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ARTICLE INFO ABSTRACT

Keywords: Vegetable production in open greenhouses is often associated with high inputs of synthetic pesticides. Intro-
Conservation biological control ducing flowering plants into such greenhouses may promote the top-down pest suppression by natural enemies
Agroecology

and reduce the reliance on pesticide use. However, it is not known how effective this practice is in organically
and conventionally managed greenhouse crops. We assessed the influence of introducing flowering plants into
open greenhouses with organically and conventionally managed tomato crops on the abundance of pests, natural
enemies (NE), pollinators, and crop yield. We monitored tomato crops during two years in two greenhouses at
four organic farms and four conventional farms that used integrated pest management (IPM). On each farm one
greenhouse contained flower islands of basil (Ocimum bacilicum), marigold (Tagetes patula) and alyssum (Lobu-
laria maritima), and the other greenhouse served as a control. Organic farms had yields comparable to con-
ventional farms, a lower abundance of pests, less pest injury, and a higher abundance of NE. The cumulative pest:
NE ratio was 9 for organic and 38 for conventional management. The effect of introducing flowering plants on
arthropods depended significantly on the type of farm management. Conventionally managed tomato crops in
greenhouses with seven flower islands per 100 m? had 18% lower pest abundance compared to the control
greenhouses without flowers, while flower islands did not significantly influence arthropod abundances in
organically managed tomato crops. Tomato plants had a higher abundance of pests than the three introduced
plant species in conventionally managed greenhouses, while marigold had a higher abundance of pests than
tomato in organically managed greenhouses. Alyssum supported a relatively low pest abundance and high
abundance of NE and pollinators. Our findings indicate that NE in IPM-conventionally managed greenhouses can
benefit from resources provided by flowering plants, resulting in reduced pest abundance, while in organically
managed greenhouses the conditions are already favourable for the suppression of pests and addition of floral
resources does not further improve the effectiveness of NE. This finding highlights the potential of agroecological
and organic management to reduce the reliance on synthetic pesticides without yield reduction.

Integrated pest management
Farm management
Biodiversity

Vegetable production

1. Introduction

Vegetable cultivation in (semi-)open greenhouses is often associated
with the extensive applications of synthetic pesticides (van Lenteren,
2000), which can have adverse effects on the environment and human
health (Mahmood et al., 2016; Tittonell et al., 2016; UNCTAD, 2017).
Moreover, pest populations can quickly develop resistance against pes-
ticides, triggering further pesticide use and potentially giving rise to a
pesticide treadmill (Bommarco et al., 2011; van Lenteren, 2020). While
approaches that strengthen biological control can reduce the reliance on

chemical insecticides in vegetable greenhouse production (van Lente-
ren, 2000), growers often still lack context-specific and actionable
knowledge of implementing such approaches on their farms.

There have been several examples of successful biological control in
closed greenhouses by introducing natural enemies (Bueno, 2005; van
Lenteren et al., 2020, 2018), so-called classical or augmentative bio-
logical control strategies (Stenberg et al., 2021). However, in many parts
of the world, greenhouses are open structures with an active exchange of
arthropods with the surroundings. In open greenhouses, crop production
is influenced by the agroecosystem within the greenhouse and the
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surrounding landscape that may act as a source for potential pests,
natural enemies, and pollinators (Ardanuy et al., 2022; Aviron et al.,
2016; Castané et al., 2004; Gabarra et al., 2004; Messelink et al., 2021;
Tscharntke et al., 2012; van Lenteren, 2000). In this context, conser-
vation biological control (CBC) based on plant and habitat diversifica-
tion is a promising approach to enhance natural enemy populations and
disfavour pests (Stenberg et al., 2021), but has received limited attention
for open greenhouse cultivation (Li et al., 2021).

Habitat manipulation is a cornerstone of CBC (Begg et al., 2017),
which involves the provision of shelter and food, pollen and alternative
prey/hosts to support effective populations of natural enemies (Landis
et al., 2000; Messelink et al., 2014). Introducing flowering plants
providing pollen, nectar, and shelter can be a promising strategy to
attract and enhance the activity of natural enemies in greenhouses
(Wackers et al., 2005). This may be especially important for crops, such
as tomato, that do not provide sufficient floral food resources to support
effective natural enemy populations (Wackers and van Rijn, 2012). The
efficacy of several flowering plant species to enhance natural enemies
has been assessed under controlled conditions (Arné et al., 2018; Con-
boy et al., 2019; Kopta et al., 2012; Sivinski et al., 2011), but it is not
clear how this unfolds under commercial open-greenhouse conditions
(but see Li et al., 2021) and what flowering plant species are best suited
for the specific agroecological context. In open greenhouses, the effec-
tiveness of CBC strategies is influenced by farm management (Aviron
et al., 2016; Balzan et al., 2016; Begg et al., 2017). For instance, the
introduction of flowering plants may play out differently in conven-
tional systems where synthetic pesticides and synthetic fertilisers are
used than in organic systems. Furthermore, within organic (Marliac
et al., 2016; Pépin et al., 2021) or conventional management (Scarlato
et al., 2022; Sumberg and Giller, 2022) there is a great diversity of
management practices that could influence pest and natural enemy
dynamics, such as crop diversity and vegetation management (Yang
et al., 2021; Zehnder et al., 2007; Marliac et al., 2016), nutrients (Hsu
et al., 2009; Stavisky et al., 2002) and soil management (Altieri et al.,
2012; Magdoff and van Es, 2009). Moreover, the efficacy of CBC stra-
tegies in open greenhouse settings may be modulated by landscape
complexity (Tscharntke et al., 2016, 2012). Following the intermediary
landscape-complexity hypothesis proposed by Tscharntke et al., (2005,
2012) the effectiveness of biodiversity-based management interventions
should be higher in simple, intermediately complex landscapes than in
extremely simplified landscapes where additions to the impoverished
species pool are not sufficient to instigate a meaningful response in the
short term, or in highly complex landscapes where there is no discern-
ible effect of adding more diversity (Tscharntke et al., 2005, 2012). The
wide variation in production situations calls for context-specific and
actionable knowledge to support the design and adoption of more sus-
tainable farm management (Altieri, 2002; Duru et al., 2015 a,b; Rossing
et al., 2021).

This study assessed the influence of flowering plants in organically
and conventionally managed greenhouse tomato on the abundance of
pests, natural enemies and pollinators, and crop performance. To do so,
we first characterised the management practices in organically and
conventionally managed tomato greenhouses and the surrounding
landscape. We then compared for each management system how the
addition of flower islands influenced the abundances of pests, predators,
parasitoids, pollinators and other phytophagous arthropods. Finally, we
assessed the abundances of these arthropod groups on the flowering
plant species.

2. Materials and methods
2.1. Study area and research approach
The study was conducted in the department of Canelones in the south

of Uruguay, where most vegetable production is concentrated (34°21°S
to 34°57°S — 55°40°W to 56°40’W). The climate is humid subtropical,
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with an average mean temperature of 17 °C (minimum: 11 °C,
maximum: 23 °C) and light frosts between May and September. Mean
annual precipitation is 1200 mm, evenly distributed throughout the year
but with significant variation between years (Castano et al., 2011). The
main soil types are Mollic Vertisols (Hypereutric), Luvic/Vertic Phaeo-
zems (Pachic), and Luvic Phaeozems (Abruptic/Oxyaquic) (Alliaume
et al., 2013).

The south of Uruguay comprises 350 ha of greenhouse crops, where
tomato is the main crop (DIEA-MGAP, 2017). Typical greenhouses are
"open greenhouses" made of wooden posts covered with transparent
polyethylene plastic, where ventilation is manually controlled through
opening and closing the plastic cover on the sides. Greenhouses typically
comprise areas between 380 and 1000 m?, and crops are cultivated in
the soil (Fig. 1). Greenhouse tomato is produced in short (200 days or
less) or long (more than 200 days) cycles. The typical short cycle in
spring is transplanted in August or September and harvested until
January or February (Berrueta et al., 2019). In this short cycle, green-
house whitefly (Trialeurodes vaporariourum Westwood, Hemiptera:
Aleyrodidae) and tomato leaf miner (Tuta absoluta (Meyrick), Lepidop-
tera: Gelechiidae) are major pests that can reduce tomato yield (Berrueta
et al., 2019). Occasional pests are thrips (Frankliniella occidentalis Per-
gande, and F schultzei (Trybom), Thysanoptera: Thripidae), aphids
(Macrosiphum euphorbiae (Thomas) and Aphis gossypii Glover, Hemi-
ptera: Aphididae), red spider mite (Tetranychus urticae Koch, Acari:
Tetranychidae), tomato russet mite (Aculops Lycopersici (Tryon), Acari:
Eriophydae), stinkbug (Nezara viridula L., Hemiptera: Pentatomidae),
and cucurbit beetle (Diabrotica speciosa (Germar), Coleoptera: Chrys-
omelidae) (Bentancourt and Scatoni, 2010).

We used a participatory research approach where farmers and
technicians were closely involved in problem identification and execu-
tion of the research. Farmers and technicians expressed their interest to
explore the potential of flowering plants in greenhouses to enhance
beneficial arthropods during a workshop in December 2017. Field days
were organised in farms that used sown flowers in greenhouses to
discuss the management and experiences in 2018. During September
2019 and December 2020, preliminary results and adjustments of the
experiment were discussed with farmers and technicians during two
workshops, and farmers involved in the experiment had weekly in-
teractions with the research team (see below).

2.2. Experimental design

The experiment was conducted at four organically certified and four
conventionally managed farms in Canelones. The organic farms were
certified and implemented agroecological management for more than
five years. The conventional farms implemented biological control and
integrated pest management (IPM) for at least three years (Table 1). The
criteria for farm selection were: (i) tomato had been an important crop
for more than five years; (ii) each farm comprised at least two green-
houses with short cycle spring tomato with similar size, soil type, sur-
rounding vegetation, management (tomato variety, planting date, plant
density, soil and fertilisation management), and previous crop; (iii)
farmers were willing to engage in the participatory research process. At
each farm, we selected two paired greenhouses. In one randomly
selected greenhouse, flower islands were established (treatment), while
the other greenhouse did not receive flower islands (control). In total,
sixteen greenhouses (2 greenhouses x 8 farms) were included. The
experiment was conducted during two growing seasons: from October to
January 2018-2019 ("Year 2018") and from October to January
2019-2020 ("Year 2019"). Year 2018 had more rain and a greater
number of rainy days, less radiation and lower temperatures than 2019
(Appendix A).

The plant species selected for the flower islands were Lobularia
maritima (L.) Desv. (alyssum, Brassicaceae), Tagetes patula L. (marigold,
Asteraceae), and Ocimum bacilicum L. (basil, Lamiaceae). These species
were selected because (i) some organic farmers were already using these
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Fig. 1. Flower island composition with three plants of basil in the middle and three marigold and alyssum plants on each side (A), flower islands at ten days post-
transplanting (B), flower islands located in the borders of the greenhouse at the onset of tomato harvest (C), schematic overview of a greenhouse of 600 m? divided
into five sectors, with locations of yellow sticky traps (yellow quadrangles) and flower islands (crosses) in 2018 and 2019 (D).

Table 1

Overview of farms, type of management, resource endowment and greenhouses size.

Farm Type of Farm Mechani- Total Family labour Annual farm area  Greenhouse area Irrigated Average individual
number management! size sation level®  labour (proportion of Total ~ vegetable crops vegetable crops area® greenhouse size
(ha)® (FTE)* labour) (ha) (ha) (m?)
F1 Organic (since 26 5 9.1 0.22 5.8 0.77 3 750
1991)
F2 Organic (since 90 5 15.6 0.19 9.5 1.77 2 840
1995)
F3 Organic (since 27 4 12.2 0.30 9.0 0.40 2 700
1992)
F4 Organic (since 27 4 15.8 0.27 6.0 1.14 2 588
2014)
F5 Conventional (BC 42 4 8.0 0.30 2.9 2.90 3 980
since 2015)
Fo6 Conventional (BC 26 3 3.2 0.63 10.2 0.82 2 1050
since 2016)
F7 Conventional (BC 2.2 3 3.1 1 0.7 0.34 3 396
since 2016)
F8 Conventional (BC 9 3 2.9 1 0.5 0.48 3 480

since 2016)

! BC: biological control. In all cases, farmers used entomopathogenic fungus to control whitefly and used selective insecticides when possible.

2 Farm size corresponded to the total area managed by the farmer.

3 Scale 1-5: 1: no tractor or 1 tractor but no tractor sprayer, greenhouse sprayer, mulching machine, disc ridger, rotary tiller, cultivator; 2: 1 tractor and one implement
mentioned in 1; 3: 1 tractor and 2 or more implements, or 2 tractors and 2 implements; 4: 2 tractors and more than two implements; 5: 3 or more tractors and 2 or more

implements.

4 Full-time equivalent (FTE). 1 FTE = 300 days of work and 8 h per day = 2400 h per year of labour.
5 Scale 1-3: 1: less than 50% of the annual vegetable area under irrigation, 2: between 51% and 80% of the annual vegetable area under irrigation, 3: 100% of the

annual vegetable area under irrigation.

plant species; (ii) these plant species attract natural enemies without
attracting potential pests or hosting tomato viruses (Ambrosino et al.,
2006; Balzan and Wackers, 2013; Jankowska, 2010; Lu et al., 2014;
Song et al., 2010); (iii) the flowering periods coincide with the tomato
crop cycle; and (iv) the plants were readily available from local
nurseries.

Each flower island contained three basil, alyssum and marigold
plants, for a total of nine plants (Fig. 1-A). The area of the flower islands
was approximately 1 m?, with a distance of approximately 30 cm

between plants. In the first year, we established three islands per 100 m?
greenhouse, with a maximum distance of 8 m between islands and two
islands on each greenhouse border (Fig. 1-B, C, D). After discussing first-
year results with farmers and technicians, the number of islands in the
second year was increased to seven islands per 100 m? greenhouse and
three islands on each greenhouse border (Fig. 1-D).
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2.3. Data collection

2.3.1. Crop and farm management and tomato yield

Farmers were interviewed to assess their farm and greenhouse
management. During the study, the farmers kept records of the pesticide
applications (product, dose, date) and other management practices in
the greenhouses (soil tillage, fertilisation, irrigation, plant manage-
ment). We recorded tomato plant density, tomato variety, planting and
transplanting date, harvest period, and the preceding crop in the
greenhouses. Crop yield was calculated from farmer records of weekly
harvests. Soils were characterised through a description of the soil
profile and soil analysis. Composite soil samples were taken from the top
layer (0-20 cm). We determined soil organic carbon using the Walkley-
Black method described by Nelson and Sommers (1996), extractable
phosphorus (P, Bray and Kurtz, 1945), exchangeable potassium (K)
(atomic absorption spectrophotometry following ammonium acetate
1 M extraction at pH 7 (Isaac and Kerber, 1971), and nitrate content
(colorimetry, Mulvaney, 1996). Leaf N concentration was assessed by
the Kjeldahl method (Bremmer and Mulvaney, 1982) at the start of
harvest in the second year on a sample of 15 randomly selected young
fully-grown leaves in each greenhouse. Temperature and relative hu-
midity in the greenhouse during the crop cycle were recorded in the
second year with a Datalogger (MX2301) placed in the middle of each
greenhouse at 2 m height. The percentage of ground cover of weeds in
the pathways of the greenhouses was assessed using a ground cover
estimation sheet (McNaught et al., 2008). The weed cover assessment
was conducted at twenty random plots of 625 cm? (25 x25 cm) in the
pathways of each greenhouse at each sampling round during the first
year and at the last four rounds in the second year. Weed cover was
classified into three levels: low (less than 20% soil cover during the
entire season), medium (between 20% and 50% soil cover in at least half
the sampling rounds), and high (more than 50% in at least half the
sampling rounds).

2.3.2. Surrounding vegetation

The vegetation around each greenhouse was mapped at two scales:
within 3 m and within 150 m. Within 3 m of the greenhouse border, we
assessed (i) the type of vegetation (grass, grass and shrubs, bare soil); (ii)
the average vegetation height (<20 cm, 20-50 cm, >50 cm); (iii) the
number of plant species (<10, 10-20, >20); (iv) the identity of the two
or three main plant species; and (v) the type of management or use
(mowing, pathway, no management). We classified the area into 4
quality levels: Very low: > 50% bare soil; Low: full vegetation cover
with vegetation height < 20 cm and less than ten plant species; Medium:
full vegetation cover with vegetation height > 20 cm or more than ten
plant species; and High: full vegetation cover with vegetation height
> 20 cm and more than ten plant species. In a 150 m radius around the
greenhouse, we recorded the type of land use (field crops, vegetable
greenhouse crops, pastures, and non-cultivated land) and the type of
vegetation (crop species and semi-natural habitat type(s): pasture and/
or shrubs and/or trees). The surroundings were classified into three
levels of complexity: Low: > 75% arable land and greenhouses; medium:
50-75% arable land and greenhouses; and high: < 50% arable land and
greenhouses.

2.3.3. Yellow sticky traps

The abundance of pests, natural enemies, and pollinators in the
greenhouses was assessed using yellow sticky traps. Each greenhouse
was divided into five sectors, and one sticky trap was placed in the
middle of each sector (Fig. 1-D). The sticky traps (15 x20 cm) had
thirty-six quadrants (2 x2 cm) on each side. Traps were placed above
the tomato plants by attaching them to the beams of the greenhouse at
approximately two meters height. In 2018, four 14-day sampling rounds
were conducted from mid-November (starting dates: mid-November,
early December, mid-December, and early January). In 2019, one
earlier round was included (early November) for a total of five sampling
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rounds.

Upon collection, the traps were wrapped in plastic clingfilm and put
in a freezer until processing. Eight of the thirty-six quadrants (32 cm?)
on one side of the sticky trap were inspected (one quadrant in each
corner, two quadrants left from the centre and two quadrants right from
the centre of the sticky trap). The arthropods in the eight quadrants were
identified under a microscope to order, family or species level and
divided into six functional groups: tomato pests, other phytophagous
arthropods, predators, parasitoids, pollinators, and other arthropods.
Natural enemies (NE) comprised predators and parasitoids. The group
"other arthropods" consisted of arthropods that did not belong to any of
the other functional groups or that we could not classify with certainty
(e.g. Diptera and ants; Appendix B).

2.3.4. Pest infestation levels on tomato plants

In each sampling round, twenty tomato plants were randomly
selected per greenhouse to visually assess whitefly abundance and to-
mato leaf miner injury. Whitefly adults were counted on the three top
leaves of each plant. Tomato leaf miner injury was assessed by counting
the number of tunnels on three leaves per plant, at the top, middle, and
bottom stratum of plants, respectively. In addition to the sampling
rounds described for sticky traps, in 2019 one extra late round of tomato
plant assessment was included in mid-January, for a total of four rounds
in 2018 and six rounds in 2019.

2.3.5. Visual observation of flower islands

We assessed flower visitation by arthropods during 15-minute
observation periods, divided into 5 min per flowering plant species.
Observations were made on one randomly selected flower island in each
of the five sectors per sampling round in 2018 and three randomly
selected islands per greenhouse per sampling round in 2019. Because
many arthropods are sensitive to motion, the observer remained
motionless during observation and did not cast a shadow on the flower
island (Ambrosino et al., 2006). Sampling rounds coincided with yellow
sticky traps rounds, for a total of four in 2018 and five in 2019. The
arthropods were recorded per plant species, and we used the same
arthropod groups as for the yellow sticky traps.

2.3.6. Suction sampling

Arthropods on the flowering plant species in 2018 and 2019 and
tomato plants in 2019 were sampled using a handheld aspirator (PK-
VC404, 80 W) (Swart et al., 2017). Following the visual observation of
flower islands, each flowering plant species and the three tomato plants
nearest to each island were sampled for ten seconds. Arthropods were
collected in bags and put in a freezer until processing. The arthropods
were identified and classified in the same functional groups used for the
yellow sticky traps.

2.3.7. Quality assessment of flower islands

Flower island quality was assessed by recording the number of plants
per species and their development stage (vegetative or flowering).
During each round, the quality of each sampled flower island was
recorded. All islands in a greenhouse were assessed at harvest initiation
and the end of the tomato cycle.

2.4. Data analysis

We conducted the analysis in four steps. First, the 16 greenhouses
were grouped according to their crop and farm management practices,
not considering management type. The following variables were
included: the amount of organic, synthetic and total N, P, K inputs (kg
per ha); the number of synthetic and organic insecticide applications,
fungicide applications, and the total number of pesticide applications;
biological and alternative products applications; soil organic carbon
(percentage) and relative active soil organic matter (proportion); pre-
vious crop (tomato, other solanaceous, or other not solanaceous crops);
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the presence of other crops in the greenhouse (yes or no); weed cover
(low, medium, high); vegetation in the 3 m radius (very low, low, me-
dium, high) and the 150 m radius (low, medium, high); crop diversity in
the 150 m radius and over the year (number of crops); plant density
(plants rn_z), greenhouse size (mz), nylon black mulch use (yes or no),
and tomato variety type (hybrid, no hybrid). In total 27 variables were
included. Factor analysis of mixed data (FAMD) was used to transform
categorical variables into continuous principal components and
combine and reduce the number of variables (Kassambara, 2017). Hi-
erarchical cluster analysis on the first seven dimensions of the FAMD
output was conducted (principal components, HCPC), which explained
88% of the variance. Clusters were defined according to the proportion
of the total explained variability and agronomic criteria, and were
characterised by the significant active variables used in the partition
(Kassambara, 2017). The tomato yield among clusters was compared
using the Kruskal-Wallis test.

Second, we assessed how the arthropod abundances per functional
group on the yellow sticky traps, and whitefly abundance and leaf miner
injury on tomato plants were influenced by the presence or absence of
flower islands and the farm management type. We only used data from
greenhouses of which 80% of the flower islands still contained at least
two flowering plants per species at tomato harvest, resulting in the
exclusion of data from farms F1 (organic) in 2018 and F4 (organic) and
F5 (conventional) in 2019. We also excluded F6 (conventional) in 2018
because the tomato crops in the two greenhouses were subject to
different pesticide application regimes. We used generalised linear
models and principal component analysis (PCA) and analysed each year
separately. For the generalised linear model analysis, response variables
were the abundance of pests, other phytophagous arthropods, parasit-
oids, predators, natural enemies, pollinators, other arthropods, and total
number of arthropods on the yellow sticky traps, number of adult
whitefly individuals and number of leaf mines per tomato plant.
Explanatory variables were management (organic or conventional),
treatment (flowers or control), sampling round, and their two-way in-
teractions. Arthropod abundances and tomato leaf miner injury were
treated as count data, and we tested the Poisson, negative binomial,
zero-inflated Poisson, and zero-inflated negative binomial error distri-
butions. We selected the negative binomial error distribution for all
response variables and both years because models with this error dis-
tribution had the lowest Akaike Information Criterion (AICc) value.
Residual plots confirmed that the models met homogeneity of variance
criteria (Zuur and Ieno, 2016; Zuur et al., 2010). We applied a model
selection procedure using the dredge approach, which calculates all
possible factor combinations and sorts the models according to the value
of AICc. Then we used full model averaging in the cases where we had
more than one model within an envelope of 2 delta AICc points (Burn-
ham and Anderson, 2007; Feld et al., 2016; Grueber et al., 2011). For the
PCA analysis, we used the summed number of arthropods of all sampling
rounds for each functional group, whitefly individuals, and number of
tomato leaf mines per tomato plant.

Third, we assessed whether tomato yield was related to management
type and the presence or absence of flowers. We used linear models
including yield as response variable, and year, management type, flower
treatment and their two-way interactions as fixed effects. Residual plots
confirmed that the models met homogeneity of variance criteria (Zuur
and leno, 2016; Zuur et al., 2010). First, we performed the analysis
excluding farms F1 and F6 in 2018, and F4 and F5 in 2019 (24 green-
houses). As the flower treatment was not significant, we performed an
analysis with the full dataset (32 greenhouses; 2 years).

Fourth, we analysed the arthropod abundance data obtained by
suction sampling and visual observation of the three flowering plant
species. We used suction sampling data at the functional group level on
marigold, alyssum, basil in 2018 and 2019, and tomato in 2019. For
visual observations, we used data at the arthropod functional group
level on marigold, alyssum and basil in both years. We used generalised
linear models and PCA. In the generalised linear models, the response
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variables were the abundance of arthropods in each functional group.
Pollinators in the suction sampling were discarded because the numbers
were too low for a meaningful analysis. The explanatory variables were:
farm management type (organic or conventional), plant species (mari-
gold, alyssum and basil for both methods, including tomato in suction
data in 2019), year, and round. Model selection and validation were
conducted in a similar way as described for step 2. For all functional
groups, a negative binomial error distribution was used. For the PCA
analysis, we considered the cumulative number of arthropods per
functional group (sum of all sampling rounds).

Data analyses were conducted using R 3.6.3 (2020-02-29). The R-
packages "factoextra" (Kassambara and Mundt, 2020) and "FactoMineR"
(Le et al., 2008) were used for FAMD, HCPC and PCA analyses. The
R-packages "MASS" (Venables and Ripley, 2002), "pscl" (Jackman, 2020)
and "car" (Fox and Weisberg, 2019) were used for analyses with gener-
alized linear models, and "MuMIn" (Barton, 2020) for model selection
and averaging. The R-packages "lattice" (Sarkar, 2008), "ggplot2"
(Wickham, 2016), "ggpubr" (Kassambara, 2020) and "HH" (Heiberger,
2020) were used for data visualization.

3. Results
3.1. Characterisation of farm management types

The first partition of the HCPC analysis explained 31% of the total
variability and resulted in two clusters coinciding with the two farm
management types: one cluster included all the organically managed
greenhouses, while the other included all the conventionally managed
greenhouses (Table 2, Appendix C). Organic management was charac-
terised by a higher number of crops (ranging from 12 to 30 in organic
versus 1 to 5 in conventional, p < 0.001) and higher soil organic carbon
(p < 0.001). Both management types used organic manure, but con-
ventional farms combined it with synthetic fertilisers. Organic farms had
lower organic and total N, P and K fertilizer input than conventional
farms (p < 0.001). Both farm management types had a similar total
number of pesticide applications, but differed in the type of products
used (Table 2, Appendix C). Synthetic pesticides were not used in
organic management, but the application of organic insecticides in
organically managed greenhouses exceeded those of conventionally
managed greenhouses (p < 0.05). Organically managed greenhouses
had a higher weed cover than conventional ones (p < 0.01). Organically
managed farms had high and medium vegetation quality in the 3 m area
around greenhouses, while conventional farms had low and very low
vegetation quality (p < 0.01). Conventional farms had a higher pro-
portion of high-quality vegetation within a 150 m radius, while organic
farms had more medium quality vegetation (p < 0.05, Table 2). Tomato
crop yield was not significantly different between organically and
conventionally managed greenhouses (Kruskal-Wallis tests p = 0.676,
Table 2).

3.2. Arthropod sampling in greenhouses and flower islands

Across the two years, 49,073 arthropods were captured on sticky
traps in the 16 greenhouses (2018: 19,922; 2019: 29,151). While we
captured a higher number of arthropods in 2019 than in 2018, the dis-
tribution of the arthropods across functional groups and the main pests,
NE and pollinators, were roughly similar. Pests comprised 78% of the
total number of arthropods, followed by NE (10%) and other arthropods
(9%) (Table 3). Suction sampling of the flowering plants and tomato in
the 16 greenhouses resulted in 9804 arthropods, and 4531 arthropods
were recorded during visual observation of flowering plants (Table 3).
Suction samples were dominated by “other arthropods” (62% of the
individuals), pests (19%) and NE (11%, Table 3). In visual observations,
“other arthropods” accounted for 39% of the individuals, followed by NE
and pollinators in 2018 and NE and pests in 2019 (Table 3). The main
pests, NE and pollinators, were the same in both years (Table 3).
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Table 2

Characterisation of management across the 32 greenhouses and identification of clusters based on HPCP analysis. Two clusters were identified: one cluster included all
greenhouses of conventional farms, while the other included all the organic ones. NA is not applicable. Statistically significant differences are indicated in bold, ns: not
significant.

Indicator Units Cluster 1: Conventional Cluster 2: Organic p-value HCPC
Number  Average S.D Min Max Number  Average S.D Min Max analysis

Yield! kg/m* 16 9.1 1.9 6.0 12.0 16 8.7 2.3 55 120 NA

Synthetic insecticide Number of 16 3.1 3.2 0 9 16 0 0 0 0 < 0.001
applications applications

Organic insecticide Number of 16 0.1 0.3 0 1 16 3.0 4.0 0 10 < 0.05
applications applications

Fungicide applications Number of 16 2.7 28 0 9 16 2.9 4.0 0 10 ns

applications

Total number of pesticide Number of 16 43 27 1 9 16 3.6 3.9 0 10 ns
applications applications

Biological and alternative Number of 16 41 33 0 10 16 3.6 5.0 0 15 ns
applications? applications

Soil organic carbon % 16 1.83 0.37 1.31 2.45 16 2,69 049 213 3.63 < 0.001

Relative active soil organic Proportion 16 0.41 0.24 0.15 0.95 16 071 0.19 0.49 1.16 < 0.01
carbon®

N input-organic source g/m? 16 10.0 3.8 6 19 16 6.3 3.4 3 10 <0.01

P input-organic source g/m? 16 9.4 5.4 3 22 16 4.3 2.6 2 8 < 0.01

K input-organic source g/m? 16 41.4  23.7 8 93 16 22.8 133 10 43 < 0.01

N input - synthetic source g/m? 16 2.3 24 0 6 16 0 0 0 0 < 0.01

P input - synthetic source g/m? 16 0o 0 0 0 16 0 0 0 0 ns

K input - synthetic source g/m? 16 12.3  16.9 0 40 16 0 0 0 0 < 0.05

N input - total g/m? 16 12.0 3.8 9 21 16 6.3 3.4 3 10 < 0.001

P input - total g/m? 16 9.4 5.4 3 22 16 4.3 2.6 2 8 < 0.01

K input - total g/rn2 16 53.5 24.9 18 96 16 22.8 13.3 10 43 < 0.001

NO3-soil at harvest initiation ppm 8 236 106 116 376 8 181 81 96 314 NA

N-leaf at harvest initiation % 8 28 02 2.5 3 8 2.6 0.6 1.8 3.6 NA

Average air temperature °C 8 22.5 1.7 20.0 26.0 8 22.7 1.6 19.7 25.4 NA

Average relative humidity % 8 68.3 4.9 56.5 77.7 8 69.0 5.1 58.2 81.0 NA

Plant density Number of plants / 16 2.64 0.22 2.22 3.07 16 237 038 187 345 ns

m2

Greenhouse size m? 16 686 314 320 1080 16 724 115 528 870 ns

Indicator Units Number Median Min Max Number Median Min Max

Number of crops in 150 m radius Number of crops 16 2 1 5 16 19 12 30 < 0.001

Number of crops per year in the farm Number of crops 16 6 2 8 16 41 28 48 < 0.001

Indicator Classes Number Number of cases per class Number Number of cases per class

Vegetation quality in the 3 m radius* High / Medium / Low / Very 16 0 high, 2 medium, 6 low, 8 16 6 high, 10 medium, 0 low, < 0.001

Low very low 0 very low

Proportion of uncultivated land in High / Medium / Low 16 9 high, 7 medium, 0 low 16 3 high, 12 medium, 1 low < 0.05
150 m radius®

Previous crop in the greenhouse Tomato / Other Solanaceae 16 5 tomato, 5 other Solanaceae, 6 16 6 tomato, 6 other Solanaceae, 4 ns

/ Other other other

Diverse crops inside the greenhouse Only tomato / Combined 16 16 only tomato 16 9 only tomato, 7 combined < 0.05

Weed cover inside greenhouse® High / Medium / Low 16 0 high, 8 medium, 8 low 16 8 high, 4 medium, 4 low < 0.01

Nylon black mulch Yes/ No 16  6yes, 10 no 16 12yes,4no ns

Tomato variety’ Hybrid / Non-hybrid 16 16 hybrid 16 12 hybrid, 4 mixture hybrid- <0.1

non-hybrid

1 Estimated based on weekly records of the farmers. Not significantly different for organically and conventionally managed greenhouses (Kruskal-Wallis tests
p = 0.676).

2 Entomopathogenic fungus, milk and bicarbonate, vegetable oil.

3 Relative Active Soil Organic Carbon (RASOC) = ((Actual SOC - Min SOC)/(Max SOC - Min SOC)) * 100 (Dogliotti et al., 2014).

4 Vegetation quality in the 3 m radius: High: soil full covered, more than 20 sp and more than 10 sp., Medium: soil full covered, more than 20 cm or more than 10 sp,
Low: soil full covered, less 20 cm high, less than 10 species, Very low: with 50% or more soil no covered.

5 Proportion of uncultivated land in 150 m radius: High: < 50% crop fields and greenhouses, Medium: 50-75% crop fields and greenhouses, Low: > 75% crop fields
and greenhouses.

© Weeds cover: High: more than 40% in at least half sampling rounds, Medium: between 10% and 40% in at least half sampling rounds, Low: less than 10% soil cover
during all season.

7 Tomato genetic: Hybrid: Belfast, Eterei, Ichiban, Barteza, Santa Paula; Non-hybrid: farmers seeds of heirloom tomatoes

Detailed information can be found in Appendix D.

3.3. Influence of flower islands and farm management

Organically managed tomato supported a significantly lower abun-
dance of pests (p < 0.001), lower population densities of greenhouse
whitefly (p < 0.05-0.001 depending on the round), and lower tomato
leaf miner injury levels (p < 0.001) than conventionally managed to-
mato, and this was consistent for 2018 and 2019, and for yellow sticky

trap data and observed pest infestation levels on tomato plants (Figs. 2-A
and 2-C, Table 4). Pest populations, dominated by greenhouse white-
flies, increased exponentially in conventional farms, while in organic
farms, populations only increased slightly or remained stable along crop
cycle (Fig. 3, Appendix E).

In 2018 the establishment of flower islands did not significantly in-
fluence the abundance of pests on sticky traps (Table 4, Fig. 2-B) or
observed pest infestation levels on tomato plants (Fig. 2-B, Appendix E).
Similarly, in 2019, greenhouse whitefly abundance assessed by visual
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Table 3
Number of arthropods collected by three sampling methods, distribution among functional groups and main orders/families of dominant groups.
Method Total number of Distribution among the functional groups (%)
arthropods and main order/family identified within each functional group (%)
Pests Natural enemies (NE) Pollinators Other Other
Parasitoids ~ Predators phytophagous
Sticky traps 49073 78 8 2 3 1 8
Greenhouse whitefly (Hemiptera: = microhymenoptera houseflies (Diptera:
Aleyrodidae, 80%) (74%) Muscidae, 38%)
thrips (Thysanoptera: Terebrantia,  longlegged flies wasps (Hymenoptera:
17%) (Diptera: Vespidae, 33%)
Dolichopodidae, 8.5%)
Suction sampling of flowering 9804 19 6 5 0 8 62
plants and tomato thrips (Thysanoptera: Terebrantia, =~ microhymenoptera
63%) (51%)
aphids (23%) spiders (33%)
Visual observation of 4531 17 13 14 9 8 39
flowering plants stinkbugs (Hemiptera: microhymenoptera houseflies (72%)
Pentatomidae, 55%) (44%) wasps (17%)
thrips (Thysanoptera, 37%) hoverflies (Diptera:
Syrphidae, 26%)
spiders (8%)
A - Cumulative values 2018 vs. management B - Cumulative values 2018 vs. treatment
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Fig. 2. Principal component analysis of total number of arthropods captured per greenhouse during the growing cycle in sticky traps: pests, parasitoids (Parasit),
predators (Pred), natural enemies (NE), pollinators (Poll), other phytophagous (OtherPhyt), other arthropods (Other) and total whitefly population and tomato leaf
miner injury in tomato plants. Separate analyses were conducted for 2018 (A and B) and 2019 (C and D). Management type (A, C) and flower treatment (B, D) are
indicated with specific markers. For both years, N = 12 greenhouses, and the total variation explained by the first two principal components was in all cases more
than 70%.
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Results of the model averaging procedure (based on AAICc < 2) to assess the effects of farm management type (conventional versus organic), presence or absence of
flower islands, and sampling round on the abundance of pests, natural enemies (NE) and pollinators on yellow sticky traps, and greenhouse whitefly abundance and
tomato leaf miner injury on tomato plants. All models included a negative binomial error distribution. NA is not applicable. A dash (/) indicates that the variable was
not included in the final model. Estimates are shown, with the standard error between brackets and statistical significance in bold and with asterisks. * p < 0.05; **

p < 0.01; ***p < 0.001; p < 0.1.

Variable 2018 2019
Pests NE Pollinators Whitefly Leaf miner Pests NE Pollinators Whitefly Leaf miner
Organic -0.30 (0.20)  0.95(0.20) -0.05 0.28 (0.49) -3.34 0.62 (0.23) 0.39(0.13)  -0.08 (0.12) -2.61 -2.98
*kk (0.10) (0.70)*** *k *% 1.17)* (0.26)***
Flowers -0.02 (0.06)  0.04 (0.2) -0.01 / / -1.26 (0.24)  0.09 (0.13) 0.08 (0.12) / /
(0.06) bl
Round2 NA NA NA NA NA 0.23 (0.26) 0.42(0.14) 0.92 (0.21) 2.41 (1.10) -1.13
ek deded * (0.51)*
Round3 0.81 (0.19) 0.62(0.22) / 1.75 (0.48) -0.36 2.14 (0.25) 0.18 (0.14) 0.53 (0.21)* 2.22 (0.97) 1.14 (0.45)
Fedkede ek dedede (000) dededk ¥* *
Round4 1.48 (0.19)  0.56(0.22) / 2.64 (0.48) 1.68 2.90 (0.26) 0.46 (0.14)  0.48 (0.21)* 3.35 (1.04) 1.08 (0.45)
P % Sk (0.84)* P Sk s %
Round5 2.14 (0.19) 1.12(0.21) / 3.80 (0.48) 2.41 3.13 (0.25) 1.09(0.13)  0.62 (0.21)* 3.30 (0.99) -0.20 (0.47)
dedede dedede dedede (0.83)** dedede dededk dedede
Round6 NA NA NA NA NA NA NA NA 2.89 (0.68) 2.33 (0.45)
o sk
Organic:Flowers / -0.00 / / / 0.36 (0.17) -0.13 / / /
(0.16) * (0.19)
Flowers:Round2 NA NA NA NA NA 1.13 (0.31) / / / /
dedede
Flowers:Round3 / -0.09 / / / 0.88 (0.30) / / / /
(0.24) o
Flowers:Round4 / -0.12 / / / 1.05 (0.30) / / / /
(0.24) ok
Flowers:Round5 / -0.02 / / / 1.30 (0.30) / / / /
(0.23) s
Flowers:Round6 NA NA NA NA NA NA NA NA / /
Organic:Round2 NA NA NA NA NA -0.65(0.31) / / -1.74 (1.73) /
Organic:Round3 -0.83 -0.20 / -1.68 (0.69) / -1.84(0.30) / / -1.22(1.30)  /
(0.28)** 0.24) o
Organic:Round4 -1.30 0.18 (0.24) / -2.98 (0.69) / -2.31(0.30) / / -1.47 (1.50)  /
(0.28)*** dede s ek
Organic:Round5 -1.40 -0.45 / -3.11 (0.68) / -2.44 (0.30) / / -1.27 (1.34) /
(0'27)*7‘:-.': (0.23) dededk ek
Organic:Round6 NA NA NA NA NA NA NA -0.38 (0.79) /
Number models 2 2 3 1 1 2 3 4 2 1
averaged
AICc 2129.7 1356.5 982.5 451.6 146.2 2596.3 1598.5 1030.4 679.0 403.0

Model references: Management: conventional, Treatment: control, Round: 2 in 2018, 1 in 2019.

observation and tomato leaf miner injury on tomato plants were not
significantly influenced by the presence of flower islands (Appendix E).
For sticky trap catches, however, there was a significant interaction
between the farm management type and treatment in 2019 (p < 0.05),
indicating that pest abundance was lower in greenhouses with flowers
on conventional farms but not on organic farms (Table 4, Fig. 2-D,
Fig. 3). In the three conventional farms included in the analysis in 2019,
the summed number of pests of all sampling rounds of the greenhouse
with flowers was 18 + 8% lower than the control greenhouse.

In both 2018 and 2019, NE abundance on yellow sticky traps was
significantly higher in organically than in conventionally managed to-
mato (p < 0.001 in 2018, p < 0.01 in 2019) (Figs. 2-A and 2-C, Fig. 3,
Table 4), both for parasitoids (p < 0.001 in 2018, p < 0.01 in 2019) and
predators (p < 0.001 in 2018, p < 0.05 in 2019) (Figs. 2-A and 2-C,
Appendix E). The presence of flower islands did not significantly influ-
ence NE abundance (Table 4, Fig. 3). NE abundance increased in rounds
3,4and 5in 2018 and 2, 4 and 5 in 2019 for both management types and
flower treatments (Table 4, Fig. 3).

Pollinator abundance on yellow sticky traps was not significantly
influenced by management type or flower treatment in both years and
showed an increase in sampling rounds 2 to 5 in 2019 (Table 4). The
abundance of other phytophagous arthropods was not significantly
influenced by any explanatory variable in 2018 and only by sampling
round in 2019 (Appendix E). The abundance of other arthropods

decreased during the crop cycle (p < 0.001) and was lower on organic
than conventional farms in 2019 (p < 0.05, Appendix E).

Tomato yield was not significantly influenced by management type
(linear model p = 0.730; and cluster’s comparison Section 3.1), the
presence or absence of flower islands (p = 1.000) or year (p = 0.931).

3.4. Influence of flowering plant species

Visual observations of arthropods on flowering plants indicated that
organic farms had a higher abundance of arthropods visiting the flow-
ering plants than conventional farms (p < 0.001), including higher
numbers of pests (p < 0.05), predators (p < 0.05), and other arthropods
(p < 0.001) (Table 5, Appendix F). Alyssum had a lower abundance of
pests than basil and marigold (p < 0.001, Table 5), a higher abundance
of other phytophagous (p < 0.05) and other arthropods (p < 0.001,
Fig. 4-A, Appendix F). Alyssum supported the highest abundance of NE
(p < 0.001), caused by a higher number of parasitoids than marigold
(p < 0.001) and a higher number of predators than basil and marigold
(p < 0.001) (Fig. 4-A, Table 5). Alyssum also had a higher abundance of
pollinators than basil (p < 0.05) and marigold (p < 0.001, Fig. 4-A,
Table 5).

There was a significant interaction between plant species and man-
agement type in the suction samples, indicating that the abundance of
pests on conventionally managed tomato plants was higher than on
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Fig. 3. Boxplots of the development of pest and natural enemies abundance in conventionally and organically grown tomatoes in greenhouses with (orange) and
without flower islands (black) in 2018 (top) and 2019 (bottom). The Y-axis shows the abundance of pests or natural enemies on yellow sticky traps. Sampling rounds
1: early Nov, 2: mid-Nov, 3: early Dec, 4: mid-Dec, and 5: early Jan. Organically managed tomato had significantly lower pest abundance than conventional
greenhouses from round 3 to 5 in 2018 and 2 to 5 in 2019 (p < 0.05 to <0.001 depending on the round), and higher NE abundance (p < 0.001 in 2018, p < 0.01 in
2019). Conventionally managed tomato crops with flower islands in 2019 had a significantly lower pest abundance than without flower islands (p < 0.05).

alyssum, basil, and marigold. In contrast, in organically managed to-
mato, marigold had a higher abundance of pests than tomato and alys-
sum (p < 0.001, Fig. 4-B, Table 5), which was mainly caused by the
presence of thrips and aphids. In both farm types, basil had the lowest
abundance of pests (p < 0.001). Alyssum supported the highest abun-
dance of NE (p < 0.001), caused by a higher abundance of parasitoids
than tomato, basil and marigold (p < 0.001), and a higher abundance of
predators than basil and tomato (p < 0.001), irrespective of farm type
(Fig. 4-B, Table 5).

Both visual observation and suction sampling of flowering plant
species indicated that the abundance of pests (p < 0.001), other
phytophagous (p < 0.001), parasitoids (p < 0.001), predators
(p < 0.001), and other arthropods (p < 0.001) was higher in 2019 than
in 2018 (Table 5, Appendix F). The number of observed pollinators was
significantly higher in 2018 than in 2019 (p < 0.001). NE, other

phytophagous and other arthropods increased during the sampling
rounds, while the abundance of pests increased in rounds 3 and 4
(p < 0.01) as assessed by suction sampling, but not by visual observation
(Table 5, Appendix F).

4. Discussion

This study assessed the effect of introduced flowering plants and
farm management (organic and conventional) on the abundance of
pests, natural enemies, and pollinators in commercial greenhouse to-
mato crops in the south of Uruguay. We reported three key findings.
First, organic farms had a lower abundance of pests and pest injury
levels and a higher abundance of natural enemies than conventional
farms, resulting, on average, in a pest:NE ratio of 9 in organically and 38
in conventionally managed greenhouses. Moreover, while pests
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Results of the model averaging procedure (based on AAICc < 2) to assess the effects of the plant species (PlantSp: marigold, alyssum and basil), farm management type
(conventional and organic), year (2018 and 2019) and sampling round on the abundance of pests, natural enemies (NE), parasitoids, predators and pollinators assessed
by suction sampling and visual observation. Suction sampling data also contain arthropod abundances on tomato. All models included a negative binomial error
distribution. NA is not applicable. A dash (/) indicates that the variable was not included in the final model. Estimates are shown, with standard error between brackets
and statistical significance in bold and asterisks: *p < 0.05; ** p < 0.01; *** p < 0.001; p < 0.1.

Variable Suction sampling Visual observation
Pests NE Parasitoids Predators Pests NE Parasitoids Predators Pollinators
Year2019 0.49 (0.12) 1.21 (0.14) 1.42 (0.20) 1.03 (0.16) 1.61 (0.16) 1.65 (0.11) 4.51 (0.40) 0.83 (0.11) -0.89 (0.16)
Organic -0.38 (0.16)  0.02 (0.07) -0.01 (0.09) 0.11 (0.14) 0.30 (0.14) 0.11 (0.09) -0.01 (0.08) 0.23 (0.10)* -0.05 (0.11)
Basil -0.72 (0.17) -1.58 (0.16) -1.62 (0.22) -1.53 (0.20) 1.00 (0.17) -0.51 (0.11) 0.04 (0.17) -0.86 (0.13) -0.36 (0.16)*
Marigold -0.03 (0.16) -0.63 (0.13)  1.10 (0.20) -0.16 (0.14) 1.22 (0.18) -0.81 (0.12)  -0.62 (0.18) -0.80 (0.13) -1.78 (0.26)
gk deded *dedk gk gk dedkedk ek
Tomato 0.67 (0.19) -2.52 (0.23)  -2.60 (0.31) -2.47 (0.32) NA NA NA NA NA
o sk sk o
Round2 -0.45 (0.19) 0.42 (0.28) 0.74 (0.42) 0.14 (0.33) -0.79 1.14 (0.19) 0.43 (0.27) 1.36 (0.24) 1.28 (0.48)**
(0.26)** dede sk deded ek
Round3 0.48 (0.18) 1.35 (0.25) 1.77 (0.38) 0.91 (0.28) -0.23 (0.24) 1.01 (0.19) 0.96 (0.25) 1.05 (0.24) 1.41 (0.47)**
o sk ek ok o sk o
Round4 0.77 (17) 1.49 (0.24) 2.05 (0.67) 1.02 (0.27) -0.02 (0.24) 1.36 (0.18) 1.26 (0.24) 1.35 (0.23) 1.09 (0.48)*
Round5 0.32 (0.18) 1.84 (0.24) 2.14 (0.38) 1.57 (0.28) 0.11 (0.25) 1.15 (0.19) 1.47 (0.26) 1.00 (0.25) 1.69 (0.47)
dede s dedede dede ke dede sk dede s etk dedede
Organic:Basil 0.10 (0.25) / / / / / / /
Organic:Marigold 0.46 (0.23)* / / / / / / /
Organic:Tomato -1.01 (0.27) / / / NA NA NA NA
Feded
Round:PlantSp / / / / / / / /
Management:Round / / / / / / / /
Number of models 1 2 2 2 1 2 2 1 2
averaged
AlCc 2736.7 1773.7 1276.3 1216.2 1560.1 2018.9 1162.33 1579.2 1150.9

Model references: Year: 2018, Management: conventional, Plant species: Alyssum, Round: 1

Figure captions

increased exponentially during the growing season in conventional
farms, they remained constant or increased slightly in organic farms.
Second, the effect of flowering plants on arthropods depended on the
type of farm management. In conventional farms, tomato crops with
flower islands had, on average, an 18% lower pest abundance during the
growing season than the controls, while flower islands did not affect
arthropod abundance in organic farms. This interaction was significant
in the second year when we doubled the number of flower islands per
greenhouse as compared to 2018. Third, alyssum, basil, and marigold
had a lower proportion of pests and a higher proportion of NE than to-
mato plants. However, while tomato had a higher abundance of pests
than the three introduced plant species in conventionally managed
greenhouses, marigold had a higher abundance of pests than tomato in
organically managed greenhouses. Alyssum had the lowest abundance
and proportion of pests and the highest abundance and proportion of NE
and pollinators.

Organic farms achieved tomato yield levels similar to conventional
farms, but had a lower pest pressure and more natural enemies than
conventional farms. The presence of NE early in the season when pests
densities are still very low, as we found in organic greenhouses, is
essential for the suppression of pests, in particular for greenhouse
whitefly, the dominant pest, which has the potential for exponential
population increase (Jaworski et al., 2019; van Lenteren et al., 1996).
Moreover, in conventionally managed tomato more insecticides with
lower selectivity and higher toxicity on natural enemies of the main
pests of the crop were applied than in organic tomato (Appendix C,
Table C2), which can disrupt natural biological control and lead to
secondary pest outbreaks (Janssen & van Rijn, 2021). Frequent insec-
ticide applications can also trigger resistance development in pest pop-
ulations, such that insecticides are no longer effective in controlling
pests (Bommarco et al., 2011; van Lenteren, 2000). The patterns in pest

10

and natural enemy populations in the conventionally managed green-
houses in our study were compatible with the patterns that can be ex-
pected from insecticide-mediated disruption of biocontrol and resistance
development in pest populations. In addition, the conventional farms
involved in this study were already in a transition process towards in-
tegrated pest management (IPM) for at least three years and had a
substantially lower number of pesticide applications (4.3 on average)
than the average of 11 applications in short cycle tomato in the south of
Uruguay (Scarlato et al., 2022). Thus, the pest problems in conventional
farms in this study may be relatively low as compared to the mainstream
conventional farms based on the number of applications and may not
reveal the full extent of the pesticide induced problems.

Besides pesticide use, organically and conventionally managed
greenhouse tomato differed in many other aspects. The conventional
farms applied IPM and substituted synthetic pesticides by less harmful
products when possible (Deguine et al., 2021). The organic farms
involved in this study applied agroecological management (Deguine
etal., 2021; Nicholls et al., 2016), which influenced resource availability
and host plant finding for herbivores in various ways (bottom-up ef-
fects). For instance, relatively high levels of crop diversity, vegetation
quality around the greenhouses (Sarthou et al., 2014; Yang et al., 2021;
Zehnder et al., 2007), and weed abundance and richness (Bretagnolle
and Gaba, 2015; Marshall et al., 2003; Ryelandt et al., 2017; Storkey and
Neve, 2018) reduce the potential of herbivores to find host plants.
Furthermore, high soil organic matter levels (Altieri et al., 2012;
Magdoff and van Es, 2009), absence of synthetic fertilisers and lower
levels of nutrient application reduce the host plant quality for herbivores
and the associated potential for population increase (Hsu et al., 2009;
Jauset et al., 2000; Stavisky et al., 2002). The absence of synthetic
pesticides and crop and wild plant diversification also influenced the
amount, diversity and proximity of natural enemies (top-down effects).
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Fig. 4. Principal component analysis of total number of arthropods per functional group: pests, parasitoids (Parasit), predators (Pred), natural enemies (NE), pol-
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among flowering species and tomato (N = 48) during the growing cycle according to management type. Plant species are indicated with specific markers. The total
variation explained by the first two principal components in both analysis was more than 70%.

While our experimental setup did not allow assessing the contribution of
these various aspects to pest suppression in organically managed farms,
they likely influenced the capacity for bottom-up and top-down pest
suppression mechanisms (Bianchi, 2022). We hypothesise that the pest
suppressive environment of the organic systems was created by various
management practices that had been implemented simultaneously for
more than five years, rather than by a single practice. Thus, quick fixes
and “silver bullet” approaches have limited potential (Lewis et al.,
1997), highlighting the need for a more holistic management approach
to reduce the reliance on synthetic pesticides (Deguine et al., 2021;
Lewis et al., 1997; Nicholls et al., 2016).

Our finding of a significant reduction of pest abundance by
increasing floral resources in conventional management but not in
organic management indicates that the potential of flowering plants to
enhance biocontrol in open greenhouse tomato is moderated by farm
management and landscape context (Balzan et al., 2016; Begg et al.,
2017; Tscharntke et al., 2016, 2012). The ‘"intermediate
landscape-complexity hypothesis" proposed by Tscharntke et al. (2012)
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postulates that the efficacy of biodiversity-based management in-
terventions depends on landscape complexity. Landscapes with a low
complexity may be most responsive to these management practices,
while for landscapes with an already high level of complexity the
addition of more diversity will only have limited effect (Tscharntke
et al., 2005, 2012). Our results suggest that this hypothesis may also
apply to the open greenhouses in our study region. While conventional
farms had a higher proportion of non-cultivated land than organic farms
in a 150 m radius around greenhouses (Table 2), organic farms had a
higher crop diversity in this area, reflecting more diversified crop ro-
tations, a higher vegetation quality in the 3 m adjacent to the green-
houses, and a higher weed cover in the greenhouse. Organic systems
may therefore have a higher structural complexity within and outside
the greenhouse than conventional systems, and the addition of flower
resources may have contributed relatively little to the resources for
natural enemies that were already present (i.e. resources reached satu-
ration levels) (Tscharntke et al., 2012). In contrast, in conventional
farms with low pesticides use, the addition of flower islands made a
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meaningful contribution to pest suppression, suggesting that these farm
contexts reflect the responsive part of the ‘"intermediate
landscape-complexity hypothesis" curve.

The introduced flower islands significantly reduced pest abundance
in the conventionally managed farms after increasing their number of
islands in the second year. Pest abundance of greenhouses with flower
islands decreased by on average 18% in comparison with greenhouses
without flowers. The pest reduction was mainly caused by a decrease in
the abundance of greenhouse whiteflies. We did not find a significant
effect of flower islands on NE abundance. However, it is possible that the
flower islands affected NE efficacy of pest control by providing resources
that enhance NE activity (Lu et al., 2014). Indeed, we found that the
flowering plants supported parasitoids and generalist predators, such as
hoverfly larvae and spiders. A second explanation may be the release of
volatile compounds by marigold that may deter whiteflies (Conboy
et al., 2019). A third explanation could be that the placement of the
yellow sticky traps at about 2 m height above the tomato plants was
effective in trapping greenhouse whitefly adults located at the top of the
plants (Basso et al., 2001), but underestimated the abundance of NE. For
instance, parasitoids may be more abundant in the middle of the plant
where eggs and immature stages of whitefly are placed (Basso et al.,
2001). Our study setup did not allow testing these potential mechanisms
and therefore further research is needed to elucidate this paradox.

Many flowering plant species have been tested for their potential role
in enhancing biological pest control (Arno et al., 2018; Balzan, 2017;
Kopta et al., 2012; Li et al., 2021; Parolin et al., 2012; Wackers and van
Rijn, 2012). We found differences between marigold, basil, and alyssum
to support tomato pests, NE, and pollinators. The three plant species had
a lower proportion of pests and a higher proportion of NE than tomato
plants. However, while tomato had a higher abundance of pests than the
three introduced plant species in conventionally managed greenhouses,
marigold had a higher abundance of pests than tomato in organically
managed greenhouses. Alyssum supported the highest number of NE
and pollinators and relatively few pests, confirming previous research
findings (Arn6 et al., 2018; Pease and Zalom, 2010; Ribeiro and Gontijo,
2017). On the contrary, marigold supported a relatively high number of
pests (mainly thrips and aphids), and relatively few NE and pollinators.
Marigold has earlier been reported to perform less than other flowering
species such as alyssum and Fagopyrum esculentum Moench (Arno et al.,
2018), Anethum graveolens L., Calendula officinalis L., Centaurea cyanus
L., Fagopyrum esculentum L. and Foeniculum vulgare (Kopta et al., 2012),
and Cosmos bipinnatus Cav. and Borago officinalis L. (Li et al., 2021).
Nevertheless, marigold hosted a lower abundance of pests than tomato
in conventionally managed greenhouses. In contrast, marigold had a
higher abundance of pests than tomato on organic farms, potentially
functioning as a reservoir of pests and/or as a trap crop (Srinivasan et al.,
1994). The differences among flowering plants may be related to their
flower morphology, floral resources, flowering intensity, flowering
period, and presence of secondary metabolites or volatiles (Wackers and
van Rijn, 2012). Alyssum had the highest intensity and most extended
flowering period, basil had flowering waves, and marigold had a rela-
tively low number of flowers and had the lowest number of plants per-
sisting in the greenhouses. Therefore, it is important to select the
flowering species according to their morphological characteristics and
attractiveness while considering the practical considerations in com-
mercial open greenhouses.

The involvement of farmers and technicians during all the stages of
the research was essential for ensuring that the research findings were
relevant to farmers. The participatory methodology helped to shape and
improve the research substantially. In particular, after the first year of
research, in June 2019, a workshop was held to discuss the first year’s
results and adjust or improve the experiment for the second year. In this
workshop, farmers proposed to double the flower island density, which
improved pest suppression in conventionally managed tomato. The
farmers also identified the need for more information to explain the
management effects, which led to the inclusion of an additional early
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sampling round, the monitoring of temperature and relative humidity in
the greenhouses, and the measurement of tomato leaf nitrogen content.
Also, several ideas emerged for future management adjustments and
follow-up research. For example, planting the islands earlier might
provide resources for early NE colonisation of the greenhouses (Conboy
et al., 2019; Jaworski et al., 2019). Moreover, flower islands inside the
greenhouses could be complemented with perennial flower strips or
islands at the outside borders (Arno et al., 2018; Li et al., 2021). Finally,
flowering plant species selection according to their attractiveness to NE
and pests is important (Li et al., 2021; Wackers and van Rijn, 2012).
During the workshop, farmers expressed the need for more
research-supported knowledge to enhance conservation biological con-
trol by managing the attractiveness of the surrounding natural vegeta-
tion and nearby crops (Barberi et al., 2010) and the resources provided
by native plants (Landis et al., 2012). Therefore, the participatory
method applied promoted synergies between the context-specific
empirical knowledge of farmers and technicians and the scientific
knowledge of researchers that improved the research design and
allowed the identification of new questions for the research agenda.

5. Conclusions

Our study revealed that organically and conventionally managed
tomatoes in open greenhouses comprise clearly different agro-
ecosystems, which had profound effects on pest and natural enemy dy-
namics. The differences between organic and conventional management
were not only reflected by the abundances of pests and natural enemies,
but also by the arthropod responses to flower islands. While the intro-
duction of sufficient flower islands resulted in a 18% reduction of pest
abundance in IPM-conventionally managed tomato, it did not further
reduce pest abundance in organic tomato systems based on agroeco-
logical management, which was already low. This indicates that the
introduction of flowering plants has potential as a conservation bio-
logical control strategy in conventional systems with low pesticides use,
and that organic systems based on agroecological management already
benefit from effective levels of functional diversity to suppress pest
populations without the addition of flowers. Despite the differences
between the two systems, the tomato yield levels were comparable,
highlighting that there is ample room to reduce synthetic insecticides
without productivity loss in Uruguayan vegetable production (Scarlato
et al., 2022). Furthermore, the gap in pest densities between conven-
tional systems with flower resources and organic systems indicates that
the addition of flower resources in conventional systems alone is not
enough to effectively suppress pests, and that a more holistic approach is
needed.
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