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Abstract.   Studies on the consequences of urbanization often examine the effects of light, 
noise, and heat pollution independently on isolated species providing a limited understanding 
of how these combined stressors affect species interactions. Here, we investigate how these 
factors interact to affect parasitic frog-biting midges (Corethrella spp.) and their túngara frog 
(Engystomops pustulosus) hosts. A survey of túngara frog calling sites revealed that frog abun-
dance was not significantly correlated with urbanization, light, noise, or temperature. In con-
trast, frog-biting midges were sensitive to light pollution and noise pollution. Increased light 
intensity significantly reduced midge abundance at low noise levels. At high noise intensity, 
there were no midges regardless of light level. Two field experiments controlling light and noise 
levels to examine attraction of the midges to their host and their feeding behavior confirmed 
the causality of these field patterns. These findings demonstrate that both light and noise pol-
lution disrupt this host–parasite interaction and highlight the importance of considering inter-
actions among species and types of pollutants to accurately assess the impacts of urbanization 
on ecological communities.
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Introduction

Humans have modified most of the earth’s surface, 
rapidly increasing the rate and scale of urbanization 
(Grimm et al. 2008, Ellis 2011). This process is complex 
and has rapidly altered habitat structure by modifying 
the type and amount of vegetation present while also 
changing patterns of abiotic factors resulting in novel 
light, noise, and temperature landscapes (McKinney 
2002). For example, cities are predictable islands of heat 
in a backdrop of otherwise cooler environments (Shochat 
et  al. 2006, Gaston et  al. 2012). Similarly, artificial 
nighttime lighting forms a grid that expands across the 
globe (Longcore and Rich 2004, Elvidge et  al. 2014). 
Elevated levels of low frequency noise produced by traffic 
and industry are pervasive (Barber et  al. 2011, Ortega 
2012) and characterize human-dominated ecosystems 
(Warren et al. 2006).

Heat, light, and noise pollution are common in urban 
environments (Douglas 1983), and affect the abundance, 
behavior, and distribution of many species (Hoelker et al. 
2010, Gomes et  al. 2016b). Urban heat islands, for 
instance, can facilitate colonization by warm-tolerant 
species, which can have adverse impacts on native species 
(Shochat et al. 2006). Similarly, anthropogenic light can 

affect species abundance and distribution. Some species 
avoid light-polluted areas while others may alter their 
activity patterns; for example, some species of urban 
songbirds start singing earlier in the morning in light pol-
luted areas (Dominoni et al. 2013). More subtle effects 
can also occur. Streetlights negatively affect moth 
defensive behaviors and disrupt moth flight, navigation, 
vision, and feeding (Acharya and Fenton 1999). While 
increased light levels often have negative fitness conse-
quences for species, positive effects are also possible (see 
Acharya and Fenton 1999).

For species that use acoustic signals, such as many 
insects, birds, and frogs, anthropogenic noise may gen-
erate acoustic interference affecting their communication 
systems (Slabbekoorn et al. 2010, Halfwerk et al. 2011a, 
Brumm 2013, Haven 2015, Kleist et al. 2016) and ulti-
mately alter their intraspecific interactions (Slabbekoorn 
and Ripmeester 2008, Francis et al. 2009, Ortega 2012, 
Kleist et  al. 2016). Artificial noise, light, and heat can 
select for signaling strategies that affect the behavior and 
physiology of organisms (Slabbekoorn and Peet 2003, 
Patricelli and Blickley 2006), modulate habitat prefer-
ences (Parris et  al. 2009, Holker et  al. 2010) and ulti-
mately influence the fitness of individuals living in urban 
environments (Fernández-Juricic et al. 2005, Barber et al. 
2009, Francis et al. 2009, Parris et al. 2009, Laiolo 2010, 
Halfwerk et  al. 2011b). Consequently, anthropogenic 
heat, lighting, and noise represent novel and important 
evolutionary challenges to many organisms.
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Although urbanization concurrently modifies temper-
ature, light, and noise levels (Ellis 2011), studies focusing 
on urbanization often only consider the effect of one of 
these abiotic factors (Halfwerk and Slabbekoorn 2015). 
In cases where more than one of these stressors are 
studied simultaneously, they are often examined inde-
pendently. If these factors interact antagonistically, syn-
ergistically, or additively, then studies considering them 
in isolation could misestimate their impacts on bio
diversity and species interactions.

Much like focusing on the effects of increased light, 
noise, and temperature independently, studies of urbani-
zation often investigate individual species, paying less 
attention to potential consequences on species interac-
tions (see Gaston et al. 2013). The handful of studies that 
have considered the effects of urbanization on species 
interactions suggest that the effects can be profound and 
complicated. For example, light pollution extends the 
foraging times of some crepuscular organisms increasing 
their temporal overlap and thus competition with diurnal 
species (Hoelker et al. 2010, Francis et al. 2012, Rich and 
Longcore 2013). Additionally, anthropogenic noise 
reduces the amount of time male frogs spend chorusing 
and impacts mixed-species breeding aggregations (Kaiser 
et al. 2011) with potential consequences on reproductive 
success, including reduced access to females. To truly 
understand the impacts of urbanization on communities, 
we need to study how species interactions are altered by 
multiple ecologically relevant pollutants (Halfwerk and 
Slabbekoorn 2015).

Given that parasitism is a very common consumer 
strategies and can impact food web stability, energy flow, 
and the health of humans, wildlife, and ecosystems 
(Lafferty et al. 2008), we need to understand how urban-
ization impacts this important and often overlooked 
interaction in communities. The effects of heat and 
chemical pollution on host–parasite interactions have 
been examined extensively (McMahon et al. 2013, Raffel 
et al. 2013, 2015, Rohr et al. 2013). However, the effects 
of urban light and noise pollution on host–parasite inter-
actions have not been studied and thus are poorly under-
stood (Bradley and Altizer 2007).

In an effort to obtain a more complete understanding 
of the intricate ways in which anthropogenic environ-
ments affect natural systems, we investigated the com-
bined effects of urban heat, noise, and light pollution on 
the abundance and behavior of nocturnal, frog-biting 
midges (Corethrella spp.) and their nocturnal host, 
túngara frogs (Engystomops pustulosus). Corethrellid 
midges are attracted in great numbers to their hosts using 
the mating calls of the frogs (McKeever 1977, Bernal 
et  al. 2006, Borkent 2008). The midges depend on the 
mating calls produced by the frogs to locate and success-
fully feed on their host (Bernal and Silva 2015). In túngara 
frogs, once they reach the calling male, the midges walk 
to the nostrils of the frog, where they obtain a blood meal 
(de Silva et  al. 2014). As in other species of hemato-
phagous insects, female midges use this blood meal for 

egg production and mating success (Borkent 2008) so 
finding a host frog is, thus, a critical component of their 
mating success.

We first conducted a field study in urban and rural 
areas to test for associations among temperature, light, 
and noise on the abundance of both túngara frogs and 
midges. We then conducted two field experiments to par-
tition the main and interactive effects of noise and light 
pollution on the abundance and frog-finding behaviors 
of the midges. Given the importance of nighttime condi-
tions and the intricacies of frog calls to the mating success 
of both túngara frogs and frog-biting midges, we hypoth-
esized that noise and light pollution would interfere with 
these communication networks reducing the abundance 
of both species. Because frog-biting midges are active 
under laboratory conditions only at low light intensities 
(de Silva and Bernal 2013), and not present during the 
day in the wild (X. E. Bernal and T. A. McMahon, per-
sonal observation), we predicted that light pollution 
would be detrimental to them. However, because the 
midges find the vicinity of their host using mostly the call 
of the frog, we predicted that there would be a noise-by-
light interaction and that noise pollution might be even 
more detrimental than light pollution. Although both 
noise and light levels affect communication in túngara 
frogs (Rand et al. 1997, Baugh and Ryan 2010, Halfwerk 
et al. 2016), these frogs occur across a wide range of light 
conditions and thus we expected that they would be less 
susceptible to light pollution than frog-biting midges. In 
contrast to our predictions for light and noise pollution, 
because of the generally stable warm nocturnal temper-
ature conditions in the lowland tropics where these two 
species occur, we did not predict a strong effect of urban 
heat pollution on the distribution of either species.

Material and Methods

Urban vs. rural survey

To quantify the relationships among temperature, 
light, and noise levels and the abundance of túngara frogs 
(E. pustulosus) and their midge (Corethrella spp.) para-
sites, we surveyed 49 túngara frog calling sites in urban 
and rural areas (surveyed between 17 September and 3 
October 2012; each night the survey started half an hour 
after sunset, was conducted before moonrise, and did not 
continue past midnight; during this survey period, the 
moon was waning). The urban sites were found within a 
10 km transect, which started at Ancon Hill (Smithsonian 
Tropical Research Institute [STRI], Tupper-Tivoli 
Complex; 8°57.742′ N, 79°32.649′ W) in Panama City 
and continued along Omar Torrijos H. Avenue (urban 
sites were all within the city limits). The rural sites were 
found along Omar Torrijos H. Avenue near or within a 
10-km transect of Gamboa (9°06.780′ N, 79°64.884′ W), 
which is a small town surrounded by the mature rain-
forest of the Soberanía National Park (rural sites were all 
outside of the city and surrounded by forested areas). We 
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conducted an auditory and visual encounter survey for 
frog calling sites. When a calling site was detected, we 
searched for additional calling sites within 15  m in all 
directions. Most sites were identified and located audi-
torily. At each site, we recorded abundance of túngara 
frogs, counting all frogs present at the site including both 
male and female frogs. We also counted all frog-biting 
midges on or flying above the frogs, the number of 
túngara frog foam nests (egg masses), and the presence of 
other flying insects to rule out the potential effect of var-
iation in insecticide concentrations across breeding sites 
as insecticides could impact abundance of insects in 
general. For each site, we calculated the average of three 
measurements of light and noise intensity and substrate 
temperature. All measuring instruments were held 1 m 
above the center of the calling site. Light intensity was 
measured using a digital light meter (Lux/FC; Sper 
Scientific, Scottsdale, Arizona, USA), noise intensity was 
measured with a digital-display sound-level meter 
(RadioShack # 33-2055 [RadioShack]; measurements 
included natural and anthropogenic sounds), and tem-
perature was measured with a hand-held non-contact 
infrared thermometer (MT6 Raytek MiniTemp). We 
conducted this survey over six nights at the same time 
each night, and used the date of data collection as a 
blocking factor in the analysis to account for temporal 
and environmental variation.

Midge attraction experiment

Our field survey indicated that temperature was not a 
significant factor driving the distribution of frogs or 
midges, and thus we focused on light and noise pollution 
in our experiments. To test whether light and noise levels 
affect the ability of frog-biting midges to locate their 
hosts, we applied three fully crossed levels of light (0.l0, 
0.15, and 0.30 lx) and noise pollution (45, 60, and 75 dB 
sound pressure level [SPL; re. 20 mPa at 1 m]; referred to 
as frog call only, frog call and low city noise, and frog 
call and high city noise treatments, respectively) to sound 
traps. The sound traps used were modified versions of 
Center for Disease Control (CDC) miniature light traps 
(McKeever and Hartberg 1980). Each trap broadcast the 
same recording of a túngara frog call at 80 dB SPL (re. 
20 mPa at 1 m, a natural calling decibel) from a speaker 
and MP3 player (ISound 1603 and Sylvania SMP2200, 
respectively; the speaker simultaneously played the frog 
call and respective city noise treatment), representing the 
calling intensity characteristic of this species (Ryan 
1985).

To mimic conditions equivalent to noise pollution to 
the traps, traffic noise was recorded from Panama City, 
Panama, and broadcast at a trap at 4, 60, or 75 dB SPL. 
These noise pollution levels were chosen to match the 
range of noise intensity that we found in Panama City 
while sampling frog populations (see Fig. 1), we used this 
range because it was the range frogs were experiencing in 
the urban setting. To achieve the three desired light 

intensity levels, we placed artificial white lights at each 
trap that were covered with an opaque plastic shield to 
partially obscure the light source. The light was placed 
1 m away from each trap to avoid an increase in temper-
ature at the traps due to lighting (we verified there was no 
change in temperature at the end of each sampling 
period).

To conduct this experiment, we positioned three sound 
traps equidistant from a stream and forest edge in 
Gamboa, Panama (9°07.0′ N, 79°41.9′ W). The traps 
were separated by over 20 m so the sound from the treat-
ments was not detectable by a human standing at a dif-
ferent trap (T. A. McMahon, personal observation) and 
thus increased the chances that the treatments would be 
independent. Each trap was assigned one of the nine 
light-by-noise pollution treatments. We captured midges 
for 10 min at each trap and then the midges were eutha-
nized and counted. There was a 20-min break between 
trials, the traps were assigned a new treatment, and the 
midges were captured for 10 min and then counted. We 
conducted three trials per night; all nine treatments were 
tested each night in random order and location to reduce 
potential spatial and temporal biases. This procedure was 
repeated over 10 nights (surveyed between 19 and 29 
September 2012) for a total of 10 replicates or temporal 
blocks of each of the nine treatments.

Manipulative feeding experiment

The midge attraction experiment examined the ability 
of frog-biting midges to find their host under different 
levels of noise and light pollution, but because there 
were no frogs present, it could not evaluate whether 
midges that successfully found the host would have suc-
cessfully fed. To address this question, we conducted 
another field experiment where we could observe the 
behavior of the midges in response to the túngara frogs, 
when exposed to the same light and noise treatments as 
in the midge attraction experiment. Nine male túngara 
frogs were collected from Gamboa and placed individ-
ually inside nine circular containers (4 × 10 cm; height/
diameter) covered with mesh with openings (2  mm) 
large enough for the midges to access the frogs. This 
container was placed on top of a speaker that broadcast 
the same noise treatments (frog call and city noise) used 
in the previous experiment. We did not want the frogs 
themselves to call in this experiment because frog-biting 
midges are sensitive to variation in túngara frog call 
properties (Bernal et al. 2006, Aihara et al. 2015). To 
prevent the frogs from calling, we did not provide 
standing water, which túngara frogs require to call. 
Both the speaker and frog container were placed inside 
a larger container (an opaque plastic container 
13 × 24 × 35 cm, height × width × length), containing 
20 frog-biting midges (collected with a hand-operated 
insect aspirator) that did not have a fresh blood meal 
(recognizable because midges have expanded red 
abdomens after blood ingestion). The container was 
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open on top and was covered by fine white mesh that 
prevented the midges from escaping while allowing 
observations. The containers received the same light 
treatments used in the midge attraction experiment and 
were placed outside in the field approximately 20  m 
apart from each other to reduce treatment interference 
given that the stimuli did not carry that far (T. A. 
McMahon, personal observation).

Over a two-hour period, six 1-min observations were 
completed per treatment, recording number of animal 
movements (midge, walks or flights; frog, jumps). At the 

end of the 2-h trial, we recorded the number of midges (1) 
on the container holding the frog, (2) on the frog, and (3) 
with a blood meal. These procedures were repeated 
across 10 nights (conducted between 17 and 29 September 
2012; each time, we started one-half hour after sunset, 
before moon rise) resulting in 10 replicates or temporal 
blocks of each treatment. The location of each treatment 
was randomized within and across the temporal blocks 
and 180 midges and nine frogs were collected and released 
each night so that different individual midges and frogs 
were used in each trial.

Fig.  1.  Interaction (χ2

1
  =  3.30, P  <  0.001) between light and noise levels on the number (log10  +  1) of frog-biting midges 

(Corethrella spp.) counted per Engystomops pustulosus frog calling site at 49 breeding sites distributed from Panama City (urban) to 
Gamboa (rural) in the Republic of Panama. Panels A and B show the effects of light levels on midge captures above and below 
median sound levels (65 decibels), respectively, whereas panels C and D show the effects of sound levels on midge captures above 
and below the median light level (0.058 lux), respectively. Also shown are best-fit lines.
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Statistical analysis

Data were analyzed with R statistical software. 
Significance was attributed when P < 0.05. Frog-biting 
midges were considered a guild and thus their numbers 
were pooled together following previous studies inter-
ested in interspecific interactions between túngara frogs 
and frog-biting midges (Bernal et al. 2006, Trillo et al. 
2016). We conducted multimodel inference analyses 
(package, glmer; function, glmer; family, Poisson) con-
sidering all possible models using the dredge function in 
the MuMIn package. For these analyses, we report 
model-averaged, weighted coefficients and associated P 
values from models with delta AICc < 4 (change in the 
Akaike information criterion, corrected for sample size; 
see Appendix S1: Tables S1–S4).

Urban vs. rural survey.—A generalized linear model 
(package, glm; function, glm; family, Gaussian) was 
used to determine whether urbanization had an effect 
on temperature, light, and noise levels. For noise levels, 
the number of calling frogs was included as a covari-
ate in the analysis. We used a generalized linear model 
(package, glm; function, glm; family, Poisson) to deter-
mine if there was an effect of rural or urban location 
on midge abundance. We used the same package and 
function to test whether light and noise levels correlated 
with one another across the sampling sites. We also used 
a negative binomial generalized linear model (package, 
glm; function, glm.nb) to determine if there was a dif-
ference in the number of frogs and frog foam egg nests 
in urban and rural sites; for the frog foam egg nests we 
used number of frogs at each site as a covariate. To de-
termine the effects of temperature, light, noise, night, 
canopy cover (open/closed), and number of frogs on 
the abundance of frog-biting midges at each site, and 
to determine the effects of those same factors on the 
abundance of túngara frogs at each site, we conducted 
multimodel inference analyses (package, glmmADMB; 
function, glmmadmb, zeroinflated; family, nbinom) 
considering all possible models using the dredge func-

tion in the MuMIn package. For these analyses, we 
report model-averaged, weighted coefficients and asso-
ciated P values from models with delta AICc < 4 (see 
Appendix S1: Tables S1–S4).

Midge attraction experiment.—We analyzed the effect of 
light and noise levels and their interaction on the number 
of frog-biting midges collected in acoustic traps using a 
general linear model (package, glmmADMB; function, 
glmmadmb; family, nbinom) with night and treatment 
order as blocking factors.

Manipulative feeding experiment.—We used a gener-
al linear mixed model (package, nlme; function, glmer; 
family, Poisson) to test how light and noise levels, and 
their interaction affected the movement of the midges 
and frog, the proportion of midges on the frog container 
or the proportion of midges that obtained a blood meal, 
treating night as a blocking factor and the container as 
a random effect.

Results

Urban vs. rural survey

Urban sites had significantly higher light, noise, and 
temperature than rural sites (F1,39 = 29.73, F1,39 = 30.51, 
and F1,39 = 140.70, respectively, and P < 0.0001 for all 
analyses; Table 1). Light and noise intensity were posi-
tively correlated with one another (χ2

1
 = 19.73, P < 0.0001). 

There was no significant difference in túngara frog abun-
dance between rural and urban sites (Table 1; χ2

1
 = 1.53 

P = 0.13) but there were more foam nests in rural than 
urban sites (Table 1; χ2

1
 = 2.06, P = 0.04). Neither, light, 

noise, temperature, nor the interaction between light and 
noise were significant predictors of frog abundance (light, 
χ

2

1
 = 1.56, P = 0.12; noise, χ2

1
 = 1.27, P = 0.21; temper-

ature, χ2

1
 = 0.36, P = 0.72; light × noise, χ2

1
 = 0.36, P = 0.72; 

see Appendix S1: Figs. S1 and S2, Table S1 for model 
selection information).

In contrast to the abundance of the frogs, there were 
more frog-biting midges per calling site in rural than in 
urban sites, where there were no frog-biting midges found 
(Table 1; χ2

1
 = 2214.9, P < 0.001). Average temperature 

did not significantly affect midge abundance (χ2

1
 = 0.24, 

P = 0.08) and thus could not account for the absence of 
midges in the urban sites. However, midge abundance 
was associated positively with the number of frogs 
(χ2

1
 = 5.88, P < 0.0001) and negatively with light (χ2

1
 = 3.24, 

P  =  0.001) and noise levels (χ2

1
  =  2.94, P  =  0.003). 

Additionally, there was an interaction between light and 
noise levels (χ2

1
 = 3.30, P < 0.001); at low levels of noise, 

light intensity was negatively associated with midge 
abundance, but at high levels of noise, there were no 
midges regardless of light level (Fig. 1; see Appendix S1: 
Table S2 for model selection information). Flying insects 
other than frog-biting midges, such as mosquitos, were 
found at all of the sites.

Table 1.  Abiotic factors related with anthropogenic changes 
for host (Engystomops pustulosus) and parasite (Corethrella 
spp.) abundance at 49 frog breeding sites found between Pan-
ama City (urban) and Gamboa (rural) in the Republic of 
Panama. 

Factor Urban Rural

Light intensity 0.16 ± 0.02 lx 0.11 ± 0.02 lx
Noise intensity 69.0 ± 0.80 dB 59.2 ± 1.00 dB
Temperature 27.6° ± 0.09°C 25.9° ± 0.04°C
Túngara frog 

abundance
6.09 ± 2.63  

frogs/site
4.05 ± 1.11  

frogs/site
Foam nest 

abundance
2.06 ± 0.74  

nests/site
0.24 ± 0.23  

nests/site
Frog-biting midge 

abundance
0.00 ± 0.00 
midges/site

67.75 ± 43.27 
midges/site

Note: Values are mean ± SE.
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To reduce the likelihood that a third variable that 
differed between urban and rural sites was the true 
factor causing the decline in midges across the rural to 
urban gradient, we tested whether variation in light and 
noise levels in the rural sites only was also associated 
negatively with midge abundance. Within rural sites, 
midge abundance was again not significantly associated 
with temperature (χ2

1
 = 0.82, P = 0.41), but was posi-

tively associated with frog abundance (χ2

1
  =  24.63, 

P  =  0.001). Additionally, light and noise intensity 
remained the most important negative predictors of 
midge abundance (χ2

1
 = 8.75, P = 0.03 and χ2

1
 = 5.01, 

P  =  0.02, respectively). At low noise levels, light 
intensity had a significant negative effect on midge 
abundance but at high noise levels, light did not matter 
because of the strong negative effects of high noise 
intensity (interaction, χ2

1
 = 66.96, P < 0.0001; Appendix 

S1: Figs. S2 and S3).

Midge attraction experiment

There was no significant effect of order of presentation 
of the treatments (χ2

1
 = 0.09, P = 0.77), but there was a 

significant effect of sampling night on the number of 
midges collected (χ2

1
 = 44.25, P < 0.0001). Despite fluctu-

ations mediated by environmental conditions, we found 
a significant interaction between light and noise pollution 
(χ2

1
 = 18.88, P = 0.0008; Fig. 2). As with the field survey, 

at low light intensity, the number of midges was signifi-
cantly reduced by artificial noise, whereas at high light, 
few midges were collected regardless of noise level (See 
Fig. 1C, D for field survey).

Manipulative feeding experiment

We examined the effect of light and noise pollution on 
midge behavior once they are in close proximity to their 
host and found that light and noise intensity reduced the 
ability of midges to find and feed on their frog hosts. 
There was an effect of light intensity on midge activity 
but no effect of noise intensity or an interaction between 
these factors (χ2

1
 = 9.26, P = 0.002, χ2

1
 = 3.09, P = 0.08; 

light and noise, respectively; Fig. 3A; Appendix S1: Table 
S4 for model selection information). In terms of the 
number of midges that found the frog container, there 
was an interaction between light and noise intensity 
(χ2

1
 = 14.4, P = 0.006). At low light levels, there was a 

negative effect of noise intensity on the number midges 
that reached the frog container, but at high light, few 
midges reached the frog container regardless of noise 
treatment (Fig. 3B). On the other hand, noise and light 
pollution significantly increased the movement of the 
frogs (noise, χ2

1
  =  57.70, P  <  0.001; light, χ2

1
  =  57.60, 

P < 0.001; Fig. 3C), but there was no interaction between 
noise and light on frog activity (χ2

1
  =  0.31, P  =  0.57). 

Midges did not feed in treatments with artificial noise or 
light (0% had successful feeding events), whereas 40% of 
the replicates with no artificial noise or light had suc-
cessful feeding events (noise and light, χ2

1
 = 5.46, P = 0.03).

Discussion

Results from our field survey and two field experiments 
demonstrate that anthropogenic noise and light pollution 
associated with urbanization disrupt the túngara frog 
and frog-biting midge, host-parasite, interaction. Most 
previous work on the effects of light and noise pollution 
on the responses of organisms has considered the effects 
of these abiotic factors independently (Halfwerk and 
Slabbekoorn 2015), often also investigating only one 
species at a time. Our results show that the effects of arti-
ficial light and noise depend on the level of the other 
factor and highlight that the interaction between light 
and noise pollution can have important consequences on 
species interactions that would be missed if these factors 
were studied in isolation.

Although the abundances of hosts and parasites are 
typically correlated within their range (Hudson and 
Dobson 1995), parasitic frog-biting midges are absent in 
urbanized areas where their túngara frog hosts are 
present. Given that other flying insects, such as mos-
quitos, are found throughout all areas surveyed, the lack 
of frog-biting midges at the frogs’ breeding sites in the 
city is unlikely to be caused by higher insecticide use in 
urban than rural populations. Additionally, although 
urban sites had slightly warmer conditions, midge abun-
dance was not affected by temperature in the range doc-
umented in this study.

Variation in noise and light pollution, both across the 
urban and rural sites and within the rural sites, were the 
main predictors of midge abundance. In general, higher 

Fig.  2.  Number of frog-biting midges (Corethrella spp.) 
collected in acoustic traps (Gamboa, Panama) using a fully 
crossed 3 × 3 design: no, low, or high artificial light treatments 
(0.10, 0.15, 0.30 lux, respectively) crossed with Engystomops 
pustulosus frog call plus no (solid trend line), low (dashed trend 
line), or high (dotted trend line) city noise (45, 60, and 75 
decibels, respectively). Values shown are means ±1 SE.
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levels of artificial noise and light resulted in decreased 
abundance, and even absence, of frog-biting midges. This 
pattern suggests that even low levels of light or noise 
(tested here: 0.15 lux, 60 dB) can affect midge abundance 
and disrupt this host–parasite interaction. Our two 
experiments demonstrated that these field patterns were 
indeed causal. Noise intensity was an important negative 
predictor of midge abundance in the field survey and arti-
ficial noise and light levels decreased the ability of the 
midges to find the frogs. In fact, in both experiments we 
found that noise over approximately 60 dB affected par-
asite behaviors, such as the ability of the midges to 
localize their host. This reduced performance is probably 
caused by acoustic interference that results from the 
presence of anthropogenic noise. Given the frequency 
overlap of anthropogenic noise and the calls of túngara 
frogs, this novel source of noise could reduce the ability 
of the midges to detect and localize the frogs based on 
their calls. Some species of frogs, for example, increase 
the frequency of their mating calls in traffic noise, which 
may alter both inter- and intra-specific interactions 
(Parris et al. 2009). In addition to using acoustic signals 
to locate hosts for blood meals, frog-biting midges also 
use acoustic signals for intraspecific communication. 
Specifically, the midges use the wingbeats of conspecifics 
for courting purposes and to deter rival males (de Silva 
et  al. 2015). The frequency bandwidth of the mating 
signal of the midges also overlaps with the spectral prop-
erties of anthropogenic noise and efficient communi-
cation during mating is thus also likely reduced with 
noise pollution. Therefore, acoustic interference elicited 
by anthropogenic noise could compromise midge fitness 
by affecting reproductive potential in two ways: (1) inter-
fering with host detection and location and thus blood 
meal acquisition that will, in turn, reduce egg production, 
and (2) diminishing the chances of mating. These factors 
combined may have reduced the ability of the midges to 
have sustainable populations in urban areas where 
anthropogenic noise is high.

While it is clear that frog-biting midges depend on the 
acoustic signals produced by their hosts to acquire blood 
meals, little is known about how these midges hear. It is 
possible that frog-biting midges rely on antennal hearing 
to detect and respond to the calls of their anuran host. 
Frog-biting midges, however, respond to frog calls at dis-
tances greater than those expected to be within the range 
of antennal hearing suggesting that a more elaborate, tym-
panic organ may be involved in hearing (Page et al. 2014). 
Current research is investigating the hearing mechanisms 
in this midge; regardless of the specific organ(s) involved, 
given the spectral overlap of traffic noise and the calls of 
túngara frogs, a reduction in the ability of the midges to 
hear and respond to the frog calls is to be expected.

Our results also revealed an effect of anthropogenic 
light on midge abundance and their ability to successfully 
locate and bite their host. In the midge attraction exper-
iment, increased light intensity reduced midge abundance, 
and in the manipulative feeding experiment, midges 

Fig. 3.  Effect of artificial light and noise on the number of 
(A) frog-biting midge (Corethrella spp.) movements, (B) midges 
that successfully located the container holding the frog (Engy
stomops pustulosus; please note, the data points for the frog call 
only and frog call plus low city noise at 0.3 lux, are the same 
values and therefore overlap one another), and (C) frog move
ments within the container with a fully crossed 3 × 3 design with 
no, low, or high artificial light treatments (0.10, 0.15, 0.30 lux, 
respectively) crossed with frog call plus no (solid trend line), low 
(dashed trend line), or high (dotted trend line) city noise (45, 60, 
and 75 decibels, respectively). Values shown are means ±1 SE.
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reduced their movement when exposed to any level of arti-
ficial light, indicating that light is also an important 
stressor affecting the behavior of the midges. The reduced 
activity of the midges under high light levels made them 
less likely to find a frog host and is consistent with their 
lack of activity during the day in captivity and the wild. 
While it is expected that their host seeking behavior is 
timed with those hours in which the frogs are actively 
calling at night, the midges concentrate all their activities 
to the night hours becoming almost immobile when light 
intensity increases (de Silva and Bernal 2013). Ultimately, 
reduced activity at high light levels might be a strategy to 
minimize predation risk. In fact, when túngara frogs were 
presented with frog-biting midges in daylight hours, frogs 
readily consumed them (T. A. McMahon and X. E. 
Bernal, personal observation). Additionally, artificial light 
and noise increased the movements of the frogs, which 
could result in increased risk for the midges. Host 
movement and defensive behaviors can be a significant 
source of mortality for hematophagous insects (Walker 
and Edman 1985, Edman and Scott 1987), so augmented 
frog activity in high light conditions could further deter 
approaches by midges.

We found that túngara frogs in urban habitats were 
free of their frog-biting midge parasites. At this point, we 
do not have a good understanding of how the absence of 
this parasite may affect the fitness of urban túngara frogs. 
Given that the midges can take substantial amounts of 
blood from túngara frogs (~10% of blood volume in a 
night of active calling; X. E. Bernal, unpublished data), 
losing this parasite may result in higher reproductive 
success. Male frogs in areas that are not attacked by 
midges may be able to invest more energy into their sign-
aling strategy, such as increasing call rate, hours of 
activity each night, or chorus attendance, which would 
result in increased attractiveness to female frogs. The 
absence of this host–parasite relationship in urban areas 
could also potentially influence other organisms and pro-
cesses in the community. For example, túngara frogs are 
preyed upon by frog-eating bats that also depend on the 
mating call of the frogs to detect, localize, and finally eat 
them (Tuttle and Ryan 1981). Given that these bats may 
be able to compensate for the effect of noise through 
acoustic interference by using other cues (Gomes et al. 
2016a), frogs in midge-free breeding areas may encounter 
yet another source of antagonistic selection limiting their 
signaling strategies. Urban frogs, however, by being in 
areas with light and noise pollution, may have also 
escaped a different natural enemy. Frog-biting midges 
can transmit blood parasites, such as Trypanosoma tun-
garae, to túngara frogs (Bernal and Pinto 2016), so the 
absence of midges could have impacts on infectious 
disease dynamics in this community.

We found that both light and noise pollution disrupt 
host–parasite interactions. These findings highlight that 
more research is needed on the effects of urbanization on 
species interactions, parasitism in particular, and the 
importance of considering interactions among types of 

pollutants. This work is necessary to accurately assess the 
impacts of urbanization and altered interactions on eco-
logical communities and ecosystems.
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