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(3) farm gardens of diverse exotic plant species (4) 
effluent-ponds, (5) newly established native-plant-
ings, (6) gorse (Ulex europaeus) hedgerows and (7) 
open water channels across six to twelve dairy farms. 
We also measured pollination service delivery to pot-
ted pak choi (Brassica rapa) plots near features 1–5 
on six farms.
Results Pollinators at gardens, native-plantings, 
and effluent-ponds delivered significantly more pol-
lination service than at bare fence-lines, with flies 
being more effective pollinators than bees at all fea-
tures assessed. Taxa delivering the service also dif-
fered across features. The native bee Lasioglossum 
sordidum delivered more pollination at garden and 
native-planting features than at other features, drone 
flies (Eristalis tenax) contributed the majority of pol-
lination service at effluent-ponds and bare fence-lines, 
while calliphorid flies contributed most pollination at 
conifer hedgerows.
Conclusions Conversion of functional features to 
bare fence-lines negatively affects on-farm pollina-
tor diversity and its service to crop plants. However, 
farmers can benefit from enhancing features contain-
ing diverse plant species that support non-bee and bee 
species proven to deliver measurable crop pollination 
services.

Keywords Landscape features · Pollinator 
abundance and diversity · Pollen deposition · Crop 
pollination · Wild pollinators · Non-bee pollinators

Abstract 
Context Landscape simplification is a main driver 
of insect decline, threatening crop pollination ser-
vices. Changes in functional features in simplified 
agroecosystems may impact the abundance of wild 
pollinators.
Objectives Here, we studied whether different pol-
linator groups based on life-history are differentially 
associated to landscape features, and how this affects 
crop pollination service delivery.
Methods Using window traps in a highly simplified 
agroecosystem, we surveyed pollinator abundances 
and diversity associated with: (1) bare fence-lines 
separating pastures (control), (2) conifer hedgerows 
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Introduction

Landscape simplification is a main driver of pollina-
tor species declines (Potts et al. 2010). Three-quarters 
of globally important crops are at least partly depend-
ent on pollinators for yield (Klein et  al. 2007), yet 
agricultural specialization (e.g. large scale mono-
cultural fields) and intensification (e.g. high artifi-
cial input levels) have resulted in simplified land-
scapes with low pollinator diversity (Garibaldi et al. 
2016) and reduced pollination services (Dainese 
et al. 2019). At the same time, the market for insect-
dependent crops is growing (Aizen et al. 2008), par-
ticularly because insect-dependent crops contribute to 
a healthy diet (Eilers et al. 2011). Therefore, to ensure 
agroecosystem pollination service resilience, growers 
are encouraged to protect or boost the abundance and 
diversity of wild pollinating species (Garibaldi et al. 
2011; Minarro and Garcia 2018) such as through 
restoring natural landscape features (Dainese et  al. 
2019).

Non-productive landscape features (hereafter land-
scape features) in intensive, simplified agricultural 
landscapes are usually highly functional for farm-
ers, but prone to change if their functionality is no 
longer deemed important. For example, shelterbelts 
protect crops and livestock from inclement weather 
(Gregory 1995; Marshall and Moonen 2002), efflu-
ent storage ponds contain livestock waste, irrigation 
channels supply water, and homestead gardens pro-
vide aesthetic value (Aguilar-Støen et al. 2008). The 
presence of these features can change markedly over 
time because of economic and environmental pres-
sures. For example, in the agriculturally intensified 
Canterbury Plains region of New Zealand, the adop-
tion of large pivot irrigation systems has resulted in 
removal of exotic shelterbelts because they other-
wise block the pivot system (Tait and Cullen 2006). 
Furthermore, exotic gorse used as a hedgerow is an 
invasive weed and its removal is actively encouraged 
(Broadfield and McHenry 2019). Lastly, open water 
channels (particularly for border dyke irrigation) have 
been closed to reduce the negative effects of nutrient 
run-off, and to improve water use efficiency (ECan 
2017). If these features influence wild pollinator 
abundances, then their removal by farmers may have 
unforeseen impacts on pollination services.

We have limited knowledge on how different polli-
nators associate with different features in agricultural 

landscapes, and such associations may differ between 
species based on their life-stage requirements 
(Table  1; Rader et  al. 2020). Bee abundance and 
diversity generally benefit from semi-natural habitat 
containing an abundance and diversity of flowers, but 
some species may depend more on early-flowering 
hedgerows (Wood et  al. 2018). For non-bee insect 
pollinators, the larval requirements are very diverse. 
In most cases these can be categorized into distinct 
ecological groups (eco-groups) depending on their 
larval stage, for example, detritus feeders (e.g. cat-
tle feces or dead organic material) or carnivores (e.g. 
aphid predators). In contrast, adults commonly visit 
crop flowers to consume pollen or nectar (Rader et al. 
2016). Landscape features beneficial to bees may not 
be for flies or other pollinators (Schirmel et al. 2018; 
Cole et al. 2020). To improve pollinator diversity and 
abundances in agricultural landscapes, it is therefore 
necessary to establish how they differ in their associa-
tion with these landscape features.

Even less clear is whether wild pollinators asso-
ciated with such features provide crop pollination 
services (but see Castle et  al. 2019). Pollinator spe-
cies are not equally effective in pollinating different 
crops (Rader et al. 2009; Howlett 2012). While some 
hover flies can deposit equal amounts of pollen as 
managed honey bees (i.e. equal efficiency), the sheer 
abundance of honey bees can make them more effec-
tive (Rader et  al. 2009). However, relying only on 
honey bees for crop pollination is risky, as they are 
not always effective (Garibaldi et al. 2013; Fijen et al. 
2018), predictable (Gaffney et  al. 2019), or active 
(Howlett et al. 2013; Rader et al. 2013). In contrast, 
supporting a diversity of wild pollinators can ensure 
the presence of more efficient crop pollinators (Fijen 
et  al. 2018). Particular landscape features may be 
preferred by the most effective pollinator species, 
thereby supporting the highest crop pollination ser-
vice contribution. However, note that the sum of less 
efficient pollinator species associated with a different 
landscape feature could approach or exceed the ser-
vice of a single efficient species (Stavert et al. 2018). 
Knowing the potential pollination service associated 
with different landscape features can therefore aid in 
assessing the multi-functionality of these features for 
farmers.

In this study, we assessed how different commonly 
occurring on-farm landscape features in an intensi-
fied agricultural landscape influenced wild pollinator 
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Table 1  Flower visitors including pak choi (Brassica rapa subsp. chinensis) pollinators in the Canterbury Plains region of New Zea-
land and their known landscape associations

Based on these we have categorised insects into twelve eco-groups. Further details on the association with the landscape, including 
references, are provided in Table S1
Adapted from (Howlett et al. 2021)

Family Insect species Verified 
crop pol-
linator

Association with landscape Eco-group

Apidae Apis mellifera Yes Managed hives, feral populations succumb to 
Varroa destructor mite

Social bee

Bombus terrestris Yes Mainly in urban areas, less so in native vegeta-
tion, ground cavity nesting

Social bee

Bombus hortorum No Common in improved pasture, road verges, shin-
gle river margins and non-native scrub

Social bee

Bombus ruderatus No Common near road verges, shingle river margins, 
in improved pasture and non-native scrub. 
Ground, cavity nesting

Social bee

Halictidae Lasioglossum sordidum Yes Nests in undisturbed soil in native, urban, agri-
cultural habitats

Ground-nesting bee

Colletidae Leioproctus huakiwi/imitatus Yes Generalist flower visitors of native and exotic 
plants, nests in undisturbed soil in native, 
urban, agricultural habitats

Ground-nesting bee

Calliphoridae Calliphora vicina Yes Common in urban habitats, around woody 
vegetation, larvae in meat/meat products, also 
in dung

Carrion-feeding

Calliphora stygia Yes Common in woody vegetation, across many habi-
tats e.g. coastal sand dunes, native habitat and 
open fields, larvae in meat/meat products

Carrion-feeding

Calliphora quadrimaculata No Larvae in meat/meat products, also in dog faeces, 
decaying snow tussock

Carrion-feeding

Lucilia sericata No Common in urban habitats and around hedge-
rows, larvae in meat/meat products, also in 
dung

Carrion-feeding

Muscidae Hydrotaea rostrata No Larvae in meat/meat products, also in biosolids Carrion-feeding
Polleniidae Pollenia pseudorudis Yes Larvae in earthworms, adults cluster around 

buildings for hibernation
Earthworm-feeding

Sarcophagidae Oxysarcodexia varia No Adults common in open pasture. Maggots also in 
rotting vegetation, dog faeces

Manure-feeding

Anthomyiidae Anthomyia punctipennis No Larvae in decaying vegetables, fungi, dung, 
sometimes carrion

Plant-feeding

Delia platura No Larvae in stems and seeds of various crops Plant-feeding
Stratiomyidae Odontomyia spp. Yes Common near and in shallow water of ponds or 

swamps
Wetland predator

Tachinidae Protohystricia alcis Yes Moth (Porina) parasitoid Moth predator
Syrphidae Eristalis tenax Yes Larvae in stagnant water. Common in agroeco-

systems, particularly dairy farms
Wet-detritus feeding

Helophilus hochstetteri Yes Larvae are ‘rat-tailed maggots’, like E. tenax Wet-detritus feeding
Melangyna novaezelandiae Yes Larvae feed on aphids and Lepidopteran larvae Aphid-feeding
Melanostoma fasciatum Yes Consume aphids and Lepidopteran larvae, com-

mon in grassland, vegetable, cereal and field 
crops, gardens, low growing vegetation

Aphid-feeding

Eumerus funeralis No Larvae in bulbs/roots Plant-feeding
Bibionidae Dilophus nigrostigma1,C Yes Larvae found to be highly aggregated in grass-

land and under leaf litter
Dry-detritus feeding
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abundance and their service delivery to Brassica rapa 
subsp. chinensis (pak choi) plants, commonly grown 
for vegetable-seed production in the study region 
(Canterbury Plains, New Zealand). We conducted 
studies across twelve farms to examine whether dif-
ferent features support similar or different pollinators 
or groups of pollinators (eco-groups based on life-
history), and to evaluate estimated pollen delivery 
by insects associated with these features. We discuss 
whether landscape features are sites supporting wild 
pollinator diversity and the implications for on-farm 
management strategies that maintain or enhance pol-
linator services to crop plants.

Methods

Study area

The Canterbury Plains, New Zealand (43.636°S, 
172.100°E), is an intensive agricultural area cover-
ing 750,000  ha, characterized by a mosaic of live-
stock (mainly dairy, sheep) and cropping farms. Land 
devoted to dairy farming has expanded by 238% since 
2002, to reach approximately 250,000  ha in 2019 
(New Zealand Dairy Statistics 2002–03 & 2019–20), 
in conjunction with irrigated land (507,000  ha in 
2015, a 177% increase since 2002; Brown 2016). 
Large-scale fixed-pivot and spray systems now irri-
gate 50% of all irrigated land while border-dyke irri-
gation coverage has reduced by 48% between 2010 
and 2015 to 28,000 ha (Brown 2016). We used inten-
sive dairy farms as our experimental sites because 
they are rather uniform in landscape composition (i.e. 
all highly simplified with < 5% semi-natural habitat 
cover) and do not contain mass-flowering crops that 
may temporarily change insect abundance (Stanley 
and Stout 2014), especially honey bees brought in for 
pollination.

We selected six dairy farms representative for the 
Canterbury plains, based on farm design and annually 
collected dairy farm statistics (DairyNZ 2018), in the 
austral summers of 2007–2008 and, to increase sam-
ple size, 2018–2019 (totaling n = 12 farms). These 
ranged from 319.5 to 540.5 ha in area, and were sepa-
rated by at least four kilometers to make sure polli-
nator communities were independent between farms 
(Fig. S1). The farms follow a daily rotational grazing 
system, with our chosen sites consisting of pasture 

swards dominated by rye grass (Lolium perenne L.) 
and white clover (Trifolium repens L.) with separate 
fields bordered with different features. For this study, 
we focused in both years on bare fence-lines (as a 
control), effluent-ponds, gardens (containing mostly 
non-native plant species such as rose, fuchsia, oak, 
rhododendron, magnolia, camellia) and tall, exotic 
conifer hedgerows of either Monterey pine (Pinus 
radiata D. Don) or Monterey cypress (Hespero-
cyparis macrocarpa (Hartw.) Bartel). In 2007, we 
additionally included 1–1.5 m tall, exotic gorse (Ulex 
europaeus L.) hedgerows and water channels (1–2 m 
deep with flowing water), while in 2018 we included 
six month old multispecies native hedgerows. All 
farms contained all the landscape features, and each 
unique feature per farm was represented by a single 
sample location.

Insect abundance—window trapping

To test how different agricultural landscape features 
were related to insect abundances, we used window 
trapping (Howlett et  al. 2009). Traps were placed 
in yellow trays, to increase their general attractive-
ness for many species of insect pollinators within the 
families Apoidea (Leong and Thorp 1999) and Dip-
tera (Proctor et  al. 1996). Window traps have been 
shown to correlate well with observed abundances of 
bee and non-bee crop flower visitors (Howlett et  al. 
2009). Traps were located within five meters of each 
landscape feature on each farm (to sample association 
to that landscape feature), and at least 500  m apart 
from other features (to avoid attraction from different 
landscape features). Traps were left out for 18  days 
in November–December 2007, 20 days in November 
2018 and seven days in January 2019. These sampling 
periods match the flowering period of pak choi seed 
production crops, and other insect-dependent crops in 
New Zealand (Howlett et al. 2021), and insect com-
munities in this agricultural system vary little over the 
season (Howlett et al. 2021), limiting a potential tem-
poral bias. Traps were emptied and refilled weekly 
and insects collected, stored and identified to the low-
est taxonomic level possible.

Pollination service delivery

To see how the different features affect pollinator 
service delivery, we used potted pak choi, Brassica 
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rapa subsp. chinensis (L.) Hanelt) (Brassicaceae) 
as our focal plants in 2018–2019 only. Pak choi is 
grown in this region for commercial seed production 
and attracts a diversity of insect pollinators (Howlett 
et al. 2009). For the cultivar used, the efficiency (rate 
of stigmatic pollen delivery) of a variety of bee and 
non-bee pollinators has been quantified (Rader et al. 
2009; Howlett et al. 2011) and used in other studies 
(Stavert et al. 2016). Insect pollinators increase seed 
set of Brassica rapa, and is usually pollination lim-
ited (Rader et al. 2013). Moreover, the pollinators of 
this crop often pollinate other mass flowering seed 
crops (Brassica spp., onion, carrot, white clover, rad-
ish) grown in the region (Howlett et al. 2021).

We raised pak choi plants on the experimen-
tal fields of the New Zealand Institute for Plant and 
Food Research Limited (PFR), Lincoln, Canterbury 
(decimal degrees: −  43.640, 172.4862). Within one 
week of flowering onset, plants were excavated and 
individually potted into 2L pots prior to observational 
surveys on six farms in 2018. To ensure the selection 
of evenly vigorous plants for experiments (i.e. devel-
opment of inflorescences and foliage) newly potted 
plants were placed in a fully sunlit, wind protected 
location at PFR and watered daily for 3–7 days.

On each observation day, we placed fifteen flower-
ing pak choi plants at the same locations as window 
traps when these were not activated. We counted the 
number of pollinators visiting the flowers of all fif-
teen pak choi plants for five minutes per landscape 
feature per farm, and repeated observations six times 
per day on set hours (9:30, 10:30, 11:30, 13:00, 14:00 
and 15:00  h) to cover peak diurnal activity patterns 
(Rader et al. 2013; Fijen and Kleijn 2017). The order 
of observations per feature was randomized between 
farms, but fixed within farm for logistic reasons. 
Observations took place in the period between 29 
November 2018 and 30 January 2019. Four farms 
were visited three times, one farm four times, and 
one farm two times because of high wind speeds 
(> 20  km   h−1) that negatively impacts flower visita-
tion (Howlett et  al. 2013). Plants were observed for 
pollinators on average 90 ± 19.0 SD minutes per land-
scape feature per farm. We counted the number of 
open pak choi flowers, and we used new plants with 
similar number of flowers on each observation day. 
Pollinators were identified to the species level, and 
occasionally only to genus level if species could not 
be caught (< 1%).

To translate pollinator abundances to pollen deliv-
ery per visit, we used estimates of single-visit pollen 
depositions and legitimate stigmatic visitation rates 
of the most frequent pollinators of pak choi. We used 
earlier (own) published single-visit pollen depositions 
of twelve common pak choi pollinators (Rader et al. 
2009). To improve these estimates, we collected new 
data on more individuals of the same, and three addi-
tional pak choi pollinator species, using the same cul-
tivar and methods (Rader et  al. 2009; Howlett et  al. 
2017). In short, we determined the average pollen 
deposited on a virgin stigma from single visits of a 
pollinator species, and corrected for the passive self-
pollination of a flower (i.e. number of pollen depos-
ited without a pollinator visit). Furthermore, we used 
direct observations to estimate the rate of stigmatic 
contact for the common pak choi pollinator species 
to translate efficiency (pollen/visit) into effectiveness 
(total pollen deposited/species; Rader et  al. 2009). 
For pollinators that could be named only to genus 
level in the plant observations (e.g. Leioproctus sp.), 
we assumed that the pollen deposition and rate of 
stigmatic visits were similar to a congeneric species 
[e.g. Leioproctus fulvescens, (Smith 1876)], which is 
true in most cases (Grab et al. 2019).

Analyses

To test whether different features showed differ-
ent insect abundances, and to account for sampling 
effort between catching periods, we first calculated 
the average number of insects caught per day for each 
landscape feature per site. We did this separately for 
each species and eco-group. Eco-groups were based 
on life-history requirements or preferences that may 
explain relationships with certain landscape features, 
for example wet-detritus feeders could particularly be 
associated with effluent ponds (Tables 1 and S2).

We used mixed effect modelling (function lmer in 
the lme4 package; Bates et al. 2015) to test whether 
the number of caught individuals (response) per 
species or eco-groups responded differently across 
features (i.e. interaction between species or eco-
group and feature). We used farm as our random 
structure to account for farm differences. Insect 
numbers might be affected by year effects and to 
take that into account we also included sampling 
year as a covariable. As we sampled only two years, 
and on different farms, we refrain from drawing 
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trend conclusions. Because poisson and nega-
tive binomial models showed overdispersion, we 
 log10(+ minimum count)-transformed the counts per 
species per day, and ln(+ minimum count)-trans-
formed the counts per eco-groups per day and used 
gaussian error distributions. The significance of 
main effects and interactions was tested using log-
likelihood ratio tests, and only non-significant inter-
actions were removed from the models (Zuur et al. 
2009). For visualization purposes, we used contrast 
plots in the visreg-package (Breheny and Burchett 
2017), and back-transformed the data.

In a separate analysis, we calculated the number 
of unique species observed on the pak choi plants 
per observation day (only in 2018–2019), and tested 
for differences between features using mixed effect 
modelling with observation day, nested within farm, 
as our random structure. We tested for differences 
between features using a Tukey HSD test at the 5% 
level.

To estimate pollen delivery to pak choi asso-
ciated with different landscape features (only in 
2018–2019), we averaged the visitation rates of 
each species per feature per site, standardized to 100 
open flowers (visitors/100 flowers/5 minutes; Gari-
baldi et  al. 2020). We then calculated the number 
of stigmas visited in that period and subsequently 
the estimated number of pollen grains deposited per 
second. Using this method we had pollen delivery 
estimates for 86% of our pak choi visitors (12 spe-
cies). Of the 14% missing visitors, most were rare 
species with low abundances, but of these, two flies 
were common [Delia platura (Meigen, 1826) (38%) 
and Oxysarcodexia varia (Walker, 1836) (29%)], 
which are known to have low body pollen loads 
(Levesque and Burger 1982). Body pollen has been 
shown to be positively correlated with single-visit 
pollen deposition for pak choi (Howlett et al. 2011). 
We are therefore confident that we have reliable 
estimates of the majority of pollen delivery. Lastly, 
we summed the total pollen delivery per second per 
landscape feature per site and tested for differences 
between features using mixed effect modelling, and 
using farm as our random structure. We tested for 
differences between features using Tukey HSD tests 
at the 5% level.

All analyses were performed in R version 4.0.2 
(R Core Team 2020).

Results

In total, we trapped 22,380 insects of 33 species in 
540 trapping days, with flies being the most abun-
dant (52.9%), followed by beetles (17.9%) and bees 
(17.5%; Table  S2). We also observed 4,433 insects 
of 32 species visiting the potted pak choi plants, 
of which 68.5% were flies and 30.2% were bees 
(Table S3).

Window traps

Insect species differed in their responses across fea-
tures [interaction species × landscape feature: χ2 
(192) = 724.42, p < 0.001; Fig. S1], and numbers 
were slightly lower in 2018–2019 than in 2007 [χ2 
(1) = 22.71, P < 0.001]. Significantly more insects 
were caught next to native-plantings and gardens 
compared with bare fence-lines, effluent-ponds 
and conifers (p < 0.001), but not from the other fea-
tures (Fig.  1). Patterns were different between the 
eco-groups, with ground nesting bees being more 
frequently caught next to native-plantings, and car-
rion-feeders next to gardens or conifers [interaction 
eco-group × landscape feature: χ2 (54) = 190.40, 
p < 0.001; Fig.  2]. Also across eco-groups, we 
caught fewer insects in 2018–2019 than in 2007 [χ2 
(1) = 6.63, p = 0.01].

Estimated pollen delivery

Estimated pollen deposition was highest near gardens 
(mean = 0.54 ± 0.14 SD pollen/second), followed 
by native-plantings (mean = 0.46 ± 0.18 SD pollen/
second), effluent-ponds (mean = 0.43 ± 0.16 SD pol-
len/second), conifers (mean = 0.36 ± 0.16 SD pollen/
second) and lastly fence-lines (mean = 0.30 ± 0.14 
SD pollen/second). Compared with fence-lines, the 
estimated pollen delivery to the pak choi plants was 
significantly higher next to effluent-ponds (mean dif-
ference: 0.13 ± 0.04 se, z = 3.20, p = 0.012), gardens 
(mean difference: 0.23 ± 0.04 se, z = 5.54, p < 0.001) 
and native-plantings (mean difference: 0.16 ± 0.04 se, 
z = 3.81, p = 0.001), but not different next to conifers 
(mean difference: 0.07 ± 0.04 se, z = 1.70, p = 0.43). 
Estimated pollen delivery was furthermore signifi-
cantly higher next to gardens than conifers (mean dif-
ference: 0.16 ± 0.04 se, z = 3.84, p = 0.001). The other 
features did not differ significantly from each other 
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Fig. 1  Average number of 
insects trapped per day next 
to the different landscape 
features. Based on window 
trapping on twelve farms 
in austral summers of 
2007–2008 and 2018–2019. 
Results are averaged for all 
species, but individual spe-
cies responded differently to 
landscape features (Fig. S1). 
Letters indicate significance 
between groups. Thick lines 
within boxplots indicate 
median, box indicates first/
third quartiles, whiskers 
show the 1.5* interquartile 
range, and black dots are 
outliers

Fig. 2  Average number of insects trapped per day next to the 
different landscape features, divided per eco-group. Based on 
window trapping on twelve farms in austral summers of 2007–

2008 and 2018–2019. Thick lines within boxplots indicate 
median, box indicates first/third quartiles, whiskers show the 
1.5* interquartile range, and black dots are outliers
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in terms of estimated pollen delivery across sites 
(Fig. 4).

Contribution to pollination service made by different 
pollinating species

There were marked differences in the numbers of dif-
ferent pollinator species that deliver services to pak 
choi across features (Fig.  3). On average, pak choi 
next to gardens were visited by the highest num-
ber of species (mean 10.3 ± 3.1 SD), followed by 
native-plantings (mean 9.7 ± 3.4 SD), conifers (mean 
9.2 ± 2.8 SD), effluent-ponds (mean 7.9 ± 2.5 SD) and 
fence-lines (mean 7.4 ± 2.6 SD). Pak choi at gardens 
were visited by significantly more species than at 
fence-lines (mean difference: 2.89 ± 0.77 se, z = 3.75, 
p = 0.002) and ponds (mean difference: 2.44 ± 0.77 
se, z = 3.17, p = 0.01). Pak choi at native plantings 
were visited by significantly more species than at 
fence-lines (mean difference: 2.22 ± 0.77 se, z = 2.89, 
p = 0.03) but not significantly different from other 
features (p > 0.05).

In total, twelve species contributed to the provi-
sion of pollination services to pak choi across all 
features (Fig. 4), with flies being the dominant pol-
linators (70% of total estimated pollen delivery). 
Of these, drone flies [Eristalis tenax (Linnaeus 
1758)] alone contributed an estimated 37% of the 
entire pollen deposition across all farms. Of the 
bees, the ground-nesting Lasioglossum sordidum 
(Smith 1853) contributes the majority of pollination 

service across all features (21% of estimated total 
pollen delivery). Pollen deposition per visit differed 
markedly between pollinator species (Table S4).

E. tenax was estimated to contribute most of the 
pollination service to pak choi near effluent-ponds 
(56%) and fence-lines (53%), whereas its contribu-
tion was proportionally lower near gardens (23%) 
and conifers (26%; Fig.  4). Together, the two car-
rion-feeding flies Calliphora stygia (Fabricius 1781) 
and C. vicina Robineau-Desvoidy, 1830 were the 
most important pollinators of pak choi near conifers 
(16% and 27% of estimated total pollen deposited, 
respectively) but in contrast, did not contribute sub-
stantially to pollination next to fence-lines (6% and 
3% of estimated total pollen deposited, respectively; 
Fig. 4). The aphid predating hover flies, Melangyna 
novaezelandiae (Macquart 1855) and Melanostoma 
fasciatum (Macquart 1850), the dry detritus feed-
ing fly Dilophus nigrostigma (Walker 1848) and 
the moist-ground invertebrate predators Odonto-
myia sp. were estimated to contribute more pollina-
tion services next to gardens (6%, 3%, 6% and 4%, 
respectively) and native-plantings (3%, 5%, 4% and 
4%, respectively) compared with fence-lines (2%, 
3%, 2% and 4%, respectively) and effluent-ponds 
(2%, 1%, 1% and 2%, respectively; Fig.  4). Of the 
bees, L. sordidum was an important pollinator at 
four features (31% near natives, 24% near gardens, 
16% near effluent-ponds, and 17% near fence-lines) 
but contributed relatively little to pollination near 
conifers (10%; Fig. 4).

Fig. 3  Average number of 
species visiting flowers of 
potted pak choi plants per 
landscape feature. Results 
based on plant observa-
tions on six farms in austral 
summer of 2018–2019. 
Letters indicate significance 
between groups. Thick lines 
within boxplots indicate 
median, box indicates first/
third quartiles, whiskers 
show the 1.5* interquartile 
range, and black dots are 
outliers
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Discussion

We show that common functional landscape features 
in an intensively farmed agroecosystem are sites sup-
porting on-farm wild pollinator species that contrib-
ute to crop plant pollination. Different insect species 
and their assigned eco-groups were associated more 
frequently with some features than others, which 
reflected their life-histories. Based on our measure 
of pollinator effectiveness, estimated pollination ser-
vice delivery to pak choi plants was highest near fea-
tures where farmers had purposely established mul-
tiple plant species (gardens and native-plantings), 
and lowest at bare fence-lines. Pak choi near dairy 
effluent-ponds and single species conifer hedgerows 
also received more pollination service compared 
with fence-lines. While two species (E. tenax and L. 
sordidum) delivered the majority of pollination ser-
vices near all landscape features, those features where 
plant diversity had been established provided a higher 
diversity of crop pollinators. We therefore show that 
maintenance of landscape features can provide crop 
pollination services, despite not being established for 
this intention.

Pak choi plants received the highest pollination 
service near features containing mixed plant species 
(multi-species native-plantings and gardens; Fig.  4) 
probably reflecting the greater support of niches 
for different insects at these features (Marshall and 
Moonen 2002). This was also reflected in higher 
numbers of species observed visiting pak choi flowers 
next to these features (Fig.  3), and the higher num-
ber of insects caught next to multi-plant species fea-
tures compared with single-species gorse and conifer 
hedgerows (Fig. 1). However, pollen delivery next to 
conifer hedgerows, although lower on average than 
mixed plant species features, did not differ signifi-
cantly from natives, suggesting that even single spe-
cies, non-flowering exotic hedgerows support pollina-
tion services to crops.

The introduced drone fly (E. tenax) and the 
endemic L. sordidum together contributed almost 
60% of all pollen delivery, but in some cases deliv-
ery by the other species was equally large or even 
larger (e.g. next to conifer hedgerows). Overall, crop 
pollination is generally delivered by a few common 
pollinators (Kleijn et al. 2015), but a recent study has 
shown that the identity of dominant pollinators can 

Fig. 4  Rate of stigmatic pollen deposition (grains per second) 
by twelve wild pollinating species to pak choi plants at five 
landscape features. All features were assessed per farm across 

six farms in the austral summer of 2018–2019. Yellow, orange, 
and red nodes are bee species. Green, blue and purple nodes 
are fly species
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differ regionally (Winfree et al. 2018). Here, we found 
that even at the spatial scale of a farm, the identity of 
dominant pollinators can differ depending on the type 
of adjacent landscape feature. For example, despite 
calliphorid flies having relatively low pollen deposi-
tion rates (Table S4), they were the dominant pollen 
depositors next to conifer hedgerows. This supports 
the idea that both abundant and less-abundant species 
can be important to crop pollination (Fijen et al. 2018, 
2019; Winfree et al. 2018), and that the sum of multi-
ple less efficient pollinator species can be as effective 
as one highly efficient pollinator species, even at the 
farm scale. Conversely, landscape features could be 
implicated in the uneven distributions of pollinators 
within and between crop fields (Howlett et al. 2005) 
potentially affecting crop yields.

That some pollinator species were more associated 
with particular landscape features (Table  1), high-
lights a risk of losing their services to crops should 
these features disappear. For example, the drone 
fly (E. tenax) with open water features, and the cal-
liphorid flies with conifer hedgerows (Supporting 
information Fig. S1). The ubiquity of these pollinator 
species in intensively farmed agroecosystems is likely 
due to life-history traits less affected by current man-
agement practices (Redhead et al. 2018). This can be 
because they can use a wide range of floral species, 
have high fecundity, produce multiple generations in 
a year and are highly mobile (Redhead et  al. 2018; 
Rader et  al. 2020). However, removing these last 
patches of non-productive habitat from an agroeco-
system will not only likely decrease the total abun-
dances of these highly efficient pollinators (Rader 
et  al. 2009; Redhead et  al. 2018), but also those 
already severely affected by agricultural simplifica-
tion (Stavert et al. 2018).

Flies were the dominant group of crop pollinators 
in our study, and their contribution to global crop 
pollination is frequently underestimated (Rader et al. 
2016, 2020). Management aimed at enhancing crop 
pollination is generally targeted at bees, through pro-
vision of flower rich semi-natural habitat as sites that 
provide nectar and pollen resources and nest sites for 
wild bee pollinators (Wood et al. 2016; Albrecht et al. 
2020), but this might not be effective for enhancing 
non-bee pollinators (Schirmel et al. 2018; Rader et al. 
2020). While bees generally collect pollen for their 
larvae, most flies depend on other resources for larval 
development (Table 1). Such pollinators may require 

features that are not necessarily beneficial for bees, 
for example, effluent-ponds for the common drone fly 
(E. tenax; Fig. S1). It is therefore important that man-
agement aimed at enhancing crop pollination focusses 
on providing resources for important non-bee pollina-
tors too.

Although we focused only on pollinators and their 
pollination service to crop plants, certain species also 
provide additional functional services that may affect 
farmers and local communities. For example, they 
may control pests or provide nutrient cycling (Doyle 
et al. 2020). Alternatively, they can have undesirable 
impacts such as sheep blow-fly strike caused by spe-
cies including Lucilia sericata and C. stygia (Morris 
2005). Understanding and accounting for the multi-
ple functional services and risks provided by insects 
associated with landscape features is necessary to 
ensure management strategies garner broad commu-
nity support (Faichnie et al. 2021).

Our study used a combination of window traps and 
observational surveys to assess pollinator abundances 
and pollen delivery. In agroecosystems, window traps 
have previously been shown to be correlated with 
observational surveys, highlighting their usefulness at 
collecting data on a range of different crop pollina-
tors (Howlett et  al. 2009). The window traps identi-
fied a larger species community, likely because the 
sample effort was larger. However, window traps 
have the same disadvantages as pan traps, as they are 
relatively less-attractive in flower-rich patches than 
in flower-poor patches, and should therefore not be 
used for monitoring population trends (Portman et al. 
2020). Additionally, they do not sample which polli-
nators contribute to crop pollination, and how much. 
Because of these biases, we used plant observations 
and single-visit pollen deposition estimates. In this 
study we found broadly similar patterns between 
trap catches and insects observed on pak choi plants 
for the most common wild pollinators across differ-
ent features. Because we combine these methods, we 
could reliably link the associations of insects to dif-
ferent features with pollen deposition.

Our results indicate that relatively simple func-
tional landscape features (e.g. shelterbelts or aes-
thetic features) support insect populations, and 
subsequently crop pollination delivery, and plant 
species-rich features perform better in support-
ing pollinators than simple features. Nevertheless, 
recent developments on the Canterbury Plains have 
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shown that these landscape features can be removed 
quickly when their intended function is not required 
anymore, or if they are a nuisance for farm manage-
ment practices. By removing these features, there 
is a danger that the provision of crop pollination 
is overlooked and unwittingly lost. Restoration of 
native habitat, such as the native-plantings in our 
study, can provide promising ways to enhance the 
aesthetic, conservational, and crop pollination value 
of otherwise simplified and intensive agricultural 
landscapes (Norton and Miller 2000). However, fur-
ther studies are needed to test how the crop pollina-
tion delivery next to these landscape features trans-
lates to crop yield gain at commercial field scales 
(Kleijn et  al. 2019). To aid pollinator conserva-
tion in agricultural landscapes, policy instruments 
and financial incentives, such as the Conservation 
Reserve Program in the United States (Begosh et al. 
2020) and agri-environmental schemes in the Euro-
pean Union (Scheper et  al. 2013), may convince 
farmers to protect or restore landscape features 
that support insect pollinators, although their suc-
cess depends on the local circumstances (Scheper 
et  al. 2013). Further understanding of the relation-
ship between landscape features and ecosystem ser-
vices will provide farmers with the knowledge to 
better assess the positive or negative consequences 
of retaining or removing various landscape features 
from their farm that may be driven by changing 
farming practices or needs.
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