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ABSTRACT 

For the majority of animals, the ability to orient in familiar locations is a fundamental part of life, and 
spatial memory allows individuals to remember key locations such as food patches, shelter, mating sites 
or areas regularly occupied by predators. This study determined if gobies collected from rocky platforms 
and sandy beaches differ in their ability to learn and memorise the locations of tide pools in a simulated 
rocky intertidal zone. Intertidal rock pool gobies show acute homing abilities and, therefore, should be 
expected to display superior learning and memory capabilities. In contrast, it is unlikely that natural 
selection would favour similar learning skills in sandy shore fishes because they simply shift back and 
forth with the tides. The learning abilities of gobies were tested using small replica rock platforms, 
containing four tide pools that retained varying depths of water at simulated low tide. Gobies were 
categorised as having learnt the task if they were able to consistently locate the tide pool that retained the 
most water at simulated low tide as the pool with the most favourable conditions. Rock pool species were 
able to locate the deepest pool to wait out low tide for ~95 % of the trials, while species from sandy 
shores were found in the deepest pool ~10 % of trials. Despite repeated stranding, sandy shore fish 
continued to follow the tide out. We propose that rock pool species memorised the location of rock pools 
during simulated high tide enabling them to relocate the best refuge for low tide. 

 

 

Introduction 

Learning is utilised by many animals living in complex and changing habitats, enabling them to adapt their 
behaviour to suit contemporary, local environmental conditions. The ability to learn and remember allows 
animals to draw on previous experience when faced with challenging decisions so that they can make the 
appropriate response (Giraldeau 1997; Braithwaite and Girvan 2003; Dall et al. 2005). Spatial learning 
and memory is one area of behavioural research that has generated a large amount of interest recently 
because of its broad applicability, making it ideal for comparative studies (Healy 1998). The main aim of 
this type of behavioural research is to understand how animals navigate around their local habitat using 
learning and memory to aid in the relocation of food sources, shelter, and mates and to avoid potential 
dangers such as predators (Braithwaite and Girvan 2003). However, the majority of work on spatial 
cognition has focused on terrestrial vertebrates, in particular mammals and birds (Healy 1998, 2005; 
Shettleworth 2010). These studies used a comparative approach to explore the differences in learning 



abilities and strategies of closely related species found in different environments to elucidate how natural 
selection shapes spatial learning abilities (Krebs et al. 1990; Brodbeck 1994). For example, Clark’s 
Nutcracker can memorise and relocate the locations of thousands of caches up to 9 months after 
caching, even when buried under a metre of snow (Balda and Kamil 1992). Comparative analyses with 
closely related corvids show that Clark’s Nutcracker has enhanced spatial learning abilities as well as a 
larger hippocampus (Sherry et al. 1992). 

Numerous fish species live in complex and changing habitats; thus, it is expected that they should display 
sophisticated spatial learning and memory capabilities. In fact, recent research has shown that many fish 
species are capable of creating long-term memories (Teyke 1989; Warburton 2003), learning complex 
cues (Odling-Smee and Braithwaite 2003a; Odling-Smee et al. 2008; Burt de Perera 2004a) and 
employing flexible learning strategies (Laland et al. 2003; Lopez et al. 1999). For example, fish can locate 
shelter when under threat of predation (Aronson 1951; Markel 1994), identify different food patches using 
visual landmarks (Braithwaite et al. 1996; Salas et al. 1996; Lopez et al. 1999, 2000; Hughes and Blight 
2000) and regain their bearings after disorientation using geometric features of the environment (Sovrano 
et al. 2003), and they can even encode order into a cognitive map (Reese 1989; Rodriguez et al. 1994; 
Burt de Perera 2004b). 

Furthermore, the spatial learning abilities of some fish species are fine-tuned to enhance survival in their 
local habitat (Mackney and Hughes 1995; Odling-Smee and Braithwaite 2003a, b). For example, the blind 
cave fish (Astyanax fasciatus), lives in caves of Mexico, where the lack of light has made vision 
unnecessary. Burt de Perera (2004b) found that blind cave fish use their lateral line organ to gather 
information about the order, sequence and three dimensional relationships of objects in their environment 
and then encode this information into a spatial map to aid in orientation. Burt de Perera and Guilford 
(2008) demonstrated that the shanny (Lipophrys pholis L), an intertidal fish, was capable of successfully 
locating the previous position of a refuge when it had been removed, showing that they are able to learn 
and remember cues from their surroundings and use this information to orientate. Studies by Odling-
Smee et al. (2008) explored the spatial learning abilities of lake-dwelling “benthic” and “limnetic” 
sympatric species of three-spined stickleback (Gasterosteus aculeatus). Benthic species feed mainly on 
mud-dwelling invertebrates within the vegetated littoral zone and thus require better spatial memories, 
while limnetic species feed predominately on plankton in the comparatively homogeneous open water 
column. When fish were trained in a T-maze to locate a reward, benthic individuals learned the task 
almost twice as quickly and with fewer errors than did limnetics, consistent with the suggestion that 
differential demands are made by differential lifestyles on spatial learning ability. 

Wickler (1957) observed that individuals of the family Gobiidae are capable of learning very quickly and 
have an exceptional memory, especially when it comes to remembering the topographic features of their 
surroundings. However, to our knowledge, only three studies have explored the spatial learning abilities 
of gobies to date, none of which have been comparative in nature. Experiments by Aronson (1951, 1971) 
demonstrated the ability of the frillfin goby, Bathygobius soporator, to use acquired memories of the local 
topography to jump from their home tide pool to an adjacent pool with impressive accuracy when 
threatened. If pursued by a threat, the gobies were able to perform a series of jumps leading them from 
one pool to the next until they reached the open sea. Markel (1994) tested spatial memory in black eye 
gobies (Coryphopterus nicholsi) by measuring the time that naive and experienced captive individuals 
required to locate an artificial burrow when threatened with a simulated predator attack. Fish that had 
greater experience (given longer exploration time) were quicker to relocate the burrow than naïve fish. 
However, when the burrow was moved to a new position, the less-experienced group found the burrow 
faster than the experienced fish. This indicates that the fish had learned and remembered the spatial 
location of the burrow rather than its actual appearance. To date, there has been no attempt to determine 



how intertidal gobies are able to relocate a specific tide pool at low tide and if this ability varies depending 
on the habitat the fish are collected from. 

In this study, the spatial strategy that two intertidal rock pool gobies, Cocos frillgoby (Bathygobius 
cocosensis) and Krefft’s goby (Bathygobius krefftii), use to home to a familiar rock pool was investigated 
using a behavioural assay. This assay was designed to simulate the conditions faced by these fish in the 
wild. Gibson (1967, 1999) and White and Brown (2013) suggest that these intertidal fishes forage over 
the rock platform at high tide and consistently return to a particular rock pool to seek refuge from the 
adverse conditions of low tide. Such behaviours are well suited to the use of spatial learning and memory 
for orientation. For comparative purposes, we tested two sand-dwelling goby species, eastern longfin 
goby (Favonigobius lentiginosus) and Hoese’s sandgoby (Istigobius hoesei), in the spatial task. 
Individuals of these species leave the intertidal zone during low tide only to return when conditions are 
more favourable at high tide (Gibson 1999). Gobies can be broadly broken up into a number of lineages 
which broadly correspond to the habitats that they occupy (Thacker and Roje 2011). Two such linages 
include species that occupy sandy shores and those that inhabit rock pools on rocky reefs (GEW & CB 
unpublished data). These groups show extensive behavioural, habitat and life history differences that 
likely have deep phylogenetic origins (Thacker and Roje 2011; GEW& CB unpublished). The ecological 
cognition hypothesis (Healy and Braithwaite 2000) would predict that natural selection would favour the 
evolution of enhanced spatial cognition in rock pool-dwelling goby species so they can avoid the risk of 
becoming stranded in unsuitable areas due to the retreating tides. Whereas, gobies found on 
homogenous and dynamic sandy beaches would not be subject to the same level of selection for 
enhanced spatial memory relative to rock pool dwelling species because they have little need to revisit 
refuges. Using these four species, we addressed three primary questions: (1) Do intertidal gobies have 
the capability to learn and memorise the spatial position of rock pools at high tide so that they can be 
revisited at low tide? (2) Is learning ability and visual cue use modified in response to differences in 
ecological conditions? (3) Compared to sand-dwelling gobies, do rock pool gobies rely more on visual 
landmarks when revisiting refuges during low tide? 

Methodology 

Study animals 

A total of 53 fish (12–15 individuals of each species; 26 rock pool gobies and 27 sand gobies) were 
captured at low tide from a number of beaches and rock platforms in Sydney, New South Wales, 
Australia. Rock pool-dwelling gobies were collected from their home pools at a range of rock platforms 
using small handheld nets. Sand-dwelling gobies were collected via snorkel and hand nets at several 
sandy beaches at a water depth of 1.5–3 m. These beaches and rock platforms were chosen for their 
relative ease of access, relatively sheltered nature of the bays and abundance of rock pools, respectively. 
Only two fish were collected for testing on any one occasion; thus, collections were performed regularly 
once every 9 days for a period of 1.5 years. 

Captured pairs of fish were transported by car to Sydney Institute of Marine Science (SIMS) at Chowder 
Bay using a large aerated bucket. Upon arrival, the fish were lightly anaesthetized using a solution of 50 
mg/1 MS222 buffered with sodium bicarbonate (fish placed in a bucket containing 1.5 L solution until 
subdued), their total length was measured using calipers and they were marked using Visible Implant 
Fluorescent Elastomer (VIE) tags (North-West Marine Technology Inc.). VIE tags were implanted beneath 
transparent scales in a combination of six sites along the fish’s dorsal surface so they were visible to an 
overhead observer. This entire procedure took roughly 2–3 min to perform on each fish and has no 
obvious effects on behaviour (White and Brown 2013). 



After tagging, each fish was housed individually in one of two large flow-through seawater tanks (1.2 m × 
1.2 m × 1 m) each containing an artificial rock platform with four tide pools (see “Apparatus” for more 
detailed description; Fig. 1 and supplementary S1) complete with places to hide much like their natural 
environment. Both tanks were maintained at the same seawater flow rate (1 L/1/min) and temperature (18 
to 22 °C) and were illuminated for 12 h each day with full spectrum UV lights and 12 h with infrared light, 
enabling fish positions to be observed during low tides occurring in night hours. Fish were fed a 
combination of live brine shrimp (Artemia franciscana) and live black worms (Lumbriculus variegates) at 
high tide every other day. 

Upon the completion of the 8-day experimental period, fish were returned to their original beach area or 
pool of capture during low tide. Tagging fish ensured that the same fish was not captured and tested 
twice. 

Apparatus 

Two sloping artificial rock platforms each with four tide pools were constructed from fibreglass and were 
suspended in the two square experimental tanks (1.2 m × 1.2 m × 1 m). Two small circular pools (tide 
pools 1 and 2) separated by a low ridge 10-cm wide were built on the highest level, and 15 cm down on 
the lowest level a further two pools (tide pools 3 and 4) separated by a low ridge 10-cm wide were 
constructed. Tide pools differed in depth and appearance; tide pool 1 consisted of a deep depression that 
retained water to a depth of 10 cm at simulated low tide. Tide pools 2 and 3 consisted of shallow 
depressions that retained water to a depth of 1.5 cm at simulated low tide. Lastly, tide pool 4 consisted of 
a deep depression with a drain that reduced the water level to 1.5 cm during simulated low tide (Fig. 1a, 
b). The base of each tide pool was lined with a layer (1.5-cm thick) of small rocks and sand in which the 
fish could hide or bury. Tide pool 1 was also made more attractive to fish because it had a small shelter 
constructed from three rocks within the pool itself, two rocks formed the base positioned 4 cm apart with 
the third rock placed on top to form a roof and no shelter was provided for tide pools 2–4. Rocks and sand 
remained in the same positions trial after trial, and if any of the rocks or sand was moved during tide 
changes or due to fish digging, we reposition them in their correct positions (i.e. any holes dug were 
covered before the next low tide). Lastly, tide pools 1 and 2 had a uniquely shaped rock landmark 
positioned over their top left corner which the fish could also find refuge under at high tide. Rock 
landmarks also served as possible cues to identify the location of each pool, i.e. rocks were submerged 
during high tide (underwater cue) and became exposed and overhanging (terrestrial cue) during low tide 
(Fig. 1a, b and supplementary material 1). 

A small flow of fresh sea water ran constantly into the tank from ten small entry holes on the wall above 
the highest level of the artificial rock platform; thus, water trickled into pools 1 and 2 first and slowly 
overflowed from there into the two lower pools. Tide flow was controlled by a custom-built tide regulator 
(METS 2010). To achieve a “high tide”, the rotating arm lifted the outflow pipe above water level 
contained within the tank and caused the water level to rise to within 5 cm of the tank rim. To achieve a 
“low tide”, the arm lowered the outflow pipe below water level contained within the tank, allowing water to 
exit the tank via drainage holes. At low tide, the tank was drained almost entirely of water except for the 
tide pools. The tide regulator was programmed to mimic the naturally occurring tide cycles; thus, there 
was 6.5 h between each high and low tide, two high tides and two low tides occurred daily, time of high 
and low tides changed daily according to natural tide cycles and water levels increased or decreased 
gradually. During low tide cycles, pools lower on the rock platform (i.e. tide pools 3 and 4) were exposed 
to the air for approximately 2 h, while pools higher up on the rock platform were exposed for 
approximately 4 h. Sea water supplied to the tanks was sourced directly from Chowder Bay using SIMS 
flow-through sea water system (i.e. fresh sea water constantly flowed through the apparatus); thus, odour 
cues were not likely to be used by fish to find the tide pools. Furthermore, the entire rock platform 



(including pools) was scrubbed clean before running a new fish to eliminate concern of confounding 
effects of odour cues. 

 

 

Fig. 1 Schematic of the test tank. a Top view and b left side view of the experimental tank. Tide pool 1 
consists of a deep depression (10 cm) that will retain water to a depth of 10 cm at simulated low tide. Tide 
pools 2 and 3 consist of a shallow depression (1.5 cm) that will retain water to a depth of 1.5 cm at simulated 
low tide. Lastly, tide pool 4 consists of a deep depression (10 cm) with a drain that will retain water to a depth 
of 1.5 cm at simulated low tide. The two highest pools (tide pools 1 and 2) have a rock landmark positioned 
over their top left corner prior to probe trials; these rock landmarks are later positioned over the top left 
corner of the two lowest pools (tide pools 3 and 4) during probe trials 

 

The gobies were tested individually and were determined to have a capacity for learning/memory if they 
were able to consistently locate the pool that retains the most water (tide pool 1) to wait out the simulated 
low tide for five consecutive trials. It has been shown that shallower tide pools make stranded fish feel 
uncomfortable (i.e. behaviours such as erratic swimming and digging in the sand to create deeper 
pockets within the pool in which fish could sit were observed); thus, it is expected that fish should avoid 
the shallower pools in future trials. 

Experimental procedure 

Tests for orientation and learning were performed as follows: on day 0, pre-training began and a fish was 
placed in pool 1 at low tide. In most cases, the fish immediately swam under the rocks or buried itself 
under the sand. After allowing one artificial high tide to occur (i.e. 12 h acclimation time) during which the 
fish could explore the spatial relationships of the four tide pools and their topographical features (video 
recordings show that all species were equally curious in exploration of all tide pools during high tides), 
experimental procedures began. The first training trial began immediately thereafter as the water drained 
to low tide height and the fish sought refuge in one of the four available tide pools for its duration. Fish 
were subjected to a total of ten consecutive tide cycles (i.e. trial 1–10) over the next 5 days before a 
probe trial was conducted. 

Probe trials were used to determine if the fish were employing rock landmark cues in order to locate tide 
pool 1. During a probe trial (i.e. trial 11), the rock landmarks over the two highest pools (tide pool 1 and 2) 
were moved down to the two lowest pools (tide pools 3 and 4). After the probe trial, fish were subjected to 



re-learning trials for a further five consecutive tide cycles (i.e. trials 12–16) during which rock landmarks 
remained positioned over tide pools 3 and 4. 

All fish were held for a total of 8 days and subjected to 16 tide cycles before being released back into the 
wild at sites of capture. 

Scoring learning and cue use 

A camera (Swann Security) positioned 1mabove the centre of each tank allowed us to view the fish on a 
remote laptop computer. Footage of each day was recorded directly to an external hard drive. We scored 
each fish’s learning ability from video recordings of the 8-day study period, a score of 1 was recorded if 
the fish waited out the simulated low tide in pool 1 (retains the most water and has rocks to hide under) 
and a score of 0 was recorded if the fish was found in any of the other pools (retains least amount of 
water and limited shelter). A secondary score was recorded for the probe trial (i.e. trial 11): if fish that had 
previously selected pool 1 now selected the lower pools over which rock landmarks were now positioned, 
we recorded the cue choice “landmark” or if they continued to return to the same pool as previous trials, 
then “other spatial strategy” was recorded. 

Statistical analysis 

Learning scores were averaged for prior rock movement (training trials 1–10) and post rock movement 
(re-learning trials 12–16) producing two separate values for each fish for analysis. The design of this 
experiment was such that we expected rock pool dwelling species would choose tide pool 1 to wait out 
the low tide, while sand-dwelling species would end up in pool 4. This means there would be no variance 
in some individuals as well as heterogeneity of within-group variance among the various fishes (i.e. the 
data is not normally distributed). Thus, nonparametric statistics were used in all analyses. We also used a 
Bonferroni multiple comparisons correction (i.e. P values must be <0.008 to be significant). 

A Kruskal-Wallis test was used to determine if there were differences in learning performance (mean of 
training trials 1–10) between the four goby species, followed by pairwise species contrasts using Mann–
Whitney U tests. Lastly, a paired sign test was used to compare differences in pool choice during training 
trial 10 and during the probe trial (trial 11) to determine which fish used the rock landmark for orientation. 
Size was not included in any of the above comparative analyses because it is confounded by species 
differences (i.e. mean total length ± SD: Cocos frillgoby 4.88 ± 0.60 cm; Krefft’s goby 4.12 ± 1.01 cm; 
eastern longfin goby 4.92 ± 0.27 cm; Hoese’s sandgoby 4.73 ± 0.76 cm). Thus, we analysed size 
intraspecificly using regressions. All analyses were performed using StatView Version 5·0·1 (SAS Institute 
Inc.). 

Here, we present data for tide pool 1 only. However, fish were also commonly found in tide pool 4 and 
never found in pools 2 and 3. Thus, data for tide pool 4 is simply the reciprocal of that for tide pool 1 (see 
supplementary information S2). 

Results 

Learning 

All four goby species obtained significantly different learning performance scores prior rock movement 
(Kruskal-Wallis: H=41.64, df=3, P<0.0001). Pairwise species contrasts using Mann–Whitney U tests 
revealed all species were significantly different from one another in their learning performances (P≤0.001 
in all cases). After Bonferoni correction, sand-dwelling species did not differ significantly from one another 
in learning performance (Z=−0.253, P=0.01) and the difference between rock pool dwelling species was 



borderline significant (Z=−0.264, P=0.0083) (Table 1). Both rock pool-dwelling species learnt very quickly; 
most individuals immediately found the deepest pool and 100 % of individuals were able to locate pool 1 
by the tenth trial. The sand species, Hoese’s sandgoby, showed some improvements by the end of the 
tenth trial but eastern longfin goby were not observed in tide pool 1 at all by the tenth trial (Fig. 2). Sand 
species were more likely to end up stranded in tide pool 4, no fish utilised tide pools 2 or 3 (see 
supplementary material 2 for analysis of tide pool 4) 

Re-learning 

Furthermore, all four species obtained significantly different learning performance scores post rock 
movement during relearning trials (Kruskal-Wallis: H=40.99, df=3, P<0.0001) (Fig. 2). Pairwise species 
contrasts of re-learning scores revealed all species were significantly different from one another in their 
re-learning performances (Mann–Whitney U: P≤0.001 in all cases), except for eastern longfin goby and 
Hoese’s sandgoby which did not differ from one another in learning performance (Z=−0.217, P=0.83) 
(Table 1). Cocos frill gobies re-learnt the location of tide pool 1 very quickly after the rock landmark was 
moved (probe trial), with 100 % of fish found in tide pool 1 by the final trial (Fig. 2). Krefft’s gobies on the 
other hand took much longer to re-learn the location of rock pool 1 after the probe trial, with only 76 % of 
fish found in tide pool 1 by the final trial. Rock movement had little influence on sand species, they 
continued to use tide pool 4 (see Supplementary material). 

Table 1 Mann–Whitney U pairwise species contrast results for prior rock movement (before probe trials) and 
post rock movement (during probe trials) 

Species Prior rock movement  Post rock movement (probe trials) 
 No. Mean U value z value P value  No. Mean U value z value P value 
Cocos frillgoby (R) 13 99 39.5 -2.641 0.0083  13 91 29.0 -2.984 0.003 
Krefft’s goby (R) 13 88     13 62    
Cocos frillgoby (R) 13 99 0.0 -4.598 <0.0001  13 91 0.0 -4.501 <0.0001 
Eastern longfin goby (S) 12 2     12 3.33    
Cocos frillgoby (R) 13 99 0.0 -4.662 <0.0001  13 91 0.00 -4.77 <0.0001 
Hoese’s sandgoby (S) 15 13.33     15 4    
Krefft’s goby (R) 13 88 0.0 -4.404 <0.0001  13 62 0.0 -4.397 <0.0001 
Eastern longfin goby (S) 12 2     12 3.33    
Krefft’s goby (R) 13 88 0.0 -4.531 <0.0001  13 62 0.0 -4.69 <0.0001 
Hoese’s sandgoby (S) 15 13.33     15 4    
Eastern longfin goby (S) 12 2 44.0 -2.525 0.0116  12 33.3 87.0 -0.217 0.83 
Hoese’s sandgoby (S) 15 13.33     15 4    
Bonferroni corrected for multiple comparisons (i.e. to be significant P<0.008). Significant result is shown in ital 
Mean mean percentage of trials fish waited out the low tide in pool 1 (deepest pool), 
R rock pool-dwelling species, S sand-dwelling species 

 

Spatial cue use 

Paired sign tests for training trial 10 vs probe trial revealed that there was no significant difference in the 
number of fish choosing the deepest pool (tide pool 1) during training trial 10 and during the probe trial for 
any species (paired sign test: P>0.05 in all cases), except for one rock pool species. Krefft’s goby was 
more likely to return to the deepest pool (tide pool 1) during training trial 10 (prior to rock landmark 



movement) than during probe trials (paired sign test: P=0.03) suggesting reliance on the rock landmark 
for orientation. Krefft’s goby was also the only species to show significant effects between training (prior 
rock movement) vs re-learning (post rock movement) scores. Which indicates that this species was more 
likely to return to the deepest pool (tide pool 1) prior to rock landmark movement than post rock landmark 
movement (paired sign test: P=0.012) suggesting that rock landmark movement had significantly 
confused these fish and impacted on their re-learning skills (Fig 3). 

Regression analyses only revealed a correlation between body size and percentage of fish choosing tide 
pool 1 prior (training) or post (re-learning) rock movement for the sand species, Hoese’s sandgoby. 
Larger fish waited out the low tide in the deepest pool (tide pool 1) more often than smaller fish prior to 
rock landmark movement for probe trials (R2=0.279, F1,14=5.03, P<0.05). 

 

Fig. 2 Proportion of fish observed in tide pool 1 prior to rock movement (trials 1–10) and post rock movement 
(probe trial 11 and re-learning trials 12–16) in the four species. Rock pool-dwelling species (Cocos frillgoby 
and Krefft’s goby) are represented with solid lines and sand-dwelling species (eastern longfin goby and 
Hoese’s sandgoby) are represented with dashed lines. The arrow indicates the probe trial 

 

Discussion 

The primary aim of this study was to test whether gobies from different habitats vary in their ability to store 
information about a familiar environment in their memory and use this information to return to a particular 
tide pool refuge at low tide. Most sand-dwelling fish were repeatedly found in rock pool 4, having followed 
the tide out. As expected, gobies from sandy beaches were unable to retain a spatial memory of the 
location of tide pool 1 (deepest pool); less than 20 % of individuals were returning to pool 1 by the tenth 
trial. Whereas gobies that inhabit intertidal rocky platforms learnt the location of the tide pool 1 very 
quickly, 100 % of individuals returned to pool 1 by the tenth trial. Many of the rock pool fish identified the 
safe pool from the very first trial. This result lends support to the ecological cognition hypothesis (Healy 
and Braithwaite 2000) by demonstrating that fish from rock pools require much better learning skills in 
order to revisit safe rock pools to avoid being stranded in bad locations at low tide. The results are also 



consistent with our previous field experiments that showed that rock pool residents are regularly found in 
the same pool and can relocate that pool if displaced elsewhere on the rock platform (White and Brown 
2013). 

Fish living in the intertidal zone, particularly in rock pools, are expected to have a highly accurate 
awareness of geographic location (Aronson 1951; Gibson 1968; Jorge et al. 2012). For example, 
numerous intertidal fish species are capable of successfully homing to their original pool after 
displacement (Blennidaae: Santos et al. 1989; Cottidae: Williams 1957; Gibson 1967; Green 1971; 
Gobiidae and Tripterygiddae: Griffiths 2003; White and Brown 2013; Sebastidae: Mitamura et al. 2005). 
Furthermore, it is likely that high tide exploration and feeding expeditions are responsible for their ability 
to learn and memorise the topographical characteristics of the areas surrounding their home rock pool so 
that it may be relocated if they should become displaced (Jorge et al. 2012). Thus, we suggest that rock 
pool species memorise the location of tide pool 1 during simulated high tide so that they can be relocated 
as a safe haven to wait out simulated low tide. 

 

Fig. 3 The percentage (±SE) of rock pool- and sand-dwelling fish choosing tide pool 1 (deepest pool) prior to 
rock movement and post rock movement (during probe trials) 

 

Sandy shores, in stark contrast, are structurally dynamic and relatively homogeneous in nature, meaning 
that few refuges are available for fishes to remain intertidally over periods of low tides. Thus, these 
species tend to follow the tide back and forth. In this context, it makes sense that sand-dwelling species 
do not remember the location of the tide pool 1 because in the wild these, fish simply enter and leave the 
intertidal zone with each tide (Gibson 1999). It is interesting to note just how unchanging this behaviour is. 
The sand species show almost no flexibility in their strategy even though they are repeatedly stranded in 
our tide pool simulator. There are multiple reasons why these fish do not seek shelter in the deepest pool 
even after multiple exposures. Firstly, shelter seeking is not a natural behaviour for these fish in the real 
world and they likely rely on a simple set of rules learned through experience to move in their 
environment (e.g. maintain 1-m depth). Secondly, they may not have the cognitive abilities to retain 



spatial information for extended periods of time. According to Braithwaite et al. (1996), memory duration 
may depend on environmental predictability. For example, in an environment that is constantly changing, 
long-term memories may be of low adaptive value because within a short period of time, the information 
that has been memorised will loose its relevancy. Therefore, on highly homogenous and mobile sandy 
shores, a fish’s memory should not last very long and should thus be continually updated through new 
learning experiences. This may in turn explain why sand species were unable to learn the location of tide 
pool 1. In contrast, fish living in stable and spatially complex environments, such as rock pools, would be 
expected to have longer-lasting memories and be more reliant on visual cues for orientation. Mackney 
and Hughes (1995) provide further support for these predictions in their study on memory retention of 
prey handling skills in closely related stickleback (Gasterosteus) species from differing habitats. Fish 
gathered from more changeable habitats (i.e. estuarine and marine) presented a shorter memory for 
foraging skills related to certain types of prey than freshwater species. The freshwater population was 
gathered from a landlocked pond containing a less diverse population of prey items; thus, the ability to  
recall particular prey-handling skills for longer would be a highly advantageous adaption. It is unclear if 
the differences in learning and memory between species from contrasting habitats is domain general 
(general intelligence) or specific (e.g. spatial). To adequately address this question, one would have to 
test gobies in other learning and memory domains, such as search image retention. 

The differences in learning ability observed between the species could have been generated by early 
experience of differing spatial problems (Seymoure et al. 1996; Odling- Smee and Braithwaite 2003a). 
For example, post-fledging mountain chickadees (Poecile gambeli) that have not received caching and 
retrieval experience display limited spatial memory capacities and reduced neural development (Clayton 
2001). Experience in rocky intertidal areas during early ontogeny may aid in the learning of new unfamiliar 
rock pools later in life. Thus, sand species are unable to learn the location of tide pool 1 because they 
have never experienced rocky shore habitats before. When fish recruit to their perspective habitats, they 
may develop spatial learning abilities that are appropriate to that particular location. Although unlikely in 
the present context, this hypothesis could be tested in future experiments by rearing fish in contrasting 
environments and observing the development of their learning abilities.  

Although there are obvious genetic differences between all four species examined here, rock pool 
species are more closely related to one another than they are to sand species and vice versa (Thacker 
and Roje 2011; GEW and CB unpublished). It might be suggested, therefore, that differences observed in 
learning and memory abilities between these two species from these contrasting habitats may have 
evolved once deep in goby phylogeny. Examination of the goby phylogeny suggest that the split between 
sand- and rock pool-dwelling species happened once deep within the goby phylogeny (Thacker and Roje 
2011). This implies that the spatial memory and habitat preference of the species studied here may have 
evolved in parallel with the early colonization of these habitats and were likely refined further during the 
diversification that followed thereafter. Future studies could examine the development of newly recruited 
juveniles to determine the extent of heritability in these traits. 

The second half of this experiment aimed to determine the effects of ecology on visual landmark use, with 
the expectation that gobies from rock pool habitats would rely on visual landmark cues for orientation to a 
greater extent than sand-dwelling species. As expected, differences in ability to locate the tide pool 1 prior 
(training trials) and post rock movement (probe trial) were noted only in rock pool-dwelling species, 
indicating that some individuals were using landmarks to orientate, especially in the case of Krefft’s goby. 
Fish of this species were more likely to return to tide pool 1 prior to rock movement than post rock 
movement (during the probe trial). Field observations on butterfly fish species (family Chaetodontidae) 
have likewise demonstrated that the displacement of visual landmarks can deflect fish from their path 
(Reese 1989). Furthermore, previous work on other fish species has revealed that fish collected from 



spatially complex and simple habitats or stable and unstable environments rely on different types of 
spatial information to navigate (Girvan and Braithwaite 1998; Braithwaite and Girvan 2003; Odling-Smee 
and Braithwaite 2003a; Brown and Braithwaite 2005). The results shown here lend support to these 
findings by showing that gobies from stable complex rock pool habitats use visual landmarks cues to 
orientate towards tide pool 1 to a greater extent than sand species. However, it was noted that some 
individuals did not change their tide pool choice during the probe trials, indicating that they were not using 
rock landmark cues to orient but instead may have been relying on other cues (e.g. perhaps the 
geometric relationship between pools, topography of the rock platform, water depth, flow direction, extra 
apparatus cues etc.). Future studies in this area should focus on determining what types of spatial or non-
spatial cues sand species use to orientate and to confirm the role that visual landmarks play in the 
orientation strategy of rock pool species. 

To conclude, this experiment provides further evidence that an animal’s behaviour and cognition is 
shaped by the habitat in which it lives. There is a large amount of current interest focusing on 
comprehending the links existing between ecology and cognition (reviewed in Healy and Braithwaite 
2000). Studies that offer insight into the role of environmental experience on the development of spatial 
learning abilities are highly valued as they help demonstrate more clearly how natural selection can 
shape spatial learning and memory. 

Ethical standards 

Experimental methods in this study conformed to the standards set by Macquarie University Animal 
Ethics committee (ARA# 2009/021-4). Fish collections were conducted under NSW fisheries Scientific 
Collection Permit number P08/0010-3.0. 

 

Acknowledgments  

Many thanks are due to Penelope Carbia for assistance with experimental testing, anonymous reviewers 
for comments on manuscript and Macquarie University for providing the funds necessary to perform this 
study. We would also like to thank Macquarie Engineering and Technical Services (METS; 
http://mets.mq.edu.au/) for constructing the spatial learning test tanks and tide regulator and Sydney 
Institute of Marine Science (SIMS) for the use of their seawater research facilities to house the fish. 

 

References 

Aronson LR (1951) Orientation and jumping behaviour in the Gobiid fish Bathygobis soporator. Am Mus 
Novit 1486:1–22 

Aronson LR (1971) Further studies on the orientation and jumping behaviour in the gobiid fish, 
Bathygobius soporator. Ann N Y Acad Sci 188:378–392 

Balda RP, Kamil AC (1992) Long-term spatial memory in Clark’s nutcracker, Nucifraga columbiana. 
AnimBehav 44:761–769 

Braithwaite VA, Girvan JR (2003) Use of water flow direction to provide spatial information in a small-
scale orientation task. J Fish Biol 63: 74–83 

Braithwaite VA, Armstrong JD, McAdam HM, Huntingford FA (1996) Can juvenile Atlantic salmon use 
multiple cue systems in spatial learning? Anim Behav 51:1409–1415 

Brodbeck DR (1994)Memory for spatial and local cues: a comparison of a storing and nonstoring species. 
Anim Learn Behav 22:119–133 



Brown C, Braithwaite VA (2005) Effects of predation pressure on the cognitive ability of the poeciliid 
Brachyraphis episcopi. Behav Ecol 16(2):482–487 

Burt de Perera T (2004a) Spatial parameters encoded in the spatial map of the blind Mexican cave fish, 
Astyanax fasciatus. Anim Behav 68: 291–295 

Burt de Perera T (2004b) Fish can encode order in their spatial map. Proc R Soc Lond B 271:2131–2134 
Burt de Perera T, Guilford TC (2008) Rapid learning in an intertidal fish, the shanny Lipophrys pholis L. J 

Fish Biol 72:1386–1392 
Clayton NS (2001) Hippocampal growth and maintenance depend on food-caching experience in juvenile 

mountain chickadees (Poecile gambeli). Behav Neurosci 115:614–625 
Dall SRX, Giraldeau LA, Olsson O, McNamara JM, Stephens DW (2005) Information and its use by 

animals in evolutionary ecology. Trends Ecol Evol 20:187–192 
Gibson RN (1967) Studies on the movement of littoral fish. J Anim Ecol 36:215–234 
Gibson RN (1968) The agonistic behavior of juvenile Blennius pholis L. (Teleostei). Behaviour 30:192–

217 
Gibson RN (1999) Movement and homing in intertidal fishes. In: Horn MH, Martina KLM, Chotkowski MA 

(eds) Intertidal fishes: life in two worlds. Academic Press, San Diego, pp 97–125 
Giraldeau LA (1997) Ecology of information use. In: Krebs JR, Davies NB (eds) Behavioural ecology. 

Blackwell Scientific, Oxford, pp 42–68 
Girvan JR, Braithwaite VA (1998) Population differences in spatial learning in three-spined sticklebacks. 

Proc R Soc Lond B 265: 913–918 
Green JM (1971) High tide movements and homing behavior of the tidepool sculpin Oligocottus 

maculosus. J Fish Res Board Can 28: 383–389 
Griffiths SP (2003) Rockpool ichthyofaunas of temperate Australia: species composition, residency and 

biogeographic patterns. Estuar Coast Shelf Sci 58(1):173–186 
Healy SD (1998) Spatial representation in animals. OxfordUniversity Press, Oxford 
Healy SA, Braithwaite VA (2000) Cognitive ecology: a field of substance? Trends Ecol Evol 15:22–26 
Healy SD, De Kort SR, Clayton NS (2005) The hippocampus, spatial memory and food hoarding: a 

puzzle revisited. Trends Ecol Evol 20:17–22 
Hughes RN, Blight CM (2000) Two intertidal fish species use visual association learning to track the 

status of food patches in a radial maze. Anim Behav 59:613–621 
Jorge PE, Almada F, Goncalves AR, Duarte-Coelho P, Almada VC (2012) Homing in rocky intertidal fish. 

Are Lipophrys pholis L. able to perform true navigation? Anim Cogn 15:1173–1181 
Krebs JR, Healy SD, Shettleworth SJ (1990) Spatial memory of Paridae: comparison of a storing and a 

non-storing species the coal tit, Parus ater, and the great tit, P. major. Anim Behav 39:1127–1137 
Laland KN, Brown C, Krause J (2003) Learning in fishes: from three-second memory to culture. Fish Fish 

4:199–202 
Lopez JC, Broglio C, Rodriguez F, Thinus-Blanc C, Salas C (1999) Multiple spatial learning strategies in 

goldfish (Carassius auratus). Anim Cogn 2:109–120 
Lopez JC, Bingham VP, Rodríguez F, Gómez Y, Salas C (2000) Dissociation of place and cue learning 

by telencephalic ablation in goldfish. Behav Neurosci 114:687–699 
Mackney PA, Hughes RN (1995) Foraging behaviour and memory window in sticklebacks. Behaviour 

132:1241–1253 
Markel RW (1994) An adaptive value of spatial learning and memory in the blackeye goby, Coryphoterus 

nicholsi. Anim Behav 47:1462–1464 
Mitamura H, Arai N, Sakamoto W, Mitsunnaga Y, Tanaka H, Mukai Y, Nakamura K, Sasaki M, Yoneda Y 

(2005) Role of olfaction and vision in homing behaviour of black rockfish Sebastes inermis. J Exp 
Mar Biol Ecol 322:123–134 

Odling-Smee L, Braithwaite VA (2003a) The influence of habitat stability on landmark use during spatial 
learning in the three-spined stickleback. Anim Behav 65:701–707 



Odling-Smee L, Braithwaite V (2003b) The role of learning in fish orientation. Fish Fish 4:235–246 
Odling-Smee LC, Boughmann JW, Braithwaite VA (2008) Sympatric species of threespine stickleback 

differ in their performance in a spatial learning task. Behav Ecol Sociobiol 62:1935–1945 
Reese ES (1989) Orientation behaviour of butterflyfishes (family Chaetontidae) on coral reefs: spatial 

learning of route specific landmarks and cognitive maps. Environ Biol Fish 25:79–86 
Rodriguez F, Duran E, Vargas JP, Torres B, Salas C (1994) Performance of goldfish trained in allocentric 

and geocentric maze procedures suggests presence of a cognitive mapping system in fishes. 
Anim Learn Behav 10:108–114 

Salas C, Broglio C, Rodriguez F, Lopez JC, Portavella M, Torres B (1996) Telencephalic ablation in 
goldfish impairs performance in a ‘spatial constancy’ problembut not a cued one. Behav Brain 
Res 79: 193–200 

Santos RS, Almada VC, Santos AJ (1989) Field experiments and observations on homing and 
territoriality in intertidal blennies. In: Blanchard RJ, Brain PF, Blanchard DC, Parmigiani S (eds) 
Ethoexperimental approaches to the study of behavior vol 48. Kluwer Academic Publishers, New 
York, pp 623–632 

Seymoure P, Dou H, Juraska JM (1996) Sex differences in radial maze performance: influence of rearing 
environment and room cues. Psychobiology 24:33–37 

Sherry DF, Jacobs LF, Gaulin SJC (1992) Spatial memory and adaptive specialization of the 
hippocampus. Trends Neurosci 15:298–303  

Shettleworth SJ (2010) Cognition, evolution and behavior, 2nd edn. Oxford University Press, New York 
Sovrano VA, Bisazza A, Vallortigara G (2003) Modularity as a fish (Xenotoca eiseni) views it: Conjoining 

geometric and nongeometric 
information for spatial reorientation. J Exp Psychol AnimB 29:199–210 
Teyke T (1989) Learning and remembering the environment in blind cave fish Anoptichthys jordani. J 

Comp Physiol A 164:655–662 
Thacker CE, Roje DM (2011) Phylogeny of Gobiidae and identification of gobiid lineages. Syst Biodivers 

9:329–347 
Warburton K (2003) Learning of foraging skills by fish. Fish Fish 4:203–215 
White GE, Brown C (2013) Site fidelity and homing behaviour in intertidal fishes. Mar Biol 160:1365–1372 
Wickler W (1957) Vergleichende Verhaltensstudien an Grundfischen. I. Beiträge zur Biologie, besonders 

zur Ethologie von Blennius fluviatilis Asso im Vergleich zu einigen anderen Bodenfischen. 
ZTierpsychol 14:393–428 

Williams GC (1957) Homing behavior of California rocky shore fishes. Univ Calif Publ Zool 59:249–284 


	A Comparison of Spatial Learning and Memory Capabilities in Intertidal Gobies
	Recommended Citation

	tmp.1464280068.pdf.zxSYw

