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Abstract
1.	 Ecological intensification involves the incorporation of biodiversity-based ecosys-
tem service management into farming systems in order to make crop production 
more sustainable and reduce reliance on anthropogenic inputs, including fertilizer 
and insecticides.

2.	 The benefits of effectively managing ecosystem services such as pollination and 
pest regulation for improved yields have been demonstrated in a number of stud-
ies, however, recent evidence indicates that these benefits interact with conven-
tional agronomic inputs such as fertilizer and irrigation. Despite the important 
contribution of biodiversity-based ecosystem services to crop production their 
management is rarely considered in combination with more conventional agro-
nomic inputs.

3.	 This study combines a number of complementary approaches to evaluate the im-
pact of insect pollination on yield parameters of Brassica napus and how this inter-
acts with a key agronomic input, fertilizer. We incorporate data from a flight cage 
trial and multiple field studies to quantify the relationships between yield param-
eters to determine whether insufficient insect pollination may limit crop yield.

4.	 We demonstrate that, by producing larger seeds and more pods, B. napus has the 
capacity to modulate investment across yield parameters and buffer sub-optimal 
inputs of fertilizer or pollination. However, only when fertilizer is not limiting can 
the crop benefit from insect pollination, with yield increases due to insect pollina-
tion only seen under high fertilizer application.

5.	 A nonlinear relationship between seed set per pod and yield per plant was found, 
with increases in seed set between 15 and 25 seeds per pod resulting in a consist-
ent increase in crop yield. The capacity for the crop to compensate for lower seed 
set due to sub-optimal pollination is therefore limited.

6.	 Synthesis and applications. Oilseed rape has the capacity to compensate for sub-
optimal agronomic or ecosystem service inputs although this has limitations. 
Insect pollination can increase seed set and so there are production benefits to be 
gained through effective management of wild pollinators or by utilizing managed 
species. Our study demonstrates, however, that increased insect pollination can-
not simply replace other inputs, and if resources such as fertilizer are limiting, then 
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1  | INTRODUC TION

Rising global demand for food has led to widespread uptake of in-
tensive, high-input practices to increase or maintain agricultural out-
put (Tilman, Balzer, Hill, & Befort, 2011). However, concerns about 
the long-term impacts of intensive agriculture on ecosystems, have 
prompted the search for alternative methods of intensifying produc-
tion that are more ecologically and economically sustainable. One 
approach, referred to as ecological intensification, involves adapting 
agriculture to more effectively utilize yield-enhancing biodiversity-
based ecosystem services in order to partially or totally replace 
anthropogenic inputs such as fertilizers and pesticides (Bommarco, 
Kleijn, & Potts, 2013).

Although several studies have demonstrated the benefits of indi-
vidual ecosystem services on crop yield and quality (Garratt, Breeze, 
et al., 2014; Klatt et al., 2014), recent studies have indicated that 
these benefits are affected by interactions among different services 
(Bartomeus, Gagic, & Bommarco, 2015; Lundin, Smith, Rundlöf, & 
Bommarco, 2013; Sutter & Albrecht, 2016) and between ecosystem 
services and anthropogenic inputs such as fertilizer and irrigation 
(Klein, Hendrix, Clough, Scofield, & Kremen, 2015; Marini et al., 
2015; van Gils, van der Putten, & Kleijn, 2016). Despite the potential 
importance of biodiversity-derived services to contribute directly to 
yield, only by understanding and quantifying these interactions can 
effective ecologically intensive management strategies be applied 
with predictable outcomes for production.

Oilseed rape (Brassica napus) is a key crop in arable systems and 
its production has increased significantly over the last decades, due 
to its utility as a break crop and through policy support driven by 
promotion of biofuel crops (Breeze et al., 2014). Oilseed rape crops 
require high application rates of synthetic fertilizer (Rathke, Behrens, 
& Diepenbrock, 2006; Rathke, Christen, & Diepenbrock, 2005) and 
pesticides (Williams, 2010; Zhang et al., 2017) in order to attain max-
imum yield and quality. However, many varieties also benefit from 
insect pollination through increased pod set and seed set (Garratt, 
Coston, et al., 2014; Hudewenz, Pufal, Bogeholz, & Klein, 2013; 
Jauker, Bondarenko, Becker, & Steffan-Dewenter, 2012; Jauker & 
Wolters, 2008; Manning & Wallis, 2005; Stanley, Gunning, & Stout, 
2013) and improved crop quality parameters such as seed mass or oil 
content (Bommarco, Marini, & Vaissiere, 2012). The insect pollinator 
assemblage of B. napus is diverse and varies with region, and both 
wild and managed pollinators are found visiting the crop (Ali, Saeed, 
Sajjad, & Whittington, 2011; Garratt, Coston, et al., 2014; Rader, 
Howlett, Cunningham, Westcott, & Edwards, 2012; Stanley et al., 

2013; Woodcock et al., 2013). Pollinators are rarely considered as 
an input to be managed in the same way as insecticides or fertiliz-
ers in production of oilseed rape for food or biofuel (Diepenbrock, 
2000; Habekotte, 1997; Rathke et al., 2006), with pollinator man-
agement typically limited to commercial production of hybrid seed. 
Pollination can be increased either through utilization of managed 
species such as honeybees (Manning & Wallis, 2005; Sabbahi, de 
Oliveira, & Marceau, 2005; Witter et al., 2014) or promotion of wild 
pollination services (Garibaldi et al., 2013).

In order to better develop ecological intensification strate-
gies, particularly in widespread arable crops, pollination and other 
biodiversity-based ecosystem services need to be considered and 
managed as an agronomic input, and a better understanding of the 
interactions between ecosystem services and other agronomic in-
puts is essential. This study combines a number of complementary 
approaches to evaluate the impact of insect pollination on yield 
parameters of B. napus and how this interacts with a key agro-
nomic input, fertilizer. Our approaches include: (1) a flight cage trial 
manipulating fertilizer application to B. napus to understand how this 
interacts with insect pollination to influence crop yield parameters; 
(2) a field scale trial manipulating pollination inputs to understand 
how this affects yield parameters in the field; and (3) the use of 
data from multiple field studies to characterize the relationship be-
tween yield parameters, across B. napus varieties and to determine if 
insufficient insect pollination may limit yield.

2  | MATERIAL S AND METHODS

2.1 | Flight cage trial

2.1.1 | Growing conditions

To investigate the response of oilseed rape to fertilizer and insect 
pollination treatments, a pot experiment was conducted in 2016 
at the Crop and Environment Laboratory, University of Reading, 
UK (51°26′ 10.31″N latitude, 00°56′ 31.98″W longitude) on spring 
sown B. napus (cv. Tamarin). Plants were grown to maturity in plastic 
pots (180 mm diameter; 4 l volume) containing a low nutrient me-
dium consisting of vermiculite, gravel, sand and compost at a ratio of 
4:4:2:1. Three seeds were sown per pot, which allowed thinning to 
one plant per pot when three leaf pairs were unfolded (BBCH 13; uni-
form decimal code for plant growth; Lancashire et al., 1991). Plants 
were supplied with individual drip irrigation which provided water 
twice a day for the duration of the experiment. All experimental 

yield potential cannot be reached. We highlight the need to consider insect polli-
nation as an agronomic input to be effectively managed in agricultural systems.
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plants were positioned in a randomized block and grown in a single 
6 × 3 × 2 m insect-exclusion cage with 1.33 mm aperture polythene 
mesh (“holding cage”). The pots were positioned on a 20 mm aper-
ture metal mesh c. 100 mm above the ground to allow free draining. 
Plants were moved out of the holding cage to the pollination treat-
ment cages for 2–4 hr, once every 2 days during flowering.

2.1.2 | Fertilizer treatments

During seedling establishment (BBCH 10 to 30), each pot was sup-
plied with 500 ml of liquid feed fertilizer solution with an N:P:K 
ratio of 1:1:1, applied once per week. At the start of stem elonga-
tion (BBCH 30), 20 plants were selected at random and assigned one 
of four contrasting fertilizer treatments: (1) a “high” dose treatment 
with a 500 ml solution of fertilizer applied to each of the pots twice 
per week, (2) a “medium” dose where fertilizer was applied once 
every 2 weeks, (3) a “low” dose with only two applications applied 
until maturity, and (4) a “no input” control treatment, where no ad-
ditional fertilizer was applied. These treatments were randomized 
across the block of 80 plants and whenever a fertilizer treatment 
was applied to any pots, an equivalent volume of water was applied 
to all other pots.

2.1.3 | Pollination treatments

Two pollination treatments were implemented to determine possible 
interactive effects of pollination and fertilizer on yield, each on a 
sample of 40 plants such that 10 plants received each combination 
of fertilizer and pollination treatment in a balanced factorial design. 
The first pollination treatment involved self-, wind- and insect pol-
lination, referred to hereafter as the “insect pollinated” treatment. 
From the start of flowering, the 40 plants receiving this treatment 
were transferred to a flight cage containing a Bombus terrestris audax 
colony with c. 50–100 workers (Koppert Ltd Natupol) for 2 to 4 hr 
once every 2 days. The plants were then allowed to be visited by 
bumblebees for this period before being moved back to the holding 
cage. Our previous research has demonstrated that this time period 
and stocking density is more than sufficient to ensure good levels 
of visitation to flowers (Garratt, Coston, et al., 2014). The second 
pollination treatment was a procedural control in which plants were 
transferred to an empty flight cage, allowing for self- and wind pol-
lination but no insect pollination, hereafter referred to as the “no 
insect pollination” treatment. Between pollination treatments, all 
plants were stored in a randomized block in the holding cage and all 
insect pollinators were excluded. There is evidence that pollinator 
exclusion netting can potentially reduce wind pollination (Mesquida, 
1988; Pierre, Vaissiere, Vallee, & Renard, 2010) although the esti-
mated contribution of wind as a pollen vector in B. napus is variable 
(Ouvrard, Quinet, & Jacquemart, 2017; Williams, 1984). The aim of 
this experiment was to examine the additional contribution of insect 
pollination and how it interacted with an agronomic input to shape 
yield parameters and the insect pollinated and control plants were 
subject to the same environmental conditions throughout.

2.1.4 | Crop yield measurements

Yield parameters were measured when the study plants had reached 
maturity (BBCH 90). The total number of pods produced by each 
plant was recorded, 10 pods were then selected at random from 
each plant and the total number of seeds per pod was recorded. All 
pods from a plant were then grouped and dried at 80°C for 24 hr be-
fore being threshed using a mechanical thresher and weighed to es-
tablish yield in grams of seed per plant. Mean seed number per pod 
and total pod number per plant were used to estimate total seeds 
per plant. Plant yield in grams divided by this number was used to 
determine thousand grain weight (TGW).

2.2 | Pollinator exclusion field trial

To investigate the response of oilseed rape to insect pollination 
treatments under a typical fertilizer management regime involving 
the application of mineral nitrogen, phosphorus and potassium at 
UK recommended rates, a field experiment was conducted in 2015 
on conventionally managed winter-sown B. napus (cv. Excaliber). 
The field experiment used three oilseed rape fields at least 1 km 
apart in Wiltshire, Southern England, UK. Each field contained three 
2 × 50 m study plots along a tramline, spaced at least 50 m apart. A 
series of pollinator manipulation treatments were implemented at 
25-m intervals along each study plot so that each treatment was rep-
licated in each study plot. Using large field cages consisting of four 
plastic posts covered by 2.5-mm aperture polythene mesh, a crop 
area of 1.5 by 1.5 m was completely excluded from insect pollina-
tors for the duration of flowering. In a second treatment, cages were 
raised and lowered three times during flowering to restrict insect 
pollinators visiting flowers for c. 50% of the flowering period. In a 
third treatment, an equivalent area of crop remained open to ambi-
ent pollination.

In order to measure the effect of pollination treatments on seed 
set, three visits were made to the study plots at early, mid and late 
flowering. On each visit, one raceme with open flowers, on a sin-
gle randomly selected plant receiving each treatment within each 
plot was selected and cable ties were placed above and below all 
open flowers on that raceme and the number of open flowers was 
recorded. At the end of the season, all plants with marked racemes 
(three per treatment per study plot) were collected. These marked 
pods were harvested and the number of seeds per pod was recorded. 
The whole plant was then dried at 80°C for 24 hr before being 
threshed using a mechanical thresher to establish total seed yield 
in grams per plant, total seeds per plant and thousand grain weight. 
At two of the three field sites, the total number of pods on a single 
plant from each treatment within each study plot was also recorded.

2.3 | Relationship between yield parameters

Data from the flight cage and field trial indicated clear relation-
ships between yield parameters including seeds per pod and yield, 
and TGW and seeds per plant. In order to test these relationships 
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across a number of cultivars of B. napus in a range of soil, agricultural 
management and environmental conditions, data from two addi-
tional field trials were incorporated into this study. The first dataset 
(Dataset 1) was from a trial at the University of Reading experimen-
tal farm at Sonning (51°28′ 50.8″N 0°54′ 07.3″W) in 2016. In this 
trial, spring oilseed Rape (Brassica napus cv. Tamarin) was grown in 
four experimental blocks. The oilseed crop was harvested at matu-
rity, five plants from each plot were collected and dried at 80°C for 
24 hr. Twenty pods were randomly selected from each plant and the 
number of seeds per pod was recorded and total plant yield in grams 
was measured.

The second dataset (Dataset 2) was from 11 fields of conven-
tionally grown winter-sown oilseed rape grown in the Wiltshire/
Hampshire area (NW corner 51° 24′ 55.7″ N, 2° 17′ 21.4″ W, SE 
corner 51° 5′ 13.7″ N 1° 20′ 21.5″ W) season 2013/2014. Seven 
cultivars were grown: Astrid, DK Camelot (four fields), DK Cabernet, 
DK Excellium, Fashion, Pioneer 44 and PR46W21 (two fields). Plants 
at least 8 m away from the crop edge were labelled before the flow-
ering season and collected once the field had been desiccated prior 
to harvest. From each field between three and nine plants were an-
alysed. The seed number per pod was established for 18 pods from 
each plant. The seeds were extracted from the rest of the pods by 
hand, then cleaned and counted using a seed counter to give total 
seed number per plant and total seed weight per plant and from this 
TGW was determined.

2.3.1 | Analysis

Analysis of variance was used to investigate effects of fertilizer, pol-
lination and their interaction on yield parameters of B. napus plants 
in the flight cage experiment. Fertilizer and pollination treatments 
were both treated as categorical variables. Any significant interac-
tions between treatments were interpreted using post hoc Tukey’s 
tests for each fertilizer:pollination treatment combination. To meet 
model assumptions of normal residuals, yield, pods per plant and 
total seed number were log transformed prior to analysis. Initial in-
terrogation of the data showed two plants had unusually high yields, 
falling outside the 3rd quartile by at least 1.5 times the interquartile 
range, and were removed from subsequent analysis. Linear models 
were used to quantify the relationship between the yield parameters 
of seeds per pod and yield, and between TGW and seed number. To 
investigate whether pollination treatment or fertilizer affected these 
relationships, both were included in the model.

Linear mixed-effects models were used to investigate effects of 
the pollination treatment on B. napus yield parameters in the pollina-
tor exclusion field trial. Study plot, field site and round (early, mid and 
late flowering) were included as nested random effects. To charac-
terize relationships between yield parameters in this experiment, lin-
ear models were used to compare seeds per pod with yield, and TGW 
with seed number. To investigate whether pollination treatment af-
fected these relationships, an interaction term with pollination was 
included in the models and removed if not significant according to a 
maximum likelihood ratio test (p > .05). Yield per plant, pod number, 

TGW and total seed number were log transformed prior to analysis 
to ensure they met model assumptions of normal residuals.

To investigate the relationships between seeds per pod and plant 
yield, and between seed number and TGW in the additional field 
trials (Dataset 1 and Dataset 2), linear mixed-effects models were 
used. For Dataset 1, block was included in the model as a random 
effect and total seed number was log tramsformed before analysis. 
For Dataset 2, variety was included in the analyses as an interaction 
term but was found not to be significant and so was removed from 
subsequent models. Field was included as a random effect and yield 
and total seed number were log transformed before analysis.

To examine the relationship between yield parameters (yield vs. 
seeds per pod, seeds per plant vs. TGW) across all the datasets com-
bined, generalized additive models were used. Plant yield parame-
ters varied considerably between field trials and so the relationship 
could be compared between datasets, yield was standardized by 
subtracting the dataset mean from each data point and dividing this 
by the dataset standard deviation (Clark-Carter, 2014). To identify 
the optimal shape of the relationship between parameters across the 
datasets the penalized least-squares method of cross-validation was 
used to automatically select smoothing parameters of the explana-
tory variable using the mgcv package. Across all models, residuals 
were checked for normality and heteroscedasticity. Analyses were 
carried out in r version 3.3.1.

3  | RESULTS

3.1 | Flight cage trial

Brassica napus yield was affected by a significant interaction be-
tween fertilizer and pollination treatments (F3-70 = 3.41, p = .022) 
(Figure 1a). Yields from insect pollinated plants were significantly 
greater than plants that did not receive insect pollination at the high 
fertilizer dose (t = 3.78, p < .01) with an almost 40% increase in yield 
per plant. Significant effects of pollination were not seen at any 
other fertilizer dose.

Several yield parameters of B. napus were affected by fertilizer 
and pollination treatments. There was a greater number of seeds on 
plants that received higher fertilizer doses and which were insect pol-
linated (Figure 1b) with a significant interaction effect (F3-70 = 2.88, 
p = .042) showing significant differences between insect-pollinated 
and non-insect-pollinated plants at high (t = 3.33, p = .029) and 
low (t = 3.55, p = .016) fertilizer doses. The number of pods per 
plant (Figure 1c) was significantly greater at higher fertilizer doses  
(F3-74 = 43.95, p < .001) but was not affected by pollination treatment 
(F1-73 = 1.70, p = .20), although the interaction between fertilizer 
and insect pollination (F3-70 = 2.72, p = .051) was nearly significant. 
The number of seeds per pod (Figure 1d) was greater with insect 
pollination (F1-73 = 76.67, p < .001) and at higher fertilizer doses  
(F3-73 = 13.77, p < .001) but these two factors did not interact signifi-
cantly (F3-70 = 2.41, p = .075). Thousand grain weight was significantly 
affected by fertilizer only (F1-74 = 4.35, p = .007), with heavier seeds 
at low compared to high fertilizer doses (Figure 1e). No significant 
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effect of insect pollination (F1-73 = 3.58, p = .062) or a fertilizer–polli-
nation interaction (F1-70 = 2.65, p = .055) on TGW was observed.

Brassica napus yield showed a significant positive relationship 
with seeds per pod (F1-76 = 19.19, p < .001) (Figure S1a) although 
there was no significant interactive effect of fertilizer (F3-68 = 2.49, 
p = .068) or insect pollination on this relationship (F1-68 = 2.97, 
p = .089). There was a significant negative relationship between 
seed number and TGW (F1-74 = 15.24, p < .001) and there was a 
significant interactive effect of insect pollination, with a steeper 
negative relationship seen for insect pollinator-excluded plants  
(F1-74 = 9.45, p = .003) (Figure S1b). No interactive effect of fertilizer 
on this relationship was seen (F3-68 = 2.32, p = .084).

3.2 | Pollinator exclusion field trial

In the field experiment there was no significant effect of insect polli-
nator exclusion treatments on yield (F2-44 = 1.11, p = .34) (Figure 2a). 
The average number of seeds per pod was significantly greater from 
plants in open treatments compared to those that had insect pollina-
tors fully or partially excluded (F2-44 = 4.08, p = .020) (Figure 2d). No 
significant effect of pollination treatment on the number of pods per 
plant (F1-8 = 2.88, p = .11), TGW (F1-44 = 1.42, p = .25) or seeds per 
plant (F1-44 = 1.44, p = .25) was seen.

The relationship between seeds per pod and plant yield was sig-
nificantly positive (F1-41 = 17.93, p < .001) and there was also a signifi-
cant interactive effect of pollination treatment (F1-41 = 4.72, p = .014) 
with the steepest positive relationship seen for insect pollinator-
excluded plants (Figure S2a). Seed number and TGW were negatively 
related (F1-45 = 9.35, p = .004) (Figure S2b) but with no significant 
interactive effect of pollination treatment (F2-41 = 0.84, p = .44).

3.3 | Relationship between yield parameters

From the field trial involving spring-sown B. napus (Dataset 1) there 
was a significant positive relationship between seeds per pod and 
plant yield (F1-65 = 55.74, p < .001) (Figure S3a) and total seed num-
ber and TGW were negatively related (F1-59 = 44.94, p < .001) (Figure 
S3b). In the mixed variety trial (Dataset 2), there was also a significant 
positive relationship between seeds per pod and yield (F1-45 = 13.57, 
p < .001) (Figure S4a) and although the relationship between total 
seed number and TGW appeared negative it was not significant  
(F1-45 = 1.11, p = .30) (Figure S4b).

Combining all datasets together across the field trials, the rela-
tionship between seeds per pod and plant yield was positive and 
nonlinear (F = 9.76, p < .001) and the relationship between seeds 
per pod and TGW was linear and negative (F = 25.73, p =< .001) 
(Figure 3).

F IGURE  1 Effects of increasing fertilizer dose and insect 
pollination on yield parameters of Brassica napus (a) yield (g/plant) 
(b) seed number per plant, (c) pod number, (d) seeds per pod and (e) 
thousand grain weight (TGW) in grams. Values are given as M ± SE. 
Closed circles show plants receiving insect pollination and open 
circles show those that have not



6  |    Journal of Applied Ecology GARRATT et al.

4  | DISCUSSION

This study demonstrates the capacity for B. napus to mitigate reduced 
nutrient availability or lower levels of insect pollination, by modulat-
ing resource investment across various yield parameters. However, it 
is still necessary to ensure that yield is not so limited by one of these 
inputs that the crop is unable to capitalize on the potential benefits 
provided by another. For example, in the flight cage trial, the benefits 
of insect pollination to B. napus yield were only realized in the high 
fertilizer treatment when nutrients such as nitrogen, potassium and 
phosphorus were not limiting. Also, the compensation mechanism 
whereby reductions in seed set (e.g., due to reduced insect pollina-
tion) are mitigated to some extent by increased individual seed mass is 
clear. In the field study, insect pollination significantly increased seed 
set per pod, but plants that did not receive insect pollination were able 
to compensate and largely bridge the yield gap by producing larger 
seeds and/or more pods. However, our results demonstrate a non-
linear relationship between seed set per pod and final yield per plant 
across all the field trials, with increases in seed set between 15 and 25 
seeds per pod resulting in a consistent increase in crop yield, while lit-
tle change in yield occurred at lower numbers of seeds per pod.

Yield of B. napus is maximized through a number of factors, 
including by increasing pod set, increasing seed set per pod or in-
creasing individual seed mass (Habekotte, 1997). Through modula-
tion of any one of these yield parameters, the crop has the capacity 
to compensate for a shortfall in another to meet its yield poten-
tial. Fertilizer management (Rathke et al., 2006), sowing density 
and breeding (Diepenbrock, 2000) all determine the way that the 
crop grows and can be optimized for maximum yield under exter-
nal constraints such as climate, soil and other environmental lim-
itations. Ecosystem services such as insect pollination, however, 
are rarely considered as a managed input that could be utilized to 
improve the yield of crops like B. napus and meet yield potential. 
Insect visitation could increase pollination of B. napus flowers, ei-
ther through greater outcrossing, or by increasing levels of self-
pollination and can result in increased number of seeds per pod 
in both conventional and hybrid cultivars (Garratt, Coston, et al., 
2014; Hudewenz et al., 2013; Jauker & Wolters, 2008; Jauker 
et al., 2012; Pierre et al., 2010; Williams, Martin, & White, 1987). 
The key role of insect pollinators in increasing seeds per pod is 
further highlighted in this study. It is clear, however, that despite 
the B. napus’ capacity to compensate, seed set per pod is related to 
yield demonstrating that this capacity to compensate for low polli-
nation has limits. Therefore, ensuring adequate insect pollination is 
likely to result in increased seed set and therefore increased yield. 
Research has shown that, on average, a single visit per flower from 

F IGURE  2 Effects of no insect pollination (none), 50% insect 
pollination (poll50) and ambient pollination (poll100) on yield 
parameters of Brassica napus (a) yield (g/plant), (b) seed number 
per plant, (c) pod number, (d) seeds per pod and (e) thousand grain 
weight (TGW) in grams. Values are given as M ± SE. Point styles 
indicate the three different field sites in the study
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insects including bees and hoverflies is enough to increase seed 
set from 15 to more than 20 seeds per pod, and greater numbers 
of visits increase seed set further (Garratt, Coston, et al., 2014). 
Increases above 15 seeds per pod in particular elicit a strong pos-
itive yield response (Figure 3). The benefits of insect pollination 
to B. napus yield is demonstrated by studies which have supple-
mented insect visitation through the use of managed pollinators 
(Manning & Wallis, 2005; Sabbahi et al., 2005).

Although there are benefits of insect pollination to seed set in 
B. napus, the present study shows that increasing insect pollination 
cannot simply replace an agronomic input such as fertilizer, and that if 
resources are limiting then the crop cannot exploit the increased seed 
set potential provided by pollinators. Therefore, for effective ecolog-
ical intensification, good agronomic practices still need to be main-
tained with possible opportunities to partially replace conventional 
inputs with biodiversity-based inputs (Bommarco et al., 2013). The 
interplay between ecosystem services, such as insect pollination, and 
agronomic inputs is also likely to be cultivar dependent (Hudewenz 
et al., 2013; Marini et al., 2015), but the clear relationship between 
seed set and plant yield, and seed number and TGW across the culti-
vars investigated in this study does demonstrate a consistent trend.

Brassica napus is a morphologically very adaptable crop and as the 
plant grows it can respond to external and internal factors and mod-
erate the number of flowers it produces and alter its investment in 

seed size up until senescence. Some crops may not have this flexibil-
ity, particularly those where key quality parameters directly relate to 
pollination such as size, shape or shelf-life in apples and strawberries 
(Garratt, Breeze, et al., 2014; Garratt et al., 2016; Klatt et al., 2014). 
In this case, production of more, lower quality fruit cannot simply 
compensate for a drop in quality due to the considerable effect of 
quality on price. Therefore, the contribution of insect pollinators as 
an agronomic input, and how it interacts with other factors, will vary 
between different crops and this should be taken into account when 
insect pollination management decisions are made.

In order to optimize productivity and reduce risks from poor 
pollination, insect pollination should be considered as an agronomic 
input for production of oilseed and other entomophilous crops (Klein 
et al., 2007). Supplying pollination through managed pollinators such 
as honeybees can be an effective strategy (Manning & Wallis, 2005; 
Sabbahi et al., 2005). However, relying on a single pollinator presents 
both agronomic and financial risks from sudden catastrophic losses 
(Garibaldi et al., 2014). Furthermore, the capacity of current honey-
bees stocks in the UK and several other EU countries may not be 
sufficient to meet demand for a widely cultivated crop such as oilseed 
rape (Breeze et al., 2014) and the benefits to yield may not be large 
enough to justify the costs of hiring hives. Better utilization of wild 
pollinator communities is an alternative and more sustainable strat-
egy (Pywell et al., 2015) as a number of taxonomic groups of wild in-
sect pollinators can effectively pollinate oilseed rape (Garratt, Coston, 
et al., 2014). This study shows that farmers should try to ensure 
maximum seed set in B. napus to avoid a yield penalty. Maintaining 
areas of uncropped land and semi-natural landscape elements in and 
around crop fields provides nesting and additional forage resources 
for insect pollinators and can result in improved pollination service to 
crops (Garibaldi et al., 2011, 2013). Although the relatively low unit 
area value of oilseed may not justify the cost of such interventions 
in terms of pollination services provided to the crop alone, manage-
ment measures to support insect pollinators may be cost-effective 
if benefits of other ecosystem services are considered (Morandin, 
Long, & Kremen, 2016; Ramsden, Menéndez, Leather, & Wäckers, 
2015; Wratten, Gillespie, Decourtye, Mader, & Desneux, 2012). 
Importantly, as this study shows, investment in pollination services 
can only pay off if other agronomic inputs are not limiting.

5  | CONCLUSIONS

Crop growth is moderated to compensate for limited resources in 
order to achieve maximum reproductive output, and in turn yield. 
However, the capacity to compensate is finite, and critical limita-
tions in inputs need to be avoided in order for a crop to achieve its 
yield potential. In this study, we show that fertilizer and pollination 
by insects are two such interacting inputs. Insect pollination should 
be considered as an agronomic factor to be managed in agriculture 
systems and its capacity to shape yields and meet yield potential 
should not be taken for granted as an incidental benefit provided by 
the wider environment.

F IGURE  3 Relationship between mean seeds per pod and 
standardized yield per plant in spring and winter Brassica napus 
varieties across all field studies. The relationship between seeds 
per pod and thousand grain weight (TGW) in grams is also shown, 
as well as boxplots representing exclusion (none) and ambient 
pollination (poll100) effects on seeds per pod. Lines are model 
estimated M ± SE. Gray line shows TGW



8  |    Journal of Applied Ecology GARRATT et al.

ACKNOWLEDG EMENTS

This research was funded by the European Community’s Sevnth 
Framework Programme under grant agreement no 311781, 
LIBERATION Project (www.fp7liberation.422eu), Defra through 
the National Pollinator and Pollination Services Monitoring 
Framework (Project WC1101) and the UK Natural Environment 
Research Council under the BESS (Biodiversity and Ecosystem 
Services for Sustainabi lity) research programme (Wessex BESS, 
ref NE/J014680/1) and Syngenta through a CASE PhD studentship 
(BBSRC Ref. 1368022). We thank all the farmers who allowed us 
to carry out the research on their land and we also thank all the 
research technicians involved in the projects.

AUTHORS’  CONTRIBUTIONS

M.G., J.B. and S.R. conceived the ideas and designed methodology; 
M.G., E.D., R.F.S. and A.S. collected the data; M.G. and J.B. analysed 
the data; M.G., J.B. and S.G.P. led the writing of the manuscript. All 
authors contributed critically to the drafts and gave final approval 
for publication.

DATA ACCE SSIBILIT Y

Data are available through the University of Reading Research data 
archive https://doi.org/10.17864/1947.141 (Garratt & Degani, 
2018). “Dataset2” is available from the Natural and Environment 
Research Council Data Centre https://doi.org/10.5285/fc219733-
a8e8-4ec0-a34e-e0e8115f0d68 (Shaw, Bullock, & Osborne, 
2018).

ORCID

Michael P. D. Garratt   http://orcid.org/0000-0002-0196-6013 

Jacob Bishop   http://orcid.org/0000-0003-2114-230X 

Erika Degani   http://orcid.org/0000-0002-8000-8744 

Simon G. Potts   http://orcid.org/0000-0002-2045-980X 

Rosalind F. Shaw   http://orcid.org/0000-0001-5179-964X 

Shovonlal Roy   http://orcid.org/0000-0003-2543-924X     

R E FE R E N C E S

Ali, M., Saeed, S., Sajjad, A., & Whittington, A. (2011). In search of 
the best pollinators for canola (Brassica napus L.) production in 
Pakistan. Applied Entomology and Zoology, 46, 353–361. https://doi.
org/10.1007/s13355-011-0051-0

Bartomeus, I., Gagic, V., & Bommarco, R. (2015). Pollinators, pests and 
soil properties interactively shape oilseed rape yield. Basic and 
Applied Ecology, 16, 737–745. https://doi.org/10.1016/j.baae.2015. 
07.004

Bommarco, R., Kleijn, D., & Potts, S. G. (2013). Ecological intensification: 
Harnessing ecosystem services for food security. Trends in Ecology & 
Evolution, 28, 230–238. https://doi.org/10.1016/j.tree.2012.10.012

Bommarco, R., Marini, L., & Vaissiere, B. E. (2012). Insect pollination en-
hances seed yield, quality, and market value in oilseed rape. Oecologia, 
169, 1025–1032. https://doi.org/10.1007/s00442-012-2271-6

Breeze, T. D., Vaissière, B. E., Bommarco, R., Petanidou, T., Seraphides, 
N., Kozák, L., … Potts, S. G. (2014). Agricultural policies exacerbate 
honeybee pollination service supply-demand mismatches across 
Europe. PLoS ONE, 9, e82996. https://doi.org/10.1371/journal.
pone.0082996

Clark‐Carter, D. (2014). z Scores. In N. Balakrishnan, T. Colton, B. Everitt, 
W. Piegorsch, F. Ruggeri, & J. L. Teugels (Eds.), Wiley StatsRef: Statistics 
Reference Online. New York, NY: John Wiley & Sons.

Diepenbrock, W. (2000). Yield analysis of winter oilseed rape (Brassica 
napus L.): A review. Field Crops Research, 67, 35–49. https://doi.
org/10.1016/S0378-4290(00)00082-4

Garibaldi, L. A., Carvalheiro, L. G., Leonhardt, S. D., Aizen, M. A., Blaauw, 
B. R., Isaacs, R., … Winfree, R. (2014). From research to action: 
Enhancing crop yield through wild pollinators. Frontiers in Ecology 
and the Environment, 12, 439–447. https://doi.org/10.1890/130330

Garibaldi, L. A., Steffan-Dewenter, I., Kremen, C., Morales, J. M., 
Bommarco, R., Cunningham, S. A., … Klein, A. M. (2011). Stability of 
pollination services decreases with isolation from natural areas de-
spite honey bee visits. Ecology Letters, 14, 1062–1072. https://doi.
org/10.1111/j.1461-0248.2011.01669.x

Garibaldi, L. A., Steffan-Dewenter, I., Winfree, R., Aizen, M. A., 
Bommarco, R., Cunningham, S. A., … Klein, A. M. (2013). Wild polli-
nators enhance fruit set of crops regardless of honey bee abundance. 
Science, 339, 1608–1611. https://doi.org/10.1126/science.1230200

Garratt, M. P. D., Breeze, T. D., Boreux, V., Fountain, M. T., McKerchar, 
M., Webber, S. M., … Potts, S. G. (2016). Apple pollination: Demand 
depends on variety and supply depends on pollinator iden-
tity. PLoS ONE, 11, e0153889. https://doi.org/10.1371/journal.
pone.0153889

Garratt, M. P. D., Breeze, T. D., Jenner, N., Polce, C., Biesmeijer, J. C., & 
Potts, S. G. (2014). Avoiding a bad apple: Insect pollination enhances 
fruit quality and economic value. Agriculture, Ecosystems & Environment, 
184, 34–40. https://doi.org/10.1016/j.agee.2013.10.032

Garratt, M. P. D., Coston, D. J., Truslove, C. L., Lappage, M. G., Polce, 
C., Dean, R., … Potts, S. G. (2014). The identity of crop pollina-
tors helps target conservation for improved ecosystem services. 
Biological Conservation, 169, 128–135. https://doi.org/10.1016/j.
biocon.2013.11.001

Garratt, M. P. D., & Degani, E.(2018). Yield parameter relationships of oilseed 
rape (Brassica napus) under the influence of fertiliser and insect pollina-
tion. University of Reading. Dataset. http://doi.org/10.17864/1947.141

Habekotte, B. (1997). Options for increasing seed yield of winter oilseed 
rape (Brassica napus L.): A simulation study. Field Crops Research, 54, 
109–126. https://doi.org/10.1016/S0378-4290(97)00041-5

Hudewenz, A., Pufal, G., Bogeholz, A.-L., & Klein, A.-M. (2013). Cross-
pollination benefits differ among oilseed rape varieties. The Journal 
of Agricultural Science, 152, 770–778.

Jauker, F., Bondarenko, B., Becker, H. C., & Steffan-Dewenter, I. (2012). 
Pollination efficiency of wild bees and hoverflies provided to oil-
seed rape. Agricultural and Forest Entomology, 14, 81–87. https://doi.
org/10.1111/j.1461-9563.2011.00541.x

Jauker, F., & Wolters, V. (2008). Hover flies are efficient pollinators of 
oilseed rape. Oecologia, 156, 819–823. https://doi.org/10.1007/
s00442-008-1034-x

Klatt, B. K., Holzschuh, A., Westphal, C., Clough, Y., Smit, I., Pawelzik, E., 
& Tscharntke, T. (2014). Bee pollination improves crop quality, shelf 
life and commercial value. Proceedings of the Royal Society of London 
B: Biological Sciences, 281, 1775.

Klein, A. M., Hendrix, S. D., Clough, Y., Scofield, A., & Kremen, C. (2015). 
Interacting effects of pollination, water and nutrients on fruit tree 
performance. Plant Biology, 17, 201–208. https://doi.org/10.1111/
plb.12180

http://www.fp7liberation.422eu
https://doi.org/10.17864/1947.141
https://doi.org/10.5285/fc219733-a8e8-4ec0-a34e-e0e8115f0d68
https://doi.org/10.5285/fc219733-a8e8-4ec0-a34e-e0e8115f0d68
http://orcid.org/0000-0002-0196-6013
http://orcid.org/0000-0002-0196-6013
http://orcid.org/0000-0003-2114-230X
http://orcid.org/0000-0003-2114-230X
http://orcid.org/0000-0002-8000-8744
http://orcid.org/0000-0002-8000-8744
http://orcid.org/0000-0002-2045-980X
http://orcid.org/0000-0002-2045-980X
http://orcid.org/0000-0001-5179-964X
http://orcid.org/0000-0001-5179-964X
http://orcid.org/0000-0003-2543-924X
http://orcid.org/0000-0003-2543-924X
https://doi.org/10.1007/s13355-011-0051-0
https://doi.org/10.1007/s13355-011-0051-0
https://doi.org/10.1016/j.baae.2015.07.004
https://doi.org/10.1016/j.baae.2015.07.004
https://doi.org/10.1016/j.tree.2012.10.012
https://doi.org/10.1007/s00442-012-2271-6
https://doi.org/10.1371/journal.pone.0082996
https://doi.org/10.1371/journal.pone.0082996
https://doi.org/10.1016/S0378-4290(00)00082-4
https://doi.org/10.1016/S0378-4290(00)00082-4
https://doi.org/10.1890/130330
https://doi.org/10.1111/j.1461-0248.2011.01669.x
https://doi.org/10.1111/j.1461-0248.2011.01669.x
https://doi.org/10.1126/science.1230200
https://doi.org/10.1371/journal.pone.0153889
https://doi.org/10.1371/journal.pone.0153889
https://doi.org/10.1016/j.agee.2013.10.032
https://doi.org/10.1016/j.biocon.2013.11.001
https://doi.org/10.1016/j.biocon.2013.11.001
http://doi.org/10.17864/1947.141
https://doi.org/10.1016/S0378-4290(97)00041-5
https://doi.org/10.1111/j.1461-9563.2011.00541.x
https://doi.org/10.1111/j.1461-9563.2011.00541.x
https://doi.org/10.1007/s00442-008-1034-x
https://doi.org/10.1007/s00442-008-1034-x
https://doi.org/10.1111/plb.12180
https://doi.org/10.1111/plb.12180


     |  9Journal of Applied EcologyGARRATT et al.

Klein, A.-M., Vaissière, B. E., Cane, J. H., Steffan-Dewenter, I., 
Cunningham, S. A., Kremen, C., & Tscharntke, T. (2007). Importance 
of pollinators in changing landscapes for world crops. Proceedings 
of the Royal Society B: Biological Sciences, 274, 303–313. https://doi.
org/10.1098/rspb.2006.3721

Lancashire, P. D., Bleiholder, H., Boom, T. V. D., LangelÜDdeke, P., Stauss, 
R., Weber, E., & Witzenberger, A. (1991). A uniform decimal code for 
growth stages of crops and weeds. Annals of Applied Biology, 119, 
561–601. https://doi.org/10.1111/j.1744-7348.1991.tb04895.x

Lundin, O., Smith, H. G., Rundlöf, M., & Bommarco, R. (2013). When 
ecosystem services interact: Crop pollination benefits depend on 
the level of pest control. Proceedings of the Royal Society B: Biological 
Sciences, 280, 20122243–20122243.

Manning, R., & Wallis, I. R. (2005). Seed yields in canola (Brassica napus 
cv. Karoo) depend on the distance of plants from honeybee apiaries. 
Australian Journal of Experimental Agriculture, 45, 1307–1313. https://
doi.org/10.1071/EA02170

Marini, L., Tamburini, G., Petrucco-Toffolo, E., Lindström, S. A. M., 
Zanetti, F., Mosca, G., & Bommarco, R. (2015). Crop management 
modifies the benefits of insect pollination in oilseed rape. Agriculture, 
Ecosystems & Environment, 207, 61–66. https://doi.org/10.1016/ 
j.agee.2015.03.027

Mesquida, J. (1988). Rapeseed (Brassica napus L.) productivity: The ef-
fects of honeybees (Apis mellifera L.) and different pollination con-
ditions in cage and field tests. Apidologie, 19, 51–72. https://doi.
org/10.1051/apido:19880104

Morandin, L. A., Long, R. F., & Kremen, C. (2016). Pest control and polli-
nation cost–benefit analysis of hedgerow restoration in a simplified 
agricultural landscape. Journal of Economic Entomology, 109, 1020–
1027. https://doi.org/10.1093/jee/tow086

Ouvrard, P., Quinet, M., & Jacquemart, A.-L. (2017). Breeding system 
and pollination biology of Belgian oilseed rape cultivars (Brassica 
napus). Crop Science, 57, 1455–1463. https://doi.org/10.2135/
cropsci2016.09.0735

Pierre, J., Vaissiere, B., Vallee, P., & Renard, M. (2010). Efficiency of air-
borne pollen released by honeybee foraging on pollination in oilseed 
rape: A wind insect-assisted pollination. Apidologie, 41, 109–115. 
https://doi.org/10.1051/apido/2009056

Pywell, R. F., Heard, M. S., Woodcock, B. A., Hinsley, S., Ridding, L., 
Nowakowski, M., & Bullock, J. M. (2015). Wildlife-friendly farm-
ing increases crop yield: Evidence for ecological intensifica-
tion. Proceedings of the Royal Society B: Biological Sciences, 282, 
20151740. https://doi.org/10.1098/rspb.2015.1740

Rader, R., Howlett, B. G., Cunningham, S. A., Westcott, D. A., & Edwards, 
W. (2012). Spatial and temporal variation in pollinator effective-
ness: Do unmanaged insects provide consistent pollination services 
to mass flowering crops? Journal of Applied Ecology, 49, 126–134. 
https://doi.org/10.1111/j.1365-2664.2011.02066.x

Ramsden, M. W., Menéndez, R., Leather, S. R., & Wäckers, F. (2015). 
Optimizing field margins for biocontrol services: The relative role of 
aphid abundance, annual floral resources, and overwinter habitat in en-
hancing aphid natural enemies. Agriculture, Ecosystems & Environment, 
199, 94–104. https://doi.org/10.1016/j.agee.2014.08.024

Rathke, G. W., Behrens, T., & Diepenbrock, W. (2006). Integrated nitro-
gen management strategies to improve seed yield, oil content and 
nitrogen efficiency of winter oilseed rape (Brassica napus L.): A re-
view. Agriculture, Ecosystems & Environment, 117, 80–108. https://doi.
org/10.1016/j.agee.2006.04.006

Rathke, G. W., Christen, O., & Diepenbrock, W. (2005). Effects of nitro-
gen source and rate on productivity and quality of winter oilseed 
rape (Brassica napus L.) grown in different crop rotations. Field Crops 
Research, 94, 103–113. https://doi.org/10.1016/j.fcr.2004.11.010

Sabbahi, R., de Oliveira, D., & Marceau, J. (2005). Influence of honey 
bee (Hymenoptera: Apidae) density on the production of canola 

(Crucifera: Brassicacae). Journal of Economic Entomology, 98, 367–
372. https://doi.org/10.1093/jee/98.2.367

Shaw, R. F., Bullock, J. M., & Osborne, J. L. (2018). Yield of win‐
ter‐sown oilseed rape plants in relation to insect pollination. NERC 
Environmental Information Data Centre, https://doi.org/10.5285/
fc219733-a8e8-4ec0-a34e-e0e8115f0d68

Stanley, D., Gunning, D., & Stout, J. (2013). Pollinators and pollination of oil-
seed rape crops (Brassica napus L.) in Ireland: Ecological and economic 
incentives for pollinator conservation. Journal of Insect Conservation, 17, 
1181–1189. https://doi.org/10.1007/s10841-013-9599-z

Sutter, L., & Albrecht, M. (2016). Synergistic interactions of ecosystem ser-
vices: Florivorous pest control boosts crop yield increase through insect 
pollination. Proceedings of the Royal Society B: Biological Sciences, 283, 
20152529. https://doi.org/10.1098/rspb.2015.2529

Tilman, D., Balzer, C., Hill, J., & Befort, B. L. (2011). Global food demand 
and the sustainable intensification of agriculture. Proceedings of the 
National Academy of Sciences of the United States of America, 108, 
20260–20264. https://doi.org/10.1073/pnas.1116437108

van Gils, S., van der Putten, W. H., & Kleijn, D. (2016). Can above-ground 
ecosystem services compensate for reduced fertilizer input and soil 
organic matter in annual crops? Journal of Applied Ecology, 53, 1186–
1194. https://doi.org/10.1111/1365-2664.12652

Williams, I. (1984). The concentrations of air-borne rape pollen over a crop 
of oil-seed rape (Brassica napus L.). The Journal of Agricultural Science, 
103, 353–357. https://doi.org/10.1017/S0021859600047316

Williams, I. H. (2010). The major insect pests of oilseed rape in Europe and 
their management: An overview. In I. H. Williams (Ed.), Biocontrol-based 
integrated management of oilseed rape pests (pp. 1–43). Dordrecht, 
Netherlands: Springer. https://doi.org/10.1007/978-90-481-3983-5

Williams, I. H., Martin, A. P., & White, R. P. (1987). The effect of insect 
pollination on plant development and seed production in winter oil-
seed rape (Brassica napus L). Journal of Agricultural Science, 109, 135–
139. https://doi.org/10.1017/S0021859600081077

Witter, S., Blochtein, B., Nunes-Silva, P., Pereira Tirelli, F., Brito Lisboa, B., 
Bremm, C., & Lanzer, R. (2014). The bee community and its relation-
ship to canola productivity in homogenous agricultural areas. Journal 
of Pollination Ecology, 12, 15–21.

Woodcock, B. A., Edwards, M., Redhead, J., Meek, W. R., Nuttall, P., 
Falk, S., … Pywell, R. F. (2013). Crop flower visitation by honeybees, 
bumblebees and solitary bees: Behavioural differences and diversity 
responses to landscape. Agriculture, Ecosystems & Environment, 171, 
1–8. https://doi.org/10.1016/j.agee.2013.03.005

Wratten, S. D., Gillespie, M., Decourtye, A., Mader, E., & Desneux, N. 
(2012). Pollinator habitat enhancement: Benefits to other ecosys-
tem services. Agriculture Ecosystems & Environment, 159, 112–122. 
https://doi.org/10.1016/j.agee.2012.06.020

Zhang, H., Breeze, T., Bailey, A., Garthwaite, D., Harrington, R., & Potts, 
S. G. (2017). Arthropod pest control for UK oilseed rape – Comparing 
insecticide efficacies, side effects and alternatives. PLoS ONE, 12, 
e0169475. https://doi.org/10.1371/journal.pone.0169475

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the 
supporting information tab for this article.

How to cite this article: Garratt M, Bishop J, Degani E, et al. 
Insect pollination as an agronomic input: Strategies for 
oilseed rape production. J Appl Ecol. 2018;00:1–9.  
https://doi.org/10.1111/1365-2664.13153

https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1111/j.1744-7348.1991.tb04895.x
https://doi.org/10.1071/EA02170
https://doi.org/10.1071/EA02170
https://doi.org/10.1016/j.agee.2015.03.027
https://doi.org/10.1016/j.agee.2015.03.027
https://doi.org/10.1051/apido:19880104
https://doi.org/10.1051/apido:19880104
https://doi.org/10.1093/jee/tow086
https://doi.org/10.2135/cropsci2016.09.0735
https://doi.org/10.2135/cropsci2016.09.0735
https://doi.org/10.1051/apido/2009056
https://doi.org/10.1098/rspb.2015.1740
https://doi.org/10.1111/j.1365-2664.2011.02066.x
https://doi.org/10.1016/j.agee.2014.08.024
https://doi.org/10.1016/j.agee.2006.04.006
https://doi.org/10.1016/j.agee.2006.04.006
https://doi.org/10.1016/j.fcr.2004.11.010
https://doi.org/10.1093/jee/98.2.367
https://doi.org/10.5285/fc219733-a8e8-4ec0-a34e-e0e8115f0d68
https://doi.org/10.5285/fc219733-a8e8-4ec0-a34e-e0e8115f0d68
https://doi.org/10.1007/s10841-013-9599-z
https://doi.org/10.1098/rspb.2015.2529
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1111/1365-2664.12652
https://doi.org/10.1017/S0021859600047316
https://doi.org/10.1007/978-90-481-3983-5
https://doi.org/10.1017/S0021859600081077
https://doi.org/10.1016/j.agee.2013.03.005
https://doi.org/10.1016/j.agee.2012.06.020
https://doi.org/10.1371/journal.pone.0169475
https://doi.org/10.1111/1365-2664.13153

