each with distinct
dispersal mechanisms, is exclusively wind-dispersed (Table 3). In
contrast, while significant differences in spatial patterns were evi-
dent between conservation and conventional agriculture at the
life form level, species-level differences were less pronounced.
These results align with previous findings showing that aggrega-
tion patterns can vary widely among species, regardless of life
form or management regime.>® Although life form classification
offers valuable insights, species-specific patterns can emerge.
For example, here, Echinochloa colonum displayed notable spatial
aggregation and patch stability, comparable to those of perennial
species. Nonetheless, the six most abundant species are recog-
nized as problematic weeds, particularly Amaranthus spp., Echino-
chloa colonum, Cyperus rotundus, and Convolvulus arvensis,5>°>°
with Amaranthus spp. and Echinochloa colonum having multiple
documented cases of herbicide resistance.’”'% These findings
underscore the value of SSWC in improving control efficacy and
reducing the risk of resistance development.

4.2 Patch temporal stability

Both cropping systems exhibited similar patterns of weed patch
recurrence in which ‘Annuals’, ‘Perennials’, and the ‘Total’ exhib-
ited very weak, moderate, and intermediate correlations in weed
densities across years, respectively. This partially supports our
third hypothesis, as ‘Perennials’ exhibited greater consistency in
patch locations, while stability remained similar between crop-
ping systems. At the species level, the results concurred with
those obtained for life forms. Correlation scores were typically
higher for perennial species compared to annuals, whose scores
varied across cropping systems. Given that the temporal aspect
covers only two growing seasons and conservation agriculture
was only recently implemented, the scope is inherently limited.
However, our results align with previous findings on patch stabil-
ity, showing that perennial species tend to maintain stable patch
locations,>**” while annual species exhibit more variability, with
some reporting stability and others showing spatial shifts across
years.'®" Notably, contrasting results were observed for the two
perennial species Convolvulus arvensis and Cyperus rotundus
under conservation agriculture. Convolvulus arvensis showed high
patch stability, consistent with reports of its persistence in no-till
systems.'%? This may be attributed to its deep, resilient network
of roots and rhizomes, which supports long-term spatial consis-
tency across years.”>'% In contrast, Cyperus rotundus, which
reproduces via underground tubers, may sprout in response to

local micro-conditions,* which may lead to lower patch stability
over time. Nonetheless, both species exhibited spatially consis-
tent weed patches (as indicated by moderate to high correla-
tions). Vegetative reproductive strategies beyond seeds, for
example rhizomes and tubers, may be favoured in no-till agrosys-
tems, potentially contributing to the increasing dominance of
perennial species in these systems*®*72% though, other studies
reported no such dominance.?2'°* Temporal patch stability will
allow to accurately predict the location of weed patches without
the need to survey each year, thereby decreasing the overall costs
of SSWC3>'%* The increase use of unmanned aerial vehicles
(UAVs) and satellites'®>'% for weed detection,”®857%71% which
has also been tested in conservation agriculture,>® would ease
field mapping and precise spraying, decrease costs, and thereby
elevate SSWC applicability.>*

Weed presence in agricultural fields results from local (within
field) and regional settings.'®''° The spatial pattern of weeds
depends on field history, within-field heterogeneity, manage-
ment techniques, and regional differences, including climate
and topography.>®5>1"""112 The experimental setup included
two cropping systems with large-scale plots, enabling robust sam-
pling to capture heterogeneity and allow system level compari-
sons. While the core principles of conservation agriculture are
broadly defined,® considerable in situ variations in their imple-
mentation have been reported.''® In principle, conservation agri-
culture should incorporate diversified crop rotation. However,
crop rotation is already common among local farmers, and the
rotation implemented in this study area (wheat-sunflower-
maize-maize) largely reflects their typical sequences, regardless
of whether they adopt the other conservation practices discussed.
Consequently, the potential effect of crop diversification, as sug-
gested in the introduction, is limited in this context. Our results
indicate that weed spatial pattern is influenced by both the crop-
ping system, even over short periods following its adoption, and
by species' life form, whereas temporal dynamics are primarily
governed by life form. The relatively limited effect of cropping sys-
tems, observed both spatially and temporally, may be due to the
contrasting effects of individual conservation agriculture prac-
tices on weed spatio-temporal dynamics (Table 1). Additionally,
other field activities that affect spatio-temporal patterns, such as
harvesting,®' remain similar among cropping systems, potentially
decreasing differences between them. The observed limited
effect may also be partly due to the recent transition to conserva-
tion agriculture, as weed communities composition often requires
several crop cycles to stabilize under new conditions.''* Nonethe-
less, conservation agriculture practices were reported to exert
immediate effects on species establishment''>™'"” allowing
meaningful insights during the transition phase, while emphasiz-
ing the need for long-term research. It is anticipated that conser-
vation agriculture cropping system will continue to shape weed
communities,*® likely influencing weed spatial distribution.**
These communities are often dominated by perennial species,®’
which, although typically more difficult to control,®*9>'"811? tend
to form dense patches with stable distribution that may facilitate
location prediction and enable precision management.

5 CONCLUSIONS

Conservation agriculture practices offer multiple ecosystem ser-
vices but face challenges in weed management, potentially hin-
dering its adoption by farmers. Eliminating tillage, a common
weed control practice, raises concerns about increased herbicide
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reliance. The transition to conservation agriculture is further com-
plicated by the projected shift to a perennial-dominated weed
community that is challenging to control. As shown in this study,
conservation agriculture generally increased patchiness levels
across life forms, with particularly strong effects observed in
annual species. Moreover, perennial weeds tended to form more
aggregated and persistent patches over time compared to
annuals. Therefore, conservation agriculture holds promise
to enhance the benefits of SSWC, reducing the areas needing to
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