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Abstract: Effective and sustainable weed management in agricultural fields is a prerequisite for
increasing crop yield without negatively impacting the environment. The aim of this study was
to explore how varying nitrogen (N) availability in cropping arrangements of pea (Pisum sativum)
and barley (Hordeum vulgare) grown as sole crops and intercrops at different fertilization levels
and considering different N sources (soil mineralization, N fixation, N fertilizer) affects the re-
sponse of weed species with differential N responsiveness. Crop and weed biomass were sampled
at flowering and maturity. The total N content and 15N isotope signatures were analyzed to dif-
ferentiate between N sources and to estimate the amount of N available to weeds. The highly
N-responsive weed (Chenopodium album) accumulated more N and biomass than the weed with
reduced N responsiveness (Galeopsis spp.). Fertilizer supply favored Chenopodium album, but not the
crops. Altered soil N availability caused a shift in the dominance of the nitrophilic weed species
towards the highly N-responsive species. This shift in dominance could affect the long-term weed
community composition and thus have implications for sustainable weed management.

Keywords: crop–weed interaction; nitrogen availability; intercropping; weed nitrogen uptake; 15N;
plant–plant interaction; isotope technique

1. Introduction

Weed management has always been an important part of agriculture and can be
considered a specific case of vegetation management, in which various techniques are
used to manage plant populations in a given area. Thus, weed management actions at-
tempt to manipulate crop–weed populations to the benefit of the crop plants. The effects
of weeds on crop plants can be variable, depending on the identities of the crop and
weed species that form part of the plant community, and the most common influence of
weeds on crops is competition for available resources (e.g., light, water, nutrients). In
light of a growing population, sustainable solutions are necessary to maintain or increase
crop yields, but also foster effective weed management options to provide nutrition with-
out jeopardizing the environment [1,2]. As such, intercropping has been proposed as
a system to simultaneously increase crop yields and benefit the environment, particu-
larly cereal–legume intercrops [2,3]. The combination of these two functionally different
crops is especially beneficial due to their complementarity in nitrogen (N) acquisition, i.e.,
N-fixation by the legume component and strong N demand by the cereal component, and
by increasing the competitiveness of the legume crop against weeds when intercropped
with a competitive cereal partner. The complementarity in N acquisition can be expected
to alter soil N availability in cereal–legume intercrops compared to the corresponding sole
crops, which, in turn, can affect weed competition as demonstrated for pea–barley inter-
crops [4,5]. Besides altered N availability in intercrops, altered light interception through
changes in canopy structure can affect weed competition [6].
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Too often, weeds are regarded as homogenous group of species. Most agronomical
studies analyzing competition effects on weeds do not take into account the very diverse
nature of this group, and they only measure a composite response of all weeds. Indeed,
most of the arable weeds are adapted to disturbances, follow short life cycles with high seed
production and high growth rate, and can therefore be classified as ruderals or competitive-
ruderals following Grime’s C-S-R scheme [7,8]. However, large variation in functional
traits has been found within the group of ruderals, requiring finer classification schemes
for weeds to capture their variation for effective sustainable weed management [9,10].
Although the weed flora in intensively managed agricultural fields is adapted to high
nutrient input that favors species with nitrophilic traits [11,12], individual weed species
significantly differ in their responses to N in terms of both root and shoot growth and soil
N acquisition, making the individual species’ response to N a crucial factor for crop-weed
competition and effective weed management [13].

In general, the poor documentation of the variation in the ecological responses among
individual weed species significantly hampers the development of predictive ecological
theory and subsequent development of ecological weed management strategies. Specif-
ically, the existence of great functional trait differences among weed species raises the
question whether individual weed species that commonly occur, and are adapted to
high input management, vary in their N uptake and growth responses to cropping ar-
rangements that provide different levels of soil N availabilities, e.g., by including pure
and mixed cultures of legumes (N-fixing) and cereals grown at contrasting nutrient lev-
els. In order to systematically explore differential weed responses to N in a cropping
arrangement providing different soil nutrient levels, we here define two types of weeds:
species with a high capability to acquire soil N (i.e., high N responsiveness—HNR), and
those with reduced responsiveness to N and lower capability for soil N acquisition (i.e.,
reduced N responsiveness—RNR). Two dominant weed species, Chenopodium album L.
and Galeopsis spp., are common and competitive weeds in Swedish spring cereals [14,15]
and are used to represent the two contrasting weed groups, i.e., HNR and RNR species
respectively, in this study. The Galeopsis spp. present in the study region are the species
Galeopsis tetrahit L., Galeopsis bifida BOENN., and Galeopsis speciosa MILL., which are difficult
to distinguish before flowering and do also occur together. Therefore, Galeopsis spp. were
accounted for on genus level in this study. Both C. album and G. tetrahit are nitrophilous
species with Ellenberg values for N ranging between 6 and 8 [16]. Despite these two
species often occurring together and being similar in terms of nitrophily, C. album and
G. tetrahit, as representatives of the genus, showed distinct responses to added N under
controlled conditions [13]:

Chenopodium album could extract more than 90% of the available soil N even at high
levels of N availability, whereas G. tetrahit extracted similar proportions at lower N levels
but cannot maintain this level of extraction as N availability increased. The two weeds
also differ in their responses of root biomass to increasing N availability, with C. album
showing a stronger increase in root biomass than G. tetrahit. Therefore, C. album is referred
to as HNR species, while Galeopsis spp. is referred to as RNR species, due to its comparably
reduced responsiveness to N.

The overall aim was to investigate the capability of two types of weeds (i.e., HNR and
RNR) to accumulate biomass and N under conditions of differential soil N availabilities
and N sources (e.g., soil mineralization, N fixation, N fertilizer) in a cropping arrangement
of pea–barley intercrops and sole-crops that were grown with and without additional N
supply. Based on the differential responses of the two weed types to N, and assuming
that the supplied fertilizer N will readily be available only for a limited amount of time
(leaching, uptake) while mineralized soil N will be supplied continuously at lower amounts,
the following hypotheses were tested:
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1. Weed biomass generally decreases with increasing leaf area index, shoot biomass
and canopy height of the crops; but the positive effect of increased N availability on
weed biomass accumulation is stronger than the weed suppression effects of the crop
canopy traits.

2. The HNR species accumulate proportionally more biomass and N than the RNR
species in the cropping arrangements providing higher soil N availability; further-
more, the HNR species recover larger amounts of fertilizer N, but extract a higher
proportion of their accumulated N from soil compared to the RNR species.

3. The increased biomass and N accumulation of the HNR species compared to the RNR
species is due to their stronger growth and N accumulation responses to available N.

2. Materials and Methods

A field experiment was carried out in Uppsala, Sweden, in which the biomass and N
accumulation of crops and the naturally occurring weed flora were assessed in a cropping
arrangement including barley and pea sole crops and intercrops grown at two nutrient
fertilization levels. 15N natural abundance and enrichment methods were applied to differ-
entiate between three N sources (soil mineralization, N fixation, N fertilizer) potentially
accumulated by the crops and weeds. In addition, various crop canopy traits potentially
affecting weed suppression were assessed.

2.1. Design and Management of the Field Experiment

The field experiment was set up in Uppsala, Sweden (59◦50′04.1′′ N 17◦42′09.7′′ E) in
2017. The area received a mean monthly precipitation ranging between 10 and 50 mm and
monthly temperatures between 10 and 16 ◦C during the growing season (Table A1). The
soil is characterized as silt loam. Soil mineral N content in the topsoil (0–30 cm) at seeding
was 39 kg N ha−1, with 32.5 kg N ha−1 in the form of NO3- and 6.5 kg N ha−1 in the form
of NH4+.

On 5 May different cultivars (cv.) of barley and pea were sown as sole crops and inter-
crops, with the intercrops consisting of half (50:50 in a replacement design) the proportion
of each sole crop. Sowing was done at a depth of 6 cm and at 12.5 cm row distance, with a
seed rate of 400 and 90 germinable seeds m−2 for sole spring barley and pea, respectively.
The intercrop had half the seed rate of each species in the sole crop, mixed within the
same row.

Nitrogen treatment was integrated into the intercropping experiment to include half
the plots supplied with 90 kg N ha−1 (YaraBela AXANTM, Yara), while half the plots had
no nitrogen applied. All plots were fertilized with 29 kg K ha−1 and 15 kg P ha−1 26 days
after sowing when barley was in BBCH 13 and pea in BBCH 15 [17], resulting in a split-plot
design with nitrogen treatment as a main plot and cultivars as sub-plot with 4 replicates. In
total, 176 plots were established, but for this study, 18 plots with spring barley (cv. Tamtam)
and pea (cv. Ingrid) were earmarked from a larger experiment. All plots were 2 m wide and
10 m long. Plots for 15N-enrichment and natural N soil content were established within
plots with no additional nitrogen as follows (Figure 1). Plots were separated into three
parts: 2 m on one end of the plots was dedicated to the 15N-labelled fertilizer application,
whereas 2 m on the opposite end was used for 15N natural abundance measurements. The
central 6 m was used for grain yield assessment using a combine harvester. Two micro-
plots for 15N-labelled fertilizer application of size 0.8 m × 0.5 m (4 rows) were established
in the central part of the dedicated area, and the area around was fertilized with the
target nitrogen rate (90 kg ha−1) with ammonium-nitrate. Therefore, the experimental
design of the 15N-experiment was a split-plot design with 3 replicates, with the crop as
the main plot and N level as the subplot randomized within the main plots. Grain yield
assessment was done in the center 6 m of the fertilized and unfertilized plots using a
combine harvester, resulting in a randomized complete block design with 3 replicates. Pest
and disease infestation did not occur in the experiment or only at negligible levels.
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Figure 1. Sketch on the experimental layout for 15N micro-plots, sampling areas and harvest areas. 15N-enrichment
plots were integrated into the experimental plots that did not receive additional N fertilization (0 kg N ha−1). The plots
colored green show pea–barley while grey show faba bean–wheat plots. The light and dark colors denote the different
nitrogen treatments.

2.2. 15N Solution Preparation and Application in Micro-Plots
15N-labelled ammonium-nitrate (15NH4

15NO3) at 5% atom excess was purchased
from Sigma-Aldrich (St. Louis, MO, USA). The amount of 15N-labelled ammonium-nitrate
was adjusted with common ammonium-nitrate fertilizer to yield 2% 15N atom excess. The
required amount for one replicate of 15N-enriched ammonium-nitrate was dissolved in
1.2 L of deionized water, resulting in 200 mL solution for each micro-plot. The adjusted
fertilizer ammonium-nitrate was spread in the micro-plots, and the solution was applied
using a syringe. To achieve a homogeneous distribution of the solution, each of the four
crop rows in the micro-plots was applied separately with 50 mL of solution.

2.3. Biomass and Grain Yield Assessment

Biomass sampling was performed at flowering (barley: BBCH 61; pea: BBCH 67) and
maturity in both the 15N micro-plots and the large harvest plots. At each periodic sampling,
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two central rows of one micro-plot and N-level were cut above the soil surface. After
the number of plants was counted the samples were dried at 70 ◦C for 72 h to measure
dry biomass.

Grain yield was measured by harvesting the center 6 m of the plots with a combine
harvester. Grain moisture content was measured by weighing subsamples before and
after drying for 48 h at 70 ◦C. Grain samples were cleaned to account for impurities. The
presented grain yield was corrected for moisture and impurities.

The crop traits canopy height and leaf area index (LAI) and aboveground biomass
were measured in the plots dedicated to grain yield assessment. Crop and weed biomass in
plots were assessed by harvesting 2 times 0.25 m2 at the soil surface in the sampling areas
at either end of each plot, separating the samples into the different species, counting and
oven-dry them for 48 h at 70 ◦C. Canopy height was measured shortly before flowering by
taking vertical measurements from the soil surface to the top of the highest plant per species
from three positions within each plot. These measured canopy height values were used to
calculate the weighted means and maximum canopy heights. The LAI calculation of the
crops was based on individual plant measurements using the leaf disc method [18]. Five
plants of each crop species were randomly selected in each plot. Leaves were separated
from shoots, and 10 leaf discs of diameter 6 mm and 8 mm were punched out of barley
and pea leaves, respectively. Leaf discs were taken from leaves of different age, and from
different positions on the plant and leaf blades. Leaf discs and leaf biomass were dried at
70 ◦C for 48 h. On the basis of the specific leaf area and leaf biomass, the total leaf area per
plant was calculated. The LAI was calculated by multiplying leaf area per crop plant by
crop plant density in the known plot area.

2.4. Isotope Analysis

Isotope analysis was performed by the SLU Stable Isotope Laboratory (SSIL) at the
Department of Forest Ecology and Management at the Swedish University of Agricul-
tural Sciences (SLU), Umeå. The dried biomass samples were milled with a rotor mill
to particle size < 0.5 mm. Dry mass was defined by oven drying at 70 ◦C for at least
18 h. Nitrogen mass fractions and isotope ratios were determined using an elemental
analyzer (Flash EA 2000, Thermo Fisher Scientific, Bremen, Germany) coupled to an
isotope ratio mass spectrometer (DeltaV, Thermo Fisher Scientific, Bremen, Germany) (EA-
IRMS) [19]. Wheat and maize flours calibrated against several reference standards were
used as working standards.

2.5. Calculations

The calculation of the amount of N available to weeds was based on the total accumu-
lated N in crop and weed biomass in unfertilized barley plots as reference, assuming it a
realistic integrated measure of total plant available N during the growing season. Since
not all of the 90 kg N ha−1 supplied as fertilizer will be available to crops and weeds due
to, e.g., leaching, the maximum observed recovered fertilizer N (40 kg ha−1 in sole-crop
barley) was added to the reference amount to estimate N available to weeds in the fertilized
plots. The addition of the observed recovered fertilizer N was seen as a more realistic
measure than the supplied 90 kg N ha−1, as the fertilizer N recovery was on average only
at 29%. The amount of N available to weeds in each plot was calculated by subtracting the
amount of N derived from soil and fertilizer in crop plants from the respective reference
plot in each block. This calculation was done for both sampling time points, crop flowering
and maturity.

In the unfertilized plots, the natural abundance technique was used to assess the
proportion of nitrogen derived from fixation (Ndfa%), following the equation [20]

Nd f a (%) =
δ15Nbarley − δ15Npea

δ15Nbarley − B
× 100 (1)
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δ15N gives the abundance of 15N in parts per thousand relative to air and B is a measure of
fractionation in the plant during N2 fixation. For analysis, a B value of−0.7‰ was used [21].

The atom % 15N of the plant material was converted into delta notation according to
the following formula [20]:

δ15N (‰) =
atom %15Nsample − atom %15Nstandard

atom %15Nstandard
× 1000 (2)

Atom % 15N of air (0.3663) was used as standard.
In the fertilized treatments the isotope dilution equations were applied to estimate

the proportions of nitrogen derived from fixation (Ndfa%), from the soil (Ndfs%) and from
fertilizer (Ndff %) [22]:

Nd f a (%) =

(
1−

atom%15N excess(legume crop)

atom%15N excess(re f erence crop)

)
× 100 (3)

Nd f f (%) =
atom%15N excess(sample)

atom%15N excess( f ertilizer)
× 100 (4)

Nd f s (%) = 100− Nd f a (%)− Nd f f (%) (5)

Sole-cropped barley was used as reference crop for both the natural abundance and isotope
dilution, to be able to compare it to the most relevant literature to our study. Atom % 15N
excess of plant material was calculated by subtracting the 15N natural abundance in unfer-
tilized barley (0.3678 atom %) at the respective sampling dates from the other treatments.

2.6. Statistical Analysis

Data were subjected to an analysis of variance at α = 0.05 using linear mixed models
including random effects for blocks and, where appropriate given the experimental design
(data derived from 15N-experiment), a random effect for the main plot. Normal distribution
and heterogeneity of variances were checked visually by inspection of Q-Q plots and
residual plots. Where these assumptions were not met, data were ln-transformed. Any
transformations done on the data were indicated in the corresponding figure and table
legends. In such cases, back-transformed means estimating medians of the original sample
and standard errors are presented, obtained via the delta method suggested by [23]. Fixed
effects included in the models depended on the respective analysis and included sampling
time, crop, N-level and species. The effects included in each analysis can be derived from
the respective tables in the results or Appendix A (Tables 1 and 2, Tables A2 and A6). To
test on pairwise differences following analysis of variance, Tukey HSD was calculated
(α = 0.05). Analyses were performed using R 3.6.1 [24] and the packages ‘lme4′ [25],
‘lmerTest’ [26] and ‘emmeans’ [27]. Marginal and conditional R2 of linear regressions
were calculated according to [28] using the package ‘performance’ [29]. The method and
package used allows to calculate R2 for linear mixed models, where the marginal R2 gives
the variance that is explained by the fixed effects only, and the conditional R2 gives the
variance explained by both fixed and random effects.
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Table 1. p-values following analysis of variance and sums of squares (SS) of total accumulated plot biomass (crops + weeds)
measured in g m−2 and proportional crop and weed biomass to the total biomass in dependency of sampling time, crop
and N-level. p-values smaller 0.05 are marked in bold. n = 3.

Factor Total Accumulated
Crop + Weed Biomass SS Proportion of Crop and

Weed to the Total Biomass SS

Sampling time <0.0001 365,138 0.18 0.0054
Crop 0.52 13,489 0.04 0.0345

N-level 0.76 864 0.01 0.0240
Sampling time × Crop 0.36 18,901 0.16 0.0115

Sampling time × N-level 0.87 255 0.03 0.0147
Crop × N-level 0.70 6454 0.43 0.0050

Sampling time × crop × N-level 0.68 6890 0.09 0.0153

Table 2. Effect of crops, N-levels, and their interaction on crop traits, N availability to weeds and N accumulation from
different sources, assessed in original plots (leaf area index LAI (m2 m−2), weighted and max canopy height (cm)) and 15N
micro-plots (crop biomass (g m−2) and N available to weeds (g m−2)) at crop flowering and maturity. Numbers are p-values
following analysis of variance as well as the sums of squares (SS). p-values smaller 0.05 are marked in bold. n = 3.

Plant Characteristic Treatment

Crop SS N-Level SS Crop × N-level SS

LAI <0.001 4.7 0.023 0.7 0.213 0.4
Weighted canopy height 0.118 27.1 0.325 5.6 0.341 12.4

Max canopy height 0.269 10.3 0.185 7.0 0.214 12.4
Crop biomass 0.358 16,761 0.965 13.3 0.359 15,280

N available to weeds at crop flowering 0.106 11.6 0.007 44.8 0.476 4.7
N available to weeds at crop maturity 0.294 1.3 <0.001 118.9 0.056 7.5

3. Results
3.1. The Cropping Arrangements Provided a Gradient of Differential Soil N Availabilities to
the Weeds

The crop biomass in the micro-plots used for the 15N analyses was significantly
correlated with the biomasses of the larger plots used for the crop and weed biomass and
N assessments (Figure A1). The total accumulated biomass (crop + weed) was similar
in all cropping arrangements but varied between crop flowering and maturity, while the
proportional contribution of crop and weed biomass to the total biomass was affected by
the N-level (Table 1). The proportional weed biomass was higher in the crops receiving
additional N compared to unfertilized crops only at crop maturity (16% vs. 7%) but not at
flowering (10% vs. 9%).

Total crop biomass at flowering was similar for all crops and was unaffected by
fertilization (Table 2). Crop LAI was significantly lower in sole-crop pea than in sole-
crop barley and the intercrop and was increased by additional N application (Table 2,
Figure A2a,b). The N availability to weeds, i.e., soil and fertilizer N that was not taken up
by the crops, gradually increased along the series of cropping arrangements (Figure A2d).
This gradient was significant only at crop maturity and at α = 0.1 (crop×N-level interaction
p = 0.056; Table 2). At crop flowering, N availability to weeds was mainly determined by N
fertilization and not the crop (Figure A2c).

3.2. Total Weed Biomass Is More Strongly Related to N Availability to Weeds Than to Crop
Canopy Traits (H1)

Weed biomass was negatively correlated to crop biomass (Figure 2a), and weeds had
accumulated more biomass at crop maturity compared to flowering. Furthermore, weed
biomass was positively correlated to the amount of soil N available to weeds, with a more
pronounced effect at crop maturity compared to flowering (Figure 2b). The models for
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crop biomass and N available to weeds explained large proportions of the observed weed
biomass (65% and 75% respectively, conditional R2 shown in Figure 2). The amount of
N available to weeds alone explained 44% of weed biomass accumulation, whilst crop
biomass alone explained 38% (marginal R2).
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Figure 2. Relationships between weed biomass accumulation and characteristics of cropping arrange-
ments at crop flowering and maturity. (a) Crop biomass (p = 0.004; sampling time p = 0.006; Crop
biomass × sampling time p = 0.104) and (b) N available to weeds (p = 0.009; sampling time p = 0.969;
N available to weeds × sampling time p = 0.003), both measured in the 15N micro-plots, (c) crop LAI
(p = 0.185), (d) weighted canopy height (p = 0.317) and (e) maximum canopy height (p = 0.387),
all measured in the large harvest plots. Marginal R2 is the variance explained by the fixed effects;
conditional R2 is the variance explained by both fixed and random effects [28].

Although the crop LAI differed significantly between the cropping arrangements,
there was no significant relationship to accumulated weed biomass (Figure 2c), neither was
it for crop canopy height (Figure 2d,e).

3.3. The HNR Species Accumulated More Biomass and N Than the RNR Species (H2)

Biomass and N accumulation differed significantly between weed groups (p < 0.0001,
Table A2). Averaged across the experiment, C. album accumulated more biomass and N per
area than Galeopsis spp. (Table 3).
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Table 3. Biomass, N accumulation and N derived from fertilizer (Ndff) of Chenopodium album,
Galeopsis spp. and the remaining weeds. Different letters indicate significant differences between the
species following pairwise comparison (Tukey, α = 0.05) based on ln-transformed data, except for
Ndff (%).Values presented are estimated medians in case of back-transformed data and estimated
means (for Ndff (%)). Standard errors are given in parenthesis. Back-transformed means (estimating
medians) and standard errors were obtained by back-transformation via the delta method. The
original estimates based on ln-transformed data are presented in Table A3.

C. album Galeopsis spp. Remaining Weeds

Biomass (g m−2) 44.8 (13.70) b 5.9 (1.76) a 4.9 (1.27) a

Accumulated N (g m−2) 1.14 (0.280) b 0.13 (0.035) a 0.13 (0.029) a

Ndff (g m−2) 0.73 (0.213) b 0.08 (0.030) a 0.06 (0.018) a

Ndff (%) 44.0 (3.50) a 53.5 (3.58) b 41.6 (3.56) a

Besides the general effects of, e.g., crop, N-level or sampling time on weeds, we
observed species-specific differences of weed biomass and N accumulation in relation to N-
level and crop (Table A2). Additional N application increased biomass and N accumulation
of C. album, while it had no effects on Galeopsis spp. (Figure 3a,c). In sole-crop barley and
pea (not the intercrop), C. album accumulated more biomass and N than Galeopsis spp.
(Figure 3b,d).Agronomy 2021, 10, x FOR PEER REVIEW 10 of 21 
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Figure 3. Weed species biomass (a,b), N accumulation (c,d), relative amount of N derived from
fertilizer (Ndff) (e) and absolute Ndfs (f) for different weed species or crops (B—barley, P—pea,
BP—barley–pea mixture) and separated for two different N levels. Values presented in (a–d) and
(f) are back-transformed following ln-transformation and therefore represent medians rather than
means. Error bars represent (back-transformed) standard errors of estimates. Back-transformation
was performed with the delta method. Results are averaged over the experimental factors sampling
time and N-level (d,e) or crop (a,c) and sampling time (e).
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C. album took up more N derived from fertilizer (Ndff) than Galeopsis spp. but covered
lower proportions of its N uptake by fertilizer N (Table 3).

Fertilizer N accumulation of the weed groups was also influenced by the crop
(Table A2). C. album took up more fertilizer N in sole-crop pea and barley compared
to Galeopsis spp. but similar amounts in the intercrop (Figure 3f). The results for N derived
from soil (Ndfs) were comparable to those of Ndff (Table A4).

Compared to the crops, C. album acquired similar amounts of fertilizer N as barley
and pea irrespectively of the crop composition, but barley accumulated more Ndfs than
C. album (Table A4).

The weeds other than the ones studied here showed similar patterns (Figure 3a–d)
as Galeopsis spp. and took up similar amounts of Ndff, but covered lower proportions of
their N uptake by Ndff (Table 3). In general, all weed groups covered larger proportions of
their N uptake from fertilizer N in sole-crop barley than in sole-crop pea, with the intercrop
ranging in between (Figure 3e, Table A2), and the proportion reduced from flowering (51%)
to maturity (42%).

3.4. Increasing N Availability Favoured Only the HNR Weed Species (H3)

The responses of biomass and N accumulation to increasing N availability varied
significantly between the weed groups and were similar at crop flowering and maturity.
Galeopsis spp. biomass and N accumulation were unaffected by N availability, whereas the
biomass and N accumulation of C. album and the remaining weeds significantly increased
with increasing N availability (Figure 4; Table 4).Agronomy 2021, 10, x FOR PEER REVIEW 11 of 21 
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Figure 4. The biomass (a) (N availability p= 0.001, species p = 0.001, N availability× species p = 0.002)
and N accumulation (b) (N availability p = 0.001, species p = 0.001, N availability × species p = 0.002)
of different weed species or groups of weeds as functions of the N availability. The regressions
are averaged over the sampling times due to non-significance of this factor. Marginal R2: variance
explained by the fixed effects only; conditional R2: variance explained by fixed and random effects.
Negative values are due to the calculation using unfertilized sole-crop barley plots as reference for
the integrated seasonal N availability. In the respective plots more soil/fertilizer N was taken up by
the crop than in sole-crop barley.
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Table 4. Slope estimates and 95% confidence intervals for the regressions of weed species biomass
and accumulated N over N availability presented in Figure 4. Different letters indicate significant
different slopes following a pairwise comparison (Tukey, α = 0.05).

Species
Biomass (g m−2) Accumulated Plant N (g m−2)

Slope 95% CI Slope 95% CI

C. album 0.216 a 0.109;
0.322 0.259 a 0.156;

0.363

Galeopsis spp. −0.029 b −0.139;
0.081 0.012 b −0.095;

0.119

Remaining weeds 0.165 a 0.059;
0.271 0.195 a 0.092;

0.299

4. Discussion

The system of unfertilized and fertilized intercrops and sole crops established a
biologically induced N gradient in the field. Weed biomass and N accumulation along
the N gradient was found to be dependent on the weed species considered. The two
weed species used here should represent two groups of weeds, i.e., those with high N
responsiveness (HNR) and reduced N responsiveness (RNR), although further research
needs to verify to what extent those two species can be considered representative for
the two groups of weed species addressed here. Only the highly N responsive species
(HNR, here C. album) clearly benefitted from enhanced N availability in terms of increasing
biomass and N accumulation along the gradient. The species with reduced responsiveness
to N (RNR, here Galeopsis spp.) did not respond to increased N availability in terms of
biomass and N accumulation. Additional N supply favored only the HNR species, but
neither the RNR species nor the crop. Barley has a higher demand for N and a faster and
deeper root growth than pea, allowing it to rapidly explore N resources in the soil [30].
Therefore, the soil N potentially available to weeds can be expected to be lower under
sole crop barley than the intercrop, while higher amounts of soil N can be expected to
be available to weeds under sole crop pea [31]. The differences might be even more
pronounced following additional N supply because the N uptake of pea does not increase
with increasing N levels to the same extent as the demand of barley [30]. As expected, this
gradient of N availability was reflected in our study system. The effect of N fertilization
was most pronounced in our study, however with a marginal significance of the crop and
N-level interaction at crop maturity. Given the usually high variation of N availability in a
field, as was also observed in our data, it would have required more replicates to support a
statistically, highly significant gradient at all crop stages.

Both crops achieved grain yields representative for the region (sole-crop barley
6.1 t ha−1 and sole-crop pea 1.9 t ha−1). Grain yields of both barley and pea were in-
fluenced only by the cultivation as sole-crop or intercrop. N fertilization did not increase
crop biomass accumulation at crop flowering (Table 2) nor grain yield (Table A6). Grain
yields of both crop components were significantly lower in the intercrop compared to the
respective sole crops with a stronger reduction in yield of the pea component. Barley grain
yield was reduced to 4.3 t ha−1 and that of pea to 0.6 t ha−1. The stronger reduction of pea
grain yield in the intercrop reflects the stronger competitiveness of barley and is commonly
observed in many cereal–legume mixtures [6].

Contrary to the commonly observed effect of intercropping and N availability on
the N2 fixation in pea, the proportion of N derived from fixation in our study was not
influenced by intercropping nor by the N level and in average 38% [6,32,33] (Table A6).
N2 fixation is frequently limited by, and negatively correlated to, the nitrate content in the
soil [34], but the limitation or inhibition of N2 fixation after fertilization, especially at early
stages, only occurs temporarily as the crop later recovers its optimal N2 fixation level [35].
The high soil N content in our study could indicate that the soil N was sufficient to have an
inhibitory effect on N2 fixation, and the additional N fertilization had no further effect. This
high soil N and inhibitory effect could also explain the comparably low level of average
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N2 fixation for pea in the intercrop (Table A6). Consequently, crop–weed interaction was
mainly influenced by the amount of soil and fertilizer N available to weeds, which resulted
in high N accumulation and biomass produced, especially by HNR (C. album) in plots
where fertilizer was applied.

4.1. Nitrogen Fertilization Increased Weed Biomass in Relation to Crop Biomass

It cannot be concluded from the results that the system was limited by N; therefore,
assumptions about the strength of competitiveness between crops and weeds for N cannot
be made. The limited amount of data-points per crop (3 replicates × 2 N-levels) does
not allow to assess crop yield–weed biomass relationships, but the lack of crop yield
response to N fertilization in combination with higher weed biomass at higher N-levels
suggests that the effect of weeds on crop yields was rather small, at least within the range
of observed weed biomasses. However, the proportional weed biomass was higher in the
fertilized plots, and this shift became significant after crop flowering, when crops did not
take up large amounts of N. This shift was also displayed by the generally higher weed
biomass accumulation per crop biomass at crop maturity. Late emerging cohorts of weed
seeds, as both reported for C. album and Galeopsis spp. [36], could have contributed to the
increasing weed biomass at the later crop growth stage. The stronger response of weed
biomass accumulation to available N at crop maturity compared to flowering indicates a
more efficient use of the available N resources of weeds later in the season. There was no
clear evidence for aboveground competition between crops and weeds for light (assessed
crop canopy parameters and weed biomass were unrelated), and the aboveground weed
biomass was negatively correlated to crop biomass. However, evidence abounds that
belowground interactions, which were not in the focus of this study, are the driving factors
for crop–weed interactions in barley [37].

4.2. Additional N Supply Clearly Affected the Biomass Distribution between Crops and Weeds

Contrary to the initial part of our first hypothesis, weed biomass was uncorrelated
with leaf area index and canopy height of the crops, but instead strongly correlated to crop
biomass and even more to N availability. Thus, the positive effect of increased N availability
on weed biomass accumulation was clearly stronger than the weed suppression effects of
the crop canopy in our study, supporting the second part of our first hypothesis. When
considering the weed and crops combined, the similar amount of biomass produced, and
combined soil and fertilizer N accumulation of crop and weeds at crop flowering and
maturity in both fertilized and unfertilized plots might indicate either N limitation, or
sufficient N availability, because soil N availability was sufficient to otherwise result in
decreased biomass accumulation in the unfertilized plots. On the one hand, the soil mineral
N content of 39 kg N ha−1 at seeding in the top 30 cm was high. The total accumulated
soil N in the unfertilized barley sole crop of around 11 g m−2 indicates that at least
110 kg N ha−1 was provided by soil N mineralization, which can be considered above
average compared to other sites in Sweden [38]. On the other hand, nitrogen limitation in
the crop can also be the result of N uptake limitation. For example, low soil temperatures
reduce the high-affinity nitrogen influx into roots, reducing root growth and branching
angle of lateral roots, which is indicative of reduced soil volume coverage [39,40]. Soil
temperatures of <10 ◦C within the first 30 days after sowing in our experiment could have
hampered root growth and nitrogen uptake, which would also explain the low fertilizer
recovery rates of 29% on average in our system [41]. This recovery rate is indicative of a
suboptimal fertilization regime, as commonly observed fertilizer recovery rates in spring
barley are between 37 and 65% [32,40,42].

Irrespective of the fertilizer recovery or strength of N limitation in our system, the
additional N supply in the high-fertilizer plots caused a shift in biomass distribution among
crops and weeds, which further provided a gradient in N availability to weeds causing
differences in the weed group’s growth. In the case that the remaining fertilizer N was not
lost due to, e.g., leaching or immobilized by soil microorganisms, the N amount available to
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weeds was higher compared to common conditions that could have decreased competition
for N. Competition is usually reduced as resource availability increases [43]. At limited
N availability, increased competition altered the biomass distribution among the species. If
N was not assumed to be most growth-limiting, the established gradient was still effective
enough to cause shifts in species dominance even under low N conditions.

4.3. Differential Responses of Weed Groups to the Nitrogen Gradient

The HNR species, here C. album, benefitted from increased N availability as demon-
strated by the increased accumulation of both biomass and N, while the RNR species,
here Galeopsis spp., did not respond to the increase in available N. These observations
are generally in support of our second and third hypotheses. There can be different un-
derlying reasons for that. Varying N responsiveness at species level can cause distinct
responses to N gradients. However, as both species groups are nitrophilic, Galeopsis spp.
could also be expected to respond with increasing growth to enhanced N availability, at
least for a certain stretch of the N availability gradient, as was shown elsewhere under
controlled conditions [13]. The lack of N response for one of the weeds indicates that com-
petition between them was important, and it appears that Galeopsis spp. was suppressed
by C. album. The higher capacity of C. album in accumulating available soil N compared to
Galeopsis spp., as well as its stronger response in root growth to increasing N levels [13],
suggests an increasing competitive advantage of C. album for N acquisition at increasing
N availability, as rapid growth of root length is a pre-requisite for belowground competition
in terms of pre-empting nutrient supplies [44]. Furthermore, the competitive strength of a
given species in a community is strongly related to its size, as competition for resources
between plants is usually partially size asymmetric providing the taller species with a
competitive advantage, which is especially true for light pre-emption. Increased shoot
growth leading to size asymmetry in competition for light requires increased nutrient cap-
ture to support shoot growth, which makes shoot and root competition interacting [45,46].
The aboveground biomass of C. album was several times higher than the biomass of
Galeopsis spp., equipping it with an advantage from the beginning. However, the biomass
alone cannot explain the competitive advantage of C. album over Galeopsis spp. in terms
of growth response and N acquisition at increasing N availability, which ultimately led to
the suppression of this weed group. The remaining weeds together had comparably low
biomass as Galeopsis spp., but they responded similarly as C. album with increased biomass
and N accumulation at increasing N availability.

Even if the relative importance of belowground competition decreases with increasing
nutrient availability [45], the results suggest that the ability to acquire increasing amounts
of N at increasing N availability played a significant role in weed growth. In comparison
to the two crop species, the HNR species also benefitted more from additional N supply, as
demonstrated by increased biomass accumulation along increasing N availability, while
both barley and pea had similar biomass accumulation at both N levels. Consequently,
the HNR species was a stronger competitor for fertilizer N in all crops compared to the
RNR species (supporting our second hypothesis) and the crops, which was most evident in
sole crop pea, where it accumulated similar fertilizer-N amounts as pea. This finding is in
line with results from experiments under controlled conditions, where the competitiveness
of a highly N-responsive weed with wheat increased with increasing N levels, while the
competitive ability of species with reduced responsiveness was unaffected [47].

With decreasing N availability along the series of cropping arrangements, weeds
covered lower proportions of their N uptake from fertilizer N, and consequently, more
from the soil. In addition, the more competitive HNR species covered a lower proportion of
its N uptake from fertilizer N compared to the RNR species. This pattern probably reflects
a greater availability of the fertilizer N early in the growing season when the fertilizer was
applied, along with a greater capacity of the weeds (especially HNR species) to rapidly
take up much of the fertilizer N before the crop was capable of accumulating significant
amounts of it. The aforementioned stronger root growth response to increasing N-levels of
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this species could also have led to an increased capture of N that was moved to deeper soil
layers. The lower proportion of weed N uptake covered by fertilizer N at crop maturity
compared to crop flowering indicates an increased proportion in uptake of soil N when
crop N demand decreased.

4.4. Implications for Weed Management

The differential responses of the two weed species, here representing two groups of
weeds, imply consequences for weed management because excess N availability will favor
weed growth, as demonstrated by a shift in proportional weed biomass after fertilization
in our study. Thus, only the HNR species benefitted from increased N availability, whilst
the RNR species did not. This implies that N fertilization should be considered with
caution where the local weed flora holds many HNR type weeds. In order to evaluate
whether weed species are of the HNR or RNR type, a systematic characterization of
the most common weed species in terms of their N responses would be needed in the
future. Furthermore, reducing the N availability to weeds by, e.g., fertilizer placement can
reduce weed biomass accumulation and, in the longer run, also the soil seed bank [48,49].
As our study demonstrated, increasing N availability alters the competitive relationship
between different weed species. Nitrophilic species have competitive advantages over
oligotrophic species, particularly at high N levels, due to higher allocation of resources into
shoot growth. While this competitive advantage is not evident at low N availability, this
pattern was suggested to explain the dominance of nitrophilic species in N-rich cropping
systems and also the general loss of weed species diversity [12,50]. Our study demonstrates
that increased N availability alters the competitive advantage even within the group of
nitrophilic species, leading to a shift of dominance of the more N-responsive species group.
Because seed production is often related to biomass [51], the increased dominance can
have long-term effects on the weed community composition due to over-proportional
contribution to the soil seed bank by the dominating species, thus favoring weed species
that are highly competitive for the available N.

5. Conclusions

The weed species with high N responsiveness (i.e., C. album in this study) clearly
benefitted from increased N availability and responded with increased biomass and
N accumulation, while the weed species with reduced N responsiveness (i.e.,
Galeopsis spp.) was suppressed by the dominating highly N-responsive weed. Conse-
quently, the highly N-responsive weed strongly competed for fertilizer N in all crops
and recovered similar amounts of fertilizer N compared to the crops, whilst crop per-
formance was unaffected by N fertilization. This study indicates how altered N avail-
ability in cropping systems can affect the dominance amongst nitrophilic weed groups,
favoring those species with increased N responsiveness. The findings from this study
have implications for cultural weed management, especially for N management in fields
with highly N-responsive weed species, but they require further verification under dif-
ferent environmental conditions and a systematic characterization of common weed
species’ N responses.
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Appendix A

Table A1. Mean monthly temperature and precipitation sum for the 2017 growing season and the
reference period 1961–1990.

Mean Temperature ◦C Precipitation Sum (mm)

Period 2017 1961–1990 * 2017 1961–1990 *

May 9.9 10.2 10 33
June 14.2 14.9 38 45
July 16.0 16.3 22 70

August 15.2 15.2 50 58
September 11.9 10.8 45 49

Source: Uppsala Funbo-Lövsta climate Station, Uppsala (Sweden). * Are historical monthly average for the period
1961–1990, accessed from SMHI (Sweden).

Table A2. p-values following analysis of variance of weed biomass and N accumulation (g m−2) in dependency of the
experimental factors weed species, crop, N-level and sampling time, and their interactions, and absolute (g m−2) and
relative (%) amount of N derived from fertilizer (Ndff) in dependency of weed species, crop and sampling time, and their
interactions. p-values smaller 0.05 are marked in bold.

Biomass Accumulation N accumulation Ndff Ndff

Species <0.001 <0.001 <0.001 0.006
Crop 0.001 <0.001 0.912 0.014

N-level 0.009 <0.001 - -
Sampling time 0.887 0.581 0.768 0.004
Species × Crop 0.030 0.028 0.018 0.704

Species × N-level 0.032 0.038 - -
Crop × N-level 0.054 0.034 - -

Species × Sampling time 0.495 0.096 0.828 0.615
Crop × Sampling time 0.067 0.163 0.216 0.055

N-level × Sampling time 0.018 0.049 - .
Species × Crop × N-level 0.060 0.070 - .

Species × Crop × Sampling time 0.169 0.137 0.720 0.663
Species × N-level × Sampling time 0.118 0.103 . .

Crop × N-level × Sampling time 0.613 0.608 . .
Species × Crop × N-level × Sampling time 0.961 0.940 . .

Table A3. Estimates of ln-transformed mean biomass, N accumulation and absolute amount of
N derived from fertilizer (Ndff) of Chenopodium album, Galeopsis spp. and the remaining weeds
corresponding to back-transformed medians presented in Table 3. Different letters indicate signif-
icant differences between the species following pairwise comparison (Tukey, α = 0.05) based on
ln-transformed data. Standard errors are given in parenthesis.

C. album Galeopsis spp. Remaining Weeds

Biomass 3.32 (0.232) b 1.42 (0.245) a 1.40 (0.236) a

Accumulated N −0.31 (0.192) b −2.43 (0.200) a −2.266 (0.192) a

Ndff −0.44 (0.263) b −2.80 (0.276) a −3.02 (0.273) a
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Table A4. Accumulated N derived from the soil (Ndfs) and fertilizer (Ndff) in the fertilized treatments of crops separated
by species. Back-transformed means estimating medians and standard errors are presented for Ndfs and Ndff, which were
obtained via the delta method. The original estimates based on ln-transformed data are presented in Table A5. Mean values
of Ndfs and Ndff are averaged over sampling time (flowering, maturity; thereby n = 6) due to non-significance of this
factor in the analysis of variance. Mean values of Ndfa are averaged over the factor N-level (n = 6). Different letters within
each group of N sources indicate significant different mean values following pairwise comparison with Tukey adjustment
(α = 0.05).* One plot (fertilized intercrop at flowering) had to be removed from analyses due to missing N analysis.

N Source Species
Sole Crop Barley Pea-Barley Intercrop Sole-Crop Pea

N (g m−2) N (g m−2) N (g m−2)

Ndfs
(g m−2)

Barley 8.602 (2.7659) g 7.567 (2.4332) fg -
Pea - 0.789 (0.2536) de 5.18 (1.6655) fg

C. album 0.678 (0.2180) de 0.581 (0.2054) cde 1.625 (0.5226) ef

Galeopsis spp. 0.054 (0.0173) ab 0.102 (0.0416) abc 0.026 (0.0083) a

weeds 0.041(0.0130) ab 0.055 (0.0193) ab 0.180 (0.0579) bcd

Ndff
(g m−2)

Barley 1.974 (0.7074) f 1.382 (0.4953) f -
Pea - 0.181 (0.0650) bcde 1.188 (0.4260) f

C. album 0.547 (0.19861) def 0.478 (0.1897) cdef 0.952 (0.3412) ef

Galeopsis spp. 0.082 (0.0294) abc 0.125 (0.0575) abcde 0.022 (0.0080) a

weeds 0.036 (0.0127) ab 0.034 (0.0135) ab 0.113 (0.0405) abcd

Ndfa
(g m−2)

Pea flowering 1.09 (0.909) a * 1.98 (0.771) a

Pea maturity 1.57 (0.771) a 6.11 (0.771) b

Table A5. Estimates of ln-transformed average accumulated N derived from the soil (Ndfs) and fertilizer (Ndff) in the
fertilized treatments of crops separated by species. The presented values correspond to the back-transformed medians
presented in Table A4. Values presented in parenthesis are standard errors. Mean values of Ndfs and Ndff are averaged
over sampling time (flowering, maturity; thereby n = 6) due to non-significance of this factor in the analysis of variance.
Mean values of Ndfa are averaged over the factor N-level (n = 6). Different letters within each group of N sources indicate
significant different mean values following pairwise comparison with Tukey adjustment (α = 0.05).

N Source Species Sole Crop Barley Pea-Barley Intercrop Sole-Crop Pea
N (g m−2) N (g m−2) N (g m−2)

Ndfs
(g m−2)

Barley 2.15 (0.328) g 2.09 (0.360) fg -
Pea - −0.25 (0.360) de 1.65 (0.328) fg

C. album −0.39 (0.328) de −0.54 (0.360) cde 0.49 (0.328) ef

Galeopsis spp. −2.93 (0.328) ab −2.29 (0.415) abc −3.66 (0.328) a

weeds −3.21 (0.328) ab −3.06 (0.402) ab −1.71 (0.328) bcd

Ndff
(g m−2)

Barley 0.68 (0.367) f 0.34 (0.405) f -
Pea - −1.83 (0.405) bcde 0.17 (0.367) f

C. album −0.60 (0.367) def −0.75 (0.405) cdef −0.05 (0.367) ef

Galeopsis spp. −2.50 (0.367) abc −2.11 (0.469) abcde −3.80 (0.367) a

weeds −3.34 (0.367) ab −3.54 (0.454) ab −2.18 (0.367) abcd

Table A6. p-values following analysis of variance of crop grain yields (kg DM ha−1) and relative (%) and absolute amount
(g m−2) of N derived from air (Ndfa) in pea in dependency of the crop mixture (as sole-crop or intercrop), N-level, sampling
time (flowering and maturity) and their interactions. p-values smaller 0.05 are marked in bold.

Grain Yield Ndfa

Barley Pea % g m−2

Crop mixture 0.018 0.002 0.075 0.004
N-level 0.480 0.314 0.635 0.630

Crop mixture × N-level 0.838 0.699 0.739 0.985
Sampling time 0.025 0.011
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Table A6. Cont.

Grain Yield Ndfa

Barley Pea % g m−2

Crop mixture × sampling time 0.567 0.037
N-level × sampling time 0.547 0.985

Crop mixture × N-level ×
sampling time 0.966 0.868
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Figure A1. Relationship of crop biomass measured in the established micro-plots designated for
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