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Summary

Many decisions for pest control in agriculture are based

on densities, rather than species presence only. Little is

known about the distribution of pest abundance and

even less when several species present in a field may

interact. With the aim of developing an ecologically

based approach to weed management, we compared

observed co-occurrence patterns with a null model, to

test whether the abundances of weed species were

randomly assembled. The data set covered the pattern

of co-occurrence of abundances of weeds within 200-m2

plots located in 1143 arable fields scattered across

France. Our results pinpointed a highly significant

�similar attraction–dissimilar repulsion� rule, as species

reaching similar abundance levels co-occurred signifi-

cantly more often than expected under the hypothesis of

a random distribution of abundance. A similar analysis

applied to the 25% plots that had the highest weed

densities indicated that the �similar attraction–dissimilar

repulsion� rule held true for low-abundance classes, but

not in situations where at least one species was observed

at densities above 20 individuals m)2. Our analysis

extends the analysis of community beyond the sole

species richness index by accounting for their abun-

dance. Overall, weed species interfered or responded

similarly to an external biotic or abiotic factor, with

resulting adjustment of densities at the scale of the

agricultural field.

Keywords: null model, species assemblage, infestation,

sampling, semi-quantitative scale, competition, weed,
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Introduction

Ecological theory suggests that without constraints on

dispersion, the assembly of species within communities

either relies on stochastic processes (Hubbell, 2001) or is

driven by niche-based processes, that is habitat filtering

and biotic interactions (Cornwell & Ackerly, 2009).

Elucidating community assembly rules prevailing in

cultivated fields has obvious agro-ecological applica-

tions (Booth & Swanton, 2002). Indeed, a major output

would be to identify conditions under which natural

ecological processes may facilitate the control of crop

pests without or in harmony with chemical control.

In the case ofweed communities, a number of studies have

investigated the effects of cropping systems on particular

species (for example Colbach et al., 2007), or on groups

of species (for example Legère et al., 2005). These

studies show that agronomic practices carried out at

the field level can induce marked habitat filtering within

weed communities. Weed species greatly vary in their

degree of habitat specialisation (Fried et al., 2010), and

species that do not bear the necessary life attributes can

be filtered out from communities by agronomic prac-

tices, such as crop type and rotation (Smith & Gross,

2007; Fried et al., 2009; Gunton et al., 2011), timing of

tillage (Smith, 2006), levels of fertilisers and herbicide
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inputs (Storkey et al., 2010). There is on the other hand

much less available knowledge on the potential role of

the biotic interactions in structuring weed communities.

Weed–crop or weed–weed competition may affect the

composition of the community present in a field. More

generally, predation or parasitism may also contribute

to filter species or group of species sharing the appro-

priate response traits. In cultivated fields, the implica-

tions of competition have primarily focused on crop–

weed interaction and yield loss resulting from this

competition, for obvious economic reasons (Harlan,

1982; Jones & Walker, 1993; Berti & Zanin, 1994;

Swinton et al., 1994; Milberg & Hallgren, 2004). How-

ever, some weed species are highly competitive (Storkey,

2006) and would therefore be likely to affect not only the

crop, but also other less-competitive weeds. A previous

analysis of weed co-occurrence patterns based solely on

species occurrence indicates that assemblages within

small plots often do not deviate from randomness

(Petit & Fried, 2012). Yet, weeds can reach varying

degrees of abundances within a field, and it would seem

important to assess whether assembly rules affect the

way abundances co-occur between species that, other-

wise, share the same agricultural, soil and climate

conditions.

In this study, we investigated patterns of co-occur-

rence in weed species abundance classes in 200-m2 plots

using weed data collected in 1143 plots located in annual

crops scattered across France. We addressed the follow-

ing questions:

• Are weed abundances randomly assembled within a

plot, that is, is the abundance reached by any

individual species within a plot related to the abun-

dance of the co-occurring species?

• If such a rule exists, does it still prevail when the biotic

interactions are presumably more intense, that is, for

plots exhibiting high weed densities?

Materials and methods

Data set

Weed data were obtained from 1143 arable fields

scattered across France (latitudinal range of 761 km,

longitudinal range 696 km) and collected between 2002

and 2007 as part of the ongoing national Biovigilance

project (Fried et al., 2007, 2008). The selection of

surveyed fields aimed at covering the diversity of

cultural practices and environmental conditions occur-

ring across the country. Weed data were recorded after

crop establishment, between 15 March and 25 July

according to the crop sowing period (i.e. later for spring

sown than for winter-sown crops). Within each field, the

abundance of all weed species was recorded twice a year

within the crop and in a paired 200 m plot that received

no herbicide to assess the potential within the seedbank.

Within that untreated area, species abundance was

recorded using a six-point class scale (Barralis, 1976):

�<1� found once in the 200 m area, �1�<1 individual m)2,

�2� 1–2 individual m)2, �3� 3–20 individuals m)2, �4�
21–50 individuals m)2 and �5� more than 50 individu-

als m)2.

The entire data set (hereafter �whole data set�) thus
contained a total of 1143 sets of weed data composed of

253 species. In this study, each field was only used once

to avoid pseudo replication, with 58 sampled in 2002,

215 in 2003, 383 in 2004, 207 in 2005, 227 in 2006 and 53

in 2007. We also subsampled the 25% of sites with the

highest total weed densities, that is, the highest sums of

abundance (median value of the abundance class) of all

weed species occurring within the plot. This sub-data set

referred to as �high weed density� is composed of 286

sites and 186 species (32 sampled in 2002, 58 in 2003,

112 in 2004, 37 in 2005, 35 in 2006 and 12 in 2007). With

this threshold of 25%, the total weed density always

equalled or exceeded 73 individuals m)2. In this subset,

there were proportionally more plots that were recorded

in 2002 and 2004, and less in 2005 and 2006. A total of

100 000 sets of 286 samples were randomly drawn from

the whole data set to generate a random distribution

of the number of sites per year. The observed distribu-

tion of sites per year in the �high weed density� data set

was compared with the random distribution. Excesses

and ⁄or deficits of sites per year were identified using

2.5% and 97.5% confidence boundaries. The same

procedure was applied to analyse the distribution of

the type of rotations (monoculture versus rotation).

Choice of the null model

The presence–absence (abundance) matrix in which rows

are species and columns are sites is a fundamental unit

of analysis in community ecology. The basic principle of

the null model is to randomise the matrix entries, that is

species occurrence (abundance) per site, to test deviation

between the observed species community assembly and

predicted ones under a random assembly hypothesis.

This methodology is recognised for its robustness and

lack of dependence upon assumptions regarding the

kind of data and their supposed distributions. There are

up to nine different null models that differ in their degree

of conservative fixed constraints, that is, the occurrence

frequencies among species (row totals) and species

richness among sites (column totals) (Gotelli, 2000).

Here, we aimed at (i) relaxing the possible association

between classes of abundance of any pair of species in a

site and (ii) still accounting for non-equal probability of
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the site quality, that is, sites have different species

richness, as well as (iii) accounting for a non-uniform

distribution of species abundance in the data sets. For

this purpose, species abundance per site was rando-

mised, but the global distribution of abundance clas-

ses for each species and local species diversity (with

both rich and poor sites) was maintained. The most

appropriate null model that fits these expectations

includes two constraints (Hardy, 2008). First, to con-

serve the species richness among sites (column totals),

we extended Gotelli�s (2000) suggestion and maintained

rare ⁄ frequent and sparse ⁄ abundant characteristics of

each species by retaining the number of each abundance

class for each species in the null hypothesis. Fixing the

totals for columns ensured that differences between

observed and simulated data will only reflect the

underlying structure of the data set, that is, only the

co-occurrence patterns are randomised. Second, we

retained local species richness per site, to maintain the

global species co-occurrence of whole abundance classes

and avoid any bias in the analysis of co-occurrence of

paired abundance classes. Moreover, this constraint

avoids degenerated matrices, that is, a matrix with

empty lines or columns that modifies the mean abun-

dance or richness of the subset of the non-empty lines or

columns (Gotelli, 2000). Thus, species abundances were

sampled independently among species, and all sites have

equal probability for each of the abundance classes.

The deviation from a random assemblage of co-

occurrences of species abundance was tested with these

two constraints. A total of 1000 randomised matrices

were obtained by randomising the observed matrix,

using the �swap� algorithm developed for presence–

absence matrix and available in the library vegan of the

statistical software R (Gotelli & Entsminger, 2001). The

abundance classes of each species were then redistrib-

uted as defined by the �swap� algorithm. The procedure

was applied on both data sets.

Co-occurrence index

Co-occurrence patterns in the abundance matrix were

measured by computing Xij the average number of

species at abundance j, in sites where at least one species

has been observed at abundance i. Xij represents the

proportion of co-occurrences between abundance classes

in the data set. The measure was computed for the

observed matrix (X ij
obs) and for each of the 1000

randomised matrices (X ij
sim). A frequency distribution

was then generated with values for testing the null

hypothesis that X ij
obs was drawn at random from the

distribution of X ij
sim. Following the classical method of

statistical inference, the position of the observed value in

the tails of the null distribution was used to assign a

probability value. The significance level (P-value) is

the proportion of values that are more extreme than

the observed value in the randomisation distribu-

tion (Manly, 1991). Significant excess (deficit) of co-

occurrences was indicated as the proportion of simu-

lated values (X ij
sim) higher (smaller) than the observed

value (X ij
obs). The percentage of excess (deficit) of

co-occurrences was estimated by computing a co-

occurrence index:

X ij
obs � �X ij

sim

� �
=�X ij

sim

where �X is the average of the X over the 1000 randomised
matrices.

Results

Characteristics of data sets

We recorded a broad range of variations in both

weed species richness and total weed densities (Fig. 1).

The total weed abundance was positively related

to species richness (Pearson�s correlation = 0.35,

P-value < 0.001). From 11 species onwards, a plateau

of 70 plants m)2 was reached.

Table 1 presents the median local weed density, that

is, median weed density per field and the median species

richness in both data sets for each crop type. The subset

of high weed density included sites with a total weed

density ranging from 73 to 435 individuals m)2. Median
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Fig. 1 Relationship between species richness and local weed

density in the observed whole data set. Line represents the local

polynomial regression (Loess) on observed data sets used to

synthesise the relationship between weed density and species

richness. Owing to small number of samples with very high species

richness, Loess regression was computed only for sites with species

richness lower or equal to 25 species. The parameter a that controls

the degree of smoothing was arbitrary fixed to 0.75.
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species richness per crop type varied for whole data

set and �high weed density� data set between 5–11 and

8.5–11 respectively.

The distribution of crop types was slightly different in

the two data sets, because maize crops were in excess

and winter wheat crops were in deficit in the �high weed

density� data set, compared with the whole data set.

Another consequence is that the �high weed density� data
set included more fields cropped as monoculture. A total

of 24.2% of fields cropped were in monoculture in the

�high weed density�, while under a hypothesis of random

distribution of the rotation type, an average of 8.9% was

expected.

Distribution of abundance classes in the whole

data set

Across the 1143 plots and 253 species, 35% of the

species were observed at an abundance of <1 individ-

ual m)2 (Class1). Class<1, Class2 and Class3 repre-

sented about 20% of occurrence, each. Classes of high

abundances were not often recorded, respectively, in 5%

and 3% of observations for Class4 and Class5.

Table 2 presents the mean number of species in a site

observed at abundance j, given that at least one species is

at abundance class i. Regarding the co-occurrence of

species abundance, we observed a negative relationship

between species with low abundance and species with

high abundance. The species with lower-abundance

classes (i = Class<1 or Class1) tended to occur more

frequently with species of low-abundance classes

(j = Class<1 or Class1) than with species of high-

abundance classes (j = Class4 or Class5).

General pattern of abundance co-occurrence

The deviations from the null model for each pair of

abundances ij in the whole data set are shown in

Table 3. Of the total 36 pairs of possible abundance

co-occurrence, 30 significantly differed from the null

model. There were excesses in the co-occurrence of

similar abundance classes (the diagonal of Table 3) and

deficits in the co-occurrence of contrasted abundance

classes (the opposite corners of Table 3). For example,

in fields where at least one species was highly abundant,

that is Class5 (more than 50 individuals m)2), there

were on average 33% more species of abundance Class4

(21–50 individuals m)2) in the observed data set com-

pared with the randomised data sets. Therefore, abun-

dance classes observed within a plot tended to be more

homogenous than what would be expected under a

random assembly hypothesis.

Patterns of co-occurrence of abundances when local

weed density is high

As for the whole data set, the analysis of the high weed

density plots revealed significant excesses in the co-

occurrence of species with similar abundance classes, but

this only held true for Class<1 up to Class3. Indeed,

Table 1 Number of plots, median weed density (m)2) and mean species richness per crop type in the whole and in the �high-density�
field data sets

Crop type

Whole data set High-density data set

Number of

plots (%)

Median weed

density

Median species

richness

Number of

plots (%)

Median weed

density

Median species

richness

Beet 28 (2.4) 28.75 8.5 6 (2.1) 115.99 10.5

Spring barley 35 (3.1) 34.99 8 6 (2.1) 118.74 11

Winter barley 36 (3.1) 40.75 5 10 (3.5) 99.25 8.5

Maize 252 (22.0) 62.50 9 101 (35.3) 114.5 11

Rape 83 (7.3) 32.49 8 12 (4.2) 123.75 9.5

Sunflower 59 (5.2) 20.49 11 9 (3.1) 89.0 10

Winter wheat 384 (33.6) 27.75 7 81 (28.3) 110.0 10

Other ⁄ NA 242 (16.0) 36.5 8 61 (21.3) 110.5 10

Local weed density is the median of the sum of median values of the observed abundance classes.

Table 2 Mean number of species for each abundance class in the

whole data set

i*

Mean number of species with abundance class j in observed

data set

<1 1 2 3 4 5 N

<1 1+1.192 3.67 1.87 1.4 0.38 0.18 572

1 1.57 1+2.82 2 1.71 0.42 0.21 927

2 1.57 3.36 1+1.64 1.95 0.46 0.22 796

3 1.28 3 2.11 1+1.55 0.48 0.25 786

4 1.24 2.97 2.15 2.14 1+0.44 0.36 331

5 1.18 2.48 1.8 2 0.66 1+0.31 205

X ij
obs represents the mean number of species with abundance class j

in sites (=rows) where at least one specie with abundance class i

occurred. Values on the diagonal are written under the form 1+X

to account for the fact that, by construction, at least one

abundance class j is already present when abundance class i = j.

N indicates the number of sites concerned.

*Sub-data set where at least one abundance of specie is equal to i.
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in plots where an individual species was observed at a

density higher than 20 individuals m)2 (Class4 and

Class5), co-occurrence of abundance classes deviated

from a random co-occurrence pattern, but in a totally

different way (Table 4). In such plots, there were many

instances of deficits of co-occurrence between Class4 or

Class5 and the other abundance classes (columns 4 and 5

of Table 4). Moreover, when at least one species reached

a high abundance (Class4 and Class5), species richness

in the field was significantly lower than expected under

the null model (Fig. 2). With one species at a density

above 50 individuals m)2, more than two species were

missing in the community. By contrast, this was com-

pensated for in sites where at least one species had a low

value of abundance (Class<1, Class1 and Class2),

where species richness was then significantly higher in

the observed data set (Fig. 1).

Discussion

First, our data indicated that over a large range of crop

types and management practices, weed species tend to

co-occur more often at similar abundances than

expected under a null hypothesis of random co-occur-

rence of abundances. To account for the high signifi-

cance deviance from the null model, we gave it the name

of �similar attraction–dissimilar repulsion� rule. This

result diverges from what is expected from the ecological

concept of limiting similarity (Tilman, 1987), where an

abundant species would leave only little possibility for

another competing species to occupy the same niche at

high abundance. Several hypotheses could explain the

patterns we observed. First, conversely to natural

habitats that are mostly saturated, arable fields are

annually �reinitialised�. At harvest time, almost all the

vegetation is removed, and therefore, during most of the

growing season, plant density scarcely reaches a level of

saturation at which competition (e.g. because of density

dependence process) could structure the plant commu-

nity. Second, the impact of past and current weed

management could strongly shape the observed co-

occurrence patterns. The soil seedbank is known to be a

buffered memory of past infestations and seed move-

ments (Bàrberi et al., 1998). The data set we used here

encompassed a large range of weed management situa-

tions, with some fields sheltering species at low density,

because of intensive and effective chemical and ⁄or

Table 3 Proportion of number of species for each abundance

class in the whole data set

i�

Proportional excess or deficit of observed co-occurrence of j

when i

<1 1 2 3 4 5

<1 0.41*** 0.07*** )0.08*** )0.29*** )0.18*** )0.28***

1 0.03*** 0.11*** 0.043*** )0.06*** )0.03* )0.12***

2 )0.01ns 0.01ns 0.12*** 0.03** 0.03� )0.12***

3 )0.2*** )0.11*** 0.06*** 0.12*** 0.07* )0.02ns

4 )0.3*** )0.2*** )0.01ns 0.04ns 0.16*** 0.33***

5 )0.35*** )0.35*** )0.2*** )0.05ns 0.33*** 0.14***

Values on the diagonal show highly significant excess of co-

occurrence of species with similar abundance class, while upper

right and lower left corners of the table show highly significant

deficit.

*P < 0.05; **P < 0.01; ***P < 0.001; �P < 0.1.

�Sub-data set where at least one abundance of species is equal to i.
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Fig. 2 Differences between species richness, given their abundance

class, in the observed data in the �high-density� data set and the

average species richness computed over the 1000 randomised data

sets obtained from the null model. Positive values represent an

excess of species richness in the observed data set, while negative

values represent a deficit. *P < 0.05; **P < 0.01; ***P < 0.001

and �P < 0.1.

Table 4 Proportion of number of species for each abundance

class in the �high-density� subset

i�

Proportional excess or deficit of observed co-occurrence of j

when i

<1 1 2 3 4 5

<1 0.55*** 0.15*** 0.05* )0.23*** 0.02ns )0.16***

1 0.07*** 0.12*** 0.10*** )0.02* 0.04** )0.11***

2 0.14*** 0.13*** 0.16*** )0.01� 0.06*** )0.13***

3 )0.06*** )0.01ns 0.03*** 0.06** )0.04** )0.11***

4 )0.05� 0.01ns )0.01ns )0.12*** )0.03ns )0.25***

5 )0.16** )0.17*** )0.25*** )0.26*** )0.32*** )0.05�

Excesses of similar classes (i.e. diagonal values on the table) are still

observed for abundance Class<1, Class1, Class2 and Class3.

Deficits in co-occurrence are observed for the two highest

abundance classes, that is Class4 and Class5.

*P < 0.05; **P < 0.01; ***P < 0.001; �P < 0.1.

�Sub-data set where at least one abundance of species is equal to i.
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mechanical control, and other fields occupied by several

species at medium-to-high densities because of low

control. Repeated gaps in the herbicide spectrum over

the years may have led to increase the population size of

some individual species, which therefore may have

become dominant (Reddy, 2004). Other general man-

agement practices could also favour more than a single

weed species and synchronise their dynamics. According

to time and climate conditions, soil tillage may either

boost a flush of new germinations or conversely elim-

inate seedlings of several species, with a resulting impact

on abundance co-occurrence.

This general pattern of abundance co-occurrence

was, however, different in fields where local weed density

was particularly high. In such situations, there was a

tendency for repulsion between abundances classes, as

soon as one or several individual plants reached densities

above 20 individuals m)2. This could result from the fact

that fields sheltering high densities of weeds are found in

specific cropping systems, leading to the dominance of a

few species. Indeed, in this study, the most saturated

fields occurred more frequently in maize cropped as a

monoculture and less in winter wheat crops, which were

often part of diversified crop rotation systems (Table 1).

Hence, a direct density effect or differences in weed

community composition could lead to higher weed–

weed interference. Crop diversity has an effect on both

diversity and composition of the weed seedbank (Bohan

et al., 2011). The soil seedbank has even been suggested

as being a major factor that could mediate the abun-

dance of niches and the resulting weed–crop competition

relationship (Smith et al., 2009). Following this logic,

the co-occurrence of species with high abundance within

a rotation could result from a higher number of

contrasted microhabitats within the field (Smith et al.,

2009). Second, as our weed data were recorded in

200-m2 plots, therefore limiting the number of resource

pools, it is possible that weed–weed competition could

partly explain the deviations observed at high weed

density. We observed here that local weed abundance

reached a plateau and that this occurred in the richest

fields (Fig. 1). Weed–weed competition or another biotic

interaction could thus act to regulate species abundance,

but not necessarily its presence in a field. Moreover, the

dominance of a species reaching high-abundance classes

(Class4 or Class5) seems to reduce species richness in

field; beyond the positive correlation found between

total abundance and species richness, the saturation

observe means a potential of up to two species missing

when one species at least reaches a density above 50

plants m)2 (Fig. 2). Nevertheless, we cannot reject the

possibility that this deficit of species could also result

from a bias in the sampling method, because the error of

detection of species at low density may increase when

other species are highly abundant. All of these suggest

that some processes linked either to species interference,

or to the intensity of selective pressure imposed by

external factor such as cropping systems, or dependence

upon a common regulating predator, act at high density

or that their impact is only detected at high density.

More specific studies should be conducted to explore

whether the signal of weed–weed interaction could be

enhanced by (i) conducting samplings over smaller areas

to fit the scale at which direct interference between

species act; (ii) including a measure of crop density so

that all the plants present are accounted for in a survey;

(iii) focusing also on non-cropped habitats such as the

tilled strip, where weed–crop competition is absent and

(iv) conducting experiments inwhichweed density and ⁄or
species composition are experimentally manipulated.

Conclusions

By applying a methodology developed by ecologist to

test the random assemblage of species abundances

within communities, we showed that weeds do not

achieve their level of infestation independently one from

one another. Contrary to the expectation that a species

achieving high level of infestation would reduce the

possibility for other species to reach a high abundance,

we found that in most agronomical situations, weed

abundances are positively associated. This result may

first suggest that in most situations, agro-ecosystems

differ from other natural systems near biotic saturation.

It also strongly suggests that weed species can access

different resource pools within arable fields. Accord-

ingly, in fields that were the most saturated with weeds,

we detected the opposite trend, that is, negative associ-

ations between abundance classes when one or few

species reached high densities. Such patterns could be

explained by the environmental and agronomical char-

acteristics prevailing in the most saturated fields and ⁄or
an effect of higher biotic interactions.
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