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Abstract: Forest vegetation is essential for the population development of the spotted wing drosophila
(SWD). Yet, little is known of how the structure of surrounding forest areas influence the abundance of
SWD within orchards. In this work, we use data from a field trial at five sites in Switzerland to analyse
the relationship between the extent of forest area, its edge density, and its distance from the orchard
with the occurrence of SWD in sweet cherry orchards in a Bayesian hierarchical model. Availability
of cherries and bycatch were also included in the model to account for effects of resource availability
and trap attractiveness, respectively. For all main effects and their interactions, we accounted for
potential temporal changes by adding interactions with time. We found that the closer an orchard
was to a forest, the more SWD were trapped within the orchard. However, the interaction of forest
proximity with forest area caused a disproportionate decrease of SWD catches. Also, the within
orchard variables, trap catches of other drosophilid flies and resource availability affected SWD trap
catches, but their relation changed in the course of the experiment. The findings imply that reducing
SWD occurrence in orchards and other crop fields requires not only the consideration of processes
outside and within the host crop field, but also of temporally changing relationships between SWD
and other factors.
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1. Introduction

Landscape composition surrounding crops plays an eminent role for insect pest species and their
antagonists. This role is generally advocated for antagonists (e.g., [1-5]), but it has been taken to
a lesser extent into account for pests. In fact, landscape structures such as forests, shrub vegetation
and flowering field margins provide shelter, connectivity, alternative habitats, and food sources
for pests [6,7]. Consequently, the extent of these structures can foster pest species abundance and
diversity [7-11]. In addition to the extent of landscape structures, their shapes can also influence
pest colonization of host crops. Habitat shapes vary from linear to complex structures [12]. Complex
structures can favour pest movement towards host crops by providing microhabitats that protect
against unfavourable weather conditions and direct movement towards host crops [13].

Furthermore, the distance of landscape structures to host crops can influence their role for pests.
Pest species can overcome large distances given habitat connectivity, weather conditions, alternative
resources and enough time [8,11]. Pest species with limited dispersal ability, however, are more
likely to occur in non-crop habitats close to host crop fields and launch periodic or regular invasions,
while moving between non-crop habitats and crop fields [14]. The extent and shape of forest areas
may thus be more relevant at closer distances for pest species with limited dispersal capabilities.
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Including information about the extent and shape of landscape structures on pest species, and the
distance to host crops is therefore essential to boost the beneficial effects and at the same time mitigate
the detrimental effects of any agro-environmental or biodiversity promoting schemes and related
habitat manipulations intended to favour pest control [15,16]. Finally, biological control of pests and
other pest management measures may not be sufficient to reduce significantly crop infestation at the
landscape scale [17,18]. This is especially the case for seminatural crops such as high-stem fruit tree
orchards, where many pest management measures are not applicable or not economically viable [19].
For example, the use of enclosure nets to protect high-stem fruit trees is not cost-effective relative to
the product value. Increasing the effectiveness of biological control and pest management requires
knowledge about the pest’s biology, which includes the role of landscape structures for dispersion
and survival.

The spotted wing drosophila (SWD), Drosophila suzukii (Matsumura, 1931), is a polyphagous
pest of stone and soft fruits in Europe, North and South America [20-22]. Since its first occurrence in
Europe in 2008, SWD invaded almost all European countries. In Switzerland, it was first detected in
2011 [23]. Economic damage amounts to several hundred thousand Euros annually, while additional
costs arise from pest management [24,25]. Current research on pest management focuses on chemical
and mechanical control, trap efficiency, and the sensitivity of varieties to SWD infestation [26-30].
Recent findings highlighted the importance of wooded habitats [31-34]. To our knowledge, there is
currently little information about whether distance from neighbouring non-crop habitats and extent of
non-crop habitats affect the colonization of host crops by SWD [34-37], and no information about the
effects of the shape of those non-crop habitats. Additionally, several trap types have been designed and
tested with different attractants for their efficiency in catching SWD. Although different trap aspects
have been shown to affect the efficiency of traps [26,38—41], a potential decay of the attractant and its
role to attract SWD has not been considered. Attractants can undergo changes in their composition due
to the effect of temperature and the biomass of captured insects accumulating over time, and hence
alter the effectiveness of the trap.

This paper contributes to the current research on SWD by addressing relevant questions on the
role of landscape metrics and local factors on the colonization of host crops by SWD. We assumed
that the abundance of SWD increases with the area of forest and the complexity of forest shapes in
the surroundings of suitable hosts, as well as with the abundance of suitable host fruits. We further
predicted that this relationship depends on the distance of the forest areas from the host crop. We also
expected fewer adult captures of SWD in traps with abundant captures of other insects.

2. Materials and Methods

2.1. Study Sites and Experimental Design

The study was carried out at five sweet cherry orchards between the 23rd of June (23rd calendar
week) and the 3rd of August (31st calendar week) 2017, when between 3.8% (Wolflinswil) and
30.3% (Kaisten) of cherries showed colour-change. The study ended two weeks after the last harvest
(29th calendar week). Two orchards were located in the canton (similar to county) of Zug (Notikon (IN)
and Rotkreuz (R)) and three in the canton of Aargau (Schupfart (S), Wolflinswil (W), and Kaisten (K)).
Cherry trees in Notikon and Rotkreuz were high-stem orchards with trees standing 10-20 m (Notikon)
and 5-12 m (Rotkreuz) apart. In Schupfart and Wolflinswil, trees were planted in spindle bush, and in
Kaisten in Cordon formation. At all three orchards, rows were 4 m and trees 2.5 m apart. All orchards
in the canton of Aargau except in Kaisten (12% canned cherries) produced exclusively dessert cherries.
The two orchards in the canton of Zug produced cherries for processing. Orchards differed in terms
of size and cherry trees density, with the largest orchard in Notikon being almost ten times larger
than the smallest orchard in Rotkreuz (Table 1). Highest tree densities occurred in Schupfart and
Kaisten, while Notikon had the lowest cherry tree density. Average temperature and relative humidity
differed little between orchards during the sampling period. Lowest temperatures were measured
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at Schupfart (19.9 £ 0.3 °C), and highest in Kaisten (20.4 £+ 0.5 °C). Temperatures at Wolflinswil
(20.1 + 0.4 °C), Notikon (20.0 £ 0.4 °C), and Rotkreuz (20.0 £ 0.2 °C) were almost identical. Notikon
(66.4 £ 5.2% RH) and Wolflinswil (71.9 + 3.5% RH) were less humid than Kaisten (73.4 &+ 2.8% RH),
Rotkreuz (73.1 £ 2.1% RH), and Schupfart (73.2 + 2.8% RH). Orchards differed further in terms of
altitude with the highest orchard at Wolflinswil being located more than 100 m higher than the
lowest orchard at Kaisten. Plant protection measures against SWD consisted of 2-3 applications of
thiacloprid (Alanto, Bayer Schweiz AG) (Wolflinswil, Switzerland), acetamiprid (Gazelle, Stahler
Suisse AG) (Kaisten, Schupfart, Rotkreuz, Notikon, Switzerland), spinosad (Audienz, Omya Schweiz
AG) (Kaisten, Schupfart, Switzerland), and kaolin (Surround, Stihler Suisse AG) (Notikon, Rotkreuz,
Switzerland). Orchards at Kaisten, Schupfart, and Wolflinswil were covered with a weather protection
foil. At Schupfart, protective lateral nets with a mesh size of 0.8 mm were additionally installed during
the sampling period. The nets likely accounted for the few captures. However, SWD were trapped
within the orchard despite the nets, which is why we kept this orchard in the analysis. Kaisten and
Wolflinswil had nets against birds, while Notikon and Rotkreuz had no physical protection measures.

Table 1. Field site characteristics. Exposition: E = East, S = South, SSW = South Southwest. min/max = min
and max distance between trap pairs.

Field Site WGSS84 (Lat/Lon) m (a.s.l) Size (m?) Cherry Trees Varieties Exposition min/max (m)
Kaisten (K) 47.53572/8.03969  380-400 10,500 1005 9 E 33.9/189.1
Notikon (N) 47.21712/8.53908  510-550 31,200 230 33 S 87.2/206.9
Rotkreuz (R) 47.13200/8.42231 500 3000 64 2 - 8.4/90.3
Schupfart (S) 47.51972/7.95958  470-480 19,000 2080 8 SSW 132.0/250.8
Wolflinswil (W)  47.45926/7.98005  580-590 9500 800 8 E 51.9/132.3

Two transparent traps closed with a red lid and baited with 80 ml of the commercially available
liquid Gasser attractant (RIGA AG, Ellikon a.d. Thur, Switzerland) were mounted onto different cherry
trees in each corner of the orchards at heights between 135-250 cm (for an example see Appendix A,
Figure A1). Traps were emptied and replaced weekly. SWD, parasitic wasps, gnats (Sylvicola species),
and other drosophilid flies were identified and counted. We included gnats in our study, because they
were the most abundant species in the traps. Additionally, a LogTag HAXO-8 logger (MicroDAQ,
Contoocook, NH, USA) was mounted next to traps in each corner, and temperature and humidity
measurements were taken every 5 min throughout the sampling period. Cherries hanging on each tree
provided with a trap were counted to evaluate local fruit availability.

2.2. Landscape Metrics

Geographical information about forests in the study regions was obtained from the Topographic
Landscape Model (swissTLM3D 1.4 (2016)). Before analysis, forest shapes from recent satellite images
surrounding field sites were visually compared with polygons from the swissTLM3D layer for equality
using the web application from the Swiss Federal Geoportal [42]. Around each trap, buffer rings
(i.e., circles), with radius ranging from 80-1000 m in 20 m intervals were constructed, and forest area
and edge density for each interval calculated using the packages rgeos [43] and spatialEco [44] in
R-Cran Version 3.4.4 [45]. For the calculation of edge density ED for buffer j at each radius we used

the following equation:
n

ED; = ’Xje” -10,000 1)
with ¢;; = edge length (m) of forest patch i within buffer j, and A; = total area (m?) of buffer j. Spearman
rank correlation coefficients between the number of SWD and results for landscape metrics were
calculated at each interval. Landscape metrics with highest correlation coefficients were chosen for
further analysis.
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2.3. Mixed Model

A weighted linear Bayesian mixed model with negative binomial family, orchard as the only random
(grouping) effect (N = 5), calendar week number (t = 9) as random slope, and 7 = 360 observations was
applied. Differences in variance between orchards were accounted for by including SWD trap catches
from each orchard as weights. Fixed effects considered the relationship of the sum of caught SWD
for each trap on landscape metrics, reflecting the situation surrounding the orchards, and ecological
variables, representing the situation at trap locations. The landscape metrics were (1) distance to the
closest forest area; (2) percentage of forest area; and (3) edge density of forest patches. Ecological
variables were (4) local fruit availability at trap location and (5) number of other caught insects
excluding parasitic wasps. Other insects consisted almost entirely of other drosophilid flies and gnats
from the genus Sylvicola.

All numerical and integer variables were standardized to # = 0 and ¢ = 1 to aid in convergence of
the algorithm and reduce correlation between group means and predictors. Collinearity was studied
using Spearman correlation of posterior values from explanatory variables [46,47]. Because correlation
analysis only considers bivariate relationships, we also included variance inflation factors (VIF).
The presence of collinearity would increase the width of the highest posterior density intervals,
which reflects uncertainty in parameter estimation [47]. The response variable, the number of caught
SWD in 1 week, represents count data in a given time period. The occurrence of many zero and larger
count values increases the variance and thus violates the condition for the Poisson model. These count
data were modelled using a negative binomial distribution that has an additional shape parameter
that accounts for the variance [48].

We used the brm function in the R-package brms version 2.3.0 [49] in R-Cran [45]. The brms package
is a front-end for the software Stan, which has the Hamilton Monte Carlo algorithm implemented.
This algorithm explores the probability space of model parameters more thoroughly than the Gibbs
sampler [50,51]. Bayesian mixed models models provide less biased estimates when sample size
is small than their corresponding frequentist approaches [52-54]. The success of parameter space
exploration consisted of inspecting trace and density plots. The potential scale reduction factor (R)
represents the ratio of average sample variance in each chain to the pooled sample variance from all
chains. Deviations from 1 indicate that the chains do not reach a common distribution and the model
needs to be adjusted [55]. The effective sample size (n,5¢) gives the number of independent draws
from the chain to estimate parameter values. Values larger than 2000 are considered sufficient for
inference [47,56]. Autocorrelation plots provide futher support for the reliability of independent draws.
Priors were constructed after data collection but before analysis and based on previous publications
and expert opinion. Priors and diagnostic plots are presented in the Appendix. We further present
posterior means of parameters and high-density posterior intervals of fixed effects coefficients from a
model with 10,000 iterations, 3 chains, and a warmup of 2000 iterations. We discarded each 5th value
to reduce autocorrelation between posterior values. All parameters are initialized to zero.

3. Results

3.1. Trap Content

In total, we caught 158,823 insects during 9 weeks. Considering catches from all orchards
together, gnats were the most common insects recovered in the deployed traps (52.1%), followed by
drosophilid flies (excluding SWD, 38.6%), and SWD (9.2%). Parasitic wasps that attack drosophilid
flies made up only 0.04% of the total and consisted of species belonging to 5 families (Braconidae,
Diapriidae, Figitidae, Proctotrupidae, and Pteromalidae). Among orchards, the distribution of SWD,
other drosophilid flies, and gnats was similar with most catches in the orchard at Rotkreuz and least
at Schupfart (Figure 1). In contrast, the contribution to the total catches differed considerably for
the three taxa among the five orchards. Catches at Kaisten were dominated by drosophilid flies
other than SWD (86.2%, Figure 1). SWD and gnats each made up only about 6.5% of the catches.
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At Notikon, other drosophilid flies than SWD (49.9%) and gnats (44.1%) were caught with similar
frequency, while SWD (6.0%) was similarly seldom as in Kaisten. For the orchards at Rotkreuz and
Wolflinswil, the distribution among the three groups followed the same pattern. Gnats were the most
common insects in traps, followed by other drosophilid flies, and SWD.

Orchards:
@ WK ® Groups:
75 BN 75 SWD
B R [l Other drosophilid flies
= S M Gnats
W
50 50
% %
25 25
0 — 0
SWD Other Gnats K N R S W

drosophilid flies

Figure 1. SWD, other drosophilid flies, and gnats between (a) and within (b) orchards. Parasitic
wasps are not shown due to their low number. Abbreviations for orchards: K = Kaisten, N = Notikon,
R = Rotkreuz, S = Schupfart, W = Wolflinswil.

3.2. Time Series

The number of caught SWD and other drosophilid flies increased in the course of the experiment,
especially in the orchard at Rotkreuz (Figure 2). Gnats and parasitic wasps showed the opposite
pattern, with most individuals in traps at the beginning of the experiment. Again, Kaisten showed
little variation in time for the occurrence of gnats, but had the highest captures of parasitic wasps
throughout the first weeks (24th-26th). During the experiment, almost no parasitic wasps were found
at Rotkreuz, which stands in contrast to the largest abundance of SWD, other drosophilid flies and
gnats in this orchard.

Orchards — K — N — R — S — W

(@ 6000 (b)
4000 Orchards 8
— K “_5
o 3000 — N =
= _ g 58 4000
T - (o]
£ 2000 VY Fe
" S 2000
1000 5
0 0
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12000
(d)
9000 g 10
©
@ S
g e
G 6000 2
= ©
g g s
3000 g
'—
0 0
24 26 28 30 24 26 28 30

Calendar Week

Figure 2. Number of SWD (a); other drosophilid flies (b); gnats (c); and parasitic wasps (d) from 23rd
to 31st calendar week at the five orchards. Note the different dimensions of the y-axes.
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3.3. Landscape Metrics

The three landscape metrics distance to forest (m), forest area (%), and edge density (m) varied
among orchards. Distance to forest was smallest for all traps at Wolflinswil and Rotkreuz (49 m and
57 m, respectively). In contrast, distance to forest showed larger variation among traps at Kaisten,
Notikon, and Schupfart, but was in general longest at Notikon (>150 m) (Figure 3a). The smallest extent
of forest area around traps was found at Kaisten (6.3%), which was six times less than Woélflinswil, the
field site with the largest forest area (Figure 3b). Notikon, Rotkreuz, and Schupfart had on average
more than 12% of forest area around traps, but below 20%. The situation for edge density was similar
for the lowest (Kaisten, 40.7 m) and highest values (Wo6lflinswil, 105.5 m), while Rotkreuz had larger
edge density of forest patches (62.4 m) than Schupfart (56.6 m) and Notikon (43.3 m) (Figure 3c).
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3

Figure 3. Distance to forest (a), forest area (b), and edge density (c) for the five orchards. Note the
different ranges of the y-axes.

The percentage of forest area pooled from all field sites increased with the buffer radius until
500 m, when the curve started to level off at 25% forest area (Figure 4a). Edge density declined with
increasing radius, starting at an edge density above 120 m at the lowest radius (80 m) and ending
below an edge density of 40 m at 1000 m radius (Figure 4b). While the relationship between forest area
and buffer radius was smooth, there was more variation in the relationship between edge density and
buffer radius. Both curves can be described using a Gompertz function:

X

fPA (X) = 262672.7967 . (2)

fep(x) 42.01e143¢"

Spearman correlation coefficients were similar between percentage (range [—0.24;0.66]) and edge
density of forest areas (range [—0.24;0.59]). Lowest correlations were at the smallest radius (80 m),
while largest correlations at 1000 m radius for percentage of forest areas (Figure 4c), and at 620 m radius
for edge density (Figure 4d). Correlation coefficients increase exponentially until 360 m in percentage
and 320-340 m in edge density (Figure 4c,d). Edge density, however, has a bimodal distribution.
The first peak is at 300 m and covers the range between 80-380 m, and the second peak at 620 m with
the range of 400-1000 m. The exponential relationship between radius and correlation coefficients for
the first part of each landscape metric describe models for limited growth of the form:

4262 5

fpa(x) = 0426—1552-¢
4157 (3)

fep(x) = 0.406—2.025-¢

with x = radius, PA = percentage, and ED = edge density of forest areas. Values from radius for each
landscape metrics were chosen from the corresponding highest correlation coefficients within the
range of the fitted line. For forest area, this was 320 m, while for edge density 300 m. We did not
consider correlation coefficients beyond the fitted line from the non-linear regression model.
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Figure 4. Forest area, edge density, and their Spearman correlation coefficients (o) with SWD at
distances from 80-1000 m in 20 m intervals. Fitted red lines in (a,b) represent results from Gompertz
functions (Equation (2)). The black lines in (c,d) are results from limited growth models (Equation (3)).

3.4. Covariables

Considering independent regression models for each field site, effects of covariables differed
among field sites (Figure 5a—f). Although the total number of SWD declined with distance to forest areas
at all orchards, the relationship was strongest at Rotkreuz and least pronounced at Kaisten (Figure 5a).
Similarly, positive relationships were found for almost all orchards between the total number of caught
SWD and bycatch (i.e., other drosophilid flies and gnats) (Figure 5e,f). At Schupfart and Wolflinswil,
however, the total SWD number decreased with the total number of other drosophilid flies and gnats,
respectively. Forest area, edge density, and the number of cherries showed a larger variation than
distance to forest and bycatch in terms of the directions of the relationships (Figure 5b—d). Pooling
observations from all orchards together, only other drosophilid flies, gnats, and the distance to forest
showed obvious relationships with the total number of caught SWD (line not shown). The number
of caught SWD declined with increasing distance to forest, but increased with other drosophilid flies
and gnats.

3.5. Model Results

Spearman correlations between explanatory variables using their posterior values revealed 4 large
correlations (p > [0.7]) out of 210 correlations (Appendix C, Figure A2). The variance inflation factors
were all below the critical value 10 (Appendix C, Figure A3), implying little effects on the width of
the highest posterior density intervals (HDPI). The parameter traceplots indicate that the 3 chains
explored the parameter space thoroughly (Appendix D, Figures A4-A6). Density plots of coefficients
show approximately normal distributions, indicating limitation of coefficients to a small range of
likely values. The smallest effective sample size was 3318 and the scale reduction factor R = 1.0 for all
random and fixed effects (Table 2).

The highest posterior density intervals (HPDI) of the lower 2.5% and upper 97.5% for distance
to the closest forest were negative, but did include zero, suggesting that the number of caught SWD
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did not change with the distance to the closest forest. The interaction between distance to the closest
forest and the percentage of forest area, however, was negative. This implies that with increasing
distance to the closest forest, the effect of percentage of forest area on SWD trap catches declines.
The positive lower and upper 95% HPDI for other drosophilid flies were positive, indicating an increase
of caught SWD with the number of other drosophilid flies. The number of cherries, trap catches of
gnats, percentage of forest area, edge density, and the other interaction terms had no compelling effects
on the abundance of SWD in traps.

Considering the interaction of main effects with time, the confidence intervals for posterior means
of trap catches of other drosophilid flies and gnats, and the interaction between distance to forest and
forest area did not include zero and hence showed an effect on SWD. Spotted wing drosophila thus
declined with increasing number of cherries and other drosophilid flies in the course of the experiment,
while it increased with gnats. Also, the interaction between distance to forest and forest area caused
a disproportionate increase of SWD over time.

Orchards K= N=R=S W
3000 . 3000 .
a b
(a) (b) ;
1000 ‘N 1000 sﬁ’.
a) fa) < A
c% 300 % 300 o
E E :
L]
F 100 = 100 N
%
30 . 30
50 100 150 200 ‘ ‘
Distance (m) Forest area (%) at 320m
3000 3000 (d o
[ J
1000 1000 ./’—.——:—
o) o '
c% 300 % 300 .
g g ' ‘
= 100 . F 100 of i
) =
30 . 30
0 30 60 90 0 1000 2000 | 3000 4000
Edge density (m) at 300m Cherries
3000/(g) 30004(f)
. L]
1000 o 1000 >,
2 C =
»n 300 d o»n 300
a_g . ° f_g
o (]
F 100/ ° = 100
;\
30 30
0 2000 4000 =~ 6000 0 2000 4000 6000 8000
Total Other drosophilid flies Total Gnats

Figure 5. Scatterplots between trap catches of SWD and covariables at each orchard. SWD catches are

logjp-transformed. Lines are taken from ordinary regression analyses for each orchard.
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Table 2. Posterior means and their lower (95%Il) and upper (95%u) high density posterior intervals
from a negative binomial Bayesian mixed model with N =5 groups and n = 360 observations. Variables
not including zero in the intervals are highlighted in bold. Abbreviations: dist = distance to nearest
forest, forest = forest area, edge = edge density of forest patches, fruits = availability of cherries,
droso = abundance of other drosophilid flies, gnats = abundance of gnats from the genus Sylvicola,
time = calendar week, jip = mean intercept from orchards, yi; = mean slope from time, p = correlation
between intercept and slope, 7, fF = number of independent a posteriori values drawn from chains,
R = scale reduction factor.

Mean 95%l  95%u  n.zy R

Population main effects

dist —-0.27 —-0.51 —0.03 4800 1.000
forest —-0.18 —0.61 0.21 4135 1.000
edge —-0.02 —-0.33 0.29 4800 1.000
fruits 0.22 0.05 0.39 4567 1.000
droso 0.80 0.60 1.01 4499 1.000
gnats 0.03 —0.14 0.22 4682  1.000
time 1.53 1.04 2.27 3866 1.000

dist:forest —043 —-0.76 —0.10 4425 1.000
dist:edge 0.07 —0.23 040 4496 1.000
dist:fruits 0.08 —0.15 0.31 4051 1.001
droso:gnats -0.05 -019 010 4800 1.000
Population main effects in time
time:dist 0.01 —0.21 0.25 4640 0.999
time:forest 0.08 —0.25 0.54 3409 1.001
time:edge 0.12 —0.19 0.41 4800 1.000
time:fruits —0.28 —044 011 3648 1.000
time:droso —0.37 —0.53 —0.23 4572 1.000
time:gnats 0.16 0.02 0.31 4800 1.001
time:dist:forest 0.42 0.10 0.73 4800 1.000
time:dist:edge -0.19 -0.51 0.05 3900 1.000

time:dist:fruits ~ —0.08 —0.29 0.18 3580 1.000
time:droso:gnats ~ 0.03  —0.09 016 4622 1.001

Random effects

Mo 1.35 0.55 337 4397 1.001
U1 0.50 0.04 192 3318 1.001
0 -013 —-0.84 0.66 4729 1.000

4. Discussion

We used a holistic approach for understanding SWD colonization of sweet cherry orchards,
analyzing forest distance and metrics at the landscape scale, and bycatch and resource availability
at the local scale. Our results indicate that decreased forest proximity is associated with increased
SWD trap captures, but the interaction of forest proximity with forest area causes a disproportionate
decline of SWD catches. Also, an increasing number of other drosophilid flies as well as local resource
availability was positively correlated with the number of trapped SWD. However, in the course of the
experiment the relationships changed, which indicates their temporal dependence.

Few earlier studies reported an association of SWD with woody habitats [32,34]. The infestation of
orchards requires, therefore, the forest to be temporarily less attractive than the orchard and the orchard
to be in reaching distance of the forest. In other dipteran species, single individuals can overcome
distances of more than 1 km [57-59], but most likely cover smaller distances [60,61]. The decline of
SWD in orchards with increasing distance to forests in our analysis underlines the importance of the
proximity of forests or similar woody vegetation structures [62] and adds to recent evidence that SWD
has a relatively small dispersal range [61,63]. The availability of alternative resources and the scope for
buffering adverse weather periods correlate with the size of forests (and alternative structures) [64].
Larger areas of vegetation have longer edge zones that provide more likely abundant microhabitats for
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alternative host plants as well as refuges [14,65-68]. Large vegetation structures thus foster the growth
of SWD populations prior to the ripening of cultivated host fruits [69]. Consequently, abundant catches
occur in the orchard regions facing forest areas. The lack of a similar effect at distant forest areas
supports a limited dispersion ability of SWD. The large number of SWD in orchards with closer forest
areas, however, declines with time. This decline suggests a break in the continuous SWD movement
from forests to orchards, and may be related to the increased attractiveness of other, later maturing
host crops nearby, or of the forest habitat. However, we have not estimated population size of SWD in
nearby host crops or forests to corroborate the assumption.

Forest edges are ecotones located between a forest and another habitat [68]. With characteristics of
both habitats, they are more complex than the forest and the neighbouring area. This large complexity
correlates often with a higher diversity of plants and insects [64,67,68,70]. Moreover, larger edge
complexity provides tunnel-like structures that facilitate dispersal of insects [13]. The lack of evidence
for edge effects on the occurrence of SWD in the studied orchards suggests that this pest species is little
affected by edge complexity. Despite the important role of edges in landscapes on the abundance and
movement of insects [13,68], many studies find little support for edge-mediated effects [71]. Vegetation
composition and structure of forest edges vary, resulting in hard and soft edges [72,73]. Soft edges
have smoother abiotic gradients than hard edges, which are more exposed to insolation and winds [74].
SWD populations thrive at mild temperatures, high humidity, and in wind protected locations [75,76].
Consequently, soft edges have the potential to favour, while hard edges limit the development of SWD
populations. The presence of both types of edges can explain the absence of an edge effect on the
abundance of SWD in orchards in our study.

Larger quantities of fruits attract more flies due to the maximization of population
development [77]. Our study provides contradictive results, because fewer SWD were caught at
places with high cherry fruit availability at the end of the experiment. The reason for the temporal
change in the attractiveness of cherry fruit quantity may be related to the relative attractiveness
of the trap and the local abundance of SWD. After colonization of the orchard and the increase of
the population, the local availability of many cherries reduces the relative attractiveness of the trap
attractant and weakens competition for oviposition sites among conspecifics [78]. On the other hand,
the availability of few cherries can foster competition between individuals for oviposition sites and thus
make the trap more attractive to SWD when population size in the orchard is increasing. As a result,
more SWD can be expected in traps in orchard regions with fewer cherries when population size is
large than in regions with many cherries. Similar observations have been made with apple maggot
flies, where competition between the natural apple odours and a synthetic blend has been found [79].

Among the several drosophilid flies occurring in Central Europe, SWD is the only species
reproducing in ripening and ripe cherries and other stone fruits to such an extent that it causes large
economic damage [24,25,80,81]. Cherries and other fruit hosts provide, however, resources to other
drosophilid species as well. Despite overlapping breeding sites, the ripeness stage of cherries reduces
the overlap of ecological niches of drosophilid flies and allows the presence of several drosophilid
species in the course of ripening [82]. The susceptibility of fruits to SWD increases with ripeness
stage [83]. In turn, the ripeness of fruits is related to the emission of volatiles, especially ethanol [84].
Ethanol emission can be escalated by fermentation processes due to the activity of bacteria and
yeasts [85], which serve also as food for adult SWD and other drosophilid species [86,87]. Spotted wing
drosophila responds positively to high concentrations of ethanol, which also attracts other drosophilid
species that use cherries in advanced senescence stages for reproduction [88,89]. The competition
between SWD and other drosophilid species can increase with the abundance of the latter and imply
the displacement of SWD. Although interspecific competition has been shown elsewhere [90-92],
local coexistence of different drosophilid species is often facilitated by spatial and temporal resource
partitioning. In particular, the sclerotized ovipositor of SWD allows the exploitation of host fruits
in early ripeness stages. Successive infestation of bacteria and yeast does not only accelerate the
fermentation process, but also facilitates access to the host fruit for other drosophilid flies which are
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not capable to penetrate the skin of host fruits in early ripeness stages. This makes the displacement of
SWD by other drosophilid species unlikely [93-98].

The accumulation of bycatch can modify the volatile composition such that the attractiveness of
traps is reduced. Gnats of the genus Sylvicola accounted for the largest fraction of bycatch in traps
during the experiment, hence we assumed that the large contribution to the trap content can alter
the attractiveness of the trap. Because the number of gnats increased with SWD as the experiment
progressed, there was no detrimental effect of gnats on the attractiveness of traps to SWD. We assume
that this positive relationship is determined by the importance of forest areas for both, gnats and
SWD, and the increase of SWD population during the experiment. In fact, the larvae of the genus
Sylvicola develop preferentially in decaying, fermenting plant material, which is correlated with forest
area [99,100]. Indeed, the majority of SWD and gnat catches were found at the orchards with the largest
extent of forest area, which this positive relationship. This positive relationship appeared, however,
not until the SWD population reached a large size, which reflects the dynamic nature of relationships
between SWD and co-occurring taxa.

5. Conclusions

The landscape matrix plays an important role in shaping the occurrence of SWD in orchards.
The distance of orchards to the closest forest patch as well as the extent of forest area in the surroundings
of orchards determine the abundance of SWD and thus the severity of infestation. Effective control
of SWD requires the consideration of these landscape metrics. However, the lack of an effect of edge
density suggests that detailed studies at habitat scale are required to understand how characteristics of
forests and other vegetation structures influence orchard colonization. In addition, a complex picture
of interactions between SWD, co-occurring taxa, host fruit availability, and landscape metrics with time
may explain the varying colonization patterns and success to control SWD, while also emphasizing
the need to consider multiple sites in the study of pest-landscape relationships.
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Appendix A. Experimental Design

Trap
Forest
Orchard
Farm building
Field path
Street

| mm@§e

Figure A1l. Drawing of the sweet cherry orchard, its surroundings and traps at Wolflinswil.

Appendix B. Priors

Table Al. Priors of the Bayesian mixed model for parameters and their explanations. For all other
parameters, the default priors of the function brm in the R package brms version 2.3.0 were used. Please
note that all explanatory variables were standardized to mean p = 0 and standard deviation o = 1
before the analysis. A (i, 0%) = normal distribution with mean y and variance ¢2, C(a, b) = Half-cauchy
distribution with location a and scale b, G(k,0) = Gamma distribution with shape parameter k and
scale parameter 6, LJK(v) = Lendowski-Kurowicka-Joe prior with parameter v for correlation matrices.

Variable Prior Description

The response variable is not standardized, hence the intercept cannot

intercept N(5,2) be 0. The prior mean was chosen from the mixed model
p ! R > Ime4 :: glmner.nb(SWD ~ 14 (1 + time|orchard)) using the
package 1me4 in R-Cran
dist N (=1,05) Previous studies found decreasing number of caught spotted wing

drosophila with increasing forest distance from host crops [34-36].

N(05,1) Larger extent of forest area provides more resources and refuge than

forest area . . .
smaller area [37], but sweet cherries can still be more attractive.

Higher values of edge density reflect more irregular shapes of forest
patches. Such irregular shapes provide microhabitats that are less
edge N(1,0.75) exposed to direct sunlight and wind than regularly shaped patches
(e.g., rectangles, circles) [13]. We expect therefore more spotted wing
drosophila flies (SWD) with higher values of edge density.

Resource availability is expected to influence the number of SWD.
More cherries should attract more individuals, however,

plant protection measures can distort the relationship. Additionally,
we counted cherries from trees with traps, but did not consider
adjacent trees. We decided to use a weak prior for the parameter that
assumes a positive relationship.

fruits N(0.5,0.5)
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Table A1. Cont.

Variable Prior Description
We assumed a positive relationship between SWD and the number of
other drosophilid flies, because the drosophilid flies caught in the
other drosophilid N(075,05) trap together with SWD habe the potential to share the same resource.
flies R We assigned this parameter a normal distribution with a positive
mean, but also larger standard deviation due to a potentially
deteriorating effect of increasing biomass in the trap on the attractant.
gnats N(0.75,0.5)  See other drosophilid flies.
Monitoring data in Switzerland (unpublished) showed an increase of
time N(31) SWD catches until autumn. The experiment started in early summer
! and ended in the summer. We expected therefore an increase of SWD
throughout the experiment.
(mean The variance can only be positive, which is why we used a weakly,
iprl10terce 9 C(0,5) half-cauchy prior for the standard deviation of the mean
p intercept [101,102].
u1 (mean slope) C(0,5) see 1l
The LK] prior for the correlation matrix. We reflected the belief that
o (correlation) LKJ(2) there is little correlation between intercepts and slopes, choosing the
value v = 2 ([103], p. 189).
« (shape We assigned a wide gamma prior for the shape parameter of the
p G(0.01,0.01) negative binomial distribution, which is the default procedure
parameter)

([49], p. 4).

Appendix C. Correlations

Appendix C.1. Posterior Values

Correlations between explanatory variables and their interactions using their posterior values
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Figure A2. Spearman correlation coefficients between explanatory variables using posterior values.
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Appendix C.2. Variance Inflation Factors
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Figure A3. Variance inflation factors for explanatory variables. All values are below VIF = 10.
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Appendix D. Monte Carlo Markov Chain Diagnostics

Appendix D.1. Density Plot

15 of 22

The density plots of the posterior draws of parameters show no multiple modes, which implies
that we can trust estimates and highest posterior density intervals. Multiple modes would indicate
that other parameter values are also likely.
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Figure A4. Density plots of posterior draws from each chain for parameters of the model variables.

Please note that the variable time is represented by calendar weeks and burnins are excluded.
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Appendix D.2. Trace Plot

The trace plot shows the values of the parameter sampled during the runtime of each chain.
The chains cover a larger range of parameter values as expected. Results from the Bayesian mixed
model using the negative binomial family. All chains are intermixing and covering a larger area of
parameter space.
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Figure A5. Traceplot showing parameter values (points) chosen by the three chains (colors). Please
note that the variable time is represented by calendar weeks and burnins are excluded.
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Appendix D.3. Autocorrelation Plot

17 of 22

The autocorrelation plots show correlation coefficients of parameter posterior draws at each lag
for each chain. The lines drop quickly to zero in all plots, indicating that there is almost no correlation

among parameter posterior draws in each chain.
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Figure A6. Autocorrelation plots from posterior draws of parameters in each chain. Please note that
the variable time is represented by calendar weeks and burnins are excluded.

References

1.

Jonsson, M.; Wratten, S.D.; Landis, D.A.; Tompkins, ].M.L.; Cullen, R. Habitat manipulation to mitigate the
impacts of invasive arthropod pests. Biol. Invasions 2010, 12, 2933-2945, doi:10.1007/s10530-010-9737-4.
[CrossRef]

2. Perdikis, D.; Fantinou, A.; Lykouressis, D. Enhancing pest control in annual crops by conservation of
predatory Heteroptera. Biol. Control 2011, 59, 13-21, doi:10.1016/j.biocontrol.2011.03.014. [CrossRef]
3. Veres, A.; Petit, S.; Conord, C.; Lavigne, C. Does landscape composition affect pest abundance

and their control by natural enemies? A review.  Agric. Ecosyst. Environ. 2013, 166, 110-117,

doi:10.1016/j.agee.2011.05.027. [CrossRef]


http://dx.doi.org/10.1007/s10530-010-9737-4
http://dx.doi.org/10.1016/j.biocontrol.2011.03.014
http://dx.doi.org/10.1016/j.agee.2011.05.027

Insects 2018, 9, 118 18 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Schellhorn, N.A.; Hazel, PR.; Macfadyen, S.; Wang, Y.; Zalucki, M.P. Connecting scales: Achieving
in-field pest control from areawide and landscape ecology studies.  Imsect Sci. 2015, 22, 35-51,
do0i:10.1111/1744-7917.12161. [CrossRef] [PubMed]

Rega, C.; Bartual, A.M.; Bocci, G.; Sutter, L.; Albrecht, M.; Moonen, A.C.; Jeanneret, P.; van der Werf, W.;
Pfister, S.C.; Holland, ].M.; et al. A pan-European model of landscape potential to support natural pest
control services. Ecol. Indic. 2018, 90, 653-664, doi:10.1016/j.ecolind.2018.03.075. [CrossRef]

Marshall, E.J.; Moonen, A. Field margins in northern Europe: Their functions and interactions with
agriculture. Agric. Ecosyst. Environ. 2002, 89, 5-21, d0i:10.1016/50167-8809(01)00315-2. [CrossRef]
Corbett, A.; Rosenheim, J.A. Impact of a natural enemy overwintering refuge and its interaction with the
surrounding landscape. Ecol. Entomol. 1996, 21, 155-164, doi:10.1111/j.1365-2311.1996.tb01182.x. [CrossRef]
Nicholls, C.I; Parrella, M.; Altieri, M.A. The effects of a vegetational corridor on the abundance and
dispersal of insect biodiversity within a northern California organic vineyard. Landsc. Ecol. 2001, 16, 133-146,
d0i:10.1023/ A:1011128222867. [CrossRef]

Ricci, B.; Franck, P.; Toubon, ].F.; Bouvier, J.C.; Sauphanor, B.; Lavigne, C. The influence of landscape
on insect pest dynamics: A case study in southeastern France. Lands. Ecol. 2009, 24, 337-349,
doi:10.1007 /s10980-008-9308-6. [CrossRef]

Carriere, Y.; Goodell, P.B.; Ellers-Kirk, C.; Larocque, G.; Dutilleul, P; Naranjo, S.E.; Ellsworth, P.C. Effects of
Local and Landscape Factors on Population Dynamics of a Cotton Pest. PLoS ONE 2012, 7, 39862,
doi:10.1371/journal.pone.0039862. [CrossRef] [PubMed]

Macfadyen, S.; Hopkinson, J.; Parry, H.; Neave, M.].; Bianchi, FJ.; Zalucki, M.; Schellhorn, N.A. Early-season
movement dynamics of phytophagous pest and natural enemies across a native vegetation-crop ecotone.
Agric. Ecosyst. Environ. 2015, 200, 110-118, doi:10.1016/j.agee.2014.11.012. [CrossRef]

Collinge, S.K. Ecological consequences of habitat fragmentation: Implications for landscape architecture and
planning. Landsc. Urban Plan. 1996, 36, 59-77, d0i:10.1016/50169-2046(96)00341-6. [CrossRef]

Ims, R.A. Movement patterns related to spatial structures. In Mosaic Landscapes and Ecological Processes;
Hansson, L., Fahrig, L., Merriam, G., Eds.; Chapman & Hall: London, UK, 1995; Chapter 4, pp. 85-109,
doi:10.1007 /978-94-011-0717-4_4.

Gonzalez, E.; Salvo, A.; Defag6, M.T.; Valladares, G. A Moveable Feast: Insects Moving at the Forest-Crop
Interface Are Affected by Crop Phenology and the Amount of Forest in the Landscape. PLoS ONE 2016,
11, e0158836, doi:10.1371/journal.pone.0158836. [CrossRef] [PubMed]

Kleijn, D.; Baquero, R.; Clough, Y.; Diaz, M.; De Esteban, J.; Ferndndez, F.; Gabriel, D.; Herzog, F;
Holzschuh, A.; Johl, R; et al. Mixed biodiversity benefits of agri-environment schemes in five European
countries. Ecol. Lett. 2006, 9, 243254, doi:10.1111/j.1461-0248.2005.00869.x. [CrossRef] [PubMed]
Ratnadass, A.; Fernandes, P.; Avelino, J.; Habib, R. Plant species diversity for sustainable management
of crop pests and diseases in agroecosystems: A review. Agron. Sustain. Dev. 2012, 32, 273-303,
doi:10.1007 /s13593-011-0022-4. [CrossRef]

Chaplin-Kramer, R.; O’'Rourke, M.E.; Blitzer, E.J.; Kremen, C. A meta-analysis of crop pest and natural
enemy response to landscape complexity. Ecol. Lett. 2011, 14, 922-932, doi:10.1111/j.1461-0248.2011.01642.x.
[CrossRef] [PubMed]

Tscharntke, T.; Karp, D.S.; Chaplin-Kramer, R.; Batary, P.; DeClerck, F.; Gratton, C.; Hunt, L.; Ives, A.;
Jonsson, M.; Larsen, A.; et al. When natural habitat fails to enhance biological pest control—Five hypotheses.
Biol. Conserv. 2016, 204, 449-458, doi:10.1016/j.biocon.2016.10.001. [CrossRef]

Chouinard, G.; Firlej, A.; Cormier, D. Going beyond sprays and killing agents: Exclusion, sterilization
and disruption for insect pest control in pome and stone fruit orchards. Sci. Hortic. 2016, 208, 13-27,
doi:10.1016/j.scienta.2016.03.014. [CrossRef]

Hauser, M. A historic account of the invasion of Drosophila suzukii (Matsumura) (Diptera: Drosophilidae)
in the continental United States, with remarks on their identification. Pest Manag. Sci. 2011, 67, 1352-1357,
doi:10.1002/ps.2265. [CrossRef] [PubMed]

Depra, M.; Poppe, J.L.; Schmitz, H.J.; De Toni, D.C.; Valente, V.IL. The first records of the
invasive pest Drosophila suzukii in the South American continent. J. Pest Sci. 2014, 87, 379-383,
doi:10.1007 /s10340-014-0591-5. [CrossRef]


http://dx.doi.org/10.1111/1744-7917.12161
http://www.ncbi.nlm.nih.gov/pubmed/25099692
http://dx.doi.org/10.1016/j.ecolind.2018.03.075
http://dx.doi.org/10.1016/S0167-8809(01)00315-2
http://dx.doi.org/10.1111/j.1365-2311.1996.tb01182.x
http://dx.doi.org/10.1023/A:1011128222867
http://dx.doi.org/10.1007/s10980-008-9308-6
http://dx.doi.org/10.1371/journal.pone.0039862
http://www.ncbi.nlm.nih.gov/pubmed/22768147
http://dx.doi.org/10.1016/j.agee.2014.11.012
http://dx.doi.org/10.1016/S0169-2046(96)00341-6
http://dx.doi.org/10.1371/journal.pone.0158836
http://www.ncbi.nlm.nih.gov/pubmed/27383505
http://dx.doi.org/10.1111/j.1461-0248.2005.00869.x
http://www.ncbi.nlm.nih.gov/pubmed/16958888
http://dx.doi.org/10.1007/s13593-011-0022-4
http://dx.doi.org/10.1111/j.1461-0248.2011.01642.x
http://www.ncbi.nlm.nih.gov/pubmed/21707902
http://dx.doi.org/10.1016/j.biocon.2016.10.001
http://dx.doi.org/10.1016/j.scienta.2016.03.014
http://dx.doi.org/10.1002/ps.2265
http://www.ncbi.nlm.nih.gov/pubmed/21898759
http://dx.doi.org/10.1007/s10340-014-0591-5

Insects 2018, 9, 118 19 of 22

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Asplen, M.K,; Anfora, G.; Biondi, A.; Choi, D.S.;; Chu, D.; Daane, KM.; Gibert, P; Gutierrez, A.P;
Hoelmer, K.A.; Hutchison, W.D,; et al. Invasion biology of spotted wing drosophila (Drosophila suzukii):
A global perspective and future priorities. J. Pest Sci. 2015, 88, 469-494, doi:10.1007/s10340-015-0681-z.
[CrossRef]

Baroffio, C.; Fischer, S. Nouvelle menace sur les vergers: La drosophile du cerisier. UFA-Revue 2011,
11, 46-47.

De Ros, G.; Condi, S.; Pantezzi, T.; Savini, G. The economic impact of invasive pest Drosophila suzukii on berry
production in the Province of Trento, Italy. J. Berry Res. 2015, 5, 89-96, d0i:10.3233/JBR-150092. [CrossRef]
Mazzi, D.; Bravin, E.; Meraner, M.; Finger, R.; Kuske, S. Economic Impact of the Introduction and
Establishment of Drosophila suzukii on Sweet Cherry Production in Switzerland. Insects 2017, 8, 18,
doi:10.3390/insects8010018. [CrossRef] [PubMed]

Lee, J.C.; Shearer, PW.; Barrantes, L.D.; Beers, E.H.; Burrack, H.J.; Dalton, D.T.; Dreves, A.].; Gut, L.J.;
Hamby, K.A.; Haviland, D.R.; et al. Trap designs for monitoring Drosophila suzukii (Diptera: Drosophilidae).
Environ. Entomol. 2013, 42, 1348-1355, do0i:10.1603/EN13148. [CrossRef] [PubMed]

Haye, T.; Girod, P; Cuthbertson, A.G.; Wang, X.G.; Daane, K.M.; Hoelmer, K.A.; Baroffio, C.; Zhang, J.P.;
Desneux, N. Current SWD IPM tactics and their practical implementation in fruit crops across different
regions around the world. J. Pest Sci. 2016, 89, 643—-651, doi:10.1007 /s10340-016-0737-8. [CrossRef]

Leach, H.; van Timmeren, S.; Isaacs, R. Exclusion Netting Delays and Reduces Drosophila suzukii (Diptera:
Drosophilidae) Infestation in Raspberries. J. Econ. Entomol. 2016, 109, 2151-2158, d0i:10.1093/jee/tow157.
[CrossRef] [PubMed]

Renkema, ].M.; Wright, D.; Buitenhuis, R.; Hallett, R.H. Plant essential oils and potassium metabisulfite as
repellents for Drosophila suzukii (Diptera: Drosophilidae). Sci. Rep. 2016, 6, 21432, doi:10.1038/srep21432.
[CrossRef] [PubMed]

Pelton, E.; Gratton, C.; Guédot, C. Susceptibility of cold hardy grapes to Drosophila suzukii (Diptera:
Drosophilidae). . Appl. Entomol. 2017, 141, 644-652, doi:10.1111/jen.12384. [CrossRef]

Kenis, M.; Tonina, L.; Eschen, R.; van der Sluis, B.; Sancassani, M.; Mori, N.; Haye, T.; Helsen, H.
Non-crop plants used as hosts by Drosophila suzukii in Europe.  ]. Pest Sci. 2016, 89, 735-748,
doi:10.1007 /s10340-016-0755-6. [CrossRef] [PubMed]

Pelton, E.; Gratton, C.; Isaacs, R.; van Timmeren, S.; Blanton, A.; Guédot, C. Earlier activity of Drosophila
suzukii in high woodland landscapes but relative abundance is unaffected. J. Pest Sci. 2016, 89, 725-733,
doi:10.1007 /s10340-016-0733-z. [CrossRef]

Poyet, M.; Eslin, P; Chabrerie, O.; Prud’homme, S.M.; Desouhant, E.; Gibert, P. The invasive pest
Drosophila suzukii uses trans-generational medication to resist parasitoid attack. Sci. Rep. 2017, 7, 43696,
doi:10.1038 /srep43696. [CrossRef] [PubMed]

Santoiemma, G.; Mori, N.; Tonina, L.; Marini, L. Semi-natural habitats boost Drosophila suzukii populations
and crop damage in sweet cherry. Agric. Ecosyst. Environ. 2018, 257, 152-158, d0i:10.1016/j.agee.2018.02.013.
[CrossRef]

Tonina, L.; Mori, N.; Sancassani, M.; Dall’Ara, P.; Marini, L. Spillover of Drosophila suzukii (Diptera:
Drosophilidae) between noncrop ad crop areas: Implications for pest management. Agric. For. Entomol. 2018,
doi:10.1111/afe.12290. [CrossRef]

Cahenzli, F; Biihlmann, I; Daniel, C.; Fahrentrapp, J. The Distance Between Forests and Crops Affects the
Abundance of Drosophila suzukii during Fruit Ripening, But Not during Harvest. Environ. Entomol. 2018,
doi:10.1093/ee/nvyl16. [CrossRef] [PubMed]

Haro-Barchin, E.; Scheper, ]J.; Ganuza, C.; de Groot, G.A.; Colombari, F; van Kats, R.; Kleijn, D.
Landscape-scale forest cover increases the abundance of Drosophila suzukii and parasitoid wasps.
Basic Appl. Ecol. 2018, in press, doi:10.1016/j.baae.2018.07.003. [CrossRef]

Basoalto, E.; Hilton, R.; Knight, A. Factors affecting the efficacy of a vinegar trap for Drosophila suzikii
(Diptera; Drosophilidae). J. Appl. Entomol. 2013, 137, 561-570, doi:10.1111/jen.12053. [CrossRef]

Renkema, J.M.; Buitenhuis, R.; Hallett, R.H. Optimizing Trap Design and Trapping Protocols for Drosophila
suzukii (Diptera: Drosophilidae). J. Econ. Entomol. 2014, 107, 2107-2118, d0i:10.1603 /EC14254. [CrossRef]
[PubMed]

Kirkpatrick, D.M.; McGhee, P.; Gut, L.J.; Miller, J.R. Improving monitoring tools for spotted wing drosophila,
Drosophila suzukii. Entomol. Exp. Appl. 2017, 164, 87-93, doi:10.1111/eea.12602. [CrossRef]


http://dx.doi.org/10.1007/s10340-015-0681-z
http://dx.doi.org/10.3233/JBR-150092
http://dx.doi.org/10.3390/insects8010018
http://www.ncbi.nlm.nih.gov/pubmed/28208692
http://dx.doi.org/10.1603/EN13148
http://www.ncbi.nlm.nih.gov/pubmed/24252375
http://dx.doi.org/10.1007/s10340-016-0737-8
http://dx.doi.org/10.1093/jee/tow157
http://www.ncbi.nlm.nih.gov/pubmed/27417641
http://dx.doi.org/10.1038/srep21432
http://www.ncbi.nlm.nih.gov/pubmed/26893197
http://dx.doi.org/10.1111/jen.12384
http://dx.doi.org/10.1007/s10340-016-0755-6
http://www.ncbi.nlm.nih.gov/pubmed/28275324
http://dx.doi.org/10.1007/s10340-016-0733-z
http://dx.doi.org/10.1038/srep43696
http://www.ncbi.nlm.nih.gov/pubmed/28287118
http://dx.doi.org/10.1016/j.agee.2018.02.013
http://dx.doi.org/10.1111/afe.12290
http://dx.doi.org/10.1093/ee/nvy116
http://www.ncbi.nlm.nih.gov/pubmed/30099518
http://dx.doi.org/10.1016/j.baae.2018.07.003
http://dx.doi.org/10.1111/jen.12053
http://dx.doi.org/10.1603/EC14254
http://www.ncbi.nlm.nih.gov/pubmed/26470076
http://dx.doi.org/10.1111/eea.12602

Insects 2018, 9, 118 20 of 22

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Lasa, R.; Tadeo, E.; Toledo-Hérnandez, R.A.; Carmona, L.; Lima, I.; Williams, T. Improved capture of
Drosophila suzukii by a trap baited with two attractants in the same device. PLoS ONE 2017, 12, 1-19,
doi:10.1371/journal.pone.0188350. [CrossRef] [PubMed]

Swiss Federal Office of Topography. SWISSIMAGE: The Digital Orthophotomosaic of Switzerland, 2017.
Available online: https://www.geo.admin.ch/en/home.html (accessed on 13 September 2018).

Bivand, R,; Rundel, C. rgeos: Interface to Geometry Engine—Open Source (‘\GEOS’); R Package Version
0.3-28. 2018. Available online: https:/ /CRAN.R-project.org/package=rgeos (accessed on 13 September 2018).
Evans, ].S. spatialEco; R Package Version 0.0.1-7. 2017. Awvailable online: https://CRAN.R-project.org/
package=spatialEco (accessed on 13 September 2018).

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2018.

Dormann, C.E; Elith, J.; Bacher, S.; Buchmann, C.; Carl, G.; Carré, G.; Garcia Marquéz, J.R.; Gruber, B.;
Lafourcade, B.; Leitdo, PJ.; et al. Collinearity: A review of methods to deal with it and a simulation study
evaluating their performance. Ecography 2013, 36, 27-46, d0i:10.1111/j.1600-0587.2012.07348.x. [CrossRef]
McElreath, R. Statistical Rethinking. A Bayesian Course with Examples in R and Stan; Chapman & Hall/CRC
Press: Boca Raton, FL, USA, 2016.

Hilbe, ]. M. Negative Binomial Regression; Cambridge University Press: Cambridge, UK, 2011.

Biirkner, P.C. brms: An R Package for Bayesian Multilevel Modeling Using Stan. J. Stat. Softw. 2017, 80, 1-28,
doi:10.18637 /jss.v080.i01. [CrossRef]

Annis, J.; Miller, B.J.; Palmeri, T.]. Bayesian inference with Stan: A tutorial on adding custom distributions.
Behav. Res. Methods 2017, 49, 863-886, d0i:10.3758 /s13428-016-0746-9. [CrossRef] [PubMed]

Monnahan, C.C.; Thorson, J.T.; Branch, T.A. Faster estimation of Bayesian models in ecology using
Hamiltonian Monte Carlo. Methods Ecol. Evol. 2017, 8, 339-348, d0i:10.1111/2041-210X.12681. [CrossRef]
Gelman, A.; Hill, J. Data Analysis Using Regression and Multilevel/Hierarchical Models; Cambridge University
Press: New York, NY, USA, 2007.

Austin, PC. Estimating Multilevel Logistic Regression Models When the Number of Clusters is
Low: A Comparison a of Different Statistical Software Procedures. Int. ]. Biostat. 2010, 6, 16,
doi:10.2202/1557-4679.1195. [CrossRef] [PubMed]

Bryan, M.L.; Jenkins, S.P. Multilevel Modelling of Country Effects: A Cautionary Tale. Eur. Sociol. Rev. 2016,
32,3-22, doi:10.1093/esr/jcv059. [CrossRef]

Gelman, A.; Rubin, D. Inference from iterative simulation using multiple sequences. Stat. Sci. 1992,
7,457-472, doi:10.1214/ss/1177011136. [CrossRef]

Carpenter, B.; Gelman, A.; Hoffman, M.D.; Lee, D.; Goodrich, B.; Betancourt, M.; Brubaker, M.A.; Guo, J.; Li, P;
Riddell, A. Stan: A Probalistic Programming Language. |. Stat. Softw. 2017, 76, doi:10.18637 /jss.v076.i01.
[CrossRef]

Svensson, B.G.; Janzon, L.A. Why does the hoverfly Metasyrphus corollae migrate? Ecol. Entomol. 1984,
9, 329-335, doi:10.1111/j.1365-2311.1984.tb00856.x. [CrossRef]

Jones, CJ.; Isard, S.A.; Cortinas, M.R. Dispersal of Synanthropic Diptera: Lessons from the Past and
Technology for the Future. Ann. Entomol. Soc. Am. 1999, 92, 829-839, d0i:10.1093/aesa/92.6.829. [CrossRef]
Sudari¢-Bogojevi¢, M.; Merdi¢, E.; Bogdanovi¢, T. The flight distances of floodwater mosquitos (Aedes vexans,
Ochlerotatus sticticus, and Ochlerotatus caspius) in Osijek, Eastern Croatia. Biologia 2011, 66, 678-683,
doi:10.2478 /s11756-011-0073-7. [CrossRef]

Senger, S.E. The Dispersal of the Western Cherry Fruit Fly, Rhagoletis indifferens (Diptera: Thephritidae),
in Structured Environments. Ph.D. Thesis, Department of Biological Sciences, Simon Fraser University,
Burnaby, BC, Canada, 2007.

Kirkpatrick, D.M.; Gut, L.J.; Miller, J.R. Estimating Monitoring Trap Plume Reach and Trapping Area for
Drosophila suzukii (Diptera: Drosophilidae) in Michigan Tart Cherry. |. Econ. Entomol. 2018, 111, 1285-1289,
doi:10.1093 /jee /toy062. [CrossRef] [PubMed]

Klick, J.; Yang, W.Q.; Walton, V.M.; Dalton, D.T.; Hagler, ].R.; Dreves, A.].; Lee, ].C.; Bruck, D.J. Distribution
and activity of Drosophila suzukii in cultivated raspberry and surrounding vegetation. J. Appl. Entomol. 2016,
140, 37-46, doi:10.1111/jen.12234. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0188350
http://www.ncbi.nlm.nih.gov/pubmed/29149190
https://www.geo.admin.ch/en/home.html
https://CRAN.R-project.org/package=rgeos
https://CRAN.R-project.org/package=spatialEco
https://CRAN.R-project.org/package=spatialEco
http://dx.doi.org/10.1111/j.1600-0587.2012.07348.x
http://dx.doi.org/10.18637/jss.v080.i01
http://dx.doi.org/10.3758/s13428-016-0746-9
http://www.ncbi.nlm.nih.gov/pubmed/27287444
http://dx.doi.org/10.1111/2041-210X.12681
http://dx.doi.org/10.2202/1557-4679.1195
http://www.ncbi.nlm.nih.gov/pubmed/20949128
http://dx.doi.org/10.1093/esr/jcv059
http://dx.doi.org/10.1214/ss/1177011136
http://dx.doi.org/10.18637/jss.v076.i01
http://dx.doi.org/10.1111/j.1365-2311.1984.tb00856.x
http://dx.doi.org/10.1093/aesa/92.6.829
http://dx.doi.org/10.2478/s11756-011-0073-7
http://dx.doi.org/10.1093/jee/toy062
http://www.ncbi.nlm.nih.gov/pubmed/29584888
http://dx.doi.org/10.1111/jen.12234

Insects 2018, 9, 118 21 of 22

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Wong, J.S.; Cave, A.C.; Lightle, D.M.; Mahaffee, W.E; Naranjo, S.E.; Wiman, N.G.; Woltz, ].M.; Lee, J.C.
Drosophila suzukii flight performance reduced by starvation but not affected by humidity. ]. Pest Sci.
91, 1269-1278, doi:10.1007/s10340-018-1013-x. [CrossRef]

Didham, R.K.; Ghazoul, J.; Stork, N.E.; Davis, A.J]. Insects in fragmented forests: A function approach.
Trends Ecol. Evol. 1996, 11, 255-260, d0i:10.1016/0169-5347(96)20047-3. [CrossRef]

Brothers, T.S. Fragmentation and Edge Effects in Central Indiana Old-Growth Forests. Nat. Areas J. 1993,
13,268-275.

Young, A.; Mitchell, N. Microclimate and vegetation edge effects in a fragmented podocarp-broadleaf forest
in New Zealand. Biol. Conserv. 1994, 1, 63-72, doi:10.1016/0006-3207(94)90010-8. [CrossRef]

Béchli, G.; Fliickiger, PE,; Obrist, M.K.; Duelli, P. On the microdistribution of species of Drosophilidae and
some other Diptera across a forest edge. |. Swiss Entomol. Soc. 2006, 79, 117-126, doi:10.5169/seals-402916.
[CrossRef]

Nguyen, H.D.D.; Nansen, C. Edge-biased distribution of insects. A review. Agron. Sustain. Dev. 2018, 38, 11,
d0i:10.1007 /s13593-018-0488-4. [CrossRef]

Hodge, S.; Arthur, W. Insect invasion sequences: Systematic or stochastic? Ecol. Entomol. 1996, 21, 150-154,
doi:10.1111/j.1365-2311.1996.tb01181.x. [CrossRef]

Hunter, M.D. Landscape structure, habitat fragmentation, and the ecology of insects. Agric. For. Entomol.
2002, 4, 159-166, doi:10.1046/j.1461-9563.2002.00152.x. [CrossRef]

Fletcher, R.J.; Ries, L.; Battin, J.; Chalfoun, A.D. The role of habitat area and edge in fragmented landscapes:
Definitely distinct or inevitably intertwined? Can. . Zool. 2007, 85, 1017-1030, doi:10.1139/Z07-100.
[CrossRef]

Stamps, J.; Buechner, M.; Krishnan, V. The Effects of Edge Permeability and Habitat Geometry on Emigration
from Patches of Habitat. Am. Nat. 1987, 129, 533-552. [CrossRef]

Duelli, P,; Studer, M.; Marchand, L.; Jakob, S. Population movements of arthropods between natural and
cultivated areas. Biol. Conserv. 1990, 54, 193-207, d0i:10.1016/0006-3207(90)90051-P. [CrossRef]

Harper, K.A.; Macdonald, S.E.; Burton, PJ.; Chen, J.; Brosofske, K.D.; Saunders, S.C.; Euskirchen, E.S,;
Roberts, D.; Jaiteh, M.S.; Esseen, P.A. Edge Influence on Forest Structure and Composition in Fragmented
Landscapes. Conserv. Biol. 2005, 19, 768-782, d0i:10.1111/j.1523-1739.2005.00045.x. [CrossRef]

Walsh, D.B.; Bolda, M.P.; Goodhue, R.E.; Dreves, A.].; Lee, J.; Bruck, D.J.; Walton, VM.; O’'Neal, S.D.;
Zalom, F.G. Drosophila suzukii (Diptera: Drosophilidae): Invasive Pest of Ripening Soft Fruit Expanding its
Geographic Range and Damage Potential. J. Integr. Pest Manag. 2011, 2, G1-G7, doi:10.1603/IPM10010.
[CrossRef]

Enriquez, T.; Colinet, H. Basal tolerance to heat and cold exposure of the spotted wing drosophila,
Drosophila suzukii. Peer] 2017, 5, e3112, do0i:10.7717 / peerj.3112. [CrossRef] [PubMed]

Da Mata, R.A.; Valaddo, H.; Tidon, R. Spatial and temporal dynamics of drosophilid larval assemblages
associated to fruits. Rev. Bras. Entomol. 2015, 59, 50-57, d0i:10.1016/j.rbe.2015.02.006. [CrossRef]
Kambysellis, M.; Starmer, W.T.; Smathers, G.; Heed, W. Studies of Oogenesis in Natural Populations of
Drosophilidae. II. Significance of Microclimatic Changes on Oogenesis of Drosophila mimica. Am. Nat. 1980,
115, 67-91, doi:10.1086/283546. [CrossRef]

Carle, S.A.; Averill, A.L.; Rule, G.S.; Reissig, Harvey, W.; Roelofs, W.L. Variation in Host Fruit Volatiles
Attractive to Apple Maggot Fly, Rhagoletis pomonella. . Chem. Ecol. 1987, 13, 795-805, doi:10.1007/BF01020161.
[CrossRef] [PubMed]

Shorrocks, B. An Ecological Classification of European Drosophila Species. Oecologia 1977, 26, 335-345,
doi:10.1007 /BF00345533. [CrossRef] [PubMed]

Atallah, ].; Teixeira, L.; Salazar, R.; Zaragoza, G.; Kopp, A. The making of a pest: The evolution of
a fruit-penetrating ovipositor in Drosophila suzukii and related species. Proc. R. Soc. B 2014, 281, 20132840,
doi:10.1098 /rspb.2013.2840. [CrossRef] [PubMed]

Nunney, L. The colonization of oranges by the cosmopolitan Drosophila. Oecologia 1996, 108, 552-561,
doi:10.1007 /BF00333733. [CrossRef] [PubMed]

Lee, J.C.; Bruck, D.J.; Curry, H.; Edwards, D.; Haviland, D.R.; van Steenwyk, R.A. The susceptibility of small
fruits and cherries to the spotted-wing drosophila, Drosophila suzukii. Pest Manag. Sci. 2011, 67, 1358-1367,
doi:10.1002/ps.2225. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s10340-018-1013-x
http://dx.doi.org/10.1016/0169-5347(96)20047-3
http://dx.doi.org/10.1016/0006-3207(94)90010-8
http://dx.doi.org/10.5169/seals-402916
http://dx.doi.org/10.1007/s13593-018-0488-4
http://dx.doi.org/10.1111/j.1365-2311.1996.tb01181.x
http://dx.doi.org/10.1046/j.1461-9563.2002.00152.x
http://dx.doi.org/10.1139/Z07-100
http://dx.doi.org/10.1086/284656
http://dx.doi.org/10.1016/0006-3207(90)90051-P
http://dx.doi.org/10.1111/j.1523-1739.2005.00045.x
http://dx.doi.org/10.1603/IPM10010
http://dx.doi.org/10.7717/peerj.3112
http://www.ncbi.nlm.nih.gov/pubmed/28348931
http://dx.doi.org/10.1016/j.rbe.2015.02.006
http://dx.doi.org/10.1086/283546
http://dx.doi.org/10.1007/BF01020161
http://www.ncbi.nlm.nih.gov/pubmed/24302047
http://dx.doi.org/10.1007/BF00345533
http://www.ncbi.nlm.nih.gov/pubmed/28309499
http://dx.doi.org/10.1098/rspb.2013.2840
http://www.ncbi.nlm.nih.gov/pubmed/24573846
http://dx.doi.org/10.1007/BF00333733
http://www.ncbi.nlm.nih.gov/pubmed/28307873
http://dx.doi.org/10.1002/ps.2225
http://www.ncbi.nlm.nih.gov/pubmed/21710685

Insects 2018, 9, 118 22 of 22

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Podd, L.; van Staden, J. The role of ethanol and acetaldehyde in flower senescence and fruit
ripening—A review. Plant Growth Regul. 1998, 26, 183-189, d0i:10.1023/A:1006131517539. [CrossRef]
Dudley, R. Ethanol, Fruit Ripening, and the Historical Origins of Human Alcoholism in Primate Frugivory.
Integr. Comp. Biol. 2004, 44, 315-323, d0i:10.1093 /icb/44.4.315. [CrossRef] [PubMed]

Hamby, K.A.; Herndndez, A.; Boundy-Mills, K.; Zalom, F.G. Associations of Yeasts with Spotted-Wing
Drosophila (Drosophila suzukii; Diptera: Drosophilidae) in Cherries and Raspberries. Appl. Environ. Microbiol.
2012, 78, 4869-4873, doi:10.1128/ AEM.00841-12. [CrossRef] [PubMed]

Becher, P.G.; Flick, G.; Rozpedowska, E.; Schmidt, A.; Hagman, A.; Lebreton, S.; Larsson, M.C.; Hansson, B.S.;
Piskur, J.; Witzgall, P; et al. Yeast, not fruit volatiles mediate Drosophila melanogaster attraction, oviposition
and development. Funct. Ecol. 2012, 26, 822-828, doi:10.1111/j.1365-2435.2012.02006.x. [CrossRef]
Hoffmann, A.; Parsons, P. Olfactory response and resource utilization in Drosophila: Interspecific comparisons.
Biol. . Linn. Soc. 1984, 22, 43-53, d0i:10.1111/j.1095-8312.1984.tb00798.x. [CrossRef]

Sampson, B.; Stafne, E.; Marshall-Shaw, D.; Stringer, S.; Mallette, T.; Werle, C.; Larson, D. Environmental
ethanol as a reproductive constraint on spotted wing drosophila and implications for control in Rubus and
other fruits. Acta Hortic. 2016, 1133, 411-418, do0i:10.17660/ ActaHortic.2016.1133.64. [CrossRef]

Miller, R.S. Larval Competition in Drosophila melanogaster and D. simulans. Ecology 1964, 45, 132-148,
d0i:10.2307/1937114. [CrossRef]

Duyck, PF; David, P; Quilici, S. A review of relationships between interspecific competition and invasions
in fruit flies (Diptera: Tephritidae). Ecol. Entomol. 2004, 29, 511-520, doi:10.1111/j.0307-6946.2004.00638.x.
[CrossRef]

Shaw, B.; Brain, P.; Herman, W.; Fountain, M. Reducing Drosophila suzukii emergence through inter-species
competition. Pest Manag. Sci. 2017, 74, 1466-1471, doi:10.1002/ps.4836. [CrossRef] [PubMed]

Burla, H. The Order of Attraction of Drosophila Species to Cut Palm Trees. Ecology 1955, 36, 153-155,
[CrossRef]

Nunney, L. Drosophila on Oranges: Colonization, Competition, and Coexistence. Ecology 1990, 71, 1904-1915,
doi:10.2307/1937598. [CrossRef]

Hedlund, K.; Bartelt, R.J.; Dicke, M.; Vet, L.E. Aggregation Pheromones of Drosophila immigrans, D. phalerata,
and D. subobscura. J. Chem. Ecol. 1996, 22, 1835-1844, doi:10.1007/BF02028507. [CrossRef] [PubMed]

Toda, M.J.; Kimura, M.T.; Tuno, N. Coexistence mechanisms of mycophagous drosophilids on
multispecies fungal hosts: Aggregation and resource partitioning. J. Anim. Ecol. 1999, 68, 794-803,
doi:10.1046/j.1365-2656.1999.00328.x. [CrossRef]

Markow, T.A. The secret lives of Drosophila flies. eLife 2015, 4, €06793, doi:10.7554/eLife.06793. [CrossRef]
[PubMed]

Mitsui, H.; Takahashi, K.H.; Kimura, M.T. Spatial distributions and clutch size of Drosophila species
ovipositing on cherry fruits of different stages. Popul. Ecol. 2006, 48, 233-237, doi:10.1007 /s10144-006-0260-5.
[CrossRef]

Michelsen, V. Wood Gnats of the Genus sylvicola (Diptera, Anisopodidae): Taxonomic Status, Family
Assignment, and Review of Nominal Species Described by ]J.C. Fabricius. Tijdschr. Voor Entomol. 1999,
142, 69-75. [CrossRef]

Soli, G.; Rindal, E. The genus Sylvicola Harris, 1780 (Diptera, Anisopodidae) in Norway—With a key to the
North European species. Nor. J. Entomol. 2014, 61, 190-200.

Gelman, A. Prior distributions for variance parameters in hierarchical models. Bayesian Anal. 2006, 1,
515-533, doi:10.1214/06-BA117A. [CrossRef]

Polson, N.G.; Scott, ].G. On the Half-Cauchy Prior for a Global Scale Parameter. Bayesian Anal. 2012, 7,
887-902, d0i:10.1214/12-BA730. [CrossRef]

Sorensen, T.; Hohenstein, S.; Vasishth, S. Bayesian linear mixed models using Stan: A tutorial
for psychologists, linguists, and cognitive scientists. Quant. Meth. Psych. 2016, 12, 175-200,
doi:10.20982 /tqmp.12.3.p175. [CrossRef]

@ (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1023/A:1006131517539
http://dx.doi.org/10.1093/icb/44.4.315
http://www.ncbi.nlm.nih.gov/pubmed/21676715
http://dx.doi.org/10.1128/AEM.00841-12
http://www.ncbi.nlm.nih.gov/pubmed/22582060
http://dx.doi.org/10.1111/j.1365-2435.2012.02006.x
http://dx.doi.org/10.1111/j.1095-8312.1984.tb00798.x
http://dx.doi.org/10.17660/ActaHortic.2016.1133.64
http://dx.doi.org/10.2307/1937114
http://dx.doi.org/10.1111/j.0307-6946.2004.00638.x
http://dx.doi.org/10.1002/ps.4836
http://www.ncbi.nlm.nih.gov/pubmed/29266721
http://dx.doi.org/10.2307/1931442
http://dx.doi.org/10.2307/1937598
http://dx.doi.org/10.1007/BF02028507
http://www.ncbi.nlm.nih.gov/pubmed/24227111
http://dx.doi.org/10.1046/j.1365-2656.1999.00328.x
http://dx.doi.org/10.7554/eLife.06793
http://www.ncbi.nlm.nih.gov/pubmed/26041333
http://dx.doi.org/10.1007/s10144-006-0260-5
http://dx.doi.org/10.1163/22119434-99900021
http://dx.doi.org/10.1214/06-BA117A
http://dx.doi.org/10.1214/12-BA730
http://dx.doi.org/10.20982/tqmp.12.3.p175
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Materials and Methods
	Study Sites and Experimental Design
	Landscape Metrics
	Mixed Model

	Results
	Trap Content
	Time Series
	Landscape Metrics
	Covariables
	Model Results

	Discussion
	Conclusions
	Experimental Design
	Priors
	Correlations
	Posterior Values
	Variance Inflation Factors

	Monte Carlo Markov Chain Diagnostics
	Density Plot
	Trace Plot
	Autocorrelation Plot

	References

