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Cognitive functioning is vital for enabling animals of all taxa to optimise their chances of

survival and reproductive success. Learning and memory in particular are drivers of many

evolutionary processes. The field of cognitive ecology explores how the environment can

affect investment into cognitive capacity and learning ability. In this study, we examine

how developmental plasticity can affect cognitive ability by exploring the role of early

social environment on influencing problem solving ability and learning of female black field

crickets, Teleogryllus commodus. We used two learning paradigms, an analog of the Morris

water maze and a novel linear maze, to examine cognitive differences between individuals

reared in two acoustic treatments: silence or calling. Although there was no evidence of

learning or memory, individuals that took longer to mature solved the Morris water maze

more quickly. This suggests that increased investment into cognitive development is likely

associated with increased development time during immature stages. Inconsistent

individual performance and motivation during the novel linear maze task highlights the

difficulties of designing ecologically relevant learning tasks within a lab setting. The role of

experimental design in understanding cognitive ability and learning in more natural

circumstances is discussed.
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10 Abstract
11 Cognitive functioning is vital for enabling animals of all taxa to optimise their chances of 

12 survival and reproductive success. Learning and memory in particular are drivers of many 

13 evolutionary processes. The field of cognitive ecology explores how the environment can affect 

14 investment into cognitive capacity and learning ability. In this study, we examine how 

15 developmental plasticity can affect cognitive ability by exploring the role of early social 

16 environment on influencing problem solving ability and learning of female black field crickets, 

17 Teleogryllus commodus. We used two learning paradigms, an analog of the Morris water maze 

18 and a novel linear maze, to examine cognitive differences between individuals reared in two 

19 acoustic treatments: silence or calling. Although there was no evidence of learning or memory, 

20 individuals that took longer to mature solved the Morris water maze more quickly. This 

21 suggests that increased investment into cognitive development is likely associated with 

22 increased development time during immature stages. Inconsistent individual performance and 

23 motivation during the novel linear maze task highlights the difficulties of designing ecologically 

24 relevant learning tasks within a lab setting. The role of experimental design in understanding 

25 cognitive ability and learning in more natural circumstances is discussed. 
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28 Introduction
29

30 Vital tasks for all animals, such as survival and reproduction, are facilitated by their ability to 

31 perceive and interpret their world and are therefore heavily reliant on cognitive functioning 

32 (Buchanan et al., 2013). In addition to cognitive ability, learning and memory are particular 

33 drivers of many evolutionary processes as they allow individuals to effectively respond to cues 

34 within varied environments and respond accordingly (see Mettke-Hofmann, 2014 for review). 

35 The ability to alter behaviour immediately in response to rapid change can ultimately lead to a 

36 more robust individual able to succeed under a wider range of conditions, potentially through 

37 the use of novel behaviours (Dukas, 2013). However, due to the large energy investment 

38 needed to develop and maintain the cognitive structures needed for learning, studies 

39 demonstrate that investment into learning often reduces reproductive success (Snell-Rood et 

40 al., 2011), adult longevity (Burger et al., 2008), gut length (Liao et al., 2016), larval longevity 

41 (Mery & Kawecki, 2003), locomotor activity (Zwoinska et al., 2016) and fecundity (Mery & 

42 Kawecki, 2004). It is suggested that these energetic trade-offs are likely the reason enhanced 

43 cognitive development has not stabilised under selection (Snell-Rood, 2013) and is more 

44 apparent in species where enhanced cognition improves fitness (Cowie et al., 1981; Gaulin & 

45 Fitzgerld, 1989). 

46 Further, individuals within a species are known to demonstrate environmentally-cued 

47 condition-dependent cognitive development (see Buchanan et al., 2013 for review) when novel 

48 behaviours are made necessary due to environmental variations (Clayton & Krebs, 1994) such 

49 as seasonality (Clayton et al., 1997), food availability (Healy & Krebs, 1992) and urbanisation 

50 (Mettke-Hofmann, 2016). Cognitive factors can also speed up evolutionary and ecological 

51 pattern changes during periods of rapid environmental change or extremes as a result of 

52 cognition driving coping mechanisms (Roth et al., 2015). The field of cognitive ecology now 

53 focuses more on the flexibility of cognitive ability within an individual9s lifetime (Real, 1993), 

54 and how this flexibility can affect cognition and behaviour both develop and influence 

55 populations (Healy & Braithwaite, 2000; Roth et al., 2015).

56 More recent work examines how juvenile environments shape cognitive investment and 

57 therefore cognitive ability and performance at maturity (Buchanan et al., 2013). Since it is 

58 advantageous for an individual to reduce costs where possible (Snell-Rood, 2013), if an animal 

59 is able to pre-emptively assess their future environment and modify their cognitive investment 

60 to match the learning capacity and performance needed in that environment, cognitive costs 

61 can be minimised (Snell-Rood et al., 2009). For example, parasitic wasps were only able to learn 

62 odour cues when reared in heterogeneous habitats (Potting et al., 1997). Additionally, various 

63 fish species that experience stable juvenile conditions have decreased learning ability as adults 
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64 relative to those that during development experienced either varied food types (Kotrschal & 

65 Taborsky, 2010), habitat complexity (Sheenaja & Thomas, 2011), or visual environments (Girvan 

66 & Braithwaite, 2000). In other words, individuals only invest in cognitive capacity when there is 

67 a potential fitness benefit inherent in properly assessing their variable environment (Buchanan 

68 et al., 2013; Van Praag et al., 2000). 

69 Apart from fluctuating habitat and resource cues, the social environment is also a 

70 particularly useful cue for many species as it is often a direct indicator of conspecific 

71 competition and mate availability (Kasumovic & Brooks, 2011). As no single phenotype is ideal 

72 for every possible social context, shifts in developmental trajectories in response to reliable 

73 social cues can result in improved phenotype-environment matching and increased fitness 

74 (Kasumovic et al., 2011; Kasumovic & Andrade, 2006; Kasumovic & Andrade, 2009). Social 

75 information gleaned during immaturity can also alter how individuals behave at maturity in 

76 their mate preferences (Kasumovic et al., 2012) and in how intensely they compete (Kasumovic, 

77 Hall & Brooks, 2012; Bussiere et al., 2005). Evidence also suggests that male and female 

78 Drosophila melanogaster can learn how to successfully navigate courtship opportunities from 

79 juvenile experiences (Dukas, 2005a; Dukas, 2005b). 

80 Due to the importance of both phenotypic plasticity and learning to individual fitness, 

81 distinguishing how they are integrated with the use of ecologically relevant models is crucial to 

82 a comprehensive understanding of evolutionary processes (Dukas, 2013; Roth et al., 2015). 

83 Combining the two well studied and established areas exploring the influence of environmental 

84 variation on cognitive ability (Buchanan et al., 2013; Van Praag et al., 2000) and the influence of 

85 juvenile social environment on physical attributes (Kasumovic et al., 2011; Kasumovic & 

86 Andrade, 2006; Kasumovic & Andrade, 2009), the primary aim of this study is to examine the 

87 effect of early life social environment on the learning ability of Australian black field crickets 

88 (Teleogryllus commodus).

89 The social environment is of particular importance to T. commodus as individuals alter their 

90 investment in fitness related traits and behaviours in response to the density and quality of calls 

91 they hear while in their final juvenile instar (Kasumovic et al., 2011). Females also vary in their 

92 motivation and mate choice as a function of the juvenile social environment experienced 

93 (Kasumovic et al., 2011; Kasumovic, Hall & Brooks, 2012). As female fitness relies on the ability 

94 to successfully locate a calling male (Loher & Rence, 1978), we hypothesize that females reared 

95 under different social environments will differentially invest in cognitive ability and that this 

96 would manifest in differences in their searching performance and ability to learn. 

97 With this in mind, to test our hypothesis, we reared individual females in two different social 

98 environments: under silence or among recorded male calls. Due to the large amount of support 

99 for the effect of environmental heterogeneity on the cognitive abilities in vertebrates and 
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100 invertebrates alike (Van Praag et al., 2000), we predicted that individuals experiencing the 

101 calling treatment during developmental stages would have increased cognitive abilities 

102 compared to those reared in silence. We used two separate experiments to examine whether 

103 the juvenile social environment affected individual problem solving, learning, and memory. The 

104 first experiment made use of a simple learning task well established for use in neurological and 

105 behavioural studies, the Morris Water Maze (Morris, 1981) and a second experiment examined 

106 spatial and route learning in female T. commodus in a novel linear maze of original design. 

107 Materials and Methods
108 Rearing treatments

109 We used female Australian black field crickets (Teleogryllus commodus) that were fourth 

110 generation lab reared individuals of third generation stock supplemented with 200 individuals 

111 collected in March 2014 at Smiths Lake (32p229S, 152p309E), NSW. Individuals were reared in 

112 communal tubs (75 × 45 × 45 cm) with ad libitum food and water until the second last juvenile 

113 instar. We removed females when they could be sexed (two instars prior to maturity) and 

114 housed them in individual plastic containers (5 × 5 × 3 cm) with a single egg carton for shelter, 

115 water, and four pieces of cat food replaced weekly. Individuals were checked daily for eclosion 

116 to the last juvenile instar after which they were measured (pronotum width), weighed and 

117 randomly assigned to one of two rearing treatments according to Kasumovic et al. (2011). 

118 In two separate acoustically isolated rooms, females either experienced the calls of three 

119 recorded males, each calling at a different rate, or silence (see Kasumovic et al., 2011 for 

120 greater details on the nature of the recordings used). In the calling treatment, three speakers 

121 (Logitech R-10) were placed on opposite sides of a one metre diameter circle surrounding the 

122 females. The speakers played recorded high (25 calls/min), medium (18 calls/min), and low 

123 (12.5 calls/min) quality calls at an amplitude of 70dB during the standardised 12 dark hours 

124 experienced by all individuals (Kasumovic et al., 2011). To ensure there was no influence of 

125 room and speaker location, individuals were moved between treatment rooms daily and the 

126 placement of individuals between the speakers was randomised. The silent treatment was 

127 isolated acoustically, ensuring the females did not experience any male calls between their final 

128 instar and maturity. We checked individuals daily for maturation, and once mature, they were 

129 once again measured, weighed and had their development time recorded. Females in 

130 Experiment 1 were tested the next day whereas females in Experiment 2 were housed in our 

131 communal stock room where they heard adult males calling until testing after day 10. All cricket 

132 stock, treatment and testing rooms were temperature controlled at 28pC and maintained on a 

133 12:12 hour light: dark cycle.

134 Experiment 1: Morris Water Maze Analog 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2728v1 | CC BY 4.0 Open Access | rec: 14 Jan 2017, publ: 14 Jan 2017



135 Apparatus 

136 Derived from the heat maze design introduced by Foucaud (2010) for use with Drosophila, 

137 the apparatus consisted of 64 thermoelectric elements (each 4 cm2) aligned in an 8 × 8 array 

138 (Figure 1A). This allowed us to create an arena with a floor temperature of 45±4pC, except for a 

139 single element maintained at 28±4pC to act as the target zone, similar to previous Morris Water 

140 Maze (MWM) analogs (Mizunami et al., 1993; Mizunami et al., 1998; Wessnitzer et al., 2008). 

141 On top of the thermoelectric elements, we placed a thin copper layer covered with white 

142 contact paper (Figure 1A). This served three purposes: (1) it visually camouflaged the single 

143 lower temperature target zone, (2) it ensured an even temperature distribution throughout the 

144 arena, and (3) it allowed for easy removal of any possible olfactory cues between trials. We 

145 placed a circular wall around the area (30cm diameter and 30cm in height) on top of the 

146 constructed arena floor to ensure there were no visually identifiable corners and that 

147 individuals could not escape the apparatus.

148

149

150 Figure 1: (A) The design of our heat maze as seen from above. N, E, S, W = The resulting 

151 direction of the axes X and Y separating the design into 4 quadrats (Q1-4) each consisting of 4 x 

152 4 Peltier thermoelectric elements. The positioning of each visual cue (A 3 D) corresponds with 
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153 each of the 4 axes. (B) The visual cues used in the heat maze positioned along the interior 

154 bottom edge of the arena wall.

155

156 The whole apparatus was covered with a semitransparent white cloth canopy in order to 

157 control for unwanted extra-maze cues while allowing for incoming light from a bulb positioned 

158 directly above the centre of the arena. Along the bottom edge of the arena wall, corresponding 

159 to each axis, four different geometric designs (Figure 1B) were positioned to act as visual cues 

160 that females could use to find the target zone. A web camera (Logitech Pro C920) was 

161 positioned at the centre of the canopy so that we could record each trial.

162 Methodology 

163 On day one or two after maturation, we exposed females to a training session (pretraining 

164 trial) where they were placed on the cooled target zone for a 5-minute period under a 

165 transparent glass beaker. The diameter of the beaker was large enough to allow the female to 

166 explore the area outside the cooled target zone to become familiar with the aversive heated 

167 surroundings and orient towards the visual cues. The initiation trial involved removing the 

168 beaker and allowing the female to move off the target zone and explore the area in accordance 

169 with similar MWM analogs (Mizunami et al., 1993). If females did not move off the zone within 

170 30 seconds, they were gently guided off the target zone with a brush in whichever direction 

171 they were facing. These trials were specifically used to train the cricket to the task and were not 

172 examined in the statistical analyses.

173 After the pretraining and initiation trial, we ran six regular training trials where we placed 

174 females in front of and facing one of the four visual cues. The specific visual cue females were 

175 placed in front of was randomized for each trial to minimise the use of muscle memory or route 

176 learning. We then recorded whether females successfully located the target zone and how long 

177 it took females to reach it. The target zone was located in the middle of Q1 for all the 

178 pretraining and training trials. We next completed a probe trial which allowed the testing of 

179 visual learning. For the probe trials, the target zone was rotated 180p by rotating the moveable 

180 arena wall and was thus located in Q3. We then completed one last regular training trial on day 

181 two to see if any learning was maintained overnight. 

182 Each individual thus received a pretraining trial, a single initiation trial, six regular training 

183 trials, a single probe trial, and a single regular training trial on the subsequent day. We 

184 completed these trials for a total of 18 individuals from each treatment (N=36). During all trials, 

185 the crickets were handled with a transparent glass beaker and transparent perspex sheet to 

186 minimise handling stress to the animal. Between all trials of both experiments, individuals were 

187 rested for two minutes in a white plastic tub. All trials ended after the female either made 

188 contact with and remained on the target zone for a minimum of 30 seconds or after a 
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189 maximum of five minutes to minimize the possibility of heat shock. If they did not reach the 

190 target zone within five minutes, the individual was guided onto it with the use of a transparent 

191 beaker and rested there for 30 seconds before being removed for the rest period. 

192

193 Experiment 2: Linear Maze 

194 Apparatus 

195 The novel design (Figure 2), hereby known as the ball-and-chain linear maze (LM), was 

196 derived from the single unit depicted by Ballachey (1934) for use with the white rat. 

197 Constructed of white corrugated plastic, each section of the linear maze was 25cm long and 

198 4cm high and topped with transparent acetate sheets to prevent escape. This skeletal structure 

199 with no attached floor was positioned over replaceable paper towel during trials to remove any 

200 olfactory cues. It comprised a single start box leading directly to four identical units, followed by 

201 a goal box separated with mesh from a speaker playing a high quality call during each trial 

202 (Figure 2). This male call initiated phonotaxis in females. Upon entering each unit, the female 

203 encountered a cued wall and two possible pathways, featuring one visual cue (using cue A in 

204 Figure 1B) associated with an open pathway and an uncued wall associated with a blocked 

205 pathway.

206

207 Figure 2: The linear Maze apparatus as seen from above. Females navigated four identical units 

208 (1 3 4) each 25cm in length. Individuals began in the start box (S) and the trial began when a 

209 female9s abdomen crossed the start line (L). They were required to reach the goal box (G), 

210 separated from a speaker by a mesh wall. At the beginning of each unit (1-4), females were 

211 presented with a single visual cue (VC), placed on the bottom corner of the cued wall (CW) 

212 closest to the pathway that gave them access to the correct pathway; the pathway that allowed 

213 them to pass out of the unit. Incorrect pathways were uncued and completely blocked with a 

214 door (D) on one side of each unit.

215

216 We recorded the progress through the maze using a web camera (Logitech Pro C920) 

217 positioned approximated one metre directly above the centre of the maze. As female T. 

218 commodus are nocturnal and perform all their searching at night, all trials were performed in a 
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219 near dark room. Low lighting was provided from a single and consistently lit direction separated 

220 from the room by black cloth in order to mimic moonlight. As crickets are unable to see red 

221 light, a single red globe was positioned above the maze to facilitate video recordings.

222 Methodology 

223 As female T.commodus do not reach sexual maturity until seven to 10 days after maturation, 

224 we tested a female9s performance in the maze 10 to 15 days following adult eclosion. All 

225 individuals were first tested for search behaviour with a single pretraining trial. In the 

226 pretraining trial, all pathways of all four units were left open and each pathway was associated 

227 with a visual cue to allow females to learn that an open door was associated with a visual cue. 

228 Twenty females from each treatment demonstrated a level of searching applicable to training. 

229 This was defined as whether they approached the mesh wall within a maximum of four minutes 

230 during this pretraining trial. We next tested these females for learning with a maximum of 

231 seven training trials (depending on their performance), one probe trial and a final test the 

232 following day to see if any learning was maintained overnight.

233 All trials began when the entirety of the females9 abdomen crossed the start line between 

234 the start box and unit 1 (Figure 2). If they did not do so within two minutes, they were gently 

235 guided out of the box with a brush. All trials ended when an individual either completed the 

236 trial by approaching the mesh wall, displayed non search behaviour by remaining stationary for 

237 over one minute, or after the maximum time had elapsed. Evidence that an individual had 

238 mastered the task and learnt the correct route through the maze was demonstrated by 

239 navigating the maze twice in a row with no errors. All training and probe trials had a maximum 

240 of five minutes, not including time spent in the start box. For each training trial, one pathway of 

241 each unit was blocked off completely by a white corrugated plastic door attached to both walls 

242 with white tape. Females were not able to see which pathway allowed them access to the 

243 subsequent unit (the correct pathway) or which was completely blocked (the incorrect 

244 pathway) because of the design of the maze (Figure 2). Females would thus need to associate 

245 the visual cue with the open pathway. The correct path through the four units was randomly 

246 selected for each individual prior to training trials and always contained two correct pathways 

247 to the left and two correct pathways to the right in order to minimise the influence of any 

248 possible turning preferences. Each probe trial involved the mirroring of the final correct 

249 pathway the female was tested with to examine whether they would follow the cues to the 

250 mesh wall despite being positioned on the opposite wall. During all trials, the females were 

251 handled with a transparent glass beaker and transparent perspex sheet to minimise handling 

252 stress. Between all trials of both experiments, individuals were rested for two minutes in a dark, 

253 covered white plastic tub. 
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254 For each trial, we recorded the length of time it took females to complete the task as well as 

255 pauses while searching and the number of times females attempted to dig into a corner or door 

256 in an attempt to break through the barriers of the maze. We also counted the number of errors 

257 females performed; defined as following the incorrect pathway, following the correct pathway 

258 but turning around instead of completing the unit, and backtracking into the previous unit. 

259 Statistical Analysis 

260 All trial video files were renamed and randomised by an external party to ensure a blind 

261 analysis. Video recordings of each trial were analysed in real time with the behaviour tracking 

262 software program JWatcher V1.0 (A joint venture by Macquarie University and UCLA, 2000 - 

263 2006). 

264 We used a MANOVA to examine whether our treatments affected developmental rate, 

265 growth, and weight gain. Growth and weight gain were calculated as the difference between 

266 measurements taken during the adult and last juvenile instar and controlled for by the final 

267 juvenile instar size.  We then used individual ANOVAs to explore each of the individual traits.

268 To examine whether any factors affected success in the heat maze, we first used a linear 

269 model to explore whether treatment, development rate, and trial weight predicted the number 

270 of successful trials. We only used the six training trials in this examination. We next used a 

271 linear mixed model to examine whether treatment, development rate, or trial weight predicted 

272 the time to completion for the individuals that successfully completed the trials; we used 

273 individual as a random variable in this analysis. We next looked for evidence of learning by 

274 exploring whether individuals improved over time. For this analysis, we used a linear mixed 

275 model with treatment development rate and weight as factors while controlling for trial 

276 number and starting position; we also used individual as a random variable. We included 

277 individuals that did not complete the trials successfully with the maximum time value possible 

278 (300 seconds). We also used a linear model to examine whether treatment, development rate, 

279 and trial weight predicted the time to completion in the probe trial and the training trial on the 

280 subsequent day.

281 We used a GLM to examine whether development rate, weight, and treatment affected 

282 whether a female successfully completed the linear maze; we used trial as a covariate and 

283 added female identity as a random variable. We next used a mixed model to explore whether 

284 development rate, weight, or treatment affected the speed at which females successfully 

285 completed a trial; we used trial as a covariate and added female identity as a random variable. 

286 We used the same type of mixed model analyses to examine whether these variables affected 

287 the number of errors, pauses, and shoves during the linear maze trials. We also used a GLM to 

288 examine whether treatment, development rate, and trial weight predicted completion success 
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289 in the mirror trial and the trial on the subsequent day, and a linear model to examine whether 

290 treatment, development rate, and trial weight predicted the time to completion of successful 

291 trials in the probe trial and the trial on the subsequent day.

292 We used R 3.3.1 to perform all analyses and used the lme4 package (Bates et al., 2015) to 

293 perform mixed model analyses. We log transformed the number of errors, pauses, and escape 

294 attempts (shoves) to improve the distributions.

295

296 Results
297 Rearing treatments

298 We reared a total of 76 females in the two rearing treatments. There was no overall effect of 

299 rearing treatment on development (MANOVA: F3,72=0.37, P=0.77). Subsequent ANOVAs for 

300 each trait also demonstrate no effect of treatment on development rate (F1,74=0.83, P=0.37), 

301 growth (F1,74=0.12, P=0.73), or weight gain (F1,74=0.07, P=0.79).

302 Experiment 1: Morris Water Maze Analog 

303 In our linear model, the number of successful trials a female completed was predicted by 

304 development rate (t=-3.47, P=0.001), with females that developed more quickly having a higher 

305 failure rate (Figure 3). Neither weight (t=1.02. P=0.31) nor treatment (t=1.02, P=0.31) predicted 

306 a female9s success rate.
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307

308 Figure 3: The number of successful trials a female completed was predicted by the 

309 development rate with females that developed at a higher rate having a lower success rate. 

310 Shaded areas are 95% confidence intervals.

311

312 In our linear mixed model, we found no evidence that treatment (t=-0.05, P=0.96), 

313 development rate (t=0.09, P=0.93), or weight (t=1.70, P=0.10) predicted the completion time of 

314 the successful trials. We also found no evidence that individuals improved in how quickly they 

315 completed the heat maze over subsequent trials (Table 1, Figure 4), suggesting that individuals 

316 did not learn during the trials. Development rate was nearly significant (F=3.48, P=0.07) likely 

317 because the addition of individuals that did not complete the trials developed significantly 

318 faster (Figure 3). There were no factors that predicted female performance in the probe trial 

319 (All P>0.21) or the training trial on the subsequent day (All P>0.18). 

320

321

322 Table 1: The results to the linear mixed model examining whether time to completion varied 

323 through trials as a consequence of the trial, phenotypic traits, and the starting position. Since 

324 development rate was an important predictor of success, the interaction term specifically 

325 explores whether individuals with different development rates varied in their learning.
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DF F P

Treatment 1, 31.22 1.36 0.25

Development Rate 2, 30.77 3.48 0.07

Weight 2, 30.47 0.52 0.47

Trial 5, 156.94 1.42 0.22

Start Position 3, 160.41 1.01 0.39

Development Rate × Trial 5, 156.56 0.37 0.87

326

327

328 Figure 4: Violin plots of the completion time for individuals in the six regular training trials. 

329 The width of the plot signifies the probability density of the data at different values. There is no 

330 evidence for improvement over the trials. 

331

332 Experiment 2: Linear Maze 

333 Females from both treatments completed a similar number of linear maze trials (silent: 

334 6.55±0.20, calling: 6.65±0.22; N=40). Treatment, development rate, or weight did not predict 

335 whether females completed the linear maze successfully (All P>0.50). Of the females that 

336 successfully completed the linear maze trials, there was no effect of treatment, development 

337 rate, or weight on the speed with which females completed the trial (All P>0.20).
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338 The treatment, development rate or weight did not affect the number of errors that females 

339 made during the trial (All P>0.45) or the number of attempts to escape the trial (All P>0.30). 

340 There was no effect of development rate (F=0.00, P=0.99), weight (F=0.14, P=0.71), or trial 

341 (F=0.50, P=0.81) on the number of times females paused while searching in the linear maze. 

342 However, females from the silent rearing treatment paused more often than females from the 

343 calling treatment (silent: 2.71±0.07, calling: 2.28±0.09; F=9.86, P=0.004). This effect, however, 

344 seems to be driven by a small number of individuals from the silent treatment that paused 

345 more frequently (Figure 5).

346 There was no effect of development rate, weight or treatment on whether females 

347 successfully completed the mirror trial (All P>0.11) or the trial on the following day (All P>0.11), 

348 nor the speed that successful females completed the probe trial (All P>0.30) or the trial on the 

349 following day (All P>0.21).

350

351 Figure 5: A violin plot demonstrating that a small number of females within the silent 

352 treatment pause more often than females from the calling treatment during linear maze trials. 

353 The width of the plot signifies the probability density of the data at different values.

354

355 Discussion
356
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357 Phenotypic plasticity is present in almost all organisms (West-Eberhard, 2003). This is 

358 especially true of investment into cognitive development and maintenance as it is energetically 

359 costly (Dukas, 2013). Although cognitive phenotypic plasticity is largely explored in vertebrate 

360 subjects (Van Praag et al., 2000), the effect of immature experience on invertebrates and the 

361 role this has on cognitive development is unclear (Durisko & Dukas, 2013). The aim of this study 

362 was thus to examine the effect of early life social environment on the cognitive ability of the 

363 Australian black field cricket (Teleogryllus commodus). We used two different learning 

364 paradigms to examine cognitive ability, including learning, memory and problem solving 

365 between individuals reared in calling and silent acoustic treatments. Although there was no 

366 evidence of learning regardless of treatment, there was evidence of differences in cognitive 

367 performance when using the Morris Water Maze analog. Individuals that developed at a slower 

368 rate showed improved performance, as measured as the number of successful trials, indicating 

369 that juvenile development rate has a greater role in determining cognitive ability relative to the 

370 social environment. This suggests that there are possible cognitive advantages in taking longer 

371 to mature, suggesting individuals are investing more resources into cognition during this time. 

372 Studies on certain bird species have shown that those seen to thrive in difficult, increasingly 

373 urbanised areas, are those with longer periods of incubation and fledging (Pocock, 2011; 

374 Maklakov et al., 2011). Such birds are more adaptable in new regions (Sol et al., 2005) and 

375 under highly varied climactic conditions (Moussus et al., 2011). 

376 In previous studies with T. commodus, the quality and density of calls that males and females 

377 hear prior to maturity affects how individuals invest towards different traits (Kasumovic et al., 

378 2011; Kasumovic, Hall & Brooks, 2012). This plasticity, however, was not seen in this study 

379 despite these same treatments previously shown to influence development rate (Kasumovic et 

380 al 2011; Kasumovic, Hall & Brooks, 2012). It is unclear as to why this study found no difference 

381 in developmental trajectories, though possibilities include seasonal differences between the 

382 time of year this and the previous experiment (Kasumovic, Chen & Wilkins, 2016) were 

383 conducted, as well as differences in overall stock population density and low sample sizes 

384 compared with the original study. Although variation in stock density and seasonal variation 

385 were not noted as issues in previous replications (eg. Kasumovic et al., 2011; Kasumovic, Hall & 

386 Brooks, 2012; Kasumovic et al., 2013), individuals in previous studies all experienced some 

387 recorded calling during developmental stages, though at varied qualities and densities. It may 

388 be that seasonal variation and tactile density in communal rearing tubs may be more important 

389 for cueing developmental trajectories in the absence of available calls (i.e. in silence). Future 

390 studies are needed to explore this possibility. Nonetheless, given natural variation in 

391 development rates, we were able to clearly examine how development rate affected cognitive 

392 performance and learning.
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393 The use of the MWM analog to test visual and spatial learning ability in invertebrates (e.g., 

394 Periplaneta Americana; Mizunami et al., 1998, Drosophila melanogaster; Foucaud et al., 2010) 

395 such as crickets (Gryllus bimaculatus; Wessnitzer et al., 2008) has shown previous success. 

396 Despite this, during this study, female T.commodus did not show any improvement across trials 

397 during the MWM task and did not learn the location of the target zone. As a consequence, it is 

398 not surprising that there was no difference between the training trials and the probe trial, as 

399 there was no evidence that individuals used the visual cues to locate the target zone. Although 

400 it is possible that the absence of learning may be due to the lack of ecological relevance of this 

401 paradigm to the fitness of female T. commodus, the fact that it was previously successfully used 

402 in crickets (Gryllus bimaculatus; Wessnitzer et al., 2008) and cockroaches (Periplaneta 

403 Americana; Mizunami et al., 1998) suggests that other unknown factors are attributable. 

404 Previous studies did not supply information concerning the age or rearing protocols used for 

405 their individuals so it is difficult to make a true comparison. The only known variation was the 

406 apparatus used to control the temperate of the aversive surface. Rather than using varied 

407 water flow, this experiment utilised thermoelectric Peltier elements and was modelled off that 

408 of Foucaud (2010) for use in Drosophila. Similar to this study, despite the long success of 

409 Drosophila and other invertebrates in modelling learning processes in a sexual behaviour 

410 context (Dukas, 2006), multiple attempts at altering cognitive development through early life 

411 variability has also shown mixed results (Durisko & Dukas, 2013). 

412 There was also no evidence that female T. commodus learn within the novel linear maze 

413 apparatus used during Experiment 2 or that females differed in their searching success as a 

414 function of development rate. This disparity between experiments may be due to the 

415 differences in age between individuals used during each: Experiment 1 was conducted one to 

416 two days following maturation while Experiment 2 was conducted 10 to 15 days as females do 

417 not become reproductively receptive until 7-10 days after eclosion. Differences in performance 

418 between the two experiments may also be as a result of social cues experienced during 

419 adulthood. After maturation, all individuals used in Experiment 2 were housed in a communal 

420 stock room along with a variety of calling males. Individuals were housed communally as pilot 

421 studies demonstrated that if individuals were housed in isolation following maturation in order 

422 to fully preserve treatment effects, they showed considerably less search behaviour when 

423 tested. However, this communal rearing may have caused the loss of treatment effect on 

424 cognitive ability for the individuals used during Experiment 2, therefore making Experiment 1 a 

425 more relevant representation of development time. 

426 The variance in the number of pauses between treatments demonstrated by individuals in 

427 Experiment 2, however, suggests that individuals from the calling treatment were more 

428 motivated to locate the males while searching. The difference in motivation may be a result of 

429 differences in egg production at this age (Kasumovic et al. 2011). This suggests that motivation 
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430 may be an important determinant of performance in cognitive trials and brings up several 

431 aspects relevant when designing learning paradigms (Timberlake, 2002). Many learning studies 

432 aim to control the motivation and consistent performance of the animal models by depriving 

433 them of food and water and using these necessities as rewards for the successful completion of 

434 a task (eg. Matsumoto & Mizunami, 2000). However, these nutritional deprivations have their 

435 own influences on cognitive performance (Rowe & Healy, 2014), which is why these 

436 motivations were avoided for this study. Although rewarding the completion of a learning task 

437 is a typical aspect of many learning studies and has been shown to increase learning and 

438 memory retention (Nakatani et al., 2009), it was not applicable to the design used in our study. 

439 Thus, a possible improvement for further study would be to incorporate a reward system. For 

440 this study, although females located the potential male, females were never allowed to mate 

441 with this 8phantom9 male, as mating would have affected further performance and any learning 

442 effects. This again highlights the difficulties in designing a learning paradigm that ensures 

443 consistent completion as well as application to true biological behaviours (Rowe & Healy, 2014). 

444 It is suggested that learning paradigms not fine-tuned to reflect the biology of the animal 

445 model are not an accurate assessment of learning ability in the wild (Timberlake, 2002). 

446 Although crickets have shown learning ability in other areas, includes reward recognition 

447 (Matsumoto & Mizunami, 2000), lifetime olfactory memory formation (Matsumoto & 

448 Mizunami, 2002), visual context dependent odour association (Matsumoto & Mizunami, 2004) 

449 and paired odour learning (Matsumoto & Mizunami, 2006), these experiences likely have less of 

450 a fitness association in nature compared to mate location (Rowe & Healy, 2014). In order to 

451 properly explore the effect of early life social environment on the investment into learning and 

452 memory in T.commodus, an alternate learning apparatus would be needed. Individual variation 

453 would need to be minimised through increasing motivation, possibly through mate choice 

454 learning or with the use of novel calls for each trial to maintain interest of the female. An 

455 examination into the differences in learning ability across varied ages would also be beneficial 

456 in the examination of learning to fitness due to possible differences between life stages. 

457 However, this may prove difficult as varied life stages would require differing ecologically 

458 relevant learning tasks which would be difficult to compare.  Investigation into wild population 

459 cognition is a growing field that, despite challenges, would be enormously beneficial to the 

460 understanding of how cognitive abilities may have evolved and contribute to ongoing 

461 evolutionary processes (Roth et al., 2016).

462
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