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Abstract

1. The decline of managed honeybees and the rapid expansion of mass-flowering

crops increase the risk of pollination limitation in crops and raise questions about
novel management approaches for wild pollinators in agroecosystems. Adding arti-
ficial nesting sites, such as trap nests, can promote cavity-nesting bees in agroeco-
systems, but effectiveness could be limited by the availability of floral resources in

the surrounding landscape and by natural antagonists.

. In two European regions, we exposed artificial trap nests in paired field boundaries

adjacent to oilseed rape (OSR) fields or non-flowering crops for 2 years within 32
landscapes covering two independent gradients of OSR cover and semi-natural
habitat (SNH) cover in the landscape. We analysed the effects of local and
landscape-wide floral resource availability, land-use intensity, landscape complex-
ity and natural antagonists on community composition and population dynamics of

trap-nesting bees.

. Numbers of brood cells showed a strong, three-fold increase in response to the

additional nesting sites. Species richness and abundance of cavity-nesting bees that
were active during OSR flowering increased significantly with increasing amounts
of early season landscape-wide floral resource availability, such as the cultivation of
OSR. Later foraging species benefited instead from the availability of late-season
alternative flower resources or SNH cover once the mass-flowering had ceased.
Density-dependent parasitism increased following mass-flowering, while no

density-dependent effect was found during mass-flowering.

. Structural equation modelling revealed that the influence of floral resource availa-

bility on community growth rate was mediated by community size. Community size
showed a strong negative effect on community growth rate. Despite positive
density-dependent parasitism, antagonists had only weak regulating effects on

community growth rate.

. Synthesis and applications. Trap-nesting bee populations grow markedly with the

increasing availability of food resources in the landscape and effectiveness of trap
nests is only marginally limited by natural antagonists. Thus, trap nests could be a
simple pollinator-supporting strategy to accompany the current expansion of mass-
flowering crops and to ensure pollination services for insect-pollinated crops. Trap

nests benefit, not only early season active generalist bees during oilseed rape
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1 | INTRODUCTION

Wild bees are a crucial component of terrestrial ecosystems, playing an
important functional role as pollinators of many crops (Garibaldi et al.,
2013; Klein et al., 2007) and wild plants (Ollerton, Winfree, & Tarrant,
2011). The ‘global pollinator crisis’ has led to considerable research on
the numerous pressures threatening bees in the modern world (see a
review by Goulson, Nicholls, Botias, & Rotheray, 2015). Habitat loss
and agricultural intensification are two of the main drivers of wild bee
declines (Potts et al., 2010). Although the increased use of managed
honeybees may mitigate the loss of pollination services caused by the
decline of wild bees, they cannot entirely substitute the contribution
of wild bees to crop pollination (Garibaldi et al., 2013). Also, the area
of pollinator-dependent crops is increasing more than the supply of
honeybee colonies (Aizen & Harder, 2009; Breeze et al., 2014). To
limit potential pollination deficits in crops, there is a need for effective
management approaches to conserve and maintain wild pollinators in
agroecosystems (Garibaldi et al., 2014; Scheper et al., 2015).

Bees largely depend on floral nectar and pollen for food and rely
on undisturbed nest sites to fulfil their reproduction cycle (Potts et al.,
2005; Roulston & Goodell, 2011; Wcislo & Cane, 1996). However,
these bottom-up resources have become increasingly scarce in agro-
ecosystems (Potts et al., 2010). Adding artificial nesting sites, such
as trap nests for above-ground nesting bees, can be a prominent
intervention to improve the availability of nesting resources for soli-
tary cavity-nesting bees (Garibaldi et al., 2014; Goulson et al., 2015;
Tscharntke, Gathmann, & Steffan-Dewenter, 1998). In particular,
trap nests have been found to promote crop pollinators (Artz, Allan,
Wardell, & Pitts-Singer, 2013; Bosch & Kemp, 2002; Gruber, Eckel,
Everaars, & Dormann, 2011) and wild pollinator conservation (Maclvor
& Packer, 2015). Yet, the effectiveness of such interventions could be
limited by floral resource (FR) availability in the surrounding landscape.
In agroecosystems, the conservation or creation of flower-rich habi-
tats is, therefore, essential for providing food resources for wild bee
populations (Garibaldi et al., 2014; Scheper et al., 2013). Pollen and
nectar resources from crops may also contribute substantially to hab-
itat quality (Holzschuh, Dormann, Tscharntke, & Steffan-Dewenter,
2013). For example, mass-flowering crops (MFCs) like oilseed rape
(OSR) can provide large, albeit temporally restricted, amounts of food
resources for pollinators. The rapid expansion of MFCs in Europe,
largely due to an increased demand for biofuel, raises new questions
about their potential role to counteract the decline of food resources

for pollinators in agroecosystems (Diekétter, Peter, Jauker, Wolters, &

supporting practices.

flowering, but also species with later phenology if accompanied by other pollinator-

ecosystem services, landscape context, mass-flowering crops, natural enemies, nesting

resources, off-field practices, oilseed rape, resource limitation, solitary bees, top-down or

Jauker, 2014; Holzschuh, Dormann, Tscharntke, & Steffan-Dewenter,
2011; Holzschuh et al., 2013, 2016). Although MFCs provide a pulse
of flowering resources, the short duration of floral availability may not
be sufficient to enhance bee populations proportionally to the MFC
area (Holzschuh et al., 2016). In addition, the lack of sufficient nest-
ing sites (Roulston & Goodell, 2011) and the discontinuity of food
resources after OSR flowering (Riedinger, Renner, RundI6f, Steffan-
Dewenter, & Holzschuh, 2014; Riedinger et al., 2015; Williams &
Kremen, 2007) can be other factors that limit bee populations. The
current understanding of the effects of resource availability on trap-
nesting bee populations is, however, largely informed by snapshot
surveys conducted during only part of the season without account-
ing for the spatiotemporal distribution of these resources (Schellhorn,
Gagic, & Bommarco, 2015). Previous studies did not directly quantify
the landscape-wide FR availability, but rather used proxies such as the
amount of MFCs and semi-natural habitats (SNHSs) in the landscape, as
well as local floral diversity. Such approaches, however, neglect sea-
sonal variation in FRs (Scheper et al., 2015).

In addition to bees being limited by foraging and nesting resources,
the effectiveness of trap nests in enhancing bee populations may also
be limited by top-down forces such as natural antagonists. However,
despite the hypothesized importance of natural antagonists (also
called natural enemies) in regulating populations, limited knowledge
exists about their impact on wild bee populations (Roulston & Goodell,
2011). Host-natural enemy interactions are assumed to be density-
dependent processes, where parasitism and predation increase with
host density (Hassell, 2000; Vandermeer & Goldberg, 2003). Bees
support numerous parasitic guilds that attack offspring or the stored
food in brood cells (Roulston & Goodell, 2011; Wcislo & Cane, 1996).
However, previous studies report mixed results for top-down regula-
tion of populations of solitary bees, including both density dependence
and inverse density dependence (Palladini & Maron, 2014; Rosenheim,
1990; Steffan-Dewenter & Schiele, 2008).

Here, we assessed the interplay of bottom-up effects of floral and
nesting resources vs. top-down forces of antagonists on trap-nesting
bees at local and landscape scales. Considering bottom-up resources,
we directly quantified the landscape-wide FR availability both during
(spring) and after (summer) the OSR flowering, in addition to the
amount of OSR and SNHs in the landscape. In two European regions,
we exposed artificial trap nests in paired field boundaries adjacent to
OSR fields or non-flowering crops for 2 years within 32 landscapes
covering two independent gradients of OSR cover and SNH cover in
the landscape. We hypothesized that:
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1. Trap-nesting bees are limited by the quantity of nesting and flower
resources in the landscape. Increasing cover of early flowering
OSR would provide more resources in spring, thereby enhancing
population size of early trap-nesting bees, as well as community
diversity (mainly early generalist species). Such effects may de-
pend on the amount of SNH in the surrounding landscape,
showing greater benefits in complex landscapes where nest site
availability is less limited (i.e. cross-habitat spillover from SNH
to OSR; Holzschuh et al., 2013) and flower resources are more
abundant and relatively stable over time. In summer, we expected
that later foraging species benefit from the availability of alter-
native flower resources other than OSR (Mandelik, Winfree,
Neeson, & Kremen, 2012) and the amount of SNH in the land-
scape. Further evidence for resource limitation should result
from a negative relationship between community growth rate
and community size.

2. Trap-nesting bees are top-down regulated by natural antagonists. We
expected a positive density-dependent parasitism and a negative
density-dependent regulation of bee host population growth rates
(Vandermeer & Goldberg, 2003). Natural antagonists would follow
the local abundance and regional distribution of their hosts (Steffan-
Dewenter, 2003).

3. Additional resources provided by OSR reduce the impact of top-down
regulation of bee populations by natural antagonists. During mass-
flowering, the top-down regulation by natural antagonists may be
diluted by an increase in nest-building resulting from an increase in
the amount of OSR in the landscape (Jauker, Peter, Wolters, &
Diekotter, 2012).

2 | MATERIALS AND METHODS

2.1 | Sampling design

The study was conducted in 2011 and 2012 in two regions, one in
Germany in the surroundings of Wirzburg (Bavaria, 49°44'53"N,
9°51'34"E) and the other in the Netherlands in the surroundings of
Lochem (Gelderland, 52°9'31"N, 6°24'33"E). In each study region,
we selected 16 non-overlapping landscapes along two independent
gradients of cover of OSR (from 0% to 20%) and SNH (from 1% to
26%) in the landscape. In each landscape, the trap nests were estab-
lished in two types of field boundaries (see Appendix S1): (1) a field
boundary adjacent to a non-flowering crop (mean * SE distance to
nearest OSR field was 227.8 + 30.3 m, range from 75 to 550 m) and
used as a control site, and (2) a field boundary directly adjacent to an
OSR field.

Around each of the selected field boundaries, we quantified pro-
portions of OSR and SNH in a 1 km buffer (i.e. for field boundaries
directly adjacent to an OSR field, landscape context was character-
ized around the OSR field). To ensure that proportion of OSR and SNH
were uncorrelated, we replicated as far as possible the landscapes with
low, intermediate and high proportion of OSR along the gradient of
SNH (see Appendix S2, Tables S1 and S2). In the Dutch region, the 16

landscapes had either low or no OSR cover (and consequently only
eight boundaries adjacent to OSR were selected), as it was not possi-
ble to establish a low-high gradient in OSR in this region. Overall, 32
field boundaries adjacent to a non-flowering crop and 24 field bound-
aries directly adjacent to an OSR field were selected in 2011. Due to
crop rotation, only nine field boundaries were directly adjacent to an
OSR field in 2012. Information on landscape composition was derived
using national topographical maps and aerial photographs, validated
by field inspections. In GIS (ArcMap 9.3.1; ESRI), we quantified the
relative cover of the land-use types in each landscape.

The study landscapes were also characterized by measuring land-
use intensity (LI) and landscape-wide FR availability. LI was calculated
by quantifying the nitrogen input per hectare of arable land per year
(see Appendix S1). Nitrogen input is commonly used as a key indica-
tor of LI which is well correlated with other farming intensity mea-
sures as well as plant diversity (Kleijn et al., 2009). Flower resources
in the landscape (FR) were quantified to capture the landscape-wide
availability of pollinator food resources. A stratified sampling approach

was applied to determine the FR, both during (FR early season

early’

landscape-wide FR availability, in May) and after (FR, ., late-season

late’

landscape-wide FR, in July-August) OSR flowering (see Scheper et al.,
2015 for exact methodology).

2.2 | Trap nests

In each field boundary, six trap nest tubes were fixed on three
wooden poles (two tubes per pole; see Appendix S1). In March 2011,
before the beginning of OSR flowering, the trap nests were placed
in the study sites and removed in autumn between mid- and the end
of September. The collected trap nests were then stored at 4°C in a
cooling chamber. In the following year, all nests were returned to the
original field site in an emergence tube together with new trap nests
(Steffan-Dewenter & Schiele, 2008). In each year, all occupied nests
were marked at two different points in the season to record when
a nest was built: (1) during OSR flowering and (2) after OSR flower-
ing (6 weeks after mass-flowering). During the winter months, the
nests were analysed in the laboratory. For each brood nest, the total
number of brood cells, the number of brood cells attacked by para-
sitoids and the number of dead brood cells due to other causes (e.g.
pathogen infections) were recorded. The brood nest values from the
same field boundary were then summed together (2 trap nest tubes
x 3 poles), but separately for each year and season within year. We
guantified the following parameters to characterize the local com-
munities within each field boundary and for each season and year,
separately: (1) bee species richness, (2) the total number of brood
cells (N, used as a measure of community size; Steffan-Dewenter &
Schiele, 2008), (3) parasitism rate (P, calculated as the ratio of para-
sitized brood cells to the total number of brood cells), and (4) mortal-
ity rate (M, calculated as the ratio of dead brood cells due to other
causes to the total number of brood cells). Finally, annual community
growth rate was calculated asr, = In(Nt/Nt_l), where N and N,_, were
the total number of brood cells at time t (second year) and t - 1 (first
year) (Turchin, 2003).
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2.3 | Statistical analysis

We used linear mixed models (LMMs) to assess the effect of bottom-
up and top-down forces on wild bee populations and community
structure. Region ID and landscape ID were included in the models
as random factors (‘random intercept models’). In a preliminary anal-
ysis, we tested for random slope effects (region-level slope for the
landscape effect, that is, OSR or SNH cover), but found no evidence
that such effects improved model fit (Akaike information criterion
[AIC] was always lower in random intercept models and the likeli-
hood ratio tests were non-significant). To improve normality and ho-
moscedasticity of residuals, abundance data (total number of brood
cells) were log-transformed, proportion data (parasitism and mortal-
ity rates) were logit transformed and bee richness was square-root
transformed. Finally, we calculated Cook’s distance to verify whether
extreme observations represented influential points using the R pack-
age ‘influence.ME’ (Nieuwenhuis, te Grotenhuis, & Pelzer, 2012). In
some models, we identified influential observations, but the exclu-
sion of these data points did not affect the results of the analyses. All
analyses were conducted using R version 3.2.2 (R Development Core
Team 2015).

2.3.1 | Annual changes in community and
population size

We built a model containing the fixed factors: year, season and their
interactions, to assess whether the effect of year on nest colonization
(number of brood cells) differed across seasons. As Osmia bicornis is
often a dominant trap-nesting species (e.g. Diekotter et al., 2014), we
performed the same analysis considering whether season variations in
nest colonization differed between O. bicornis populations and non-
O. bicornis species, separately. In these cases, field boundary ID was
also included in the model as a random factor. We used the ‘ImerTest’
R package to calculate p-values using Satterthwaite approximations to
determine degrees of freedom. Models were simplified using a back-
ward deletion procedure (p > .05).

2.3.2 | Local and landscape effects on community
richness and size

We built four different models (i-iv) analysing each season and year,
separately. In this way, we could determine the influence of various
resources over the year (e.g. OSR in spring or alternative flower re-
sources in summer) or between year (e.g. crop rotation) on population
and community dynamics (Riedinger et al., 2015). In the four models
(i-iv), we used bee richness and community size (number of brood
cells) as response variables. Model i: we used the trap nest data col-
lected during OSR flowering in the first year of the experiment to
test the effect of OSR on bees using field boundary type and OSR
cover as predictors in the model. Model ii: we assessed the effect of

late-season landscape-wide FR availability (FR . ) on bees and field

late
boundary type in the model using the trap nest data collected after

OSR flowering. Models iii and iv: we analysed the data in the same

way as we did in models (i) and (ii), using the trap nest and landscape
data collected in the second year. Also, we tested the possible ef-
fect of crop rotation using the interannual change of OSR proportions
(AOSR) as a covariate in the models (iii) and (iv) and calculated as fol-
lows: AOSR = (OSR,;, = OSR,(,,)/OSR,,,. In all the models (i-iv),
we included SNH cover and LI as covariates. Then, we compared
model performance using early season landscape-wide FR availability
(FRary.

ures showed strong correlation (r,,,, = 0.94 and r,,,, = 0.83). We ap-

) instead of OSR cover in models (i) and (jii) as the two meas-

plied an information-theoretic model selection procedure (Burnham
& Anderson, 2002) to evaluate alternative competing models (mod-
els i-iv) using second-order AIC_ (see Appendix S1 for more details).
For each parameter in the candidate model set (AAICC < 7), we used
model averaging to incorporate model selection uncertainty into our
parameter estimates (Burnham & Anderson, 2002). We reported
95% confidence intervals (Cls) around model-averaged partial slope
coefficients.

2.3.3 | Top-down regulation by natural antagonists

We tested whether parasitism and mortality rates presented a posi-
tive density dependence by testing the effects of year, season, com-
munity size and their interaction. We also assessed the effect of local
and landscape factors on parasitism rate using the same procedure

described for the analysis of community models.

2.3.4 | The effects of bottom-up and top-down
forces on community dynamics

Although a 2-year study is not ideal in revealing community dynam-
ics, our data offer a unique opportunity to develop a probabilistic
model that unites multiple predictors and response variables in a sin-
gle causal network. We used piecewise structural equation model-
ling (SEM) and constructed the model using prior knowledge of the
system to define the paths of interest (see Appendix S1 for more de-
tails). Specifically, we simultaneously tested the effects of landscape-
wide FR availability, cover of SNHs, LI, parasitism rate (PH), mortality
rate (M,_,) and community size (N,_;) on community growth rate (r,)
in a single network. Because the aim of this analysis was to obtain a
general picture of the direct and indirect effects on trap-nesting bee
community dynamics, we only considered the overall-year effects in
the SEM.

3 | RESULTS

Altogether, we analysed 18,730 nests containing 76,466 brood cells
(see Appendix S2, Table S3). A total of 43,738 brood cells were con-
structed during mass-flowering, of which 92% was O. bicornis. In sum-
mer after mass-flowering, O. bicornis occupied only 26% of brood
cells, while we found an increased presence of different bees such as
Hylaeus spp. (26%), Heriades truncorum (20%), Osmia brevicornis (13%)
and Megachile spp. (5%).
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3.1 | Annual changes in community and
population size

We found a significant interaction effect of season and year on
the number of brood cells (LMMs: F1,144.1 =7.12, p=.009). The
average number of brood cells per site and year (mean * SE) sig-
nificantly increased from 180 + 30 in 2011 to 567 + 89 in 2012.
While there was no difference comparing the nest colonization
during (192 + 55) and after OSR flowering (170 + 30) in the first
year of the experiment, we found a stronger increase in brood cells
during (666 + 150) compared to after OSR flowering (465 + 94)
in the second year. At the population level, we also found a sig-
nificant interaction of season and year for O. bicornis (LMMs:
F1,14444 =4.15, p = .043). In this case, a larger number of brood cells
was constructed during rather than after OSR flowering in both
years (Figure 1a). Considering non-O. bicornis species, we only
found a significant effect of the season (LMMs: F, 4, =132.7,
p < .001) inferring an increase in brood cells after OSR flowering
(Figure 1b).

3.2 | Local and landscape effects on community
richness

In the first year, none of the predictors were related to bee spe-
cies richness during OSR flowering (all predictors with low summed
Akaike weights, Zw; < 0.50 and 95% Cls including zero) (Figure 2a; see
Appendix S2, Table S6). After mass-flowering, species richness was
best predicted by field boundary type, SNH cover and LI (Zw, > 0.70)
(Figure 2a; see Appendix S2, Table S6). SNH cover had a positive ef-
fect on species richness, while LI had a negative effect (Figure 2a; see
Appendix S2, Figure S1a). Species richness was higher in field bounda-
ries adjacent to non-flowering crops (Figure 2a; see Appendix S2,
Figure S1a).

In the second vyear, species richness during OSR flowering was
best predicted by field boundary type, flower resource availability
(both OSR cover and FR_, ) and SNH cover (Xw; > 0.80; Figure 2a;
see Appendix S2, Table Sé). Species richness was positively related

early

to OSR at local (field boundaries adjacent to OSR) and landscape

(OSR cover) scale, as well as to FR__ . and SNH cover (Figure 2a; see

early

(a) Osmia bicornis (b)  Non-Osmia bicornis
£ 800 -
(]
[&]
T 600 -
e
2 400 -
o
2 200 —
= H_ _F
2 _ _
2011 2012 2011 2012
m During OSR O After OSR

FIGURE 1 Mean (+SE) number of (a) Osmia bicornis and (b) non-
O. bicornis brood cells in relation to year (2011 and 2012) and season
within each year (during OSR flowering and after OSR flowering)

Appendix S2, Figure S1b). The model including FR

as covariate showed a quite similar performance (AAIC_ = 1.8). After

carly OF OSR cover
mass-flowering, species richness was predicted by field boundary type
(Zw; = 0.65) and SNH cover (2w, = 0.72; Figure 2a; see Appendix S2,
Table S6). Species richness was higher in field boundaries adjacent
to OSR and in landscapes with a higher cover of SNH (Figure 2a; see
Appendix S2, Figure S1c).

3.3 | Local and landscape effects on community size

In the first year, the number of brood cells was best explained
by OSR cover (Zw; = 0.91) or FR
flowering (Figure 2b; see Appendix S2, Table S7). OSR cover and
FR
Appendix S2, Figure S2a), showing a twofold increase in the number
carly 1€ model
including FRearIy as a covariate showed a better performance than
that with OSR cover (AAICc = 2.4). After mass-flowering, the num-
(Zw; = 0.65) showing
a positive effect (Figure 2b; see Appendix S2, Table S7 and Figure
S2b).

In the second year, the number of brood cells was best pre-
dicted by field boundary type (Zw; = 0.73), FRearly (Zw; = 0.94) and
LI (Zw; = 0.64) during OSR flowering (Figure 2b; see Appendix S2,

Table S7). OSR showed a positive effect on number of brood cells

carly (ZW; = 0.98) during the mass-

carly had a positive effect on community size (Figure 2b; see

of brood cells for each 0.5 percentage increase in FR

ber of brood cells was only predicted by FR

late

at the local scale (field boundaries adjacent to OSR), as well as early
season landscape-wide FR availability, while LI had a negative ef-
fect (Figure 2b; see Appendix S2, Figure S2c). Also in this case, the
model including FRearIy as a covariate was ranked higher in model
selection (AAIC_ = 3.5). The effect of FR

brood cells was comparable to that found in the first year. The pos-

carly ON the number of
itive effect of OSR at the local scale and the negative effect of LI
were also observed after OSR flowering (Figure 2b; see Appendix
S2, Figure S2d).

3.4 | Top-down regulation by natural antagonists

We found that 15.3% of the brood cells were attacked by parasi-
toids or parasites (see Appendix S2, Table S4), while nest dissection
showed 16.8% were dead due to other causes, for example, pathogen
infections. Parasitism rate was significantly affected by year (LMMs:
F1,137.5 =48.23, p < .001) and the interaction between community size
and season (LMMs: F1,18444 =5.23, p =.023; see Appendix S2, Table
S8). Parasitism rate was higher in the second year of the experiment
increasing from 7% to 18%. A positive density-dependent parasitism
was found after mass-flowering, while no density-dependent effect
was found during OSR flowering (Figure 3). Parasitism rate was gen-
erally not related to local or landscape variables, except for a signifi-
cant positive effect of SNH cover after the mass-flowering in the first
study year (see Appendix S2, Table S9). Mortality rate was found to
vary only across the season (LMMs: Fi1531=1431,p< .001) and the
years (LMMs: Fi1537 = 26.45, p < .001; see Appendix S2, Table S8). A
higher mortality rate was found after OSR flowering (25%) than during
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FIGURE 2 Standardized model-averaged effect sizes and 95% confidence intervals for the local and landscape parameters included in

the model with AAICc < 7 explaining (a) species richness and (b) community size (number of brood cells) of trap-nesting bees. Models were
carried out separately for each year (2011 and 2012) and season within each year (during OSR flowering and after OSR flowering). Symbols
reflect estimates with intervals that include (grey) and do not include O (negative in red and positive in green). Where the confidence intervals
do not overlap O (red or green symbols), a significant effect is indicated. Dots and triangles reflect estimates from models including OSR cover
in the landscape or landscape-wide floral resource availability as covariates respectively (see Appendix S2, Table S7). Local and landscape
parameter abbreviations: (1) Local, field boundary type (a positive effect size inferred a positive effect of field boundary adjacent to OSR);

(2) OSR, proportion of OSR; (3) FR, landscape-wide floral resource availability (FRearIy during OSR or FR_,. after OSR); (4) SNH, proportion of
semi-natural habitat; (5) LI, land-use intensity (nitrogen input); (6) AOSR, interannual change in OSR proportions [Colour figure can be viewed at
wileyonlinelibrary.com]

2 " OSR flowering (15%) and in the second year of the experiment (22%)
o . ' i ?‘f"tg?%ggR compared to the first year (18%).
_g_.]
g 3.5 | The effects of bottom-up and top-down forces
% on community dynamics
©
E The piecewise SEM was well supported by the data (Fischer’s C = 7.88,
'§; df =12, p =.795) and none of the independence claims implied by
the model were statistically significant (p >.05) suggesting that all
the important relationships were specified in the model (Figure 4).
I \ I I \ We found that the influence of FR availability on community growth
0 . G : _6 5 rate was mediated by community size (B = 0.41, standardized coeffi-
log [Community size]
cient). Community size showed a strong negative effect on community
FIGURE 3 Conditional partial regression plot explaining the growth rate (p = -0.51; Figures 4 and 5a). Despite a positive density-
interactive effects of season (during oilseed rape [OSR] flowering, dependent relationship between community size and parasitism rates

filled dots and solid line; after OSR flowering, open dots and dashed
line) and local bee community size (number of brood cells) on
parasitism rate. Plotted points are partial residuals; shaded areas
indicate 95% confidence intervals mortality rate f = -0.05).

(B = 0.38), top-down forces had only weak regulating effects on com-
munity growth rates (parasitism rate p=-0.15, Figures 4 and 5b;
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(a) (b) Roulston & Goodell, 2011). Community size showed a strong increase
g 4 30 p=.255 in response to the additional trap-nesting sites. The number of brood
o o o 2 cells was three times higher in the second year. At the population
S: 2 I %0, 20" : level, this increase was even more pronounced for O. bicornis (i.e. five
'-.= i~ . - . o . . . . .
g 1 - § g oo gi;- - times higher). Although the short temporal scale used in this study is
E s ° not an ideal approach to measuring limitation in nesting resources, our
8 0 ° ¢ results are in line with a previous study where population dynamics
2 T T T T of O. bicornis was monitored for a longer period (Steffan-Dewenter &
-35 -25 -15 Schiele, 2008), suggesting for a possible nest site limitation effect in
log [Community size] logit [Parasitism rate] above-ground nesting solitary bees. However, it would be interesting
(Ni) Py to verify the effect of nest site limitation on cavity-nesting bees using

FIGURE 5 Conditional partial regression plot explaining the effect
of (a) bee community size (N) and (b) parasitism rate (P) at timet - 1
on bee community growth rate [r, = In(N,/N,_,)]. Plotted points are
partial residuals; shaded areas indicate 95% confidence intervals

4 | DISCUSSION

Our study shows that mainly bottom-up forces drive wild bee popula-
tions and communities in agroecosystems (Figure 4). We found, firstly,
that trap-nesting bee populations were limited by the availability of
nesting sites. Secondly, landscape-level FR availability showed a direct
effect on trap-nesting bee population and community dynamics. In
spring, we found that abundance (in both years) and species richness
(in the second year) of bees significantly increased with an increasing
amount of early season landscape-wide FR availability, such as the
cultivation of OSR. Later foraging species benefited instead from the
availability of late-season alternative flower resources once the mass-
flowering had ceased. We also found a positive relationship between
parasitism rate and community size but a marginal top-down regula-

tion on bee populations (Figure 4).

4.1 | Bottom-up control

Considering resource-based forces, we found that solitary bees are
limited by both nesting and foraging resources (Goulson et al., 2015;

a more appropriate experimental design that considers, for example,
the immigration and emigration rates of individuals.

Besides nesting sites, wild bee populations were also significantly
limited by foraging resources (Figure 4). FRs represent the primary en-
ergy source for both adult and larval bees and as such are considered
to be a major driver of wild bee populations and community dynam-
ics (Roulston & Goodell, 2011; Scheper et al., 2014). We found strong
evidence of a direct effect of FR availability on reproductive output
of wild bees, that is, the total abundance of brood cells. Landscapes
with large quantities of foraging resources are likely to facilitate brood
provisioning (Roulston & Goodell, 2011) and also support larger source
populations to colonize the trap nests. However, such positive effects
of FR availability on bee populations depend on sufficient availability
of nesting resources. Because landscape-wide FR availability was rel-
atively stable among years (see Appendix S2, Tables S10 and S11), the
negative relationship between community size and community growth
rate provided further evidence for resource limitation. This would
suggest that experimentally enhanced populations by adding artifi-
cial nesting sites are closer to their carrying capacity limits (Steffan-
Dewenter & Schiele, 2008).

Considering the different resources that were available over the
season, MFCs benefit mainly O. bicornis populations that can uti-
lize this resource. In the first year, during OSR flowering, we found
an increase in brood cells with an increasing amount of early season
landscape-wide FR availability (i.e. mainly derived from OSR fields).
This occurred irrespective of the local field boundary type. In the
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second year of the experiment, we found instead that both a local
effect of OSR and early season landscape-wide FR availability posi-
tively influenced the number of brood cells, as well as bee richness.
Interestingly, this benefit was not only detected during the flowering
period of OSR but also later in those nests built after flowering of OSR
had ceased. This significant post-flowering effect was particularly
evident in the second year of the experiment when we found larger
and more diversified wild bee communities in trap nests established
adjacent to OSR. A possible explanation could be that in landscapes
with a larger amount of OSR the activity period of early active species
increased. In spring, wild bees benefit from a large amount of nectar
and pollen resources, especially early generalist species like O. bicor-
nis (Holzschuh et al., 2013; Jauker et al., 2012). In addition, OSR may
also attract other species, as confirmed by the positive effect of OSR
on bee species richness. As seen above, the availability of FRs was
relatively stable among years (see Appendix S2, Tables S10 and S11),
we found a negligible influence of crop rotation on trap-nesting bee
populations. Further studies are, however, needed to better under-
stand how MFCs impact on bee population dynamics in consecutive
years as their cover can vary widely from year to year (Riedinger et al.,
2015). After mass-flowering, later foraging species contributed to the
colonization of nests. However, the positive relationships with late-
season landscape-wide FR availability or SNH and the negative rela-
tionships with LI suggest that the availability of alternative resources
also limits later foraging females. Importantly, the negative effect of
LI on wild bees became more pronounced after mass-flowering, while
during flowering, OSR may outweigh the negative effects of LI. This
can also be the reason why we did not find a significant causal effect
of LI on community size (N,_,) in the SEM. An alternative explanation
could be that species emerging later in the season suffer more from LI
than early generalist species like O. bicornis. Even if LI was measured
using nitrogen input, this variable generally correlates with pesticide
applications and other farming practices (e.g. Kleijn et al., 2009) that
can directly affect bee survival (Goulson et al., 2015).

According to previous studies (Diekotter et al., 2014; Jauker et al.,
2012), the richness of bees also increases with an increasing amount
of SNH in the landscape. Pollinator communities are often more abun-
dant and diversified in complex landscapes where SNH are better con-
served (Kennedy et al., 2013). Wild bees can benefit from the diverse
and more permanent foraging as well as nesting and overwintering re-
sources provided by SNH (Roulston & Goodell, 2011). This significant
relationship was found both during (only in the second year) and after
the mass-flowering (both years). During mass-flowering, this effect
plus the additive effect of OSR suggests that the diversified bee com-
munities occurring in complex landscape profit from the resources pro-
vided by MFCs (Jauker et al., 2012; Williams & Kremen, 2007). Once
the mass-flowering has ceased, the role of SNH may become even
more important in providing alternative resources for wild pollinators.

4.2 | Top-down control

Considering our hypothesis related to a possible top-down regulation
on bee populations, we found a positive density-dependent parasitism

rate but marginal effects of top-down factors on community growth
rate (Figure 4). The relationship between parasitism rate and commu-
nity size varied over the season. While a positive density-dependent
parasitism was observed after mass-flowering, there was only a weak
relationship during mass-flowering. During mass-flowering, top-down
regulation by natural antagonists may be buffered by the increased
number of brood cells with increasing amount of OSR in the land-
scape (Jauker et al., 2012). When the mass-flowering has ceased, this
compensation disappears showing a significant density-dependent
relationship. This would suggest a stronger effect of natural antago-
nists on small populations (Steffan-Dewenter & Schiele, 2008). This
mechanism was better elucidated when we verified whether early
season landscape-wide FR availability affected the relationship be-
tween parasitism rate and community size (see Appendix S2, Figure
S3). During mass-flowering, the positive density-dependent parasit-
ism disappeared in landscapes with abundant availability of flower re-
sources. This analysis confirms that MFCs can affect the host-natural
enemy interactions by outweighing the effect of top-down regulation
by natural antagonists on community size. We also found that parasit-
ism rate increased in the second year of the experiment following the
growth of bee populations. Such findings further demonstrate that
parasitism rates correlate positively with the local and regional abun-
dance of hosts (Steffan-Dewenter, 2003) and might imply a further
accumulation of antagonists (but see Steffan-Dewenter & Schiele,
2008). One limitation of this study is the short temporal scale used
to disentangle the effects of top-down forces on trap-nesting bee
community dynamics. For instance, predator-prey cycles can often
occur over long time-scales and this could explain the marginal top-
down regulation found in the study. Nevertheless, no support for
top-down regulation by natural antagonists was also reported on a
longer time-scale (Steffan-Dewenter & Schiele, 2008). Therefore,
these results seem to suggest that, if sufficient food resources are
available in the surrounding landscape, the effectiveness of trap nests
in boosting populations of trap-nesting bees is hardly affected by
natural antagonists.

Contrary to our expectations, local and landscape factors did not
show a direct effect on parasitism rate. We only found a positive im-
pact of SNH on parasitism rate after OSR flowering in the first year.
In part, this reflects the effect derived from landscape complexity on
natural antagonists (Steckel et al., 2014; Steffan-Dewenter, 2003;
Steffan-Dewenter & Schiele, 2008) due to a higher availability of hosts
and refuge sites (Rand, Tylianakis, & Tscharntke, 2006). Taken together,
these results demonstrate a stronger influence of host densities, rather
than those of habitat or landscape parameters, on parasitism rate for

this system.

5 | CONCLUSIONS

Our study shows that the addition of nesting resources by the use
of trap nests could be a simple pollinator-supporting strategy to
accompany the current expansion of MFCs. Adding trap nests de-
signed by varying nesting tube diameter can support a large diversity
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of cavity-nesting bees, and not just large populations of early gen-
eralist bees. During mass-flowering, we found a marked growth of
trap-nesting bee populations with the increasing availability of food
resources in the landscape. On average, we observed a twofold in-
crease in community size for each 0.5 percentage increase in early
season landscape-wide FR availability. Trap nests benefit not only
early generalist bees occurring during OSR flowering but also spe-
cies with later phenology. Yet, alternative FRs other than OSR are
needed to maintain these later populations. This suggests that the
conservation or creation of flower-rich habitats is, important for the
effectiveness of trap nests over the entire season. The conservation
of SNH, which provide suitable nesting sites and ensure larger avail-
ability of pollen and nectar resources throughout the entire season,
is certainly essential. In simplified landscapes where flower-rich hab-
itats have been lost, an effective solution could instead be the adop-
tion of complementary interventions aiming to enhance FRs. The
establishment of wildflower strips (Scheper et al., 2015) or hedge-
rows (Dainese, Montecchiari, Sitzia, Sigura, & Marini, 2017; Dainese,
Riedinger et al., 2017; Morandin & Kremen, 2013) is, for instance,
a simple strategy to create high-quality habitats taking little or no
land from crop production. These interventions should be targeted
at providing continuous bloom over the season for supporting the
greatest diversity of wild pollinators (Scheper et al., 2015; Williams
et al., 2015; Wood, Holland, & Goulson, 2017). In conclusion, trap
nests in combination with other interventions that enhance FRs
could be a successful strategy to promote the recruitment of wild
pollinators in agroecosystems and potentially to ensure pollination
services for insect-pollinated crops. Further studies, incorporating
pollen analysis to link specific trap-nesting bees to specific crops, are
needed to determine which crops benefit most from this supporting
practice in order to optimize alternative pollination systems for crop

production.

ACKNOWLEDGEMENTS

The study was funded by the EU FP7 project “Status and Trends
of European Pollinators” (244 090, www.STEP-project.net). D.K.
and J.S. were supported by the Dutch Ministry of Economic Affairs
(BO-11-011.01-011 and KB-14-003-006). I.S.-D. and A.H. received
funding from the DFG-Collaborative Research Center 1047 Insect

Timing.

AUTHORS’ CONTRIBUTIONS

A.H., D.K. and |.S.-D. developed the experimental design; V.R. and J.S.
collected data; M.D. analysed the data and wrote the first draft of the
manuscript. All authors interpreted results and contributed to writing

of the manuscript.

DATA ACCESSIBILITY

Data available from the Dryad Digital Repository https://doi.
org/10.5061/dryad.b87h6 (Dainese et al., 2017).

REFERENCES

Aizen, M. A,, & Harder, L. D. (2009). The global stock of domesticated
honey bees is growing slower than agricultural demand for pollination.
Current Biology, 19, 915-918.

Artz, D. R, Allan, M. J., Wardell, G. I., & Pitts-Singer, T. L. (2013). Nesting
site density and distribution affect Osmia lignaria (Hymenoptera:
Megachilidae) reproductive success and almond yield in a commercial
orchard. Insect Conservation and Diversity, 6, 715-724.

Bosch, J., & Kemp, W. P. (2002). Developing and establishing bee spe-
cies as crop pollinators: The example of Osmia spp. (Hymenoptera:
Megachilidae) and fruit trees. Bulletin of Entomological Research, 92,
3-16.

Breeze, T. D., Vaissiere, B. E., Bommarco, R., Petanidou, T., Seraphides, N.,
Kozak, L., ... Potts, S. G. (2014). Agricultural policies exacerbate hon-
eybee pollination service supply-demand mismatches across Europe.
PLoS ONE, 9, €82996.

Burnham, K., & Anderson, D. (2002). Model selection and multimodel
inference: A practical information-theoretic approach. New York:
Springer-Verlag.

Dainese, M., Montecchiari, S., Sitzia, T., Sigura, M., & Marini, L. (2017). High
cover of hedgerows in the landscape supports multiple ecosystem
services in Mediterranean cereal fields. Journal of Applied Ecology, 54,
380-388.

Dainese, M., Riedinger, V., Holzschuh, A., Kleijn, D., Scheper, J., & Steffan-
Dewenter, |. (2017). Data from: Managing trap-nesting bees as crop
pollinators: Spatiotemporal effects of floral resources and antagonists.
Dryad Digital Repository, https:/doi.org/10.5061/dryad.b87hé

Diekétter, T., Peter, F., Jauker, B., Wolters, V., & Jauker, F. (2014). Mass-
flowering crops increase richness of cavity-nesting bees and wasps in
modern agro-ecosystems. GCB Bioenergy, 6, 219-226.

Garibaldi, L. A., Carvalheiro, L. G., Leonhardt, S. D., Aizen, M. A., Blaauw, B.
R., Isaacs, R,, ... Winfree, R. (2014). From research to action: Practices to
enhance crop yield through wild pollinators. Frontiers in Ecology and the
Environment, 12, 439-447.

Garibaldi, L. A., Steffan-Dewenter, I., Winfree, R., Aizen, M. A., Bommarco, R.,
Cunningham, S. A,, ... Klein, A. M. (2013). Wild pollinators enhance fruit set
of crops regardless of honey bee abundance. Science, 339, 1608-1611.

Goulson, D., Nicholls, E., Botias, C., & Rotheray, E. L. (2015). Bee declines
driven by combined stress from parasites, pesticides, and lack of flow-
ers. Science, 347, 1255957.

Gruber, B., Eckel, K., Everaars, J., & Dormann, C. F. (2011). On managing
the red mason bee (Osmia bicornis) in apple orchards. Apidologie, 42,
564-576.

Hassell, M. P. (2000). Host-parasitoid population dynamics. Journal of
Animal Ecology, 69, 543-566.

Holzschuh, A., Dainese, M., Gonzalez-Varo, J. P., Mudri-Stojni¢, S., Riedinger,
V., Rundléf, M., ... Steffan-Dewenter, I. (2016). Mass-flowering crops
dilute pollinator abundance in agricultural landscapes across Europe.
Ecology Letters, 19, 1228-1236.

Holzschuh, A., Dormann, C. F,, Tscharntke, T., & Steffan-Dewenter, |. (2011).
Expansion of mass-flowering crops leads to transient pollinator dilution
and reduced wild plant pollination. Proceedings of the Royal Society B:
Biological Sciences, 278, 3444-3451.

Holzschuh, A., Dormann, C. F., Tscharntke, T., & Steffan-Dewenter, |.
(2013). Mass-flowering crops enhance wild bee abundance. Oecologia,
172,477-484.

Jauker, F, Peter, F., Wolters, V., & Diekétter, T. (2012). Early reproductive
benefits of mass-flowering crops to the solitary bee Osmia rufa out-
balance post-flowering disadvantages. Basic and Applied Ecology, 13,
268-276.

Kennedy, C. M., Lonsdorf, E., Neel, M. C.,, Williams, N. M., Ricketts, T. H.,
Winfree, R, ... Kremen, C. (2013). A global quantitative synthesis of
local and landscape effects on wild bee pollinators in agroecosystems.
Ecology Letters, 16, 584-599.


http://www.STEP-project.net
https://doi.org/10.5061/dryad.b87h6
https://doi.org/10.5061/dryad.b87h6
https://doi.org/10.5061/dryad.b87h6

204 Journal of Applied Ecology

DAINESE €T AL

Kleijn, D., Kohler, F., Baldi, A., Batary, P., Concepcion, E. D., Clough, Y.,
... Verhulst, J. (2009). On the relationship between farmland biodiver-
sity and land-use intensity in Europe. Proceedings of the Royal Society B:
Biological Sciences, 276, 903-909.

Klein, A.-M., Vaissiére, B. E., Cane, J. H., Steffan-Dewenter, |., 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.

Maclvor, J. S., & Packer, L. (2015). ‘Bee hotels’ as tools for native pollinator
conservation: A premature verdict? PLoS ONE, 10, e0122126.

Mandelik, Y., Winfree, R., Neeson, T., & Kremen, C. (2012). Complementary
habitat use by wild bees in agro-natural landscapes. Ecological
Applications, 22, 1535-1546.

Morandin, L. A., & Kremen, C. (2013). Hedgerow restoration promotes pol-
linator populations and exports native bees to adjacent fields. Ecological
Applications, 23, 829-839.

Nieuwenhuis, R., te Grotenhuis, M., & Pelzer, B. (2012). influence.ME: Tools
for detecting influential data in mixed effects models. R Journal, 4, 38-47.

Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many flowering plants
are pollinated by animals? Oikos, 120, 321-326.

Palladini, J. D., & Maron, J. L. (2014). Reproduction and survival of a solitary
bee along native and exotic floral resource gradients. Oecologia, 176,
789-798.

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O., &
Kunin, W. E. (2010). Global pollinator declines: Trends, impacts and
drivers. Trends in Ecology & Evolution, 25, 345-353.

Potts, S. G., Vulliamy, B., Roberts, S., O'Toole, C., Dafni, A., Ne’eman, G. &
Willmer, P. (2005). Role of nesting resources in organising diverse bee
communities in a Mediterranean landscape. Ecological Entomology, 30,
78-85.

R Development Core Team. (2015.) R: A language and environment for statis-
tical computing. Vienna, Austria: R Foundation for Statistical Computing.
Retrieved from http:/www.R-project.org

Rand, T. A, Tylianakis, J. M., & Tscharntke, T. (2006). Spillover edge effects:
The dispersal of agriculturally subsidized insect natural enemies into
adjacent natural habitats. Ecology Letters, 9, 603-614.

Riedinger, V., Mitesser, O., Hovestadt, T., Steffan-Dewenter, 1., Holzschuh,
A., & Rosenheim, J. A. (2015). Annual dynamics of wild bee densities:
Attractiveness and productivity effects of oilseed rape. Ecology, 96,
1351-1360.

Riedinger, V., Renner, M., Rundlof, M., Steffan-Dewenter, |., & Holzschuh, A.
(2014). Early mass-flowering crops mitigate pollinator dilution in late-
flowering crops. Landscape Ecology, 29, 425-435.

Rosenheim, J. A. (1990). Density-dependent parasitism and the evolu-
tion of aggregated nesting in the solitary Hymenoptera. Annals of the
Entomological Society of America, 83, 277-286.

Roulston, T. H., & Goodell, K. (2011). The role of resources and risks in regu-
lating wild bee populations. Annual Review of Entomology, 56, 293-312.

Schellhorn, N. A., Gagic, V., & Bommarco, R. (2015). Time will tell: Resource
continuity bolsters ecosystem services. Trends in Ecology & Evolution,
30, 524-530.

Scheper, J., Bommarco, R., Holzschuh, A., Potts, S. G., Riedinger, V., Roberts,
S. P. M., ... Kleijn, D. (2015). Local and landscape-level floral resources
explain effects of wildflower strips on wild bees across four European
countries. Journal of Applied Ecology, 52, 1165-1175.

Scheper, J., Holzschuh, A., Kuussaari, M., Potts, S. G., Rundl&f, M., Smith, H.
G., & Kleijn, D. (2013). Environmental factors driving the effectiveness

of European agri-environmental measures in mitigating pollinator loss
- A meta-analysis. Ecology Letters, 16, 912-920.

Scheper, J., Reemer, M., van Kats, R., Ozinga, W. A, van der Linden, G. T.
J., Schaminée, J. H. J,, ... Kleijn, D. (2014). Museum specimens reveal
loss of pollen host plants as key factor driving wild bee decline in The
Netherlands. Proceedings of the National Academy of Sciences of the
United States of America, 111, 17552-17557.

Steckel, J., Westphal, C., Peters, M. K., Bellach, M., Rothenwoehrer, C.,
Erasmi, S., ... Steffan-Dewenter, |. (2014). Landscape composition and
configuration differently affect trap-nesting bees, wasps and their an-
tagonists. Biological Conservation, 172, 56-64.

Steffan-Dewenter, |. (2003). Importance of habitat area and landscape
context for species richness of bees and wasps in fragmented orchard
meadows. Conservation Biology, 17, 1036-1044.

Steffan-Dewenter, |., & Schiele, S. (2008). Do resources or natural enemies
drive bee population dynamics in fragmented habitats? Ecology, 89,
1375-1387.

Tscharntke, T., Gathmann, A., & Steffan-Dewenter, |. (1998). Bioindication
using trap-nesting bees and wasps and their natural enemies:
Community structure and interactions. Journal of Applied Ecology, 35,
708-719.

Turchin, P. (2003). Complex population dynamics: A theoretical/empirical syn-
thesis. Princeton, NJ: Princeton University Press.

Vandermeer, J. H., & Goldberg, D. E. (2003). Population ecology: First princi-
ples. Princeton, NJ: Princeton University Press.

Weislo, W. T., & Cane, J. H. (1996). Floral resource utilization by solitary
bees (Hymenoptera: Apoidea) and exploitation of their stored foods by
natural enemies. Annual Review of Entomology, 41, 257-286.

Williams, N. M., & Kremen, C. (2007). Resource distributions among habi-
tats determine solitary bee offspring production in a mosaic landscape.
Ecological Applications, 17, 910-921.

Williams, N., Ward, K., Pope, N., Isaacs, R., Wilson, J., May, E., ... Peters, J.
(2015). Native wildflower plantings support wild bee abundance and
diversity in agricultural landscapes across the United States. Ecological
Applications, 25,2119-2131.

Wood, T. J., Holland, J. M., & Goulson, D. (2017). Providing foraging re-
sources for solitary bees on farmland: Current schemes for pollina-
tors benefit a limited suite of species. Journal of Applied Ecology, 54,
323-333.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-
porting information tab for this article.

How to cite this article: Dainese M, Riedinger V, Holzschuh A,
Kleijn D, Scheper J, Steffan-Dewenter |. Managing trap-nesting
bees as crop pollinators: Spatiotemporal effects of floral
resources and antagonists. J Appl Ecol. 2018;55:195-204.
https://doi.org/10.1111/1365-2664.12930



http://www.R-project.org
https://doi.org/10.1111/1365-2664.12930

