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Abstract: Nocturnal arthropods form the prey base for many predators and are an integral part
of complex food webs. However, there is limited understanding of the mechanisms influencing
invertebrates at urban water bodies and the potential flow-on effects to their predators. This study
aims to: (i) understand the importance of standing water bodies for nocturnal flying insect orders,
including the landscape- and local-scale factors driving these patterns; and (ii) quantify the relationship
between insects and insectivorous bats. We investigated nocturnal flying insects and insectivorous
bats simultaneously at water bodies (n = 58) and non-water body sites (n = 35) using light traps
and acoustic recorders in Melbourne, Australia. At the landscape scale, we found that the presence
of water and high levels of surrounding greenness were important predictors for some insect
orders. At the water body scale, low levels of sediment pollutants, increased riparian tree cover and
water body size supported higher insect order richness and a greater abundance of Coleopterans
and Trichopterans, respectively. Most bat species had a positive response to a high abundance of
Lepidopterans, confirming the importance of this order in the diet of insectivorous bats. Fostering
communities of nocturnal insects in urban environments can provide opportunities for enhancing the
prey base of urban nocturnal insectivores.

Keywords: Chiroptera; invertebrates; pollutants; predator-prey relationship; urbanisation; urban
water bodies

1. Introduction

Freshwater habitats play a crucial role in the life cycle of many insects [1–3] which are a fundamental
part of diverse food webs [4]. Orders with aquatic life stages such as flies (Diptera) and caddisflies
(Trichoptera) include species that are important prey for insectivorous bats [5,6] and studies from
forested and agricultural areas have shown the positive effect of water bodies on insect abundance and
related insectivorous bat activity [7,8]. However, these relationships have not yet been investigated in
urban areas, which is crucial in our understanding of the global phenomena of urbanisation and its
impacts on animal communities [9]. In particular, urbanisation can cause various stressors to water
bodies via the introduction of sediment pollution [10,11], modification or removal of vegetation and
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extreme fluctuations in water flow [12,13]. These activities can significantly modify and degrade
invertebrate communities [14–16], with subsequent implications for their predators [17]. Insectivorous
bats (Chiroptera) occur in urban areas globally [18,19] and depend on insect-rich feeding grounds [20];
thus, they are good model organisms for understanding the effects of anthropogenic impacts on urban
water bodies and altered prey availability [21,22].

Landscape surroundings and the structure of local habitats at urban water bodies influence
patterns of insect biodiversity [23,24]. At the landscape scale, urban green spaces have high value for
insects [25,26] but artificial light at night can have mixed effects on nocturnal insects due to attraction, or
temporal and spatial disorientation [27,28]. Further, a higher density of built structures can lead to lower
insect biomass [29]. At the local scale, vegetation structure [25,30] and water quality in urban water bodies
can drive patterns in insect communities [31]. For instance, while some species of non-biting midges
(Diptera, Chironomidae) are less sensitive to water quality, almost all caddisflies are extremely sensitive
to water pollutants [31,32]. These competing drivers of nocturnal flying insects at urban water bodies
can have consequences for their nocturnal predators. In an earlier study, the presence of standing
water bodies (i.e., bodies of water of any size that do not flow and are not connected to moving water)
with low sediment pollution and high tree cover in unlit areas were found to be positive predictors
for insectivorous bat species richness and activity in an urban environment [33]. Knowing whether
these factors also influence nocturnal flying insects at urban standing water bodies can be valuable in
informing effective conservation management strategies for both insects and their predators [34].

Hence, the aims of this study were to: (i) understand the importance of standing water bodies for
nocturnal flying insect orders, including the landscape- and local-scale factors that drive these patterns;
and (ii) quantify the relationship between nocturnal flying insects and insectivorous bats. These aims
were addressed using a large-scale study in Greater Melbourne in south-east Australia, covering an
area of ~10,000 km2 that incorporates a wide range of habitats, including remnant vegetation and
water bodies, and supports diverse communities of both insects [35] and insectivorous bats [33,36].

2. Methods

2.1. Study Area and Selection of Study Sites

Melbourne (37◦48′S, 144◦55′E) is a sprawling megacity of ~ 4.9 M residents in Victoria, south-east
Australia and is the most rapidly growing city in Australia [37]. Melbourne has a mixture of natural,
modified natural and constructed water bodies which are predominantly designed for stormwater
management and flood reduction, as well as for public recreation [38]. A total of 58 standing and
permanent water bodies, including lakes, ponds and wetlands were selected from an existing data set
on sediment pollutants of 120 water bodies in Melbourne (V. Pettigrove, Centre for Aquatic Pollution
Identification and Management, The University of Melbourne, unpublished data). These were selected
in a stratification process based on their size (two categories: small < 5000 m2 and large > 5000 m2),
tree coverage (three categories: water body flanked with an open < 25%, moderate 25%–75% and
high density > 75% of trees), and degree of urbanisation, as well as their accessibility for this research.
For the urbanisation measure, we used the length of roads (two categories: < 3000 m road length
and > 3000 m road length within a 1 km circular buffer around the central points of water bodies and
non-water body sites) as a proxy for anthropogenic impacts such as artificial light or street run off

associated with impervious surfaces that cause pollutants to enter urban water bodies [39,40].
To determine the effect of standing water per se on the abundance and richness of orders of

nocturnal flying insects, 35 urban green areas without water were also selected and paired with 35 of
the 58 selected water bodies. We selected more water bodies than non-water body sites since we were
interested in the local factors driving nocturnal flying insects at water bodies and due to logistical
constraints to sample a similar number of non-water bodies. These ‘non-water body’ sites were
ecologically similar to their paired water bodies, with the exception that they lacked water; in its place,
they had an open and grassy area similar in size to the body of water. In addition, the non-water body
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sites had a similar density of trees surrounding the open area and also similar levels of urbanisation
in the surrounding landscape as the water body sites (Figure 1). The 93 sites (58 water bodies and
35 non-water body sites) were distributed across Melbourne within 60 km of the central business
district (Figure 2). Further details on the process used for site selection can be found in Straka et al. [33].
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Figure 2. Distribution of study sites across greater Melbourne used to study nocturnal flying insects
and insectivorous bats (inset: location of Melbourne within the State of Victoria, south-east Australia).
Dark grey = water body (n = 58); pale grey = non-water body sites (n = 35). Dark grey lines are
highways and thin pale grey lines major roads.

2.2. Data Collection

Nocturnal insects and bats were surveyed simultaneously at each site using light traps and bat
detectors, respectively, over four nights (two consecutive nights in January/February, austral summer,
and two nights in March/April, austral autumn) in 2012 or 2013. Given that insect activity decreases
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with declining temperatures [41], all surveys were undertaken on mild nights (> 10 ◦C at sunset) without
rain, nights that were relatively still (i.e., where only slight movement of branches was visible; [42]). Paired
water body and non-water body sites were sampled simultaneously to avoid sampling bias associated
with weather conditions. If a light trap or bat detector failed at one of the paired sites, both sites were
re-surveyed at the same time and during the same season.

Light traps (20 L buckets with two 12 volt 8 W fluorescent tubes—one black/UV tube and one
white tube) were used to survey nocturnal flying insects [43,44]. Light traps were set on a timer and
operated for 3.5 h starting at sunset and again for 2 h before sunrise in order to investigate insect
availability at the time when bat activity was expected to peak (after dusk and before dawn; [45]). Light
traps were set within 2 m of the edge of the water bodies or at the edge of the open area of the non-water
body sites, and in both cases close to dense vegetation (i.e., shrubs or trees). Sites with streetlights
were avoided to control for the impact of local artificial light on insects. If light sources were present,
light traps and bat detectors were set up at the furthest possible point (> 10 m) from other light sources.
Collected insects were stored in 75% ethanol for later sorting and identification. Specimens were
identified to order using relevant keys [46]. Insects captured during the two consecutive nights within
a season were pooled for statistical analyses. While light traps may not attract all insect orders [47],
they capture most of the known prey items for insectivorous bats, including beetles, moths, mosquitoes,
flies, midges, bugs and wasps (see Supplementary Materials Table S1).

Bat detectors (Anabat SD1; Titley Electronics, Ballina, Australia) were set up inside a possum nest
box (to provide protection and security) and placed on a tree trunk 3 m above the ground. At all sites,
light traps and bat detectors were set at least 5 m apart [48]. Bat calls were analysed using AnaScheme
software and a regional identification key; with species identification only undertaken for recordings
with ≥ five good-quality pulses, and where > 50% of pulses were identified as the same species [43,49].
Bat activity was defined as the number of bat passes (i.e., a series of echolocation pulses recorded on
the detector when a bat flies past the microphone). Recordings with fewer than five pulses, or where
no singular species was identified with > 50% of calls, were classified as ‘unknown’ and included in
the measure of total bat activity [43].

During surveys, data loggers (HOBO U23 Pro v2: Onset Computer Corporation Inc., Bourne
MA), attached to the nest boxes housing the Anabats, were used to measure the ambient temperature
between sunset and sunrise at 15 min intervals. The average temperature was calculated for each survey
night (the average nocturnal temperature for all nights sampled was 17.7 ◦C). Given that moon phase can
influence both bat and insect activity [50], moon phase was categorised for each survey as either ‘full
moon’ (the night of a full moon and the four nights either side of it) or ‘new moon’ (all other nights).

2.3. Landscape- and Water Body Scale Variables

Two landscape-scale variables were calculated around the centre point of each study site using
ArcGIS version 10 (ESRI, Redlands, CA) within 500 m, 1 km and 2 km radii, namely (1) mean Normalised
Difference Vegetation Index (NDVI) as a proxy for vegetation greenness, [51] and (2) Visible Near
Infrared (VNIR) as a proxy for artificial light at night (see Supplementary Materials Table S2 for data
on landscape variables).

Variables measured at each water body included tree cover, understorey vegetation, and emergent
aquatic vegetation. Tree cover and understorey vegetation were assessed within 5 m of the water
body edge. Tree cover was described as the percent coverage of riparian trees flanking the water body
borders and understorey vegetation as percent coverage of reeds and shrubs > 50 cm high. Aquatic
vegetation was defined as the percentage of emergent aquatic vegetation covering the water body
surface. All three types of vegetation were given a score of 0 to 1, representing absent to 100% cover,
respectively. In addition, sediment pollution of each water body was assessed by calculating a sediment
quality quotient (SQQ) following Stokeld et al. [52] from the already existing raw data set of heavy
metals in the sediment of each water body (V. Pettigrove, Centre for Aquatic Pollution Identification
and Management, The University of Melbourne, unpublished data). A low SQQ refers to low levels of
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heavy metals in the sediment, while a high SQQ refers to high levels of heavy metals with potential
degrading biological effects (based on the interim sediment quality guidelines from the National
Water Quality Management Strategy, ANZECC and ARMCANZ 2000; following Stokeld et al. [52,53]).
Several chemical and permanent organic nutrients impact aquatic macroinvertebrate fauna and
subsequently food webs [54]. Sediment pollution has, however, also been shown to be a useful measure
for direct effects on the occurrence and abundance of macroinvertebrates in water bodies associated
with urbanisation [15,31,55]. Water body size was calculated using ArcGIS version 10 and encompassed
the whole water body, including areas covered by emergent aquatic vegetation. Further details of the
assessment of water body variables can be found in Straka et al. [33].

2.4. Data analyses and Model Selection

Generalised linear mixed models (GLMMs) with Poisson error distributions and log links were
fitted using the ‘glmer’ function from the ‘lme4′ package [56] in R (v. 3.0.1, R Development Core
Team, 2013) with site treated as a random effect to characterise unmodelled variation among sites.
To understand the importance of water bodies and factors influencing nocturnal flying insects (based
on the data set of 58 water bodies and 35 non-water body sites), we used richness and abundance
patterns of the most frequently captured insect orders (with ≥ 10% of total abundance across all sites)
as response variables and ‘habitat’ (water body/non-water body site), NDVI and VNIR as explanatory
variables. To visualise the differences between insects at water bodies and non-water bodies, we present
boxplots using the data provided in Supplementary Materials Table S3, and used an independent t-test
to compare abundance or order richness between both habitats, based just on the data from paired sites.

In an initial exploratory analysis, impervious surface, NDVI and VNIR were fitted at the three
spatial scales (within a radius of 500 m, 1 km and 2 km) against insect abundance and order richness
data. Based on the lowest Akaike Information Criterion corrected for small sample size (AICc) [57],
NDVI and VNIR at a radius of 500 m were found to be the best fit for species richness and abundance
across the studied water bodies. Since no correlations between explanatory variables were found
(r < 0.7 and > −0.7, Spearman for all continuous variables and polyserial for the continuous variable
VNIR and categorical variable moon, see Supplementary Materials Table S4), they could be included
together in the subsequent modelling. Hence, the full landscape-scale model included five candidate
variables including ambient conditions (temperature and moon): ‘habitat’, ‘NDVI’ (500 m), ‘VNIR’
(500 m), with temperature and moon phase as fixed factors focusing on the water body (n = 58 sites)
and non- water body site data (n = 35 sites). The full water body model included seven candidate
variables: tree cover, understorey vegetation, emergent aquatic vegetation, heavy metal pollution
(SQQ), water body size, temperature and moon phase, using the water body data (n = 58 sites). For both
the landscape and water body models an information-theoretic approach was taken for model selection
using a reverse stepwise model reduction procedure, based on AICc [58] (see Supplementary Materials
Table S5). We further calculated the predictive power for each model, assuming that a high percentage
of explained deviance reduction (deviance reduction: [(null deviance−deviance of final model)/null
deviance] × 100) indicated a good model fit [59].

To test the relationship between nocturnal insects and insectivorous bats, we ran separate
GLMM analyses with bat species richness, total bat activity and activity of the six most frequently
recorded bat species (Chalinolobus gouldii, Chalinolobus morio, Austronomus australis, Vespadelus darlingtoni,
Vespadelus vulturnus and Vespadelus regulus) separately as response variables, and included the landscape
variables, insect order richness, the abundance of Coleoptera, Diptera, Lepidoptera and Trichoptera and
the three landscape variables (habitat, NDVI and VNIR) as fixed effects. Since total insect abundance
was highly correlated with the abundance of Coleoptera, Diptera, Lepidoptera and Trichoptera (r > 0.7,
Spearman, see Supplementary Materials Table S4), we excluded it from the model. Model selection
followed the same steps as for the landscape and water body models and included all fixed effects in
the full model. All numeric variables were centered and standardised (mean of zero and standard
deviation of one) to improve convergence of the fitting algorithm and so that the estimated coefficients
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were on the same scale, allowing for comparison of effect sizes [60]. We expected approximately linear
relationships between the dependent and independent variables in each model within the range of our
data, and so no non-linear fits were tested in the variable selection process.

3. Results

In total, we collected 38,765 insect specimens belonging to 16 orders at the 93 study sites. The most
abundant insect order was Lepidoptera (moths, 31%), followed by Coleoptera (order includes beetles
and weevils, 20%), Diptera (flies and mosquitoes, 16%), and Trichoptera (caddisflies, 14%), which are
all known to be important bat prey (Supp. Material Table S1). The orders of the remaining insects (19%)
are shown in the Supplementary Materials Table S5. When looking at the most captured orders of
insects (> 10%) at the paired sites (35 non-water bodies and their matching 35 water bodies, Figure 3),
Dipterans (t (140) = 3.22, p < 0.01) and Trichopterans (t (140) = 2.10, p < 0.05) were significantly more
abundant at water bodies compared to non-water body sites, while the abundance of Coleoptera
(t (140) = 0.42, p = 0.67) and Lepidoptera (t (140) = −0.14, p = 0.89) as well as order richness (t (140)
= 1.42, p = 0.16) and total abundance (t (140) = 1.57, p = 0.11) did not significantly differ when only
considered at paired sites.
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at water body and non-water body sites. Only paired sites (35 non-water body and 35 matching water
body sites) are included for the sake of comparison, and outliers have been removed (see Supplementary
Materials Table S5).

3.1. Landscape Factors Driving Nocturnal Flying Insects in the Urban Environment

Models of the influence of landscape variables on species abundance and community richness
ranged in their deviance reductions between 15.3% (total insect abundance) and 52.7% (Coleoptera
abundance) and hence, explained a moderate to high amount of the variation. At the landscape scale,
there was a significant negative association between the absence of a water body and the abundance of
Trichoptera (−2.60 ± 0.50), Diptera (−1.69 ± 0.31) and in contrast to the t-test above, also on total insect
abundance (−0.82 ± 0.36), while smaller and non-significant associations were found for the remaining
insect orders and richness (Table 1).
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Table 1. Parameter effect sizes (± SE) for fixed factors (habitat [water body vs non-water bodies], NDVI, VNIR, temperature and moon) and site as random effect
derived from Poisson generalised linear mixed effects models (GLMMs) at the landscape scale.
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Model estimates indicated a positive and significant effect of increasing levels of Normalised
Difference Vegetation Index (NDVI, which ranged from 0.22 to 0.63 units) on the abundance of Diptera
and Coleoptera, total insect abundance and insect order richness (Table 1). In contrast, Visible Near
Infrared (VNIR, which ranged from 11 to 63 units) did not show any significant predictive potential
on insects and showed high uncertainty (Table 1). Insect order richness was predicted to increase
more than twice (from 3.4 orders to 7.3), abundance of Coleopterans more than eight times (from
3.4 to 28.3 individuals), abundance of Dipterans more than four times (from 9.5 to 40.8) and total
insect abundance more than seven times (from 34.2 to 260.4 individuals) with increasing levels of the
modelled range of NDVI. The average nightly temperature had a positive significant effect on the
abundance of all insect orders (except for Coleopterans) and total insect abundance (Table 1). Total
insect abundance and the abundance of all of the insect orders (except for Trichoptera, i.e., negative
effect and Coleoptera) were significantly highest during the full moon phase.

3.2. Water Body Characteristics Driving Nocturnal Flying Insects

Deviance reduction of water body models ranged from 38.6% (Diptera) to 61.4% (Coleoptera)
(Table 2). Sediment quality quotient (SQQ) was only significant for insect order richness. With increasing
levels of SQQ (ranging from 0 to 10.43), insect order richness was predicted to decrease from 7.5 to
4.8 orders. Tree cover was a significant predictor for the abundance of Coleopterans. With increasing
tree cover from 0 to 100%, Coleoptera abundance was predicted to increase from 4.3 to 10.0 individuals.
Water body size appeared to be a significant predictor for the abundance of Trichoptera (increased from
5.8 to 305.6 individuals with increasing water body size from 0.02 ha to 60.6 ha). Although understorey
vegetation remained after the AICc selection process in the model for Coleoptera abundance, this effect
was non-significant. Aquatic vegetation did not predict the abundance of any insect order nor on
insect order richness or total abundance (see Supplementary Materials Table S5).

Similar to the landscape model, the average nightly temperature had a significant and positive
effect on the abundance of all insect orders (except for Trichoptera), total insect abundance and insect
order richness (Table 2). Total insect abundance and the abundance of all insect orders (except for
Trichoptera) were significantly highest during the full moon phase.

3.3. Relationship between Insect Order Richness and Insectivorous Bat Species Richness and Activity

A total of 24,705 bat passes were recorded across all sites from twelve bat species or species
complexes. Results specific to the activity and species richness of bats are reported in Straka et al. [33].
Deviance reduction was moderate to high for models with bats, insects and landscape variables,
ranging from 25.1% (bat species richness) to 44.0% (Austronomus australis).

The landscape variable NDVI had a stronger positive and significant effect on bat activity than
the abundance of insect orders, except for C. gouldii, and was the only significant predictor for bat
species richness (Table 3). The absence of a water body only had a negative significant effect on total
bat activity, while there were no significant effects associated with light (VNIR).

A significant positive association was found between the abundance of Lepidopterans and the
activity of four out of the six most commonly recorded bat species (A. australis, C. gouldii, C. morio,
V. vulturnus) and total bat activity (Table 3). Similarly, a significant positive relationship was found
between insect order richness and the activity of three bat species (C. gouldii, V. darlingtoni and V. regulus)
and total bat activity. A high abundance of Trichopterans showed a significant association with the
activity of three bat species (A. australis, V. regulus and V. darlingtoni) and a high abundance of Dipterans
with the activity of two bat species (A. australis and C. gouldii) and total bat activity. A high Coleopteran
abundance showed a positive significant association only with the activity of two bat species (C. morio
and V. vulturnus). In contrast, there was either zero, or between one (Lepidoptera) and four (Trichoptera)
negative associations between insect order abundance and bat species richness (see Supplementary
Materials Table S6 for detailed effect sizes and standard errors).
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Table 2. Parameter effect sizes (± SE) for fixed factors (tree cover, understorey vegetation, water body size, sediment quality quotient (SQQ), temperature and moon)
and site as random effect derived from Poisson GLMMs at the water body scale.
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± 0.06 2964.6 61.4

Diptera abundance NA NA NA 0.05
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Results are shown for the abundance of the most frequently captured insect orders (> 10% of total insect abundance), total insect abundance and order richness. NA indicates that variables
were not included in the final model after the model selection process based on AICc (see Supplementary Materials Table S5). Significant results are indicated in bold and by * p < 0.05,
** p < 0.01 and *** p < 0.001.
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Table 3. Parameter effect sizes (± SE) for fixed factors (Diptera, Coleoptera, Lepidoptera, Trichoptera, insect order richness, habitat, NDVI and VNIR) and site as
random effect derived from Poisson GLMMs in relation to bat species richness and activity levels of individual species.

Diptera
(Effect

Size ± SE)

Coleoptera
(Effect

Size ± SE)

Lepidoptera
(Effect

Size ± SE)

Trichoptera
(Effect

Size ± SE)

Insect Order
Richness

(Effect Size ± SE)

Habitat
(Effect

Size ± SE)

NDVI (500 m)
(Effect

Size ± SE)

VNIR (500 m)
(Effect

Size ± SE)

Deviance
Reduction

(%)
Austronomus australis + *** - *** + *** + *** - *** + + *** - 44.0
Chalinolobus gouldii + *** - *** + *** - *** + *** - + + 29.4
Chalinolobus morio - * + *** + * - *** - *** - + *** - 36.0

Vespadelus darlingtoni - *** NA - *** + *** + *** - + ** - 40.6
Vespadelus regulus NA - * NA + * + *** - + ** - 33.3

Vespadelus vulturnus - *** + *** + *** - *** - * - + *** - 32.6
Total bat activity + *** - * + *** - *** + *** - * + ** - 26.1

Bat species richness + NA + - + - + *** + 25.1

Results are shown for bat species activity of the most recorded bat species at the surveyed water bodies [33]. + indicates a positive effect (dark grey shading indicates a significant
effect), - a negative (light grey shading indicates a significant effect) and NA indicates variables were not included in the final model after the model selection process based on AICc
(see Supplementary Materials Table S5). Effect sizes and standard errors are listed in Supplementary Materials Table S6. Significant results are marked as * p < 0.05, ** p < 0.01 and
*** p < 0.001.
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4. Discussion

Invertebrates form the prey base for a wide range of insectivores, but there are gaps in our
understanding of the mechanisms driving the diversity and abundance of nocturnal flying insects at
urban water bodies and the potential consequences for their predators, such as bats. While it is not
too surprising that the presence of water had a significant positive effect on total insect abundance
and the abundance of Trichopterans and Dipterans at the landscape scale, this also has consequences
for nocturnal insectivorous predators feeding on these orders. At the landscape scale, high levels
of surrounding greenness (measured by NDVI) were an important predictor for nocturnal flying
insects, while at the water body scale low levels of sediment pollution, a high cover of riparian trees
and water body size supported higher insect order richness, the abundance of Coleopterans and
Trichopterans, respectively.

4.1. Landscape Factors Driving Nocturnal Flying Insects in the Urban Environment

With the landscape model, we found that the presence of water was a significant predictor for
the abundance of Trichoptera and Diptera and insect abundance (although not significant when only
compared between paired sites). Both orders, Trichoptera and Diptera, require a moist or aquatic
habitat for their larval stages [2,3] and are important components of urban water quality assessments
such as the EPT taxa (Ephemeroptera, Plecoptera and Trichoptera) group [61–63]. The two orders,
Lepidoptera and Coleoptera, did not show significant associations with the presence of water, while
urban greenness was a strong positive predictor for the abundance of Coleoptera. Overall, the key
landscape-scale driver of insect availability at both water bodies and non-water bodies was a high
degree of urban greenness, measured in this study as Normalised Difference Vegetation Index (NDVI).
Although NDVI is a broad measure of greenness, it generally provides a good proxy of productivity [64]
and insect activity [51] due to the predominance of phytophagy amongst insects [65]. Increasing the
amount of urban green habitats is suggested to be the most important strategy to provide habitat not
only for flying insects (e.g., [66]), but also for urban biodiversity in general [67]. Interestingly, artificial
light at night (using VNIR as a proxy) did not show any significant effect on the abundance of all insect
orders and order richness. A previous review showed that responses of nocturnal flying insects to
artificial light at night can be mixed [28]. For instance, the effect of artificial light at night on nocturnal
insects is influenced by the different light spectra, with UV streetlights having the greatest effect on
abundance and diversity [68,69]. Most of these studies used smaller scales such as in the immediate
surrounding area (e.g., 50 m buffer; [68]) or light coming from streetlights directly [70]). Hence smaller
spatial scales and the differentiation of light types might be a better measure for understanding the
effect of artificial light at night on nocturnal flying insects.

4.2. Water Body Characteristics Driving Nocturnal Flying Insects

The cover of riparian trees surrounding the water bodies was a strong and significant driver for
the abundance of Coleoptera while not significant for other insect orders. As earlier studies have
shown at streams, riparian trees provide multiple benefits for insects, ranging from the provision of
foraging areas to favourable microclimatic conditions [70] and aid the conservation of biodiversity in
freshwater habitats [71]. Riparian trees foster a greater biomass of benthic invertebrates [72], and a higher
diversity of aquatic adult insects [73] but also benefit terrestrial invertebrates [74]. The degree to which
insects are dependent on riparian trees is species specific [75] and while these studies have focused on
stream vegetation, our results show that maintaining and restoring riparian vegetation at standing
urban water bodies support Coleopteran abundance. Pollution of water body sediments by heavy
metals, for which we used SQQ as a proxy, had a significant negative effect on insect order richness.
Interestingly, SQQ did not show significant effects on Trichopterans or Dipterans. Trichopterans are
often used for water quality assessments because of their pollution sensitivity, and they are also used
for stormwater runoff assessments in urban water bodies [62,76]. Similarly, families within the order
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Diptera (such as Chironomids) are commonly used as bioindicators for water quality with some
species thriving in polluted sites, while others do not [77]. Direct comparisons between this study
and other studies investigating water quality and insects should be considered with caution due to
differences in sampling methods and the focus on flying adult insects in our study. The assessment of
macroinvertebrates as bioindicators for water bodies is normally done directly by sampling from the
sediment or in the water [31,62] but see [78] for exception. Water body size was found in this study
to be an important predictor for Trichopterans, which aligns with a study from Stockholm, Sweden,
in which the size of urban ponds was positively correlated with the richness of Trichopterans [79].

As expected, temperature and moon phase influenced the number of insects caught and, as with
previous studies, most insect orders were more active on warm nights [41]. However, we found mixed
responses to the full moon. A greater number of insect orders and higher total insect abundances were
caught during the full moon phase, while Trichopterans were caught less frequently. Bright moonlight
can encourage insects to be active for mating and reproduction and also competes with streetlights as
well as the light from the traps [50]. Earlier studies found fewer insects using light traps during the full
moon phase [50,80]. We did not take into account other meteorological factors such as cloud cover or
wind speed during trapping nights which also influence the effectiveness of light traps [41,50]. Hence,
insect responses towards moon light should be considered with caution, since they cannot be clearly
disentangled from other environmental factors.

4.3. Relationship among Insects, Landscape Variables and Insectivorous Bats

The activity of most bat species (four of six) was positively associated with the abundance of
Lepidopterans, confirming the important role that this order plays in the diet of bats (see Supplementary
Materials Table S1). Interestingly, while Coleopterans are also important prey for many bat species
(see Supplementary Materials Table S1), our results showed a positive link only with the activity of two
bat species (Table 3). The analysis of relationships between insects and bats provides some indication
of a predator-prey relationship [81]. However, previous dietary studies have shown that V. vulturnus
feeds on Dipterans [82], whereas our study found a negative relationship between the two. Further,
our results suggest a strong relationship between the activity of V. darlingtoni and the abundance of
Trichopterans. However, little is known about the role of Trichopterans in the diet of bats in Australia,
partially due to their poor taxonomic representation in genetic reference databases used in molecular
dietary analyses [83] and also the limitations of traditional dietary analysis techniques such as visual
observations of semi-digested fragments in stomach or faeces [84]. Dietary analyses are required to
gain a more insightful understanding of the predator-prey relationship between bats and insects [82].
Our results also revealed that high levels of NDVI (urban greenness) are not only crucial for insects
(as discussed above), but also for bats, and (with the exception of C. gouldii) NDVI was interestingly a
stronger predictor of bat species activity than the abundance of insects. This suggests that urban green
areas do not only serve as foraging grounds for bats but also as commuting and roosting grounds if
trees are available. This is an interesting addition to our earlier study on bats, which did not include
NDVI [33].

4.4. Implications for Insectivorous Bats

Different species of insectivorous bats vary in their dietary range (see Supplementary Materials
Table S1) and are considered good bioindicators because they reflect the productivity of insect
communities [21]. Our landscape-scale findings are in accordance with studies that have shown that
bat species, particularly the ones that feed on insects such as Dipterans or Trichopterans, might benefit
particularly from sites with water and the maintenance of large areas of urban greenness [25,26,29,85].
At the water body scale, riparian trees are not only associated with higher Coleoptera abundance, but
also benefit insectivorous bats by providing roost sites [86] and shelter against wind or predators [87].
Further, our results indicate that urban water bodies with high sediment pollution generally support
fewer insect orders, which we would expect to limit prey availability for some insectivorous bat species
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with less dietary flexibility. An additional concern for bats feeding on prey insects from polluted sites
is that heavy metals can accumulated in these [88,89] which could subsequently lead to higher metal
concentrations in bat tissues such as the kidney and liver [17]. Although the potential effect of aquatic
insects in which heavy metals are accumulated has not yet been fully investigated in bat dietary studies,
it is likely that there are negative long-term health effects on bats [17]. We did not measure body size
or biomass of insects in our study. However, given the lower energy profitability of smaller Dipterans
such as mosquitoes, it is known that bats need to feed on more small Dipterans than Lepidopterans to
meet their required energy demands; though dietary preferences are also bat species specific [83] and
Dipterans can also vary in their size.

As models explained a moderate to high amount of the variation in order abundance, it is
reasonable to assume that the associations we observed are providing reliable indicators of the key
drivers. However, there are also clearly other factors not captured by our analyses that may be
influential. Further, we are aware that the landscape variables we derived in ArcGIS such as NDVI
and VNIR, as well as the local variables such as water body pollution (SQQ), were acting as proxies in
our analyses to explain the landscape and local environment of a water body, and it is likely that some
of these measures (such as urban greenness) may have differed between our two sample periods.

5. Conclusions

This study has shown that urban green spaces containing water bodies with fringing trees and
low levels of sediment pollution provide quality habitats for a variety of nocturnal flying insect orders,
which in turn significantly increases the habitat quality for bats. The most captured insect orders
in this study (Coleoptera, Diptera, Lepidoptera and Trichoptera) are important dietary components
of bats, although knowledge about the role of Trichopterans in Australian bat diets is still lacking.
Nevertheless, these results have implications for the management of bat prey in urban environments.
Our findings stress the importance of low sediment pollution for insect order richness, riparian trees
for Coloepterans and size for Trichopterans at standing water bodies. While light has proven to be
a crucial factor in influencing bat activity at these sites [33], light pollution was not found to be a
significant predictor for nocturnal flying insect orders in this study. Lastly, although insects might not
be a taxon which is valued or appreciated by many people in urban environments [90], nevertheless,
they provide a vital contribution to biodiversity in cities globally given their important roles ranging
from acting as pollinators, to decomposers, to forming prey for a variety of wildlife [91–93]. Hence,
fostering communities of nocturnal flying insects in urban environments will not only contribute to the
conservation of their nocturnal predators, such as insectivorous bats, but also contribute to human
well-being to some extent [94]. This is particularly crucial in a time which is considered as an era of
insect crisis [95,96].

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/7/2634/s1,
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Landscape-scale measures of urbanization, Table S3: Nocturnal flying invertebrates captured at water body and
non-water body sites, Table S4: Correlation for explanatory variables in landscape, water body and bat-insect
models, Table S5: Model selection results for landscape, water body and bats and insects models, Table S6:
Parameter effect sizes (± SE) for fixed factors (Diptera, Coleoptera, Lepidoptera, Trichoptera, Insect order richness,
Habitat, NDVI and VNIR) and site as random effect derived from Poisson GLMMs.
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