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Extensão Rural de Santa Catarina (Epagri), Itajaı́, Santa Catarina, Brazil, 2 Departamento de Entomologia,

Universidade Federal de Lavras (UFLA), Lavras, Minas Gerais, Brazil, 3 Lancaster Environment Centre,

Lancaster University, Lancaster, Lancashire, United Kingdom

* marceloharo@epagri.sc.gov.br

Abstract

Arthropod community composition in agricultural landscapes is dependent on habitat char-

acteristics, such as plant composition, landscape homogeneity and the presence of key

resources, which are usually absent in monocultures. Manipulating agroecosystems

through the insertion of in-field floral resources is a useful technique to reduce the deleteri-

ous effects of habitat simplification. Food web analysis can clarify how the community reacts

to the presence of floral resources which favour ecosystem services such as biological con-

trol of pest species. Here, we reported quantitative and qualitative alterations in arthropod

food web complexity due to the presence of floral resources from the Mexican marigold

(Tagetes erecta L.) in a field scale lettuce community network. The presence of marigold

flowers in the field successfully increased richness, body size, and the numerical and bio-

mass abundance of natural enemies in the lettuce arthropod community, which affected the

number of links, vulnerability, generality, omnivory rate and food chain length in the com-

munity, which are key factors for the stability of relationships between species. Our results

reinforce the notion that diversification through insertion of floral resources may assist in pre-

venting pest outbreaks in agroecosystems. This community approach to arthropod interac-

tions in agricultural landscapes can be used in the future to predict the effect of different

management practices in the food web to contribute with a more sustainable management

of arthropod pest species.

Introduction

In agricultural landscapes richness and abundance of arthropods are dependent on local habi-

tat characteristics, which are determined by the different strategies used in the management of

the agroecosystem [1, 2]. Several pieces of evidence indicate that arthropod communities are

directly affected by field simplification and loss of non-crop habitats in monocultures, causing

distortion in species relative abundance, removing natural enemies from the crop may increase

the likelihood for outbreaks [3–5]. The absence of key resources, such as shelter, alternative

food (prey, hosts and nectar) and alternative habitat, is the most important factor limiting the
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effectiveness of ecosystem services, such as the biological control of arthropod pest species in

monocultures [6]. Habitat manipulation through the insertion of flower strips adjacent to or

within crops is an useful technique to counteract landscape simplification, and to provide

resources for service-providers [7].

Crop diversification increases species richness, abundance and fitness of natural enemies,

which can minimize pest damage and increases yield in commercial crops [8–10]. However,

resource diversification studies usually focus only on natural enemies and how species abun-

dance and richness are affected by attractiveness, phenology, floral accessibility, seeds, pollen

and nectar production of non-crop plants [11–16]. Notwithstanding, diversity indices, rich-

ness and abundance are not sufficient to describe changes in community structure, mainly by

ignoring interaction between species [17]. Moreover, these descriptors are superficial and may

be of little use describing plant/crop outcome, ecosystem functioning and provision of essen-

tial services such as the biological control of arthropod pest species [18, 19].

Food web analysis provides an alternative approach and constitutes a powerful mechanism

for quantifying species interactions at different trophic levels in a community and revealing

functional biodiversity components in an ecological network [20, 21]. This representative

approach allows analysis of similarities between complex systems originated from different

environments [22, 23], providing robust information about community structure and insights

into the dynamic processes associated with their structuring, including robustness to species

loss, stability of herbivore species population and susceptibility to species invasion [21, 24–27].

Furthermore, fine and more comprehensive details about ecological community descriptors

can be visualized using a food web trivariate approach, combining data from numerical abun-

dance, body size and biomass abundance [28]. Overviews of literature reports dealing with

flower resources and biological control enhancements do not describe or confirm alteration in

species interaction, energy flow and changes in trophic webs levels. The quantification of rela-

tionships between plants and arthropod species through food webs can clarify the ecological

mechanisms favouring the biological control of pest species in diversified environments. Here,

in addition to resulting in higher abundance and richness, it was hypothesized that presence of

floral resources also modifies community dynamics in a horticultural commercial sized crop,

based on a smallholder organic model farm, optimizing provision of essential ecosystem ser-

vices such as biological control, which can result in a more stable agroecosystem. Thus, the

objective of this study was to evaluate how food web complexity is affected by the presence of

additional floral resources in agroecosystem community networks.

Material and methods

Ethic statement

This study did not involve any endangered or protected species and no specific permission

was required.

Experimental site

The study was carried out at the Horticultural Experimental Station of the Federal University

of Lavras (Lavras, Minas Gerais, Brazil; 21˚13’51.06"S, 44˚58’34.36” W) from September/2012

to January/2013, representing a smallholder organic model farm, with 2 ha area with cultivated

with diversified vegetables crops (e.g., tomato, cabbage, kale, aromatic plants). The field experi-

ments were performed in a 0.1 ha area (20 m width and 50 m length), representing a commer-

cial sized crop, isolated from the native vegetation by a 2 m border maintained without plants.

The cultivated area was divided in beds (1.2 m width, 45 m length) spaced 0.5 m from one

another composed by approximately 30 grids (1.7 m width, 1.2 m length) (Fig 1).
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Lettuce (Lactuca sativa var. Solaris) was used as a model vegetable crop, due to its low

defense against herbivores during commercial stage. Seeds were obtained from Seminis©
(Curitiba, PR, Brazil) and seedlings were cultivated in nursery for 30 days before transplanta-

tion to the field, in which lettuce plants were cultivated in four lines per bed using 0.3 x 0.35 m

spacing.

Plants of the Mexican marigold Tagetes erecta L. were used as a model floral resource due to

its capacity to attract and sustain natural enemies in agroecosystems [29]. Mexican marigold

seeds were obtained from ISLA© Sementes (Porto Alegre, RS, Brazil) and seedlings were culti-

vated in nursery for 20 days before transplant to the field. They were cultivated as a floral

resource in the border and between the beds of the vegetable crop field in small linear plots

with 1.7 m and plant spacing of 0.15 m; within each bed, the plots were 5.1 m apart from each

other (Fig 1).

Lettuce plants were cultivated in three consecutive commercial cycles (35 days each) along-

side floral resource plots with T. erecta plants (which were not changed during the three lettuce

cycles) allowing evaluation of possible alterations in food web composition with development

stage of the T. erecta, which was classified as either: 1) pre-flowering, encompassing the period

between seedling transplant into the field, 30 days after germination, until the appearing of the

floral buds; 2) complete flowering, containing all plants with flowers, immature seeds and few

floral buds; and 3) late-flowering, with the majority of the plants exhibiting flowers with

mature seeds, few flowers with immature seeds and almost no floral buds.

Fig 1. Design of the field experiment representing grids of lettuce and the flower resource Mexican marigold (T. erecta).

https://doi.org/10.1371/journal.pone.0193045.g001
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Arthropod and plant sampling

Arthropod and lettuce plant sampling were performed 15, 21, 28 and 35 days after seedling

transplant to the crop field in all the three crop cycles, in six randomly selected grids per week.

The average of three plants per grid constituted a replicate, totalling 18 lettuce per week. Dur-

ing the process, the entire plants were covered by a translucent plastic bag and totally removed

from the field. Care was taken to avoid contact with the plant before covering to allow collec-

tion of fast moving arthropods.

Fresh biomasses of lettuce plants were determined with an analytical balance (Shimadzu

AUW220D, Kyoto, Japan), aiming to measure the relationship between floral resources and

biological control in the agroecosystem. The arthropods from each sampled lettuce were sub-

sequently identified and counted to obtain species richness (S) and numerical abundance (N;

individuals/m2). Specific body mass (M; mg) was obtained by the average of weighing 10

arthropods from each species on an electronic scale (model XS3DU, Mettler Toledo, Colum-

bus, OH, EUA). Aiming to analyze energy flow patterns in the community [28], biomass abun-

dance (B; mg/m2) was calculated, by multiplying numerical abundance per plant by specific

body mass (i.e., B = N x M).

The collected specimens were maintained in vials with 70% alcohol until the identification

process, which was performed by trained personnel using available taxonomic keys and refer-

ence collections from the Entomology Museum of the Federal University of Lavras (S1 Table).

The average number of T. erecta flowers per plot/week was determined by randomly sam-

pling 8 floral resource plots per week.

Food web connections

Interaction among species was first recognized by in-field visual observation. Specimens of

arthropods were also collected and reared in laboratory, which permited the assessment of her-

bivory, parasitism, hyperparasitism and predatory behaviours [30, 31]. This step allowed to

recognize approximately 82% of the trophic interaction observed (S2 Table). All relationships

among the different arthropod species were confirmed by comparison with existing literature

[32, 33]. Complementary interactions (19%) were computed based exclusively in the literature

register. In a food web with cannibalism cycles (A eats A) and mutual predation loops (A eats

B eats A, or longer) a species may have different trophic positions, depending on which food

chain is specified. As stated in the literature, cannibalism cycles and mutual predation loops

were ignored in computing trophic levels, to assure that they are all finite, since loops makes it

impossible to delimit the food web [28].

Data analyses

Data from species richness (S), numerical abundance (N), body mass (M), biomass abundance

(B) and all connections registered between arthropods (S2 and S3 Tables) were used for the

food web parameters computation (Table 1) [28, 34, 35]. All parameters were calculated in R

[36] using the cheddar package [37].

Trophic webs from pre-flowering, flowering and late flowering period were plotted using

the trivariate pattern N, M and B, which were log-transformed with base 10 to reduce the

dimensionality of the data [28]. Trends of N, M and B distribution over time for each trophic

level were analyzed using multiple linear regressions. The curve-fitting software TableCurve

3D (Systat, San Jose, CA, USA) was used to estimate the best fit of the equation. Low error,

high F-value and R2 were the parameters used for model selection and validation. In addition,

linear regression was used to assess the effect of the number of T. erecta flowers on species rich-

ness, numerical abundance and biomass abundance for each trophic level.
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Results

Species richness

A total of 57 arthropod taxa were collected throughout the three lettuce cultivation cycles and

assembled in food webs (Figs 2, 3 and 4; Table 2). Remarkable differences in species richness

were registered during different floral resource developmental stages. In the pre-flowering cul-

tivation, the entire food web was composed by 27 taxa, increasing to 49 and 56 during flower-

ing and late flowering respectively (Table 2). Linear regression indicated a direct relationship

between alterations in richness and the increasing number of T. erecta flowers in the field

(y = 0.94 + 0.16x; R2 = 0.39; F = 46.09; P < 0.001). Although the difference in richness was sig-

nificant, the arthropods collected were distributed across the 5 trophic levels with at least one

representative of each level in each the three cultivations (Figs 2, 3 and 4).

Food web properties

The increasing richness, probably triggered by the presence of floral resources, also affected

the number of trophic links during the flower and late flowering cultivation periods, which

were two and three-times greater, respectively, when compared with pre-flowering. Link den-

sity, which is directly dependent on link number and richness, also followed the same ascend-

ing pattern as the Mexican marigold developed (2.778, 3.878 and 4.578 in pre-flowering,

flowering and late flowering stages respectively), (Table 3).

The proportions of taxa in each food web status (producer, consumer) varied during exper-

iment (Table 3). Producer (lettuce plants) represented 7% of all taxa the in the pre-flowering

cultivation, decreasing to 4 and 3% in flowering and late flowering cultivation periods respec-

tively. In contrast, the proportion of intermediate taxa rose from 70% in pre-flowering to 73%

in late flowering, due to additions of parasitoids and predators in this category, which were

Table 1. Food web parameters evaluated in the experiment.

Parameter Definition

Species properties

Number of nodes Species richness in the food web (S)

Proportion of top, intermediate and

basal taxa

Percentage of species in each trophic height

Ratio of prey to consumers Relationship between preys and consumers

Link properties

Number of trophic links Number of trophic links among all species in the food web (L)

Link density Exhibits scale invariance or weak dependence on food-web size

Connectance Number of possible links over possible links in a community (L/S2)

Average link length Average of link lenght in the food web

Proportion of links between top,

intermediate and basal taxa

Estimate percentage of links among species in different status (basal, top

and intermediate)

Chain properties

Average chain length Is defined as the number of links running from a top predator to a basal

species

Omnivory properties

Degree of omnivory Percentage of taxa that consuume prey from more than one trophic level

Consumer-prey asymmetries

Generality Mean number of prey per consumer

Vulnerability Mean number of consumers per prey

https://doi.org/10.1371/journal.pone.0193045.t001
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also responsible for lower prey-to-consumer ratios in flowering and late flowering treatments

(Table 3). The insertion of intermediate taxa affected the probability of any two species inter-

acting with each other (see connectance in Table 3) shortening the average distance from

resource to consumers (see average link length Table 3). However, this compartmentalization

resulted in an ascending average chain length from pre-flowering to late flowering cultivation

(Table 3).

The additions of detritivores, herbivores, predators and parasitoids changed not only com-

munity composition, but also the asymmetries between prey and consumers during the experi-

ment (Figs 2, 3 and 4). As an example, generality was affected by the development of flowers

in the marigold T. erecta, increasing from 3.00 during the pre-flowering cultivation, to 4.04

during flowering and 4.75 in late flowering (Table 3). The same pattern was registered for the

food web vulnerability, which responded to augmentative number of flowers in the field

increasing by 60% its value between the pre-flowering (3.57) and late flowering cultivation

(5.93) (Table 3).

Numerical abundance

The total food web numerical abundance, including all arthropods collected, was also altered

by the floral resource developmental stages, responding positively to the number of flowers per

plot (y = 4.05 + 1.53x; R2 = 0.51; F = 73.08; P< 0.001). However, the same pattern was not

Fig 2. The arthropod food web associated with lettuce plants during the pre-flowering stage of T. erecta. The width of the black, gray and white horizontal bars

shows log10 body mass (mg), log10 numerical abundance (individuals/m2) and log10 biomass abundance (mg/m2). Solid lines represent direct consumption

interaction. Dotted line represents presence, but without direct consumption of living tissues. Species numbers are identified in Table 2. The vertical position

indicates trophic level. Horizontal position is arbitrary. Isolated species, cannibalism or loops are ignored.

https://doi.org/10.1371/journal.pone.0193045.g002
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registered in all trophic levels. The abundance of natural enemies located on the third (y =

5.35 + 1.24x; R2 = 0.63; F = 120.37; P< 0.001) and fourth trophic levels (y = 4.21 + 0.30x;

R2 = 0.24; F = 17.96; P< 0.001), in addition to detritivores (trophic level 0) (y = 20.14 + 0.95x;

R2 = 0.57; F = 96.15; P< 0.001), positively responded to the presence of flowers in the field.

Inversely to the natural enemies, herbivores located in the second trophic level significantly

decreased in abundance as marigold flowering advanced (y = 140.41–1.5x; R2 = 0.13; F = 9.83;

P = 0.002). The responses of some specific arthropod groups deserve attention, such as the

aphids, whose abundance also responded negatively to the number of T. erecta flowers in the

field (y = 1.33–0.51x; R2 = 0.29; F = 29.21; P< 0.001), decreasing during flowering and late

flowering periods, probably due to the increasing number of natural enemies. Another inter-

esting response was registered for thrips (Thysanoptera), encompassing two of the agricultural

pest species collected during the study, Caliothrips phaseoli Hood, 1912 and Frankliniella
schultzei schultzei (Trybom, 1910) (Thripidae), which significantly decreased with the presence

of flowers in the field (y = 0.6–0.22x; R2 = 0.26; F = 25.46; P< 0.001). Conversely, harmless

thrips species such as Echinothrips mexicanus Moulton, 1911 and Neohydatothrips gracilipes
Hood, 1924 (Thripidae), which were sampled in lettuce plants, increased their numerical

abundance during the experiment (y = - 0.005–0.102x; R2 = 0.30; F = 31.24; P< 0.001), denot-

ing a specific substitution triggered by floral resources.

The observed data were subsequently subjected to multiple regression analysis and a poly-

nomial model equation (z = a + bx + cy + dy2 + ey3 + fy4 + gy5) was obtained to explain the

Fig 3. The arthropod food web associated with lettuce plants during the flowering stage of T. erecta. The width of the black, gray and white horizontal bars

shows log10 body mass (mg), log10 numerical abundance (individuals/m2) and log10 biomass abundance (mg/m2). Solid lines represent direct consumption

interaction. Dotted line represents presence, but without direct consumption of living tissues. Species numbers are identified in Table 2. The vertical position

indicates trophic level. Horizontal position is arbitrary. Isolated species, cannibalism or loops are ignored.

https://doi.org/10.1371/journal.pone.0193045.g003
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dispersion of numerical abundance in the different trophic levels mediated by the increasing

number of marigold flowers (R2 = 0.60; F6, 425 = 107.25; P< 0.001) (Fig 5A) and used to gener-

ate the simulated distribution (Fig 5B). Numerical abundance increased in response to a higher

number of flowers (Fig 5A).

Body mass

Total body mass was not affected by the addition of floral resources in the field. However, spe-

cific effects were noticed in particular trophic levels. Average body mass of herbivores decreased

during the marigold flowering (y = 10.71–6.14x; R2 = 0.23; F = 21.99; P< 0.001). In contrast,

specialist natural enemies located in third trophic level increased their average body mass with

the presence of floral resources in the field (y = - 6.14x + 10.71; R2 = 0.23; F = 21.99; P< 0.001).

A more complex X-Y polynomial model (z = a + bx + cx2 + dx3 + ey + fy2 + gy3 + hy4 + iy5) bet-

ter fitted the body mass distribution in different trophic levels during the marigold flowering

(R2 = 0.91; F8, 423 = 541.35; P< 0.001) (Fig 5C). The model was used to simulate the distribution

pattern (Fig 5D). In both graphics were registered increasing body sizes in higher trophic levels.

Biomass abundance

Total biomass increased due to presence of flower resources in the field (y = 0.58 + 0.14x; R2 =

0.44; F = 55.67; p> 0.001). However, change in total biomass reflected the increasing biomass

Fig 4. The arthropod food web associated with lettuce plants during the late flowering stage of T. erecta. The width of the black, gray and white horizontal bars

shows log10 body mass (mg), log10 numerical abundance (individuals/m2) and log10 biomass abundance (mg/m2). Solid lines represent direct consumption

interaction. Dotted line represents presence, but without direct consumption of living tissues. Species numbers are identified in Table 2. The vertical position

indicates trophic level. Horizontal position is arbitrary. Isolated species, cannibalism or loops are ignored.

https://doi.org/10.1371/journal.pone.0193045.g004
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Table 2. Average body mass (M; mg), numerical abundance (N; individuals/m2 of crop), biomass abundance (B; mg/m2 of crop) and connectivity status of arthro-

pods registered in lettuce plants during different development stages of the floral resource Tagetes erecta.

Food web Pre flowering Flowering Late Flowerting

Species Taxonomy status M N B N B N B

Producer

1 Lettuce Producer 9.42 616882 9.42 644061 9.42 702269

Herbivores

2 Myzus persicae Hemiptera Herbivore 0.360 20.933 7.536 8.243 2.967 8.766 3.156

3 Aulacorthum solani ala Hemiptera Herbivore 0.280 5.757 1.612 3.271 0.916 4.841 1.355

4 Uroleucon ambrosiae Hemiptera Herbivore 0.500 6.018 3.009 ― ― 0.654 0.327

5 Frankliniella schultzei Thysanoptera Herbivore 0.044 3.663 0.161 0.393 0.017 1.832 0.081

6 Caliothrips phaseoli Thysanoptera Herbivore 0.042 11.644 0.489 5.888 0.247 3.663 0.154

7 Neohydatothrips gracilipes Thysanoptera Herbivore 0.052 ― ― 0.785 0.041 2.224 0.116

8 Echinothrips mexicanus Thysanoptera Herbivore 0.048 ― ― 0.523 0.025 0.916 0.044

9 Liriomyza trifolii Diptera Herbivore 4.430 2.486 11.012 0.131 0.580 0.131 0.579

10 Diabrotica speciosa Coleoptera Herbivore 10.191 0.131 1.333 0.654 6.667 0.131 1.333

11 Empoasca kraemeri Hemiptera Herbivore 0.900 1.439 1.295 1.963 1.766 0.393 0.353

12 Sonesimia grossa Hemiptera Herbivore 8.564 0.131 1.120 0.262 2.241 0.131 1.120

13 Naupactus rivulosus Coleoptera Herbivore 175.480 1.832 321.421 ― ― ― ―
14 Lagria villosa Coleoptera Herbivore 71.778 1.439 103.301 0.131 9.391 0.262 18.782

15 Ferrariana trivitata Hemiptera Herbivore 5.264 0.131 0.689 0.131 0.689 ― ―
16 Xyonizius californicus Hemiptera Herbivore 8.291 ― ― 0.915 7.586 2.748 22.780

17 Hortensia similis Hemiptera Herbivore 9.830 ― ― ― ― 0.393 3.858

18 Isotes bertonii Coleoptera Herbivore 14.022 ― ― ― ― 0.916 12.842

19 Sternocolaspis quatuordeimcosta Coleoptera Herbivore 13.826 ― ― ― ― 0.523 7.236

Parasitoids

20 Aphidius colemani Hymenoptera Specialist 0.167 0.393 0.066 0.654 0.109

21 Diaeretiella rapae Hymenoptera Specialist 0.172 0.131 0.023 0.262 0.045 0.393 0.068

22 Lysiphebus testaceipes Hymenoptera Specialist 0.179 ― ― 0.523 0.094 0.523 0.094

23 Praon volucre Hymenoptera Specialist 0.206 ― ― 0.262 0.054 0.262 0.054

24 Aphidius ervi Hymenoptera Specialist 0.189 ― ― 0.262 0.049 0.393 0.074

25 Aphelinus asychis Hymenoptera Specialist 0.122 ― ― 0.262 0.032 0.393 0.048

26 Ceranisus menes Hymenoptera Specialist 0.077 ― ― 0.262 0.020 0.785 0.060

27 Anagrus empoascae Hymenoptera Specialist 0.036 ― ― 0.393 0.014 0.785 0.028

28 Chrysocharis vonones Hymenoptera Specialist 0.142 ― ― 0.393 0.056 0.523 0.074

29 Opius dissitus Hymenoptera Specialist 0.139 0.131 0.018 0.393 0.055 0.654 0.091

30 Centistes gasseni Hymenoptera Specialist 0.409 ― ― ― ― 0.393 0.161

31 Diplazon laetatorius Hymenoptera Specialist 1.788 ― ― 0.262 0.468 0.523 0.936

32 Alloxysta fuscicornis Hymenoptera Specialist 0.103 ― ― 0.262 0.027 0.262 0.027

33 Alloxysta victrix Hymenoptera Specialist 0.118 0.262 0.015 0.131 0.015 0.523 0.062

Predators

34 Toxomerus procrastinatus Diptera Specialist 16.164 ― ― 1.832 29.607 0.916 14.804

35 Condylostylus erectus Diptera Specialist 7.463 ― ― 0.131 0.976 1.439 10.741

36 Aphidoletes sp Diptera Specialist 4.750 ― ― 0.262 1.243 1.047 4.972

37 Eriopsis conexa Coleoptera Specialist 11.530 0.131 1.509 1.047 12.068 0.654 7.543

38 Cycloneda sanguinea Coleoptera Specialist 29.880 ― ― 0.785 23.456 0.262 7.819

39 Harpasus eversmanni Coleoptera Specialist 15.880 ― ― ― ― 1.308 20.776

40 Harmonia axyridis Coleoptera Specialist 41.470 ― ― 0.785 32.554 0.654 27.128

41 Hippodamia convergens Coleoptera Specialist 17.320 ― ― ― ― 0.654 11.330

(Continued)
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in specific trophic levels, particularly of detritivores (y = -0.13 + 0.51x; R2 = 0.70; F = 168.82;

P< 0.001) and natural enemies located in third trophic level (y = 0.37 + 0.92x; R2 = 0.45;

F = 58.5; P< 0.001). Following the same pattern registered for numerical abundance, aphid

biomass decreased with the presence of higher number of flowers per plot (y = 0.86–0.44x;

R2 = 0.50; F = 71.98; P< 0.001). Data was assessed by multiple regression analysis and the

non-linear extreme value model equation (z = a + bx + cexp(−exp(−(y−d)/e)−(y−d)/e + 1))

was selected to explain the dispersion of biomass abundance in the five trophic levels mediated

by increasing flower number during the three field cultivations (R2 = 0.85; F4, 427 = 604.28;

P< 0.001) (Fig 5E). The model was used to access the simulated distribution (Fig 5F) showing

translocation of biomass from basal to higher trophic levels responding to a high number of

flowers in field.

Discussion

Planting of T. erecta within the crop modified the arthropod community associated with let-

tuce plants, changing the structure, biomass distribution, assumed species interactions and

consumer/prey properties in the arthropod food webs. However, identifying the mechanisms

involved in these changes is complex and requires a comprehensive approach [38]. In the first

scenario, the presence of non-crop plants in the agroecosystem likely diversified microhabitats,

allows the recruitment and conservation of species with different dietary, ecological and habi-

tat requirements mainly due to the increasing availability of floral resources, which results in a

diversified community [39–41]. The increasing complexity in the lettuce crop, arising from

flowers, nectar and shelter, partially explains the higher richness and abundance in lettuce

recorded during the marigold flowering stages [42]. The main trophic levels responsible for

species richness increase were detritivores (ranked as trophic level 0), composed principally of

springtails; and natural enemies, either specialists (third trophic level) or generalists (fourth

Table 2. (Continued)

Food web Pre flowering Flowering Late Flowerting

Species Taxonomy status M N B N B N B

42 Orius insidiosus Hemiptera Generalist 0.540 ― ― 0.654 0.353 1.570 0.848

43 Stomatothrips angustipennis Thysanoptera Specialist 0.113 ― ― ― ― 1.178 0.133

44 Franklinothrips vespiformis Thysanoptera Specialist 0.142 ― ― 1.832 0.260 3.794 0.539

45 Polybia paulista Hymenoptera Generalist 21.967 ― ― 0.262 5.748 0.654 14.370

46 Euborellia annulipes Dermaptera Generalist 52.709 ― ― 0.393 20.688 0.393 20.688

47 Doru luteipes Dermaptera Generalist 28.643 0.654 18.737 0.262 7.495 0.393 11.242

48 Cheiracanthium inclusum Araneae Generalist 16.560 0.131 2.167 ― ― 0.262 4.333

49 Hasarius adansoni Araneae Generalist 13.165 0.131 1.722 0.523 6.890 0.262 3.445

50 Oxyopes salticus Araneae Generalist 12.665 0.916 11.599 1.047 13.256 1.047 13.256

51 Menemerus bivittatus Araneae Generalist 27.860 0.393 10.935 0.131 3.645 0.523 14.580

Detritivorous

52 Sminthurus rosai Collembola Detritivore 0.126 2.093 0.264 3.663 0.462 3.402 0.429

53 Tullbergia minensis Collembola Detritivore 0.181 1.047 0.189 1.701 0.308 2.748 0.497

54 Lepidocyrtus pallidus Collembola Detritivore 0.138 ― ― 0.916 0.126 1.308 0.181

55 Entomobrya ataquensis Collembola Detritivore 0.164 ― ― 1.047 0.172 2.224 0.365

56 Seira sp Collembola Detritivore 0.142 ― ― 3.533 0.502 5.233 0.743

57 Arlea lucifuga Collembola Detritivore 0.092 1.047 0.096 1.439 0.132 1.308 0.120

58 Sphaeridia biniserata Collembola Detritivore 0.066 1.178 0.078 0.654 0.043 1.308 0.086

https://doi.org/10.1371/journal.pone.0193045.t002
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trophic level), whose positive responses to the increasing complexity of the environment have

been previously reported [43, 44].

Secondly, the availability of alternative food resources might also explain the observed

changes in arthropod community. Increased organic matter arising from plant diversification

probably benefited detritivorous arthropods [45]. As a third scenario, parasitoids and preda-

tors in the third trophic level were likely assisted directly or indirectly by the presence of non-

prey food items in the marigold plants. Specialist natural enemies, mainly parasitoids, depend

on these alternative food resources at least during part of their life cycle, and the absence of

these resources, as during the marigold vegetative stage, has been shown to directly affect the

abundance and richness of this group in the field [46, 47]. Finally, generalist natural enemies,

especially spiders, are in a unique position in that they can potentially benefit from the three

previous scenarios feeding on non-prey food from floral resources [12, 47], on specialist natu-

ral enemies, and on detritivores [45].

Higher richness of natural enemies consequently leads to higher number of trophic links in

the food web, modifying the entire community structure and composition through a combina-

tion of bottom-up and top-down effects. The increasing number of links, sometimes with

more than one prey per natural enemy species, may potentially reduce the abundance of harm-

ful herbivores and their damage to the crop field [48, 49]. As an example, in this study there

was a significant reduction in the abundance of herbivores, including arthropod pest species,

during the marigold flowering stage. This reduction may be linked to the population increase

Table 3. Values of food web descriptors for the arthropod food web associated with lettuce plants during the three development stages of the floral resource Tagete
erecta.

Pre-flowering Flowering Late flowering

Species properties

Number of nodes 27 49 57

Proportion of top taxa 0.222 0.245 0.232

Proportion of intermediate taxa 0.704 0.714 0.737

Proportion of basal taxa 0.074 0.041 0.035

Ratio of prey to consumers 0.840 0.787 0.800

Link properties

Number of trophic links 75 190 261

Link density 2.778 3.878 4.578

Connectance 0.103 0.079 0.080

Average link length 2.776 2.174 2.025

Proportion of links between

Top and intermediate 0.667 0.537 0.503

Intermediate and intermediate 0.120 0.358 0.409

Intermediate and basal 0.213 0.105 0.088

Chain properties

Average chain length 2.274 2.750 2.787

Standard deviation of chain length 0.450 0.434 0.409

Omnivory properties

Degree of omnivory 0.074 0.122 0.122

Consumer-prey asymmetries

Generality 3.000 4.043 4.745

Vulnerability 3.571 5.135 5.931

SD of standardised generality 1.469 1.496 1.474

SD of standardised vulnerability 0.867 0.964 0.988

https://doi.org/10.1371/journal.pone.0193045.t003
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Fig 5. Distribution of empirical and simulated numerical abundance (individuals/m2), body mass (mg) and biomass

abundance (mg/m2) through trophic height in function of the number of T. erecta flowers in field (number of flowers/spot).

The color-graded scale at the right of each plot represents the level of either abundance (a,b), body size (c,d), or biomass (e,f)
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of a second species (a detritivore, or herbivore present in the crop, or non-crop plant itself)

mediating numerical increase of a third species located in a higher trophic level (generalist or

specialist natural enemy). This process is known as "apparent competition" in which natural

enemies shared by more than one prey species result in a negative interaction among the prey

species [50].

Comparative analysis on the food web properties resulting from the different lettuce culti-

vations also demonstrates the community impact arising from the alteration of natural enemy

numerical abundance. The susceptibility to predation in a food web can be measured using

two parameters: generality (i.e. the average number of prey for natural enemy species), and

vulnerability (i.e. the average number of consumers per prey). Increases of these two parame-

ters as observed in these study, especially vulnerability, reflects changes in top-down control

and predation strength, which results in large changes in biomass registered in the study,

potentially reflecting the degree of energy propagation in the food web [51–54]. In addition to

the presence/absence of natural enemies, another factor affecting the generality and vulnerabil-

ity of the trophic network is the body size of consumers or prey, which may limit consumption

in terrestrial environments [51]. In this study, during the Mexican marigold flowering stage,

both the higher richness and abundance of natural enemies and the reduction of prey body

size potentially were responsible for increasing community vulnerability and generality.

Curiously, connectance (L/S2) declined with increasing species richness, usually, food webs

with low connectance are highly sensitive to species loss and this sensitivity tends to decrease

with increasing connectance [55]. Theoretical research hypothesized that natural food webs in

more complex environments are characterized by having a large number of weak interactions

and a small numbers of strong interactions [56]. Therefore, rich food webs are more connected

with weaker interactions between species on average, and this low strength is probably respon-

sible for high stability even at low connectances [57, 58]. Thus, rich environments as observed

during T. erecta flowering stages tend to be more robust to the loss of abundant less connected

species and sensitive to loss of the rare more connected ones [22].

Omnivorism is another factor that can contribute to stability in diversified communities.

Theoretical studies suggest that higher omnivory rates, as were observed during the flowering

stage of marigold, might favour the stabilization of food webs with frequent, but weak, interac-

tions [59, 60]. Empirical studies also suggest the stabilizing effect of omnivory in communities

[61–63]. In the present study, increasing omnivorism was associated with the insertion of nat-

ural enemies at higher trophic levels of the food web. In general, environmental degradation

causes a reduction in ecosystem size, especially through the loss of top predators, subsequently

shortening the food chain length, as reported in the marigold vegetative stage [64, 65]. Food

chain length is one of the community properties most affected by human activities [66, 67],

and comparative study of observed food chain length originating from different lettuce cultiva-

tion allows us to hypothesize about the impact of the floral resources in decreasing impacts of

agriculture management in the arthropod food web.

Earlier theoretical studies have demonstrated that longer food chain length tends to be

less stable than shorter chain length [68–70]. However, recent studies have suggested that sys-

tems with long food chain length exhibit more stable population dynamics. The presence or

absence of predatory species influences food web stabilization through its effects on herbivore

populations [71], which are most affected by the addition of omnivorous species in the highest

trophic levels [72]. In this study, the deleterious effect of diversification on the herbivore

distribution of the lettuce-associated arthropods. The lowest to the highest levels are represented by the transition from dark blue to

dark red respectively.

https://doi.org/10.1371/journal.pone.0193045.g005
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population was demonstrated by the systematic biomass loss as floral resources increased,

which coincides with the longer food chain length and the higher rate of omnivorism regis-

tered. Lower stability between herbivore populations caused by natural enemy pressure was

determined by the decline of dominant species, particularly important agricultural pests such

as aphids. This disruption in dominance may also have allowed the recruitment and entrance

of harmless herbivore species in the crop field.

The analyses of food web parameters allows us to hypothesize that agroecosystem diversifica-

tion deeply affects the arthropod community dynamics, redirecting numerical abundance and

biomass from herbivores to higher trophic levels, inducing a decrease in average body size of

herbivores/natural enemies and potentially resulting in a more stable food web. Knowing the

effect of additive floral resource on properties of crop food webs may allows optimization of flo-

ral resource use in integrated pest management programs by allowing the identification and

matching of higher abundance and richness of beneficial arthropods with critical stages of the

crop. As suggested in this study, the use of T. erecta plants as a floral resource during their flow-

ering stage may prevent asynchronous colonization between natural enemies and pest popula-

tion in field, considered the biggest challenge to effective natural biological control [73]. One

limitation of this approach is related with the recognition of species feeding interaction in field.

Next-generation sequencing is probably an important tool for these studies in the future, which

is able to identify all DNA in digestive system of natural enemies and confirm interactions.

Our results suggested the addition of floral resources performs an effective and environ-

mentally friendly strategy for farmers in the pest management. Food web complexity regis-

tered during flowering stages provided higher richness and abundance of specialists and

generalists natural enemies in the crop, which increased community stability and functioning,

benefiting biological control and avoiding outbreaks of herbivore population, such as aphids.

Future studies should be conducted using other floral resources or different cultures to clarify

the ecological relationships determining natural biological control. The effect of different

external factors, such management practices, in the food web should also be tested in the future

in order to contribute with a more sustainable management of harmful arthropods in the field.
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34. Bersier L-F, Banašek-Richter C, Cattin M-F. Quantitative descriptors of food-web matrices. Ecology.

2002; 83(9):2394–407. https://doi.org/10.1890/0012-9658(2002)083[2394:QDOFWM]2.0.CO;2

35. Cohen JE, Schittler DN, Raffaelli DG, Reuman DC. Food webs are more than the sum of their tritrophic

parts. Proceedings of the National Academy of Sciences. 2009; 106(52):22335–40. https://doi.org/10.

1073/pnas.0910582106 PMID: 20018774

36. R Development Core Team. R: A language and environment for statistical computing. Vienna, Austria:

R Foundation for Statistical Computing; 2013.

Enhancing arthropod food webs

PLOS ONE | https://doi.org/10.1371/journal.pone.0193045 February 16, 2018 16 / 18

https://doi.org/10.1046/j.1461-9563.2000.00054.x
https://doi.org/10.1046/j.1461-9563.2000.00054.x
https://doi.org/10.1603/0046-225X-35.2.394
http://www.nature.com/nature/journal/v445/n7124/suppinfo/nature05429_S1.html
http://www.nature.com/nature/journal/v445/n7124/suppinfo/nature05429_S1.html
https://doi.org/10.1038/nature05429
http://www.ncbi.nlm.nih.gov/pubmed/17215842
https://doi.org/10.1111/j.1461-0248.2005.00751.x
http://www.ncbi.nlm.nih.gov/pubmed/21352450
https://doi.org/10.1111/j.1461-0248.2005.00782.x
https://doi.org/10.1038/446029a
http://www.ncbi.nlm.nih.gov/pubmed/17330028
https://doi.org/10.1038/nature02394
http://www.ncbi.nlm.nih.gov/pubmed/15029194
http://www.ncbi.nlm.nih.gov/pubmed/11258382
http://www.ncbi.nlm.nih.gov/pubmed/9924428
https://doi.org/10.1046/j.1365-2656.1999.00288.x
https://doi.org/10.1046/j.1461-0248.2002.00354.x
https://doi.org/10.1046/j.1461-0248.2002.00354.x
https://doi.org/10.2307/3450201
https://doi.org/10.2307/3450201
http://www.nature.com/nature/journal/v429/n6988/suppinfo/nature02515_S1.html
http://www.nature.com/nature/journal/v429/n6988/suppinfo/nature02515_S1.html
https://doi.org/10.1038/nature02515
http://www.ncbi.nlm.nih.gov/pubmed/15141210
https://doi.org/10.1073/pnas.232715699
http://www.ncbi.nlm.nih.gov/pubmed/12547915
https://doi.org/10.1073/pnas.0704301104
http://www.ncbi.nlm.nih.gov/pubmed/17940003
https://doi.org/10.1016/S0065-2504(10)42006-1
https://doi.org/10.1890/0012-9658(2002)083[2394:QDOFWM]2.0.CO;2
https://doi.org/10.1073/pnas.0910582106
https://doi.org/10.1073/pnas.0910582106
http://www.ncbi.nlm.nih.gov/pubmed/20018774
https://doi.org/10.1371/journal.pone.0193045


37. Hudson LN, Emerson R, Jenkins GB, Layer K, Ledger ME, Pichler DE, et al. Cheddar: analysis and

visualisation of ecological communities in R. Methods in Ecology and Evolution. 2013; 4(1):99–104.

https://doi.org/10.1111/2041-210X.12005

38. Kremen C, Miles A. Ecosystem Services in Biologically Diversified versus Conventional Farming Sys-

tems: Benefits, Externalities, and Trade-Offs. Ecology and Society. 2012; 17(4). https://doi.org/10.

5751/ES-05035-170440

39. Rusek J. Microhabitats of Collembola (Insecta: Entognatha) in beech and spruce forests and their influ-

ence on biodiversity. European Journal of Soil Biology. 2001; 37(4):237–44. http://dx.doi.org/10.1016/

S1164-5563(01)01090-1.

40. Rosenzweig ML. Species diversity in space and time. Cambridge: Cambridge University Press; 1995.

41. Stephan JG, Albertsson J, Wang L, Porcel M. Weeds within willow short-rotation coppices alter the

arthropod community and improve biological control of the blue willow beetle. BioControl. 2016; 61

(1):103–14. https://doi.org/10.1007/s10526-015-9693-0

42. Schneider G, Krauss J, Riedinger V, Holzschuh A, Steffan-Dewenter I. Biological pest control and yields

depend on spatial and temporal crop cover dynamics. Journal of Applied Ecology. 2015; 52(5):1283–

92. https://doi.org/10.1111/1365-2664.12471

43. Sousa JP, Bolger T, Da Gama MM, Lukkari T, Ponge JF, Simon C, et al. Changes in Collembola

richness and diversity along a gradient of land-use intensity: a pan European study. Pedobiologia.

2006; 50(2):147–56. https://doi.org/10.1016/j.pedobi.2005.10.005 PubMed PMID: CC:0002386629–

0009.

44. Chaplin-Kramer R, O’Rourke ME, Blitzer EJ, Kremen C. A meta-analysis of crop pest and natural

enemy response to landscape complexity. Ecology Letters. 2011; 14(9):922–32. https://doi.org/10.

1111/j.1461-0248.2011.01642.x PMID: 21707902

45. Sunderland K, Samu F. Effects of agricultural diversification on the abundance, distribution, and pest

control potential of spiders: a review. Entomologia Experimentalis et Applicata. 2000; 95(1):1–13.

https://doi.org/10.1046/j.1570-7458.2000.00635.x

46. Coll M, Guershon M. Omnivory in terrestrial arthropods: Mixing Plant and Prey Diets. Annual Review of

Entomology. 2002; 47(1):267–97. https://doi.org/10.1146/annurev.ento.47.091201.145209 PMID:

11729076.
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49. Koricheva J, Vehviläinen H, Riihimäki J, Ruohomäki K, Kaitaniemi P, Ranta H. Diversification of tree

stands as a means to manage pests and diseases in boreal forests: myth or reality? Canadian Journal

of Forest Research. 2006; 36(2):324–36. https://doi.org/10.1139/x05-172

50. Holt RD. Predation, apparent competition, and the structure of prey communities. Theoretical popula-

tion biology. 1977; 12(2):197–29. Epub 1977/10/01. PMID: 929457.

51. Sinclair ARE, Mduma S, Brashares JS. Patterns of predation in a diverse predator-prey system. Nature.

2003; 425(6955):288–90. http://www.nature.com/nature/journal/v425/n6955/suppinfo/nature01934_

S1.html. https://doi.org/10.1038/nature01934 PMID: 13679915

52. Chase JM. Food Web Effects of Prey Size Refugia: Variable Interactions and Alternative Stable Equilib-

ria. The American naturalist. 1999; 154(5):559–70. Epub 1999/11/24. https://doi.org/10.1086/303260

PMID: 10561128

53. Bishop MJ, Kelaher BP, Alquezar R, York PH, Ralph PJ, Greg Skilbeck C. Trophic cul-de-sac, Pyrazus

ebeninus, limits trophic transfer through an estuarine detritus-based food web. Oikos. 2007; 116

(3):427–38. https://doi.org/10.1111/j.2006.0030–1299.15557.x

54. Atlas WI, Palen WJ. Prey Vulnerability Limits Top-Down Control and Alters Reciprocal Feedbacks in a

Subsidized Model Food Web. PLoS ONE. 2014; 9(1):e85830. https://doi.org/10.1371/journal.pone.

0085830 PMID: 24465732

55. Estrada E. Food webs robustness to biodiversity loss: the roles of connectance, expansibility and

degree distribution. Journal of theoretical biology. 2007; 244(2):296–307. Epub 2006/09/22. https://doi.

org/10.1016/j.jtbi.2006.08.002 PMID: 16987531.

56. Neutel A-M, Heesterbeek JAP, Ruiter PCd. Stability in Real Food Webs: Weak Links in Long Loops.

Science. 2002; 296(5570):1120–3. https://doi.org/10.1126/science.1068326 PMID: 12004131

57. McCann K, Hastings A, Huxel GR. Weak trophic interactions and the balance of nature. Nature. 1998;

395(6704):794–8.

Enhancing arthropod food webs

PLOS ONE | https://doi.org/10.1371/journal.pone.0193045 February 16, 2018 17 / 18

https://doi.org/10.1111/2041-210X.12005
https://doi.org/10.5751/ES-05035-170440
https://doi.org/10.5751/ES-05035-170440
http://dx.doi.org/10.1016/S1164-5563(01)01090-1
http://dx.doi.org/10.1016/S1164-5563(01)01090-1
https://doi.org/10.1007/s10526-015-9693-0
https://doi.org/10.1111/1365-2664.12471
https://doi.org/10.1016/j.pedobi.2005.10.005
https://doi.org/10.1111/j.1461-0248.2011.01642.x
https://doi.org/10.1111/j.1461-0248.2011.01642.x
http://www.ncbi.nlm.nih.gov/pubmed/21707902
https://doi.org/10.1046/j.1570-7458.2000.00635.x
https://doi.org/10.1146/annurev.ento.47.091201.145209
http://www.ncbi.nlm.nih.gov/pubmed/11729076
https://doi.org/10.1890/09-2026.1
https://doi.org/10.1890/09-2026.1
https://doi.org/10.1139/x05-172
http://www.ncbi.nlm.nih.gov/pubmed/929457
http://www.nature.com/nature/journal/v425/n6955/suppinfo/nature01934_S1.html
http://www.nature.com/nature/journal/v425/n6955/suppinfo/nature01934_S1.html
https://doi.org/10.1038/nature01934
http://www.ncbi.nlm.nih.gov/pubmed/13679915
https://doi.org/10.1086/303260
http://www.ncbi.nlm.nih.gov/pubmed/10561128
https://doi.org/10.1111/j.2006.00301299.15557.x
https://doi.org/10.1371/journal.pone.0085830
https://doi.org/10.1371/journal.pone.0085830
http://www.ncbi.nlm.nih.gov/pubmed/24465732
https://doi.org/10.1016/j.jtbi.2006.08.002
https://doi.org/10.1016/j.jtbi.2006.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16987531
https://doi.org/10.1126/science.1068326
http://www.ncbi.nlm.nih.gov/pubmed/12004131
https://doi.org/10.1371/journal.pone.0193045


58. Kokkoris GD, Jansen VAA, Loreau M, Troumbis AY. Variability in interaction strength and implications

for biodiversity. Journal of Animal Ecology. 2002; 71(2):362–71. https://doi.org/10.1046/j.1365-2656.

2002.00604.x

59. Borrvall C, Ebenman B, Tomas Jonsson TJ. Biodiversity lessens the risk of cascading extinction in

model food webs. Ecology Letters. 2000; 3(2):131–6. https://doi.org/10.1046/j.1461-0248.2000.00130.x

60. Emmerson M, Yearsley JM. Weak interactions, omnivory and emergent food-web properties2004

2004-02-22 00:00:00. 397–405 p.

61. Lawler SP, Morin PJ. Food web architecture and population dynamics in laboratory microcosms of pro-

tists. American Naturalist. 1993; 141(5):675–86. Epub 1993/05/01. https://doi.org/10.1086/285499

PMID: 19426005.

62. Fagan WF. Omnivory as a stabilizing feature of natural communities. American Naturalist Journal.

1997; 150(5):554–67. Epub 2008/09/25. https://doi.org/10.1086/286081 PMID: 18811300.

63. Holyoak M, Sachdev S. Omnivory and the stability of simple food webs. Oecologia. 1998; 117(3):413–

9. https://doi.org/10.1007/s004420050675 PMID: 28307921

64. Odum EP. Trends Expected in Stressed Ecosystems. BioScience. 1985; 35(7):419–22. https://doi.org/

10.2307/1310021

65. Petchey OL, Downing AL, Mittelbach GG, Persson L, Steiner CF, Warren PH, et al. Species loss and

the structure and functioning of multitrophic aquatic systems. Oikos. 2004; 104(3):467–78. https://doi.

org/10.1111/j.0030-1299.2004.13257.x

66. Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F. Fishing Down Marine Food Webs. Science.

1998; 279(5352):860–3. https://doi.org/10.1126/science.279.5352.860 PMID: 9452385

67. Pauly D, Palomares ML, Froese R, Sa-a P, Vakily M, Preikshot D, et al. Fishing down Canadian aquatic

food webs. Canadian Journal of Fisheries & Aquatic Sciences. 2001; 58(1):51. PMID: 8773515.

68. Pimm SL. The complexity and stability of ecosystems. Nature. 1984; 307(5949):321–6.

69. Pimm SL, Kitching RL. The Determinants of Food Chain Lengths. Oikos. 1987; 50(3):302–7. https://doi.

org/10.2307/3565490

70. Lawton JH, Warren PH. Static and dynamic explanations for patterns in food webs. Trends in Ecology &

Evolution. 1988; 3(9):242–5. http://dx.doi.org/10.1016/0169-5347(88)90167-X.

71. Halpern BS, Borer ET, Seabloom EW, Shurin JB. Predator effects on herbivore and plant stability. Ecol-

ogy Letters. 2005; 8(2):189–94. https://doi.org/10.1111/j.1461-0248.2004.00712.x

72. Long ZT, Bruno JF, Duffy JE. Food chain length and omnivory determine the stability of a marine subti-

dal food web. The Journal of animal ecology. 2011; 80(3):586–94. Epub 2011/01/22. https://doi.org/10.

1111/j.1365-2656.2010.01800.x PMID: 21250990.

73. Kean J, Wratten S, Tylianakis J, Barlow N. The population consequences of natural enemy enhance-

ment, and implications for conservation biological control. Ecology Letters. 2003; 6(7):604–12. https://

doi.org/10.1046/j.1461-0248.2003.00468.x

Enhancing arthropod food webs

PLOS ONE | https://doi.org/10.1371/journal.pone.0193045 February 16, 2018 18 / 18

https://doi.org/10.1046/j.1365-2656.2002.00604.x
https://doi.org/10.1046/j.1365-2656.2002.00604.x
https://doi.org/10.1046/j.1461-0248.2000.00130.x
https://doi.org/10.1086/285499
http://www.ncbi.nlm.nih.gov/pubmed/19426005
https://doi.org/10.1086/286081
http://www.ncbi.nlm.nih.gov/pubmed/18811300
https://doi.org/10.1007/s004420050675
http://www.ncbi.nlm.nih.gov/pubmed/28307921
https://doi.org/10.2307/1310021
https://doi.org/10.2307/1310021
https://doi.org/10.1111/j.0030-1299.2004.13257.x
https://doi.org/10.1111/j.0030-1299.2004.13257.x
https://doi.org/10.1126/science.279.5352.860
http://www.ncbi.nlm.nih.gov/pubmed/9452385
http://www.ncbi.nlm.nih.gov/pubmed/8773515
https://doi.org/10.2307/3565490
https://doi.org/10.2307/3565490
http://dx.doi.org/10.1016/0169-5347(88)90167-X
https://doi.org/10.1111/j.1461-0248.2004.00712.x
https://doi.org/10.1111/j.1365-2656.2010.01800.x
https://doi.org/10.1111/j.1365-2656.2010.01800.x
http://www.ncbi.nlm.nih.gov/pubmed/21250990
https://doi.org/10.1046/j.1461-0248.2003.00468.x
https://doi.org/10.1046/j.1461-0248.2003.00468.x
https://doi.org/10.1371/journal.pone.0193045

