The effect of within-crop floral resources on pollination, aphid control and fruit quality in commercial strawberry
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Abstract

In the absence of pollinating insects commercial strawberry (Fragaria x ananassa) yields would fall by approximately 45%, while damage from aphids is estimated to cost growers at least 1% of annual yields in the UK alone. This combined effect could result in losses of over £100 million per year for the UK economy. We investigated whether incorporating floral resources within commercial polythene-clad tunnels could improve pollination services and aphid control and, hence, strawberry fruit quality. In a randomised block experiment (using 3 x 6 m plots), coriander (Coriandrum sativum) field forget-me-not (Myosotis arvensis) and corn mint (Mentha arvensis) plants were inserted in rows of commercially-grown strawberries. Their effect on numbers of naturally occurring flower visitors, aphids and aphid predators was compared. Counts of flower visitors, including visitors to sown flower species, were higher in coriander and mint plots. However strawberry flowers received more insect visits in control plots. Fruit from forget-me-not plots were lower in sugar than fruit from controls, while fruit from mint plots had fewer fertilised seeds than fruit from control plots. Strawberries from coriander plots did not differ from control fruit on any fruit quality measures. Crucially, proportions of marketable fruit did not differ across treatments. Aphid numbers did not differ between treatments even though coriander significantly increased the numbers of lacewing eggs laid on aphid-infested strawberry plants in coriander plots. Hence, although there were no negative effects on the proportions of marketable fruits with intercropping, the benefits received were limited. It might be that in a different growing season the effect would be more pronounced but this would need to be weighed up against the cost of implementing such interventions.
1. Introduction

Though the process of agricultural intensification has produced larger harvests, huge areas of farmland are now at greater risk of pest outbreaks due to the loss of both genetic diversity within the crops and biodiversity in the wider landscape (Crowder and Harwood, 2014; Matson et al., 1997). Equally concerning are recent declines in wild and managed pollinating insects 
 ADDIN EN.CITE 

(Biesmeijer et al., 2006; Carvalheiro et al., 2013; Potts et al., 2010)
 that are necessary for the pollination of 84% of crop species in Europe (Klein et al., 2007). Consequently, ecological intensification, or conserving species involved in delivering vital ecosystem services, such as biological control of pests and animal-mediated crop pollination, is paramount to sustaining agricultural productivity without causing irreparable damage to the environment 
 ADDIN EN.CITE 

(Bommarco et al., 2013; Garibaldi et al., 2016)
. Creating within-farm semi-natural habitat elements such as sown wildflower strips is a direct and widely-applicable strategy for bolstering populations of biological control agents and pollinating insects 
 ADDIN EN.CITE 

(Campbell et al., 2012; Haaland et al., 2011)
.
Crop field margins can provide essential pollen and nectar resources (Garratt et al., 2014) when crops are not in flower, for pollinating insects and pest natural enemies. Moreover, field edges have become a focus of insect conservation efforts in agroecosystems because crop margins are the least productive part of the field, are more prone to drought and shading, and typically possess the greatest floral diversity within the field 
 ADDIN EN.CITE 

(Kells et al., 2001; Pywell et al., 2005)
. Sowing wildflower strips along field boundaries can increase the abundance of pollinators in fields 
 ADDIN EN.CITE 

(Blaauw and Isaacs, 2014; Campbell et al., 2017; Feltham et al., 2015; Kohler et al., 2008; Marshall et al., 2006)
, impact populations of aphid predators 
 ADDIN EN.CITE 

(Bowie, 1999; Gontijo et al., 2013; Hogg et al., 2011; Prasad et al., 2009; Ramsden et al., 2014; van Rijn et al., 2006; Walton and Isaacs, 2011)
 and reduce aphid numbers within crops 
 ADDIN EN.CITE 

(Bowie, 1999; Gontijo et al., 2013; Hogg et al., 2011; Jankowska, 2007; Skirvin et al., 2011)
. However, the impact of field-edge interventions does not always impact the centre of the crop 
 ADDIN EN.CITE 

(Bowie, 1999; Kohler et al., 2008; Marshall et al., 2006; Skirvin et al., 2011; van Rijn et al., 2006; Walton and Isaacs, 2011)
. For example, flower visiting hoverfly abundance, along a gradient of distance from a wildflower margin, declined significantly in samples farther than 50 m from patches of floral resources (Kohler et al., 2008), and Skirvin et al. (2011) observed that improvements in pest control did not extend beyond 10 m into lettuce crops. Likewise, van Rijn et al. (2006) documented twice as many aphid-eating, or aphidophagous, hoverflies within 4 m of wildflower strips compared to other parts of the crop. 
Other studies have investigated introducing additional floral resources within crops 
 ADDIN EN.CITE 

(Gillespie et al., 2011; Jankowska, 2007; Patt et al., 1997; Wang et al., 2009)
. Pest species abundances were reduced in aubergine intercropped with dill flowers (Patt et al., 1997) and wheat intercropped with oilseed rape flowers (Wang et al., 2009). However, introducing rows of alyssum flowers into lettuce fields did not improve aphid suppression or hoverfly fecundity (Gillespie et al., 2011).
As an aggregate flower strawberries (Fragaria x ananassa Duch.) require that all carpels be evenly distributed and fully pollinated in order to produce high-quality fruit (Carew et al. 2003). Studies have shown that in the absence of insect pollinators, the pollination rate for strawberry flowers rarely exceeds 60%, with malformations present on around 47% of fruit, demonstrating a significant reliance on animal-mediated pollen transport for optimal fruit development (Chagnon et al. 1993). Indeed, research for the UK National Ecosystem Assessment has revealed that in 2007, British strawberry growers relied on insect pollination for 45% of crop yields, representing around £72 million of the market value in the UK that year (Smith et al. 2011).
Few studies have looked at both pest control and pollination benefits simultaneously 
 ADDIN EN.CITE 

(Campbell et al., 2012; Haaland et al., 2011; Pywell et al., 2015; Wratten et al., 2012)
. Moreover, to our knowledge, no study has measured flower visitation rates, natural enemy and resultant pest abundances, and crop quality with and without additional floral resources. In a previous study aphidophagous hoverflies were shown to be effective pollinators of strawberry, increasing marketable yields (Hodgkiss et al., 2018). In this study we hypothesized that integrating additional nectar and pollen sources within crops would enhance aphidophagous hoverflies, providing both an additional pollination service and aphid suppression, resulting in higher commercial strawberry fruit quality. 
2. Methods

The study was done between April–August 2016 in a commercial strawberry (Fragaria x ananassa Duch. cv. ‘Jubilee’), plantation in Kent, UK (51.25038° N, 0.34955° E; elevation: 104.9 m at northern end, and 94.0 m at southern end of field). Strawberry plants were in 1 litre pots on table-tops under polythene-clad Spanish tunnels. The 1.88 ha field contained twelve contiguous tunnels, of which only the central ten (each 7 m x 165 m, with 150 micron polythene cladding) were used for the study to mitigate edge effects (Chacoff and Aizen, 2006). 
Coriander (Coriandrum sativum L.), field forget-me-not (Myosotis arvensis (L.) Hill) and field mint (Mentha arvensis L.) were selected as focal flower species using the following criteria: (1) attractive to hoverflies as a source of nectar and/or pollen (Colley and Luna, 2000; Haenke et al., 2009; Hassan et al., 2017; Morris and Li, 2000), (2) produce flowers in the first year after sowing, (3) grow to a maximum height of less than one metre, (4) not harmful or poisonous to humans, (5) not known to be attractive to major strawberry pests, and (6) neither invasive nor considered pernicious arable weeds. 
A randomised block design was used with ten replicates of each of four treatments (coriander, forget-me-not, field mint, or untreated – control). Each replicate was in a separate tunnel, hence a tunnel was a block. The control treatment had no additional floral resources. Each plot was 3 x 6 m and separated by 28 m. Within each treated plot, plug plants of one of the three species were inserted, in pots, between the strawberry plants, which were also in pots. Every third plant pot contained the additional plug plant species (one plug plant per metre; 18 additional flower containers per plot). Pots were drip-irrigated on the same line as the strawberries. Coriander and mint seedlings were planted on 8-11 April, and forget-me-not plants on 10-11 May. In the untreated control, empty flower pots were introduced at the same density as the plug plants. 
The heights of 18 strawberry plants in control plots and 18 sown flower plants in treated plots were recorded in two randomly-selected tunnels on 1 September. Finally, on 11 August, after the coriander plants had finished flowering, they were cut to 50 cm to avoid any contact with farm machinery passing through the tunnel.
2.1. Flower visitor surveys

All plots were surveyed six times during the flowering period of the strawberries: May – August 2016. A seventh survey was carried out in the last two weeks of August during which only field mint and control plots were visited, as coriander and forget-me-not plants had ceased flowering. Ten minute timed observations were done in each plot and strawberry flower and/or sown flower insect visitors recorded. Insects that were observed visiting both strawberry and sown flower species were counted as ‘strawberry flower visitors’ to avoid double-counting these insects in the calculation of total flower visitors per plot. Flower visitors were identified to functional group (FG). FGs were categorised as follows: (1) bumblebees: Bombus spp.; (2) honeybees: Apis mellifera; (3) hoverflies: all flies in the Syrphidae family; and (4) other flies: all dipterans excluding hoverflies. During each round of surveys, tunnels and plots were surveyed in a random sequence to account for any time of day or day of the year bias (Rotheray and Gilbert, 2011). 

Flower visitor surveys were conducted between 09:00 and 17:00 on dry days > 10°C if cloud cover was less than 5 oktas, and > 14°C on cloudier days. Wind speeds were less than 29 km/h (Beaufort scale 5; Pywell et al., 2005). 
At each survey, in each tunnel, ambient temperature, relative humidity, wind speed and cloud cover were recorded. Temperature (°C) and humidity (% RH) were measured using a data logger (Omega EL-USB-2, Manchester, UK). Wind speed (km/h) was recorded using a handheld anemometer (Mastech MS6252B, Hong Kong). Cloud cover was assessed in oktas using a circular convex mirror divided equally into eighths. 
Finally, counts of open strawberry flowers on each of the ten strawberry plants were made to give an index of floral units available to potential pollinators in each plot. A “floral unit” was defined as one flower head, which would result in a single strawberry fruit.
2.2. Aphid and aphid natural enemy surveys

Once the timed observation of flower visitors was completed, ten strawberry plants in the middle row of each plot were hand-searched for aphids and their natural enemies (Hogg et al., 2011). All sides of leaves, stems and flowers were thoroughly examined, and numbers of aphids and natural enemies were recorded. Natural enemies, including immature hoverflies and lacewings, were identified to family level in the field. In the final two surveys (13 July – 29 August), only five plants were surveyed per plot because high numbers of aphids were present. Lastly, in the final survey round (18 – 29 August), only mint and control plots were surveyed because coriander and forget-me-not plants had finished flowering.
2.3. Fruit quality assessments

To compare fruit quality ten strawberry flowers were tagged when the introduced plants were also in flower and then collected (100 berries per treatment). Where possible, one flower was tagged and picked from each of the ten plants in the central row of the plot. Strawberry flowers in coriander, forget-me-not and control plots were tagged on 4 July and fruit collected on 27-28 July. Mint and control plot flowers were tagged on 9 August and fruit picked on 1 September. Strawberries were picked when 25-75% of the fruit surface area was pinkish-red. Each berry was then assessed for: fruit shape class, diameter, fresh weight, dry weight, soluble solids content (an index of Brix), number of fertilised achenes and marketability (Klatt et al., 2014). 
Shape was assessed as follows: 1 = highly symmetrical fruit with no malformations; 2 = slightly asymmetrical fruit with minimal malformations; 3 = fruit with clear asymmetry and/or some malformations or 4 = fruit with major malformations. Diameter was measured to the nearest tenth of a millimetre using callipers and mass (Sartorius, Göttingen, Germany) to the nearest tenth of a gram. Each berry was evenly sliced in half. One half was weighed and dried overnight in an oven at 60°C, then re-weighed and the dry weight recorded. The other half of the berry was used for digital refractometer Brix measurement (Palette, Atago, Tokyo, Japan) and counts of fertilised achenes. Each berry was placed in a blender (Minipro, Tefal, Rumilly, France) with 200 ml of water and blended for 20 seconds. The contents were then transferred to a 500 ml beaker and allowed to settle. Sunken fertilised seeds were counted by lifting the glass beaker and counting the achenes on the bottom. Lastly, marketability was assessed by classing strawberries with a minimum diameter of 18 mm and a shape score of 1 or 2 as marketable. Berries that failed to meet both criteria were deemed unmarketable 
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(Conti et al., 2014; Klatt et al., 2014)
.

2.4. Data analysis
2.4.1. Flower visitors
All analyses were done in R version 3.4.1 (R Core Team, 2017). Unless otherwise stated, all averages are presented as mean values ± standard error of the mean. As flower visitor survey data often contained many zeros, zero-inflated generalised linear mixed models (GLMMs) were fitted using the ‘glmmADMB’ package (Fournier et al., 2012; Skaug et al., 2016). A zero-inflated model for each response variable was compared against a GLMM without zero-inflation using Akaike’s information criterion, corrected for small sample size (AICc; Thomas, 2017). As suggested by Warton (2005), zero-inflated models did not improve model fit. GLMMs were fitted with a Poisson distribution unless over-dispersion was detected, then a negative binomial distribution was used (Zuur et al., 2009). 

For the flower visitor surveys, differences between treated and control plots were compared separately, as the plants flowered during different periods. For each treatment, data were only compared against controls from the survey rounds when the sown species was in flower. Flower visitor data from each plot were analysed twice: once with only insect visitors recorded on strawberry flowers, and then with strawberry flower visitors and flower visitors pooled together. Response variables included counts of flower visitors, functional group (FG) richness and FG diversity (inverse Simpson’s diversity index). In each analysis, response variables were weighted by counts of open strawberry flowers, following Reitan and Nielsen (2016).
To reduce the number of predictor variables included in our models, a principal components analysis (PCA) was performed on temperature, humidity, cloud cover, wind speed and time of day (expressed as a proportion of a whole with 0 = 00 hrs 00 mins and 1 = 23 hrs 59 mins). All factors included in the PCA were centred and scaled to have unit variance prior to the analysis because variances differed substantially among factors (Crawley, 2007). The number of principal components to include as fixed effects in subsequent analyses was determined by examining scree plots and applying Kaiser’s criterion (Yong and Pearce, 2013). After principal components were added to the model, the remaining fixed effects included, plot position within the tunnel, tunnel number and the interaction between survey round and treatment (coriander, forget-me-not, mint or control). 

The optimal model was chosen starting with a full model and running the ‘drop1’ function in R to identify and then remove the least significant fixed effect. This was repeated until only significant fixed effects remained. 

Counts of open strawberry flowers were analysed using zero-inflated GLMMs with a negative binomial distribution due to over-dispersion. Plot position, tunnel number, survey round and treatment were included in the full model as fixed effects, and the interaction between plot number and survey round was the random effect. The full model was then reduced following the procedure described above for flower visitor data until only significant fixed effects remained.
2.4.2. Aphid and aphid natural enemies

Aphid, hoverfly larva and egg, lacewing egg and mummified aphid count data contained overabundances of zeros (50.7%, 89.6%, 83.2%, 92.7%, 79.1% of all values, respectively). As a result, these response variables were first pooled across plants within a plot and then analysed using a zero-inflated GLMM and a standard GLMM. The two models were compared using AICc, and the zero-inflated model was only chosen when it significantly improved the model fit (Warton, 2005). Aphid and aphid predator counts were modelled using either a Poisson distribution or a negative binomial distribution when data were over-dispersed. In each case, plot totals of aphids and their predators were weighted by the number of plants surveyed in the plot, as this number was changed from ten to five in the last two survey rounds. Fixed effects included plot position within the tunnel, tunnel number, survey round and treatment (coriander, forget-me-not, mint or control). The interaction between plot number (1-40) and survey round was included as a random effect. The optimal model was chosen following the same procedure used for flower visitor survey data. 

Numbers of aphids, hoverfly larvae, hoverfly eggs, lacewing eggs and mummified aphids per plot were also analysed separately for each survey round. GLMs were employed, using either a Poisson distribution or a negative binomial distribution when data were over-dispersed. No weights were used on the count data as within each survey round, the same number of plants was surveyed in every plot. The full model was compared against an otherwise-identical zero-inflated version of the GLM. The zero-inflated model was preferred only when it improved goodness of fit over original full model according to AICc (Warton, 2005). Fixed effects included plot position within the tunnel, tunnel number and treatment. The optimal model was chosen following the same procedure used for flower visitor survey data. 

Lastly, Spearman’s rank correlation test was used to check for correlations between aphid numbers and counts of the four groups of predators and parasitoids (Gillespie et al., 2011).
2.4.3. Fruit quality
For fertilised seed counts, the mass of the fruit half divided by the mass of the whole fruit was calculated and then used to calculate the mean number of seeds per fruit half. LMMs were used on all normally-distributed fruit quality measurements. Response variables were transformed where necessary. Normality was confirmed by inspecting quantile-quantile plots and the Shapiro-Wilk test, and homoscedasticity was confirmed using Bartlett’s test. When transformations failed to produce normally-distributed data, GLMMs were employed. For continuous variables, a gamma distribution was used, and for marketability, a binomial distribution was employed. Fruit shape score frequency distributions were analysed using cumulative link mixed models with a probit link function, as this was a latent continuous variable (Christensen, 2015). 

Plot position within the tunnel, tunnel number and treatment were selected as fixed effects for the full model of each analyses and optimal model as for flower visitor survey data. As ten berries were collected from each plot, plot number (1-40) was used as the random effect for each model. The significance of the random effect was tested by comparing the optimal model against an identical model that only contained fixed effects using the likelihood ratio test.
3. Results

The presence or absence of sown flowers in plots did not affect numbers of open strawberry floral units per plant (χ2(3) = 0.55, P = 0.91). Counts of open strawberry flowers only varied significantly according to survey round (χ2(4) = 190.51, P < 0.001; Fig. 1). Coriander (C. sativum) grew to an average height of 93.4 ± 1.2 cm, over three times as tall as the strawberry plants (mean = 28.9 ± 0.4 cm). Coriander flowered from 27 May to 25 July (Fig. 1). Field forget-me-not (M. arvensis) grew to approximately half the height (mean = 46.0 ± 2.19 cm) of coriander and flowered from 28 June to 25 July (Fig. 1). Field mint (M. arvensis) were slightly taller (mean = 33.8 ± 1.3 cm) than strawberry plants and flowered in the final two survey rounds: from 13 July to 29 August (Fig. 1). 
3.1. Flower visitor surveys
3.1.1. Coriander

Strawberry flower visitors were more numerous and from a richer and more diverse range of functional groups (FGs) in the control plots compared to the coriander plots (abundance: Z = -3.52, P < 0.001; FG richness: Z = -2.23, P = 0.026; FG diversity: Z = 3.56, P < 0.001; Fig. 2; Table 1). By contrast, when insects visiting coriander flowers only were added to counts of strawberry flower visitors, FG richness and diversity were both greater in coriander plots than in controls (Z = 3.71, P < 0.001; Z = -4.83, P < 0.001, respectively; Table 1). Total flower visitor abundance was influenced by the interaction between survey round and treatment (χ2(3) = 18.70, P < 0.001). During the two survey rounds at peak flowering of the coriander plants (covering 13 June – 6 July), flower visitor abundance was significantly greater in coriander plots than controls (Z = 5.16, P < 0.001; Z = 5.93, P < 0.001, respectively). However, in the survey rounds at the start and end of the coriander flowering period, there was no difference between counts of all flower visitors in coriander or control plots (Z = 0.58, P = 1.0; Z = 0.39, P = 1.0, respectively).
Apart from strawberry flower visitor FG diversity, all other flower visitor analyses in coriander and control plots varied according to survey round. Surveys conducted between 13 – 23 June recorded the highest number (strawberry visitors: least-square (LS) mean = 1.32 ± 0.19; total visitors: LS mean = 15.06 ± 2.12) and diversity of flower visitors (strawberry visitor FG richness: LS mean = 1.01 ± 0.12; total visitor FG richness: LS mean = 3.40 ± 0.52; total visitor FG diversity: LS mean = 1.91 ± 0.22) compared to other survey rounds. 
Finally, the first principal component derived from weather-related and time-of-day variables was negatively correlated to strawberry flower visitor abundance (χ2(1) = 4.60, P = 0.032). Relative humidity and amount of cloud cover both had high positive loadings (0.598 and 0.534, respectively) on the first principal component, while temperature had a high negative loading (-0.567). Therefore, numbers of strawberry flower visitors tended to increase as humidity and amount of cloud cover decreased and temperature increased.
3.1.2. Field forget-me-not

Only strawberry flower visitor FG diversity was affected by the addition of forget-me-not plants to plots (χ2(1) = 5.33, P = 0.021). Control plots attracted a higher diversity of FGs to strawberry flowers than forget-me-not plots (Z = 2.25, P = 0.024; Table 1). 
3.1.3. Field mint

Strawberry flower visitors were more numerous in control plots than in mint plots, and strawberry visitor FG diversity was influenced by the interaction between survey round and treatment (χ2(1) = 7.65, P = 0.0057; χ2(1) = 9.12, P = 0.0025, respectively). No difference was found in FG diversities between mint and control plots in surveys carried out between 13 – 25 July (Z = 0.23, P = 1.0); but during the second survey round (18 – 29 August), strawberry visitor FG diversity was higher in control plots (Z = 2.98, P = 0.016). Strawberry visitor FG richness did not vary according to treatment (χ2(1) = 1.63, P = 0.20). When insects visiting mint flowers were added to strawberry visitors, total flower visitor counts were found to be significantly influenced by the interaction between survey round and treatment (χ2(1) = 8.45, P = 0.0037). Numbers of flower visitors increased significantly in both treatments from the first mint survey round (13 – 25 July) to the second (18 – 29 August; mint: Z = -10.52, P < 0.001; control: Z = -3.23, P = 0.0068), but insect counts in mint plots were significantly higher than controls in both rounds (13 – 25 July: Z = -2.77, P = 0.028; 18 – 29 August: Z = 4.98, P < 0.001; Fig. 2; Table 1). FG richness of all flower visitors was also significantly higher in mint plots than controls, but total FG diversity did not differ between plot types (FG richness: Z = 2.23, P = 0.026; FG diversity: χ2(1) = 0. 18, P = 0.67; Table 1).
In addition to affecting counts of total flower visitors, survey round also had a significant impact on abundances of strawberry flower visitors, strawberry visitor FG richness and total FG richness. In each case, the response variable increased significantly from the first (13 – 25 July) to the second mint survey round (18 – 29 August; strawberry visitor abundance: Z = -3.90, P < 0.001; strawberry visitor FG richness: Z = -1.97, P = 0.049; total visitor FG richness: Z = -4.61, P < 0.001). 
Abundances of strawberry flower visitors were negatively correlated to the first principal component of weather-related and time-of-day variables (χ2(1) = 7.90, P = 0.0049). Humidity and cloud cover had high positive loadings on this principal component (0.589 and 0.533, respectively), while temperature had a high negative loading (-0.577). Therefore, strawberry visitor numbers increased with decreasing humidity and cloud cover, and increasing temperature. 
3.2. Fruit quality assessments

The presence of introduced flowering plants within strawberry tables had a significant effect on some fruit quality measures. However, proportions of marketable fruit did not differ among any of the treatments (Fig. 3). When fruit from mint plots was compared against controls, only the number of fertilised achenes per fruit half was significantly affected by treatment (χ2(1) = 5.10, P = 0.024). Fruit from control plots had significantly more fertilised seeds than berries from mint plots (Z = -2.41, P = 0.016; Fig. 3). In the analysis of fruit from coriander, forget-me-not and control plots, Brix and percent dry weight were both significantly influenced by treatment (Brix: χ2(2) = 14.35, P < 0.001; percent dry weight: χ2(2) = 6.23, P = 0.044). Berries from control plots scored the highest, followed by fruit from coriander and then forget-me-not plots. However, only the difference in Brix between control and forget-me-not plots was statistically significant (Z = -2.79, P = 0.014; Fig. 9). For all other fruit quality measurements, treatment had no effect on mean scores (Fig. 3 – 5).

3.3. Aphid and aphid natural enemy surveys
3.3.1. Aphids

Across all treatments and survey rounds, an average of 113.7 ± 10.98 aphids (per 10 plants) were recorded in each plot. The addition of introduced flowering plants did not significantly affect aphid abundance (χ2(3) = 5.70, P = 0.13; Fig. 6). Finally, aphid counts reached a peak in the second survey round (19 – 26 May: LS mean = 181.9 ± 58.5 aphids per plot). Mean aphid abundance in the second survey round was higher than mean counts recorded in survey rounds 1, 4, 6 and 7 (Z = -3.22, P = 0.022; Z = 4.36, P < 0.001; Z = 3.07, P = 0.035; and Z = 3.38, P = 0.013, respectively). Mean counts in the remaining survey rounds ranged from 49.9 – 89.5 aphids per plot and did not differ significantly from each other.
3.3.2. Lacewing eggs

Numbers of lacewing eggs per plot were significantly affected by treatment and survey round (χ2(3) = 52.99, P < 0.001; χ2(6) = 212.35, P < 0.001, respectively). Lacewings were found to oviposit on strawberry plants in coriander plots over four times more often than in any other treatment. 
3.3.3. Hoverfly eggs

Counts of hoverfly eggs on strawberry plants were also influenced by treatment (χ2(3) = 8.31, P = 0.040), though differences among treatment means were not significant once P-values were adjusted by the Tukey method for multiple comparisons. Trends in counts of hoverfly eggs by survey round mirrored those of aphid counts. Hoverfly egg abundances peaked in survey round 2 (19 – 26 May: LS mean = 16.7 ± 4.6 eggs per plot). Egg counts in all other survey rounds were significantly lower and ranged from 1.9 – 3.0 eggs per plot.
3.3.4. Hoverfly larvae

An average of 1.4 ± 0.17 hoverfly larvae were recorded in each plot over the course of the entire sampling period. However, numbers of hoverfly larvae did not respond positively or negatively to additional floral resources (χ2(3) = 6.15, P = 0.10; Fig. 7). Lastly, hoverfly larvae peaked in survey round 2 (19 – 26 May) and were significantly lower in survey rounds 3, 4, 5 and 7 (27 May – 6 July; and 18 – 29 August, respectively).
3.3.5. Mummified aphids

On average, 4.4 ± 0.47 mummified aphids were recorded in each plot over the course of the entire sampling period. Aphids parasitized by parasitoid wasps did not respond to additional floral resources (χ2(3) = 5.81, P = 0.12; Fig. 5). As with hoverfly eggs and larvae, mummified aphids fluctuated according to aphid densities: counts of mummified aphids peaked in survey round 2 (19 – 26 May: LS mean = 115.0 ± 31.6 per plot) and were significantly lower in all other survey rounds (range = 1.9 – 4.2 per plot).
3.3.6. Aphid and natural enemy counts by survey round

When aphid and aphid predator abundances were analysed for each round separately, treatment had a significant effect only on lacewing egg abundances between 28 June – 25 July (survey rounds 5 and 6; round 5: χ2(3) = 43.86, P < 0.001; round 6: χ2(3) = 26.96, P < 0.001). In both survey rounds, lacewing egg counts in plots provisioned with coriander were significantly higher than counts in all other treatments. For aphids and all other aphid natural enemies, treatment means did not differ significantly during any survey round. 
3.3.7. Natural enemy responses to aphid abundance

Counts of all aphid predator and parasitoid groups were positively correlated to aphid abundance (lacewing eggs: ρ = 0.14, P < 0.001; hoverfly eggs: ρ = 0.46, P < 0.001; hoverfly larvae: ρ = 0.40, P < 0.001; mummified aphids: ρ = 0.47, P < 0.001).
4. Discussion

This study assessed the impact of intercropping flowering plants within a commercial strawberry crop on flower insect visitor abundance and diversity, aphid predator abundances, aphids and strawberry fruit quality. For most response variables, inter-planting coriander, forget-me-not or mint plants in strawberry rows had no impact. However, counts of total flower visitors were significantly enhanced in plots sown with coriander or mint flowers. Moreover, aphidophagous lacewings oviposited over four times more eggs in coriander plots than in any other treatment. Despite these differences in insect communities within the plots, adding sown flowers to strawberry rows had no impact on proportions of marketable fruit. 
4.1. Flower visitors

Coriander and mint treatments attracted more flower visitors than control plots, and visitors in these plots had a greater FG (bumblebees, honeybees, hoverflies, and other flies) richness than controls. However, the enhanced number and diversity of all flower visitors did not translate to greater numbers or diversities of strawberry flower visitors. In fact, in coriander and mint plots, fewer insects were recorded visiting strawberry flowers than in control plots. In forget-me-not plots, insects were observed visiting strawberry flowers as often as in the controls, but the FG diversity of strawberry flower visitors was higher in control plots. 
The fact that more flower visitors were present in two of the three treatments with additional floral resources corroborates previous research where flower visitor abundance was positively correlated to counts of floral units (Bates et al., 2011; Feltham et al., 2015). However, we found that forget-me-not did not enhance numbers of flower visitors suggesting that the attractiveness of the additional sown species also plays a role in determining whether flower visitor abundance is enhanced. Thus, our results indicate that while forget-me-not failed to entice more insect flower visitors into strawberry rows, coriander and mint were effective at boosting abundances of flower visitors within strawberry crops under polytunnels. 
Furthermore, in coriander and mint plots, flower visitors appeared to find the introduced flower species more attractive than strawberry flowers. Insects in coriander and mint plots were observed visiting strawberry flowers less frequently than in control plots, even though more flower visitors were present. Seifan et al. (2014) documented a similar trend wherein regularly-spaced, highly-attractive flowers were found to have a negative impact on insect visitation rates to less attractive neighbouring flower species, even though the highly-attractive flowers increased the total number of flower visitors observed in the plots.
While the mechanisms behind pollinator preference to the sown flower species were not a focus of this study, previous research suggests that flower volatile compounds are likely to play a role in attracting flower visitors to floral resources (Pichersky and Gershenzon, 2002). Specifically, linalool has been identified as one of the organic compounds that may be especially attractive to insect flower visitors (Raguso and Pichersky, 1999). Unlike field forget-me-not, coriander and field mint both produce linalool and the presence of this compound could partly explain the observed discrepancy in attractiveness between forget-me-not and the other two sown species 
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(Gracindo et al., 2006; Shahwar et al., 2012; Znajdek-Awizen et al., 2014)
.

Finally, abundances of strawberry flower visitors were affected by temperature, relative humidity and cloud cover in the comparisons of coriander and mint plots against controls. In both instances, more insects tended to visit strawberry flowers when temperatures were higher (> 20.5°C), and humidity and cloud cover were lower (< 64.6% RH; and < 5 oktas). This pattern of increased insect activity at higher temperatures and lower humidity and cloud cover is in line with prior research on pollinator visitation rates in relation to weather conditions carried out in temperate woodland-meadow, alpine tundra and Mediterranean scrub habitats (McCall and Primack, 1992).
4.2. Fruit quality

Despite the observed reductions in strawberry flower visitation rates, pollination success rates, as measured by counts of fertilised seeds, were only significantly lower in mint plots than controls; for all other sown flower treatments, pollination success rates did not differ from control plots. Likewise, mean values of fruit fresh weight, dry weight, diameter, proportions of marketable fruit and fruit shape scores did not differ significantly from controls across any of the sown flower treatments. Therefore, although the addition of floral resources often reduced visitation rates to strawberry flowers, we found no evidence to suggest that quantities of marketable fruit were affected in any of the treatments. 

Brix was lower in berries from forget-me-not plots than controls. Previous research on strawberry pollination has documented a reduction in Brix in berries that were better-pollinated (Hodgkiss et al., 2018). While the difference in pollination success rates between forget-me-not and control plots was not great enough to be statistically significant, the fact that Brix was significantly lower in forget-me-not plots suggests that a larger sample size may have revealed significantly higher pollination success rates in forget-me-not plots. However, further research is required to properly explore this hypothesis.

4.3. Aphids and their natural enemies

Mean counts of aphids did not differ according to the presence or absence of additional floral resources. Similarly, hoverfly larva, hoverfly egg and mummified aphid numbers were positively correlated to aphid abundance, but did not respond differently according to treatment. Gillespie et al. (2011) found a similar effect in lettuce fields intercropped with alyssum flowers. In their study system, larval aphidophagous hoverflies responded positively to aphid numbers but were unaffected by the presence of additional floral resources.
In contrast, lacewings were the only aphid natural enemy to respond significantly to treatment. Lacewing eggs were found on strawberry plants in coriander plots four times more often than in any other treatment. Moreover, while lacewing eggs were significantly more common in coriander plots, lacewing abundance was also strongly correlated to aphid numbers across all treatments. Lacewings almost always laid eggs in aphid-infested plots: 96.9% (508 / 524) of lacewing eggs were laid in plots with aphids. These results support the view that lacewings oviposit in response to the presence of aphids and preferred aphid-infested strawberry plants in coriander plots over all other treatments. 
Previous studies on lacewing oviposition rates in response to aphid density in pecan and maize crops have generally found positive relationships between lacewing oviposition rates and aphid densities 
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(Keulder and Van den Berg, 2013; Kunkel and Cottrell, 2007; Petersen and Hunter, 2002)
. However, Coderre et al. (1987) found that the North American lacewing Chrysopa oculata Say usually laid eggs on maize plants without aphids. Bickerton and Hamilton (2012) investigated the impact of intercropping coriander, dill, Anethum graveolens L., and buckwheat, Fagopyrum esculentum Moench, on biocontrol of the lepidopteran European corn borer, Ostrinia nubilalis (Hübner), in bell pepper crops. These researchers found that predation rates by Chrysoperla sp. lacewings were equally low irrespective of the presence or absence of additional floral resources. The authors cited the possibility that lacewings were ovipositing primarily in response to aphid honeydew, which may have diluted any attraction to the sown flower species as aphids were present in both intercropped and control plots (Bickerton and Hamilton, 2012).
When lacewing egg data were analysed as counts per survey round, the increase in lacewing numbers in coriander plots appeared only from late June onwards. Thus, while there was a noticeable increase in abundance in coriander plots from late June to the end of the growing season, lacewings were scarce in all plots early in the season; only 4.0% (21 / 524) of observed lacewing eggs were recorded before 28 June. This late appearance of lacewings calls into question their effectiveness as aphid biocontrol agents in the early stage of the growing season. Similarly, research from the U.S. on potential biocontrol agents for soybean aphids (Aphis glycines Matsumura) found that naturally-occurring lacewing larvae appeared too late in the season to be effective at preventing pest outbreaks in soybean crops (Rutledge et al., 2004). In Europe, most lacewing species commonly found in agroecosystems overwinter as either pre-pupae (e.g., Chrysopa spp.) or adults (e.g., Chrysoperla spp.; Canard, 2005). Consequently, given that the larval stage is the period when lacewings consume the most number of aphids, there is a delay in resumption of significant aphidophagous activity in spring while adults emerge, reproduce and lay eggs of the next generation (Canard, 2005).
The difference in strength of the density-dependent responses to aphid abundance between lacewings and the remaining natural enemies was mirrored in the strength of the correlation between predator and aphid abundances. When Spearman’s rank correlation test was performed, correlations between aphid density and hoverfly eggs, hoverfly larvae and mummified aphids reached or exceeded a value of ρ = 0.40. On the other hand, though still significant, the correlation between aphid and lacewing egg density was much weaker: ρ = 0.14. This difference in the strength of the attraction to aphid abundance may in part be explained by the fact that aphidophagous hoverflies and aphid parasitoids are specialist aphid-eaters. In contrast, lacewings are considered generalist predators of soft-bodied insects, and as such, are less reliant on aphids to undergo larval development (Bickerton and Hamilton, 2012).
4.4. Management implications and future research

During the course of the experiment, coriander flowers grew over three times as tall as strawberry plants. Consequently, around 25% of plants required manual repositioning after getting knocked over by tractor-mounted pesticide applicators. In contrast, forget-me-not and mint plants grew less than twice the height of strawberry plants and were unaffected by farm machinery. All three wildflower species grew vigorously in the fertilised coir substrate and required pruning to remove approximately 15 cm of lateral growth twice during the growing season to ensure that strawberry rows were easily accessible for farm workers. Therefore, planting sown flowers within strawberry tables incurred additional labour costs on top of the cost of seed, irrigation, plant pots and substrate.
In return, introducing coriander within the crop may allow farmers to reduce pesticide costs to control aphids late in the season. Though our field surveys did not extend late enough in the season to document declines in aphids following the rise in lacewing egg numbers, future work may reveal that lacewings are able to suppress aphid outbreaks below economically damaging levels late in the year. Further research could also examine whether releasing commercially-reared lacewings early on in the season in combination with coriander may represent a viable method of suppressing aphids before natural lacewing populations become established in the field (Pappas et al., 2011). Although ladybirds (Coleoptera: Coccinellidae) were scarce in our study system, research on intercropping coriander within tomato fields found that the ladybird Cycloneda sanguinea L. responded in a similar fashion to lacewings in the present study (Togni et al., 2016). This finding offers the possibility that coriander may be effective at attracting additional aphid predator taxa at locations where they are more numerous.
We found no evidence of enhanced pollination services as a result of sown floral resources. This may have been because pollination services already provided in the crop were adequate and did not need supplementing with additional flower visitors. Conversely, this one-year experiment may not have allowed pollinator populations to grow sufficiently to have a noticeable impact on fruit quality measures. A four-year study on the effect of wildflower strips on blueberry production revealed that yields only grew in the third and fourth years after the establishment of flower margins (Blaauw and Isaacs, 2014). The authors explained that pollinator populations did not respond immediately but rather grew gradually in the years after additional pollen and nectar sources were established.
Our experimental plots were only separated by a distance of 28 m. Studies on the effects of floral resources on pollinator abundance into crops have shown that flower visitor numbers can be increased up to 100 m away from sown pollen and nectar sources (Campbell et al., 2017). Therefore, flower visitation rates in control plots in our study may have benefited from the presence of additional sown flowers in plots 28 m away, thereby diluting any treatment effect on flower visitor abundance. 
Several previous studies have also shown that adding floral resources to agricultural areas can enhance abundances of flower-visiting insects 
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(Blaauw and Isaacs, 2014; Campbell et al., 2017; Haenke et al., 2009; Jönsson et al., 2015; Kohler et al., 2008; Wood et al., 2015)
. Given recent evidence of drastic declines in flying insects over the last three decades (Hallmann et al., 2017), sowing coriander and mint within strawberry crops may help sustain wild insect populations in horticultural ecosystems. Research on the population-level impact of agri-environment schemes designed to enhance floral resources for bumblebees found that nest densities were higher at farms with sown flower strips, demonstrating that additional floral resources can augment populations of pollinating insects (Wood et al., 2015). However, more research is required to determine whether added floral resources translate to population-level benefits for flower visitors in our study system, or whether the coriander and mint flowers merely attract pollinators away from other areas, resulting in no net growth in insect populations in the local area 
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(Scheper et al., 2015; Williams et al., 2015)
.
5. Conclusions
In light of recent declines in wild pollinators and a growing need for viable alternatives to chemical pesticides (Bommarco et al., 2013), planting floral resources within crops has the potential to enhance numbers of beneficial insects that pollinate crops and prey on pest species. Our research has found that intercropping coriander within strawberry rows increases oviposition rates by aphidophagous lacewings four-fold. Proportions of marketable fruit were not affected by the additional of sown flower species, but benefits to pollinator assemblages, and by extension pollination services, were not seen in the single season in which observations were made. Further work spanning multiple growing seasons is required to confirm these benefits for strawberry growers.
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Figure 1. Counts of open strawberry flowers during each survey round when sown species were also in flower. Points represent mean counts ± SE per plot. Dates indicated on the x axis show the midpoint of each survey round. Flowering periods of the three sown flower species are represented by bars below the line graph.
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Figure 2. Mean + SE flower visitor counts, weighted by counts of open strawberry flowers per plot by treatment for the three sown flower species. Only flower visitors observed during the flowering period of the sown species are included in each graph: A) coriander (27 May – 25 July); B) field forget-me-not (28 June – 25 July); C) field mint (13 July – 29 August).
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Figure 3. Proportion of marketable fruit, fertilised strawberry seeds per fruit half and berry weight by treatment. Points and error bars represent least-square means ± SE. Coriander, forget-me-not and control berries were collected on 27–28 July. Mint and control berries were collected on 1 September. Where present, significant differences (α = 0.05; Tukey-adjusted comparisons) are labelled with different letters.
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Figure 4. Fruit shape category frequency distributions by treatment (1 = highly symmetrical fruit with no malformations; 2 = slightly asymmetrical fruit with minimal malformations; 3 = fruit with clear asymmetry and/or some malformations; 4 = fruit with major malformations). Fruit that fell into category 3 or 4 were deemed unmarketable. The top graph shows fruit totals per shape category for all strawberries collected on 27 – 28 July, while the lower chart displays all berries collected on 1 September.
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Figure 5. Brix, percent dry weight and fruit diameter by treatment. Points represent least-square means ± standard error. Means sharing the same letter do not differ significantly (α = 0.05; Tukey-adjusted comparisons). Coriander, forget-me-not and control berries were collected on 27 – 28 July. Mint and control berries (again) were collected on 1 September. Where present, significant differences (α = 0.05; Tukey-adjusted comparisons) are labelled with different lowercase letters.
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Figure 6. Box plots of aphid counts in the coriander, forget-me-not, mint and control treatments over the entire sampling period (13 May – 23 August). There were no significant differences between treatments.
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Figure 7. Box plots of aphid natural enemy counts per plot by treatment over the entire sampling period (13 May – 23 August). Where present, significant differences between treatments (α = 0.05; Tukey-adjusted comparisons) are labelled with different letters.

Table 1.

Comparisons of insect flower visitor abundance, FG richness and inverse Simpson’s diversity (1/D). “Cor” = “Coriander”, “Ctrl” = “Control”, “strawb” = “strawberry”, “Fmn” = “Field Forget-me-not”, “Mint” = “Field Mint”. Significant differences are in bold with the degree of significance: *P < 0.05, **P < 0.01, ***P < 0.001 (Tukey-adjusted comparisons). Where the interaction between survey round and treatment was significant, a letter was used in place of asterisks: X) all flower visitors in coriander plots more abundant than in controls at peak coriander flowering; Y) all flower visitors more abundant in mint plots than controls - both survey rounds; and Z) strawberry flower visitor FG diversity higher in control plots than mint in the second survey.

	Analysis
	Abundance
	FG Richness
	FG Diversity

	Coriander vs. control (all visitors)
	Cor > Ctrl1X
	Cor > Ctrl1***
	Cor > Ctrl1***

	Coriander vs. control (strawb visitors only)
	Cor < Ctrl1***
	Cor < Ctrl1*
	Cor < Ctrl1***

	Forget-me-not vs. control (all visitors)
	Fmn = Ctrl2
	Fmn = Ctrl2
	Fmn = Ctrl2

	Forget-me-not vs. control (strawb visitors only)
	Fmn = Ctrl2
	Fmn = Ctrl2
	Fmn < Ctrl2*

	Mint vs. control (all visitors)
	Mint > Ctrl3Y
	Mint > Ctrl3*
	Mint = Ctrl3

	Mint vs. control (strawb visitors only)
	Mint < Ctrl3**
	Mint = Ctrl3
	Mint < Ctrl3Z
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