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ABSTRACT

1. Declines in pollinating invertebrates across intensively-cultivated landscapes linked to
reductions in flower-rich habitats constitute a key threat to biodiversity conservation and the
provision of ecosystem services. Over recent decades, many ponds in agricultural landscapes
have become overgrown with woody vegetation, resulting in heavily-shaded, flower-poor
pond basins and margins. Restoration of farmland ponds through removal of sediment and
encroaching woody vegetation (canopy management) from pond margins greatly enhances
freshwater biodiversity. However, the consequences of pond management for pond-margin
plants and pollinating insects remains poorly understood. Here, we studied these effects for
ponds in Norfolk, eastern England.

2. We compared richness, abundance, and composition of pollinating insects (hymenopterans
and syrphids) and insect-pollinated plant communities between open-canopy pond systems
subjected to either (i) long-term regular management of woody vegetation or (ii) recent
restoration by woody vegetation and sediment removal with those communities at (iii) ponds
dominated by woody vegetation.

3. Canopy management increased the richness and abundance of pollinators and insect-
pollinated plants. Pollinator richness and abundance was best explained by improvements in
flower resources at open-canopy ponds. Management most strongly influenced hymenopteran

communities.
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4. Ponds represent important semi-natural habitats for insect-pollinated plant and pollinator
communities in farmland. To enhance food resources, diversity, and abundance of diurnal
pollinators, conservation management at ponds should aim for mosaics of ponds at different
successional stages with a high proportion of early-successional open-canopy ponds.
Agricultural ponds are emerging as important habitats not only for aquatic biodiversity, but
also for terrestrial species, thus warranting their prioritisation in future agri-environment

schemes.

Keywords: biodiversity conservation, farmland ponds, habitat heterogeneity, pollinator community,

pollinator diversity, semi-natural habitats.

1. INTRODUCTION

In recent decades, agricultural industrialisation has focused strongly on increased crop yields,
resulting in largely homogenised agricultural landscapes. Agricultural landscapes have thus
been progressively transformed into ‘ecological deserts’, with associated major declines in
farmland biodiversity (Carvell et al., 2006; Conrad et al., 2006; Carré et al., 2009; Ollerton et
al., 2014). These declines include key diurnal pollinator groups such as bees and hoverflies
(Steffan-Dewenter et al., 2002; Goulson et al., 2005; Biesmeijer et al., 2006; Popov et al.,
2017), with reductions in habitat quality and losses of nectar- and pollen-providing plant
species key drivers of observed declines (Goulson et al., 2005; Carvell et al., 2006; Pywell et
al., 2006; Botham et al., 2015; Wood et al., 2015a). With agricultural intensification, plant
species richness has declined not only in agricultural fields, but also in increasingly
fragmented adjacent semi-natural habitats (Steffan-Dewenter ef al., 2002; Pywell et al., 2005;
Clough et al., 2014). Pollinator communities generally benefit from improved habitat
heterogeneity, as provided by variations in habitat-types and microhabitats within the wider

landscape, because such heterogeneity increases ecological niche space that promotes plant
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diversity (Harrison ef al., 2018; Hall et al., 2019). Improvements in habitat heterogeneity
therefore benefit a range of pollinating insect groups chiefly due to enhancements of their
adult (Steffan-Dewenter et al., 2002; Pywell et al., 2006) or larval (Meyer et al., 2009) food
supplies or nesting requirements (Ekroos et al., 2013; Fabian et al., 2013). Research in
temperate zones has indicated that semi-natural habitat (i.e. hedgerows, grasslands and
woodland fragments) enhancement through restoration or careful management increases
flowering plant diversity and associated resources (Ekroos ef al., 2008; Cole et al., 2017,
Lucas et al., 2017; Kremen et al., 2018; Paterson et al., 2019). These habitats have
consequently been a major focus of pollinator conservation initiatives (Pollinator Health Task
Force, 2015; Underwood et al., 2017). However, one type of semi-natural habitat still
ubiquitous in many temperate agricultural landscapes has been largely overlooked in this

context; namely farmland ponds and their associated margins.

Within a wider landscape context, freshwater ecosystems are recognised as important habitat
components that provide key resources for a wide range of aquatic and semi-aquatic taxa
(Williams ef al., 2004; Dudgeon et al., 2006; Davies ef al., 2008). Ponds in particular are
known to provide suitable environmental conditions for a broad variety of these species, with
high inter-pond environmental heterogeneity known to elevate species diversity in
pondscapes (Biggs et al., 1994, 2005; Ruggiero et al., 2008; Hassall et al., 2011; Vad et al.,
2017). Farmland ponds, however, are more than just aquatic ecosystems. These small habitats
are embedded within agro-ecosystems in field-edge or centre-field positions — dependent on
their various former and current uses, for example as livestock watering holes or for clay and
marl extraction (Boothby & Hull, 1997; Upex, 2004). Such ponds commonly include a
margin characterised by a complex topography that routinely represent aquatic — terrestrial

and semi-natural — arable crop ecotones. Pond margins are furthermore characterised by steep
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soil moisture gradients, promoting the development of diverse marginal vegetation that often
forms an important potential food source for pollinators. Despite their great potential benefits
to wildlife, farmland ponds have experienced steep declines over recent decades in both
numbers and biological quality (Beja & Alcazar, 2003; Wood et al., 2003; Angélibert et al.,

2004; Declerck et al., 2006; Williams et al., 2010; Sayer et al., 2012).

Research of UK farmland ponds shows that terrestrialisation of ponds results in a sharp
decrease in pond biodiversity at the landscape scale (Sayer et al., 2012, 2013).
Terrestrialisation, or overgrowing, is a natural process whereby ponds succeed from an open
state with abundant aquatic macrophytes to often macrophyte-free water bodies shaded by
dense, encroaching woody vegetation rapidly establishing on pond margins. Overgrowth, in
turn, promotes pond infilling through increased detrital inputs. Farmland ponds in UK
lowlands are now widely overgrown due to a cessation of management activities since the
1960s-1970s (Sayer et al., 2013). Management cessation is believed to have occurred as
ponds were increasingly regarded as non-beneficial components of modern agricultural
landscapes when many farms were converted to arable dominance (Prince, 1962) and ponds
were no longer needed for livestock. Encouragingly, both restoring late-successional
agricultural ponds to an early successional state through removal of accumulated pond
sediment and large areas of woody vegetation and long-term canopy management to open up
ponds to sunlight and prevent major terrestrialisation increase the richness and abundance of
a wide variety of aquatic species (Sayer ef al., 2012, 2013), as well as benefiting local
farmland bird communities (Davies et al., 2016; Lewis-Phillips et al., 2019). Much less is
known, however, regarding the impacts of pond management and restoration on terrestrial

invertebrate communities, including insect pollinators, which may occupy pond margins.
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Stewart et al. (2017) showed that the presence of farmland ponds next to cropland
significantly improved bumblebee and hoverfly abundance and crop-set of strawberries,
suggesting that ponds may be of importance for insect pollinators resulting in pollination
services. This study did not, however, provide insights into overall pollinator richness at
ponds, or the potential impacts of pond restoration and management on pollinator
assemblages. With many ponds within pond-rich agricultural landscapes having been left in a
state of ‘benign neglect’ that has resulted in decreased plant diversity (Boothby & Hull, 1997;
Hassall et al., 2012; Sayer et al., 2012), conservation strategies encouraging canopy
management at ponds to improve aquatic and avian communities (Sayer et al., 2012, 2013;
Davies et al., 2016; Lewis-Phillips ez al., 2019) may also have beneficial effects for
pollinator communities. Management-related disturbance activities have previously reported
such benefits within other semi-natural habitats (Gardiner & Vaughan, 2008; Lucas ef al.,
2017; Paterson et al., 2019), with these activities providing additional habitat for pollinator
communities. Consequently, open-canopy and overgrown farmland ponds need urgent
research to establish their role as habitats for pollinating insects to better inform farmland

conservation practices and policy.

In this study, we aim to establish the role of small agricultural ponds in general, and of
canopy management at these ponds in particular, in enhancing pollinating insect assemblages
of agricultural landscapes. We test the hypothesis that open pond margins benefit a greater
diversity and abundance of classically-studied hymenopteran (social bees, solitary bees, and
wasps) and syrphid (hoverflies) pollinator communities when compared to overgrown pond
margins, hypothesizing that open ponds support a richer, more abundant flowering plant
community than highly shaded overgrown ponds. We furthermore hypothesize that on-going

management of encroaching woody vegetation at pond margins leads to the establishment of



128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

Insect Conservation and Diversity Page 6 of 59

distinct pollinator assemblages representing species with a wide array of habitat and flower
feeding preferences, in comparison to assemblages encountered at either formerly overgrown,

recently restored ponds, or highly overgrown ponds.

2. METHODS

The study focuses on nine farmland ponds in Norfolk, eastern England, occurring on the edge
or in the centre of intensively managed arable fields (with wheat, sugar beet, and beans
being commonly grown crops) in a predominantly agricultural landscape also containing
fragmented woodland, hedgerows, and pasture. The ponds represented three distinct
treatments: i) heavily shaded overgrown ponds that have not been managed for several
decades (n = 3), ii) formerly overgrown ponds that underwent ‘restoration’ in 2011 or 2014
consisting of major scrub and sediment removal (n= 3) resulting in open-canopy,
macrophyte-dominated ponds (Sayer, unpublished data) surrounded by a herbaceous plant-
dominated margin with some remnant woody vegetation, and iii) long-term managed ponds
that have been maintained in an open, macrophyte-dominated state for several decades due to
periodic, light-to-moderate management of woody vegetation and emergent aquatic plants, as
well as occasional sediment removal (n = 3). All observed plant communities arose from
natural dispersal and local seedbanks. Assemblages of insect-pollinated plants and pollinating
invertebrates at the nine ponds were surveyed once-monthly during the growing seasons

(March-October) of 2016 and 2017 with a total of 12 survey intervals per pond.

2.1 Study Area
All study ponds were located in North Norfolk. In this region, chalk bedrock is overlain by
glacial deposits of sand, silt, gravel, and marl. The region contains a large number of

farmland ponds arising from marl extraction activities especially during the 18" and 19t
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centuries (Prince, 1964; Sayer et al., 2013). The study ponds are distributed across two areas:
Bodham-Baconsthorpe and Briston (Figure 1). The Briston ponds were situated at Manor
Farm that harbours some 40 ponds subject to regular woody vegetation and occasional
sediment management over the last 40-50 years, resulting in a mosaic of ponds at different
successional stages (Sayer et al., 2012, 2013; Lewis-Phillips ef al., 2019). All three long-term
managed ponds used for this study were open, early successional ponds (Figure 2a). The
three formerly overgrown, recently restored farmland ponds and the three unmanaged,
overgrown ponds were located in similar intensively-managed farmland settings in the
villages of Bodham and Baconsthorpe, some 14 km to the northeast of Manor Farm (Figure
2b-c). Despite differences in pond location that may introduce spatial correlations in the data,
we were limited by the availability of ponds subjected to long-term management, a rare
scenario at present. Care was taken, however, to select ponds that were located in near-
identical landscape matrices in terms of environmental conditions and similar intensities of
surrounding cultivation practices. This increased our confidence that reported trends could
capably depict the major trends in plant and pollinator assemblages, allowing a direct
evaluation of the impact of pond management, restoration and terrestrialisation on these

communities.

There was a mean distance of 1.5 km between the ponds in Bodham-Baconsthorpe and a
mean distance of 1.6 km between the ponds in Briston. While social bee foraging ranges
regularly exceed these distances (Knight et al., 2005; Osborne et al., 2008), solitary bees,
wasps, and hoverflies are known to have forage ranges of less than 1 km (Gathmann &
Tscharntke, 2002; Kleijn & van Langevelde, 2006). This indicates that differences in richness

and abundance between ponds can be credibly attributed to management category.
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All ponds in this study were small (< 475 m?; range: 121-455 m?) and shallow (< 1.3 m
depth). Each pond was surrounded by non-cropped margins composed of rough grassland,
hedgerow shrubs (dominated by Crataegus monogyna Jacq. or Prunus spinosa L.) and trees
(shrubs and trees dominated the overgrown ponds) with widths of between 5 and 17.2 m
(mean: 8.7 m), resulting in a total mean footprint area of 2694 m? + 464 m? (Lewis-Phillips et
al., 2019). Other pond characteristics that could have potential impacts on flowering plant
and pollinator communities, including water area (open water area and total water area), area
covered by trees or shrubs, area covered by bramble (Rubus spp.), and margin area within the
total pond footprint were calculated and determined by Lewis-Phillips ef al. (2019) using
aerial photographs obtained during summer 2017. Surveying was undertaken from the

shallow pond edges to the beginning of surrounding cropland or hedgerow habitats.

2.2 Flowering plant surveys

Since pollinator richness and activity is strongly linked to the presence of insect-pollinated
plant communities in a landscape (Biesmeijer et al., 2006; Popov et al., 2017), the abundance
of all plants in flower that were potential nectar- or pollen-resources for adult pollinating
insects (including terrestrial, semi-aquatic, and aquatic plant species) was recorded during
each monthly pond visit with the aid of Rose (2006). Flower abundance for each plant
species during each monthly survey was estimated on the DAFOR scale based on relative
abundance estimates for the combined pond and pond margin (Bullock, 2006; Sayer et al.,
2012). Plant communities at each pond were surveyed during the first week of each survey
month during both 2016 and 2017. As the DAFOR scale is categorical, the maximum value
reached by each plant species over the 12 surveys was used to rank the species at the end of
the study. DAFOR scores were converted into percentages for each species found at an

individual pond following Sutherland (1996) (no observation: 0%, rare: 1%; occasional:
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11%; frequent: 26%; abundant: 51%; dominant: 75%). To standardise the data for wild
flower coverage at each pond, the percentages of all plant species were used to calculate
mean coverage for the pond. Plants were subsequently categorised based on life form and soil
moisture tolerance (Rose, 2006) into 5 categories: aquatic, wetland emergent, herbaceous

damp arable weeds, herbaceous arable weeds and woody vegetation.

2.3 Pollinator surveys

Insect pollinator surveys were undertaken on the same day as the plant surveys. We focused
on taxa considered to represent economically important pollinators of both herbaceous and
woody plants in agricultural landscapes, where they provide crucial ecosystem services
(Klein et al., 2007; Rader et al., 2011, 2016). These included social bees (family Apidae,
subfamily Apinae), solitary bees (families Andrenidae, Apidae, Colletidae, Halictidae, and
Megachilidae), flower-visiting wasps (families Chrysididae, Crabronidae, Cynipidae,
Eurytomidae, Ichneumonidae, Sapygidae, Sphecidae, and Vespidae) and hoverflies (family
Syrphidae). Three methods were used to survey pollinator communities through an entire day
during each monthly visit to obtain a standardised, comprehensive overview of the target
assemblages: pan trap sampling, time-lapse photography, and visual observation.
Environmental conditions during surveys were standardised by restricting allowable ambient
air temperature (> 8°C) and wind speeds (< 25 km/h). Surveys were undertaken regardless
of the presence of any precipitation during each respective day. While the
environmental conditions (especially the temperature range) set for this study therefore
departs from those more commonly used (see Pollard & Yates, 1993; Wood et al.,
2015b), this allowed us to effectively sample all ponds throughout the entire study

period (March-October), therefore accounting also for species active in cooler spring
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and late autumn months (Corbet ef al., 1993; Stubbs & Falk, 2002; Falk, 2015) that

might otherwise have been discounted from the analysis.

Pan trap-based surveys are considered a good method for recording hoverfly and some bee
species and represent a common approach to surveying daytime insect assemblages
(Moericke, 1951; Leong & Thorp, 1999; Gollan et al., 2011; Vrdoljak & Samways, 2012). In
this study, standard-coloured white, yellow, and blue 355 mL plastic bowls (PMS® and
Tesco® brands) were used for the pan traps, since these colours have wavelength
associations with flowers preferred by bees and hoverflies (Cane et al., 2000; Vrdoljak &
Samways, 2012). Bowls were not painted with fluorescent paint as catches of hymenopterans
are not significantly altered by such paint and flies have been shown to be caught more
frequently in pan traps without fluorescent paint (Shrestha et al., 2019). At each pond, two
trays capable of holding four pan traps were separately set near differing flower resources.
Pan trap trays were adjusted to a height corresponding to the flowering plant patch they were
placed in, since hoverfly and some bee species have been observed to forage within a narrow
flower-height range (Gollan et al., 2011). Bowl colours were chosen based on the dominant
colours of the respective flowering patch they were placed in, but all three colours were
present in each tray during each survey. In addition, each flower patch was chosen to have
different dominant colours to further reduce chances for bias due to consistent use of a single
bowl colour over others. Bowls were filled with a 5% saline solution mixed with a small
amount of liquid detergent to break surface tension (Moericke, 1951). The pan trap sets were
left throughout a single day between 07:30 and 18:00 (Supplementary Information Figure
S1), a time interval representing the major active period for diurnal pollinators (Campbell et
al., 2014). Specimens were collected at the end of the day and dried for subsequent

identification.
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Time-lapse photography was used at all ponds during each survey. This approach can be a
valuable way of surveying pollinating insect populations when used in conjunction with other
methods (Edwards ef al., 2015; Georgian ef al., 2015), as direct flower-visiting observations
can be made during the entire surveying event. Two Timelapse Cam 8.0 camera systems (©
EBSCO Industries, Inc., Birmingham, AL) were placed within the pond margin and aimed at
randomly-chosen patches of flowers not already occupied by pan traps. Cameras were set no
more than 50 cm from flower patches to ease identification, with an average of 75 cm of
viewing width and multiple flowers in view. The cameras were programmed to take
photographs at 30 second intervals from 07:30 to 18:00 to target major activity periods for
diurnal pollinators (Campbell ef al., 2014). This approach conserved battery power but
captured as many flower visits as possible. All images were visually assessed for the presence
of target pollinator taxa, with only insect visitors that could be clearly identified to genus or

species level based on morphological features included in the analysis.

Pan trapping and time-lapse photography are important tools for surveying pollinators, but
limitations exist in their ability to detect abundances of some target groups, specifically
bumblebee species (Wood et al., 2015b; Carvell ef al., 2016), and observations may be
influenced by floral abundance (Baum & Wallen, 2011). These limitations were surmounted
by including a standardised visual observation period to document pollinator presence and
activity at each pond. All insect-pollinated plants in the pond and its margin, including tree
and shrub species, were intensively observed for thirty minutes during each monthly survey,
with any sighting of hymenopterans or hoverflies with clearly identifiable morphological
features recorded to the lowest taxonomic level possible, as well as activity mode (flying,

foraging on flower, resting, nesting activity). Any specimens that proved difficult to identify
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directly in the field were photographed for further analysis before inclusion in the sampling
data. Observational surveys occurred concurrently with pan trap and time-lapse surveys at
each pond. Due to the small size of the habitat patches, instead of setting up transects, visual
observation was undertaken by the same observer slowly circumnavigating each pond and its
margin. One complete circumnavigation was completed for each pond during all visual
surveys, and all micro-habitat patches encountered were observed to reduce observer bias.
Although there are potential issues with overcounting, this was not seen to be problematic as

pan trapping and time-lapse surveys likely undercounted the number of individuals observed.

For every survey technique, all specimens observed were identified to the lowest taxonomic
level possible. Bee species were identified using Owens & Richmond (2012) and Falk
(2015). Wasps were identified using Archer (2014) and Yeo & Corbet (2015). Hoverfly
species were identified using Stubbs & Falk (2002). Off-site identification of all pollinator

species was additionally assisted by use of NatureSpot (2018).

2.4 Statistical analysis

Clear seasonal trends were observed in plant flowering patterns and in the appearance of
pollinators. However, as our aim was to investigate the impact of canopy management at
ponds on overall flowering plant and pollinator assemblages, seasonal patterns remain
outside the scope of this study. In addition, the small sample sizes for pollinators during some
sample months render such an analysis less robust. For this study, the total number of
pollinating invertebrate species and individuals within hymenopteran and hoverfly groups
were therefore pooled for each pond using the three survey methods to determine the impact

of pond management on community richness and abundance.
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Insect-pollinated plant richness was determined as the number of insect-pollinated flowering
plant species observed by the end of all survey intervals at each pond. The alpha-diversity of
each pollinator group was assessed using the bias-corrected form of the species diversity
estimator Chaol, with rarefaction curves used to account for differences in sample sizes by
combining all samples collected for the ponds within each management category. Differences
in richness and abundance between ponds representing the 3 different management categories
were calculated using Bonferroni-corrected pairwise t-tests (Rice, 1989; Cabin & Mitchell,

2000; Gotelli & Ellison, 2004).

To determine the specific effects of landscape factors on pollinator richness and abundance,
generalised linear mixed-effect models (GLMM) were used after the data were subjected to
an overdispersion test to determine the necessary distribution model. Plant and pollinator sub-
group (Apinae, non-Apinae hymenopterans, all hymenopterans, syrphids, and all
communities combined) richness and abundance data were found to be overdispersed,
therefore a GLMM with quasipoisson distribution setting (Bolker ef al., 2009) was run.
Models for insect pollinated-plant communities included monthly richness data as response
variable, pond management category as a fixed factor, year (2016 or 2017) and pond name as
random effects, and bramble area, tree coverage, and waterline perimeter as explanatory
variables. GLMMs for pollinator sub-groups were calculated using monthly estimated species
richness or abundance data as response variables, pond management category as a fixed
factor, and year (2016 or 2017) and pond name as random effects. Bramble area, monthly
insect-pollinated plant species richness and mean wild flower coverage area were used as
explanatory variables. Margin area was included as an offset in the models to account for
differences in habitat area surveyed. Models were checked for collinearity to determine if

highly linear relationships existed between any of the explanatory variables, after which a
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model average was calculated for all models with Akaike’s information criterion (AICc) <2
to report conditional averages of the best predictive models (Burnham & Anderson, 2002;

Grueber ef al., 2011).

Principal Components Analysis (PCA) performed on overall abundance data was used to
determine plant and pollinator community responses (using the maximum DAFOR ranking
for each plant species and the total number of individual pollinator specimens at each pond)
to the different pond management regimes, with management category used as a passive
variable (Gotelli & Ellison, 2004; Zuur ef al., 2007). Using PCA instead of Correspondence
Analysis allowed greater stress to be placed on abundant taxa most likely representing the
dominant species occupying a specific pond category (Gotelli & Ellison, 2004). Euclidean
distance was used to display dissimilarity (Elmore & Richman, 2001) between individual
pond sites affording a general overview of species turnover across the ponds, but without a

full beta-diversity analysis.

All numerical analyses were undertaken using R (Version 3.5.1 GUI El Capitan build, ©
2016) and the vegan (Oksanen et al., 2018), INEXT (Hsieh et al., 2018), and Ime4 packages

(Bates et al., 2015). PCAs were performed in Canoco 5 (Braak & Smilauer, 2012).

3. RESULTS

3.1 Insect-pollinated plant communities

A total of 88 species of zoophilic flowering plants were observed during the two growing
seasons across all ponds. Of these, long-term managed ponds harboured the greatest species
richness (mean = 49, SD = 8.08, Figure 3, Supplementary Information Table S1a, Table S2),

being significantly richer than overgrown ponds (mean = 33, SD =3.51,d.f. =2,t=-3.03, P



Page 15 of 59

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

Insect Conservation and Diversity

=0.02). Recently restored ponds had an observed mean species richness of 44 flowering
plants (SD = 3), and hence occupied an intermediate position between the long-term managed
and overgrown ponds. Overall abundance data indicated that individual insect-pollinated
plant species flowering within the pond margins were often more abundant at long-term
managed, followed by recently restored ponds, when compared to overgrown ponds
(Supplementary Information Table S1a, Figure 3). Results from GLMM model averaging
similarly indicated that pond management was a significant predictor of flowering plant
richness, with management-type ‘overgrown’ having a negative effect on plant richness

(Table 1). No other factor or explanatory variable had a significant link with plant richness.

According to the PCA, all long-term managed and two recently restored ponds were
characterised by strong associations with a specific, diverse assemblage of flowers available
to pollinators. This assemblage included aquatic (e.g. Alisma plantago-aquatica L..) and
emergent wetland (e.g. Mentha aquatica L., Epilobium hirsutum L.) plants, herbaceous damp
arable (e.g. Ranunculus repens L.), and herbaceous arable weed species (e.g. Hypericum
perforatum L., Heracleum sphondylium L.; Supplementary Information Table S3, Figure S2).
In general, overgrown ponds had strong associations with shrubs such as P. spinosa and some
herbaceous arable weeds like Hieracium agg. or Taraxacum agg., indicative of the reduced
diversity of “within habitat™ characteristics reflecting the occurrence of a widely homogenous

community of insect-pollinated plants.

3.2 Pollinator communities
3.2.1 Hymenopterans
A total of 3,645 individual pollinating insects were recorded from a combination of all

methods. These were divided into 2,362 hymenopterans (bee, bumblebee and wasp) and
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1,284 syrphid (hoverfly) specimens. Of the 2,362 hymenopterans, 1,819 individuals belonged
to 12 species within the subfamily Apinae, including Apis mellifera (L.) (honey bee), and 11
Bombus species. Remaining hymenopteran specimens accounted for a further 60 species,
representing chiefly solitary bees and wasps (Supplementary Information Table S1b). The
hoverfly community consisted of 61 species (Supplementary Information Table S1c). A
summary of how many specimens were collected by each survey method and within each

categorical group is provided in the Supplementary Information (Tables S4 & S5).

Apinae species richness was similar across the pond categories (Table 2, Figure Sa,
Supplementary Information Table S2). The richness of non-Apinae hymenopterans (i.e.
excluding those from the subfamily Apinae) was, however, significantly higher (d.f. =2, t=-
243.64, P = 0.003) at recently restored ponds in comparison to overgrown ponds, with long-
term managed ponds also showing a significantly higher richness than overgrown ponds (d.f.
=2,t=-3.11, P=0.03). Estimated species richness of all hymenopterans at recently restored
ponds was significantly higher than at the overgrown ponds (d.f. =2, t=-16.89, P = 0.002),
as was hymenopteran richness at long-term managed ponds in comparison to overgrown
ponds, although this pattern was less pronounced (d.f. =2, t =-3.62, P = 0.03). Mean Apinae
abundances were highest at long-term managed ponds, followed by recently restored and
overgrown ponds (Table 2, Supplementary Information Figure S3). Similarly, mean
abundance in non-Apinae hymenopterans was highest at long-term managed ponds, with
recently restored ponds showing an intermediate mean abundance between long-term

managed and overgrown ponds (Table 2, Supplementary Information Figure S3).

Corresponding to these results, rarefaction curves (Figure 5b) for all hymenopteran subgroup

showed that recently restored ponds were generally characterised by a greater overall species
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richness compared with long-term managed and overgrown ponds. Extrapolation of the
curves indicated that recently restored ponds had the greatest species richness for all
hymenopteran subgroups, followed by long-term managed ponds. No significant differences
in abundances within Apinae, non-Apinae, or total hymenopteran communities were detected
between management categories (Supplementary Information Figure S3). This reflects the
high variability in pollinator observations at each individual pond within the management

categories.

The GLMM model averaging (Tables 3 & 4) revealed flowering plant community richness to
be a significant positive predictor of both richness and abundance of Apinae communities.
The area covered by wild flowers in contrast was significantly negatively linked with Apinae
richness. Abundance and richness of non-Apinae hymenopterans and total hymenopterans
was significantly positively linked to flowering plant richness (Table 4). Management was
not included as a significant parameter in the models with AICc <2 for either richness or

abundance of the hymenopteran community.

The PCA for all hymenopteran species based on overall abundance data (Figure 6a) indicated
diverse and abundant assemblages at long-term managed and recently restored ponds, with
some similarities in species composition between these two categories when compared to
assemblages at the overgrown ponds. Hymenopteran communities positively associated with
terrestrialised ponds consisted of a small selection of species representing ichneumonid
wasps, sand wasps, sweat bees, and some members of the Apinae, chiefly Bombus hypnorum
Linnaeus 1758 and B. rupestris Fabricius 1793. By contrast, most mining bee species
(Andrena spp.), several vespid wasp species, 4. mellifera, Bombus hortorum Linnaeus 1761,

B. lapidarius Linnaeus 1758, B. lucorum Linnaeus 1761, B. pascuorum Scopoli 1763, B.
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sylvestris Le Peletier 1832, and B. terrestris Linnaeus 1758 were more strongly associated

with long-term managed and recently restored ponds based on their abundance.

3.2.2 Syrphid and total pollinator communities

Species richness in syrphids showed a different pattern to hymenopterans, with overgrown
ponds having the highest estimated species richness (Table 2, Supplementary Information
Table S2), followed by recently restored ponds. Long-term managed ponds had the lowest
estimated species richness of syrphids. Rarefaction curves for Syrphidae nonetheless
indicated that species richness was similar across all pond categories (Figure 5b). The
abundance of hoverflies was highest at recently restored ponds (Table 2), followed by long-
term managed and overgrown ponds (Supplementary Information Figure S3). Flowering
plant richness was a strong predictor of syrphid richness and abundance (Table 3 & 4),
showing positive effects on both parameters. Management was again not included as a
significant predictor of syrphid richness or abundance in models within the set confidence

limits.

While no significant differences were found for either Syrphidae richness or abundance
between the three pond management categories, the richness for the combined Hymenoptera
and Syrphidae communities (Supplementary Information Table S2) was significantly greater
at recently restored ponds than at either long-term managed ponds (d.f. =2,t=4.27, P =
0.04) or overgrown ponds (d.f. =2, t=-10.00, P = 0.01). Rarefaction curves for the
combined pollinator community also indicated that recently restored ponds had the highest
species richness, although this result was tempered by a high degree of overlap in the

rarefaction curves. Model averaging results from GLMMSs indicated that flowering plant
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richness again was the only significant predictor of richness and abundance of total pollinator

communities (Table 3 & 4), with positive effects shown in the model.

Hoverfly assemblage structure (Figure 6b) showed some similarity between 2 of the 3 ponds
within each of the categories, but one long-term managed pond (WADD17) and one recently
restored pond (BECK) were strongly dissimilar from others in their respective categories.
Several hoverfly species were positively associated with long-term managed and recently
restored ponds due to higher abundances of individual species at these pond categories. It was
also clear, however, that many hoverfly species were not associated with any specific

management category, thus clouding any discernible trends.

4. DISCUSSION

Our study provides an important first insight into the influence of pond management and
restoration on populations of bees, wasps, and hoverflies providing key pollination services
in agricultural landscapes. To date, little consideration has been given to ponds and their
margins as farmland conservation features for pollinators. While some interpretive caution is
needed given the range of survey methods employed, as well as potential spatial effects at
each studied pond, this study reveals a highly species-rich insect-pollinated plant community
at open-canopy ponds. Moreover, the data indicate that this diverse vegetation is closely
associated with diverse and abundant communities of bees, wasps and hoverflies that utilise
the pond margins and ponds themselves. Comparisons of our results with existing literature
indicate that, within comparable agricultural landscapes, small farmland ponds and their
margins may sustain levels of richness of pollinator species that are similar to the diversity
found in other, generally more extensive semi-natural habitats such as grassland (Meyer et
al., 2009; Lucas et al., 2017) or hedgerows (Wood et al., 2015a). As such, the prevalence of

ponds in many European agricultural landscapes may make them uniquely suited to achieve
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landscape-scale goals of biodiversity conservation and enhancement of pollination ecosystem
services. Directly comparative research of ponds and other semi-natural habitats is, however,

urgently needed to further test this inference.

Although our results are in line with the hypothesis that open-canopy ponds generated by
recent pond restorations or long-term canopy management attract more abundant and
speciose pollinator communities than overgrown ponds, the combination of multiple survey
methods and spatial clustering of study sites arguably limits the robustness of this outcome.
The observed similarity in species richness of hoverfly communities across all pond types in
this context may be indicative of hoverfly communities in the agro-ecosystem being
dominated by generalist species (Stubbs & Falk, 2002; Schweiger et al., 2007) that do not
respond strongly to differences in habitat structure between open-canopy and overgrown
ponds. It is furthermore clear from this research that, whilst long-term managed and recently
restored ponds have somewhat similar overall pollinator communities, recently restored
ponds harbour a more species-rich pollinator community in relation to non-Apinae
hymenopterans when compared with long-term managed and overgrown ponds. Nonetheless,
due to considerable variability in richness across ponds within each management category, a

larger sample size is required to further examine the robustness of this observation.

4.1 Drivers of pollinator richness and abundance

Our results for ponds corroborate previous findings within intensive agricultural landscapes
in other temperate zones that indicate the richness and abundance of hymenopteran and
hoverfly communities can be directly linked to the richness of flowering plant
communities (Blaauw & Isaacs, 2014; Cole et al., 2017). Forage resources are generally

regarded as a key driver of pollinator activity and richness (Potts et al., 2003; Pywell ef al.,
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2005; Carvell et al., 2006; Jonsson et al., 2015; Lucas et al., 2017). Hence, as corroborated
by our models, the significant improvement in diverse floral nectar and pollen resources at
recently restored and long-term managed ponds is likely the key correlating link that explains
elevated pollinator diversity and abundance. A probable major factor underlying this
observation is the removal of extensive shading from pond margins at recently restored sites
or long-term managed ponds, as well as the resulting richer plant communities, potentially
increasing the stability of forage resources throughout the growing season. Such actions
allow diverse flowering plant communities to develop along the pond margin soil moisture
gradient, and in particular extensive beds of plants known to be important to pollinators such
as M. aquatica, Lycopus europaeus L., Cirsium arvense (L.) Scop., and Rubus fruticosus agg.
(Walton et al., 2020). The negative effect of wild flower coverage area on Apinae species, as
demonstrated by GLMM model averaging, could be a result of these species being highly
selective in the plant species they target (Seeley ef al., 1991; Cnaani et al., 2006; Ruedenauer
et al.,2016). As the most prolific sources of nectar and pollen are commonly chosen by their
colonies, as shown by their elaborate dancing and communicating pheromones (von Frisch,
1967; Dornhaus & Chittka, 2001), the overall area of general food resources is likely less of
an important driver than the actual quality of resources offered in pond margins (i.e. quality

beats quantity).

Although not measured directly in this study, the effects of management and restoration
activities themselves presumably improved “within habitat” heterogeneity. Such
improvements may result in higher insect-pollinated plant richness and abundance at ponds
(Brose, 2001; Lindborg & Eriksson, 2004; Roschewitz et al., 2005), through the creation of
micro-habitats, enhanced soil moisture gradients, and increased availability of diverse nesting

resources. Moreover, open, sun-filled habitats have been shown to have greater richness and
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abundance of bee populations (Harrison et al., 2018; Hall e al., 2019). In this context, open-
canopy ponds with associated sun-exposed flowering herb-rich margins may provide
important pollinator habitats, especially where restoration and management activities do not
remove all woody vegetation, thus leaving a wide variety of microhabitats (Sayer et al.,
2013) and accommodating a variety of trees, shrubs, herbaceous perennials and annual
flowering plants. Additionally, wood debris and other detrital plant matter left within
open-canopy pond margins in conjunction with marginal plant vegetation can provide
suitable nesting habitat for many adult hymenopteran species (Roulston & Goodell,
2010; Westerfelt ef al., 2015), as well as larval resources for saprophytic hoverfly species
(Hartley, 1963; Rotheray & Lyszkowski, 2015; Rotheray, 2019), thus further contributing

to the diverse micro-habitat conditions characteristic for these ponds.

Despite PCAs indicating some general affinities of individual pollinator species for particular
pond categories, our results also suggest some distinct “within category” pond-specific
associations. Previous research has shown pond habitats to be highly heterogeneous with
regards to their aquatic plant (Brian et al., 1987; Jeffries, 1998, 2008) and invertebrate
communities (Angélibert et al., 2004; Biggs et al., 2005), and our study suggests that this
heterogeneity extends to the invertebrate assemblages inhabiting pond margins, regardless of
the presence or absence of management of encroaching woody vegetation. Inter-pond
differences within the same category, in this respect, will likely relate to factors such as pond
shape, slope, ecological history, local settings, seedbank variability, and specific management
histories. As such, the links between flowering plant richness and abundance, pollinator

communities, and pond structuring factors at individual ponds need further research.
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The presence of more abundant, and potentially rewarding food resources within their
foraging ranges (Beekman & Ratnieks, 2000; Osborne ef al., 2008), may also be linked to an
increased density of the nests of these pollinator species near open-canopy ponds due to
improved food resources (Darvill ef al., 2004; Knight et al., 2005). Indeed, this may account
for the higher observed abundances of Apinae species at open-canopy restored and managed
ponds if nesting site suitability and availability is increased (see Potts et al., 2005). Similarly,
the strong associations between open-canopy ponds and many solitary bee species can be
accounted for by their tendency to nest in sites with high flower availability (Osborne ef al.,
2008) since their forage ranges are much smaller than for ranges in most social Apinae

(Gathmann & Tscharntke, 2002; Rands & Whitney, 2011).

The heterogeneous habitat structure of restored ponds may be especially suited for a diverse
array of nesting solitary bee species as some may make use of bare soil (Darvill ef al., 2004;
Westerfelt e al., 2015) that is often exposed by restoration activities, while other species
would make use of the remaining patches of woody vegetation (Westerfelt ef al., 2015). This
deliberation is strengthened by the anecdotal observation from our data that ground-nesting
solitary bee species are more abundant at long-term managed ponds and cavity-nesting
solitary bees are more abundant at recently restored ponds. Despite nesting density and
resources not being directly measured in this study, these factors could be important drivers
for distinct hymenopteran assemblages, but this is also likely directly influenced by available
vegetation structures and suitable ground nesting media (Roulston & Goodell, 2010). Overall,
enhanced floral resources through improved habitat heterogeneity therefore remains a likely
key factor in the conservation of hymenopteran populations utilising farmland pond

environments.
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The tendency for open ponds to be favoured habitats by more abundant hoverfly communities
might be explained by a number of factors. Kleijn and van Langevelde (2006) showed that
hoverfly species do not disperse widely across the landscape when searching for food. Adult
syrphid flies instead tend to congregate in local patches with a great abundance of food
resources (Kleijn & van Langevelde, 2006; Jonsson et al., 2015; Power et al., 2016; Lucas et
al., 2017; Moquet et al., 2018). Results from our model averaging also partially align with
those from previous studies (Kleijn & van Langevelde, 2006; Power et al., 2016; Lucas et al.,
2017) where abundance of hoverfly individuals is tied specifically to flowering plant-richness
and abundance. As such, our models indicate that improved floral richness at the long-term
managed and recently restored ponds are key factors for the increased abundance of

hoverflies within those management categories.

Recent research has shown hoverfly species with semi-aquatic larvae to be commonly
associated with wet grassland and marsh habitats (Lucas et al., 2017). Despite larvae not
being specifically investigated in this study, the open-canopy ponds provided larger patches
of wet grassland and marshy habitat than overgrown ponds. This was likely due to heavy
shading of the wet pond margin at overgrown ponds that prevented this vegetation from
thriving. Hoverfly larvae of different species vary considerably in their habitat
requirements. However, many species’ larvae thrive in woody, stagnant aquatic
habitats, while adults commonly favour warm, sun-filled environments (Thompson &
Rotheray, 1998). The observed lack of clear trends in hoverfly richness related to pond
management may thus be related to the combined influences of larval and adult habitat
requirements, indicating that all types of pond management are providing suitable
larval and/or adult resources which in turn help maintain diverse hoverfly assemblages

across the agricultural landscape.
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It should be noted that, whilst long-term managed and recently restored ponds harboured a
greater diversity of pollinator species, no rare or threatened species were observed at any of
the ponds. In fact, generalist species were abundant across the ponds in all categories, with
very few flower specialist species recorded. This finding is in line with trends found more
generally within diurnal pollinator communities across the globe (Biesmeijer et al., 2006;
Ekroos et al., 2010; Burkle et al., 2013), as the less stringent dietary requirements of
generalist species make them much better placed to deal with the significant and rapid habitat
changes associated with modern agricultural practices (Goulson et al., 2005; Bliithgen &
Klein, 2011). While this points to wider issues for pollinators across agricultural landscapes,
there are still some notable, beneficial changes to species richness in pollinator communities
following pond restoration and subsequent pond margin management. For example, many of
the charismatic and economically-important Apinae species (i.e. 4. mellifera, B. hortorum, B.
lucorum, B. terrestris, etc.), as well as many mining bee (i.e. Andrena spp.) and vespid wasp
species (i.e. Dolichovespula vulgaris Scopoli 1763, Symmorphus gracilis Brullé 1832,
Vespula vulgaris Linnaeus 1758, etc.), showed positive associations with the two open-
canopy pond categories in our study (see Figure 6a, Supplementary Information Tables S1b

& S5).

4.2 Pond management and pollinator conservation

Our study has provided much-needed evidence for the importance of farmland pond habitats
in supporting diurnal pollinator communities in agricultural landscapes through the provision
of flower-rich vegetation. Three key pollinator taxa (bees, wasps, and hoverflies) are shown
to frequently visit farmland pond margins throughout the growing season, and their

community composition and abundance seems to be governed by the openness of the ponds



627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

Insect Conservation and Diversity Page 26 of 59

and their margins. Beyond this, the results have shown that restoring ponds by the removal
of encroaching woody vegetation and pond sediment, followed by periodic light-to-moderate
management of woody vegetation, rapidly improves the richness and abundance of sections
of the diurnal pollinator community. As with previous research on aquatic plant, invertebrate,
and farmland bird communities (Williams et al., 2004; Sayer et al., 2013; Davies et al., 2016;
Lewis-Phillips ef al., 2019), it is apparent that not all pond systems need regular canopy
management in order to support rich and abundant pollinator communities. Rather, we echo
calls to introduce management of encroaching woody vegetation carefully to a proportion of
existing ponds within the landscape each year, with a view to creating heterogeneous pond
landscape mosaics composed of ponds at different successional stages (Hassall et al., 2012;

Sayer et al., 2012, 2013; Davies et al., 2016).

While additional research is needed on the impacts of canopy management on pollinator
nesting resources and larval requirements, and to directly compare pond systems with other
semi-natural habitats included in agri-environment measures for pollinator support (e.g.
hedgerows, species-rich grasslands), it is clear from this research that pond and pollinator
conservation have a shared interest, with open-canopy ponds providing sites of potentially
high importance for hymenopterans and syrphids, and, hence pollination services. Our study
suggests that farmland ponds may represent critical habitat patches for a wide range of
pollinator taxa and, in turn, pollination services. Due to their frequent abundance in
agricultural landscapes, farmland ponds warrant recognition and utilisation in agri-

environmental schemes aimed at conserving pollinator communities.
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Table 1. GLMM model averaging for richness of insect pollinated plants at nine farmland
ponds. Component model term codes: 1) Bramble Area and 2) Management. Estimates for

model averaging are based on conditional average parameters (AICc) < 2.

C‘;\‘}[‘f&’g:‘" df Loglik  AICe delta Weight
2 7 -314.05 643.21 0 0.71
1.2 8 -313.79 045.04 1.83 0.29
Plant Richness Estimate SE Z P Significance
(Intercept) 2.46 0.07 32.654 <0.001 koA
Management —
Recently -0.04 0.11 0.34 0.73
Restored
Management = ;3 0.11 3.83 <0.001 ok
Overgrown
Bramble Area -0.04 0.06 0.70 0.48
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1053  Table 2. Estimated richness of pollinating insect groups at farmland ponds under three

1054  management treatments between 2016-2017. Table depicts the mean estimated richness
1055  (Chaol) and number of individuals observed between the three ponds in each treatment with
1056  standard deviation given.

Long-term Recently Overgrown
Managed Restored
Chaol 9.00 = 1.00 9.50 £2.78 9.08 +£1.88
Apinae
Individuals
(Abundance) 288 £ 182.78 214 £22.72 117 £83.43
Chaol 32.10 £ 6.57 39.55+0.91 20.14 £ 0.77
Non-Apinae
Hymenopterans . .
Individuals
(Abundance) 351 £15.95 282 +£13.87 170 £ 18.56
A Chaol 41.82 +£5.61 50.83 £4.01 29.29 £2.35
1l
Hymenopterans ..
Individuals 1 o30, 14440  496+9.00 287 +83.94
(Abundance)
Chaol 28.42 +3.11 37.39 + 14.02 39.25+21.53
Syrphids Individual
ndividuals
(Abundance) 166 + 73.60 200 £+ 94.55 69 + 65.68
Chaol 68.36 +£3.48 92.32 £ 12.07 60.51 £7.95
Hymenoptera &
Syrphidae .
Individuals 515, 50650 476+90.12 23248550
(Abundance)
1057
1058
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1059  Table 3. GLMM model averaging component models for richness and abundances of
1060  pollinator communities at nine farmland ponds. Term codes: 1) Bramble Area, 2) Plant
1061  Richness, 3) Management, 4) Wild Flower Coverage

1062
Compo
nent df loglik AlCc delta Weight
Models
Group 24 7 24220 49951 0 0.60
_ Richness 124 8 24145 50036 0.84 0.40
Apinae 2 6
Group -372.86  758.54 0 0.72
Abundance 1.2 7 -37265 76042 188 0.28
2 6 -27467 562.18 0 0.56
- ouP |24 7 27446 56404 186 022
HN"“'AP“‘“ 23 8 27332 56410 1.92  0.22
ymenopterans
Group 2 6 -42402 860.86 0 0.72
Abundance 1.2 7 42383 86277  1.91 0.28
G 2 6 -33752 687.88 0 0.51
roup
.l Richness 24 7 -33692 68895 1.08 0.3
Hymenopterans 1.2 7 -337.37 68987 1.99 0.19
Group 2 6 -474.09  961.02 0 0.72
Abundance 1.2 7 47391 96294 193 0.28
Group 2 6 27043  553.70 0 0.53
Richness 24 7 26939 55391  0.21 0.47
. 4 6 -32502 662.88 0 0.38
Syrphids 1
Group 1234 1 32073 66372 0.84 0.25
Abundance 24 7 -32451 66414 126 0.20
1.2 7 -32477 66466 178 0.16
Group 2 6 -380.78  792.40 0 0.58
Hymenopterans  Richness 2.4 7 -388.96 793.03 0.64 0.42
& Syrphids Group 2 6 -499.45 101173 0 0.70
Abundance 1.2 7  -499.13 101338 1.65 0.30
1063

1064
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1065  Table 4. GLMM model averaging for pollinator richness and abundance at nine farmland ponds.
1066  Estimates for model averaging are based on conditional average parameters (AICc) < 2.
1067  Explanatory variables with NA indicate that there were no instances of (AICc) < 2 for that
1068  variable and relevant model.
1069
Flowering Plant Wild Flower Bramble Area Management - Management -
Richness Coverage Overgrown Recently Restored
> > > > >
£o fo |Bo fo | Eo £o 2o o | 8o fo
=] = = =] =] =] = = =] = = =] = =
5 g £ = 5 g = 5 g £ = 5 g £ = 5 g =
o< =] < E< =] =] =] =] =] E<
7] o 7] o 7] o » (] ©n [}
(] (¢ (] (] o
Estim | 0.12 020  -0.21 NA 0.11 -0.09 NA NA NA NA
ate
Apinae | SE 0.02 0.03 0.10 NA 0.10 0.13 NA NA NA NA
zZ 5.24 6.97 2.06 NA 1.20 0.64 NA NA NA NA
p | 0001 <0001 508 NA 0.23 0.52 NA NA NA NA
Non- Ezi‘em 0.11 012  -0.07 NA NA -0.07 0.26 NA 0.43 NA
Apinae
Hymen | SE 0.02 0.02 0.11 NA NA 0.11 0.28 NA 0.26 NA
opteran | 7 432 5.46 0.64 NA NA 0.61 0.91 NA 1.62 NA
S
p | <0001 <0001 5 Na NA 0.54 0.36 NA 0.10 NA
E:i‘em 0.10 0.15  -0.11 NA 0.05 -0.07 NA NA NA NA
All
Hymen | SE 0.02 0.02 0.11 NA 0.10 0.12 NA NA NA NA
opteran Z 426 6.02 1.09 NA 0.54 0.60 NA NA NA NA
S
p | <0001 <0001 508 NA 0.59 0.55 NA NA NA NA
Esti- 0.14 024 020  -0.49 NA -0.34 NA -1.39 NA 0.31
mate
Syrphi | SE 0.03 0.03 0.14 037 NA 0.21 NA 0.79 NA 0.39
ds zZ 4.24 7.36 1.42 1.32 NA 1.62 NA 1.74 NA 0.78
p | 0001 <0005 g9 NA 0.10 NA 008+  NA 0.44
Estim |19 0.16  -0.15  NA NA -0.10 NA NA NA NA
Hymen ate
optera | SE 0.02 0.02 0.12 NA NA 0.12 NA NA NA NA
&
Syrphi z 4.16 6.59 1.27 NA NA 0.80 NA NA NA NA
ds
p | 0001 <0001 550 NA NA 0.43 NA NA NA NA
1070
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Figure Captions

Figure 1. Location of the nine studied farmland ponds used in North Norfolk, eastern England.
Recently restored and overgrown (terrestrialised) ponds are in the left map and long-term managed
ponds are on the right map. All field boundaries near ponds are hedges except at WADD10 which has
a farm track running adjacent to the pond margin and a hedgerow to the left of the pond margin.

Figure 2. Photographs of ponds in North Norfolk, UK representing three treatment categories: (a)
long-term managed pond (WADDI10) near the village of Briston, (b) recently restored pond (BECK)
near the village of Baconsthorpe, and (¢) overgrown pond (NROAD) near the village of
Baconsthorpe. All photos taken in July 2016 by R. Walton.

Figure 3. Boxplot analysis of total insect-pollinated plant species observed at farmland ponds
between 2016-2017. Differences in richness with P-values = 0.01 - 0.05 are marked with a single
asterisk (*). P-values from Bonferroni-corrected pairwise t-tests are given in Supplementary
Information, Table S2.

Figure 4. Number of plant species in each DAFOR ranking based on pond management category (a)
and boxplots of plant species found within each pond management category based on growth type:
aquatic, wetland emergent, herbaceous damp arable, herbaceous arable, and woody vegetation (b).

Figure 5. Boxplot analysis (a) and rarefaction curves with confidence intervals (b) of Apinae, Non-
Apinae Hymenopterans, All Hymenopterans, Syrphids, and Total Hymenopterans and Syrphids
species at the studied farmland ponds. In Figure 5a, species richness differences with p-values < 0.01
are marked with double asterisk (**) and p-values = 0.01 - 0.05 are marked with a single asterisk (*),
Bonferroni-corrected pairwise t-test p-values are given in Supplementary Information Table S2.
Please note the difference in y-axis scales in Figure 5a.

Figure 6a. PCA of hymenopteran community associations (Apinae inclusive) with the farmland
ponds. Species are coloured according to social status. 6b. PCA plot of Syrphid community
association with the farmland ponds.
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Open-canopy ponds benefit diurnal pollinator communities in an agricultural landscape:
implications for farmland management
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Supplementary Information

Figure S1. Pan trap assembly amidst a patch of insect-pollinated flowers within a pond margin.
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Figure S2. PCA plot of flowering plant community association with the farmland ponds. Species arrows
are colourised according to habitat occupied (provided in Legend) within the pond or its margin.
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Figure S3. Abundance boxplots of pollinator sub-groups at three differing management treatments of
farmland ponds 2016-2017 based on combination of three survey methods.



