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Abstract

Understanding how global environmental change impacts insect biodiversity is central to the core
principals of conservation biology. To preserve the ecosystem services provided by insects in cities, it is
crucial to understand how insect species are influenced by the degree of urbanization of the surrounding
landscape. Using a hierarchical occupancy-detection model, we estimated the effect of urbanization on
heteropteran bug species richness and occupancy, an approach that concurrently accounts for species-
specific responses and imperfect detection. We found that species richness decreased along a gradient of
increasing urbanization. This trend corresponded well with species-specific trends, as approximately two
thirds of all herbivores and predatory species experienced a strong mean negative response to
urbanization. These results indicate that many species are potentially at risk of local extinction as cities
grow and expand in the future. A second group of species, however, showed a weak mean negative
response, indicating that they are ubiquitous urban species that thrive regardless of the surrounding degree
of urban disturbance. Our research suggests that as cities develop, many of the species that are currently
present will become less likely to occur, and therefore assemblages in the future are likely to become
more simplified. In order to preserve or increase insect biological diversity in cities, it is critical to
understand how individual species are influenced by urbanization. Our finding that insects display
species-specific responses to urbanization has important repercussions for decision makers charged with

preserving and improving urban biodiversity and the deliverance of ecosystem services in cities.
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Introduction

With over one million described living species, insects represent the world’s most diversified eukaryotic
taxa (Wilson 1992; Adler and Foottit 2009). The fundamental importance of insects for humankind,
however, only comes to light when we take into account their functional role in food webs and life cycles,
and their influence on agriculture, livestock and human health (Berenbaum 1996; Waldbauer 2003;

Scudder 2009). All throughout the biosphere, the ecological functions performed by insects (eg, nutrient
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cycling, plant pollination, seed dispersal, soil structuring, population regulation and food provisioning)
translate into a vast wealth of ecosystem services that are delivered to mankind (Losey and Vaughan
2006; Kremen and Chaplin-Kremer 2007; Straub et al. 2008). Notwithstanding, there is a general
consensus that global environmental change is causing a biodiversity crisis in which a wide variety of
species, including insects, are becoming extinct (Wilson 1992; Pimm et al. 1995; Levin 1999; Samways
2007; Stork 2010), and there is growing evidence that this loss of biological diversity modifies ecosystem
function in a way that negatively impacts the deliverance of the ecosystem services most valued by
society (Duffy 2009; Cardinale et al. 2012).

A principal human-induced factor contributing to loss of biological diversity, including that of insects, is
land use change (Pimm and Raven 2000; Sala et al. 2000; Samways 2007). Arguably, the most pervasive
driver of land use change is urbanization (Gaston 2010; Pickett et al. 2011; Seto et al. 2013). By
destroying, reducing, fragmenting or otherwise transforming their habitats and resources, urbanization
increases the vulnerability of many insect species to extinction (Samways 2007; New 2009). Not
surprisingly, results from a wide array of studies indicate that moderate to high levels of urbanization
correlate with low levels of insect species richness (MclIntyre 2000; McKinney 2008; Luck and
Smallbone 2010; Faeth et al. 2011). Ultimately, however, the response of insects to landscape-scale
disturbances, including those generated by urbanization, are species-specific (Mclntyre 2000; Hornung et
al. 2007; Mclntyre and Rango 2009; Magura et al. 2010; 2013; Shreeve and Dennis 2011; T6thmérész et
al. 2011; Horvath et al. 2012). Some species tend to be absent from highly urbanized areas, only showing
high occupancy levels at low to intermediate levels of urbanization, whereas other species only occupy
highly urbanized areas (Mclintyre 2000; McKinney 2002; Hornung et al. 2007; Horvath et al. 2012).
These latter species are generally adventive within the urban areas they inhabit (Wheeler and Hoebeke
2009), and their occupancy patterns are thought to have arisen through colonization processes that have
repeatedly transferred them from one highly urbanized area into another (McKinney 2002; 2006). They
can be therefore considered an important example of urbanization-driven biotic homogenization
(McKinney 2010). The species-specific mechanisms driving the response of insects to urbanization
gradients are poorly understood. Narrow habitat specialists may be especially prone to become extinct or
locally extinct as urbanization completely or partially reduces the habitat they are restricted to (Dunn
2005). Likewise, host specialists dependent on plant species that are threatened by urbanization are likely
to become co-extinct as a result of the extinction of their host (Moir et al. 2011). On the other hand,
species that depend strongly on human resources to survive seem to thrive in highly urbanized areas
(Mclntyre 2000).

In order to preserve the deliverance of ecosystem services provided by insects in cities and towns around
the world, it becomes imperative to understand how urbanization influences the species-specific response
of insects and the species-specific factors that guarantee their persistence in urban areas. Previous studies
on insect biodiversity in urban landscapes, however, have been generally focused at the community-level,
hence relying almost exclusively on the analysis of species richness to infer the effects of urbanization
(McKinney 2008 and references therein). Yet, as argued above, the effective conservation of a diverse
assemblage of insect species in the urban context may depend on the management of landscape and

habitat features that elicit a species-specific response (Fisher et al. 2004; Zipkin et al. 2009; Shreeve and



Dennis 2011; Téthmérész et al. 2011; Horvath et al. 2012; Magura et al. 2013). In the present study, we
address this issue by simultaneously evaluating the effects of urbanization on both species richness and
species-specific occurrence probabilities. Furthermore, most investigations of the effect of environmental
gradients on insect species richness and/or occupancy have omitted the estimation of detection
probabilities, although the importance of accounting for the imperfect detection of species is now widely
recognized (MacKenzie et al. 2006; Royle and Dorazio 2008; Kéry 2011; Wintle et al. 2012; Lahoz-
Manfort et al. 2013; Iknayan et al. 2014). We surveyed for adult heteropteran bugs living in herbaceous
ruderal vegetation, and used a hierarchical occupancy-detection modelling approach to estimate the effect
of urbanization on species richness and occupancy while accounting for insect species that are
imperfectly detected.

Methods
Heteropteran bugs

With approximately 42,000 described species (Henry 2009), the Heteroptera Latreille, 1810 or true bugs
constitute a monophyletic clade of hemimetabolous insects presenting a worldwide distribution (Schuh
and Slater 1995; Weirauch and Schuh 2011). Most heteropteran bugs are strictly phytophagous,
zoophagous or hematophagous (Schuh and Slater 1995; Schaefer and Panizzi 2000). Others display a
wide range of mixed omnivorous behaviors ranging from phytozoophagy to zoophytophagy (Alomar and
Widenmann 1999; Coll and Guershon 2002; Eubanks et al. 2003). Phytophagous species feed on roots,
leaves, flowers, pollen, buds, seeds, fern fronds and fungi mycelia, while zoophagous species prey upon
arthropods and even small vertebrates (Schuh and Slater 1995; Schaefer and Panizzi 2000). Predatory
heteropteran bugs, through their capacity to regulate pest populations, are essential for ecosystem
functioning and resilience against disturbance in human-dominated habitats and landscapes (Lattin 1999;
2000; Ambrose 2000; Braman 2000; Wheeler 2000b; Perdikis et al. 2011).

Study area

This study was conducted across the 30 municipalities that constitute the shire of EI Maresme in
Catalonia, Spain (north-east Iberian Peninsula). The shire is located between the Mediterranean Sea and
the Sant Mateu, Corredor and Montnegre Massifs. It has a littoral Mediterranean climate: annual average
precipitation oscillates between 550 mm at sea level and 800 mm in the mountains, and annual average
temperatures vary from 8°C in the winter to 23°C in the summer (Servei Meteorologic de Catalunya
2010). The shire is home to 430,000 people and covers an area of approximately 400 km?, with the
average municipality having an area of 13.2 km? and a population of 14,325 inhabitants. These and other
demographic data presented in this manuscript were provided by the Institut d’Estadistica de Catalunya

(2010), and additional data for each municipality are given in Table A (Online Resource 1).
Sampling design

We collected heteropteran bugs living on herbaceous ruderal vegetation at two randomly selected
independent sampling plots within a single site at each of the 30 municipalities. Species sampling took
place between 18 March to 24 May 2011, coinciding with a known period of high adult heteropteran bug

activity. The sites were defined here as the circular area of approximately 1.13 km? (r=750 m)



surrounding the historical centre point of each municipality’s largest city or town. Sampling plots
contained herbaceous ruderal vegetation that had not been mown, treated with pesticides or managed by
any other means. Regarding their spatial distribution, plots were located at least: (1) 150 m away from the
site’s centre, (2) 150 m away from the boundary to the closest contiguous site, and (3) 500 m apart from
each other. In seven sites, due to habitat unavailability, it was only possible to collect from one plot. At
each plot, we used 100 sweeps of an entomological net to collect heteropteran bugs, which were
posteriorly identified to species level. All plots were sampled twice during the survey’s duration, thus two
to four sampling replicates per municipality site were available for analyses. These spatial and temporal
replicates were used to construct the species-specific detection histories that were fed into our occupancy-

detection model (as described below).
Urbanization data

The Institut Cartografic de Catalunya (2011) provided aerial photographs of each site, which we
transformed in a GIS environment (ArcGIS version 10.1) into circular land-use maps (r=750 m). A radius
of 750 m was used as this is the maximum radius that a city or town in EI Maresme can have before it
overlaps into the boundaries of another. We quantified each site’s degree of urbanization using the
Weeks’ index of urbanization (Weeks et al. 2005). By quantifying the level of urban disturbance of each
one of our sites we were effectively generating a continuous urbanization gradient (McDonnell and
Pickett 1990; McDonnell and Hahs 2008) for the municipalities within the study area. To guarantee the
repeatability and comparability of our study, we needed to construct this gradient using a standard broad
measure of urbanization (McDonnell and Hahs 2008). We chose to use the Weeks’ index of urbanization
because it is a tested measure that efficiently integrates physical and social components of the urban
landscape (Hahs and McDonnell 2006) using existing and easily available landscape and demographic
data. The index, which is set to a 0 to 100 scale, combines land-use with census data to generate an
urbanization gradient where higher values are associated with higher degrees of urbanization. With a
mean value of 52, the index in our study area ranged from 27 to 79. Additional data for each municipality

are given in Table A (Online Resource 1).
Multi species site occupancy-detection model

To estimate the species richness of the whole heteropteran bug community, as well as that of its
herbivorous and predatory guilds, and to quantify the effects of urbanization on the species-specific
probabilities of occurrence, we used a multi-species site occupancy-detection model. This model is a
powerful extension of the single-species hierarchical linear models used to estimate site occupancy rates
of species that are imperfectly detected and/or of rare species with low occurrence probabilities (Dorazio
and Royle 2005; Dorazio et al. 2006; Kéry and Royle 2008; Royle and Dorazio 2008; Zipkin et al. 2009;
2010; lknayan et al. 2014). This modeling approach allows for the concurrent estimation of species-

specific occurrence and detection probabilities, including the full range of their associated uncertainties.
The model for occurrence was specified as:

Z(i'j) ~ Bernoulli (\Pi'j)



where ;; is the probability that species i occurs at site j. The detection model, for which we have
recorded data x(; ;) for species i at site j at the k™ spatial or temporal replicate (ie, the species-specific
detection history), was specified as:

X(ij) ~ Bernoulli (@i - 2(; ;)

where @ ;. is the detection probability of species i at site j at/during plot/period k. This satisfies the

condition that the detection probability of a species will be zero when it is not present.

We incorporated the effect of urbanization into the linear predictor of our occupancy model on the logit-

probability scale as follows:
logit (‘i) = occ; + urb; - iy;

where '¥;; are the species-specific probabilities of occurrence, occ; the species-level effects, urb; the site-
specific effect on occurrence, and iu; are the values of the urbanization covariate (Weeks’ index of
urbanization). As no intermediate responses were found in the preliminary analyses, no quadratic terms
were included in the final model. The covariate data was standardized so that its mean was zero and its
standard deviation one. Since the survey was completed in less than 60 days, we confidently assumed that
the heteropteran bug species pool remained constant, thus satisfying an important assumption of the
model. We also assumed that the detection probability of species i did not vary based on any measured

covariate, thus it was determined by an unspecified species-level effect det; as:
lOgit (q)i,j,k) = det;
Bayesian inference and model implementation

We considered all occurrence and detection parameters as random effects governed by hyperparameters,
and estimated the model parameters and community summaries under a Bayesian mode of inference. We
executed our Bayesian analysis following two key steps. First, we assigned to each model parameter a
prior distribution. Because we lacked external knowledge of the system under study, we wanted our
inferences to be based on the observed data alone. Thus all parameters and hyperparameters were given
non-informative priors. Specifically, the means of the species-specific effects were given uniform priors
that ranged between zero and one, while the means of the site-specific effects were given normal priors
with mean zero and variance 1000. All standard deviations were given gamma priors with r and nu equal
to 0.1. We then used the Markov Chain Monte Carlo (MCMC) simulation-based technique to draw
samples from the posterior distribution of our parameters (McCarthy 2007; Kéry 2010). Here, we used the
MCMC algorithms as implemented in the software OpenBUGS (Lunn et al. 2009), which was accessed
through the R add-on package R20penBUGS (Sturtz et al. 2005). We used two chains of 30,000
iterations, discarded the first 3,000 iterations as burn-in, and thinned by two. Visual inspections of the
MCMC chains plus values of the Gelman-Rubin statistic for all parameters (R-hat < 1.01) indicated
acceptable convergence (Gelman and Hill 2007). The R/OpenBUGS model code and the data to re-run
the analysis are given in Online Resource 2.

Results

Our insect survey yielded 142 heteropteran bug species: 112 herbivores (79%) and 30 predators (21%)

(see Table B in Online Resource 1). The most frequently collected herbivores were the oxycarenid
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Oxycarenus lavaterae, the lygaeid Nysius graminicola and the pentatomid shield bug Eurydema oleracea,
together representing approximately one sixth of all detections. On the other hand, the most frequently
collected predatory species were the anthocorid pirate bug Orius laevigatus, the dicyphinid mirid
Macrolophus melanotoma and the geocorid Geocoris erythrocephalus, together accounting for

approximately one twelfth of all detections.

Our model estimated that patches of ruderal herbaceous vegetation in EI Maresme are occupied on
average by 108 heteropteran bug species (95% credible interval: 93, 121; Fig. 1a). Likewise, the model
estimated the shire to be occupied on average by 85 herbivores (CI: 73, 96; Fig. 1b) and 23 predators (Cl:
19, 26; Fig. 1c). Mean probability of occurrence was high (0.863) ranging from 0.712 to 0.970 (Fig. 2a),
whereas detection was low (0.047) varying from 0.036 to 0.061 (Fig. 2b). As illustrated in Figure 3,
municipality-level species richness estimates of the whole heteropteran community (Fig. 3a), as well as
those of herbivores (Fig. 3b) and predators (Fig. 3c), showed a decreasing trend along the urbanization
gradient. The mean community-level effect of urbanization on the occurrence probability of heteropteran
bugs was negative (-1.154), and the posterior credible interval for this community hyperparameter

contained only negative values (Cl: -2.013, -0.576).

Means, standard deviations and credible intervals for the 142 species-specific occurrence and detection
probabilities are presented in Table B (Online Resource 1). Mean detection probabilities varied
considerably among species (0.018, 0.517). The most frequently collected species, as described above,
showed the highest probabilities of detection. Mean probabilities of occurrence varied among species
from 0.614 to 0.979.

We used the model’s hyperparameters to predict heteropteran bug community-level probability of
occurrence for 500 values within a reasonable range of the urbanization gradient. These predictions were
then used to illustrate the negative relationships between urbanization and heteropteran bug occupancy
(Fig. 4). In Fig. 4, besides representing the 95% credible interval, we also illustrated the uncertainty
associated with the mean effect by computing and plotting predicted relationships for 1000 random
samples taken from the mean effect parameters’s Markov Chain Monte Carlo draws. This is effectively

equivalent to illustrating the 100% credible interval.

Likewise, we used the model’s species-specific estimates to predict each species occurrence probability
for 500 values of the urbanization gradient. This second set of predictions were used to illustrate the
species-specific relationships between occupancy and urbanization (Fig. 5a). Overall, the mean species-
specific effects were negative, ranging from -2.131 to -0.421 in herbivores, and from -2.015 to -0.083 in
predators. The mean species-specific effects for each herbivorous and predatory taxa are given in Table C
(Online Resource 1). Table C also provides 14 different quantile levels that can be combined to represent
the 99%, 95%, 75%, 50%, 25%, 5% and 1% credible intervals (Cls) associated with the mean responses
and to determine the widest CI not containing zero. Species associated with wide 99%, 95% and 75% Cls
that do not overlap zero are those for which we can be confident that their probabilities of occurrence
decreases along the urbanization gradient, whereas species in which the widest CI that does not contain
zero is the 25%, 5% or 1% ClI are those we can be confident that their probability of occurrence is not

negatively influenced by the gradient of urbanization. On the other hand, species in which the widest ClI



that does not contain zero is the 50% CI are those for which we can expect their probability of occurrence
to be equally independent of urbanization. The rhopalid Stictopleurus punctatonervosus was the herbivore
that showed the strongest negative response to urbanization (mean = -2.131; 99% credible interval: -
6.180, -0.071; Fig. 5b). The strongest response from a predatory species was by the geocorid Geocoris
erythrocephalus (mean = -2.015; 99% CI: -5.918, -0.342; Fig. 5b). Other five herbivores (Ceraleptus
gracilicornis, Dyroderes umbraculatus, Eurydema oleracea, Eurydema ornata and Neottiglossa bifida)
showed strong responses in which the 95% CI did not overlap zero (Fig. 5b). A total of 70 herbivores and
20 predators showed a mean negative response in which the 75% CI did not contain zero. Among the
herbivores, 32 species showed a mean negative response associated with a 50% CI that did not cross zero,
while 6 predatory species showed the same response. The rhopalid hyaline grass bug Liorhyssus hyalinus,
the mirid plant bugs Lygus pratensis and Orthops kalmii, and the oxycarenid Oxycarenus lavaterae
showed weak mean negative responses to the urbanization gradient in which the 25% credible interval
was the widest interval of the posterior distribution that did not cross zero (Fig. 5¢). Two mirid predatory
species, the deraeocorinid Deraeocoris serenus and the dicyphinid Dicyphus maroccanus, also showed
weak responses in which the 25% CI did not overlap zero (Fig. 5¢). The weakest mean response to the
gradient of urbanization was shown by the anthocorid pirate bug Orius laevigatus (mean = -0.083; 1%
credible interval: -0.022, -0.004; Fig. 5c).

Discussion

The ongoing interest in understanding the effects of urbanization on biodiversity (Hahs et al. 2009; Luck
and Smallbone 2010; Pickett et al. 2011; EImqvist et al. 2013; McDonnell and Hahs 2013), including that
of insects and other arthropods (Mclintyre 2000; Mclintyre and Rango 2009; Kotze et al. 2011) has led to a
proliferation of studies assessing community and/or guild-level responses to urbanization (McKinney
2008 and reference therein, Niemeld and Kotze 2009; Sattler et al. 2010; Faeth et al. 2011). Here, we
propose a new addition to this research area by presenting an approach that simultaneously assesses
heteropteran bug community, guild and species-specific responses to a gradient of urbanization. Our
study was further strengthened by a comprehensive and well replicated assessment of the heteropteran
bug diversity in the region, which allowed us to generate the encounter histories necessary for our
occupancy-detection modelling approach to account for the imperfect detection of species. Models that
fail to account for imperfect detection may yield less accurate estimates of species richness and biased
inferences of the effects of covariates (Kéry 2011; Wintle et al. 2012; Lahoz-Manfort et al. 2013; Iknayan
et al. 2014). Our study was also unique in that it investigated insect responses along the urban-to-rural
gradient of more than a single urban area. In fact, we investigated how heteropteran bug species
assemblages varied across a gradient of different sized cities, using a broad measure of urbanization that

ensured the comparability and repeatability of the study across other urban regions.

Our results suggest that heteropteran bug species richness decreases along a gradient of increasing
urbanization (Fig. 3a). This result supports the findings of McKinney (2008), which reviewed 57 studies
on different insect and arachnid taxa and reported that over 70% of the studies showed species richness to
peak at low levels of urbanization. Our results further suggest that the species richness of both
herbivorous and predatory heteropteran bugs also decreases along the urbanization gradient (Fig. 3b-c).

These guild level results partially contradict those presented by Sattler et al. (2010), which working with
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at least 25 different insect and arachnid taxonomic groups found that, while the species richness of
herbivores showed no response, the species richness of predators, including reduviid, nabid and
anthocorid heteropteran bug species, had a negative response to urbanization. Likewise, Niemel4 and
Kotze (2009), reviewing the response of carabid beetles to urban-to-rural gradients across eight cities,
reported that, with a few exceptions, the species richness of this predatory group decreased along the
gradients of increasing urbanization. Overall, these findings may contribute to emphasize the trophic
downgrading presently affecting global ecosystems (Estes et al. 2011), and add to the growing body of
evidence supporting the hypothesis that the higher trophic levels are most likely to be affected by

urbanization (Fischer et al. 2012).

The mean community-level effect of urbanization on the occurrence probability of heteropteran bugs was
negative, and the posterior credible interval for this community hyperparameter contained only negative
values. This suggests that most species in the community are less likely to occur as the degree of
urbanization increases along the gradient (Fig. 4). This trend is reflected in the trends of individual
species along the urbanization gradients, as approximately 68% of all herbivorous and 70% of all
predatory species experienced a strong mean negative response associated with wide credible intervals
that not overlapped zero (Table C and Fig. 5a-b). These results therefore highlight that many of the
heteropteran bugs utilizing the herbaceous ruderal vegetation in the study area tend to drop out as the
degree of urbanization increases, and are therefore potentially at risk of local extinction as these cities
grow and expand in the future. A second group of species showed a weak mean negative response to the
degree of urban disturbance in which the associated credible intervals that did not cross zero were very
narrow (Table C and Fig. 5¢), indicating that they are ubiquitous urban species that are equally likely to
occur in all cities and town regardless of their degree of urbanization. Included among these species were
the polyphagous pests L. hyalinus, O. lavaterae and L. pratensis (Schaefer and Kotulski 2000; Sweet
2000; Wheeler 2000a), which indicates that heteropteran bug species potentially responsible for
significant plant damage are likely to persist as urban areas expand. Interestingly, also included in this
latter group was the well-known generalist pest control agent O. laevigatus (Lattin 1999; 2000), as well as
other understudied predatory species such as D. serenus and D. maroccanus, highlighting that at least
some natural enemies seem to thrive in patches of herbaceous ruderal vegetation regardless of the

surrounding degree of urbanization.

In this study we have provided quantitative evidence for relationships between urbanization and insect
species richness and occupancy. The nature of these relationships, however, remains correlative rather
than causative, an issue that has been previously highlighted regarding the urbanization gradient approach
in ecological and conservation investigations (Catterall 2009). Nevertheless, as a first approximation to
understand the causative mechanisms driving patterns of species richness and occupancy in urban
regions, we believe our research may provide foundational knowledge essential for future studies. For
instance, potential mechanistic explanations for the occupancy patterns reported in this study may be
better understood by researching the vegetation structural complexity of herbaceous ruderal urban
ecosystems. This approach may further advance our understanding of the role unmanaged herbaceous
vegetation may play within urban areas in the conservation of insect biodiversity. Likewise, fine-scaled

mechanisms driving the occupancy patterns of predatory species in urban ecosystems may be elucidated
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by investigating more closely how their occurrence is dependent on the availability of their prey, and how
this availability in turn relates to the size and density of the surrounding urban area, as well as with its
connectivity with the larger non-urban landscape. We therefore anticipate that further studies may benefit
from characterizing the urban context through more specific measures of urbanization (McDonnell and
Hahs 2008; 2013; Hahs et al. 2009; Kotze et al. 2011).

Our research suggests that as cities grow and develop, most of the insect species that are currently present
will become less likely to occur, and therefore the insect assemblages in the future are likely to become
more simplified and increasingly composed of cosmopolitan species. In order to preserve and/or increase
insect biological diversity in urban ecosystems, and their associated ecosystem services, we believe it is
expedient to understand how individual species are influenced by the process of urbanization, especially
since the availability of a rich insect fauna is important for other terrestrial animal groups such as birds,
mammals and reptiles. Our finding that insect’s response to urbanization is distinctly species-specific has
important repercussions for decision makers charged with preserving and improving urban biological

diversity and the ecosystem services provided by insects in urban landscapes.
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Figure captions

Fig. 1 Posterior distributions of heteropteran bug mean species richness for EI Maresme shire for the (a)
whole community, (b) herbivorous guild, and (c) predatory guild. The black bar indicates the mean

response

Fig. 2 Distributions of probabilities of occurrence (a) and detection (b) of heteropteran bugs in El

Maresme shire based on model estimates

Fig. 3 Relationships between species richness and urbanization for the (a) whole community, (b)
herbivorous guild, and (c) predatory guild. The solid black dots indicate means and the grey vertical bars

the 95% credible intervals

Fig. 4 Predicted relationships between heteropteran bug community-level occupancy and urbanization.
The black solid line represents the mean, while the black dashed lines represent the 95% credible interval.

The grey lines represent the full range of uncertainty associated with the mean response

Fig. 5 Predicted relationships between mean heteropteran bug species-specific probabilities of occurrence
and urbanization for the (a) whole community, (b) species showing the strongest mean negative response
and the widest credible intervals not overlapping zero, and (c) species showing the weakest mean
negative response and the narrowest credible intervals not overlapping zero. The posterior summaries for
each one of the 142 species-specific responses are given in Table C (Online Resource 2). Species legend:
bif: Neottiglossa bifida, ery: Geocoris erythrocephalus, gra: Ceraleptus gracilicornis, hya: Liorhyssus
hyalinus, kal: Orthops kalmii, lae: Orius laevigatus, lav: Oxycarenus lavaterae, mar: Dicyphus
maroccanus, orn: Eurydema ornata, pra: Lygus pratensis, pun: Stictopleurus punctatonervosus, ser:

Deraeocoris serenus, and umb: Dyroderes umbraculatus
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