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ABSTRACT ARTICLE HISTORY

In the pursuit of more sustainable agriculture, weeds play a dual role by Received 28 March 2024
threatening crop production and simultaneously contributing to farmland Accepted 10 May 2025
biodiversity. Management actions such as the use of fertilisers (fertilisa- KEYWORDS

tion) may change weed abundance and community composition with Chessboard experiment;
consequences for both weed-crop competition and biodiversity. fertilisation; organic
Alleviating the balance between yield and biodiversity requires agriculture; soil nitrogen;
a mechanistic understanding of how fertilisation impacts weed diversity spring wheat; weed
and functional community composition. To investigate this, an experi- community

ment was conducted in an organic spring wheat field in Sweden, using

a split-plot randomised complete block design with crossed fertilisation

and weeding treatments. The experimental design took advantage of

existing variation in soil conditions, resulting in different concentrations

of available nitrogen in the soil supply. With increased fertilisation and soil

nitrogen supply, crop yield increased, whereas weed evenness decreased.

Additionally, average weed seed mass, specific leaf area and nectar pro-

duction of the weed community decreased with higher soil nitrogen

supply, whilst the relevance of the weed communities for biodiversity

increased. Importantly, the results showed that weed-induced yield loss

depended on the fertilisation rate and soil nitrogen supply. This sug-

gested that development of sustainable weed management should not

only focus on minimising weed abundance but also on identifying nutri-

ent management regimes that minimise the trade-offs between yield,

competition, and biodiversity.

Introduction

Agricultural intensification has been, and still is, one of the main threats to biodiversity (Emmerson
et al. 2016; Carmona et al. 2020), jeopardising the functions and resilience of arable ecosystems
(Cabell and Oelofse 2012). Farmland biodiversity has declined because of intensive management,
including the use of pesticides and synthetic fertilisers (Robinson and Sutherland 2002; Geiger et al.
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2010), and landscape simplification, including reduced landscape diversity and loss of natural and
semi-natural habitats (Robinson and Sutherland 2002; Donald et al. 2006; Carvalheiro et al. 2013).
Consequently, farmland biodiversity loss can be mitigated by restoring diverse agricultural land-
scapes (Fahrig et al. 2011; Jeanneret et al. 2021) and by alternative farming practices such as using
organic management (Tuck et al. 2014; Albrecht et al. 2016; Stein-Bachinger et al. 2021). Arable
fields are an important habitat for several wild plant species (referred to as weeds), which can play
an important ecological role as they support biodiversity at higher trophic levels, for example,
insects and birds (e.g. Marshall et al. 2003; Blaix et al. 2018; Smith et al. 2020). At the same time,
weeds can be viewed as a threat to agricultural production, since they compete with the crop for
essential resources such as nutrients, light, and water. This competition can ultimately cause
reduced quantity and quality of yields (Oerke 2006; Little et al. 2021). The apparent trade-off
underscores the need to find management regimes that balance the positive and negative aspects of
weeds.

Farming practices can alter the competitive dynamics between plants if they favour or disfavour
certain species more than others. For example, fertilisation may promote weed growth because
many weed species are efficient nitrogen users (i.e. have a high ability to translate increased N into
biomass). The yield gain from fertilising can then be limited due to increased weed competitiveness,
especially if weed control is insufficient (MacLaren et al. 2020). The competitive effect of the plant is
related to certain functional traits, including the ability to grow fast and efficient capture of
nutrients and water from the soil (Gaba et al. 2017). As an example, plants that grow taller or
have larger leaves have a comparably higher light capturing ability and can shade other species
(Gaba et al. 2017). However, management favouring weeds that are efficient nutrient users, or
nitrophilic, will also increase weed—weed competition, which may lead to shifts in the community
composition with losses of rare and oligotrophic weed species (Storkey et al. 2010; Rotches-Ribalta
et al. 2015). Inadvertent selection for more competitive weeds would be particularly unfortunate
in situations where efficient control measures are lacking, for example, in the face of herbicide
resistance or under certification schemes that restrict herbicide use, such as organic farming.

Nutrient availability and efficient weed control are the main limitations to high yields of many
organically grown crops (Alvarez 2022). Beyond addition of nutrients through regular fertilisation,
effective nutrient management in organic farming also relies on maintaining high soil fertility. Soil
nutrient supply is determined by the physical, chemical and biological properties of the soil and
may vary greatly even within fields. This variation calls for adaptation of fertilisation regimes to the
soil nutrient supply, for efficient and sustainable nutrient management (Diacono et al. 2013).
Furthermore, the mineralisation of nutrients from the soil has both short- and long-term effects
(Zhang et al. 2022). High amounts of nutrients, particularly nitrogen, can therefore be available
before the establishment of the crop or when crop requirements are low. The long-term effects are
especially notable after termination of perennial leys (Kayser et al. 2010). Fertilisation typically has
a more short-term immediate effect and can be applied according to crop requirements. This is
especially true when using biogas digestate and other amendments with high content of mineral
nitrogen (Nkoa 2014). Therefore, fertilisers and soil nutrient supply may impact the weed-crop
competitive dynamics differently and their interactive effects remain understudied. Furthermore,
weed-crop competition studies in naturally occurring multi-species weed communities in real
production contexts are uncommon (Little et al. 2021), but see Adeux et al. (2019). Many weed-
crop competition experiments have also not considered consequences on weed diversity and
provision of ecosystem services. To fill these knowledge gaps, a field experiment was designed in
an organic spring wheat (Triticum aestivum L.) field. First, the study aimed to increase the under-
standing of the impact of nutrient availability and fertilisation on weed abundance and community
composition and ensuing consequences on weed-crop competition. Second, the resulting weed
communities were assessed in terms of potential for biodiversity conservation and ecosystem
services along the same gradients in nutrient conditions. A novel experimental approach was
used, where organic crop fertilisation and weed pressure were manipulated while accounting for



BIOLOGICAL AGRICULTURE & HORTICULTURE . 203

natural variations in soil nitrogen supply and weed community structure to understand the
ecological mechanisms behind weed-crop competition.

Materials and methods
Experimental design

The study was conducted in 2022 in a 7 ha organic spring wheat field located in the agricultural
plain of the Vistergotland region, Sweden (58°21’56‘N, 13°17°34’E). The area has mean annual
precipitation and temperature of around 584 mm and 7.3°C, respectively (long-term average at the
nearby Lanna research station; Swedish Meteorological and Hydrological Institute 2023), with
Cambisol soils. The consequences of two different experimental factors on crop yield and weed
communities were investigated. The first factor was different application rates of biogas digestate
fertiliser and the second factor was hand weeding (either leaving or removing all weeds). A split-
plot randomised complete block design was used (Altman and Krzywinski 2015) in a chessboard
setup, with a grid pattern of 96 blocks (16 x 16 m) each containing the four different rates of
fertilisation (Supplemental Figure S1). Within this chessboard design, 10 blocks were randomly
selected for this specific study, such that adjacent blocks were not chosen, to ensure that distances
between selected blocks were always larger than relevant treatment distances within blocks. Within
these main fertilisation plots in the 10 blocks, two sub-plots (1 x 1 m) were placed 75 cm from the
block edge and randomly subjected to weeding or to be left undisturbed. The experimental field had
a natural variation in soil conditions, resulting in different amounts of nitrogen made available to
plants through mineralisation before and during the growing season. This gradient of soil nitrogen
supply between blocks was utilised, in addition to the fertilisation treatment, to evaluate the separate
and interactive effects of background nitrogen levels in the soil and fertilisation on weed-crop
competition. The plots where the weed community was left untouched were in addition used to
determine the effect of fertilisation and soil nitrogen supply on weed diversity and weed functional
trait composition.

Field and experimental management

The field had been certified organic since 2004, in accordance with the national KRAV regulations
(KRAV 2022; Uppsala, Sweden), and by extension also the EU regulation (EU 2018/848; EU 2018)
for organic farming. The crop sequence was dominated by grass-clover ley and cereals. The
preceding crop was a 5-year-old grass-clover ley that was cut once during 2021, in mid-July, and
the biomass was removed. In previous years, the ley was typically harvested twice per annum. In late
August 2021, the ley was cultivated, terminated and incorporated by ploughing followed by
harrowing in the spring for seedbed preparation. No fertiliser was added during the ley period,
but approximately 25 kg K ha™', in the form of kalimagnesia, was evenly added before harrowing
and sowing of the spring wheat. The spring wheat (Triticum aestivum L.), cultivar Quarna, was
sown on 25 April 2022 with a density of 230 kg ha™', and the chessboard trial was established at the
time of fertilisation (19 May). No mechanical weeding was performed after sowing, except for the
hand weeding treatment included in the experimental design. After a very rainy autumn in 2021
that did not allow for the planned winter wheat crop, the weather during the growing season in 2022
was favourable for spring wheat growth, with timely rains and no extreme temperatures
(Supplemental Figure S2).

The fertiliser treatment consisted of four rates of biogas digestate fertilisation: 1) a control
treatment with no fertiliser added (0 kg N ha™), 2) a low fertilisation treatment (50 kg N ha™), 3)
a medium fertilisation treatment (100 kg N ha™), and 4) a high fertilisation treatment (150 kg
N ha™'). The assumption was that nitrogen was the most limiting nutrient to plant growth, which is
typical in well managed fields. The fertiliser treatment levels were selected to include the common
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rates that Swedish organic farmers use for biogas digestates (the lower levels), to match a nitrogen
demand according to general recommendations for spring wheat with an expected yield level of
about 4 t ha™" (the medium level), and to exceed the demand with the highest fertilisation level to be
able to calculate optimal fertilisation rates. This meant that only the 50 kg N ha™" and, in some cases,
the 100kg N ha™' rate, would be expected to be economically relevant in practice. The biogas
digestate was delivered by a local producer (Gasum AB, Lidképing) where the raw feedstock
material used for the biogas production originated mainly from plant-based by-products from
local food industries and this was certified for use in organic farming. The biogas digestate had
a large portion of the nitrogen in an available form (6 kg N t " of which 3.4 kg t ' was NH," based
on analysis of the biogas digestate used in this study, see Supplemental Table S1). The nitrogen
levels in the fertilisation treatments were calculated based on the ammonium ion (NH,*-N). The
product had a low dry matter content (7.3 %) and was applied using a manure spreader equipped
with trailing hoses.

The weeding treatment of the design was based on a complete removal of all weeds in half of the
sub-plots, performed manually every second week from fertilisation (a month after sowing) to
harvest. To avoid edge effects of weeds around the weeding treatment sub-plots, a buffer zone of 25
cm (two rows of wheat) was established, and this buffer zone was weeded every fourth week. The
initial weed ground coverage, before the first weeding and start of the surveys, was affected by the
fertilisation treatment because it formed a crust in between the rows that slightly delayed weed
emergence in the highly fertilised sub-plots (x> = 9.8, df =3, p=0.02). The weed coverage of the
highly fertilised sub-plots did, however, recover quickly and was at the start of surveys 2 weeks later,
not different between the fertilisation rates (x> = 6.4, df = 3, p = 0.10). The initial weed coverage also
increased with the soil nitrogen supply (x* = 23.9, df = 1, p < 0.001).

Field surveys and harvest

Crop and weed surveys were made every 2 weeks, with the first visit 3 weeks after fertilisation
followed by five more visits (for details on dates and sampling see Supplemental Table S2) until
harvest (17-19 August). To assess the competition between the crop and the weeds, and the species
and trait composition of the weed community, the ground coverage of each species was estimated
visually. Visual estimations were used to be able to easily, non-destructively and repeatedly sample
the plots, and weed cover has been shown to well represent competition and weed communities
(Lutman et al. 1996; Nkurunziza and Milberg 2007). The ground coverage of the crop, the weed
community as a whole, as well as of each weed species separately were estimated to the nearest 5%.
Species with a too low cover to be considered 5% coverage was instead assigned the value of 1%.
Vertical overlap between species was handled by dividing it between the two species. A weed was
defined as any plant species that was not spring wheat.

In addition, crop and weed height was estimated during late flowering stage of the wheat. Crop
height was measured by placing a ruler in the middle of the sub-plot and reading the average height
to the top of the crop’s leaves. The weed height for each species in each sub-plot was assessed on
a categorical scale based on how high it was in relation to the crop height, as either 1) overgrowing
the crop: the majority of the weed plants of the species reached above the height of the crop; 2)
growing with the crop: the majority of the weed plants of the species reached above one-third of the
crop’s height but not above the crop; or 3) growing below the crop: the majority of the plants of the
species did not reach above one-third of the height of the crop. In addition to nutrients and weeds,
diseases and pests may also influence yields and competitive relationships. These were therefore
quantified by randomly selecting nine tillers in each sub-plot and counting: 1) the number of aphids
on them (mainly Sitobion avenae recorded) and 2) the disease prevalence on the two top-most
leaves of each tiller (singular rare occurrences of Drechslera tritici-repentis).

At harvest (17-19 August), the wheat spikes in each sub-plot were harvested by hand and
brought to the laboratory to dry (at 55°C for 24 h). After drying, the samples were threshed and
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weighed. The grain protein content was determined using near infrared transmittance (NIT)
spectroscopy (FOSS Infratec1241 NIT equipment, Hillerad, Denmark). The soil nitrogen supply
of each block was estimated from the full-scale chessboard experiment. The plots in the full-scale
experiment (yellow area in Supplemental Figure S1) were managed in the same way as the
experimental plots in this study and were harvested using a plot combine in 2 m wide and 6 m
long net areas in the centre of each full-scale plot on 23 August. The nitrogen yield (grain yield times
grain nitrogen concentration) of the unfertilised harvest plot within a block was used as a proxy for
soil nitrogen supply for all the experimental sub-plots of the same block. Therefore, soil nitrogen
supply was estimated using separate measurement than the yield and grain protein content
investigated in the experiment.

Diversity and trait data

Weed diversity was analysed using two metrics: species richness, to draw conclusions on the
number of species found, and Pielou’s evenness index (see Mouillot and Leprétre 1999 for more
information), to describe the relative abundances of the different species within the communities.
Pielou’s evenness index was calculated from the Shannon diversity index (see Mouillot and Leprétre
1999 for more information) using the relative abundance of each species based on the ground
coverage. For analysis of shifts in the functional trait composition of the weed community, which
may have important implications for competition, species-specific trait values were retrieved from
the TRY plant trait database (Kattge et al. 2020; for contributing datasets see Supplemental Table
S3). Focus was on the traits in the LHS spectrum, deemed important for competition (Westoby
1998), which includes vegetative height, specific leaf area and seed dry mass. These traits were
chosen since they indicate important characteristics for competition, height being important for
light interception, specific leaf area indicating the resource use of both nutrients and light, and seed
dry mass being important for seedling success while reducing dispersal (Gaba et al. 2014). To assess
the importance of the weed community for the conservation of weed-associated biodiversity, two
indicators from Tyler et al. (2021) were used. The first was a logarithmic indicator of biodiversity
relevance, reflecting how many other species rely on, or utilise, the plant as a food source, substrate,
shelter or mutualistic partner. The second indicator was a nectar production indicator, which
reflects the average nectar production per species per year, on a coarse logarithmic scale. The
diversity, trait and indicator data were assessed on the total weed community, where the relative
weed cover of each species was averaged over the entire season for each sub-plot. This was done to
be able to draw general conclusions of the effects on the entire weed community present in the field.
The diversity indices were calculated on this aggregated dataset, and the trait and indicators were
summarised using community weighted means, weighted by the average relative cover of each
species (BAT-package in R: Cardoso et al. 2022). The trait and indicators chosen were only weakly
correlated with each other (Kendall correlations) based on the species level values (absolute
correlations between 0.05 and 0.22; Supplemental Figure S3), but more strongly when summarised
into the community weighted means (absolute correlations between 0.23 and 0.55; Supplemental
Figure S3).

Statistical analyses

All statistical analyses and graphs in this study were specified and made in R (version 4.4.2,
R Core Team 2024). The statistical models were linear mixed effect models to account for
the split-plot randomised complete block design in the random structure. The statistical
models where primarily run with Gaussian error distribution (lme4: Bates et al. 2015;
ImerTest:; Kuznetsova et al. 2017) and when not appropriate according to model diagnos-
tics, other options were considered. Fertilisation was treated as a factor in all analyses to
allow for nonlinear relationships. Due to signs of non-linear relationships between soil
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nitrogen supplies and some response variables, the soil nitrogen supply was tested both as
log-transformed and non-transformed (linear) versions in all analyses. Transformations did
not markedly change the results, so only the non-transformed results have been presented
here. Checks of model assumptions were run, through residual diagnostics (DHARMa:
Hartig 2022) and signs of multicollinearity issues (car: Fox and Weisberg 2019). Model
statistics were extracted from the full statistical models (Anova, results with stepwise back-
ward model selection can be found in Supplementary Table S4), and factor-level compar-
isons extracted with Tukey-adjustment for multiple testing (emmeans: Lenth 2023). Graphs
show effects (effects: Fox and Weisberg 2019) and displays wald confidence intervals (95%),
also including letters for factor-level comparisons (multcomp: Hothorn et al. 2008) and raw
data points. An overview table of all the models with response variables, fixed and random
effects, error distributions and which dataset was used can be found in Supplementary
Table S5.

To understand how the weed competitional effect on the crop is mediated by nutrient
levels, analyses were performed to investigate how the crop (yield and grain protein)
responded to weed removal, fertilisation and to the soil nitrogen supply. This also involved
all potential two-way interactions and the three-way interaction. Diseases were nearly absent
in the field, consequently disease prevalence was not considered in the analyses. Aphids
were present, and aphid abundance was partially explained by fertilisation treatments and
soil nitrogen. However, aphid abundance had no effect on yield or grain protein content
when included in the models, nor did it generate multicollinearity issues, and analyses
performed without aphid abundance as covariate yielded nearly identical results. The
randomised complete block design was considered by the random intercept of both block
and fertilisation within block (main-plot treatment). These statistical models performed well
under normal (Gaussian) error distributions and all assumptions of normality and residual
distribution, multicollinearity (variance inflation) and dispersion were fulfilled, except slight
quantile deviations for the yield-models. In the analysis of yield, the variance of the random
block-fertilisation interaction was slightly negative and set to zero. The variance explained
by the random block-fertilisation interaction was generally very small also in the other
analyses.

Further investigation of weed-crop competition was performed on only the weedy subset of
the data, to analyse if also weed cover and height affected the crop and not just weed removal since
complete weed removal is not a realistic scenario in organic farming. In these cases, blocks were
considered as a random intercept. Yield was tested against fertilisation, soil nitrogen supply and
their interactions with total weed cover. The interaction between fertilisation and the soil
nitrogen supply was omitted due to the reduced sample size and as it was not identified as
important in the previous analyses of yield. Similarly, crop height was tested using fertilisation,
soil nitrogen supply and their interaction with the cover of tall weeds growing with or above the
crop but not to each other due to the same limitation in sample size. Due to very few weeds
overgrowing the crop (Supplemental Figure S4), in the statistical analyses the overgrowing weeds
were pooled with the weeds growing with the crop. All assumptions checks (same as above) for
these analyses were satisfactory.

Finally, the investigations explored if the weed community was affected by fertilisation, the soil
nitrogen supply and/or a possible interaction between the two. These analyses concerned effects on total
weed cover, species richness and evenness, as well as the community weighted trait and indicator data to
understand functional implications. In these statistical models, the design was accounted for by block
number as a random intercept. Analyses revealed that the statistical models of these weed community
measures followed normal error distributions and could be approximated with such, except total weed
ground cover which was analysed with beta regression (glmmTMB: Brooks et al. 2017). All model
assumptions of normality and residual distribution, multicollinearity (variance inflation) and dispersion
were fulfilled.
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Results
Crop yield and weed-crop competition

Yield was affected by an interaction between weeding, fertilisation and the soil nitrogen
supply, such that without fertilisation, the effect of weeding on yield depended on the soil
nitrogen supply, with higher rate of gain in weed-free compared to weedy plots (slope
comparisons in Figure la, Supplemental Table S7). Weeding increased yield at low fertilisa-
tion rate, but not at medium and high rates, or in unfertilised sub-plots (as seen by the
vertical separation of the lines in Figure la; Table 1). Soil nitrogen supply related positively
to yield in general (Table 1), with similar effects regardless of fertiliser rate in weedy plots,
but in weed-free plots soil nitrogen had less effect on yield the more fertilisation that was
applied (slope comparison in Figure 1b, Supplemental Table S7). The grain protein content
was, in absolute terms, 0.5 percentage points higher in the weeded treatment than in the
control, on average (Table 1, Figure 2a). Notably, fertilisation had greatest effect on protein
content in conditions with high soil nitrogen supply (Table 1, Figure 2b).

The height of the crop (at the end of crop flowering), using only data from the weedy
plots, showed that the crop height was impacted by weed height, measured as the cover of
weeds growing taller than a third of the crops’ height (Table 1, Figure 3). The increase was
about 8 cm across the range of coverage of tall weeds (6% to 47% ground coverage). The
ground cover of all weeds was related to an interaction between fertilisation and soil
nitrogen supply where it increased with fertilisation at low levels of soil nitrogen supply
and decreased with fertilisation at high levels of soil nitrogen supply (Figure 4, Table 2).
However, the weed ground cover did not relate to yields of weedy plots (Table 1).

Weed community shifts

In total 39 weed species were found across the growing season in the experiment. The most
common species based on the ground cover was Fallopia convolvulus (L.) A. Love,
Chenopodium album L., Lamium purpureum L., Stellaria media (L.) Vill. and Fumaria
officinalis L. (Supplemental Figure S5 and for full species list see Supplemental Table S6).
The species richness of the weed community was not influenced by fertilisation, soil
nitrogen supply nor their interaction (Table 2). However, the weed community evenness
related to fertiliser rate in a complex manner, being significantly lower at medium fertiliser
rate (0.8) than at lower rates (0.75), whereas a high fertiliser rate was characterised by
intermediate evenness (Figure 5a, Table 2). Weed community evenness also decreased with
increasing soil nitrogen supply (Figure 5b, Table 2). Within the weed community, a relative
increase in coverage of Fallopia convolvulus could be seen with increased fertilisation
(Supplemental Figure S5a), and a relative increased cover of Chenopodium album with
higher soil nitrogen supply (Supplemental Figure S5b).

Specific leaf area and seed dry mass were negatively related to soil nitrogen supply (loss
of about 3mm” mg ™' and 1 mg, respectively) but remained unaffected by all other variables
(Table 2, Figure 6(a-b)). Vegetative height of the weed community did not relate to soil
nitrogen supply but appeared to increase with fertilisation (Table 2, Figure 6c). However,
the post-hoc comparison did not reveal any significant differences (Supplemental Table S7,
Figure 6¢). Contrastingly, the two indicators reflecting the importance of the weed com-
munity for associated biodiversity were influenced by soil nitrogen supply, but not fertilisa-
tion (Table 2). The number of associated species dependent on the weeds (biodiversity
relevance) increased with increased soil nutrient supply whilst the nectar production of the
weed community decreased with increased soil nutrient supply (Figure 7, Table 2).
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Figure 1. Effects of the three-way interaction between weeding, fertilisation and soil nitrogen supply on spring wheat yield, as
divided by (a) fertilisation and (b) weeding. Mean and 95% confidence intervals from modelled effects and points showing raw
data. Slopes with different letters within each individual plot indicate significant differences between means (p < 0.05).
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Table 1. Results of the analysed linear mixed models of yields. x, df and p-values are
extracted anova of the full model. Bold highlights significant explanatory variables (p <

0.05). All analyses used gaussian models.

Yield (all plots)

X2 df p
Weeding x Fertilisation x Soil nitrogen 9.21 3 0.027
Weeding x Fertilisation 10.77 3 0.013
Weeding x Soil nitrogen 0.94 1 0.331
Fertilisation x Soil nitrogen 243 3 0.488
Weeding 9.69 1 0.002
Fertilisation 199.22 3 <0.001
Soil nitrogen 12.27 1 <0.001
Aphids 0.35 1 0.556
Grain protein content (all data)
X2 df p
Weeding x Fertilisation x Soil nitrogen 5.56 3 0.135
Weeding x Fertilisation 1.21 3 0.749
Weeding x Soil nitrogen 1.88 1 0.170
Fertilisation x Soil nitrogen 19.58 3 <0.001
Weeding 23.58 1 <0.001
Fertilisation 82.17 3 <0.001
Soil nitrogen 68.90 1 <0.001
Aphids 1 1 0.291
Yield (weedy plots)
X2 df p
Fertilisation x Weed cover 4.77 3 0.190
Soil nitrogen x Weed cover 0.88 1 0.352
Fertilisation 81.70 3 <0.001
Weed cover 1.66 1 0.198
Soil nitrogen 5.97 1 0.015
Crop height (weedy plots)
X2 df p
Fertilisation x Cover tall weeds 4.81 3 0.186
Soil nitrogen x Cover tall weeds 2.26 1 0.133
Fertilisation 13.70 3 0.003
Cover tall weeds 4.60 1 0.032
Soil nitrogen 18.17 1 <0.001
b
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Figure 2. Effects of (a) weeding treatment, and (b) the interaction between fertilisation and soil nitrogen supply on grain protein
content. Mean and 95% confidence intervals from modelled effects and points showing raw data. Bars and slopes with different
letters indicate significant differences (p < 0.05).
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Figure 3. Crop height as related to the cover of tall weeds (weeds growing above a third of the crops height). Mean and 95%
confidence intervals from modelled effect and points showing raw data.

Discussion
Weed-crop competition

The results showed that the spring wheat overall benefitted from increased fertilisation, although
this depended on weeding and the soil nitrogen supply. By the vertical separation of the lines in
Figure 1a, it appeared that a yield loss due to weeds only occurred at the low rate of fertilisation. In
the absence of fertiliser, the effect of weed removal on yield depended on the soil nitrogen supply
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Figure 4. Weed ground cover in response to fertilisation and soil nitrogen supply. Mean and 95% confidence intervals from
modelled effect and points showing raw data. Slopes with different letters indicate significant differences (p < 0.05).
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Table 2. Results of the analysed linear mixed models of the weed community. x?, df and p-value are extracted from anova of the
full model. Bold highlights significant explanatory variables (p < 0.05). All analyses used Gaussian models except weed cover
which was analysed with beta regression.

Weed cover Weed richness Weed evenness
X2 df p X2 df p X2 df p
Fertilisation x Soil nitrogen 42.62 3 <0.001 1.43 3 0.699 6.36 3 0.095
Fertilisation 32.99 3 <0.001 0.32 3 0.955 19.47 3 <0.001
Soil nitrogen 297 1 0.085 1.55 1 0.214 4.28 1 0.038
Specific leaf area Seed dry mass Vegetative height
X2 df p X2 df p X2 df p
Fertilisation x Soil nitrogen 0.90 3 0.825 6.74 3 0.081 2.11 3 0.550
Fertilisation 2.1 3 0.551 3.55 3 0.314 8.71 3 0.033
Soil nitrogen 6.81 1 0.009 14.26 1 <0.001 1.24 1 0.266
log(Biodiversity relevance) log(Nectar production)
X2 df p X2 df p
Fertilisation x Soil nitrogen 2.54 3 0.468 1.58 3 0.663
Fertilisation 1.28 3 0.734 3.36 3 0.339
Soil nitrogen 6.84 1 0.009 13.97 1 <0.001

with stronger effect in weed-free plots (Figure 1a), presumably explained by a high competition for
the soil nitrogen supply when nitrogen from fertilisation was absent. At the low fertilisation rate,
where weed removal increased crop yield, the results suggested that the weeds started competing for
the fertilised nitrogen with the crop. At medium and high fertilisation there was little difference
between weed-free and weedy plots, also in respect to the response to the soil nitrogen supply
(Figure 1a) which implied that nutrient levels were sufficient and little competition occurred. At
these higher fertilisation rates, weeds could thus rather be seen as opportunistic and co-existing
with the crop, without inflicting detrimental competitive effects (Esposito et al. 2023). As nutrient
levels increase, such as through fertilisation, it is expected that nutrients are no longer as limited and
thus competition for nutrients decrease and competition for light becomes more important (Tilman
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Figure 5. Effects of (a) fertilisation and (b) soil nitrogen supply on weed community evenness. Mean and 95% confidence intervals
from modelled effects and points showing raw data. Means with different letters indicate significant differences (p < 0.05).
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Figure 6. Effects of fertilisation or soil nitrogen supply on weed community functional trait composition calculated by community
weighted means, (a) specific leaf area, (b) seed dry mass and (c) vegetative height. Mean and 95% confidence intervals from
modelled effects and points showing raw data. Means with different letters indicate significant differences (p < 0.05).

1982). In this study, the crop had an advantage for light capture by emerging early and becoming
taller than the weeds, although there was a weak apparent relationship of increased crop height with
a higher cover of tall weeds. A taller crop could make the competition for nitrogen asymmetric as
a larger size benefits nutrient uptake (Schwinning and Weiner 1998). Additionally, the nitrogen
demand of the crop was rather high (as seen in the weed-free sub-plots, Figure 2), which further
suggested that the competitiveness of the crop may increase with nitrogen fertilisation (compare
Ampong-Nyarko and De Datta 1993; Wang et al. 2019). However, in this study, it could not be
determined how the nitrogen demand of the crop compared to the nitrogen demand of the weeds,
since a crop-free control was not included in the design. Furthermore, the competitive ability of the
weeds may be better estimated through biomass or a direct measure of weed height, but such
measures are more labour and time intensive to collect. Further investigations, using more detailed
measures and involving the use of more elaborate statistical analyses such as Structural Equation
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Figure 7. Relationship between soil nitrogen supply and the biodiversity importance of the weed community calculated by
community weighted means of (a) biodiversity relevance, and (b) nectar production. Mean and 95% confidence intervals from
modelled effects and points showing raw data.

Modelling or Partial Least Square path modelling (see, for example, Quinio et al. 2017), could reveal
the apparent complexity of direct and indirect links between nutrients, weeds and yield.

For grain protein content, there was an interactive effect between fertilisation and soil nitrogen
supply where both improved protein content and a general positive relationship between grain
protein content and weeding (Figure 2). The general positive effect of weeding on grain protein
content could be explained by the relatively high weed abundance also late in the season
(Supplemental Figure S6) when grain protein was formed (compare Adeux et al. 2019). Higher
soil nitrogen supply increased the positive effect of fertilisation on grain protein content
(Figure 2b), probably through luxurious uptake of available N late during the crop cycle (De
Oliviera Silva et al. 2021).

Soil nitrogen supply had a stronger effect on yield when fertilisation was lower in weed-free plots
(Figure 1Db), as expected since the two nutrient sources complement each other. But in weedy plots
this interaction did not exist (Figure 1b), most likely due to the high competition from weeds when
nutrient levels were low. Apart from the direct implications of nutrient availability, this study also
showed the potential for indirect links with yield through altered weed community composition
and competitiveness of the weed community. Specifically, soil nitrogen supply was associated with
a loss of evenness and functional trait composition (Table 2, Supplemental Figure S5b), where there
was a negative relationship to the community weighted mean specific leaf area and seed mass
(Figure 6(a,b)). The decrease in seed mass with higher levels of nutrients was in accordance with
earlier research (Gaba et al. 2014; Bergholz et al. 2015), whereas high specific leaf area indicated an
efficient conversion of nutrients into leaf biomass and high ability to capture light (Gaba et al. 2014)
and should therefore increase, and not decrease, along nutrient gradients (see, for example, Knops
and Reinhart 2000; Freschet et al. 2015; Perthame et al. 2022). These results were likely driven by
Chenopodium album in both cases, a species with low specific leaf area and small seeds, whose
relative cover increased with increased soil nitrogen supply, contrary to larger-seeded species such
as Fallopia convolvulus (Supplementary Figure S5). Chenopodium album is known for efficient
nutrient uptake and rapid growth (Bajwa et al. 2019) but it is unclear why it responded more to the
soil nitrogen supply than to the fertilisation (Supplemental Figure S5). Regarding the association
between soil nitrogen supply and these functional traits, it could not be determined if this was an
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effect of soil nitrogen supply per se or if the effects were linked to other processes, since the pattern
in soil nitrogen supply matched patterns in productivity of the preceding ley and soil clay content.
Some common weeds (such as Chenopodium album) can persist in field seedbanks for several years
because they produce large amounts of seeds with long survival time (Dekker 1999).
Understanding the causal relationships between soil conditions, soil fertility, weed community
composition, weed seed banks and ultimately competition and crop management are topics that
require further research, where studying other traits or applying a strategy-based framework (e.g.
CSR-strategies: Grime 1977) could be useful. It is also important to stress that the underlying trait
data used in this study only reflected interspecific trait variation, whereas intraspecific trait varia-
tion may be important to understand mechanisms of competition (Gibson et al. 2017; Romillac
et al. 2023). In addition, the species pool of weeds was restricted in this study because it was limited
to one field and 1 year and thus shifts in community-weighed traits mainly reflected shifts in relative
abundance rather than competitive exclusion or species turnover across larger spatial scales.

Weed diversity and conservation

Weed species richness was not influenced by either fertilisation or the soil nitrogen supply
(Table 2), but species losses may be difficult to detect in short-term studies like this. Soil nitrogen
supply was also not associated with weed species richness (Table 2), which could indicate that the
underlying process causing the variation in soil nitrogen supply had little impact on the weed
species pool or had not been going on for long enough. The exact process cannot be determined in
this study, but the pattern in soil nitrogen supply matched patterns in productivity of the preceding
ley and soil clay content (data not shown). Still, weed community composition changed as evenness
generally decreased in response to both increased fertilisation and soil nitrogen supply (loss of
around 6% and 10%, respectively), although the effect was not the largest and the highest rate of
fertilisation deviated from the trend (Figure 5). A loss of evenness due to high nutrient conditions
may be explained by the growth of competitive, fast-growing species being favoured at the expense
of rarer and nutrient sensitive (usually oligotrophic) arable weeds (Storkey et al. 2010; Rotches-
Ribalta et al. 2015). High fertilisation rates and soil nitrogen supply were in this study also
associated with higher crop growth (Figures 1 and 2), which additionally favours competitive or
stress-tolerant weed species that can survive in the dense crop vegetation (PySek and Leps$ 1991).
Over time, the loss of evenness and shifts in weed community composition could become even
more pronounced as larger and more abundant species are likely to gain a reproductive advantage,
especially if nutrient levels remain high. If the higher fertilisation is reoccurring and given enough
time, such shifts in the weed community could come with the risk of competitive exclusion and thus
a loss of species richness too (compare Gause 1934; PySek and Lep$ 1991), although such effects
could also be overwritten by other management practices. Shifts in the weed community and loss of
weed diversity is a concern for crop production as diverse weed communities with high evenness
are associated with reduced yield losses compared to more skewed weed communities, dominated
by a few abundant species (Storkey et al. 2018; Adeux et al. 2019). It has been suggested that this is
due to the lower biomass of more diverse communities and the lower share of competitive species
(Adeux et al. 2019).

The shift in weed community evenness was reflected in the indices describing the overall nectar
production and biodiversity relevance of the weed communities’, but only in relation to the soil
nitrogen supply and not fertilisation (Table 2). Increasing soil nitrogen supply was positively related
to community weighted mean biodiversity relevance and negatively related to nectar production
(Figure 7). In plots with high soil nitrogen supply, weed communities were dominated by
Chenopodium album (Supplemental Figure S5b), a fast-growing annual plant commonly found
on organic farms (Hyvonen et al. 2003), which does not produce nectar but instead supports
a relatively diverse assemblage of associated species (Tyler et al. 2021). In contrast, in plots with low
soil nitrogen supply, weed communities were characterised by a relatively high abundance of
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Fallopia convolvulus (Supplemental Figure S5), which produces relatively large amounts of nectar
(Tyler et al. 2021). Thus, the results most likely reflected the contrasting relative abundance of these
two common species along the gradient of soil nitrogen supply, a contrast that was not very
apparent for fertilisation (Supplemental Figure S5a).

It is possible that the stronger effect of soil nitrogen supply can be explained by a low share of
species who benefit from short-term resource pulses or the long-term ley preceding the wheat
particularly favouring species with long seed longevity, such as Chenopodium album.
Complementary sampling such as density counts of the weed community or seed bank may help
resolve this question. Nevertheless, both fertilisation and soil nitrogen supply related to shifts in the
weed community composition, which in the case of soil nitrogen supply could also affect other taxa
that depend on weeds in their life cycle. This underlines the importance of considering the whole
agroecosystem when evaluating effects of management practices.

Generalisation

This experimental study contributed to a deeper understanding of the mechanisms driving weed-
crop interactions, and how they are related to weed diversity and associated biodiversity, which has
hitherto been understudied. For example, the study showed how the abundance of specific species
plays into competition and strong evidence that the fertilisation both interacted and acted differ-
ently than soil nutrient supply on competition and weed community composition. This was
potentially explained by the differences in timing and availability of the nutrients from the two
sources that resulted in both short-term and long-term effects. The study showed particular
relevance as it demonstrated that even in multi-species weed communities it was possible to
distinguish effects of competition with the added benefit of assessing the consequences for biodi-
versity. Such understanding is important if sustainable weed management practices that maintain
both yields and biodiversity are to be developed. This study therefore provided directions for future
investigations on nutrient management and showed the need for even more detailed investigations.

It needs to be acknowledged that this study only showcased the outcomes of weed-crop
interactions mediated by fertilisation and soil nitrogen supply under the specific conditions and
weed community of the studied field, and this may vary between years and fields. For example, if the
weeds are strong competitors (Menalled et al. 2004; Blackshaw and Molnar 2009), emerge early
(Liebman et al. 2004) and/or have the advantage in competition for light (Santos et al. 2004), they
may cause larger yield losses and the addition of nutrients may not lead to yield increases, especially
without adequate weed control (Menalled et al. 2004; Mahajan and Timsina 2011). Dynamics of
competition between crop and weeds are also highly dependent on fertiliser type and application
strategy (Di Tomaso 1995; Blackshaw et al. 2005), crop type (Andersson and Milberg 1998; Rydberg
and Milberg 2000; Smith and Gross 2007; Fried et al. 2008; Meiss et al. 2010) pedoclimatic
conditions (Fried et al. 2008) and surrounding landscape (Gaba et al. 2010; Armengot et al. 2012;
Petit et al. 2016; Alignier et al. 2020; Bourgeois et al. 2020). This study was based on a single-site
experiment which is useful for a mechanistic understanding of weed-crop-nutrient interactions,
but further research is needed to investigate whether the conclusions from this study hold under
varied sets of environmental conditions and weed species pools. Moreover, experimental studies
come at the cost of realism. Importantly, the weeding treatment used in this study does not mimic
a realistic management scenario of an organic spring wheat field, because large-scale weed manage-
ment is most likely much less efficient (see Armengot et al. 2013), such that this study may have
overestimated the potential yield increase of weeding. Similarly, the highest fertilisation rate used in
this experiment is currently not economically realistic for a commercial organic farm. Hence, these
studies need to be complemented with field-scale studies using realistic weeding and fertilisation
regimes.

Nevertheless, the experiment showcased that milling quality (>13% protein content; Figure 2b)
and yield quantities comparable to those of conventional spring wheat in the region (4650 kg ha™';
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Jordbruksverket 2023) could be achieved with high organic fertilisation in combination with high
levels of soil nutrient supply, even with weeds present. This study therefore showed that weeds are
not always detrimental to crop production, corroborating earlier research (Adeux et al. 2019;
Esposito et al. 2023). Importantly, this study showed that a goal of eradication of weeds is not
necessary for high crop production and that a holistic approach, considering both the benefits and
costs associated with weeds, should be considered to support the design of sustainable farming
systems. Thus, aims to improve yield, such as through fertilisation and soil fertility management
should be evaluated against potential undesirable effects, for example, changes in the weed com-
munity and its benefits, as demonstrated in this study. Other studies have also shown this trade-off
(see, for example, Berquer et al. 2023) which emphasise that for sustainable weed management the
aim should be weed communities of low competitiveness and high diversity which provide many
ecosystem benefits (MacLaren et al. 2020). If the crop is the stronger competitor, the need for weed
control will be reduced (Weiner 2023) and weeds could instead contribute to biodiversity and
supporting ecosystem services (Esposito et al. 2023). The competitiveness of the crop can be
enhanced through, for example, choice of variety (Feledyn-Szewczyk and Jonczyk 2015), sowing
density (Kristensen et al. 2008; Kolb et al. 2010) and adapted tilling (Andersson and Milberg 1998;
Swanton et al. 1999; Blackshaw et al. 2000). In addition, precision agriculture tools may be useful to
tailor when, where and how fertilisers are applied, to ensure a net gain of nutrient management for
the crop (Diacono et al. 2013) without affecting the weed community and enhancing negative
effects of competition such as increased yield loss.

Acknowledgments

The authors gratefully thank Kjell Gustafsson for the use of their field for the trial, and Mattias Gustafsson, Sofia
Delin and David Widmark at Lanna research station (Swedish University of Agricultural Sciences) for setting up and
managing the overarching chessboard experiment. The study was part of the strategic research environment
Biodiversity and Ecosystem Services at Lund University.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was made possible due to funding from the Swedish Research Council for Sustainable Development
(Formas) under grant [2018-02396] and Vidstra Gotalands regionen under the grant [RUN2021-0020].

References

Adeux G, Vieren E, Carlesi S, Barberi P, Munier-Jolain N, Cordeau S. 2019. Mitigating crop yield losses through weed
diversity. Nat Sustain. 2(11):1018-1026. doi: 10.1038/s41893-019-0415-y.

Albrecht H, Cambecedes J, Lang M, Wagner M. 2016. Management options for the conservation of rare arable plants
in Europe. Botany Lett. 163(4):389-415. doi: 10.1080/23818107.2016.1237886.

Alignier A, Solé-Senan XO, Roblefio I, Baraibar B, Fahrig L, Giralt D, Gross N, Martin J-L, Recasens J, Sirami C, et al.
2020. Configurational crop heterogeneity increases within-field plant diversity. ] Appl Ecol. 57(4):654-663. doi:
10.1111/1365-2664.13585.

Altman N, Krzywinski M. 2015. Split plot design. Nat Methods. 12(3):165-166. doi: 10.1038/nmeth.3293.

Alvarez R. 2022. Comparing productivity of organic and conventional farming systems: a quantitative review. Arch
Agron Soil Sci. 68(14):1947-1958. doi: 10.1080/03650340.2021.1946040.

Ampong-Nyarko K, De Datta SK. 1993. Effects of nitrogen application on growth, nitrogen use efficiency and
rice-weed interaction. Weed Res. 33(3):269-276. doi: 10.1111/j.1365-3180.1993.tb01941 x.

Andersson TN, Milberg P. 1998. Weed Flora and the relative importance of site, crop, crop rotation, and nitrogen.
Weed Sci. 46(1):30-38. https://www.jstor.org/stable/4046005.


https://doi.org/10.1038/s41893-019-0415-y
https://doi.org/10.1080/23818107.2016.1237886
https://doi.org/10.1111/1365-2664.13585
https://doi.org/10.1111/1365-2664.13585
https://doi.org/10.1038/nmeth.3293
https://doi.org/10.1080/03650340.2021.1946040
https://doi.org/10.1111/j.1365-3180.1993.tb01941.x
https://www.jstor.org/stable/4046005

BIOLOGICAL AGRICULTURE & HORTICULTURE . 217

Armengot L, José-Maria L, Chamorro L, Sans F. 2013. Weed harrowing in organically grown cereal crops avoids yield
losses without reducing weed diversity. Agron Sustain Dev. 33(2):405-411. doi: 10.1007/s13593-012-0107-8.

Armengot L, Sans FX, Fischer C, Flohre A, Jose-Maria L, Tscharntke T, Thies C, Ohlemiiller R. 2012. The p-diversity
of arable weed communities on organic and conventional cereal farms in two contrasting regions. Appl Veg Sci. 15
(4):571-579. doi: 10.1111/j.1654-109X.2012.01190.x.

Bajwa AA, Zulfigar U, Sadia S, Bhowmik P, Chauhan BS. 2019. A global perspective on the biology, impact and
management of Chenopodium album and Chenopodium murale: two troublesome agricultural and environmental
weeds. Environ Sci Pollut Res. 26(6):5357-5371. doi: 10.1007/s11356-018-04104-y.

Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects models using Ime4. J Stat Softw. 67
(1):1-48. doi: 10.18637/js5.v067.i01.

Bergholz K, Jeltsch F, Weiss L, Pottek J, Geifiler K, Ristow M. 2015. Fertilization affects the establishment ability of
species differing in seed mass via direct nutrient addition and indirect competition effects. Oikos. 124(11):1547-
1554 doi:10.1111/0ik.02193.

Berquer A, Bretagnolle V, Martin O, Gaba S. 2023. Disentangling the effect of nitrogen input and weed control on
crop-weed competition suggests a potential agronomic trap in conventional farming. Agric Ecosyst Environ.
345:108232. doi: 10.1016/j.agee.2022.108232.

Blackshaw RE, Molnar LJ. 2009. Phosphorus fertilizer application method affects weed growth and competition with
wheat. Weed Sci. 57(3):311-318 doi:10.1614/WS-08-173.1.

Blackshaw RE, Molnar LJ, Larney FJ. 2005. Fertilizer, manure and compost effects on weed growth and competition
with winter wheat in western Canada. Crop Protect. 24(11):971-980. doi: 10.1016/j.cropro.2005.01.021.

Blackshaw RE, Semach G, Li X, O’'Donovan JT, Harker KN. 2000. Tillage, fertiliser and glyphosate timing effects on
foxtail barley (hordeum jubatum) management in wheat. Can J Plant Sci. 80(3):655-660. doi: 10.4141/p99-132.

Blaix C, Moonen AC, Dostatny DF, Izquierdo J, Le Corff J, Morrison J, Von Redwitz C, Schumacher M,
Westerman PR, Rew L. 2018. Quantification of regulating ecosystem services provided by weeds in annual
cropping systems using a systematic map approach. Weed Res. 58(3):151-164. doi: 10.1111/wre.12303.

Bourgeois B, Gaba S, Plumejeaud C, Bretagnolle V. 2020. Weed diversity is driven by complex interplay between
multi-scale dispersal and local filtering: multi-scale drivers of weed diversity. Proc R Soc B. 287(1930). Proc R Soc
B: Biol Sci. 287(1930):20201118. doi: 10.1098/rspb.2020.1118rspb20201118.

Brooks ME, Kristensen K, van Benthem Kj, Magnusson A, Berg CW, Nielsen A, Skaug HJ, Machler M, Maechler BM,
Benthem K. 2017. glmmTMB balances speed and flexibility among packages for zero-inflated generalized linear
mixed modeling. R J. 9(2):378-400. doi: 10.32614/R]J-2017-066.

Cabell JF, Oelofse M. 2012. An indicator framework for assessing agroecosystem resilience. Ecol Soc. 17(1):18. doi:
10.5751/ES-04666-170118.

Cardoso P, Mammola S, Rigal F, Carvalho J. 2022. BAT: biodiversity assessment tools. R package version 2.9.2.
https://CRAN.R-project.org/package=BAT.

Carmona CP, Guerrero I, Peco B, Morales MB, Onate JJ, Part T, Tscharntke T, Liira J, Aavik T, Emmerson M, et al.
2020. Agriculture intensification reduces plant taxonomic and functional diversity across European arable
systems. Funct Ecol. 34(7):1448-1460. doi: 10.1111/1365-2435.13608.

Carvalheiro LG, Kunin WE, Keil P, Aguirre-Gutiérrez J, Ellis WN, Fox R, Groom Q, Hennekens S, Van Landuyt W,
Maes D, et al. 2013. Species richness declines and biotic homogenisation have slowed down for NW-European
pollinators and plants. Ecol Lett. 16(7):870-878. doi: 10.1111/ele.12121.

Dekker J. 1999. Soil weed seed banks and weed management. ] Crop Prod. 2(1):139-166. doi: 10.1300/9785535.

De Oliviera Silva A, Jaenisch BR, Ciampitti IA, Lollato RP. 2021. Wheat nitrogen, phosphorus, potassium, and sulfur
uptake dynamics under different management practices. Agron J. 113(3):2752-2769. doi: 10.1002/agj2.20637.
Diacono M, Rubino P, Montemurro F. 2013. Precision nitrogen management of wheat — a review. Agron Systain Dev.

33(1):219-241. doi: 10.1007/s13593-012-0111-z.

Di Tomaso JM. 1995. Approaches for improving crop competitiveness through the manipulation of fertilization
strategies. Weed Sci. 43(3):491-497. doi: 10.1017/S0043174500081522.

Donald PF, Sanderson FJ, Burfield IJ, van Bommel Fpj, van Bommel FPJ. 2006. Further evidence of continent-wide
impacts of agricultural intensification on European farmland birds, 1990-2000. Agric Ecosyst Environ. 116
(3):189-196. doi: 10.1016/j.agee.2006.02.007.

Emmerson M, Morales MB, Onate JJ, Batdry P, Berendse F, Liira ], Aavik T, Guerrero I, Bommarco R, Eggers S, et al.
2016. Chapter two - how agricultural intensification affects biodiversity and ecosystem services. In: Dumbrell A,
Kordas R Woodward G, editors. Adv Ecol Res. Academic Press; p. 43-97. 10.1016/bs.aecr.2016.08.005.

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

Esposito M, Westbrook AS, Maggio A, Cirillo V, DiTommaso A. 2023. Neutral weed communities: the intersection
between crop productivity, biodiversity, and weed ecosystem services. Weed Sci. 71(4):301-311. doi: 10.1017/wsc.
2023.27.


https://doi.org/10.1007/s13593-012-0107-8
https://doi.org/10.1111/j.1654-109X.2012.01190.x
https://doi.org/10.1007/s11356-018-04104-y
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/oik.02193
https://doi.org/10.1016/j.agee.2022.108232
https://doi.org/10.1614/WS-08-173.1
https://doi.org/10.1016/j.cropro.2005.01.021
https://doi.org/10.4141/p99-132
https://doi.org/10.1111/wre.12303
https://doi.org/10.1098/rspb.2020.1118rspb20201118
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.5751/ES-04666-170118
https://doi.org/10.5751/ES-04666-170118
https://CRAN.R-project.org/package=BAT
https://doi.org/10.1111/1365-2435.13608
https://doi.org/10.1111/ele.12121
https://doi.org/10.1300/9785535
https://doi.org/10.1002/agj2.20637
https://doi.org/10.1007/s13593-012-0111-z
https://doi.org/10.1017/S0043174500081522
https://doi.org/10.1016/j.agee.2006.02.007
https://doi.org/10.1016/bs.aecr.2016.08.005
https://doi.org/10.1016/j.agee.2023.108596
https://doi.org/10.1017/wsc.2023.27
https://doi.org/10.1017/wsc.2023.27

218 M. KARLSSON ET AL.

EU. 2018. Regulation (EU) 2018/848 of the European parliament and of the council of 30 May 2018 on organic
production and labelling of organic products. http://data.europa.eu/eli/reg/2018/848/0j.

Fahrig L, Baudry J, Brotons L, Burel FG, Crist TO, Fuller RJ, Sirami C, Siriwardena GM, Martin J-L. 2011. Functional
landscape heterogeneity and animal biodiversity in agricultural landscapes. Ecol Lett. 14(2):101-112. doi: 10.1111/
j.1461-0248.2010.01559.x.

Feledyn-Szewczyk B, Jonczyk K. 2015. Differences between organically grown varieties of spring wheat, in response to
weed competition and yield. ] Plant Prot Res. 55(3):254-259. doi: 10.1515/jppr-2015-0036.

Fox ], Weisberg S. 2019. An R companion to applied regression. 3rd ed. Thousand Oaks CA: Sage. https://
socialsciences.mcmaster.ca/jfox/Books/Companion/index.html.

Freschet GT, Swart EM, Cornelissen JHC. 2015. Integrated plant phenotypic responses to contrasting above- and
below-ground resources: key roles of specific leaf area and root mass fraction. New Phytol. 206(4):1247-1260. doi:
10.1111/nph.13352.

Fried G, Norton LR, Reboud X. 2008. Environmental and management factors determining weed species composi-
tion and diversity in France. Agric Ecosyst Environ. 128(1):68-76. doi: 10.1016/j.agee.2008.05.003.

Gaba S, Chauvel B, Dessaint F, Bretagnolle V, Petit S. 2010. Weed species richness in winter wheat increases with
landscape heterogeneity. Agric Ecosyst Environ. 138(3):318-323. doi: 10.1016/j.agee.2010.06.005.

Gaba S, Fried G, Kazakou E, Chauvel B, Navas M-L. 2014. Agroecological weed control using a functional approach:
a review of cropping systems diversity. Agron Sustain Dev. 34(1):103-119. doi: 10.1007/s13593-013-0166-5.

Gaba S, Perronne R, Fried G, Gardarin A, Bretagnolle F, Biju-Duval L, Colbach N, Cordeau S, Fernandez-Aparicio M,
Gauvrit C, et al. 2017. Response and effect traits of arable weeds in agro-ecosystems: a review of current
knowledge. Weed Res. 57(3):123-147. doi: 10.1111/wre.12245.

Gause GF. 1934. The struggle for existence. Baltimore: Williams and Wilkins.

Geiger F, Bengtsson ], Berendse F, Weisser WW, Emmerson M, Morales MB, Ceryngier P, Liira J, Tscharntke T,
Wingyist C, et al. 2010. Persistent negative effects of pesticides on biodiversity and biological control potential on
European farmland. Basic Appl Ecol. 11(2):97-105. doi: 10.1016/j.baae.2009.12.001.

Gibson DJ, Young BG, Wood AJ, Bardgett R. 2017. Can weeds enhance profitability? Integrating ecological concepts
to address crop-weed competition and yield quality. ] Ecol. 105(4):900-904. doi: 10.1111/1365-2745.12785.

Grime JP. 1977. Evidence for the existence of three primary strategies in plants and its relevance to ecological and
evolutionary theory. Am Nat. 111(982):1169-1194. http://www.jstor.org/stable/2460262.

Hartig F. 2022. Dharma: residual diagnostics for hierarchical (multi-Level/Mixed) regression models. R package
version 0.4.6. https://CRAN.R-project.org/package=DHARMa.

Hothorn T, Bretz F, Westfall P. 2008. Simultaneous inference in General parametric models. Biom J. 50(3):346-363.
doi: 10.1002/bim;j.200810425.

Hyvonen T, Ketoja E, Salonen J, Jalli H, Tiainen J. 2003. Weed species diversity and community composition in
organic and conventional cropping of spring cereals. Agric Ecosyst Environ. 97(1):131-149. doi: 10.1016/S0167-
8809(03)00117-8.

Jeanneret P, Liischer G, Schneider MK, Pointereau P, Arndorfer M, Bailey D, Balazs K, Baldi A, Choisis J-P, Dennis P,
et al. 2021. An increase in food production in Europe could dramatically affect farmland biodiversity. Commun
Earth Environ. 2(1):183. doi: 10.1038/s43247-021-00256-x.

Jordbruksverket. 2023. Skord av spannmal, trindsad, oljevéxter, potatis och slattervall 2022 - Slutlig statistik [Harvests
of cereal crops, dried pulses, oilseed crops, annual plants harvested green, potatoes and temporary grasses 2022 -
Final statistics]. Report number: JO0601. https://jordbruksverket.se/om-jordbruksverket/jordbruksverkets-
officiella-statistik/jordbruksverkets-statistikrapporter/statistik/2023-04-21-skord-av-spannmal-trindsad-
oljevaxter-potatis-och-slattervall-2022.-slutlig-statistik.

Kattge ], Bonisch G, Diaz S, Lavorel S, Prentice IC, Leadley P, Tautenhahn S, Werner GDA, Aakala T, Abedi M, et al.
2020. TRY plant trait database — enhanced coverage and open access. Global Change Biol. 26(1):119-188. doi: 10.
1111/gcb.14904.

Kayser M, Muller J, Isselstein J. 2010. Nitrogen management in organic farming: comparison of crop rotation residual
effects on yields, N leaching and soil conditions. Nutrient Cycling Agroecosyt. 87(1):21-31. doi: 10.1007/s10705-
009-9309-0.

Knops JMH, Reinhart K. 2000. Specific leaf area along a nitrogen fertilization gradient. Am Mid Nat. 144(2):265-272.
doi: 10.1674/0003-0031(2000)144[0265:SLAAAN2.0.CO;2.

Kolb LN, Gallandt ER, Molloy T. 2010. Improving weed management in organic spring barley: physical weed control
vs. interspecific competition. Weed Res. 50(6):597-605. doi: 10.1111/j.1365-3180.2010.00818 x.

KRAV. 2022. KRAVs regler - utgava 2022 [The rules of KRAV - edition 2022]. https://regler krav.se/unit/krav-
edition/2d892b1b-14f1-4249-8574-a5d711fe8ada.

Kristensen L, Olsen ], Weiner J. 2008. Crop density, sowing pattern, and nitrogen fertilization effects on weed
suppression and yield in Spring wheat. Weed Sci. 56(1):97-102. doi: 10.1614/WS-07-065.1.

Kuznetsova A, Brockhoff PB, Christensen RHB. 2017. ImerTest package: tests in linear mixed effects models. J Stat
Softw. 82(13):1-26. doi: 10.18637/js5.v082.i13.


http://data.europa.eu/eli/reg/2018/848/oj
https://doi.org/10.1111/j.1461-0248.2010.01559.x
https://doi.org/10.1111/j.1461-0248.2010.01559.x
https://doi.org/10.1515/jppr-2015-0036
https://socialsciences.mcmaster.ca/jfox/Books/Companion/index.html
https://socialsciences.mcmaster.ca/jfox/Books/Companion/index.html
https://doi.org/10.1111/nph.13352
https://doi.org/10.1111/nph.13352
https://doi.org/10.1016/j.agee.2008.05.003
https://doi.org/10.1016/j.agee.2010.06.005
https://doi.org/10.1007/s13593-013-0166-5
https://doi.org/10.1111/wre.12245
https://doi.org/10.1016/j.baae.2009.12.001
https://doi.org/10.1111/1365-2745.12785
http://www.jstor.org/stable/2460262
https://CRAN.R-project.org/package=DHARMa
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1016/S0167-8809(03)00117-8
https://doi.org/10.1016/S0167-8809(03)00117-8
https://doi.org/10.1038/s43247-021-00256-x
https://jordbruksverket.se/om-jordbruksverket/jordbruksverkets-officiella-statistik/jordbruksverkets-statistikrapporter/statistik/2023-04-21-skord-av-spannmal-trindsad-oljevaxter-potatis-och-slattervall-2022.-slutlig-statistik
https://jordbruksverket.se/om-jordbruksverket/jordbruksverkets-officiella-statistik/jordbruksverkets-statistikrapporter/statistik/2023-04-21-skord-av-spannmal-trindsad-oljevaxter-potatis-och-slattervall-2022.-slutlig-statistik
https://jordbruksverket.se/om-jordbruksverket/jordbruksverkets-officiella-statistik/jordbruksverkets-statistikrapporter/statistik/2023-04-21-skord-av-spannmal-trindsad-oljevaxter-potatis-och-slattervall-2022.-slutlig-statistik
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1007/s10705-009-9309-0
https://doi.org/10.1007/s10705-009-9309-0
https://doi.org/10.1674/0003-0031(2000)144[0265:SLAAAN2.0.CO;2
https://doi.org/10.1111/j.1365-3180.2010.00818.x
https://regler.krav.se/unit/krav-edition/2d892b1b-14f1-4249-8574-a5d711fe8ada
https://regler.krav.se/unit/krav-edition/2d892b1b-14f1-4249-8574-a5d711fe8ada
https://doi.org/10.1614/WS-07-065.1
https://doi.org/10.18637/jss.v082.i13

BIOLOGICAL AGRICULTURE & HORTICULTURE . 219

Lenth R. 2023. Emmeans: estimated marginal means, aka least-squares means. R package version 1.8.4-1. https://
CRAN.R-project.org/package=emmeans.

Liebman M, Menalled FD, Buhler DD, Richard TL, Sundberg DN, Cambardella CA, Kohler KA. 2004. Impacts of
composted swine manure on weed and corn nutrient uptake, growth, and seed production. Weed Sci. 52
(3):365-375. doi: 10.1614/WS-03-094R.

Little NG, DiTommaso A, Westbrook AS, Ketterings QM, Mohler CL. 2021. Effects of fertility amendments on weed
growth and weed-crop competition: a review. Weed Sci. 69(2):132-146. doi: 10.1017/wsc.2021.1.

Lutman PJW, Risiott R, Ostermann PH. 1996. Investigations into alternative methods to predict the competitive
effects of weeds on crop yields. Weed Sci. 44(2):290-297. https://www.jstor.org/stable/4045681.

MacLaren C, Storkey J, Menegat A, Metcalfe H, Dehnen-Schmutz K. 2020. An ecological future for weed science to
sustain crop production and the environment. A review. Agron Sustain Dev. 40(4):24. doi: 10.1007/s13593-020-
00631-6.

Mabhajan G, Timsina J. 2011. Effect of nitrogen rates and weed control methods on weeds abundance and yield of
direct-seeded rice. Arch Agron Soil Sci. 57(3):239-250. doi: 10.1080/03650340903369384.

Marshall EJP, Brown VK, Boatman ND, Lutman PJW, Squire GR, Ward LK. 2003. The role of weeds in supporting
biological diversity within crop fields. Weed Res. 43(2):77-89. doi: 10.1046/j.1365-3180.2003.00326.x.

Meiss H, Médiéne S, Waldhardt R, Caneill ], Munier-Jolain N. 2010. Contrasting weed species composition in
perennial alfalfas and six annual crops: implications for integrated weed management. Agron Sustain Dev. 30
(3):657-666. doi: 10.1051/agro/2009043.

Menalled FD, Liebman M, Buhler DD. 2004. Impact of composted swine manure and tillage on common waterhemp
(amaranthus rudis) competition with soybean. Weed Sci. 52(4):605-613. doi: 10.1614/WS-03-040R1.

Mouillot D, Leprétre A. 1999. A comparison of species diversity estimators. Popul Ecol. 41(2):203-215. doi: 10.1007/
$101440050024.

Nkoa R. 2014. Agricultural benefits and environmental risks of soil fertilization with anaerobic digestates: a review.
Agron Sustain Dev. 34(2):473-492. doi: 10.1007/s13593-013-0196-z.

Nkurunziza L, Milberg P. 2007. Repeated grading of weed abundance and multivariate methods to improve the
efficacy of on-farm weed control trials. Weed Biol Manag. 7(2):132-139. doi: 10.1111/j.1445-6664.2007.00247 .x.

Oerke EC. 2006. Crop losses to pests. ] Agric Sci. 144(1):31-43. doi: 10.1017/S0021859605005708.

Perthame L, Colbach N, Busset H, Matejicek A, Moreau D. 2022. Morphological response of weed and crop species to
nitrogen stress in interaction with shading. Weed Res. 62(2):160-171. doi: 10.1111/wre.12524.

Petit S, Gaba S, Grison A-L, Meiss H, Simmoneau B, Munier-Jolain N, Bretagnolle V. 2016. Landscape scale
management affects weed richness but not weed abundance in winter wheat fields. Agric Ecosyst Environ.
223:41-47. doi: 10.1016/j.agee.2016.02.031.

Pysek P, Leps J. 1991. Response of a weed community to nitrogen fertilization: a multivariate analysis. ] Veg Sci. 2
(2):237-244. doi: 10.2307/3235956.

Quinio M, de Waele M, Dessaint F, Biju-Duval L, Buthiot M, Cadet E, Bybee-Finley AK, Guillemin J-P, Cordeau S.
2017. Separating the confounding effects of farming practices on weeds and winter wheat production using path
modelling. Eur ] Agron. 82(A):134-143. doi: 10.1016/j.ja.2016.10.011.

R Core Team. 2024. R: a language and environment for statistical computing. Vienna, Austria: R Foundation for
Statistical Computing. https://www.R-project.org/.

Robinson RA, Sutherland WJ. 2002. Post-war changes in arable farming and biodiversity in Great Britain. ] Appl
Ecol. 39(1):157-176. doi: 10.1046/j.1365-2664.2002.00695.x.

Romillac N, Piutti S, Slezack-Deschaumes S, Gaba S. 2023. Intraspecific functional trait variation in weeds: a strategy
in response to competition with crop and weed plants. Weed Res. 63(5):283-296. doi: 10.1111/wre.12592.

Rotches-Ribalta R, Blanco-Moreno JM, Armengot L, Jose-Maria L, Sans FX. 2015. Which conditions determine the
presence of rare weeds in arable fields? Agric Ecosyst Environ. 203:55-61. doi: 10.1016/j.agee.2015.01.022.

Rydberg TN, Milberg P. 2000. A survey of weeds in organic farming in Sweden. Biol Agric Hortic. 18(2):175-185. doi:
10.1080/01448765.2000.9754878.

Santos BM, Dusky JA, Stall WM, Bewick TA, Shilling DG. 2004. Mechanisms of interference of smooth pigweed
(Amaranthus hybridus) and common purslane (Portulaca oleracea) on lettuce as influenced by phosphorus
fertility. Weed Sci. 52(1):78-82. doi: 10.1614/P2002-171.

Schwinning S, Weiner J. 1998. Mechanisms determining the degree of size asymmetry in competition among plants.
Oecologia. 113(4):447-455. https://www.jstor.org/stable/4221874.

Smith BM, Aebischer NJ, Ewald ], Moreby S, Potter C, Holland JM. 2020. The potential of arable weeds to reverse
invertebrate declines and associated ecosystem services in cereal crops. Front Sustain Food Syst. 3:118. doi: 10.
3389/fsufs.2019.00118.

Smith RG, Gross KL. 2007. Assembly of weed communities along a crop diversity gradient. ] Appl Ecol. 44(5):1046-
1056 doi:10.1111/j.1365-2664.2007.01335.x.

Stein-Bachinger K, Gottwald F, Haub A, Schmidt E. 2021. To what extent does organic farming promote species
richness and abundance in temperate climates? A review. Org Agric. 11(1):1-12. doi: 10.1007/s13165-020-00279-2.


https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1614/WS-03-094R
https://doi.org/10.1017/wsc.2021.1
https://www.jstor.org/stable/4045681
https://doi.org/10.1007/s13593-020-00631-6
https://doi.org/10.1007/s13593-020-00631-6
https://doi.org/10.1080/03650340903369384
https://doi.org/10.1046/j.1365-3180.2003.00326.x
https://doi.org/10.1051/agro/2009043
https://doi.org/10.1614/WS-03-040R1
https://doi.org/10.1007/s101440050024
https://doi.org/10.1007/s101440050024
https://doi.org/10.1007/s13593-013-0196-z
https://doi.org/10.1111/j.1445-6664.2007.00247.x
https://doi.org/10.1017/S0021859605005708
https://doi.org/10.1111/wre.12524
https://doi.org/10.1016/j.agee.2016.02.031
https://doi.org/10.2307/3235956
https://doi.org/10.1016/j.eja.2016.10.011
https://www.R-project.org/
https://doi.org/10.1046/j.1365-2664.2002.00695.x
https://doi.org/10.1111/wre.12592
https://doi.org/10.1016/j.agee.2015.01.022
https://doi.org/10.1080/01448765.2000.9754878
https://doi.org/10.1080/01448765.2000.9754878
https://doi.org/10.1614/P2002-171
https://www.jstor.org/stable/4221874
https://doi.org/10.3389/fsufs.2019.00118
https://doi.org/10.3389/fsufs.2019.00118
https://doi.org/10.1111/j.1365-2664.2007.01335.x
https://doi.org/10.1007/s13165-020-00279-2

220 M. KARLSSON ET AL.

Storkey ], Moss SR, Cussans JW. 2010. Using assembly theory to explain changes in a weed flora in response to
agricultural intensification. Weed Sci. 58(1):39-46. doi: 10.1614/WS-09-096.1.

Storkey ], Neve P, Liebman M. 2018. What good is weed diversity? Weed Res. 58(4):239-243. doi: 10.1111/wre.12310.

Swanton CJ, Shrestha A, Roy RC, Ball-Coelho BR, Knezevic SZ. 1999. Effect of tillage systems, N, and cover crop on
the composition of weed flora. Weed Sci. 47(4):454-461. doi: 10.1017/S0043174500092079.

Swedish Meteorological and Hydrological Institute. 2023. Dataserier med normalvirden for perioden 1991-2020
[Data series with normal values for the period 1991-2020]. https://www.smhi.se/data/meteorologi/dataserier-med
-normalvarden-for-perioden-1991-2020-1.167775.

Tilman D. 1982. Resource competition and community structure. Princeton (NJ): Princeton University Press.

Tuck SL, Wingvist C, Mota F, Ahnstrom J, Turnbull LA, Bengtsson J, McKenzie A. 2014. Land-use intensity and the
effects of organic farming on biodiversity: a hierarchical meta-analysis. ] Appl Ecol. 51(3):746-755. doi: 10.1111/
1365-2664.12219.

Tyler T, Herbertsson L, Olofsson J, Olsson PA. 2021. Ecological indicator and traits values for Swedish vascular
plants. Ecol Indic. 120:106923. doi: 10.1016/j.ecolind.2020.106923.

Wang L, Liu Q, Dong X, Liu Y, Lu J. 2019. Herbicide and nitrogen rate effects on weed suppression, N uptake, use
efficiency and yield in winter oilseed rape (Brassica napus L.). Glob Ecol Conserv. 17:€00529. doi: 10.1016/j.gecco.
2019.e00529.

Weiner J. 2023. Weed suppression by cereals: beyond ‘competitive ability’. Weed Res. 63(3):133-138. doi: 10.1111/
wre.12572.

Westoby M. 1998. A leaf-height-seed (LHS) plant ecology strategy scheme. Plant Soil. 199(2):213-227. doi: 10.1023/
A:1004327224729.

Zhang B, Jingyi L, Drury CF, Woodley AL, Yang X, Naeth MA. 2022. Effect of crop rotation and cropping history on
net nitrogen mineralization dynamics of a clay loam soil. Can J Soil Sci. 102(2):445-456. doi: 10.1139/cjss-2021-
0083.


https://doi.org/10.1614/WS-09-096.1
https://doi.org/10.1111/wre.12310
https://doi.org/10.1017/S0043174500092079
https://www.smhi.se/data/meteorologi/dataserier-med-normalvarden-for-perioden-1991-2020-1.167775
https://www.smhi.se/data/meteorologi/dataserier-med-normalvarden-for-perioden-1991-2020-1.167775
https://doi.org/10.1111/1365-2664.12219
https://doi.org/10.1111/1365-2664.12219
https://doi.org/10.1016/j.ecolind.2020.106923
https://doi.org/10.1016/j.gecco.2019.e00529
https://doi.org/10.1016/j.gecco.2019.e00529
https://doi.org/10.1111/wre.12572
https://doi.org/10.1111/wre.12572
https://doi.org/10.1023/A:1004327224729
https://doi.org/10.1023/A:1004327224729
https://doi.org/10.1139/cjss-2021-0083
https://doi.org/10.1139/cjss-2021-0083

	Abstract
	Introduction
	Materials and methods
	Experimental design
	Field and experimental management
	Field surveys and harvest
	Diversity and trait data
	Statistical analyses

	Results
	Crop yield and weed–crop competition
	Weed community shifts

	Discussion
	Weed–crop competition
	Weed diversity and conservation
	Generalisation

	Acknowledgments
	Disclosure statement
	Funding
	References

