The structural classification of field boundaries in Mediterranean arable cropping
systems allows the prediction of weed abundances in the boundary and in the

adjacent crop
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Summary

Boundary structure can hinder or facilitate disturbance of the boundary vegetation by
farming practices, such as herbicide and fertiliser drift and occasional cultivation; this
may affect their potential role as a weed reservoir. It would be relevant for researchers,
farmers and legislators to know if relationships exist between boundary structure and
weed abundance and frequency in boundaries and adjacent fields. In this study, we
present a classification of arable field boundaries based on five descriptors: presence of
a bank, width, percentage cover of woody and evergreen perennials (WEP), presence of
a stonewall and presence of trees. Five types of boundaries are identified, ranging from
structurally simple ones (flat, narrow, dominated by annual species) to structurally
complex ones (presence of a bank, more than 3 m wide, dominated by WEP). Data from
three Spanish regions were used to validate this classification and the five boundary
classes contained different plant communities. Structurally simple, flat and narrow
boundaries contained many of the weed species found also in the field centre and with
high abundance. More complex, wider boundaries with a slope and a WEP >60%, had a
lower probability of hosting the main weeds present in the field centres. Assessment of
weed frequency and abundance gave complementary information. The proposed
classification of field boundaries may be easily used by farmers and allows adjustment
of field margin management to risks posed by the field boundary, in terms of hosting

common weeds of arable crops.

Keywords: field margins, bank, perennial species, width, multivariate analysis, non-

metric multidimensional scaling (NMDS), functional traits, growth form.
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Introduction

In the past five decades increased attention has been paid to the functionality of field
margins and boundaries in arable fields, such as their role in reducing soil erosion,
providing suitable habitats for biodiversity, or connecting semi-natural habitats in
agricultural landscapes (Marshall & Moonen, 2002; Aavik & Liira., 2010). Although
numerous studies have focused on their role in northern and central Europe, hardly any
work has been conducted in southern Europe (but Cirujeda et al., 2007; Bassa et al.,
2012, Morrison et al., 2017, Solé-Senan et al., 2017; Solé-Senan et al., 2018).

Boundaries are a strip of semi-natural vegetation surrounding arable fields that
harbour a diverse plant spectrum (Marshall & Moonen, 2002). Although farmers mostly
consider boundaries as a source of weeds, few empirical data support their perception
(for the United Kingdom, Marshall, 1989; Marshall & Arnold, 1995; Germany, Mante
& Gerowitt, 2009; Netherlands, Kleijn & Verbeek, 2000; and USA, Reberg-Horton et
al., 2011). From an ecological point of view, weeds are plants that compete with the
crop for resources, because they are able to withstand the specific disturbance intensity
and frequency of the cropped field. Whether or not they thrive in the field boundary
depends on the boundary disturbance regime and the weed niche width. In Spain,
contradictory results on weed communities have been found: while Pallavicini et al.
(2013) found weed species common to boundaries and their respective field centres,
Cirujeda et al. (2013) described few harmful species with coincident occurance. These
findings may be explained by differences in boundary structure. For example, flat
boundaries are easily disturbed, while boundaries with a bank have more protected
vegetation. Thus, vegetation in narrow boundaries without a bank is more prone to
disturbance caused by farming practices, such as soil disturbance from machinery, and
fertiliser and herbicide drift. This creates a habitat that is similar to in-field conditions
that are more likely to host weeds (Schippers & Joenje, 2002; de Cauwer et al., 2008;
Pallavicini et al., 2013). Conversely, lack of disturbance promotes growth of perennial
species, preventing colonisation by annual species (Marshall, 2009), thus leading to
contrasting species assemblages in boundaries and field centres (Marshall & Arnold,
1995; Hovd & Skogen, 2005; Aavik & Liira, 2010; Cirujeda et al., 2013). Although it
has been reported that boundary vegetation is determined by management (Hovd &
Skogen, 2005; de Cauwer et al., 2008; Reberg-Horton et al., 2011; Solé-Senan et al.,

2018), some studies found that boundary structure, such as presence or absence of a
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bank and width, drives community composition (Hovt & Skogen, 2005; Schippers &
Joenje, 2002). Schippers and Joenje (2002) suggested that wider boundaries host more
diverse plant communities than narrower boundaries, because (1) wide boundaries
buffer against agro-chemical drift, which is one of the major causes of diversity decline
and homogenization, and (2) species number increases with increasing area. Similarly,
Gove et al. (2007) found that abundance of plant species sensitive to herbicides
increased in boundaries at a distance of between 2 and 4 m from the edge compared
with those located between 0 and 2 m, because of the reduction in effects of herbicide
drift.

Some arable plant species have become extremely rare due to increasing
agricultural intensification (Fried et al., 2009). As a results, there are increasing
concerns about the conservation status of these species in northern and central Europe
and, consequently, conservation policies have been developed (Aboucaya et al., 2000).
Concurrently, studies have increased awareness of the negative effects of agricultural
intensification on these species in the Mediterranean area (Solé-Senan et al., 2014). The
presence of rare arable plants is expected to be greater in boundaries with an
intermediate level of complexity than in those subjected to regular cultivation (Fried et
al., 2009). Likewise, an increase in abundance of perennial species is expected to
decrease abundance of rare annual plants due to their inability to thrive in competitive
habitats (Marshall, 2009).

Competitive plants are usually confined to boundaries that are less disturbed by
farming practices than in the inner field (Kleijn & van der Voort, 1997). Despite this,
ruderal species, which tend to be annual weeds in cultivated fields, are present in
boundaries and we expect boundary structure to affect species composition of the plant
communities. It is assumed that annual weeds thrive in structurally simple boundaries
(narrow, with no bank and fewer perennial species), whereas they are expected to
decrease in structurally complex boundaries (wider, presence of a bank with greater
abundance of perennial species). Therefore, we expect a reduction in annual weed
infestation with increasing boundary complexity. Our aims were to: (1) test a field
boundary typology based on easily measurable descriptors to support farmers and future
research, (2) describe weed and rare arable plant occurrence in boundaries and field

centres, and (3) validate the typology with available data from Spain. Boundary
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typology should inform researchers, farmers, stakeholders and legislators about drivers
of weed abundance in boundaries that potentially affect crop production and contribute
towards managing boundaries under specific Agri-Environmental Schemes (AES)

aimed at reducing weeds but enhancing rare arable plants when possible.

Material and methods

Study regions

The study was conducted in three different regions of Spain (Andalusia, Aragon and
Catalonia) that encompass cereal production areas under rainfed conditions. The regions
provide a gradient of boundary structural complexity. Environmental characteristics and
farming practices applied in the fields of each region, as well as the number of fields

surveyed per region, are summarised in Table S1.

Plant survey
Sampling was conducted in boundaries (B) and field centres (FC) of rainfed cereal

fields between April and July (prior to harvest) from 2008 to 2012.

In Andalusia, boundaries were sampled from five quadrats of 1 x 1 m at 5 m
intervals along a single transect, whereas in the field centre, one quadrat was positioned
25 m away from the boundary and then an additional four quadrats were positioned
diagonally from the edge towards the centre of the field; plant species were identified
and individuals were counted. In Aragon, boundaries were sampled using three
rectangular quadrats that were as wide as the boundary and 2 m in length, and inner
field sampling was generally done at a distance of 20 m from the boundary in three 2 x
2 m quadrats that were spaced by at least 10 m. In Catalonia, surveys were performed in
the boundaries and in the field at 30 m from the boundaries along a single transect of
five quadrats (1 x 5 m) that ran parallel to the edge at 10 m intervals. Total and species
cover (%) were estimated in Aragon and Catalonia. When shrubs or trees were found,
their projection on the soil was considered. Details of the sampling areas are provided in
Table S1.

Field boundary descriptors
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Data from Aragon and Catalonia were used to test the effect of the boundary structure
and cover of woody and evergreen perennials (WEP) on boundary weed species
composition and cover. Data from Andalusia were not considered, because of
differences in sampling methodology. Occurrence of trees in boundaries was rare, so
boundaries containing trees were considered as a separate boundary category as was the
presence of stonewalls (SW), because although they provide a habitat for vegetation,
plants on wall tops are not disturbed by cultivation, and fallen stones at the base trigger

a widening of the boundary that reduces levels of farming disturbance and cultivation.

First, we tested the relationship between cover of weeds and perennial species
(WEP) on weed seed germination. These species were selected following the criteria of
de Bol6s et al. (1990) and are listed in Table S2. The relationships between abundance
of perennial vegetation and four main weed species (Avena sterilis L., Bromus diandrus
Roth., Lolium rigidum Gaud. and Papaver rhoeas L.), which were selected following
Cirujeda et al. (2011), were tested using linear regression, to establish a possible

threshold of perennial species for the reduction in abundance of the target weed species.

Then, we used five descriptors to classify boundaries: (1) WEP cover, (2)
boundary width, (3) presence of a bank, (4) presence of a stonewall and (5) presence of
trees. Boundaries were classified into narrow (<3 m) or wide (>3 m), according to the
results of Gove et al. (2007) who defined that a 4-m no-spray buffer zone renders the
impacts of spray drift and fertiliser overspread as negligible, although a 2-m buffer
yields considerable beneficial effects on vegetation. Consequently, 3 m was considered
as a mean value to separate narrow from wide boundaries. Boundaries were also divided
into flat or with presence of a bank (after Greaves and Marshall, 1987), because Hovd
and Skogen (2005) considered slope a driver of boundary species assemblages and

annual species abundance.

The importance of these five descriptors was checked using two redundancy
analyses (RDA) in Canoco 5.0. (Smilauer & Leps, 2014) and allowed us to propose a
classification of boundary typology. First, species composition data were constrained to
boundary characteristics (presence of a bank, wide or narrow boundary, and WEP
cover; Fig. 2), and then the effect of these environmental variables was on vegetation

functional type, comprising common annual weeds (CW) (four main weeds described
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above), other annual plants (AP), rare arable plants (RAP) (see Solé-Senan et al., 2014),
and herbaceous perennial species including hemicryptophytes and geophytes (HP) (Fig.
S1). For both RDAs, significance of the explanatory boundary characteristics was tested

using a Monte-Carlo permutation test (999 permutations).

Validation of the boundary classification

Boundary and adjacent field vegetation in the three regions was analysed, accounting
for proposed boundary type, where the most frequent and most abundant species were
identified for each boundary type. The same was done for the four main weeds sensu
Cirujeda et al. (2011), plus Phalaris minor Retz. (Gonzélez-Andudjar & Saavedra, 2003)

in Andalusia.

Statistical analysis

Mean species frequency, as a metric of species assemblage, among sampling points
within a region was analysed, and a similarity matrix for each region using species
frequency at each patch per sampling point was obtained with the Bray-Curtis
dissimilarity index (see Legendre & Legendre, 1998). Each region was analysed
separately to avoid the effect of species turnover between regions. This matrix was used
in a non-metric multidimensional scaling (NMDS) analysis, as the most robust
unconstrained ordination method in community ecology (Leps and Smilauer, 2007).
Plant cover (Aragon and Catalonia) and density (Andalusia) values of each plot per
position (B or FC) were averaged to obtain a single value per field and position.
Because of differences in the plant survey between regions, separate NMDSs were
conducted for each region. To explore patterns of species assemblages in relation to the
position (B, FC), a hierarchical cluster based on Ward’s criterion was conducted using
the Bray-Curtis similarity matrix. Two cluster groups were selected to test whether the
clustered plots share the two field positions, and the clustered groups were overlaid on
the NMDS, with plot type (B or FC) as a factor. The labels of each habitat correspond to
environmental factor “position” averages obtained after fitting to the ordination diagram
(P<0.001). The circles in the ordination represent 95% ClIs of the three clustered

groups.

Statistical analyses were carried out using R 2.8.1 (R Development Core Team,

2008) with the vegan package (Oksanen et al., 2013). Rare arable plants (Solé-Senan et
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al., 2014) were exclusively projected in the NMDS of Catalonia, because they were
poorly represented in the fields of Aragon and Andalusia.

Results

Field boundary descriptors
Cover of B. diandrus, L. rigidum, P. rhoeas and A. sterilis and total cover of common
weed species were negatively correlated with WEP cover (P<0.05 and below) (Fig. 1),

showing a threshold of 66% perennial cover limited cover of weed flora to 2%.

Figure 1 near here

Effect of the descriptors on species functional type

The RDA showed that species composition (Fig. 2, Table 1) and functional type were
explained by boundary characteristics (Fig. S1, Table 1). The common arable weeds
(bold species in Fig. 2) were more likely to have a greater abundance/cover in flat and
narrow boundaries, while presence of herbaceous perennials (HP) was related to
boundaries wider than 3 m and with a bank; in contrast, presence of common weeds was
related to flat and narrow boundaries (Fig. S1). The amount of variation explained in the
RDA was greater for functional type (24.2%) (Table 1) than for species assemblages
(12.5%) (Figure S1 and Table 1). WEP cover explained the greatest amount of variation
in species assemblage, followed by the presence of a bank, whereas boundary width
explained the least amount of variation. Presence of a bank explained a greater amount
of variation in functional type than boundary width. There was no effect of stonewall,

which are legally protected, on functional type or species assemblage (Table 1).

Table 1 and Figure 2 near here

The combination of the four descriptors led to the classification of boundaries
into five categories of increasing complexity: flat and narrow boundaries with <60%
WEP (type A); boundaries with a bank with <60% WEP (type B); boundaries with a
bank with >60% WEP (type C); boundaries with a bank and trees in the boundary and
>60% WEP in narrow or wide boundaries (type D) and vegetation strips next to a
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stonewall (type E) (Fig. 3). Flat and wide boundaries were not considered because they
were not found in the study areas.

Figure 3 near here

Validation of the boundary classification

Common weeds

In the Andalusian boundaries, L. rigidum exceeded 50% frequency, which was even
greater than in the nearby fields (Table 2). None of the four common weeds reached this
frequency in the Aragonese boundaries. Conversely, in Catalonia, B. diandrus, L.
rigidum and P. rhoeas exceeded 50% frequency in boundaries types A, B, C and D.
However, mean abundance of these species tended to be greater in field centres than in
the boundaries, especially for types A and D, and for some species in types B, C and E
(Table 2). Despite frequency being high in many cases, abundance was <10% for all
common weed species in all boundaries, except B. diandrus that tended to decrease in
Aragon and Catalonia with increasing boundary complexity (Table 2). The troublesome
species B. diandrus accounted for >10% abundance in boundary types A, C and E and
L. rigidum in type A in Andalusia. B diandrus was more frequent in boundary types A,
B and C than in the respective field centres, but decreased in importance in types D and
E.

Table 2 near here

Plant categories

As defined by the classification criteria, WEP cover increased from categories A to D;
in the Aragonese boundaries of types B to D (21.8, 66.0 and 70.5%, respectively) and
for Catalonian boundaries of types A to D (12.1, 30.9, 68.5 and 73.0%, respectively).
WEP cover in Andalusian boundaries of type A was 3.1% WEP and 26.2% in
Catalonian boundaries of type E. Due to the increasing amount of WEP, the remaining
plant categories were less abundant with increasing boundary complexity. Common
weed abundance decreased with increasing boundary complexity in Catalonia and in
Aragon (Table 3). The proportion of annual plants was greatest in boundaries of types
A, B and E, and lowest in boundaries of types C and D, regardless of region. Proportion

of herbaceous perennial species tended to be consistent in boundaries of types B, C and
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D, but greater in Catalonian boundaries of types A and E (Table 3). The proportion of
rare arable plants in Catalonian boundaries was greatest in boundary types E and B and

lowest in the simplest boundaries of type A (Table 3).

Table 3 near here

Comparison of species in boundaries and field centres

In Andalusia, Polygonum aviculare L. was one of the four most frequent species in
boundaries and field centres (Table S3). In Catalonia, L. rigidum, P. rhoeas and
Convolvulus arvensis L. were the most frequent species in boundary type B and in FC
of types A and B. Likewise, in boundary type C, P. rhoeas and L. rigidum were among
the four most frequent species in B and FC, whereas C. arvensis appeared in boundaries
and field centres of type D and L. rigidum in those of type E, and (Table 1). Thus, in
Catalonia, similar common weed species were found in B and FC, especially in types A
and B, but fewer coincident species were found in boundaries of type C, D and E. In
Aragon, no coincident species were found among the four most frequent species
between boundaries and field centres (Table 2), and in most cases, they were scarce or
even absent in boundaries of types B, C and E.

In Andalusia the most frequent species in FC were A. arvensis and C. arvensis.
In Catalonia, L. rigidum was the most frequent species in FC types A, B and E, whereas
P. rhoeas and C. arvensis were the most frequent and most abundant species in FC type
C and D. Exclusively in Aragon, S. vermiculata was the most frequent and abundant

species irrespective of the boundary type (Tables S3, S4).

No single species of the four most abundant in boundaries and FC in any
boundary type was among the most abundant species in B and FC in any of the three

study areas (Supporting Information Table S4).

Community composition and field boundary typology

NMDS analysis showed differences in species assemblage depended on boundary type
and field position, (B versus FC; Fig. 4). Each of the three NMDSs conducted revealed
stress below 0.2, indicating a strong structure of community composition (Lefcheck,
2012).
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In Andalusia (Fig. 4a) and Catalonia (Fig. 4c), neither B or FC type A differed,
according to the ANOVA of the NMDS scores on axis 1. For the rest of the types,
differences between species assemblages in boundaries, as well as differences between
boundary types and their respective FC, were observed in each region. In Aragon,
boundaries of type B differed from their respective FC and from boundaries of type C
and E. Although the latter two were not significantly different from each other, they
differed from their respective FC. In Catalonia, boundaries of type A differed from C, D
and E; boundaries of type D and E differed from the others.

NMDS analyses (k =2, non-metric fit: r>=0.921, Fig.4a; k=2, non-metric fit:
r>=0.935, Fig.4b; k=2, non-metric fit: r>=0.947, Fig.4c,) showed a clear distribution
of the sites based on the floristic similarities of the boundaries and field centres. The
stress of the three NMDS ranges between 0.17-0.21.

Discussion

Field boundary descriptors
Gerowitt and Heitefuss (1990) established the general economic threshold inside a
cereal field at 5-10% cover for broad-leaved species. Similarly, the Integrated Pest
Management guide published by the Spanish Ministry of Agriculture considers 2% as a
general economic threshold in a cereal field for the common species or the sum of those
species (MAAMA, 2015). According to regression analyses, a total weed density <2%
would be achieved with >66% WEP cover (Fig. 1). For B. diandrus, which had the
greatest cover in the boundaries, <2% abundance would be expected with 64% of WEP
cover. However, the 2% requirement for weeds is intended for field centres, so
considering this threshold for field boundaries is rather demanding. Consequently, a
60% WEP limit was chosen as a descriptor that is a measurable figure in field
assessments. Boundaries that exceed this value would probably not harbour weeds at
such densities, whereas those with < 60% WEP may be considered a potential weed
reservoir.

As the presence of WEP is directly related to boundary management, the main
requirement to achieve these figures is to avoid boundary soil disturbance to enable

establishment of perennial species.
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Field boundary typology

Our study is the first to propose a typology of boundaries in arable fields in the
European Mediterranean area. The wide range of boundary types influenced species
assemblages (Figs. 1, 2), indicating that this typology provides a more complete
description of boundary structure than a classification based on vegetation
physiognomy, such as from woodlands to ruderal vegetation (Marshall & Moonen,
2002).

Influence of typology on most frequent and most abundant species

In Catalonia, increasing boundary complexity led to increasing differences in the most
frequent and abundant species. This trend confirms that the proposed typology may be
useful for predicting the occurrence of weed species in boundaries. Boundary
narrowness suggests that both herbicide and fertilizer drift are greater under these
circumstances. Likewise, we found that, among the most prominent species, structurally
complex boundaries contained a pool of perennial species from the surrounding patches
of natural vegetation. The results clearly relate main weeds with structurally more

simple boundaries, confirming the initial hypothesis.

While some weeds were recorded from all five boundary types, the subset of the
common weeds was more abundant in the most structurally simple, with the exception
of B. diandrus that exceeded 10% cover in several boundary types. This finding
partially confirms the common concern that this problematic species is in hosted in
structurally simple boundaries (Pallavicini et al., 2013); however, Kleijn and Verbeek
(2000) and Marshall and Arnold (1995) stated that problematic weeds are barely present
in boundaries, probably because they studied more complex structures than Pallavicini
et al. (2013). Agricultural intensification tends to cause a reduction in plant diversity in
boundaries (Kleijn & Verbeek, 2000; Gove et al., 2007; Solée-Senan et al., 2014; Solé-
Senan et al., 2018), where vegetation composition is more influenced by fertilisers than
by herbicides (Marshall & Moonen, 2002). This finding is corroborated in our study by
the presence and abundance values of nitrophilous species, such as Glebionis coronaria
(L.) Cass. ex Spach., P. aviculare, B. diandrus and A. clavatus, in boundary types A and
B. As type A includes the narrowest boundaries, the impact of fertiliser drift may

contribute to the persistence of these eutrophication-tolerant species (Robinson &
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Sutherland, 2002). Therefore, differences found in species assemblages reflected
differences in disturbance and nutrient regime among boundary types.

Our study shows the positive effects of perennial species (in boundaries of types
C, D and E) by reducing annual weed seedling recruitment. For example, grasses such
as L. spartium, B. phoenicoides and D. glomerata are effective in excluding weeds, as
suggested by Critchley et al. (2006), but these species may impact negatively on rare
arable plant populations (Marshall, 2009). The NMDS analysis showed that rare plants
were more common in boundaries of types B and E, but seldom found in the FCs;
despite the association between these weeds and crops, they probably did not meet the
appropriate conditions to establish due to contemporary use of fertilisers and herbicides,
and sowing cereals at high density. In contrast, these rare plant species were more
abundant in boundaries, probably due to disturbance regimes. Thus, whereas fields were

historic sources of these species, boundaries now represent resource sinks.

Our results do not differ from other studies that revealed significant associations
between the presence and amount of perennial species and species assemblages in
boundaries (Le Coeur et al., 2002). Moreover, boundaries tended to be wider in other
studies and, therefore, were less affected by disturbance than the narrow boundaries that
are typical of those around Spanish cereal fields. The lack of disturbance by soil
cultivation or cutting and mowing promotes the presence of perennial species, but not of
annuals (Smith et al., 2010).

Salsola vermiculata was among the most frequent and abundant species in the
Aragonese boundaries, only. In Aragon, no species overlap was found among the four
most frequent and abundant weeds in boundaries and field centres of any of the five
boundary types analysed (S3, S4), suggesting that conditions in Aragonese cereal fields
and their boundaries are profoundly different. Yet, L. rigidum was the most frequent
and abundant species in the field centres of Catalonia, demonstrating a uniform weed

flora inside the fields.

The results of the NMDS demonstrate that more complex boundaries are not
only related to a lower abundance of common weeds in the boundaries, but also in the

FCs, reflecting basic agronomic objectives. Therefore, the proposed boundary
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classification is useful to predict the risk of weed appearance in the boundaries and
possibly also in the FCs.

Although no differences between floristic composition of B and FC in Andalusia
were found (see the strong intersection between the centroids of the cluster groups), in
general, Bs of Aragon and Catalonia differ from their respective FCs. This difference
between regions reflects the fact all the sampled boundaries in Andalusia were classified

as Type A, whereas in Aragon and Catalonia there was a mix of boundary types.

As expected, weed composition in the Aragonese FC was more diverse,
probably due to lower levels of agricultural intensification than in Catalonia.
Accordingly, FC type A from Catalonia contained the greatest weed abundance,

reflecting the more intensive agricultural management of these fields.

Species frequency and abundance data were complementary, and we recommend
the assessment of both in future work, because we found the most abundant species in
Aragon and Catalonia boundaries were mostly non-weed species (except B. sterilis in
boundaries of types A and C and A. fatua in boundaries type A in Catalonia). Thus, the
focus on most frequent species results in a more negative perception of the weed
problem, whereas recording abundance shows that different species grow in both

environments (B, FC) of boundaries classified as types B, C, D and E.

Boundary management is determined by boundary type

Disturbance, which promotes more annual species (which are often weeds) and fewer
perennials (Schippers & Joenje, 2002; de Cauwer et al., 2008), should be avoided if the
aim is to prevent weed invasions in boundaries. If field management cannot be changed,
structural elements, such as presence of a bank, increasing width, and presence of
stonewalls, contribute to the limitation of vegetation disturbance. Cultivation or mowing
and removing cuttings in newly established boundaries to reduce weeds, as suggested
by de Cauwer et al. (2008), cannot be conducted in boundaries on banks or on
stonewalls, and grazing is limited by presence of a bank; however, agronomic practices
conducted inside the field may reach the boundary, especially when a bank is absent or
boundaries are narrow. If boundary structure hinders machinery access and soil

cultivation, levels of disturbance, such as soil tillage, fertiliser and herbicide drift, will
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be lower in boundary habitats than in the field centre (Schmitz et al., 2014). Boundary
width and presence of a bank determine the likelihood of management operations and,
thus, the presence of weeds in boundaries. Unfortunately, few studies take into account
boundary structure with or instead of landscape structure descriptors (but see Marshall
& Arnold, 1995; Aavik & Liira, 2010), possibly because much research is conducted in
quite homogeneous boundary types. Therefore, we recommend that researchers include
descriptors as proposed in this work (but see Kleijn & Verbeek 2000; Reberg-Horton et
al., 2011) that are easy to measure, facilitate comparison between studies and improve
Agri-Environmental Schemes focused on the promotion of boundaries, without
increasing the risk of problem weeds that may invade nearby fields. This approach

would allow the combination of environmental and production goals.
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Supporting Information

Additional supporting information may be found in the online version of this article:

Fig. S1 RDA analysis showing the effect of boundary width, presence of a bank
and of stonewalls in species distribution of the Aragonese and Catalonian surveys,
grouping the species into the five selected annual main weeds (CW), other annual plants
(AP), rare arable plants (RAP), herbaceous perennials (hemicryptophytes and
geophytes) (HP) and woody and evergreen perennials (WEP). >3m: boundaries wider
than 3m; <3m: boundaries narrower than 3m; bank: boundaries forming a bank; flat:
boundaries without forming a bank.

Table S1. Environmental characteristics and boundary and crop management data



664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690

Table S2. List of the species included in the group of woody and evergreen
perennials (WEP) following Bolds et al. (1990). The plants were selected because of
their functional trait of covering the soil and offering shade all year round so that some
non-woody species are also included (e.g. Aphyllantes monspeliensis). Names in bold
refer to trees.

Table S3. The four most frequent species in boundaries and in field centres in
three Spanish regions. Frequency (%) / mean abundance (%) considered only when
found. !: abundance of plants m™; ?: abundance in % soil cover. a) Most frequent
species in boundaries, b) in inner fields. Boundaries (B), field centres (FC). Bold figures
indicate the highest values.

Table S4. Data for the four most abundant species in boundaries (B) and field
centres (FC) in three Spanish regions. Frequency (%) / mean abundance (%) considered
only when found. !: abundance of plants m™; %: abundance in % soil cover. a) Most

abundant species in the FMs, b) in the FCs. Bold figures indicate the highest values.

Figure legends

Fig. 1 Points and regression lines relating the percentage of plant cover of the common
weeds Avena sterilis, Bromus diandrus, Lolium rigidum and Papaver rhoeas and the
sum of all four weeds with the percentage of plant cover of woody and evergreen
perennials in the boundaries. Weed sum=15.794-0.2085x, R?=0.132, P<0.001; Avena
sterilis=2.185-0.0318x, R?=0.0236, P=0.03; Bromus diandrus=8.6233-0.1036x,
R?=0.0587, P<0.001; Papaver rhoeas=2.349-0.0353x, R?=0.0657, P<0.001; Lolium
rigidum=2.6361-0.0377x, R?=0.0312, P=0.012. Data from Aragon and Catalonia
pooled together.
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Fig. 2 Biplot of the RDA of species assemblages as response variables and descriptors
as explanatory variables. Species with abundance >20% are shown, where ALYSIM:
Allyssum simplex, ANACLA: Anacyclus clavatus, AVESTE: Avena sterilis, BRAPHO:
Brachipodium phoenicoides, BRARET: B. retusum, BRODIA: Promus diandrus,
BRORUB: B. rubens, CIRARV: Cirsium arvensis, CONARV: Convolvulus arvensis,
DACGLO: Dactylis glomerata, DIPERU: Diplotaxis erucoides, ELYREP: Elymus
repens, FILPYR: Filago pyramidata, FUMOFF: Fumaria officinialis, GALAPA:
Galium aparine, HORMUR: Hordeum murinum, LACSER. Lactuca serriola,
LAMAMP: Lamium amplexicaule, LOLRIG: Lolium rigidum, LYGSPA: Lygeum
spartum, MANSAL: Mantisalca salmantica, PAPRHO: Papaver rhoeas, PHAMIN:
Phalaris minor, SALVEM: Salsola vermiculata, SONTEN: Sonchus tenerrimus,
TORNOD: Torilis nodosa and VICPER: Vicia peregrina. Species in bold are main
weeds. >3m: boundaries wider than 3m; <3m: boundaries narrower than 3m; bank:

boundaries forming a bank; flat: boundaries without forming a bank.

Fig. 3 Field boundary classification diagram and description.

Fig. 4 NMDS ordination diagram of species compositional data regarding region, field
position and boundary type. Centroids of cluster groups are shown with continuous lines
for boundaries, discontinuous lines for field centres whereas (+) correspond to the
averages obtained after fitting each position onto the ordination (P <0.001). FC: field
centre, B: boundary.



Table 1. Monte-Carlo permutation test on the explanatory variables from the RDA
analyses.

Species assamblages Functional types

Explains  F-value p-value Explains  F-value p-value

% %
% WEP 11.9 26.8 0.001 - - -
Flat 2.9 59 0.001 16.5 28.1 0.001
Bank 2.9 5.9 0.001 16.5 28.1 0.001
>3m 2.4 5 0.001 7.6 12.7 0.001
<3m 2.1 4.2 0.002 6.3 10 0.001
SW 0.6 1.1 0.291 4.5 7 0.056

SW: Stonewall

% WEP: woody and evergreen perennials.



Table 2. Common arable weed frequency (%) / mean abundance in the boundaries (B) and field
centers (FC) in three Spanish regions. In bold highest values for each species per region and
boundary type. Species selected following Gonzalez-Andujar and Saavedra (2003), ?following
Cirujeda et al. (2011).

Andalusial Aragon? Catalonia?
(abundance in  (abundance in % (abundance in %
plants m?) plant cover) plant cover)
B FC B FC B FC
Type A Avena sterilis 48/5 44/3 - - 44/13 31/30
Bromus diandrus - - - - 75/10 25/39
Lolium rigidum 87/13  30/8 - - 87/10  81/22
Papaver rhoeas 2712 26/1 - - 81/11 75/3
Phalaris minor 39/4 35/1 - - - -
Mean 50/6 34/3 - - 72/11  53/24
Type B A. sterilis - - 8/1.0 3/1 30/6 20/6
B. diandrus - - 41/27  3/0.4 | 80/7 20/0.1
L. rigidum - - 30/0.6  68/2 | 80/0.3 70/6
P. rhoeas - - 30/2 8/1 65/1 55/4
Mean - - 2718 21/1 64/4 41/4
Type C A. sterilis - - 3/10 - 27/8 18/14
B. diandrus - - 30/6  15/12 | 91/12 2312
L. rigidum - - 30/2 64/3 91/6 77/4
P. rhoeas - - 15/2 24/3 | 100/2 91/6
Mean - - 20/5 26/5 7717 52/7
Type D A. sterilis - - 7/1 - 60/2 60/10
B. diandrus - - 30/6 7/9 | 50/0.04 -
L. rigidum - - 20/1 45/3 60/1 40/32
P. rhoeas - - 16/1 9/3 60/1 40/0.1
Mean - - 18/2 15/4 58/1 35/11
Type E A. sterilis - - - - 39/6 22/19
B. diandrus - - - - 44/13 22/1
L. rigidum - - - - 94/0.2 83/7
P. rhoeas - - - - 44/2 61/0.2
Mean - - - - 55/5 4717




Table 3. Abundance of functional plant groups across the five boundary types in the three
studied regions in Spain. CW: Common weeds (A. sterilis, B. diandrus, L. rigidum, P.
rhoeas, P. minor); AP: annual plants; RAP: rare arable plants; HP: herbaceous perennial
species (hemicryptophytes and geophytes). Woody and evergreen perennials were
excluded in the calculations because they form part of the criteria for boundary type
definition.

Andalusia Aragon Catalonia
(plants m?) (% soil cover) (% soil cover)
CW 6.3 - 115
Boundary type A AP 83.1 - 61.3
RAP - - 0.1
HP 7.5 - 15.0
CW - 4.4 8.2
AP - 66.5 51.6
Boundary type B RAP - - 5.0
HP - 7.3 4.3
CW - 5.1 7.3
AP - 20.7 16.8
Boundary type C RAP - - 2.0
HP - 8.2 5.4
CW - 2.3 1.4
AP - 21.4 18.7
Boundary type D RAP - - 0.8
HP - 5.8 5.9
CW - - 5.1
AP - - 51.1
Boundary type E RAP - - 5.9

HP - - 11.7
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Table S1. Environmental characteristics and boundary and crop management data

Sampling information Andalusia Aragon Catalonia

Sampling years 2010 and 2011 2011 and 2012 2008

Sampling period April and May April and May May to July

Sampled boundaries and fields 23 120 90

Environmental characteristics

Altitude (m a.s.l.) 28-675 212-587 250-950

Mean rainfall (mm)? 534 318 370-560

Boundary descriptors

Boundary width (m) 15+1.29 2.8+1.03 Field boundaries were classified into
[0.3-5.8] [1.0-6.0] narrower or wider than 3m

Boundary height (m) 0.5+0.23 1.1+0.52 Data not available
[0.1-0.9] [0.3-2.5]

Slope (%) Flat 7[(7)1;34 49]8 Flat, steep

Position of the boundary

Outer borders and between-field

Between-field

Outer borders and between-field

Boundary and field crop management

Boundary age

Herbicide use in the field

Fertilizer use in the field

Burning / mowing / grazing / herbicide

Unknown, irregular, but intensively

managed

Usually graminicides
Annual or split into two applications

Sporadic cultivation

Probably more than 20

Usually auxinic herbicide in spring

Annual or split into two applications
No management and sporadic sheep

Probably more than 20

Usually graminicides in winter and
dicotyledoneous control in spring
Annual or split into two applications
No management and sporadic sheep

on the boundary? grazing grazing
Landscape indicators
Forest or natural vegetation is abundant 30-50 50-80 5-80

nearby (% soil cover)?

1Source: Agencia Estatal de Meteorologia (1971-2000).

ZPercentage cover was calculated drawing a circle on the aerial photograph of 1 km radius and calculating the percentage cover using the software gvsig v.1.12.0.



Table S2. List of the species included in the group of shrubs and perennial tussocky
grasses following Bolds et al. (1990). The plants were selected because of their functional
trait of covering the soil and offering shade all year round so that some non-woody species
are also included (e.g. Aphyllantes monspeliensis). Names in bold refer to trees.

Woody and evergreen perennials

Perennial grasses

Alyssum montanum
Aphyllantes monspeliensis
Argyrolobium zanonii

Artemisia campestris subsp. glutinosa

Artemisia herba-alba
Asparagus acutifolius
Astragalus incanus
Atractylis humilis
Biscutella laevigata
Bupleurum fruticescens
Celtis australis
Centaurea alba
Centaurea aspera
Centaurea linifolia
Cephalaria leucantha
Cistus albidus

Cistus clusii

Clematis flammula
Clematis vitalba
Coronilla minima subsp. minima
Crataegus monogyna
Dianthus pungens
Dorycnium hirsutum
Dorycnium pentaphyllum
Euphorbia amygdaloides
Euphorbia characias
Fraxinus angustifolia
Genista biflora

Genista cinerea

Genista hispanica
Genista scorpius

Hedera helix

Agrostis stolonifera
Arrhenatherum elatius
Avenula pratensis
Brachypodium phoenicoides
Brachypodium retusum
Dactylis glomerata
Elymus hispidus
Elymus pungens
Elymus repens

Festuca ovina

Festuca rubra
Koeleria vallesiana
Lygeum spartum
Melica ciliata subsp. magnolii
Oryzopsis miliacea
Phragmites australis
Poa bulbosa

Poa nemoralis

Poa pratensis

Poa trivialis

Scirpus holoschoemus
Stipa offneri

Hedysarum boveanum subsp. europaeum
Helianthemum apenninum subsp. pilosum
Helianthemum nummularium subsp. tomentosum
Helianthemum oelandicum
Helianthemum origanifolium

Inula viscosa

Jasminum fruticans

Kochia scoparia

Limonium hibericum

Linum narbonense

Linum tenuifolium subsp. suffruticosum
Lithospermum fruticosum



Marrubium vulgare

Olea europaea

Ononis natrix

Ononis pusilla

Ononis spinosa

Ononis tridentata

Osyris alba

Pistacea terebinthus

Plantago albicans

Plantago sempervirens

Prunus dulcis

Prunus mahaleb

Prunus spinosa

Quercus coccifera

Quercus faginea

Quercus ilex subsp. ballota
Quercus subpyrenaica
Rhamnus alaternus

Rhamnus lycioides

Rhamnus saxatilis

Rosa canina

Rosmarinus officinalis

Rubia tinctorum

Rubus caesius

Rubus ulmifolius

Rubus x assurgens

Ruta montana

Salsola vermiculata

Salvia officinalis subsp. lavandulifolia
Sambucus nigra

Santolina chamaecyparissus
Satureja montana

Sedum album

Sedum sediforme

Sideritis hirsuta

Sideritis spinulosa subsp. ilicifolia
Solanum dulcamara

Teucrium polium

Thymelaea tinctoria

Thymus serpyllum subsp. fontqueri
Thymus vulgaris subsp. palearensis
Thymus vulgaris subsp. vulgaris
Ulmus minor

Vitis vinifera




Table S3. The four most frequent species in boundaries and in field centres in three Spanish regions. Frequency (%) / mean abundance (%)
considered only when found. *: abundance of plants m; 2: abundance in % soil cover. Most frequent species in a) boundaries, and b) in the field
centre. Boundaries (B), field centres (FC). Bold figures indicate the highest values.

Andalusia’ Aragon? Catalonia?
B FC B FC B FC
Type A Lolium rigidum 87/13 30/8 L. rigidum 88/10 81/22
Glebionis coronaria  65/9 4/2 Papaver rhoeas 81/11 75/3
a) Sonchusoleraceous  65/1 30/43 - C. arvensis 81/1 63/1
Polygonum aviculare 62/13 61/8 Bromus diandrus 75/10 25/39
Anagallis arvensis 57/4 65/6 L. rigidum 88/10 81/22
Convolvulus arvensis  35/5 65/5 P. rhoeas 81/11 75/3
b) Pulicaria paludosa 48/7 57/12 - C. arvensis 81/1 63/1
P. aviculare 62/13 61/8 Polygonum aviculare 44/1  56/3
Type B Salsola vermiculata 51/33 5/0.2 B. diandrus 80/7  20/0.1
Sonchus oleraceus 49/1  14/0.3 L. rigidum 80/0.3 70/6
a) - Bromus rubens 46/6  5/0.4 P.rhoeas 65/1 55/4
Anacyclus clavatus 43/5 27/0.6 C. arvensis 60/2 50/1
L. rigidum 21/1 46/3 P.aviculare 10/1  75/1
C. arvensis 7/1 46/2 L. rigidum 80/0.3 70/6
b) - Salsola kali 16/3 39/2 P.rhoeas 65/1 55/4
Euphorbia serrata 2/1 34/5 C.arvensis 60/2 50/1




Table S3. (cont)

Andalusia? Aragon? Catalonia®
FC B FC B FC
Type C Salsola vermiculata 70/37 0/0 P. rhoeas 100/2 91/6
Phalaris minor 55/3  0/0 L. rigidum 91/6  77/4
a) - B. rubens 46/4  0/0 B. diandrus 91/12 23/2
Mantisalca salmantica 46/2  0/0 C. arvensis 732 771
L. rigidum 302 64/3  P.rhoeas 100/2 91/6
C. arvensis 15/1  46/2 L. rigidum 91/6  77/4
b) - Diplotaxis erucoides ~ 9/1  33/5  C. arvensis 732 771
Salsola kali 3120 2712 P, aviculare 41/1 461
Type D S. vermiculata 98/42 5/0.2 C. arvensis 80/0.3 80/1
T. nodosa 55/2  0/0 Brachypodium phoenicoides  60/32 0/0
a) - P. minor 48/4  2/0.2 D. glomerata 60/5 0/0
Dactylis glomerata 46/9  0/0 Genista scorpius 60/2 0/0
L. rigidum 21/1 46/3 C. arvensis 80/0.3 80/1
E. serrata 7/1 46/2 P.aviculare 40/0.3 60/2
b) - C. arvensis 16/3 39/2 A sterilis 60/2  60/10
Chondrilla juncea 2/1 34/5 L. rigidum 60/1  40/32
Type E L. rigidum 94/0.2 83/7
S. oleraceus 72/0.1 28/0
a) - - C. arvensis 61/1 61/1
Hordeum murinum 56/8 6/0.04
L. rigidum 94/0.2 83/7
P. rhoeas 44/2  61/0.2
b) - - C. arvensis 61/1 61/1
F. officinalis 56/2  39/0.3







Table S4. Data for the four most abundant species in boundaries (B) and field centres (FC) in three Spanish regions. Frequency (%) / mean
abundance (%) considered only when found. *: abundance of plants m; 2: abundance in % soil cover. Most abundant species in a) boundaries, and

b) in the field centre. Bold figures indicate the highest values.

Andalusia’ Aragon?® Catalonia?
B FC B FC B FC
Type A Atriplex prostrata 507/4  0/0 Elymus repens 6/24 0/0
Echinochloa colonum 168/4  0/0 Bromus sterilis 2521 0/0
a) Lythrum acutangulum 77/7 116/13 - Bromus tectorum 6/16 0/0
Torilis glomerata 73/3 0/0 Avena fatua 44/14  19/0
Juncus hybridus 124/4  30/4 Hordeum murinum 31/12  13/44
Elminthotheca
echioides 120/17 5/17 Bromus diandrus 75/10  25/39
b) Lythrum acutangulum 116/13 77/9 - Avena sterilis 44/13  31/30
Juncus bufonius 89/22  21/13 Lolium rigidum 88/10  81/22
Type B Vulpia ciliata 5/34  0/0 E. repens 10/23  0/0
Brachypodium
Salsola vermiculata 51/33 5/0.2  phoenicoides 50/16  0/0
a) - B. diandrus 41/27 3/0.4  Poa bulbosa 5/16 0/0
Santolina
chamaecyparissus 14/20 0/0 Kochia scoparia 10/15  15/0.1
Descurainia sophia 1412 3/9 Cynodon dactylon 30/8 10/29
Vicia peregrina 11/1 11/6 K. scoparia 10/15  15/7
b) - Chondrilla juncea 3/0.2  32/4 A sterilis 30/6 20/6
Malcolmia africana 14/1  16/3  L.rigidum 80/0.3  70/6
Type C S. vermiculata 70/37  0/0 B. sterilis 18/15  0/0
Elymus repens 42/34  0/0 Elymus pungens 14/14  0/0
a) - Lygeum spartium 39/31  0/0 Rubus ulmifolius 9/13 5/1
Brachypodium retusum 24/29 0/0 Satureja montana 5/12 0/0




V. peregrina 18/1  15/12 A sterilis 27/8 18/14
B. diandrus 30/6  15/12 A.fatua 14/2 14/6
b) D. sophia 6/1 12/9  P.rhoeas 100/2  91/6
Chondrilla juncea 3/1 21/5  P.aviculare 9/2 14/5
Brachypodium
Type E S. vermiculata 98/42 5/0.2  phoenicoides 60/32  0/0
Atriplex halimus 11/37  2/3 Rosmarinus officinalis 10/27  0/0
a) L. spartium 39/25 0/0 Elymus pungens 50/24  0/0
Rosmarinus officinialis  4/22  0/0 Brachypodium retusum 30/18  0/0
Diplotaxis virgata 9/0.7 2/11 L. rigidum 70/1 40/32
Hirschfeldia incana 0/0 2/10 A sterilis 70/2 60/10
b) Vicia peregrina 21/1 9/10 Polygonum bellardi 10/0 10/5
B. diandrus 30/7 719 P. aviculare 40/0.3  60/2
Type D Rubus caesius 6/39 0/0
S. vermiculata 33/38  6/0
a) - Scorpiurus muricatus 6/15 0/0
Arrenatherum elatium 6/15 0/0
A. sterilis 39/6 22/19
B. sterilis 22/6 6/13
b) - L. rigidum 94/0.2  83/7
Xanthium strumarium 6/0 6/7
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