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Male sexual signals provide vital information about the quality of the signaller and can have important consequences for male repro-
ductive success. Habitat changes, however, are expected to affect male sexual displays. An important question, therefore, is to deter-
mine if and how such sexual displays are adjusted to changes in the signalling environment, especially in highly dynamic systems or 
those affected by human-induced environmental change. Desert, rivers, and springs are among the world’s most threatened habitats. 
Many of these fragile water bodies are being overwhelmed by invasive weeds and excess primary productivity as an indirect result 
of human agricultural demand for freshwater. Here, we investigated the effects of altered habitat on the courtship effort of male des-
ert gobies, Chlamydogobius eremius. Male courtship effort was observed in an environment that was either dominated by bulrush 
(Typha sp.) or modified by increased algal turbidity (Scendesmus sp.). We found that males that were exposed to an environment domi-
nated by bulrush spent more time courting in these environments compared with environments that were unaltered. In contrast, males 
that were exposed to environments modified by increased algal turbidity not only took longer to initiate courtship but also spent less 
time courting females. These results suggest that different habitat alterations can have important consequences for the reproductive 
behavior of affected organisms and, ultimately, the direction of sexual selection.
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INTRODUCTION
Sexual signals used by males to attract females can have a direct 
bearing on male reproductive success. Despite the potential repro-
ductive benefits, such displays can also be costly for males to pro-
duce and maintain (e.g., heightened predation risk: Woods et  al. 
2007; high energy demand: Hoefler et al. 2008). As a result, males 
are expected to adjust their signalling e"ort to maximize their 
reproductive payo"s while, at the same time, minimize associated 
costs (Head et al. 2010). Typically, sexual signals are finely attuned 
to the local environmental conditions in which they have evolved. 
This can have important consequences when conditions change—
both for the e!cacy of  sexual signals and the behavior of  the sig-
naller (Wilgers and Hebets 2011).

Most animals have experienced natural environmental change 
during their evolutionary history, but the higher speed of  anthro-
pogenic change can prove to be challenging for many species 
(Tuomainen and Candolin 2011). Human actions can have imme-
diate impacts on the signalling environment and, in so doing, the 
e"ectiveness of  sexual traits and/or signalling behavior (Wong 
et  al. 2007). In this respect, di"erent species appear to vary in 

their ability to adjust their signals in response to altered conditions 
(Wong and Candolin, 2014). Urban great tits, Parus major, for exam-
ple, are able to increase the frequency of  their acoustic signals so 
that they can be heard in noisy urban environments (Slabbekoorn 
and Peet 2003). Male tree frogs, Hyla arborea, by contrast, cannot 
(Lengagne 2008). Some animals may even respond in ways that are 
maladaptive, resulting in so called “evolutionary traps” (Rodewald 
et al. 2011).

For animals living in an increasingly human-dominated world, 
the capacity to adjust can have important consequences, not only 
for individual fitness but the viability of  populations and, ultimately, 
the persistence of  species (Candolin and Wong 2012; Wong and 
Candolin, 2014). In aquatic systems, for example, human-induced 
water turbidity can a"ect the signalling environment by reduc-
ing visibility—with negative reproductive repercussions, including 
altered mate choice (Sundin et al. 2010), mating system breakdown 
(Järvenpää and Lindström 2004), and even hybridization between 
closely related species (Seehausen et al. 1997). On the other hand, 
aquatic environments heavily impacted by agriculture and land 
degradation, can also create a more structurally complex habitat 
through the rampant growth of  vegetation, which may allow more 
individuals to settle into territories (Candolin 2004) or provide 
them with greater cover against would-be predators (Candolin and 
Voigt 1998).Address correspondence to B.B.M. Wong. E-mail: bob.wong@monash.edu.
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Desert, rivers, and springs are among the world’s most threat-
ened habitats (Kodric-Brown et  al. 2007). The scarcity of  fresh-
water imposes considerable demand on these highly dynamic but 
fragile aquatic systems and their inhabitants (Davis et  al. 2013). 
One species that is facing increasing pressure from anthropogenic 
sources is the desert goby, Chlamydogobius eremius, a small freshwater 
fish endemic to Central Australia. The biology, habits, and ecology 
of  this species make it an excellent system for studying the impacts 
of  environmental change and altered habitat complexity on sexual 
selection. During the breeding season, male gobies establish terri-
tories under crevices and attempt to attract passing females to their 
nest by performing short bouts of  courtship displays that involve 
flaring of  the male’s colourful fins accompanied by jerky body 
movements (Symons et  al. 2011). Many of  the rivers and springs 
inhabited by desert gobies, however, are also relied on by livestock 
(i.e., cattle), which trample and graze the margins, and contribute 
nutrients into the water causing increased primary productivity and 
extensive growth of  aquatic weeds (Lucas and Jones 2009). Such 
activities are likely to influence the signalling environment and, 
in so doing, a"ect male reproductive behaviors. Accordingly, the 
aim of  this study was to investigate how habitat changes caused by 
eutrophication and livestock grazing a"ect male courtship behav-
ior in desert gobies. Specifically, we experimentally exposed male 
gobies to 2 kinds of  disturbance to the visual environment associ-
ated with anthropogenic degradation of  aquatic habitat: 1) changes 
in habitat complexity caused by rampant growth of  riparian vege-
tation and 2) altered visibility caused by algal-induced water turbid-
ity. On the one hand, we might expect that increased vegetation/
algae might impact negatively on visual displays by reducing visibil-
ity (Candolin et al. 2007). On the other hand, the safety a"orded 
by increased vegetation and/or reduced conspicuousness to would-
be predators from elevated turbidity levels (Michelangeli and Wong 
2014), may actually facilitate male courtship behavior (Candolin 
and Voigt 1998).

METHODOLOGY
Housing & experimental set-up

Desert gobies were collected from the Lake Eyre Basin of  Central 
Australia using dip and seine nets. Fish were transported back to 
the laboratory at Monash University in 50 L coolers filled with 
water to a depth of  30 cm (density ~100 fish/cooler). Each tub was 
aerated using air pumps, and received a 50% change of  dechlori-
nated tap water once during the 2 days it took to transport the fish 
by car from the desert. This method of  transportation resulted in 
zero mortality.

Back in the laboratory, gobies were housed in separate-sex 300-L 
aquaria at a temperature of  24–26  °C on a 12 h light:dark cycle. 
Water within the tanks was maintained at a salinity of  5% (using 
Coralife Scientific Marine Grade Salt, ESU Inc., Franklin, WI). 
Salinity levels were monitored using a Hanna H198130 conductivity 
meter and, if  necessary, adjusted to the desired concentration by the 
addition of  either salt or filtered tap water. All fish were fed daily on a 
diet of  commercially prepared pellets and brine shrimp, Artemia spp.

We conducted 2 experiments to investigate the e"ects of  modi-
fied habitat complexity caused by human disturbance on the 
courtship behavior of  male desert gobies. The first experiment con-
sidered the e"ects of  increased riparian vegetation growth and the 
second examined the e"ects of  algae-induced turbidity. All exper-
imental trials were carried out in aquaria measuring 65-cm long 
× 20-cm wide, which were filled to a depth of  20 cm with water 

maintained at the same salinity and temperature levels as the stock 
tanks, and aerated using air stones. Experimental aquaria were 
divided into 2 sections: a large male compartment (55 × 20 cm) 
that was manipulated depending on treatment (see below), and a 
smaller female compartment (10 × 20 cm). We used a perforated 
clear plastic divider to separate the 2 sections so that the fish could 
see and interact with one another during experimental trials. The 
males were each provided with an artificial nest in the form of  a 
9-cmlong piece of  plastic tube made of  polyvinyl chloride (PVC) 
(3-cm diameter; sensu Wong and Svensson 2009), which sat flush 
on the gravel substrate surface with the opening facing the female 
compartment. Males used in our study were all sexually mature 
individuals, as determined by the presence of  nuptial colouration 
(Wong and Svensson 2009). Females used as stimulus fish were all 
gravid, as determined by their distended bellies. Di"erent sets of  
fish were used for each experiment. The research detailed in this 
paper was approved by the Biological Sciences Animal Ethics 
Committee of  Monash University.

Experiment 1: effect of dense vegetation
To determine the e"ects of  increased riparian vegetation growth 
on courtship behavior, males gobies were sequentially exposed to 
2 treatments in a randomized order: open habitat (n = 21) versus 
dense vegetation (n  =  21). In the dense vegetation treatment, we 
added 12 bunches of  bulrush (Typha) into the male compartment of  
the experimental aquaria, whereas in the open habitat treatment, 
the male compartment of  the aquaria was left bare. Both treat-
ments are reflective of  conditions that desert gobies would encoun-
ter in the field (Allen et al. 2002, Kodric-Brown et al. 2007)

Focal males (mean length ± SE  =  56.28 ± 1.14 mm; mean 
weight ± SE  =  4.13 ± 0.24 g) were acclimated to the test aquar-
ium before the start of  the trial for a minimum of  3  days. One 
day before the start of  the trial, a gravid female (mean length ± 
SE  =  47.12 ± 0.50 mm; mean weight ± SE  =  2.38 ± 0.07 g), was 
placed into the smaller compartment of  the experimental aquaria 
for acclimatization. During this time, a black opaque divider was 
inserted over the clear partition between the male and female 
compartments to prevent visual contact. The opaque divider was 
firmly secured into position with inserts that prevented the move-
ment of  water (and any associated olfactory cues) between com-
partments. A  day later, the opaque divider was removed and we 
recorded the time it took for the focal male to begin courting the 
female. The male was given a maximum 150 min to begin courting 
the female. Once the male had initiated courtship, we recorded the 
total time the male was courting over the 10-min sampling period, 
as well as the amount of  time the male subsequently spent inside 
its nest (sensu Wong and Svensson 2009, Svensson et  al. 2010, 
Michelangeli and Wong 2014). Behaviors were recorded by direct 
observation, with the observer sitting 2 m away from the brightly lit 
tanks in an otherwise darkened room so that the fish could not see 
the observer.

After completion of  the first treatment, the female was removed 
and returned to her stock tank. We then either removed or added 
bulrush to the male’s compartment (depending on the treatment 
that was applied first) to prepare the aquarium for the second treat-
ment. The whole process was then repeated with the same male 
using a second, randomly chosen female as a stimulus.

Experiment 2: effect of algal turbidity
To determine the e"ects of  increased algal turbidity on courtship 
behavior, male gobies were sequentially exposed to 2 treatments in a 
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randomized order: clear water (n = 20) versus turbid water (n = 20). 
Focal males (mean length ± SE  =  54.43 ± 1.45 mm; mean weight 
± SE  =  2.15 ± 0.19 g) were introduced into experimental aquaria 
a minimum 3  days prior to the commencement of  trials. An hour 
before each trial, an extra 4 cm of  water was added to each aquar-
ium so that the total depth was increased to 24 cm. For turbid treat-
ments, this extra water was mixed with a unicellular alga, Scenedesmus 
sp., so that tanks simulated turbid conditions associated with algal 
blooms. Scenedesmus is an abundant genus of  unicellular green algae 
that is commonly found in turbid freshwater systems worldwide 
(Pentecost 1984). In the clear water treatment, the 4 cm of  clean 
water was added to ensure that males, irrespective of  treatment, were 
subjected to the same level of  disturbance. Turbidity was measured 
using a HACH 2100Q Portable Turbidimeter (Hach Company, 
Notting Hill, VIC, Australia) and was significantly higher in tanks 
supplemented with algae (mean NTU ± SE: 9.43 ± 1.2) than in the 
control (i.e., clear water) tanks (mean NTU ± SE: 0.80 ± 0.30; paired 
t-test: t22  =  31.22, P  =  <0.001). These values fall within the range 
of  turbidity levels encountered in the field (Wong BBM, unpublished 
data). In addition, all tanks were aerated throughout experiments so 
that dissolved oxygen did not di"er between treatments (dissolved 
oxygen levels in turbid water trials = 79.1 ± 0.85%; clear water tri-
als = 79.6 ± 0.67%; paired t-test t38 = 0.49 P = 0.63).

Immediately after water was added, we used a similar experimental 
procedure as outlined in experiment 1. A gravid female (mean length 
± SE = 54.95 ± 4.6 mm; mean weight ± SE = 2.34 ± 0.5 g) was intro-
duced into the smaller compartment within the experimental aquar-
ium of  each male and given a 1-h acclimatization period. During 
this time, a black opaque divider was inserted over the clear partition 
between the male and female compartments to prevent visual contact. 
An hour later, the opaque divider was removed and we recorded the 
time it took for the focal male to begin courting the female. For this 
experiment, we only gave the male a maximum of  60 min to begin 
courting. This was done because we found that, in experiment 1, the 
majority of  males (approx. 70%) courted females within 1 h. Once the 
male had initiated courtship, we again quantified the courtship behav-
iors he was directing toward the female (fin flaring displays and jerky 
body movements) using the same method as in experiment 1.

At the conclusion of  the first treatment, the female was removed 
and returned to her stock tank. The focal male was then moved to 
another experimental aquarium where the whole process was then 
repeated with the alternate treatment, using a second, randomly 
chosen female as a stimulus.

Statistical analysis
Statistical analyses were carried out using the statistical program R 
2.11.1 (R Development Core Team 2010). In both experiments, the 
time taken to begin courting was examined using survival analy-
sis, which takes into account any males that did not court during 
the sampling period. The relationship between courtship latency 
time and treatment was analysed using a Cox-proportional hazards 
regression. This semiparametric model deals e"ectively with time-
to-event data characterized by right censoring (in this case, if  a male 
had failed to initiate courtship) and an unknown distribution, which 
in this analysis was a cluster distribution (Hougaard 2000). A clus-
ter distribution was used to accommodate the paired data design, 
which eliminates variability between subject, giving a greater sta-
tistical precision to a given sample size. Paired t-tests were used to 
compare male courtship behavior between the 2 treatments in both 
experiments. For each experiment, focal fish that failed to court in 
both treatments were excluded from the analysis.

RESULTS
Experiment 1: effect of dense vegetation

We found no e"ect of  treatment on the time taken for males to 
commence courting females (z = 0.47, P = 0.63; Figure 1a. Of  the 
21 males used in this experiment, 17 initiated courtship in the open 
treatment and 20 in the vegetated treatment.

We found that male desert gobies spent less time inside their 
nest (t20  =  −2.31, P  =  0.03; Figure  2a) and more time courting 
the female (t20  =  2.36, P  =  0.03; Figure  2b) in the dense vegeta-
tion treatment. Males thus increased their courtship e"ort in dense 
vegetation.

Experiment 2: effect of algal turbidity
Males took significantly longer to begin courting females in turbid 
than in clear water (z = 4.36, P = <0.001; Figure 1b). Of  the 20 
males used in this experiment, 17 initiated courtship in both treat-
ments. The remaining 3 males courted in the clear treatment but 
not in the turbid treatment.

Males did not di"er in the amount of  time they spent inside their 
nest (t16 = 0.91, P = 0.38; Figure 2c). However, when males were 
outside of  their nest, we found that they spent significantly more 
of  their time courting females in clear water than in turbid water 
(t16 = 3.79, P = <0.001; Figure 2d). In other words, males reduced 
their courtship e"ort in turbid conditions.
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Kaplan Meier curve showing the time taken for male desert gobies to begin 
courting in the (a) vegetation and (b) algal experiments. In both cases, the 
“+” indicates right-censored data.
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DISCUSSION
Two impacts of  human disturbance on freshwater systems, algal 
turbidity and increased growth of  riparian vegetation, appear to 
a"ect the courtship behavior of  male desert gobies. Interestingly, 
however, these habitat alterations caused opposite responses from 
courting males. Male gobies exposed to environments dominated 
by invasive bulrush, increased their courtship e"ort when compared 
with unaltered environments. Conversely, male gobies subject to 
environments modified by algal turbidity not only took longer to 
initiate courtship but also spent less time courting females. The dif-
ferential courtship e"ort observed between the 2 vegetation types 
suggests that both habitat alterations a"ect signaling dynamics in 
contrasting ways. It would seem that the greater vegetated cover 
created by the bulrush likely o"ered males a more protective court-
ing environment, whereas the poorer visual environment caused by 
increased algal turbidity reduced the e!cacy of  colorful courtship 
displays and therefore male motivation to perform them.

Effect of dense vegetation
It is well established that conspicuous reproductive behaviors often 
increase an individual’s susceptibility to would-be predators. This is 
particularly true of  males due to their bright nuptial coloration and 
intense courtship displays (Endler 1987; Godin and McDonough 
2003; Stuart-Fox et al. 2003; Husak et al. 2006). In many species, 
males are also larger and, thus, represent more profitable prey. It 
is likely that the perceived risk of  predation is lower in densely 
vegetated habitats, as increased vegetation often restricts predator 
movement and vision making prey less vulnerable (e.g., Anderson 
1984). For example, male three-spined sticklebacks, Gasterostus 

aculeatus, enjoy higher breeding success when nesting in concealed 
sites compared with males with exposed nests (Kraak et al. 1999). 
Hence, under the increased safety of  cover, it is likely that males 
can behave more boldly (Candolin et  al. 2007). Such cover may 
be particularly important for male desert gobies, which have been 
observed to reduce their courtship e"ort when they perceive preda-
tion risk to be high (Michelangeli and Wong 2014). However, the 
benefits of  increased cover (compared with a more open habitat) 
can be diminished if  dense vegetation restricts vision and reduces 
mate encounter rates (Candolin 2004), thus decreasing the prob-
ability of  mate detection and increasing the costs of  mate assess-
ment (Järvenpää and Lindström 2004).

In our study, there was no e"ect of  bulrush presence on male 
latency to begin courting. However, once the male had approached 
the female, we found that they invested greater e"ort into courting 
her in the dense vegetation treatment. In densely vegetated habitats, 
intense courtship may be required to attract females and maintain 
their interest (Engström-Öst and Candolin 2007). Thus, the cost of  
courtship is increased as males have to invest more time and energy 
into mate attraction. At the same time, the reduced risk of  predation 
means that males can also a"ord to invest more e"ort into courtship. 
This could a"ect the male’s mating probability as intense courtship 
under predation risk (Candolin 1997) and in habitats with poor vis-
ibility has been observed to influence the attractiveness of  males to 
females (Candolin et al. 2007; Engström-Öst and Candolin 2007).

Effect of algal turbidity
Male desert gobies took longer to detect and begin courting 
females in turbid water. It is suggested that in low light conditions, 
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perception of  patterns and coloration changes much more rap-
idly with viewing distance (Endler 1992). Turbidity causes reduced 
penetration of  light into the water column, deteriorating the 
visual spectrum and thus reducing the ability to detect and per-
ceive conspecifics (Utne-Palm 2002). For example, male sailfin 
mollies, Poecilia latipinna, were found to spend less time associating 
with females in turbid environments (Heubel and Schlupp 2006), 
whereas male broad-nosed pipefish, Syngnathus typhle, were shown to 
be less e!cient in evaluating potential mates (Sundin et al. 2010). 
Consequently, females may need to be in closer proximity to males 
in order for them to e"ectively detect each other. Such a possibility 
is supported by the findings of  Long and Rosenqvist (1998) who 
observed male guppies courting females at closer, less variable dis-
tances under poor visual conditions.

The time in which it takes males to first begin courting females in 
turbid water may be particularly important for male mating pros-
pects. In other fish species, females have been observed to become 
less discriminating in turbid water due to the higher cost imposed 
on mate searching (Järvenpää and Lindström 2004; Candolin et al. 
2007). As courtship displays are often utilized to entice potential 
suitors, male desert gobies which detect and begin courting females 
quicker in turbid water might have a selective advantage as they are 
more likely to gain the attention of  the female and thus more likely 
to mate. In contrast, those males who delay their courtship attempt 
due to an inability to detect the female may lose their opportunity 
to more vigilant males, irrespective of  quality. This has the poten-
tial to change the direction of  sexual selection and would be an 
interesting avenue for future research.

Apart from taking longer to initiate courtship, males also reduced 
the total time they spent courting in turbid water. Several studies 
have suggested that visual signals may become less conspicuous to 
females when visibility is reduced (Candolin et al. 2007, Engström-
Öst and Candolin 2007, Chapman et  al. 2009), and, as a result, 
may also alter female mate choice for these signals (Seehausen et al. 
1997). For example, female goodied fish, Xenoteca variatus, prefer 
more speckled, ornamentated males in clear—but not turbid—
water (Moyaho et al. 2004). Similarly, in desert gobies, if  the utlity 
of  visual signals is undermined under turbid conditons, it is con-
ceivable that males may decrease their courtship e"ort, especially if  
courtship is also energetically demanding (Olsson et al. 2009) and/
or if  turbidity also renders females less attractive to males (Sundin 
et al. 2010). Whether or not this decrease in courtship e"ort is an 
adaptive response is not certain, particularly as in other systems a 
compensatory increase in signaling e"ort in turbid conditions can 
be beneficial (Dugas and Franssen 2011, Eaton and Sloman 2011). 
Alternatively, males may benefit from using other mating strate-
gies (Candolin 2009) or rely on other sensory cues (Heuschele et al. 
2009) in order to overcome visually poor environments.

CONCLUSIONS
In conclusion, habitat alterations, by the addition of  either 
increased plant growth or excess algal turbidity, can influence 
male courtship behavior. Specifically, under turbid conditions male 
desert gobies took longer to initiate courtship and spent less time 
performing courtship displays, most likely a response to decreased 
visibility. However, in environments with increased vegetation den-
sity, males increased their courtship e"ort probably because they 
perceived the environment to be safer. Here, we did not consider 
the combined e"ects of  both vegetative types on the reproductive 
behavior of  male desert gobies, but this would likely be important 

in systems su"ering from human disturbance. Our results suggest 
that both habitat changes could have counteractive e"ects on each 
other. Although increased plant growth may provide more protec-
tive cover to perform colorful courtship displays, excess algal tur-
bidity reduces the e"ectiveness of  these displays and likely male 
preference to perform them. Consequently, the selection for other 
reproductive cues may become favored. Further exploration into 
strategies males might adopt when visual signals are deprived and 
its consequences on female mating decisions and predator–prey 
interactions will provide valuable insight into how aquatic species 
respond to environmental change. This may be particularly impor-
tant considering that many aquatic systems are facing sustained 
long-term environmental alterations due to human disturbance.
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