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Abstract  

 Artificial light may be altering the interactions between bats and moth prey. Unable to make 

use of bat evasion strategies around artificial light, eared moths are susceptible to 

exploitation by syntonic bats (using echolocation frequencies between 20-50 kHz within the  

hearing range of eared moths). Using a handheld plasma metabolite analyzer, I evaluated the 

foraging success of syntonic bats and rarer allotonic bats (using echolocation frequencies 

outside the hearing range of eared moths), in areas with artificial light and in areas of natural 

darkness. I used microscope diet analysis to determine whether bats were consuming more 

or fewer moths in areas with artificial light and in areas of natural darkness.  

 

Syntonic bats were more selective for moth prey under lit conditions, likely owing to a 

reduction in the ability of tympanate moths to evade bats. Moths increased in the diets of 

generalist syntonic bats (Pipistrellus hesperidus) foraging around artificial light sources. Some 

P. hesperidus individuals showed high β-hydroxybutyrate levels around lights, but there was 

no difference in β-hydroxybutyrate levels between lit and unlit conditions. There is 

insufficient evidence to reject the null hypothesis that the foraging success of syntonic bats is 

equivalent in lit vs unlit conditions. The foraging success and diets of allotonic bats, 

Rhinolophus capensis, appear to be negligibly impacted by artificial light on a small scale.  

 

My study emphasizes the need for a mechanistic understanding of the influence of artificial 

light on the foraging success of bat species. Bat-moth interactions may be influenced by 

other factors apart from the common assumption that increased refuelling rates will occur 

in syntonic species foraging on moths around artificial light. 
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Chapter 1 
 

Introduction 

 
 

Humans are rapidly altering natural habitats by using artificial light to illuminate expanding 

urban areas (Longcore & Rich 2004, Jones et al. 2009). Light pollution has doubled over the 

last two decades and now affects 18.7 % of Earth’s surface area (Gaston et al. 2013, Caudwels 

et al. 2014, Elvidge et al. 2014). Globally, artificial light pollution continues to increase at an 

average rate of 6 % per year, and another 1,527,000 km2 of land area is expected be urbanized 

by 2030 (Seto et al. 2011). These drastic changes to the natural light regime have occurred 

suddenly, relative to evolutionary time, and may result in strong selective pressures with 

unknown effects on ecosystems (van Langevelde et al. 2011).  

 

Despite having the potential to alter biological processes from the organismal to ecosystem 

level (van Langevelde et al. 2011), artificial light has not received much research attention. In 

2013, there were less than 2000 papers in the Web of Science (compared to climate change 

with >300,000 papers and chemical pollutants with >1 million papers; Boyles et al. 2013). The 

impacts of artificial light on ecological interactions remains understudied, but it is known that 

artificial light disrupts biological processes by altering the natural light regime spatially, 

temporally and spectrally (Longcore & Rich 2004, Gaston et al. 2013). The natural light regime 

has been relatively consistent at given latitudes over geological time, providing environmental 

cues through stages of darkness during the night, which many ecological and evolutionary 

processes are related to (Gaston et al. 2013).  
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Many nocturnal species rely on the lunar cycle by using on the moon’s pattern of polarized 

ultraviolet light as a subtle cue (i.e. providing a constant bearing during straight line returns 

to nesting sites; Longcore & Rich 2004). The strong reliance on ultraviolet light as a cue 

becomes detrimental around artificial light when insects experience reduced visual sensitivity 

(by 1000-fold in some large moths; van Langevelde et al. 2011, Gaston et al. 2013). Artificial 

light can interfere with insect trichromatic and tetrachromatic visual systems (acting as nectar 

guides; Chittka & Menzel 1992), or navigation systems by impairing orientation and diverting 

insect flight towards ultraviolet light (Warrant & Dacke 2010, van Langeveld et al. 2011, 

Gaston et al. 2013). Artificial light and “flight-to-light” behaviour is thought to be one of the 

major reasons (amongst climate change, habitat degradation and pesticide use) for the 

declining numbers of moths (the major group of nocturnal pollinators; Frank 1988, 

McGeachie 1989, Longcore & Rich 2004, Fox 2013).  

 

Moth aggregations around artificial light sources increase foraging opportunities for 

predators like bats (Rydell 1992, Jones & Rydell 1994, Polak et al. 2011), birds and toads (Frank 

1988, Rydell 1992), sit-and wait predatory spiders (Heiling 1999) and even diurnal birds 

(Davies et al. 2013). By disrupting natural predator-prey interactions (Svensson & Rydell 1998, 

Longcore & Rich 2004, van Langevelde et al. 2011), artificial light has been shown to alter the 

trophic balance in aquatic ecosystems by inducing variations in predator foraging behaviour 

and the distribution of associated prey (Perkin et al. 2011). Evidence for artificial light altering 

trophic interactions in terrestrial ecosystems is limited, but there are some data for bats and 

their moth prey suggesting that changes in predator-prey interactions can be induced by 

artificial light (Acharya & Fenton 1999, Longcore & Rich 2004). 
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Artificial light is likely to affect species of bats differently, depending on the nature of their 

echolocation call structure and the prey commonly consumed. Artificial light is not only 

attractive to moths, but changes tympanate moth behaviour by reducing their defensive 

strategies against bat predators. The long-standing coevolutionary relationship shared 

between bats and tympanate moths stems began when certain moths evolved tympanate 

organs able to detect echolocation frequencies between 20-60 kHz which are commonly used 

by sympatric bat species (termed syntonic because their echolocation call frequencies fall 

within the hearing range of eared moths; Connor & Corcoran 2012). The unequal availability 

of tympanate moths as prey for syntonic bats, due to their echolocation frequency, is 

postulated by the Allotonic Frequency Hypothesis (Schoeman & Jacobs 2011).   

 

In corroboration with the Allotonic Frequency Hypothesis, some bat species – termed 

allotonic – may have responded by evolving frequency characteristics of their echolocation 

calls to be outside the hearing range of moths (Jacobs et al. 2008). These frequency ranges 

should allow allotonic bats predominant access to tympanate moths as a prey resource. 

Allotonic echolocation call frequencies typically vary from 8 to 20 kHz and 60 to 215 kHz, 

depending on the species (Schoeman & Jacobs 2003, Jacobs et al. 2008, Russo et al. 2018).  

 

By changing natural light regimes, artificial light should alter the predator prey interactions 

between bats and tympanate moths, and the competitive interactions amongst moth 

predators (Longcore & Rich 2004). The evasive strategies of tympanate moths are not likely 

as useful as a defense against syntonic bats in environments artificially illuminated at night, 

where moths use diurnal behavioural strategies. Diurnally, moths are only exposed to 

ultrasound produced by cicadas and crickets, hence adaptively refrain from anti-bat defenses 
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(stopping flight and diving to the ground) able to disrupt pheromone tracking and 

reproductive behaviour (Svensson and Rydell 1998).  By making use of diurnal behaviournal 

strategies around lights, moths are subject to higher predation rates by bats (Frank 1988, 

Svensson and Rydell 1998, Gaston et al. 2013, Minnaar et al. 2015). A reduction in the 

abundance of moths, induced by higher rates of predation by syntonic bats around artificial 

light sources, may place allotonic bats specializing in moth prey at risk – ultimately lowering 

the fitness of these nocturnal species (Svensson and Rydell 1998). 

 

Allotonic bats, which tend to be rarer, are thought to avoid artificial light (Speakman 1991, 

Rydell 1992, Longcore & Rich 2004, Kuijper et al. 2008, Stone et al. 2009). Tympanate moth 

defense systems are adversely impacted by artificial light, creating an open prey base where 

common syntonic bats now have access to moth prey. There is evidence for increases in the 

abundance of common syntonic bat species (ie Pipistrellus spp.; Arlettaz et al. 2000, Polak et 

al. 2011, Coleman & Barclay 2012), but an overall loss of bat diversity due to the decline of 

rarer allotonic bat species (i.e. Rhinolophus sp.; Arlettaz et al. 2000, Avila-Flores & Fenton 

2005). Increases in syntonic bat species have been correlated with a decrease in allotonic 

species (Arlettaz et al. 2000, Avila-Flores & Fenton 2005), however this is inconclusive of a 

cause and effect relationship. Some syntonic bats appear to be benefitting from areas with 

artificial light (this is not the case for all syntonic species i.e. Myotis species; Russo et al. 2017). 

In contrast, rarer allotonic bats seem to be doing poorly. A possible driving mechanism may 

be that some syntonic bats are experiencing large increases in foraging success in areas with 

artificial light, in contrast to allotonic bats which do not. Differences in foraging success rates 

are associated with shifts in prey selection under artificial light (Minnaar et al. 2015).  
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My study aimed to address changes to the trophic interactions between bats and insect prey 

species, in naturally dark areas after the introduction of artificial light, as a potential 

mechanism explaining the decline in allotonic bat species. This aim is addressed in two data 

chapters:    

• In Chapter two I determined artificial light induced dietary shifts in common bat species 

with a focus on moth prey. I measured dietary insect proportions, in relation to available 

prey, consumed by bats in experimentally lit versus naturally dark experimental sites to 

detect changes in prey selection.  

•  In Chapter three I evaluated the foraging success of allotonic and syntonic bats in lit and 

unlit experimental sites. I hypothesized that syntonic bats would have a higher foraging 

success in lit conditions (relative to unlit conditions), where they were expected to have 

increased foraging opportunities due to the resulting moth aggregations (Rydell 1992, 

Minnaar et al. 2015). In contrast, I hypothesized that allotonic bats would have better 

foraging success foraging in unlit conditions (relative to lit conditions), perhaps as a result 

of reduced competition or light avoidance behaviour. I used plasma metabolite analysis 

as a proxy for foraging success as it is a reliable indicator of short-term changes in energy 

intake (McGuire-et-al.-2009a, McGuire et al.-2009b, Boyles et al. 2016).    
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Chapter 2  
 

 Artificial light induced diet shifts in common bat species with a 

focus on eared moths 

 
 

Introduction 
 
 

Prey selection, creating dietary links between trophic levels, is an important ecological 

process shaping the structure of trophic communities (Schaefer et al. 2008). Prey selection is 

based on the principle of gaining the greatest energetic benefit from prey at the lowest 

pursuit cost (MacArthur & Pianka 1966). According to optimal diet theory, active prey 

selection depends on size selective predation, prey relative abundance and the likelihood of 

prey encounter rates (Emlen 1966, MacArthur & Pianka 1966, Sih & Christensen 2001). There 

is support of Optimal Diet Theory in systems where prey lack predator avoidance strategies, 

but in complex systems, where evasive responses of mobile prey may be the most important 

prey selection factor affecting prey selection, evidence remains equivocal (as per Optimal 

Foraging Theory accounting for prey pursuit costs; MacArthur & Pianka 1966, Pyke et al. 1977, 

Sih & Christensen 2001, Schaefer et al. 2008,  Minnaar et al. 2015). 

 

Prey selection influenced by prey evasive responses is best modelled in a simple food web 

where first order predators, such as insectivorous bats, represent trophic interactions with 

insect pollinators (Ghanem & Voigt 2012). The diets of insectivorous bats can be predicted by 

the defensive behaviours of their prey, which are largely attributable to their auditory 

capabilities (Schoeman & Jacobs 2011, Minnaar et al. 2015). A thin tympanate membrane 

with attached auditory cells and tracheae (Miller & Surlykke 2001) evolved in four out of the 

nine nocturnal insect orders commonly consumed by bats (Conner & Corcoran 2012). 
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Important in respect to bat foraging ecology, tympanate organs evolved several times in 

Lepidoptera, in the families Noctuidae, Pyralidae, Geometridae and some species of 

Sphingidae. These moths are ecologically important nocturnal pollinators and predation on 

moths could have cascading effects on plant reproductive output (Miyake & Yahara 1998, 

Longcore & Rich 2004). Relative to non-tympanate insects, tympanate moths are 40-60 % 

more successful at evading bat predation. This has been attributed to the long-standing 

hypothesis of negative phonotactic flight and aposematic acoustics (i.e. the production of 

ultrasound to match the hearing of an approaching bat; Rydell 1992, Dunning & Kruger 1995, 

Rydell et al. 1995, Acharya & Fenton 1999). Tympanate moth defenses prevent exploitation 

by syntonic bats, using echolocation within frequencies of 20-50 kHz which are well within 

moth hearing range, while allotonic bats that have shifted the frequency of their echolocation 

outside of this range have exclusive access to tympanate moth prey (Schoeman & Jacobs 

2011). Bats are also known to make use of stealth echolocation (low intensity calls) or passive 

hearing (weak echolocation signals) to avoid detection by moth prey (Russo et al. 2007, 

Goerlitz et al. 2010). Bats and their moth prey share a long-standing coevolutionary arms race 

where the major predictor of bat diets is based on tympanate moth defensive abilities, varying 

with bat peak echolocation frequency (Schoeman & Jacobs 2011).  

 
The long-standing trophic interaction between insectivorous bats and their prey is potentially 

altered in the presence of modern anthropogenic artificial light. Some of the first evidence of 

artificial-light induced changes to terrestrial species interactions was given by Acharya & 

Fenton (1999). Major declines in moth populations have been attributed to compromised 

moth defensive behaviour in environments artificially illuminated at night where moths revert 

to diurnal behavioural strategies (Svensson & Rydell 1998, Fox 2013, Miller & Surlykke 2001). 
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Diurnally, moths are only exposed to ultrasound produced by cicadas and crickets, hence 

adaptively refrain from undertaking anti-bat defenses (stopping flight and diving to the 

ground) able to disrupt pheromone tracking and reproductive behaviour (Svensson and Rydell 

1998). The lack of evasive manoeuvres by eared moths has been proposed to be the major 

predictor of bat diets in lit areas (Minnaar et al. 2015), where bats shift their diets towards 

moth prey (Acharya & Fenton 1999, Minnaar et al. 2015). As moths aggregate in artificially lit 

areas, increases in moth consumption by some common syntonic bats may also be 

detrimental to moth-specializing allotonic bat species (van Langevelde et al. 2011, Minnaar 

et al. 2015).   

 

Thus, the aim of this study was to determine if there are shifts in prey selection by syntonic 

and allotonic bats around artificial light, in comparison to natural light conditions.  To address 

bat prey preference, I quantified the diversity (species and relative abundance) of nocturnal 

insects potentially available to bats in the study area. I quantified insect orders through fecal 

analysis in the diets of common bat species foraging around artificial light and in natural 

darkness, respectively.  I predicted that syntonic bats would increase moth consumption 

owing to a reduction in moth defenses around artificial light. I expected that allotonic bats 

would consume high proportions of moths in both artificial and natural lighting conditions.  

 

Methods  
 

Field work:  

Study site and experimental design: 

I conducted the study in late spring (August 2017) to summer (March 2018) at two study sites 

in the Eastern Cape Province of South Africa, namely; Kleinrivier Wilderness area and Table 
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Farm (see Figure 2.1). Kleinrivier Wilderness area is situated in the northern slopes of the 

Grootwinterhoek Mountains, 70 km NE of Port Elizabeth (33.5673° S, 25.2289° E). The 

Grootwinterhoek Mountains experience a mild Mediterranean climate with the lower slopes 

characterized by valley bushveld thicket vegetation, progressing into Fynbos near the peaks 

(Mucina & Rutherford 2006). The Kleinriver area of the mountain range is characterized by a 

drier climate with an annual rainfall of 244 mm. Table Farm (33.2500°S, 26.4167° E) is situated 

20 km N of Grahamstown along the Zuurberg range, and is comprised of a mosaic of Fynbos, 

valley bushveld thicket, Nama-Karoo and Savannah vegetation. Table Farm receives an 

average of 380 mm of annual rainfall (personal communication, R. White, Table Farm).  

 

Figure 2.1: Kleinrivier Wilderness area and Table Farm, situated in the Eastern Cape, South Africa 

(image obtained from Google Imagery 2018).  

 

To determine whether bats consume more or fewer moth pollinators in areas with artificial 

light or in natural lighting, I followed the experimental design of Minnaar et al. (2015) – see 

Figure 2.2. I netted for bats in naturally dark areas with artificial lights turned off, alternating 

with experimental areas with artificial lights turned on. The artificial lights consisted of a LED 

bulb (HWL 10 W, 220-240 V, Osram, Munich, Germany; powered by battery which I charged 

from a solar panel) elevated 2 m above the ground. Most insects are known aggregate near 
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high pressure mercury vapour and white energy efficient LED lamps producing high UV (used 

increasingly globally and attracting 48 % more insects than high pressure yellow sodium 

vapour lamps; Eisenbeis 2006, Van Grunsven et al. 2014, Pawson & Bader 2014). I alternated 

my netting efforts between control and experimental treatments at each site during weekly 

sampling intervals (weather-permitting).  Mist nets were placed in areas to maximize trapping 

rates, including clearings in vegetation and over still water sources. I conducted 35 nights of 

trapping in the control treatment sites and 50 nights in the experimental treatment sites. On 

each night, I set up three mist nets around lights (just outside of the lit/ unlit area) following 

sunset. I tended to mist nets every 10 minutes.  I recorded nightly temperature using a 

thermometer. 

Figure 2.2: Schematic depiction of the experimental set-up (a), which followed Minnaar et al. 2015. 
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Light set-up (b) of the LED lamp, elevated in a tree two-meters off the ground, in the artificially lit 

experiment (i). Three mist nets were set up just outside of lit/ unlit area (ii) and bat echolocation 

calls were detected using a Pettersson D100 ultrasound detector to monitor bat activity in the area 
(iii). A Malaise trap (c) was set up outside of both lit and unlit areas to sample the nocturnal insect 

community (iv). 

 

Diet sample collection:  

 

I caught a total of 79 bats (45 in the control, 34 in the lit treatment); these include a total of 

five syntonic species predominantly captured at Kleinrivier (ratios control: dusky pipistrelles 

Pipistrellus hesperidus 18:11, Natal long-fingered bats Miniopterus natalensis 2:2, Cape 

serotines Neoromicia capensis 2:2, Egyptian free-tailed bats Tadarida aegyptiaca 4:1, and 

long-tailed serotines Eptesicus hottentotus 2:2) and one allotonic species captured at Table 

Farm (Cape horseshoe bats Rhinolophus capensis 18:17; this species was also present at 

Kleinrivier, but rarely captured). I focused analysis on two species with sufficient sample sizes: 

allotonic Cape horseshoe bats (hereafter referred to as allotonic bats) and syntonic dusky 

pipistrelles (hereafter referred to as syntonic bats). The bats were retained individually in 

cloth bags for one hour until they defecated (based on gut transit times; Buchler 1975). After 

collecting feces, bats were released on the same night at the site of capture. I froze the fecal 

pellets for microscopic diet analysis. All aspects of the research were approved by the Rhodes 

University Ethical Standards Committee (RU-DZE-2018-01-002). 

 

Insect diversity surveys:  

 

To quantify species diversity and relative abundance of nocturnal insects potentially available 

to bats, I conducted insect surveys to help assess bat prey preference (where prefered taxa 

are consumed to a greater degree over others; Emlen 1966, Whitaker 1972). I measured aerial 

insect community composition using a Malaise trap, coupled with UV light attraction, to trap 



 

19 
 

insects. The Malaise trap is a terylene-netting tent-like structure, funnelling insects after 

they’ve flown into the tent wall to a collection jar at the highest point (see Figure 2.2). I 

attached the collection jar and turned UV lights on after sunset and off at sunrise to restrict 

my sampling to nocturnal insects only. I measured nightly ambient temperature using a 

thermometer. Insects were stored in a freezer for preservation, after which I identified them 

to family level and classified moths based on the family-level presence of ears (Scoble 1992). 

I pooled insect samples per night, calculating the proportional relative abundance for each. 

Species diversity and richness were calculated using Equation 2.1, Shannon’s Diversity Index 

(H; Shannon & Wiener 1949): 𝐻 = − ∑ 𝑝𝑖  ln 𝑠
𝐽=1 𝑝𝑖  

 

Where S is the total number of species in the community (species richness) and pi  is the 

proportion of S made up of the ith species. 

I compared the proportional relative abundance of insect orders comprising the nocturnal 

insect community to insects in bat diet samples collected on the same night, to determine bat 

prey preference (Estabrook & Dunham 1976, Burles et al. 2008). 

 
 

Laboratory work: Microscope analysis 

 

Insect fragments are highly concentrated in bat fecal pellets, as opposed to stomach contents, 

and provide a means for diet analysis (Kunz & Whitaker 1983, Barclay et al. 1991). While 

molecular diet analysis allows the accurate identification of small and soft bodied taxa (Clare 

et al. 2014), this method is costly and soft bodied taxa may be overestimated (Clare et al. 

2009). Morphological diet analysis has been established as a reliable method to identify the 
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insect prey of bats (Barclay et al. 1991, Whitaker et al. 2009) and affordably allows the 

discrimination between eared versus non-eared prey orders.  Microscopic identification of 

dietary items may result in an overestimate of sclerotized prey, able to survive digestion, as 

opposed to soft bodied prey (Barclay et al. 1991, Clare et al. 2014).  However, studies on the 

digestive efficiencies of bat prey items indicate that lightly sclerotized insects are identifiable 

following digestion, owing to the rapid gut transit times of bats (Barclay et al. 1991, Shiel et 

al. 1997). Considering that some bats may discard moth legs or wings prior to consumption, 

the digestive efficiency of moth prey ranges from 75-78 % (decreasing for moths with body 

mass less than 20 mg; Barclay et al. 1991). Being sclerotized and less than 20 mg, the majority 

of prey is consumed whole by bats and should realistically have in-field digestive efficiencies 

near 70 % (Barclay et al. 1991). A range of lightly to highly sclerotized prey can be identified 

through parts or all of wings, scales, legs, antennae and mouth parts (typically mandibles, 

maxillary palps and labial palps) remaining in bat faecal samples (Barclay et al. 1991, Shiel et 

al. 1997). Microscopic diet analysis is a well-established method to identify bat prey items, 

producing results comparable to molecular diet analysis, which is theoretically invulnerable 

to digestive effects (Whitaker et al. 2009, Goerlitz et al. 2010, Minnaar et al. 2015). 

Furthermore, when there are digestibility biases of prey items, these will be consistent 

between unlit and experimentally lit treatments, providing comparable estimates.  

 

I collected fecal pellets from captured bats and pooled diet samples for individual bats (where 

possible, at least 10 pellets were examined per bat). I moistened fecal pellets by adding drops 

of glycerine (glycerol) and then separated them into finer pieces using dissecting needles 

under a dissection microscope (Shiel et al. 1997, Pokhrel & Budha 2015). I separated insect 

fragments (legs, wings, scales, antennae and mouthparts) from each pellet in a petri-dish. 
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Fragments were mounted in glycerine to allow viewing under a dissection microscope (10x) 

and classified to order level using an identification key (Scholtz & Holm 1996, Shiel et al. 1997, 

Pokhrel & Budha 2015), with the assistance of comparable malaise trap samples collected 

from the foraging area.  

 

Diet based on fecal analysis is typically expressed as percentage frequency (based on the 

number of individuals in which a particular food item occurred in their diet) and visual 

estimates of percentage volume (the numbers of individual insects represented in each 

pellet). Percentage frequency and percentage volume can be interpreted differently. For 

example, small insects occurring in low numbers in all pellets of a bat will represent a high 

percent frequency but low percentage volume (Kunz & Whitaker 1983). Whereas, visually 

estimating whole insect numbers from insect fragments can result in a high bias for 

percentage volume estimates (Kunz & Whitaker 1983). To eliminate biases in interpretation, 

I calculated both percentage frequency and volume to assess differences in the consumption 

of prey orders around lights versus in darkness. I calculated the percentage frequency of each 

insect order per individual using Equation 2.2 (Shiel et al. 1997): % 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 100[ 
𝑂

𝑇 
] ; 

where O is the number of occurrences of the category i.e. number of droppings containing it 

and T is the total occurrences for all categories. The total percentage volume per individual 

bat was calculated using the Equation 2.3 (Kunz & Whitaker 1983): % 𝑉𝑜𝑙𝑢𝑚𝑒 = 100[
∑ 𝐶𝑖

𝑇𝑖
] ; 

where Ci is the individual pellet volumes of category and Ti is the total volume of all pellets 

sampled per individual. 
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Data analysis: 

I used linear models (ANOVA function in R with the package “car” to obtain significance based 

on F values) to determine the relationship of the composition of bat diets (proportions of each 

insect order converted to linear data using the logit function) as a function of treatment (lit 

or unlit). Model covariates included available prey (proportions converted to linear data using 

the logit function), insect order (Lepidoptera, Coleoptera, Diptera, Hemiptera, Other), 

echolocation strategy (allotonic or syntonic) and night as a factor (representing seasonal 

variation). Where ANOVA was significant, I performed a Tukey’s post-hoc test to detect which 

dietary orders consumed differed between allotonic and syntonic species as a function of 

treatment.  

 
I used a Chi-squared test to assess whether syntonic and allotonic bats showed preferences 

for foraging on moth prey in each treatment, relative to available moth prey in the 

community. I calculated the X2 values for each individual bat, using the observed proportion 

of moth prey in the diet, and the expected proportion of available moth prey. I used these 

values to perform a Chi-square distribution test on the sum of X2 values. 

 
 

Results   
 
 

The Kleinrivier site had a mean insect species diversity of 3.33±0.50  (mean ± SD) and richness 

of 7.30±3.93, in comparison to Table Farm with a mean diversity of 2.59±0.10 and richness of 

5.91±1.65. Insect communities at both study sites had high proportions of Lepidoptera and 

Diptera (Figure 2.3). These orders have been shown to dominate in Fynbos and Nama-Karoo 

insect communities (Schoeman & Jacobs 2003, Schoeman & Jacobs 2011). Variation in the 
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insect community over time (supplementary Figure S1) exhibited no clear pattern in relation 

to air temperature (r = 0.009, n = 44, p = 0.340). Eared moths represented 73 % and 83 % of 

Kleinrivier and Table Farm moth communities respectively (supplementary Table S1).   

 

Insect orders were consumed by bats in significantly different amounts (t = 1.60, df = 3, 

p<0.001), where Lepidoptera and Coleoptera constituted the highest prey volume in all bats. 

Despite being abundant in the insect community, Diptera were not commonly consumed by 

bats (Figure 2.4).  

 

Figure 2.3: The proportion of insects comprising the prey assemblage potentially available to bats. 
The prey communities at both Kleinrivier and Table Farm were dominated by Lepidoptera and 
Diptera.  
 
 
 

Echolocation (syntonic or allotonic) was a significant (t = 1.60, df = 1, p<0.001) determinant 

of bat diets, where treatment (lit vs non-lit) was only statistically significant in determining 

the diet of syntonic dusky pipistrelles. Syntonic pipistrelles consumed significantly more 
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moths in the lit treatment relative to unlit conditions (t = -0.98, df = 28, p<0.001). Moth 

proportions consumed by allotonic horseshoe bats did not differ significantly across 

treatments (t = -1.01, df = 34, p = 1.000, Figure 2.4).  

 
 

Beetle proportions consumed by bats under unlit conditions significantly differed (t = -1.26, 

df = 55, P<0.001) between syntonic and allotonic bats, where the latter consumed lower 

proportions of beetles and more moths. However, the proportions of beetles consumed did 

not differ significantly between syntonic and allotonic bats under lit conditions where some 

syntonic species decreased beetle consumption. Dietary moth proportions significantly 

differed (t = 8.63, df = 34, p<0.001) between syntonic and allotonic bats in the unlit treatment, 

but not in the lit treatment (t = 0.19, df = 17, p = 0.840) where syntonic pipistrelles increased 

moth consumption (Figure 2.4). 

 

Figure 2.4: Variation in proportion of insect orders consumed by syntonic (P. hesperidus) and 

allotonic (R. capensis) species across lit and unlit treatments. Dietary proportions are reflective of 

percentage volume of dietary constituents. Dusky pipistrelles (P. hesperidus) exhibited significant 

increases in moth consumption under artificial light (*).  

 

Results from the Chi-squared analysis indicated that both syntonic and allotonic bats, in both 

treatments, consumed moths at significantly different proportions from those expected 
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based on the nightly moth proportions available in the prey community (t = 8.63, df = 44, 

p<0.001). Allotonic bats selected significantly more moths from the available prey community 

in the both the lit and unlit treatment. Syntonic bats consumed fewer moths in the unlit 

treatment relative to available moth prey. However, in the lit treatment, syntonic bats 

consumed more moths than expected – thus selecting for moth prey (Figure 2.5). 

 

  
Figure 2.5: Moth prey selection by allotonic and syntonic bats in relation to prey abundance, where 

the dashed line represents prey eaten in accordance to their abundance (x=y). Bats are assumed to 

have avoided moth prey when values fall below the line, and select for moth prey for values above 

the line.  
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Among the species caught too rarely for quantitative analysis, Natal long-fingered bats 

consumed a qualitatively high proportion of moths in both treatments. Long-tailed serotines 

did not consume a high proportion of moths in either treatment, and instead fed mainly on 

beetles. Both Egyptian free-tailed bats and Cape serotines fed mainly on beetles in unlit 

conditions. The single Egyptian free-tailed bat captured under lit conditions consumed a 

high proportion of moths (Supplementary Figure S2).  

 

Discussion   
 
 

I found that syntonic bats increased selection for moth prey in artificially lit conditions. These 

results were consistent with my hypothesis that syntonic bats would consume more moth 

prey around artificial light. Allotonic bats selected for moth prey in both treatments, as 

predicted.  I was limited in catching syntonic and allotonic bats from different sample sites 

respectively, but I argue that treatment differences override habitat differences as both 

sample sites share similar insect and bat communities (Monadjem et al. 2010). The prey 

communities at both study sites were dominated by tympanate moths, indicating that prey 

selection is likely driven by the Allotonic Frequency Hypothesis under natural lighting 

conditions (Schoeman & Jacobs 2011).  This hypothesis postulates that tympanate moth prey 

are not equally available to syntonic bats. In contrast, syntonic bats significantly increase 

selection for moth prey around artificial light. This may be attributed to a reduction in the 

efficiency of eared moth defences. The diets of allotonic Cape horseshoe bats do not appear 

to be impacted by artificial light. Whereas, increased selection for moth prey by syntonic bats 

may imply a loss of generalist feeding strategies by some syntonic bats. Generalist feeding is 

thought to be required to stabilize complex food web interactions (Fenton 1977, Clare et al. 

2014). 



 

27 
 

 

The highest occurrence of tympanate moth prey occurred in the diets of allotonic horseshoe 

bats, as predicted by the Allotonic Frequency Hypothesis (Schoeman & Jacobs 2011) under 

natural lighting conditions. By using high-pitched constant frequency echolocation (at 83.9 

kHz; Monadjem 2010), Cape horseshoe bats can avoid detection by tympanate moths 

(Schoeman & Jacobs 2003, Schoeman & Jacobs 2011). These endemic Cape horseshoe bats 

consumed high moth proportions in both treatments in my study, however it is known that 

this species feeds on a seasonally variable diet of Lepidoptera and Coleoptera (Jacobs et al. 

2007, Schoeman & Jacobs 2011). 

 

In addition to switching prey items under artificial light, some syntonic species may switch 

from standard generalist diets to opportunistically feed on moth prey around artificial light 

sources (Fenton et al. 1977; Rydell 1992; Burles et al. 2008). Under lit conditions, syntonic 

bats may reduce or avoid consumption of insect orders with lower energetic value (Minnaar 

et al. 2015). Syntonic dusky pipistrelles, which are generalists known to feed on Hemiptera, 

Diptera, Neuroptera, and non-eared Lepidoptera (Monadjem et al. 2010), showed the 

expected increase in dietary specialization around lights. Conversely, it appears that 

naturally selective syntonic species do not show large shifts in diet around lights, but they 

might increase selection for their preferred prey (Cravens et al. 2018). Qualitatively, my 

limited data on other syntonic species in this community support this proposal. Natal long-

fingered bats consumed high proportions of moths in both treatments and long-tailed 

Serotine bats specialized on beetle prey (Schoeman and Jacobs 2003). As the majority of 

artificial light studies have focused on moth favouring bats (i.e. hoary bats Lasiurus cinereus, 

red bats L. borealis and Hawaiian hoary bats L. cinereus semotus; Acharya & Fenton 1992, 

Acharya & Fenton 1999), increased moth consumption around artificial light should not be 
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assumed for all species. Increases in moth consumption may be species-specific (i.e. Myotis 

species avoid lights; Russo et al. 2017), possibly only occurring in generalist (and in some 

cases moth-favouring) syntonic species.  

By moving away from allotonic bat foraging areas to aggregate around lights, moths are fed 

on by generalist syntonic bats and the quality of available prey for allotonic species may be 

reduced (Safi & Siemers 2010, Minnaar et al. 2015). My study did not allow me to directly test 

the influence of artificial-light on the ecological interactions between endangered endemic 

Cape horseshoe bats and syntonic dusky pipistrelles at the same site.  However, I found that 

horseshoe bats consumed similar proportions of moth prey in both lit and unlit treatments. 

Hence, the presence of artificial light over a small spatial and temporal scale may not produce 

significant changes in the diets of allotonic Cape horseshoe bats. Regardless, Cape horseshoe 

bats may be able to adapt to reductions in moth prey as this species also feeds on fatty, 

nutrient-rich beetle prey (Studier & Sevick 1992, Clare et al. 2014). Rather, large scale artificial 

lighting may negatively impact allotonic bats that avoid light or rely on moths as their sole 

prey resource, by lacking the skull morphology to consume other prey types or are unable to 

shift diets for other reasons (Safi & Siemers 2010, Minnaar et al. 2015).  

 
My findings are consistent with the interpretation that artificial lighting conditions allow 

syntonic bats increased access to moth prey due to a reduction in tympanite moth defences. 

My results corroborate the findings of Minnaar et al. (2015; however this study used mercury 

vapour lights) and Cravens et al. (2017), suggesting that irrespective of technology, artificial 

lighting changes ecological interactions between bats and their prey. Artificial lighting does 

not appear to significantly impact the diets of bats with adaptations that allow them to 

specialize on eared moths (allotonic bats that did not exhibit light avoidance behaviour) or 
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the diets of bats with strong foraging preferences (syntonic specialists). However, bats with 

generalist diets that cannot avoid detection by eared moths (syntonic generalists) appear to 

shift their diets in the presence of artificial lighting to take advantage of this newly accessible 

prey. Generalist feeding stabilizes complex food web interactions (Fenton 1977; Clare et al. 

2014) so anthropogenic light sources that impact the foraging decisions of generalist 

nocturnal insectivores may also influence additional shifts in community composition.  
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Chapter 3  

 

Foraging success of allotonic and syntonic bats in experimentally lit 

and naturally dark areas  

 
 

Introduction 
 

Successful foraging, determined by prey energy content and food intake rates, is necessary 

for all animals for maintenance and production (Kunz et al. 1995). Food intake rates depend 

on a number of abiotic (i.e. environment, weather, light) and biotic (i.e. prey-predator, 

competition, predation) interactions present within foraging habitats (Jenni-Eiermann & Jenni 

1994, Anteau & Afton 2008). Animals are expected to focus their foraging efforts on food 

resources and foraging areas where they can gain the most energy at the lowest energetic 

cost and predation risk (MacArthur & Pianka 1966).   

 

Successful foraging leads to energy intake and use of this energy involves the manufacture of 

metabolic byproducts and precursor molecules, which are transported in the blood plasma 

(Jenni-Eiermann & Jenni 1994). Plasma metabolites can serve as a proxy for refuelling rates 

by providing an indication of short-term mass changes in the individual (Jenni-Eiermann & 

Jenni 1994, McGuire et al. 2009a, McGuire et al. 2009b). Plasma metabolites have been used 

to answer ecological questions regarding foraging habitat quality (Acevedo Seaman et al. 

2006, Anteau & Afton 2008, Guglielmo et al. 2005). By taking into account biotic interactions, 

plasma metabolites provide a representation of the quality of the foraging habitat used by 

animals. For example, Cerasale & Guglielmo (2010) detected higher refuelling rates in 

Wilson’s Warblers foraging in ‘lower quality’ non-native habitat compared to native habitat. 
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They argued that the reason for this was a reduction in competitive interactions. The 

usefulness of plasma metabolites for accessing foraging habitat quality has been established 

in birds; however, plasma metabolites have also been measured in a range of other taxa 

(Galster & Morrison 1975, Arnould et al. 2001, McGuire et al 2009).  

 

Bats, with their high energy turnover rates, serve as an excellent model group to assess 

environmental correlates in refuelling rates. Small bats undergo rapid changes in their energy 

stores and must forage successfully to meet high energy demands (Studier et al. 1970, Kurta 

et al. 1989, Kurta et al. 1990). For example, on a nightly basis captive bats may consume 10.1-

21.8 % of their body mass in insect prey following intensive foraging (McGuire et al. 2009). 

Changes in bat refuelling rates are likewise influenced by abiotic and biotic interactions 

present within foraging habitats.  

 

Many bats limit foraging to dark habitats, potentially due to lower perceived predation risk 

(Rydell 1992, Kuijper et al. 2008). This is particularly the case with some slower flying allotonic 

bats. Allotonic bats are those that have shifted the frequency of their echolocation calls to 

outside the hearing range of tympanate moths (these moths typically detect frequencies 

between 20-50 kHz; Rydell 1992). Allotonic bats therefore have access to tympanate moth 

prey and typically forage later in the night to reduce predation risk (Kronfeld-Schor & Dayan 

2003). Human disturbances, such as artificial light, may disrupt these biotic and abiotic 

determinants of bat foraging behaviour.  

 

By illuminating bat foraging habitats, artificial lighting likely alters bat foraging activity 

(Minnaar et al. 2015). Artificial night lighting may be altering the balance in the global arms 

race shared between bats and tympanate moth prey (Svensson & Rydell 1998, Svensson et 
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al. 2003, Minnaar et al. 2015). Artificial light appear to be causing tympanate moths to mimic 

diurnal behavioural strategies (when anti-bat defences would prove detrimental; Fullard et 

al. 2003). Moth aggregations around artificial light sources, combined with their inability to 

effectively evade bats (Warrant & Dacke 2011, van Grunsven et al. 2014), makes moths more 

accessible (Frank 1988, Rydell 1992, Svensson & Rydell 1998, Longcore & Rich 2004). High 

numbers of syntonic bats (those that use echolocation in the 20-50 kHz hearing range of eared 

moths) take advantage of artificial light by foraging nearby. In contrast, the rarer allotonic 

bats are often of conservation concern and seem to be declining (Rydell 1992, Acharya 1995, 

Svensson & Rydell 1998, Minnaar et al. 2015). A possible mechanism for this decline could be 

that syntonic bats have increased foraging success in areas with artificial light, relative to 

allotonic bats (Minnaar et al. 2015). Artificial light may attract moths from the foraging areas 

of allotonic bats, resulting in competition with syntonic bats. It is also possible that allotonic 

bats are excluded from foraging in artificially lit areas due to perceived predation risk (Polak 

et al. 2011, Minnaar et al. 2015).  

 

The aim of my study was to evaluate the refuelling rates of South African allotonic and 

syntonic bats in experimentally lit and naturally dark areas. I will argue that this is a potential 

mechanism explaining the disruption of bat-prey community interactions. I measured 

changes in β-hydroxybutyrate ( a blood metabolite), which reflects refuelling rates, to test for 

differences in the food intake rates of bats in artificially lit vs naturally dark areas. Plasma 

metabolite analysis is assumed to be a proxy for foraging success (McGuire et al. 2009a, 

McGuire et al. 2009b, Boyles et al. 2016), where β-hydroxybutyrate differs as a reflection of 

energetic state in birds and mammals (Galster & Morrison 1975, Jenni-Eiermann & Jenni 

1994, Arnould et al. 2001; but see McGuire et al. 2009a). I predicted that syntonic bats would 
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have higher refuelling rates following foraging in artificially lit conditions (relative to natural 

light conditions), where they were expected to have increased foraging opportunities due to 

moth aggregations around lights (Rydell 1992, Minnaar et al. 2015). In contrast, I expected 

that allotonic bats would have higher refuelling rates when foraging in natural light conditions 

where natural bat-prey interactions are maintained.  

 

 

Methods  
 
 

To determine whether bats had higher refuelling rates in areas with artificial light than 

those without, I used the same experimental design described in Chapter 2 (see Figure 2.2) 

at Kleinrivier and Table Farm. 

 

Measurement of refuelling rates: 

Plasma metabolite (i.e. glycerol, triglycerides and β-hydroxybutyrate) analysis has previously 

been used to address ecological questions about the effects of alterations in habitat and food 

supply (Cerasale and Guglielmo 2010). It is based on the principle that metabolic state (fed / 

fasted) is reflected by circulating levels of free fatty acids transported in the blood plasma 

(Jenni-Eiermann and Jenni 1994; Williams et al. 1999; Guglielmo et al. 2005). During fasting, 

fatty acids are unbound from glycerol and transported to the liver, where they can be 

catabolized to ketones (i.e. β-hydroxybutyrate; BOH). In some cases, BOH replaces glucose as 

the primary fuel for respiration in tissues requiring a constant source of metabolic fuel (such 

as the brain; Robinson and Williams 1980; Ramenofsky 1990; Jenni-Eiermann and Jenni 1994; 

Acevedo Seaman et al. 2006; Guglielmo et al. 2005).  
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Plasma metabolite studies data for bats (McGuire et al. 2009a,  McGuire et al. 2009b, Baloun 

2015, Boyles et al. 2016) differ in comparison to those for shorebirds and passerines, which 

do not engage in intensive foraging flight. The data for these birds show that BOH is negatively 

correlated to triglyceride (TRIG) levels and interpreted to indicate mass loss (Jenni-Eiermann 

and Jenni 1994, Williams et al 1999, Guglielmo et al. 2005). Due to limitations in the 

processing rates of food while flying, aerial insectivores mobilize energy from fat stores, which 

increases BOH levels (as per the endurance exercise hypothesis; McGuire et al. 2009a). 

Elevations in BOH levels have been correlated with feeding intensity in volent insectivorous 

bats (McGuire et al. 2009a,  McGuire et al. 2009b, Boyles et al. 2016), for which elevated 

ketone levels are linked to a fatty insectivourous diet (Askew et. 1975, Baloun 2015). Hence, 

BOH is both an indicator of short term energy gains and a fuel source during energy imbalance 

(McGuire et al. 2009a,  McGuire et al. 2009b, Boyles et al. 2016). I elaborate on the 

interpretations of BOH as an energy source, originating from exogenous and/or endogenous 

pathways, in my discussion. 

 
Within ten minutes of capturing an individual bat, I collected <20 – 75 μL (amounting to < 1 

% of body mass, depending on the bat species) of blood by gently puncturing the brachial vein 

using a sterilized 27-gauge hypodermic needle (as per McGuire et al. 2009a and McGuire et 

al. 2009b). When necessary, I used a hot water bottle (not exceeding 35 °C) applied to the 

sampling site to promote blood flow. I collected blood in a heparinized capillary tube. 

Treatment (lit or unlit), time of capture, body mass (±0.1 g), length of the forearm (±0.1 mm) 

and recorded the reproductive state of each individual. To prevent duplicate sampling, I 

banded each bat on the forearm with a 3 mm metal ring before releasing them at the site of 

capture.  
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 After collection, I centrifuged blood samples for 10 minutes at 2000 rpm using a portable 

centrifuge to separate plasma from blood cells. I quantified β-hydroxybutyrate 

concentrations with a handheld meter (STAT-Site M β-HB; Stanbio Laboratory, Boerne, TX 

USA) using 10 μL samples of plasma. The handheld meter is logistically feasible to measure 

blood plasma metabolite levels in the field (Boyles et al. 2016), as opposed to the time 

consuming, expensive process of assaying metabolites in a microplate spectrophotometer 

(Jenni-Eiermannm & Jenni 1994, Guglielmo et al. 2002, Guglielmo et al. 2005). The meter was 

validated using laboratory enzymatic analysis (Boyles et al. 2016, Sommers et al. 2017). All of 

our protocols for capturing bats and taking blood samples were approved by the Rhodes 

University Ethical Standards Committee (RU-DZE-2018-01-002) and Eastern Cape Department 

of Environmental Affairs Permit (CRO 130/17CR and CRO131/17CR).  

 
 

Data analysis: 

I focused analysis on two species with sufficient sample sizes: allotonic Cape horseshoe bats 

(hereafter referred to as allotonic bats) and syntonic dusky pipistrelles (hereafter referred to 

as syntonic bats). I conducted a simple regression analysis to assess the importance of 

variation in body mass in relation to BOH levels, for syntonic and allotonic bats respectively. 

I then used a regression to assess the effect of temperature on BOH levels. Prior to assessing 

the effect of treatment (unlit vs lit) on BOH values, I tested for normality of BOH residuals 

using both a Shapiro-Wilks and Levenes test. Although the assumption of homogeneity of 

variance was met, residual BOH values for both syntonic and allotonic bats followed a 

significantly non-normal distribution, requiring the use of a Kolmogorov-Smirnov test.  I 



 

40 
 

subsequently tested for the effect of treatment (unlit vs lit) on BOH values using a Kruskal-

Wallis test. 

 

Results 
 

 
At both sites, the majority of bats were captured in the early evening. Whereas bats at 

Kleinrivier were mostly trapped over water sources, bats at Table Farm were trapped along 

foraging flight paths 100 m from a known roost cave. Despite netting late into the night, bat 

activity (monitored on a Pettersson D100 ultrasound detector) declined substantially after 

the first two hours of darkness. This was particularly the case in summer when bats appeared 

to have engaged in short foraging bouts.   

 

Body mass was not an important in predictior of BOH levels for syntonic (r2 = 0.10, p>0.05) 

or allotonic bats (r2 = 0.07, p>0.05). Likewise, temperature did not have an effect on BOH 

levels for syntonic (r2=0.40, p=0.13) or allotonic bats (r2= 0.02, p > 0.09). Within syntonic 

pipistrelles, a few individuals caught around lights had high BOH levels (Figure 3.1 and Table 

3.1), but there was no difference in BOH levels across treatments (Kruskal-Wallis X2
1,27 = 

0.89, df= 14, p=0.345). In allotonic horseshoe bats, inter-treatment BOH levels did not differ 

(Kruskal-Wallis X2
1,33 = 1.83, df= 31, p=0.18; Table 3.1, Figure 3.1). 

 
 
Table 3.1: Comparisons of β-hydroxybutyrate (BOH) levels in bats foraging in the unlit or lit 
treatment. Values are presented as mean ± SD.  Sample sizes are given for each species (Control: 
Lit). 

Species (n, Control: Lit) Lit BOH (mg dL¯¹)  Unlit BOH (mg dL¯¹)  P-value 

Pipistrellus hesperidus (18: 11) 11.00±12.94  6.80±7.27  0.340 

Rhinolophus capensis   (17:18) 5.36±2.88  3.84±3.50  0.172 
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Figure 3.1: β-hydroxybutyrate (BOH) levels as a function of treatment (lit vs unlit) and bat species; 
BOH levels were not significantly different (p>0.05). High variance in BOH levels occurred in 
pipistrelles in the lit treatment, relative to the control. 
 

 
 

Discussion  
 
 

I found that ketone levels did not differ between syntonic or allotonic bats foraging in the 

unlit or lit treatment. These results are not consistent with my hypothesis that bat refuelling 

rates would differ when foraging under artificial lighting. BOH levels in dusky pipistrelles 

reached as high as 42 mg dL-1 (11.01±12.94 mg dL-1; Table 3.3; higher than means reported in 

other species and attributed to the stronger metabolic effects in the small-bodied dusky 

pipistrelle weighing 5-6 g) in individuals foraging around the light source.  
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Table 3.3: Inter-treatment BOH measured in syntonic pipistrelles and allotonic horseshoe bats in 
relation to plasma metabolite measurements available in the literature 
 

 
 

It is inconclusive whether the higher than average BOH levels in dusky pipistrelle individuals 

around the light source are linked to foraging responses, suggested by the dietary shift to 

moth prey under lit conditions (see Chapter 2). The current knowledge of how bats burn 

metabolic fuel limits concrete understanding of these patterns. These individuals may have 

either been gaining more energy by converting food to ketones for immediate use, or 

spending energy stores for instantaneous flight costs to access prey resources around lights 

– and ultimately benefit energetically at the end of foraging bouts (McGuire et al. 2009a).  

Thus, the results from my short-term light exposure experiment suggest that artificial light 

does not affect the foraging of allotonic bats, while there is insufficient evidence to reject the 

null hypothesis that the foraging success of syntonic bats is equivalent in lit vs unlit conditions.  

As both study sites were naturally dark and a considerable distance from urban areas, an 

extended duration of light exposure may be required to fully habituate the syntonic bat 

community to foraging around artificial light. 
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I could not standardize the timing of trapping and numbers between treatments owing to 

unpredictable variations in bat activity and behaviour. A major limitation of my study was that 

I only caught bats early in the evening, despite netting efforts extending late into the night. 

Greater inter-treatment differences in refuelling rates would have been expected in bats 

foraging later into the evening (in agreement with the endurance exercise hypothesis; 

McGuire et al. 2009a, 2009b). An assumption of my study was that I captured bats at their 

foraging sites. Bat activity at trapping sites substantially declined following two hours after 

sunset, presumably as bats returned to roosts. Alternatively, bats may have moved to 

preferred foraging sites some distance from my netting sites, as they became accustomed to 

the nets. I observed shortened foraging bouts by bats at trapping sites particularly during 

summer. In summer, widespread insect distributions may allow for reduced dependence on 

aggregations around artificial light and reduced foraging times. This further limited trapping 

time and detectable inter-treatment foraging differences in my study.  

 

Artificial light sources likely allow some pipistrelle species, amongst other syntonic bats 

(Fenton & Morris 1976, Fenton et al. 1997, Minnaar et al. 2015), easier access to tympanate 

moths. This is consistent with their syntonic echolocation strategy (50.1 ±1.5 kHz; Schoeman 

2016) and ability to forage in fairly open habitats (Monadjem et al. 2010) characteristic of 

those where I deployed artificial light. Syntonic species that do well around artificial light 

typically use urban-adaptive echolocation, flight and foraging strategies (optimal for open 

urban habitats; Jones & Rydell 1994).  Prior to the global increase in artificial lighting, moths 

were rarely reported in pipistrelle diets. Common pipistrelles (Pipistrellus pipistrellus) are 

now flourishing in urbanized environments of Switzerland where they prey on Lepidoptera 

and Diptera (Arlettaz et al. 2000). Simultaneous to increases in pipistrelle abundance, 
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decreases in sympatric Swiss populations of lesser horseshoe bats (Rhinolophus 

hipposideros) have occurred (Arlettaz et al. 2000). The homogenization of bat assemblages 

surrounding artificial light has been linked to dietary competition; allotonic bats may 

experience a direct reduction in foraging success, or indirect reduction in foraging habitat 

quality as moths move out of the foraging areas of allotonic bats (Arlettaz et al. 2000, Stone 

et al. 2009, Minnaar et al. 2015). The influx of the dusky pipistrelle (and other syntonic 

species) into the dietary niche of the near threatened Fynbos endemic, the Cape horseshoe 

bat (Rhinolophus capensis) should raise similar concerns regarding a compromise in the 

foraging efficiency and ultimately, displacement of these allotonic bats.  

 

I did not find differences in the refuelling rates of Cape horseshoe bats between lit and unlit 

treatments, suggesting that this species was able to maintain sufficient access to moths as a 

prey resource under artificially lit conditions during my study (see Chapter 2). Following 

persistent efforts yielding no captures of the horseshoe bats present at Kleinrivier, horseshoe 

bats were sampled at Table Farm. At Table Farm, Cape horseshoe bats were captured in 

fynbos and karoo tree canopies which were part of a scrubland habitat, where this species is 

known to feed on moths and beetles (Monadjem et al. 2010). I argue that treatment 

differences override habitat differences at the sample sites – both sharing similar insect (see 

Chapter two of this study) and bat communities (Monadjem et al. 2010). While the impacts 

of artificial light on the foraging activity of Cape horseshoe bats was negligible, Russo et al. 

(2017) reported a benefit gained in another allotonic, forest-dwelling species (Barbastella 

barbastellus) foraging around artificial light. However, other allotonic species may experience 

visual impairment around artificial light (Hope & Bhatnagar 1979). Bat activity in lit urban 

areas has been negatively correlated with echolocation frequency (Schoeman 2016). 
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However, rather than a direct response to artificial lighting, slower flying allotonic bats may 

be unable to compete in artificially lit habitats, especially when these occur in open habitats 

(Schoeman 2016). Allotonic species may thus be more susceptible to changes in foraging 

activity in open lit habitats. I did not test this directly and it remains to be addressed in future 

studies. Artificial light may be a synergistic factor influencing reported declines in allotonic 

bats, but land use change (influencing loss of roosts and foraging habitat), as well as    

pesticide-induced declines to moth populations may have a considerable impact on allotonic 

bats (Arlettaz et al. 2000, Avila-Flores & Fenton 2005). 

 

Rather than the common notion that increases in moth consumption will occur around 

artificial light (Acharya & Fenton 1992, 1999), other factors may also be at play. Artificial light 

may induce strong species-specific effects (i.e. syntonic Myotis spp. avoid lights; Russo et al. 

2017), or have a greater impact on reducing bat drinking activity as opposed to foraging 

activity around productive water-bodies (detected in pipistrelle guild members; Russo et al. 

2017). Furthermore, foraging benefits potentially gained in syntonic species may be short-

lived, decreasing with duration of light exposure, as local abundances in pipistrelles may only 

occur with sufficient tree cover for roosting (Mathews et al. 2017).  

 

In conclusion, the limitation of catching bats early in the evening may have confounded the 

effects of artificial lighting on foraging success, as deduced by BOH measurements. This may 

be prevented in future studies by using a harp trap where bats return to the roost, following 

foraging at experimental sites that they are accustomed to. The results from my short-term 

light exposure experiment suggest that artificial light does not affect the foraging of allotonic 

Cape horseshoe bats, while there is insufficient evidence to reject the null hypothesis that the 

foraging success of syntonic bats is equivalent in lit vs unlit conditions. My data emphasizes 
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the need for a better mechanistic understanding of the influence of artificial lighting on bat 

species. Bat-moth interactions may be influenced by other factors apart from the common 

assumption that increased refuelling rates will occur in syntonic species foraging on moths 

around artificial light.  
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Chapter 4  

 

Main findings and conclusion  

 

Through the role of bats as first-order predators, bat community structure is an excellent 

indicator of habitat quality (Ghanem & Voigt 2012). However, bat community structure may 

be compromised by artificial lighting through a reduction in the defences of tympanate 

moths, thereby increasing competition for moth prey (Svensson & Rydell 1998, Schoeman 

2016). Several studies have reported the monopolizing of insect aggregations around artificial 

lights by bats (Rydell 1992, Minnaar et al. 2015, Schoeman 2016), some making use of dietary 

shifts towards moth prey (Minnaar et al. 2015). Research on the effect of artificial light on bat 

foraging ecology has focused on moth specialists (Acharya & Fenton 1992, Acharya & Fenton 

1999), leading to the largely untested paradigm that increases in moth consumption will occur 

around lights. However, the hypothesized increase in moth consumption by bats around lights 

cannot be applied universally across all species and communities.  

 

While artificial lighting reduces the importance of echolocation in determining the dietary 

presence of moth prey, my findings demonstrate that this will not result in increased moth 

consumption by all syntonic bat species. Syntonic bats may increase selection for moth prey 

around lights, but this does not appear to occur in syntonic species naturally consuming a high 

proportion of non-eared moths, or those specializing on beetle prey (which I assessed 

qualitatively). In contrast, I found that syntonic bats exhibiting generalist foraging strategies 

(such as Pipistrellus and Tadarida species which are common in urban areas; Arlettaz et al. 

2000, Avila-Flores & Fenton 2005, Schoeman 2016) elevated moth consumption around 

lights. Small bodied pipistrelles are likely to benefit most from foraging on soft-bodied moth 
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prey (as opposed to sclerotized beetle prey requiring greater digestion efforts). Pipistrellus 

hesperidus was more selective for moth prey in lit conditions. However, it is inconclusive 

whether the higher than average BOH levels, in some individuals captured around the light 

source, are linked to foraging responses. There is insufficient evidence to reject the null 

hypothesis that the foraging success of syntonic bats is equivalent in lit vs unlit conditions. 

The high BOH levels in some syntonic individuals around light alludes to other potential 

influential factors. For example, artificial light has been shown to have a greater impact on 

bat drinking activity, relative to foraging activity, with the duration of light exposure being an 

important factor (Russo et al. 2017). 

 

In my study, allotonic bats exhibited no variation in foraging activity or diet around lights, 

where impacts on moth populations sufficient to influence allotonic species may only be 

evident with prolonged light exposure. Cape horseshoe bats (Rhinolophus capensis) are 

unlikely to be drastically impacted even with prolonged light exposure, as this species 

consumes both moth and nutrient-rich beetle prey based on seasonal variability (Monadjem 

et al. 2010). Allotonic species unable to make use of diet shifts, limited either by alternative 

prey availability or suitable skull morphology, may be impacted by reductions in moth prey 

occurring with prolonged light exposure. Given differences in community responses to 

artificial light, a greater mechanistic understanding of bat-prey interactions is required to 

determine the susceptibility of bat species to changes in foraging ecology (Cravens et al. 

2017).  

 
To prevent the homogenization of bat assemblages (Schoeman 2016) and maintain trophic 

generalist interactions imposed by generalist foraging syntonic bats (Fenton 1977), it is 
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necessary to plan for sustainable urban development. Natural bat and insect activity can be 

maintained by placing filters over lights to block UV emissions (Frank 1988) or using longer-

wavelength artificial light (van Grunsen et al. 2014). As opposed to white or green light, long 

wavelength red light allows light-sensitive bat species and generalist syntonic species to 

forage as they would in natural darkness (Spoelstra et al. 2017). However, human use of broad 

spectrum lighting is more likely to drive the development of lighting technology, rather than 

conservation (Davies et al. 2013, Minnaar et al. 2015). Alternatively, artificial lighting can be 

reduced spatially and temporally to limit ecological impacts. Biologists, land-owners and city 

planners should be encouraged to enact legislation enforcing the motion sensor lighting 

technology of walk-way, street and warehouse lighting – in this way reducing the carbon 

footprint, urban sky glow and financial costs (Gaston et al. 2013, Kyba et al. 2014, Minnaar et 

al. 2015). Reserves with associated dispersal corridors should be maintained as light free 

refuges for light-sensitive species to maximize the benefits of artificial lighting while reducing 

the ecological impacts on bat-prey interactions.  
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Supplementary information 
 

Figure S1: The proportion of insect comprising the prey community potentially available to bats 
Insect communities at Kleinrivier (Site 1) and Table Farm (Site 2). Bars represent timing of sampling 
intervals. 
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Supplementary S2: Variation in the proportion of insect orders consumed by syntonic (white panel) 
and allotonic (shaded panel) species across lit and unlit treatments. 
Dietary proportions are reflective of percentage volume dietary constituents. Letters (top right of 
each panel) are indicative of dietary differences between bat species (for all insect orders), where 
those bat species that do not share a letter had significantly different diets. A significant difference 
in intraspecies moth consumption between treatments is indicated by an asterix; P. hesperidus 
exhibited significant increases in moth consumption under artificial lights (*).  
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Table S1: The proportion (%) of eared and non-eared moths constituting the total sampled prey 
community at Kleinrivier (Site 1) and Table Farm (Site 2). 
 

  Site 1      Site 2  

Eared moths:  
Pyralidae 30.59 10.91 

Geometridae 9.77 3.22 

Noctuidae 11.19 14.00 

Notodontidae 7.19 6.45 

Sphingidae* 0.59 3.23 
 
Non-eared moths: 
Cossidae 5.74 2.96 

Crambidae 3.80 - 

Tineidae 8.00 6.11 

Yponomeutidae 1.06 - 

Pieridae 0.93 - 

Limacodidae - 1.96 

Thyretidae 2.22 - 

 

 


