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Neural and sensory basis of homing behavior in the
invasive cane toad, Rhinella marina

Abstract

The behavioral, sensory, and neural bases of vertebrate navigation are primarily
described in mammals and birds. While many studies have explored amphibian
navigation, none have characterized brain activity associated with navigation in the wild.
To address this knowledge gap, we conducted a study on navigation in the cane toad,
Rhinella marina. First, we performed a translocation experiment to describe how
invasive cane toads in Hawai‘i navigate home and observed homing following
displacements of up to one kilometer. Next, we tested the effect of olfactory and
magnetosensory manipulations on homing, as these senses are most commonly
associated with amphibian navigation. We found that neither ablation alone prevents
homing, further supporting that toad navigation is multimodal. Finally, we tested the
hypothesis that the medial pallium, the amphibian homolog to the hippocampus, is
involved in homing. Our comparisons of neural activity revealed evidence supporting a
conservation of neural structures associated with navigation across vertebrates
consistent with neural models of amphibian spatial cognition from recent laboratory
studies. Our work furthers our evolutionary understanding of spatial behavior and
cognition in vertebrates and lays a foundation for studying the behavioral, sensory, and

neural bases of navigation in an invasive amphibian.
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Introduction

The ability to process spatial information is fundamental to survival for many animals,
who must navigate to locate shelter, forage, and mate. Much of our understanding of spatial
navigation comes from research in mammals, where the hippocampus is a key neural center for
spatial representations [1,2]. In mammals [3,4] and birds [5,6], the spatial function of the
hippocampus described in laboratory studies has been translated to its role in navigation in
nature. In fish [7,8], reptiles [9], and amphibians [10-13], laboratory studies suggest that neural
structures homologous to the hippocampus support spatial behaviors. The amphibian medial
pallium is homologous to the mammalian hippocampus [14,15], though with a more primitive
structure that may reflect the simplified architecture of ancestral tetrapods [16,17]. A series of
experiments in the toad Rhinella arenarum have implicated the medial pallium (in conjunction
with other brain regions) in the ability to complete a variety of spatial tasks using visual,
geometric, and auditory information [10—13]. However, how these findings translate to real-world
navigation in nature has not been explored.

Research across amphibians suggests a wide-spread ability to navigate to sites
important for reproduction. Many temperate-region amphibians migrate to breeding sites several
kilometers away, such as some salamanders [18—20] and pond breeding toads [21,22]. Some
Neotropical poison frogs (family Dendrobatidae) move with high precision within a few hundred
meters to transport tadpoles to water pools [23—-25]. A variety of sensory modalities facilitate
these movements among amphibians, with olfaction [19,21,26] and magnetoreception [27-29]
most often implicated. Ability to navigate to home sites outside of the breeding context has also
been demonstrated in the cane toad, Rhinella marina [30]. However, the sensory modalities
used for navigation back to terrestrial home sites, rather than to water bodies related to

reproduction, has rarely been investigated.
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The cane toad is native to Central and South America and was introduced globally,
including in Hawai‘i and Australia. In Australia, the cane toad can disperse and travel long
distances [31,32], sometimes moving 200-meters per night to new locations [33], creating
difficulties for species management as the invasive front expands up to 60 km a year [32].
Elsewhere, cane toads rarely move more than 200 meters and often return to the same diurnal
shelters [30,34—-36]. They do not migrate to breeding ponds like other bufonids in which
navigation has been studied [21,22] and their life-histories do not suggest a need for advanced
navigation. However, we previously showed that toads in French Guiana are able to return
home accurately from a full kilometer, a distance exceeding their routine movements [30].
These abilities and the toad’s extreme prevalence make it an ideal model for studying homing
behavior and probing unanswered questions regarding the neural and sensory basis of homing.

In this study, we conduct a field experiment to examine cane toad navigational ability, as
well as associated sensory systems and neural activity. We hypothesized that the medial
pallium is involved in navigation and predicted that homing toads would have higher neural
activity in this brain region compared to non-homing and non-translocated toads. We next
hypothesized that olfaction and magnetoreception guide homing behavior, given their function in
other bufonids [21,22], and predicted that olfactory or magnetoreception ablations would disrupt

the homing ability or accuracy.

Materials and Methods

(a) Study sites
Experiments occurred at four sites on the island of O‘ahu in Hawai‘i. We sampled at two

sites on the south of the island (West Loch Golf Course and Hawai‘i Prince Golf Course) and

two sites on the north shore (Waimea Valley and Turtle Bay Golf Course) (Figure S1). Waimea
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99 Valley is forested, intercut with paved paths, and has a stream that ran approximately 2-km from
100 a waterfall at the eastern terminus of the field site to a pond at the western terminus with
101  approximately 60-m decline in elevation. All other sites are golf courses with open greens and
102  negligible changes in elevation, interrupted by ponds and forested borders. Turtle Bay was the
103  only site directly bordering the ocean and had wider forested borders than other golf courses.
104  Surface area over which tracking occurred varied between sites (Figure S1). Toads were
105 distributed throughout most of the surface area of each site, suggesting a widely suitable habitat
106  at each location.
107 We collected daily weather data from the National Oceanic and Atmospheric
108 Administration online database for every day of translocation experiments. The amount of
109 precipitation was significantly different between field sites (Kruskal-Wallis, x*3= 15.14, p =
110  0.0017), with the northern sites (Turtle Bay and Waimea Valley) receiving more precipitation
111 than the southern sites. Both northern sites also had lower maximum temperatures (Kruskal-

112 Wallis, X3s)= 39, p = 1.74e-8).

113 (b) Animals

114 Toads were located visually at night (sunset was approximately 19:00 and sunrise

115  approximately 06:30), as cane toads are nocturnal and generally do not exhibit diurnal

116  movements. We photographed the dorsum for re-identification, measured snout-vent-length

117  (SVL) with a tape measure, and measured mass with a portable scale (KUBEI-790, KUBEI,

118  China). Eighty-two toads (40 males, 42 females) were tagged and tracked for at least three days
119  between 18 February and 12 May 2022. Their mean mass was 233.8 g (sd +/- 98.6) and mean
120 SVL was 12.4 cm (+/- 1.6). Toad size was not evenly distributed between sites (Mass: Kruskal-
121 Wallis, x3@3)= 19.687, p = 0.0002; SVL: ANOVA, F@3 = 14.67 , p = 1.15e-07). Sex was

122  determined by size and male release call and confirmed by gonad identification upon dissection.
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123 Females were larger than males (Mass: Wilcoxon, W = 1315.5, p = 1.05e-05; SVL.: t-test, t77.41

124  =4.44, p = 2.99e-05). Unless otherwise stated, “size” refers to SVL hereafter.

125 (c) Tagging and baseline tracking

126 Radio tagging and tracking was executed similarly to methodology we previously

127  described [30]. Radio tags (BD2, Holohil Systems Ltd, Carp, ON, Canada) were attached to

128  toads’ waists using silicone tubing and thread (Figure 1A). The tagging process lasted 14.2 min
129  on average (+/- 7.8) after which toads were released at the exact point where they were

130 collected. A GPS point was taken in the ArcGIS Field Maps app (ESRI, Redlands, CA, USA)
131  using a Bad EIf GPS Pro+ gps device (Bad EIf, West Hartford, CT USA) connected by Bluetooth
132 to aniPhone (Apple, Cupertino, CA, USA). Following release, toads were located once in the
133  evening prior to their active period and at least twice each night. Toads were tracked to describe
134  their daily movements and to identify their home areas (termed ‘baseline’ hereafter) between
135 three and 10 days (4.978 +/- 1.48 days) prior to translocation or euthanasia. Any reference to a
136  “baseline point” indicates a coordinate point a toad occupied prior to translocation (i.e. during
137  natural movements). We removed three toads from the analysis of baseline activity because we

138  could not properly observe their movements after they entered burrows.

139 (d) Translocation
140 Translocations generally occurred between 20:00 and 22:00. Sixty-two toads (32

141  females and 30 males) were translocated. Toads were caught, their waists examined to ensure
142  no abrasion from the tag belt and placed into an enclosed net cage and walked in an indirect
143  route for 30-60 minutes to a distance approximately 500- or 1000-meters from the point

144  recorded during the baseline tracking period that lay furthest in the direction of translocation.
145  Therefore, the minimum distance to any location of the toad observed prior to translocation

146  matched the translocation distance. Toads gathered in similar locations were translocated in
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147  diverging directions as allowed by the geography of each site. A Raleigh’s Test of Uniformity
148  performed on the angles of translocation indicate that they were not preferentially grouped in
149  any direction (p = 0.20). Translocation distances exceed the average movements observed in
150 cane toads in Hawai'‘i [36] and French Guiana [30,35] but are within the range of the maximum
151 movement distances observed, meaning we cannot be certain that all toads were moved to an
152  unfamiliar location. At the release site, the distance from the toad’s nearest baseline point was
153  confirmed on a GPS-connected handheld device, the net cage was left at the release point for 5
154  minutes, and the toad was gently released from the cage.

155 Following release, toads were relocated approximately once per hour during nighttime,
156  beginning at 20:00 and continuing until tagged animals had stopped moving (06:40 at the

157 latest). On subsequent days, toads were relocated once in the early evening to determine

158 location before nocturnal movements began. If a toad was not active at night (e.g. not moving or
159  making small, multidirectional movements), the frequency of observations was reduced to every
160  2-3 hours while tracking moving toads.

161 Tracking ended once the animal reached a point within 200 meters of one of its recorded
162  baseline positions (homing, n = 33) or 72 hours had passed after translocation (non-homing, n =
163  27). Homing toads (captured within 200-meters of a baseline point) were euthanized and tissues
164  were collected for downstream analyses (described below) within 30 minutes of crossing the
165  200-meter threshold. Non-homing toads were sacrificed after 20:00 wherever they were at that
166 time. Two toads in the homing group were unintentionally caught before they crossed the 200-
167  meter threshold (B8 at 233-m and D5 at 218-m) and two more toads were caught and

168  euthanized approximately 300-m from home after encountering physical obstacles following

169 large homeward movements (C8 and F5) but were included in the homing condition when

170  considering behavior and neuronal activity. One toad moved outside of the study area and was
171 euthanized because it became impossible to track, and its behavior and brain data were not

172  included in analysis.
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173 (e) Sensory Ablations

174 A subset of translocated toads (n = 43; 22 females and 21 males) received

175  magnetoreception or olfactory ablations to test the roles of these sensory systems in homing.
176  Each modality had experimental (i.e. ablated) animals and control animals receiving sham

177  treatments. Toads were tracked for at least three days prior to the ablation procedure. After the
178  procedure, they were tracked for at least an additional 48 hours before translocation to evaluate
179  any effects of the ablation on space use. Olfactory ablations were performed through zinc

180  sulfate (ZnS0O4) treatment, which temporarily damages the olfactory epithelium in amphibians
181 [37,38] and other vertebrates [39,40]. Magnetoreception ablations were carried out by attaching
182  a small Nickel-plated Neodymium magnet (N50, 10 mm x 6 mm x 2 mm, ~1 g; Super Magnet
183  Man, Pelham, Alabama, USA) with cyanoacrylate based adhesive (EM-150, Starbond,

184  Torrance, CA, USA) to the skin over the skulls of toads, similar to methodology performed in
185  other amphibians [21,41]. Detailed descriptions of ablation and sham procedures can be found
186 in SM1. Toads in ablation experiments were euthanized and tissues collected at the same time

187  points described above.

188 (f) Tissue collection

189 Translocated toads were euthanized at the time points described above. Additional

190 toads were euthanized without translocation after the completion of at least three days of

191  baseline tracking (baseline, n = 12). Toads were euthanized through MS-222 injection (0.7%
192  solution, 300 mg/kg body weight) followed by cervical transection. Brains were immediately

193  dissected, placed in 1 mL of 4% paraformaldehyde (PFA), and kept on ice until they could be
194  placed into a 4°C refrigerator. Brains were fixed overnight in PFA, washed three times in 1x PBS
195 and then placed into 1x PBS with 0.02% sodium azide, or 1x PBS if transportation to the

196 laboratory site would happen in two days. Brains were kept in 1x PBS with sodium azide < 1

197  week. Two days prior to travel to the laboratory, the brains were transferred to 1 mL of 30%
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198  sucrose dissolved in 1x PBS for cryoprotection. Once the brains sank in sucrose, they were

199 transported on ice to a laboratory at the University of Hawai‘i at Manoa, where they were

200 embedded in Tissue-Tek OCT Compound (Electron Microscopy Sciences), frozen on dry ice,
201  and stored at -80°C. Seventy-three brains were collected (61 translocated and 12 baseline). One

202 homing toad lost its tag within 200-meters of its home area, so its brain was not collected.

203 (9) Immunohistochemistry

204 Brains were sectioned on a cryostat in 20 ym slices and thaw-mounted onto slides in
205 four series. Slides dried at room temperature for ~48 hours before being transferred to -80°C for
206  storage prior to staining. We used immunohistochemistry to detect Phospho-S6 Ribosomal

207  Protein (pS6) as a proxy for neural activity [42] as previously described by our laboratory [43,44]
208  (full protocol presented in SM2). Of the 73 collected brains, two were discarded due to poor

209 tissue quality and four were discarded for being collected at the wrong time point, leaving 67 for

210 analysis.

211 (h) Microscopy and Cell Counting

212 Brains were imaged on a Leica DM6B microscope with brightfield capability at 20x

213  magnification. One hemisphere was selected to image for each brain. Nine sections along the
214 AP axis were chosen based on anatomical landmarks: three from the anterior of the

215 telencephalon (posterior to the olfactory bulb), three from the medial portion, and three from the
216  posterior of the telencephalon (anterior to the ventral hypothalamus) (Figure S2). ImageJ (NIH,
217  Bethesda, MD, USA) was used to count pS6-positive cells in each of six brain regions: medial
218  pallium (Mp), lateral pallium (Lp), dorsal pallium (Dp), medial septum (Ms), lateral septum (Ls),
219  and the striatum (Str) given their role in spatial behavior in toads [10—12] and other vertebrates
220  [45-47]. Delineation of brain regions was based on Northcutt and Kicliter (1980) and Sotelo et

221  al. (2016), which defined pallial regions by Westhoff and Roth (2002) and ventral regions by
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222 Moreno and Gonzalez (2004) [10,15,48,49]. ImageJ was used to calculate the surface area of
223  each region. Densities of pS6-positive neurons for each region were calculated by dividing the
224  number of pS6-positive cells by the area.

225 For toads in the olfaction ablation experiment, ImageJ was used to count active cells in a
226 300 ym by 300 um box positioned at the lateral edge of the granule cell layer in the olfactory

227  bulb (Figure S3) to measure the effect of the olfactory ablation in comparison to the sham

228  ablation.

229 (i) Data analysis

230 (i) Toad movement data

231 GPS points were visualized in ArcGIS online and ArcGIS Pro 2 (ESRI). Spatial and

232  temporal attributes were calculated using the package ‘adehabitatLT’ [50] in R Studio (v

233  2024.12.0+467, Posit Software, PBC, Sunnyvale, CA) running R (v 4.4.2, R Foundation for
234  Statistical Computing, Vienna, Austria). Several descriptors of toad movement and homing
235  were calculated: cumulative movement, daily movement, movement range, straightness index,
236  homing duration/speed, active homing duration/speed, and similarity of toad’s home range
237  before and after ablation treatment (details of descriptor calculations in SM3). Detailed

238  description of statistical treatment of movement data can be found in SM4.

239 (ii) Cell Count Data

240 Generalized linear mixed models were used (‘gimmTMB’ in R [51]) to test for

241 differences in brain activity and its relation with behavior, with homing condition, brain region,
242  and their interactions as the main predictors. Post hoc pairwise contrasts (between homing

243  condition groups and ablation treatments) were calculated with estimated marginal means using
244  the “emmeans” package in R [52]. Birds [53] and mammals [54] show variation in hippocampal

245  spatial activity along the anterior-posterior axis, so we also tested for differences in activity
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246  along this axis in the Mp. To test if brain activity was related to either straightness or duration of
247  homing, linear mixed effects models were performed testing whether brain activity could be
248  predicted by straightness or duration. Detailed descriptions of statistical treatment of cell count

249 data can be found in SM5.

250 (j) Permits and Ethical Statement

251 All work was done in adherence to Protected Wildlife Permit WL21-16 issued by the
252  State of Hawai‘i Department of Land and Natural Resources, Division of Forestry and Wildlife.
253  All procedures were approved by the Institutional Animal Care and Use Committee of Stanford

254  University (Protocol #33530).

255 Results

256 Toads generally exhibit site fidelity

257 Before performing translocations, we observed baseline movements and found a mean
258 movement range of 129.45 m (s.d. 140.22 m), mean cumulative movement of 547.97 m (s.d.
259  758.00), and mean daily movement of 114.23 m (s.d. 158.98). Movement range varied between
260 sites (Kruskal-Wallis, x%3) = 14.21, p = 0.0026), with toads at the Waimea Valley forest site

261  exhibiting smaller ranges than toads at golf courses (Figure 1). There was no sex-based

262  difference in movement range (Wilcoxon, W = 750, p = 0.77). All three movement ranges more
263 than three standard deviations from the mean were male (example in Figure S4). Size did not

264  have an effect on movement range (tes.60) = -0.814, p = 0.42; Figure S5).
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266  Figure 1. Movement range varies across locations. (A) Observed movement range of cane
267 toads at each tracking site. Letters represent significant differences between sites (Kruskal-

268  Wallis, x%3) = 14.21, p = 0.0026) from post-hoc Dunn’s Test (with Benjamini-Hochberg

269  adjustment). Shapes represent sex (A= male, ®- female). Inset shows toad with radio tag. (B)
270 Photographs depicting typical landscapes for each site.

271 Toads exhibited long-distance homing

272 Next, we tested whether toads could navigate back to home areas following

273  displacements of 500- or 1000-m. Out of 62 translocated toads, 34 exhibited homing behavior
274  (Figure 2A-D). Homing success did not vary with sex (x*1= 0.16, p = 0.69), but did vary with
275 field site (x33= 10.33, p = 0.016). Specifically, toads at Hawaii Prince homed with greater

276  success than toads in Turtle Bay (Fisher exact test, p = 0.04) and Waimea Valley (Fisher exact
277  test, p =0.03). Toads returned home in 3.27 to 77.48 hours (25.50 +/- 22.23) with a mean

278  straightness of 0.81 (+/- 0.16). Considering all toads (including those in ablation experiments),

279 19 out of 31 toads returned home from 500-meters and 15 out of 30 toads returned from 1000-
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280 meters. There was no effect of translocation distance on homing success (Pearson’s Chi-

281  squared, x%1) = 0.40, p = 0.53). Distance had no effect on homing duration (Wilcoxon, W =

282  143.5, p = 0.99) (Figure S6A) and toads translocated 1000-meters had faster homing speeds
283  (Wilcoxon, W =72, p = 0.015; Figure S6B). A linear mixed-effects model accounting for the
284  unequal distribution of toad size across field sites showed no significant effect of size on homing
285  duration (t052) = -0.51, p = 0.61; Figure S7).

286 Homing speed and duration varied significantly between sites, with toads at Waimea
287  Valley homing slower than toads at Turtle Bay and West Loch (Speed: Kruskal-Wallis, x?3)=
288  10.52, p = 0.015; Duration: Kruskal-Wallis, x?3= 12.38, p = 0.0062; Figure 2E). Toads often did
289  not immediately move homeward, so we measured an “active homing speed” using only

290 movement and time after the first 100-meters of homeward movement. Active homing speed
291  and duration did not vary between sites (Speed: Kruskal-Wallis, x%3) = 4.93 p = 0.18; Duration:
292  Kruskal-Wallis, x*3)= 0.44, p = 0.93), suggesting that the main differences in homing time are
293  due to stationary periods prior to homeward movements (Figure 2F). On average, the time to
294  move at least 100-meters homeward was 64% of the total homing duration.

295 Twenty-seven of the 62 translocated toads did not exhibit homing behavior. Cumulative
296  movement of non-homing toads averaged 547.07 m (+/- 488.5) and the mean minimum

297  distance from home reached was 719.3 m (+/- 359.5). Mean movement angles of homing toads
298 showed a significant orientation towards the home direction (Rayleigh p = 0.024) and non-

299  homing toads did not (Rayleigh p = 0.83). However, there was only a marginal difference in
300 distribution of angles of movement between homing and non-homing toads (MANOVA, Pillai =
301  0.092, F258) = 2.95, p = 0.06; Figure S8).

302
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310  Figure 2. Toads exhibit long-distance homing. Normalized trajectories of toads translocated
311 (A) 500-m and (B) 1000-m. Plot centers represent translocation release points and the gray
312  circles at the top represent the 200-m buffer threshold around baseline points. 19/31 toads

313  returned from 500-m and 15/30 from 1000-m. Distance to home over time for toads translocated
314  (C) 500-m and (D) 1000-m. Gray rectangle at the bottom of the plot represents the 200-m buffer
315  threshold around baseline points (E) Duration of homing differs between the experimental sites
316  (Kruskal-Wallis, x*3)= 12.38, p = 0.0062) Letters represent significant differences from post-hoc
317  Dunn’s Test (with Benjamini-Hochberg adjustment). (F) Active homing time shows no difference
318  between locations (Kruskal-Wallis, x*3)= 0.44, p = 0.93).

319 Olfaction and magnetoreception ablations affect toad movements

320 We next asked whether ablation of olfaction led to a disruption in spatial behavior and
321 navigation, as has been demonstrated in other amphibians [21,22]. There was no significant
322  difference in movement range pre- and post-ablation for sham (Paired-Wilcoxon, V = 38, p =
323  0.70) or ablated animals (Paired Wilcoxon V = 36, p = 0.83). However, when comparing the
324  space occupied pre- and post-ablation, ablated toads showed greater divergence from their pre-
325  ablation area than sham animals (Wilcoxon, W = 340, p = 0.021), suggesting that loss of

326  olfaction might disrupt routine movements and space use. There were no significant differences
327  of homing success (x*1) = 0.73, p = 0.39) or duration (Wilcoxon, W = 12, p = 0.43) between

328 sham and ablated groups (ablated success = 45.5%, sham success = 63.6%)(Figure 3A). After
329 translocation, ablated toads moved more than sham toads when considering homing and non-
330  homing toads together (Wilcoxon, W = 28, p = 0.034) (Figure 3B). Though the sample is too
331 small for statistical comparison, ablated toads that homed showed more cumulative movement
332  (831.90 m +/- 288.07) than sham toads that homed (629.79 m +/- 334.19). Olfactory ablated
333 toads had significantly less pS6-positive cells in their olfactory bulbs than sham toads,

334  confirming reduced olfactory function from chemical ablation (Wilcoxon, W = 93.5, p =

335  0.0074)(Figure S9).
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338 Figure 3. Sensory ablations did not prevent homing. (A)Trajectories of toads in the olfactory
339  ablation experiment translocated (i) 500-meters and (ii) 1000-meters. (B) Olfaction ablated

340 toads exhibited higher cumulative movement post- translocation than sham toads (Wilcoxon, W
341 =28, p=0.034). (C) Trajectories of toads in the magnetoreception ablation experiment

342  translocated (i) 500-meters and (ii) 1000-meters. (D) Magnetoreception ablated toads exhibited
343  no difference in cumulative movement post- translocation than sham toads (W = 35, p = 0.447).
344

345 Magnetoreception is a sensory modality linked to homing in several amphibians [29,55],
346  so we tested the hypothesis that cane toads also use magnetoreception for homing. Movement
347  range was significantly lower in both sham (Paired Wilcoxon, V = 56, p = 0.042) and ablated
348  (Paired Wilcoxon, V =62, p = 0.0068) animals. There was no significant difference when

349  comparing similarity in positions pre- and post-ablation (Wilcoxon, W = 236, p = 0.90). There
350  were no significant differences of homing success (x%1) = 1.27, p = 0.26) or duration (Wilcoxon,
351 W =10, p=0.57) between sham and ablated groups (ablated success = 55.6%, sham success

352 =30.0%) (Figure 3C). There was no difference in cumulative movement post-translocation

353  between sham and ablated animals (Wilcoxon, W = 55, p = 0.44)(Figure 3D).
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354 Pallial and septal brain regions show increased neural activity in
355 homing toads

356 Given the variability in homing performance, we next asked whether neural activity in
357  brain regions is correlated with homing success by quantifying the number of pS6-positive cells
358 in six brain regions (Figure 4). We first asked whether toads, regardless of sensory treatment,
359  showed differences in brain activity due to homing behavior. We found a significant effect of
360 homing behavior on neural activity in a brain region specific manner (brain region x homing

361  condition: x*10) = 112.80, p < 2.2e-16) (Table S1). We found that homing animals had more
362  pS6-positive neurons than both non-homing and baseline toads in the medial pallium (Mp),
363  medial septum (Ms), and the lateral septum (Ls) (Table 1). In the lateral pallium (Lp), we also
364  found significant homing-non-homing differences and marginal homing-baseline differences.
365  The dorsal pallium (Dp) and striatum (Str) were not different in any comparison. When we split
366 the Mp into three sections along the A-P axis, we found significant differences between homing
367 toads and the other two conditions for every section, indicating no variation from front to back
368 (Table S2). There were no differences in brain activity across brain regions due to path

369  straightness (Tables S3 and S4). However, the Mp (p = 0.0076) and Ls (p = 0.00076) showed
370 significant differences in activity related to duration of homing compared to other brain regions
371  (Table S5) and duration showed a significant effect of homing on neuronal activity in the Ms (27
372  =-2.55,p =0.017) and Ls (t27) = -2.93, p = 0.0069) (Table S6).

373
374
375
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385 Table 1. Pairwise contrasts by Homing Condition in all brains

Brain Region Contrast estimate std. error z-ratio p-value

Dp Baseline-Homing -0.4071 0.202 -2.013 0.1091
Dp Baseline-Nonhoming -0.1087 0.204 -0.532 0.8558
Dp Homing-Nonhoming 0.2984 0.153 1.957 0.1231
Lp Baseline-Homing -0.457 0.198 -2.303 0.0554
Lp Baseline-Nonhoming -0.0521 0.201 -0.26 0.9635
Lp Homing-Nonhoming 0.405 0.15 2.703 0.0188
Mp Baseline-Homing -0.7123 0.198 -3.595 0.0009
Mp Baseline-Nonhoming -0.096 0.2 -0.48 0.881
Mp Homing-Nonhoming 0.6163 0.15 412 0.0001
Ms Baseline-Homing -0.7186 0.203 -3.533 0.0012
Ms Baseline-Nonhoming -0.058 0.206 -0.282 0.9572
Ms Homing-Nonhoming 0.6606 0.153 4.312 <.0001
Ls Baseline-Homing -0.716 0.202 -3.544 0.0011
Ls Baseline-Nonhoming -0.0598 0.204 -0.293 0.9537
Ls Homing-Nonhoming 0.6561 0.152 4.303 0.0001
Str Baseline-Homing -0.191 0.207 -0.923 0.6259
Str Baseline-Nonhoming -0.0897 0.209 -0.428 0.9038
Str Homing-Nonhoming 0.1013 0.156 0.651 0.7917

386  *Shading represents significant relationships, light shading represents marginal significance
387
388 To better account for the effect of sensory ablations on brain activity, we also modeled

389  brain activity in all translocated toads with sensory ablation as a predictor (Table S7). This
390 model predicts significant effects of both homing condition (x5 = 119.09, p < 2.2e-16) and

391 ablation (x%20) = 127.59, p < 2.2e-16) on neural activity in brain region specific manners.


https://doi.org/10.1101/2024.06.25.600658
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.25.600658; this version posted January 8, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

392 However, the magnitude of the effect was insufficient to detect significant pairwise differences in
393  region-specific activity between ablated and sham groups in both olfaction and

394  magnetoreception experiments (Figures S10; Table S8). The model also indicated significant
395 differences between homing and non-homing toads in the Mp (z = 4.138, p < 0.0001), Ms (z =

396  2.909, p = 0.0036), and Ls (z = 3.916, p = 0.0001), but not the Lp (z = 1.876, p = 0.0607).
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400 Figure 4. Pallial regions and the septum are more active due to homing behavior.

401 (A) pS6-positive cells per mm? averaged per individual for each brain region across homing
402 conditions. Brain activity within brain regions varied significantly due to homing conditions (X310
403 =112.800, p < 2.2e-16). Stars represent significant pairwise differences within brain regions
404 based on a mixed model with cell count as a response factor. Abbreviations: Dp, dorsal pallium;
405 Lp, lateral pallium; Mp, medial pallium; Ms, medial septum; Ls, lateral septum; Str, striatum. (B)
406 Representative examples of stained Mp brain tissue from each homing group. Scale bars

407  represent 50 um. In inset, arrows indicate pS6-positive cells.

s08  Discussion

409 In the current study, we examined the neural correlates and sensory basis of cane toad
410 homing. Our results demonstrate that more than half of toads displayed a map-like navigation
411  ability from distances exceeding regular movements. We found that areas associated with

412  navigation in mammals and birds [3,6,45,56] and which have previously been implicated in

413  amphibian lab studies [10-13], such as medial pallium and the septum, show increased activity
414  in homing toads. Contrary to our predictions, we found that olfactory or magnetic ablation did
415  not disrupt homing, suggesting this behavior is multimodal, as has been demonstrated in other
416  amphibians [21,57]. These results contribute to filling in gaps in the understanding of amphibian

417  spatial behaviors and neural architecture of vertebrate spatial cognition.

418 (@) Homing in toads

419 We found that most toads could navigate home from up to 1 kilometer. Amphibian

420 homing abilities have previously been linked to the spatial challenges of parental care and

421 seasonal migrations [23,57]. However, cane toad homing suggests that refined navigation may
422  not be reserved for species with specialized reproductive behaviors but is instead more widely
423  present across amphibians. Cane toads outside the Australian invasive front typically moved
424 less than 200-meters, but rare movements of 500-meters to 2-kilometers have been observed
425  [30,35,36]. Thus, our translocation distances moved toads beyond the area of regular

426  movements, but were still within the range that toads could occasionally explore. In addition,

427  toads were found distributed throughout each field site, rather than clustered at specific sites.
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428  Therefore, for most translocated toads, suitable habitat was available closer to the release site
429 than home, which suggests that toads were navigating to specific locations and not simply

430 finding the nearest suitable habitat.

431 Many toads did not home, suggesting strong variability in ability or motivation to move
432  back home. Some variation may be attributable to environmental features, as the more wooded
433  sites (Waimea Valley and Turtle Bay) had lower levels of success than Hawaii Prince.

434  Vegetation may create landscape resistance and occlude sensory information or provide

435  additional shelter that reduces motivation to return. This is in line with the results of a homing
436  experiment with R. marina in primary rainforest [30], where homing was generally slower than
437  that observed in this experiment. Turtle Bay and Waimea Valley also experienced more

438  precipitation than West Loch and Hawaii Prince. More available water could reduce pressure to
439  return to previously occupied areas, resulting in lower rates of homing (in Australia, availability
440  of water has been shown to influence daily movements of cane toads [58]). However, individual
441  variation in ability, experience, and motivation leading to variable homing success might also
442  play in an important role. Inter-individual variability unaccounted for by environmental variation
443 has been often observed in amphibian navigation studies [23,59] and is likely caused by

444  individual differences that should be further explored.

445 (b) Use of sensory systems in homing

446 Olfaction and magnetoreception have been implicated as important senses in navigation
447  studies in many amphibians [19-22,27,29,57] and other vertebrates [60—64]. Ablation

448  experiments strongly suggested that B. bufo relies on these senses to orient towards breeding
449  ponds [21], while B. japonicus seemed to rely solely on olfaction [22]. In a variety of salamander
450  species, both magnetoreception and olfaction are used to orient and return to breeding streams

451 [19,20,27,28]. However, in our study, these ablations did not disrupt R. marina homing. If either
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452 s used in cane toad navigation, they likely work in combination with other senses or can

453  compensate for each other.

454 Olfaction is used in multiple ways in navigation. Birds use odors distributed by wind to
455  determine goal locations [60]. Mammals sample odor information through sniffing to gain

456 information about their environment [61]. For amphibians, cues can come directly from aquatic
457  navigation goals, as seems to be the case in other toad species [21,22] and poison frogs [26].
458 Some salamanders may smell pheromones left by themselves or conspecifics [19]. Although we
459  did not observe a reduced success in homing with olfactory ablations, ablated toads showed
460 less similarity in space occupied post-ablation and moved more post-translocation than sham
461 toads. These results suggest that olfactory cues may help toads move in more direct paths and
462  are important for recognizing home areas. This is somewhat different from what has been

463  observed in migratory bufonids: when olfaction was ablated, B. bufo could not orient correctly
464  but still moved in a direct path [21] and B. japonicus was completely disoriented [22].

465 Differences in the specific utility of olfaction during navigation may arise from the observed

466  variations in life history.

467 Magnetic orientation has been demonstrated in several amphibians [27,65,66], including
468 other bufonids [21,67], but we found no evidence that magnetic field disruption impacts long-
469 distance homing in cane toads. Other vertebrates, such as pigeons, sea turtles, and cetaceans
470  exhibit long range navigation using magnetic cues [62—64]. Much of the functional

471 understanding of magnetoreception comes from salamanders [27,29,65], which can use

472  magnetoreception as both compass and map senses (similarly to sea turtles and birds), even
473  though their movements are on much smaller scales [55,68]. The effect of magnetoreception
474  ablation on homing in other toad species is variable: B. bufo showed less accuracy in orientation
475  following translocation [21], while B. japonicus showed no response to ablation [22]. We cannot
476  discount magnetoreception in R. marina on the basis of the current experiment, as the sham

477  group performed poorly with only 30% of toads returning home. Although we used methodology
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478  previously deployed in other amphibians [21,41], both ablated and sham groups moved less
479  following ablation. Treatment may have had an unintended consequence on behavior, possibly
480 through physically covering the pineal gland, which contains photoreceptors [69] that may play a
481 role in light dependent magnetic compass orientation [28]. Future experiments are necessary to
482  further explore the possible role of the pineal gland in navigation or determine other factors

483  affecting locomotion and navigation.

484 Other senses may play a role in homing behavior. For example, both male and female
485 cane toads exhibit phonotaxis to male calls [12,70]. However, we observed toads distributed
486  over several ponds and inconsistent calling, making the use of auditory cues unlikely. Vision
487 may also play a role and is used by toads and poison frogs in laboratory arenas, both in the

488  context of identifying feature cues and environmental geometry [10,71,72]. It is unlikely to be the
489  primary sense involved in homing, as the visual information toads receive (ground-level, at

490 night) is very limited in relation to the scale of the translocation distance. While environmental
491  geometry could play some role in cane toad navigation, geometry in amphibians and rodents is
492  considered on much smaller scales in enclosed arenas [10,72,73] and does not directly

493 translate to large scale movements in complex environments. In addition, migratory amphibians
494  with visual ablations are able to return home [20,21]. However, vision may be used to sense
495  celestial cues, which provide compass information to some amphibians [57,74]. Further study is

496  necessary to assess the functionality of sensory modalities during navigation.

497 (c) Conserved role of pallial brain regions in spatial tasks

498 Our study contributes to the accumulating evidence that medial pallium is functionally
499  homologous to the mammalian hippocampus. The hippocampus performs many navigation-
500 related functions, such as encoding place [1,45] and consolidating spatial memory [2]. In

501 pigeons, hippocampal lesions impair homing [5] fish and turtles require homologous regions to

502 solve a spatial task [9]. Extensive neuronal activation and lesion studies in the toad Rhinella
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503  arenarum suggest that the Mp is used in spatial tasks involving environmental geometry [10],
504 feature cues [11], and conspecific mating calls [12]. The Mp is also shown to have increased
505  activity in tadpole-transporting poison frogs, a parental care task that requires spatial memory
506  [44]. Our work corroborates this accumulating evidence that the Mp is involved in the regulation
507  of spatial behaviors in amphibians.

508 In our experiment, the lateral pallium showed increased activity in homing animals, while
509 the dorsal pallium did not. There is ongoing uncertainty regarding specific functions and

510  homologies of pallial divisions in amphibians [15,75]. Some evidence points to the Dp being
511 homologous to the mammalian entorhinal cortex and subiculum [76], though it has also been
512  considered similar to the general cortex [75,77]. Meanwhile, the Lp is proposed to be

513  homologous to the piriform or olfactory cortex [14,75,77]. However, we saw no evidence of

514  activity changes in the Lp associated with olfactory ablations (Figure S10, Table S8). Sotelo et
515  al. 2024 [13] presents evidence from the toad R. arenarum [10] and the newt Triturus alpestris
516  [78] suggesting the Dp and Lp are necessary for learning associated with visual stimuli and thus
517  support the Mp in navigation. The potential homologies these regions represent to the

518 mammalian brain and their interconnectedness with the Mp [14] further support the idea that
519  they may be involved in spatial functions. We found that lateral, but not dorsal, pallium was

520 associated with long-distance homing, suggesting distinct and non-visual functions of these
521 regions in relation to navigation.

522 Our results showed increased activity in the septum in homing animals and increasing
523  activity with faster homing. Both medial and lateral portions of the septum have been implicated
524  in spatial tasks in rodents, with the Ms integrating circuitry important to path integration [56] and
525 the Ls exhibiting reward-related place fields [79]. The septum has also been implicated in

526  navigation in amphibians: in R. arenarum, the Ms, but not Ls, showed heightened activity when
527  animals located goal locations in relation to mating calls [12], environmental geometry, and

528 feature cues [13]. Our results differ in this regard, as we find that both the Ms and Ls show
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529 increased activity in homing toads compared to non-homing and non-translocated toads. These
530 data corroborate findings in R. arenarum but also suggest that the Ls may govern navigation
531 that requires large movements and not necessarily smaller scale spatial learning.

532 One important caveat of our experiment is the relationship of the behavior and the timing
533  of the endpoint. Homing animals were often stationary before moving back in a straight line,
534  suggesting that the animals gain their bearings during this time. The snapshot of brain activity
535  captured by our pS6 immunohistochemistry does not account for this period, but for brain

536  activity happening during active homing. In other animals, the hippocampal formation is

537  responsible for specific homing processes. For example, in homing pigeons, it governs use of
538 landmarks when approaching home, but not initial homeward orientation [6]. In future toad

539  experiments, it would be useful to compare active-homing brain activity to that of the pre-homing

540 period to identify a neural signature of orientation.

541 Conclusion

542 Our work combines intensive field-based telemetry with laboratory analysis of brain

543  activity to study the neural and sensory basis of navigation. We demonstrate that cane toads (a)
544  are capable of long-distance navigation to specific sites, (b) exhibit conserved function of the
545  pallial and septal regions in relation to spatial behavior, and (c) likely have a multimodal basis of
546  navigation. In the future, lesion experiments are needed to identify the specific function of

547  pallium brain regions in navigation. In addition, further lab-based studies incorporating

548 electrophysiology may characterize how neurons encode spatial information in amphibians. The
549  current work provides a foundation upon which to begin further examinations of the neural and

550 sensory basis of amphibian navigation through the integration of field and laboratory data.
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