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ABSTRACT 18 

Environmental cues in mangroves such as chemicals released from senescent leaf litter could 19 

help guide juvenile nekton to their nursery habitats. A laboratory olfactory choice experiment 20 

was conducted using a three-channel choice flume to assess the ability of juveniles of the 21 

caridean shrimp Palaemon debilis Dana (1852) to distinguish between water containing 22 

leachates from the leaf litter of the mangroves Avicennia marina (Forsk.) Vierh., Rhizophora 23 

stylosa Griff. and a mixture of the two species. Senescent leaves of these species of 24 

mangroves were soaked for 14 days in artificial seawater before being exposed to juvenile P. 25 
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debilis in the flume. P. debilis spent significantly more time in R. stylosa water, followed by 26 

mixed R. stylosa and A. marina water, and least time in A. marina water. The consistent 27 

preference for R. stylosa water suggests that the chemical cues from senescent leaves of this 28 

mangrove species might influence choice selection by the shrimp. The olfactory choice 29 

experiment was further investigated to assess if the preference for senescent R. stylosa 30 

leachate (water) was due to the water-borne chemicals (either from the senescent R. stylosa 31 

leaf litter water or aged R. stylosa detritus) serving as an attractant to the shrimps, by 32 

comparing it to aged R. stylosa detritus and artificial seawater. Juvenile shrimp preferred 33 

senescent R. stylosa water, therefore suggesting a role of chemical attractants in the shrimp’s 34 

choice of habitat.  35 

 36 

KEY WORDS: chemical cues; choice selection; juvenile nekton; mangrove litter; olfactory 37 

choice test  38 

 39 

1.0 INTRODUCTION 40 

One of the paradigms in mangrove ecology is the habitat’s role as a nursery for juvenile 41 

nekton, where survival and thus contribution to the future adult population is enhanced by the 42 

benefits of shelter, food, and protection from predators (Nagelkerken 2009; Nagelkerken et al. 43 

2008; Sheridan and Hays 2003). Most species of juvenile nekton found in mangroves, 44 

however, spawn offshore as adults so juveniles must possess effective means of locating their 45 

preferred nursery habitats (Beck et al. 2001; Dahlgren et al. 2006). The juveniles most likely 46 

utilise mangroves as a refuge area and to search for food during the high tide using 47 

environmental cues such as olfactory chemicals to home in on the preferred habitat (e.g. 48 

(Huijbers et al. 2008)). While coastal hydrodynamics play a strong role in transporting and 49 

trapping larvae in particular water bodies, environmental cues such as sound, magnetic field, 50 
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electric field, currents, light and water chemistry may play an important role in determining 51 

the final habitat chosen for settlement by juvenile nekton as reviewed by Kingsford et al. 52 

(2002). 53 

Sensory cues are important in helping juvenile nekton (of both pelagic, benthic and 54 

plankton species) differentiate and select habitat for settlement. Olfactory cues play a role in 55 

helping juvenile fishes to detect suitable settlement habitat including chemicals from reefs 56 

(Atema et al. 2002; Gerlach et al. 2007), seagrasses (Arvedlund and Takemura 2006), 57 

mangroves (Huijbers et al. 2008), and coral reefs (Lecchini et al. 2013). Apart from single 58 

sensory cues, multiple sensory cues (olfaction, vision, and hearing) also influence settlement 59 

of coral reef fishes (Huijbers et al. 2012), with fishes using multiple sensory cues in sequence 60 

in their orientation towards their settlement habitat. 61 

Apart from coral reef fishes, olfactory cues have been shown to play an important role 62 

in the recognition of habitats by crustaceans (Diaz et al. 2003; Lecchini et al. 2010; Welch et 63 

al. 1997), predator’s avoidance (Chiussi 2003; Diaz et al. 2001; Forward Jr. et al. 2003), and 64 

the presence or absence of conspecifics (Diaz et al. 2003; Lecchini et al. 2010) and 65 

heterospecifics (Lecchini et al. 2010). Chemical cues are also used to detect the presence or 66 

absence of heterospecifics and identification of potential hosts by a parasitic barnacle (Boone 67 

et al. 2003) and symbiotic brachyuran crabs (Castro 2015). Cues from conspecific adults 68 

(Gebauer et al. 2002) and substrate (Diele and Simith 2007) can also delay or expedite 69 

metamorphosis. In general, crustaceans such as amphipods, lobsters, crayfishes, and crabs are 70 

known to use chemical cues to find mates, find favoured food and habitats, signal dominance, 71 

recognize known conspecifics, and assess the presence of predators (Hay 2011).  72 

The primary sense used in detecting chemical cues over long distances in fishes is 73 

olfaction (Leis et al. 2011), as it is probably most effective in distant habitat detection. The 74 

olfactory system in crustaceans is through the antennular chemical sensing (Derby 2000). The 75 
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chemical senses in decapod crustaceans can be discovered by either their aesthetasc or non-76 

aesthetasc pathways (Derby 2000). A study conducted by Horner et al. (2004) showed that 77 

both the aesthetasc and non-aesthetasc pathways are involved and showed functional overlap 78 

in the food localization behaviour by the Caribbean spiny lobsters.  79 

While most cues are waterborne, some lipid-soluble compounds are still used as cues 80 

(Hay 2011). Chemical cues affect not only individual and population-level processes, but also 81 

community organization and ecosystem function. The chemical cues from phytoplankton-82 

generated dimethyl sulphide (dispersed in either water or air) had a cascading effect on 83 

ciliates, zooplankton, fishes, sea birds, and potentially, desert plants, desert animals, and 84 

global weather patterns (Hay and Kubanek 2002).  85 

Little is known about chemical cues guiding juvenile nekton to nursery sites in 86 

mangroves. While it has been shown that mangrove waters attracted the post-larvae of a reef 87 

fish (Huijbers et al. 2008), no studies have yet tested if chemical cues from the leaf litter of 88 

different mangrove species could determine the choice preference of juvenile nekton utilising 89 

mangrove areas. This ability is potentially important as different species of mangrove offer 90 

different structural complexities as well as biogeochemical environments relevant to survival 91 

of juvenile nekton.  92 

Postlarvae of palaemonid shrimps (Natantia) made active habitat choices with a 93 

preference for macroalgae over live coral, dead coral, and sand in a laboratory based 94 

experiment (Lecchini et al. 2010). Laboratory studies conducted on reared juvenile coral reef 95 

fishes by Dixson et al. (2008) also showed that the olfactory preference was innate rather than 96 

learned, where the reared juvenile coral reef fish had the ability to exhibit the same response 97 

to the water treated with anemone scent and rainforest vegetation, similar with the field 98 

juveniles. Based on this ability, it is possible that juvenile nekton will be able to distinguish 99 

chemical cues from different species of mangroves. Understanding how and why juvenile 100 
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nektons are associated with mangroves may contribute in assessing the importance of 101 

mangrove diversity in habitat function and thus the delivery of beneficial ecosystem services. 102 

It is anticipated that chemical cues from leaf litter of mangroves are one of the most likely 103 

agents influencing the preferred habitat of juvenile nekton. 104 

Different mangrove species may release characteristic chemicals at different rates 105 

during the decomposition process. Initial leaching of soluble chemicals happens most rapidly 106 

during the first 10-14 days of decomposition when up to 50 % of the dry mass could be lost 107 

(Lee 1989; Robertson et al. 1992; Steinke et al. 1993). Mangrove leachates comprise a 108 

diverse mixture of mainly soluble organic substances (Popp 1984a; Popp 1984b; Popp et al. 109 

1984). These sugars, tannins, and other phenolic compounds may have distinctly different 110 

appeal to juvenile nekton as cues for determining habitat choice.  111 

This is a laboratory study aimed to investigate whether juveniles of the caridean 112 

shrimp Palaemon debilis (Palaemonidae), a common species in mangrove-lined estuaries in 113 

the Indo West-Pacific, are able to differentiate chemical cues from different mangrove leaf 114 

litter leachates in their location of preferred choice and also to determine whether the 115 

functional chemicals might be serving as an attractant or deterrent.  116 

 117 

2.0 MATERIAL AND METHODS 118 

2.1 Study Site and Collections 119 

Palaemon debilis larvae undergo seven zoeal and one megalopal stages before they reach the 120 

juvenile stage, with the megalopae transforming into the juvenile stage of around 7 mm 121 

(Shokita 1977). Based on field observation, the size structure of P. debilis present in the 122 

estuary of Tallebudgera Creek had a range of total length (rostrum to telson) of between 5 123 

mm and 25 mm. The individuals that we used in the experiments were therefore first 124 

juveniles that would be actively seeking their eventual habitat. The behaviour of being 125 
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influenced by chemical cues from mangroves would also facilitate the choice of foraging 126 

habitats during the tidal migration of juveniles and adults. 127 

Juvenile individuals of the common estuarine caridean shrimp (P. debilis) were 128 

captured by using a hand-net at intertidal pools adjacent to a mangrove forest consisting of 129 

two species of mangroves (Avicennia marina (Forsk.) Vierh. and Rhizophora stylosa Griff.)  130 

at Tallebudgera Creek (28°6’25”S, 153°26’55”E), southeast Queensland, Australia, during 131 

the low tide in autumn, April 2013. The mangrove forest along Tallebudgera Creek is 132 

approximately 44 hectares dominated by a mixture of R. stylosa and A. marina. Juvenile P. 133 

debilis have commonly been observed moving into the mangroves during high tide at this site 134 

although there is no formal report of their abundance. Juvenile P. debilis move into the 135 

mangroves during the high tide, perhaps driven by the mangrove cues to seek shelter and 136 

food. P. debilis was the most abundant invertebrate sampled during a separate field study 137 

conducted in the same area and there is a resident population in the estuary. There is little 138 

information available on the biology of P. debilis.  139 

Individuals used in the experiment comprised only juveniles, which had a range of 140 

total length of between 7 and 10 mm measured from the tip of the rostrum to the posterior 141 

end of the telson (body length is between 5 and 7 mm). This size class was most frequent 142 

among shrimps trapped in the intertidal pools adjacent to the mangrove forest during the low 143 

tide. The adult size of this shrimp is approximately 35 mm (Poupin 2007).  144 

The shrimps were maintained in a plastic pail in aerated seawater upon collection. All 145 

shrimps were transferred to a glass aquarium tank and kept in aerated seawater (salinity 28) at 146 

20°C in the laboratory for 24 hours and shrimps were not fed during the acclimation period 147 

prior to the start of the experiments. This is to starve the shrimps so that it will initiate food 148 

searching response prior to the experiments. The salinity of 28 was chosen to match the 149 

salinity where the shrimps were captured. 150 
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 151 

2.2 Experimental Design 152 

The experiments were carried out in a constant temperature room (20°C) with the use of a 153 

rectangular flow tank, which contained a three-channel choice flume, allowing three water 154 

sources to be used simultaneously during the choice test. This design avoided having too 155 

many between-test comparisons before a preference pattern could be established. This is a 156 

modified design of a two-channel choice flume used in previous studies (Atema et al. 2002; 157 

Huijbers et al. 2008). The design allows three water sources to flow through the channel 158 

flumes and mix at the downstream end of the flume, i.e. E - the starting position of the 159 

juvenile caridean shrimp / zone with mixed water from all three flumes (Fig. 1). 160 

The test area (12 cm x 7.5 cm) of the three-channel choice flume had a water depth of 161 

2.5 cm (Fig. 1). The time spent by the shrimp in each flume carrying a different water type 162 

was monitored in the observation area (Fig. 1). Three different types of water (see below) 163 

were gravity fed from three different respective storage tanks and flowed into the three 164 

individual flumes that were partitioned using 6 cm flume barriers. The storage tanks were 165 

connected to the rectangular flow-tank’s water inlet according to the three individual flumes 166 

(left, middle and right) by a series of connectors, delivering the desired water type to specific 167 

flumes.  168 

Artificial seawater (a mixture of 1.8 kg of artificial salt and 50 l filtered tap water, 169 

salinity 28) was used for soaking mangrove leaves as the experiment water and as a neutral 170 

control during the acclimation stage. The rectangular flow tank was placed in a large 171 

darkened tank to ensure the shrimp would not be unduly influenced by external disturbances, 172 

including the observer. 173 

The flow speed was measured and maintained at 0.5 ml per second by filling a 174 

measuring cylinder with water exiting the flow-tank (Fig. 1) over a fixed amount of time (190 175 
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ml in 60 s) and a flume cross-sectional area of 6.25 cm2. The water was released from the 176 

water storage tank to the tubes that were attached to the flow-tank inlets. The flow speed was 177 

selected based on preliminary tests, as it was strong enough to stimulate the shrimp to swim 178 

against the flow while not too strong to tire the animal.  179 

At the beginning of the experiment, water was released from the storage tank until it 180 

filled up the flow tank. The control valve at the water outflow end was then opened and 181 

adjusted to release the water. This regulated the desired water flow and water level. This step 182 

was important in order to control the water level to prevent overflowing and to maintain the 183 

desired flow speed in the tank. The water flow for each flume was adjusted accordingly to 184 

achieve laminar flow. The flow speed was maintained the same for all experiments. A down-185 

current mesh net was placed near the end of the flow tank to avoid the shrimp from getting 186 

washed out during the experiments. 187 

Tests using non-toxic coloured food dyes (Queen brand) were conducted before the 188 

start of each experiment to ensure maximal flow separation following the flume barrier with 189 

minor turbulence (Fig. 2). The three flow streams separated up to the downstream mesh net, 190 

where the shrimp could swim freely between the water masses. This also ensured the flow 191 

speed was constant before the actual test. Juvenile shrimp were released at the downstream 192 

end of the flume and were free to move towards the preferred water source. 193 

 194 

2.3 Olfactory Choice Experiments 195 

2.3.1 Experiment 1 196 

This experiment was run to see if there was any flume bias in factors other than odour 197 

influencing shrimp choice. It is anticipated that there will be slightly flume bias due to the 198 

flow rate and local conditions such as turbulence. Each juvenile shrimp was exposed to the 199 

same water type for all the flumes. The water sources used for water type A were a 200 
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combination of Rhizophora stylosa and Avicennia marina (RS + AM) water, water type B - 201 

R. stylosa (RS) water and water type C - A. marina (AM) water. At the start of each 202 

experiment, a shrimp was acclimated in the flow tank for 3 min in flowing artificial seawater 203 

to ensure removal of any potential residual chemical cues from the previous before exposing 204 

it to any possible chemical cues from the different water types (Experiment 1) or three water 205 

types for experiments 2 and 3. 3 min was chosen for acclimation as any potential residual 206 

chemical cues prior to the start of experiments would have been completely removed.  207 

Each shrimp was assigned to a sequence of 3 same water type-flume combinations (e.g. 208 

AAA, BBB and CCC). After each test (3-min) (e.g. AAA), the test was repeated with a 209 

different water type, but with all flume positions discharging the same water (e.g. BBB or 210 

CCC). The time spent in each of the three flumes was recorded during the 3-min testing 211 

period for each of the three tests. 3 min was chosen for the experimental runs as the shrimps 212 

would show its preferences in the first 3 min of exposure to the chemical cues (Huijbers et al. 213 

2008). The experimental protocol was performed on 32 individuals of juvenile P. debilis. 214 

Each shrimp was used only once for each experiment. A complete experiment comprising 3 215 

tests for each shrimp producing 9 data points. The total number of data points was therefore 216 

288. There was a 1-min period for switching of water types to the rectangular flow-tank inlets 217 

between successive combinations. During the 1-min switching period, the shrimps were 218 

repositioned to E (Fig. 1) between the tests by exposing a hand shadow above the shrimp and 219 

this had influenced the shrimps to return to E (Fig. 1). A complete experiment for each 220 

individual lasted for 14 min (3 min acclimatisation, plus three tests for a total time of 9 min 221 

choice test, plus 2 min switching period). The unit for the time spent by the shrimps in each 222 

flume is in seconds. The control test was only conducted for Experiment 2. 223 

2.3.2 Experiment 2 224 
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This experiment tested whether juvenile P. debilis was able to distinguish chemical signals 225 

from mangrove leaf litter leachates and their combinations. It is anticipated that P. debilis 226 

would be able to distinguish chemical signals from mangrove leaf litter leachates and choose 227 

the preferable cue. The water sources used were 1) a combination of Rhizophora stylosa and 228 

Avicennia marina (RS + AM) water, 2) R. stylosa (RS) water, and (3) A. marina (AM) water. 229 

Air-dried senescent mangrove leaves (100 g/type) were soaked and aerated in three separate 230 

storage tanks in 50 L of artificial seawater (salinity of 28 ppt) for the duration of two weeks. 231 

For the RS + AM water, 50 g of air-dried senescent leaves of each species were soaked in one 232 

tank. The soaking process reduced the concentration of some of the chemicals such as tannins 233 

(similarly to leaching process e.g. in Hernes et al. (2001)) and other phenolic compounds 234 

known to be strong deterrents to meiofauna (Alongi 1987a; Alongi 1987b) and standardised 235 

as well as conditioned the leaves to resemble the field condition, i.e. partially decomposed 236 

litter, in terms of their leaching state.  237 

For all experiments 1, 2 and 3, water was drained out after the two-week soaking 238 

period and replaced with a new volume of artificial seawater, aerated and left for 24 hours 239 

before commencing the experiment. A 24 hour period was chosen to allow the leaching of 240 

significant soluble chemicals from the mangrove leaves before the test. Water from the same 241 

batch was used only for up to three days to ensure that the concentration of the chemical cues 242 

from the mangrove leaves were roughly equal throughout the replicate tests.  243 

In general, the experimental protocol followed that used in Experiment 1. Each 244 

shrimp was assigned to a random sequence of six consecutive water type-flume combinations 245 

(e.g. ABC, BCA, CAB, ACB, BAC and CBA) in experiments 2 and 3. After each 246 

combination (3 min) (e.g. ABC), the test was repeated with a different combination of water 247 

type-flume position (e.g. BCA), to exclude a possible effect of flume position and also the 248 

possibility that a shrimp was  remaining in the same water type without sensing the new 249 
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water types in the other flume positions. There was a 1-min period for switching of water 250 

types to the tank inlets between successive tests. The time spent in each of the three flumes 251 

was recorded during the 3 min testing period per water type-flume combination. For 252 

Experiment 2, the experimental protocol was performed on 32 individuals. Each juvenile 253 

shrimp was used only once for each experiment. A complete experiment comprising 6 tests 254 

for each shrimp producing 18 data points. The total number of data points was therefore 576. 255 

A complete experiment for each individual lasted for 23 minutes (3 min acclimation, 256 

plus 6 tests where each test lasting for 3 min for a total time of 18 min choice test, plus 2 min 257 

switching period). Each shrimp had two values of time spent per water type-flume 258 

combination (e.g. in ABC and ACB, there are two values of time spent in water A of the 259 

same flume). These two values were calculated and the said value was the time spent in water 260 

A for the respective shrimp. The mean time spent in each of the three flumes per water type-261 

flume combination for 32 individuals of juvenile shrimp was calculated from this. 262 

2.3.3 Experiment 3 263 

This experiment was conducted to confirm if the preference for R. stylosa water observed in 264 

Experiment 2 (see results of Experiment 2) was due to the waterborne chemicals (either from 265 

the senescent R. stylosa leaf litter water or aged R. stylosa detritus) serving as an attractant to 266 

the shrimps. The water sources that were used for this experiment were 1) R. stylosa water, 2) 267 

aged R. stylosa detritus water, and 3) artificial seawater only. The preparation of the 268 

senescent leaves of R. stylosa was similar to that in the first experiment. Two separate tanks 269 

were prepared for the other water sources. Air-dried, aged R. stylosa detritus was added into 270 

the storage tank while only artificial seawater was used in the third tank. All three water 271 

sources were aerated for 24 hours before commencing the experiment. Aged R. stylosa 272 

detritus was collected from the top 10 cm of the mangrove sediment and adjacent mudflat. 273 

The detritus was cleaned to remove excess sediment and air dried to remove surface water. 274 
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Upon drying, only R. stylosa fragments were selected and used for the experiment. The 275 

experimental protocol was similar to that of Experiment 2. Aged R. stylosa detritus was used 276 

in this experiment as it is anticipated that the shrimps will prefer decomposing than senescent 277 

R. stylosa leaf litter due to microbial enrichment in the former. 278 

In all three experiments, artificial seawater was used during the 3 min acclimation 279 

stage as it contained no biogenic chemical cues. If the olfactory preference for any of the 280 

treatments reflected attraction due to the presence of leaf chemicals, the shrimp would be 281 

positively attracted to the leachate compared to the neutral control.  282 

 283 

2.4 Data Analysis 284 

For experiments 2 and 3, a two-way mixed model was used to test if water type in which the 285 

juvenile shrimp was offered the six different water-flume combinations affected their choice 286 

response. The mixed model allowed the analysis of whether respective water types in six 287 

different water-flume combinations had an effect on the shrimp (repeated measures), in terms 288 

of the time (dependent variable) spent at each respective water type-flume combinations. 289 

Time and the respective water type in six different water-flume combinations (treatment 290 

group) are fixed factors. The Shrimp (ID of each test subject) is a random variable. For the 291 

control test (Experiment 1), a one-way ANOVA was performed to test if the same water type-292 

flume combinations affected the shrimp’s choice response. For Experiment 1, a mixed model 293 

or repeated measures was not used as the levels of the repeated effect are not different for 294 

each observation within a repeated subject, i.e. all flumes carried the same water type. 295 

Percentages of time spent in the six different water-flume combinations were arcsine 296 

square root transformed based on the proportion of time (for experiments 2 and 3 data sets) to 297 

meet the assumption of normality. For control test (Experiment 1) data set, Levene’s test 298 

showed that homogeneity of variance had not been violated, hence the samples have equal 299 
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variances. For all experiments a normal Q-Q plot of residuals showed that data were normally 300 

distributed. All statistical analyses were conducted using SPSS version 21. Post-hoc 301 

Bonferroni test (for experiments 2 and 3 data sets) and Tukey HSD (for Experiment 1) were 302 

performed when there was a significant main effect.  303 

 304 

3.0 RESULTS 305 

Most shrimp showed a strong preference for one of the three types of water offered, but still 306 

occasionally switched to either one of the two other flumes during the experiments. 307 

Generally, within the 3 min test, the shrimps entered the flume that contained senescent R. 308 

stylosa leaf litter water more frequently compared to the other two water types. The 32 309 

shrimps tested in each experiment showed a clear choice in 47 % (Experiment 1), 51 % 310 

(Experiment 2), and 53 % (Experiment 3) of the overall test time by remaining within a 311 

particular flume (section D, Fig. 1), rather than in the mixed water section (section E, Fig. 1). 312 

All animals tested (96 shrimps) showed clear choice during the experiments, by remaining 313 

within a particular flume. 314 

 315 

3.1 Experiment 1 (Control Test) 316 

The control test confirmed there was a significant effect of the time spent by the shrimps in 317 

the same water-flume combinations according to flume position. For water type A (RS+AM), 318 

the time spent in right flume was higher than the time spent in middle flume (p = 0.00; Fig. 3, 319 

Appendix 1). For water type B (RS), the time spent in both left and right flume were higher 320 

than the time spent in middle flume (p < 0.001, Fig. 3, Appendix 1). For water type C (AM), 321 

the time spent in the right flume was higher than the time spent in the left (p = 0.014) and 322 

middle (p < 0.001) flumes (Fig. 3, Appendix 1). All other interactions were not significant 323 

(Appendix 1). Therefore, the actual choice tests in Experiments 2 and 3, were conducted 324 
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using random sequences of six water type-flume combinations to eliminate flume bias by 325 

using the mean percentage of time spent by the shrimps for each water types in each 326 

respective flume. 327 

 328 

3.2 Experiment 2 (Mixed Versus Individual Mangrove Odours) 329 

The tests of fixed effects showed that shrimps spent significantly different amounts of time 330 

among the three water types (F2, 195.7 = 4.15, p = 0.017; Table 1). Post-hoc analyses with 331 

Bonferroni (α = 0.0167) showed that the time spent in RS water was significantly higher than 332 

that in AM water (p = 0.014, Fig. 4; Appendix 2). There was no significant difference 333 

between the times spent in RS + AM water and either RS or AM water (Fig. 4; Appendix 2). 334 

 335 

Table 1.  Experiment 2. Results of a two-way mixed model ANOVA on the effects of water 336 

type (WT) and water type in which the juvenile shrimp was offered six different water-flume 337 

combinations (WF). Significant test results are highlighted in bold. 338 

 339 

Source Numerator df Denominator df F p 
WT 2 195.726 4.154 0.017 
WF x WT 10 338.233 17.108 <0.001 

 340 

The tests of fixed effects also showed a significant interaction of water types in six 341 

different water-flume combinations (F10, 338.2 = 17.11, p < 0.001; Table 1) based on time spent 342 

in the water types according to the six different water-flume combinations. Post-hoc analyses 343 

with Bonferroni (α = 0.0167) showed the time spent in the water types varies according to the 344 

six different water-flume combinations (Fig. 4).  345 

In the first water-flume combination (ABC), the time spent in AM water was 346 

significantly higher than the time spent in RS water (p < 0.001; Fig. 4, Appendix 3). There 347 

was no significant difference between the times spent in the AM water and RS + AM water 348 
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and also between the times spent in the RS + AM water and RS water (Fig. 4, Appendix 3). 349 

In the second water-flume combination (BCA), the time spent in AM water was significantly 350 

lower than the time spent in either the RS + AM water (p < 0.001) and RS water (p = 0.005; 351 

Fig. 4, Appendix 3). There was no significant difference between the times spent in the RS + 352 

AM water and RS water (Fig. 4, Appendix 3). In the third water-flume combination (CAB), 353 

the time spent in RS water was significantly higher than the time spent in either the AM 354 

water or RS + AM water (p < 0.001; Fig. 4, Appendix 3). There was no significant difference 355 

between the times spent in the AM water and RS + AM water (Fig. 4, Appendix 3). In the 356 

fourth water-flume combination (ACB), the time spent in AM water was significantly lower 357 

than the time spent in either the RS water and RS + AM water (p < 0.001; Fig. 4, Appendix 358 

3). There was no significant difference between the times spent in the RS water and RS + 359 

AM water (Fig. 4, Appendix 3). In the fifth water-flume combination (CBA), the time spent 360 

in RS water was significantly lower than the time spent in either the RS + AM water (p < 361 

0.001) and AM water (p = 0.005; Fig. 4, Appendix 3). There was also significant difference 362 

between the times spent in the RS + AM water and AM water (p = 0.016; Fig. 4, Appendix 363 

3). In the six water-flume combination (BAC), the time spent in RS + AM water was 364 

significantly lower than the time spent in either the RS water (p < 0.001) and AM water (p = 365 

0.002; Fig. 4, Appendix 3). There was no significant difference between the times spent in 366 

the RS water and AM water (Fig. 4, Appendix 3). Generally throughout the total of six water-367 

flume combination experiments, the result showed that the juvenile shrimp spent most of the 368 

times in RS water.  369 

Following these results, we concluded that the water type and the interaction of water 370 

types in six different water-flume combination influenced the shrimp’s preference towards 371 

the water types offered. 372 

 373 
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3.3 Experiment 3 (Rhizophora stylosa Odour Versus Artificial Seawater) 374 

There was a significant effect of water type (F2, 230.8 = 11.00, p < 0.001; Table 2), with the 375 

shrimp spending more time in RS water and the least time in aged RS detritus water. The 376 

time spent in RS water was significantly higher (Bonferroni test; α = 0.0167) than the time 377 

spent in aged RS detritus water (p < 0.001; Fig. 5, Appendix 4). There was no significant 378 

difference between the times spent in RS water and artificial sweater and also between the 379 

times spent in aged RS detritus water and artificial seawater (Fig. 5, Appendix 4).  380 

 381 

Table 2. Experiment 3. Results of two-way mixed model for the effects of water type (WT) 382 

and water type in which the juvenile shrimp was offered six different water-flume 383 

combinations (WF). Significant test results are highlighted in bold. 384 

 385 

Source Numerator df Denominator df F p 
WT 2 230.888 11.004 <0.001 
WF x WT 10 369.068 28.224 <0.001 

 386 

As in Experiment 2, there was also a significant interaction of water types in six 387 

different water-flume combination (F10, 369 = 28.22, p < 0.001; Table 2), based on time spent 388 

among the water types according to the six different water-flume combination. Post-hoc 389 

analyses (Bonferroni test; α = 0.0167) showed the time spent among the water types varies 390 

according to the six different water-flume combination (Fig. 5). 391 

In the first water-flume combination (ABC), the time spent in RS detritus water was 392 

significantly higher than the time spent in either the artificial seawater and RS water (p < 393 

0.001; Fig. 5, Appendix 5). There was no significant difference between the times spent in 394 

the RS water and artificial seawater (Fig. 5, Appendix 5). In the second water-flume 395 

combination (BCA), the time spent in artificial seawater was significantly lower than the time 396 

spent in either the RS water and the RS detritus water (p < 0.001; Fig. 5, Appendix 5). There 397 
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was also significant difference between the times spent in the RS water and RS detritus water 398 

(p = 0.003; Fig. 5, Appendix 5). In the third water-flume combination (CAB), the time spent 399 

in artificial seawater was significantly higher than the time spent in the RS water (p < 0.001; 400 

Fig. 5, Appendix 5). There was no significant difference between the times spent in the RS 401 

detritus water and either the RS water and artificial seawater (Fig. 5, Appendix 5). In the 402 

fourth water-flume combination (ACB), the time spent in the artificial seawater was 403 

significantly lower than the time spent in either the RS water and RS detritus water (p < 404 

0.001; Fig. 5, Appendix 5). There was no significant difference between the times spent in 405 

the RS water and RS detritus water (Fig. 5, Appendix 5). In the fifth water-flume 406 

combination (CBA), the time spent in RS detritus water was significantly lower than the time 407 

spent in either the RS water or artificial seawater (p < 0.001; Fig. 5, Appendix 5). There was 408 

no significant difference between the times spent in the RS water and artificial seawater (Fig. 409 

5, Appendix 5). In the six water-flume combination (BAC), the time spent in RS water was 410 

significantly lower than the time spent in either the artificial seawater and RS detritus water 411 

(p < 0.001; Fig. 5, Appendix 5). There was no significant difference between the times spent 412 

in the artificial seawater and RS detritus water (Fig. 5, Appendix 5). As in Experiment 2, 413 

generally throughout the total of six water-flume combination experiments, the result showed 414 

that the shrimp spent most of the times in RS water.  415 

 416 

4.0 DISCUSSION 417 

Our results of Experiment 1 showed that flume position affect the time spent by the shrimps 418 

in the flumes. The difference in affinity for the three flume positions may have something to 419 

do with the flow rate and local conditions such as turbulence. Our results of Experiment 2 420 

and 3 indicate that juvenile P. debilis not only respond to water-borne chemical cues common 421 

in their habitat but are also able to differentiate chemical cues from different mangrove 422 
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species. Results of Experiment 2 and 3 also suggest that the leachate from R. stylosa contain 423 

chemical components that probably serve as attractants, contributing to the choice selection 424 

by the juveniles. The megalopae of the blue crab Callinectes sapidus (Rathbun 1896) have 425 

been reported to be able to discriminate between microhabitats using odours from aquatic 426 

vegetation, a behaviour that is also modified by factors such as additional odour from 427 

predators, ontogenetic stage, and tidal flow (Diaz et al. 2001; Forward Jr. et al. 2003). While 428 

these additional factors may play a part in determining habitat preference in P. debilis, our 429 

data clearly indicate a significant role of chemicals from mangroves in potential habitat 430 

location and choice selection by the shrimp.  431 

The chemical components of mangrove litter leachates are diverse, comprising many 432 

chemicals that may serve as potential cues. There are also significant differences in chemical 433 

composition of leachates from members of Rhizophoraceae and Avicenniaceae (Popp 1984a; 434 

Popp 1984b; Popp et al. 1984) (Appendix 6). It is, however, unclear which group(s) of 435 

chemicals is the most effective chemical cue used by P. debilis and other juvenile nekton. 436 

Although there is no direct evidence that low molecular weight carbohydrates (LMWC) cues 437 

might be responsible in attracting the juvenile shrimp, several studies have suggested the 438 

importance of carbohydrates as settlement cues to non-crustacean larvae, e.g. corals (Morse 439 

et al. 1996; Morse et al. 1994), sacoglossans (Krug and Manzi 1999), and sea urchins 440 

(Williamson et al. 2000). It is known that amino acids and other small molecules (nucleotides 441 

and simple sugars or organic acids) are also attractants available in animals (and sometimes 442 

in plant) tissue but it is unclear whether the molecules cues are released sufficient enough in 443 

order to be detected (Weissburg et al. 2002). Hay (2011) argued that primary metabolites 444 

such as proteins, sugars, and amino acids are prime candidates for chemical cues leading to 445 

food, with amino acids apparently particularly effective in crustaceans. Identification of the 446 

exact active compounds is, however, challenging because of low environmental 447 
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concentrations, the use of ‘blends’ and sequences of multiple rather than single compounds as 448 

cues, and expected fast degradation of cue chemicals (Hay 2011). The specific composition 449 

of the three different types of mangrove leaf water has not been analysed, as the identification 450 

of specific chemical cues is complex (Lecchini et al. 2010).  451 

The shrimp’s preference for the water types could also have resulted from the 452 

difference in the initial decomposition rates between the two mangrove species, influencing 453 

the leaching rate and thus the concentrations of the chemical cues. This result could be 454 

demonstrated by the juvenile shrimps in the actual field as well, hence guiding the shrimps to 455 

their preferred mangrove choice. In an experiment conducted at the same location where the 456 

leaves were collected, R. stylosa leaves lost more biomass followed by those in a mixture of 457 

R. stylosa and A. marina leaves or A. marina leaves, during the first 14 days of 458 

decomposition in the wet season (P. Natin, unpublished). Werry and Lee (2005) also 459 

observed that R. stylosa leaves lost more biomass during the first 14 days of decomposition 460 

compared to A. marina litter, probably resulting from a faster leaching rate. Following this 461 

result, the leaching rate and thus concentrations of chemical cues released from R. stylosa 462 

after the 14-day soaking period prompted the strongest response from the shrimp. In the first 463 

10-14 days of decomposition, mangrove leaf litter loses 20-50 % of organic carbon by 464 

leaching (Lee 1989; Robertson et al. 1992; Steinke et al. 1993), with up to 30 % tannins 465 

leached during a single day of soaking (Hernes et al. 2001). This rapid release of soluble 466 

chemicals may provide important cues guiding juvenile nekton recruited from offshore 467 

waters to their nursery habitats in estuaries.  468 

Results of Experiment 3 confirmed that the preference for R. stylosa water in 469 

Experiment 2 was due to soluble chemical cues that served as attractants to the shrimp. The 470 

attraction of juvenile shrimp to senescent mangrove leaf litter but not to detritus suggests that 471 

the attractant chemical cues of senescent R. stylosa litter probably originated from leaves 472 
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rather than microbes. This is due to the abundance of decomposers colonising the leaf litter 473 

would not have reached high enough levels in the first 14 days to produce a strong chemical 474 

signal as the initial leaching of soluble chemicals happens most rapidly during the first 10-14 475 

days of decomposition. The low preference for detritus is intriguing because there is often an 476 

abundance of decomposing litter in the sediment of mangrove forests, where juvenile nekton 477 

seek refuge and shelter. It is possible that there is a stage-structured response by juvenile 478 

nekton to chemical cues from mangrove litter of different ages, i.e. juveniles of different ages 479 

may consider the same cues differently in accordance to their specific habitat requirements. 480 

Another potential reason may be the sulphide often associated with hypoxic mangrove mud 481 

from which the aged detritus was extracted. Sediment in Rhizophora stands are often oxygen 482 

poor and with high concentrations of sulphide. While not statistically significant when 483 

compared to the artificial seawater, there is a trend that aged detritus of R. stylosa was even 484 

less preferred by P. debilis (Fig. 4). 485 

In mangroves, an acute ability to detect and move into the preferred habitat is crucial 486 

to the survival and growth of juvenile shrimp. While it is unclear what benefits the juvenile 487 

shrimp are seeking from Rhizophora stylosa forests, these are likely to be associated with 488 

either food availability or refuge from physical stress and predators. The benefits sought may 489 

be directly related to the effective chemicals in our experiment, i.e. using senescent mangrove 490 

leaf litter as food, or the chemicals may just serve as a proxy for non-chemical benefits, 491 

protection derived from the structural complexity of the root system of R. stylosa. Different 492 

mangrove species provide different environments for particular inhabitants in terms of the 493 

presence of complex vegetation structure, other organisms, and the size of sediment particles 494 

(Pinto et al. 2012). The microhabitats offered by mangrove forests for macrobenthos include 495 

the hard substrates (trunk, aerial roots, and tree foliage), soft sediment, and burrows for small 496 

benthos (Lee 2008). 497 
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Movement of soluble organic compounds from mangrove leaf litter could extend to 498 

some distances from the estuary, at least 1 km (Moran et al. (1991); Dittmar et al. (2001), and 499 

the chemical stimuli could serve as an effective guide to the juvenile shrimp in habitat 500 

selection at a spatial scale of kilometres based on the presence of local mangrove species. 501 

Even though the chemical cues at a distance would be a mixture of all available chemicals, 502 

the shrimp would still be able to differentiate individual cues when it is getting closer to the 503 

actual habitats. The effective concentration of chemical cues in mediating choice is unknown 504 

but it is likely that the signals can be detected at distances relevant to the need for juvenile 505 

shrimp to seek food and refuge between their low tide and high tide habitats. Juvenile penaeid 506 

shrimps are known to switch between refuge in mud banks during low tide and make 507 

excursions into the mangrove during high tide. It is unknown, however, whether such 508 

behaviour is just simple retreat-expansion into alternate habitats driven by tides, or if the 509 

shrimp actively seek out their preferred mangrove patches during the high tide using 510 

chemical cues. Other cues, such as changes in hydrostatic pressure, may also assist juvenile 511 

nekton locate their habitat over long-distances. P. debilis at the east coast of Sinai, Egypt, 512 

utilise mangroves as a refuge area (juveniles) and search for food on the sand bottom (adult) 513 

during the high tide. With the receding tide, they migrate to more sheltered areas near 514 

mangrove (Avicennia marina) aerial roots or pneumatophores (Fonds et al. 1981). 515 

In conclusion, it has been shown that the juvenile P. debilis is able to detect and 516 

distinguish water-borne chemical cues from three different types of mangrove-leaf water. 517 

Chemicals released by R. stylosa leaf litter probably act as positive cues that guide juvenile 518 

shrimp to their preferred mangrove choice. There is still research to be undertaken, including 519 

identifying the chemical compounds involved, and at what spatial scale they are detected. For 520 

the experimental design, flow meters can be installed in the water inlet, upstream of each 521 

flume channel.  522 



22 
 

 523 

ACKNOWLEDGEMENTS 524 

This study was financially supported by a Griffith University Higher Degree Research grant. 525 

We acknowledge the Ministry of Education, Malaysia, for providing a Ph.D. scholarship to 526 

the first author. We thank Chantal Huijbers (Griffith University) for reading the manuscript 527 

and giving suggestions on the design and operation of the flow tank, Hilke Alberts-Hubatsch 528 

(Leibniz Centre for Tropical Marine Ecology, Germany) for suggestions on the operation of 529 

the flow tank, Peter Davie (Queensland Museum) for the identification of P. debilis, Michael 530 

Arthur for advice on statistical analysis, Jianyin Huang and Feleccia Molukun for assistance 531 

in the field, Geoffrey Turner and David Bellchambers for assistance in constructing the flow 532 

tank, and Daniel Tonzing for assistance in the laboratory setup. 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 



23 
 

REFERENCES 548 

Alongi, D. M., 1987a. The influence of mangrove-derived tannins on intertidal meiobenthos 549 

in tropical estuaries. Oecologia 71(4):537-540.  550 

Alongi, D. M., 1987b. Intertidal zonation and seasonality of meiobenthos in tropical 551 

mangrove estuaries. Marine Biology 95(3):447-458.  552 

Arvedlund, M. & A. Takemura, 2006. The importance of chemical environmental cues for 553 

juvenile Lethrinus nebulosus Forsskål (Lethrinidae, Teleostei) when settling into their 554 

first benthic habitat. Journal of Experimental Marine Biology and Ecology 338:112-122.  555 

Atema, J., M. J. Kingsford & G. Gerlach, 2002. Larval reef fish could use odour for 556 

detection, retention and orientation to reefs. Marine Ecology Progress Series 241:151-557 

160.  558 

Beck, M. W., K. L. Heck, K. W. Able, D. L. Childers, D. B. Eggleston, B. M. Gillanders, B. 559 

Halpern, C. G. Hays, K. Hoshino & T. J. Minello, 2001. The Identification, conservation, 560 

and management of estuarine and marine nurseries for fish and invertebrates: A better 561 

understanding of the habitats that serve as nurseries for marine species and the factors 562 

that create site-specific variability in nursery quality will improve conservation and 563 

management of these areas. Bioscience 51:633-641.  564 

Boone, E. J., A. A. Boettcher, T. D. Sherman & J. J. O'Brien, 2003. Characterization of 565 

settlement cues used by the rhizocephalan barnacle Loxothylacus texanus. Marine 566 

Ecology Progress Series 252:187-197.  567 

Castro, P., 2015. Symbiotic Brachyura. In Castro, P., P. Davie, D. Guinot, F. R. Schram & J. 568 

C. von Vaupel Klein (eds) Decapoda: Brachyura, Treatise on Zoology - Anatomy, 569 

Taxonomy, Biology. vol 9c-I. Brill, Leiden and Boston, 543-581. 570 



24 
 

Chiussi, R., 2003. Orientation and shape discrimination in juveniles and adults of the 571 

mangrove crab Aratus pisonii (H. Milne Edwards, 1837): Effect of predator and 572 

chemical cues. Marine and Freshwater Behavior and Physiology 36(1):41-50.  573 

Dahlgren, C. P., G. T. Kellison, A. J. Adams, B. M. Gillanders, M. S. Kendall, C. A. Layman, 574 

J. A. Ley, I. Nagelkerken & J. E. Serafy, 2006. Marine nurseries and effective juvenile 575 

habitats: concepts and applications. Marine Ecology Progress Series 312:291-295.  576 

Dana, J. D., 1852. Crustacea 1. United States Exploring Expedition. During the years 1838, 577 

1839, 1840, 1841, 1842. Under the Command of Charles Wilkes, U. S. N. volume XIII, 578 

Sherman, Philadelphia. 685 pp. 579 

Derby, C. D., 2000. Learning from spiny lobsters about chemosensory coding of mixtures. 580 

Physiology and behavior 69(1):203-209.  581 

Diaz, H., B. Orihuela, R. B. Forward Jr. & D. Rittschof, 2001. Effects of chemical cues on 582 

visual orientation of juvenile blue crabs, Callinectes sapidus (Rathbun). Journal of 583 

Experimental Marine Biology and Ecology 266:1-15.  584 

Diaz, H., B. Orihuela, R. B. Forward Jr. & D. Rittschof, 2003. Orientation of juvenile blue 585 

crabs, Callinectes sapidus (Rathbun), to currents, chemicals and visual cues. Journal of 586 

Crustacean Biology 23:15-22.  587 

Diele, K. & D. J. B. Simith, 2007. The chemical cues originated from predator, conspecifics, 588 

heterospecifics, substrate etc. have an effect during metamorphosis. Journal of 589 

Experimental Marine Biology and Ecology 348:174-182.  590 

Dittmar, T., R. J. Lara & G. Kattner, 2001. River or mangrove? Tracing major organic matter 591 

sources in tropical Brazilian coastal waters. Marine Chemistry 73:253-271.  592 

Dixson, D. L., G. P. Jones, P. L. Munday, S. Planes, M. S. Pratchett, M. Srinivasan, C. Syms 593 

& S. R. Thorrold, 2008. Coral reef fish smell leaves to find island homes. Proceedings of 594 

the Royal Society B 275(1653):2831-2839.  595 



25 
 

Fonds, M., T. Zohary & A. Barnes, 1981. The relation between daily food intake and growth 596 

of the Pacific mangrove prawn Palaemon debilis Dana and its Atlantic relative 597 

Palaemon elegans Ranthke, both from the Gulf of Elat. Kieler Meeresforschungen 598 

Sonderheft 5:501-510.  599 

Forward Jr., R. B., R. Tankersley, K. Smith & J. M. Welch, 2003. Effects of chemical cues 600 

on orientation of blue crab, Callinectes sapidus, megalopae in flow: implications for 601 

location of nursery areas. Marine Biology 142:747-756.  602 

Gebauer, P., K. Paschke & K. Anger, 2002. Metamorphosis in a semiterrestrial crab, Sesarma 603 

curacaoense: Intra- and interspecific settlement cues from adult odors. Journal of 604 

Experimental Marine Biology Ecology 268:1-12.  605 

Gerlach, G., J. Atema, M. J. Kingsford, K. P. Black & V. Miller-Sims, 2007. Smelling home 606 

can prevent dispersal of reef fish larvae. Proceedings of the National Academy of 607 

Sciences of the United States of Americaa 104:858-63.  608 

Hay, M. E., 2011. Crustaceans as powerful models in aquatic chemical ecology. In 609 

Breithaupt, T. & M. Thiel (eds) Chemical communication in crustaceans. Springer New 610 

York, 41-62. 611 

Hay, M. E. & J. Kubanek, 2002. Community and ecosystem level consequences of chemical 612 

cues in the plankton. Journal of Chemical Ecology 28:2001-2016.  613 

Hernes, P. J., R. Benner, G. L. Cowie, M. A. Goni, B. A. Bergamaschi & J. I. Hedges, 2001. 614 

Tannin diagenesis in mangrove leaves from a tropical estuary: A novel molecular 615 

approach. Geochimica Et Cosmochimica Acta 65:3109-3122.  616 

Horner, A. J., M. J. Weissburg & C. D. Derby, 2004. Dual antennular chemosensory 617 

pathways can mediate orientation by Caribbean spiny lobsters in naturalistic flow 618 

conditions. Journal of Experimental Biology 207(21):3785-3796.  619 



26 
 

Huijbers, C. M., E. M. Mollee & I. Nagelkerken, 2008. Post-larval French grunts (Haemulon 620 

flavolineatum) distinguish between seagrass, mangrove and coral reef water: 621 

Implications for recognition of potential nursery habitats. Journal of Experimental 622 

Marine Biology and Ecology 357:134-139.  623 

Huijbers, C. M., I. Nagelkerken, P. A. C. Lossbroek, I. E. Schulten, A. Siegenthaler, M. W. 624 

Holderied & S. D. Simpson, 2012. A test of the senses: Fish select novel habitats by 625 

responding to multiple cues. Ecology 93:46-55.  626 

Kingsford, M. J., J. M. Leis, A. Shanks, K. C. Lindeman, S. G. Morgan & J. Pineda, 2002. 627 

Sensory environments, larval abilities and local self-recruitment. Bulletin of Marine 628 

Science 70(1):309-340.  629 

Koch, B., J. Rullkötter & R. Lara, 2003. Evaluation of triterpenols and sterols as organic 630 

matter biomarkers in a mangrove ecosystem in northern Brazil. Wetlands Ecology and 631 

Management 11:257-263.  632 

Krug, P. J. & A. E. Manzi, 1999. Waterborne and surface-associated carbohydrates as 633 

settlement cues for larvae of the specialist marine herbivore Alderia modesta. Biological 634 

Bulletin 197:94-103.  635 

Lecchini, D., S. C. Mills, C. Brié, R. Maurin & B. Banaigs, 2010. Ecological determinants 636 

and sensory mechanisms in habitat selection of crustacean postlarvae. Behavioral 637 

Ecology 21:599-607.  638 

Lecchini, D., V. P. Waqalevu, E. Parmentier, C. A. Radford & B. Banaigs, 2013. Fish larvae 639 

prefer coral over algal water cues: implications of coral reef degradation. Marine 640 

Ecology Progress Series 475:303-307.  641 

Lee, S. Y., 1989. The importance of sesarminae crabs Chiromanthes spp. and inundation 642 

frequency on mangrove (Kandelia candel (L.) Druce) leaf litter turnover in a Hong Kong 643 

tidal shrimp pond. Journal of Experimental Marine Biology and Ecology 131:23-43.  644 



27 
 

Lee, S. Y., 2008. Mangrove macrobenthos: assemblages, services, and linkages. Journal of 645 

Sea Research 59:16-29.  646 

Leis, J. M., U. Siebeck & D. L. Dixson, 2011. How nemo finds home: the neuroecology of 647 

dispersal and of population connectivity in larvae of marine fishes. Integrative and 648 

Comparative Biology 51:826-843.  649 

Marchand, C., J.-R. Disnar, E. Lallier-Vergès & N. Lottier, 2005. Early diagenesis of 650 

carbohydrates and lignin in mangrove sediments subject to variable redox conditions 651 

(French Guiana). Geochimica Et Cosmochimica Acta 69:131-142.  652 

Moran, M. A., R. J. Wicks & R. E. Hodson, 1991. Export of dissolved organic matter from a 653 

mangrove swamp ecosystem: evidence from natural fluorescence, dissolved lignin 654 

phenols, and bacterial secondary production. Marine Ecology Progress Series 76:175-655 

184.  656 

Morse, A. N. C., K. Iwao, M. Baba, K. Shimoike, T. Hayashibara & M. Omori, 1996. An 657 

ancient chemosensory mechanism brings new life to coral reefs. Biological Bulletin 658 

191:149-154.  659 

Morse, D. E., A. N. C. Morse, P. T. Raimondi & N. Hooker, 1994. Morphogen-based 660 

chemical flypaper for Agaricia humilis coral larvae. Biological Bulletin 186:172-181.  661 

Nagelkerken, I., 2009. Evaluation of nursery function of mangroves and seagrass beds for 662 

tropical decapods and reef fishes: patterns and underlying mechanisms. In Nagelkerken, 663 

I. (ed) Ecological connectivity among tropical coastal ecosystems. Springer, 357-399. 664 

Nagelkerken, I., S. J. M. Blaber, S. Bouillon, P. Green, M. Haywood, L. G. Kirton, J. O. 665 

Meynecke, J. Pawlik, H. M. Penrose & A. Sasekumar, 2008. The habitat function of 666 

mangroves for terrestrial and marine fauna: a review. Aquatic Botany 89:155-185.  667 



28 
 

Pinto, T. K., M. C. V. Austen, R. M. Warwick, P. J. Somerfield, A. M. Esteves, F. J. V. 668 

Castro, V. G. Fonseca-Genevois & P. J. P. Santos, 2012. Nematode diversity in different 669 

microhabitats in a mangrove region. Marine Ecology 34:257–268.  670 

Popp, M., 1984a. Chemical composition of Australian mangroves I. Inorganic ions and 671 

organic acids. Zeitschrift für Pflanzenphysiologie 113:395-409.  672 

Popp, M., 1984b. Chemical composition of Australian mangroves II. Low molecular weight 673 

carbohydrates. Zeitschrift für Pflanzenphysiologie 113:411-421.  674 

Popp, M., F. Larher & P. Weigel, 1984. Chemical composition of Australian mangroves III. 675 

Free amino acids, total methylated onium compounds and total Nitrogen. Zeitschrift für 676 

Pflanzenphysiologie 114:15-25.  677 

Poupin, J., 2007. Internet - Database of Crustacea (Decapoda and Stomatopoda), from 678 

Central Pacific Islands (French Polynesia, Pitcairn, Easter Island, Clipperton). At 679 

http://decapoda.ecole-navale.fr/index.php and http://decapoda.free.fr. In. Accessed 18 680 

July 2015. 681 

Rathbun, M. J., 1896. The genus Callinectes. Proceedings of the United States National 682 

Museum. 18: 349-375. 683 

Robertson, A. I., D. M. Alongi & K. G. Boto, 1992. Food chains and carbon fluxes. In 684 

Robertson, A. I. & A. D. M. (eds) Tropical Mangrove Ecosystems. Coastal Estuarine 685 

Studies, vol 41. AGU, Washington, DC, 293-326. 686 

Sheridan, P. & C. Hays, 2003. Are mangroves nursery habitat for transient fishes and 687 

decapods? Wetlands 23(2):449-458.  688 

Shokita, S., 1977. Larval development of palaemonid prawn, Palaemon (Palaemon) debilis 689 

Dana from the Ryukyu Islands. Bull Sci Eng Div Univ Ryukyus Math Nat Sci 23:57-76.  690 

Steinke, T. D., A. J. Holland & Y. Singh, 1993. Leaching losses during decomposition of 691 

mangrove leaf litter. South African Journal of Botany 59:21-25.  692 

http://decapoda.ecole-navale.fr/index.php
http://decapoda.free.fr/


29 
 

Weissburg, M. J., M. C. Ferner, D. P. Pisut & D. L. Smee, 2002. Ecological consequences of 693 

chemically mediated prey perception. Journal of Chemical Ecology 28(10):1953-1970.  694 

Welch, J. M., D. Rittschof, T. M. Bullock & R. B. Forward Jr., 1997. Effects of chemical 695 

cues on settlement behavior of blue crab Callinectes sapidus postlarvae. Mar Ecol Prog 696 

Ser 154:143-153.  697 

Werry, J. & S. Y. Lee, 2005. Grapsid crabs mediate link between mangrove litter production 698 

and estuarine planktonic food chains. Marine Ecology Progress Series 293:165-176.  699 

Williamson, J. E., R. De Nys, N. Kumar, D. G. Carson & P. D. Steinberg, 2000. Induction of 700 

metamorphosis in the sea urchin Holopneustes purpurascens by a metabolite complex 701 

from the algal host Delisea pulchra. Biological Bulletin 198:332-345.  702 

 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 



30 
 

Figures 718 

 719 

Fig. 1.  Rectangular flow-tank with 3-channel flume: Three different water sources (A, B and 720 

C) from 3 different tanks respectively are introduced into the flume. D - observation area. E - 721 

starting position of the juvenile caridean shrimp / zone with mixed water from all three 722 

flumes. F - water outlet from the flume. G - down current mesh net. 723 

 724 

Fig. 2. Dye test prior to the experiment. 725 

 726 

Fig. 3. Mean (±1 SE) percentage of time juvenile P. debilis spent according to same water 727 

types in each flume.  728 

 729 

Fig. 4. Mean (±1 SE) percentage of time juvenile P. debilis spent according to water type-730 

flume combination during the choice test (experiment 2). A = RS+AM (a combination of R. 731 

stylosa and A. marina) water type, B = RS (R. stylosa) water type and C = AM (A. marina) 732 

water type.  733 

 734 

Fig. 5. Mean (±1 SE) percentage of time juvenile P. debilis spent according to water type-735 

flume combination during the choice test (experiment 3). A = RS (R. stylosa) water type, B = 736 

RS_Det (aged R. stylosa detritus) water type and C = ASW (artificial seawater) water type.  737 
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starting position of the juvenile caridean shrimp / zone with mixed water from all three 747 

flumes. F - water outlet from the flume. G - down current mesh net. 748 
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 771 

 772 

Fig. 2. Dye test prior to the experiment. 773 
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 787 

Fig. 3. Mean (±1 SE) percentage of time juvenile P. debilis spent according to same water 788 

types in each flume.  789 
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 801 

Fig. 4. Mean (±1 SE) percentage of time juvenile P. debilis spent according to water type-802 

flume combination during the choice test (experiment 2). A = RS+AM (a combination of R. 803 

stylosa and A. marina) water type, B = RS (R. stylosa) water type and C = AM (A. marina) 804 

water type.  805 
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 813 

Fig. 5. Mean (±1 SE) percentage of time juvenile P. debilis spent according to water type-814 

flume combination during the choice test (experiment 3). A = RS (R. stylosa) water type, B = 815 

RS_Det (aged R. stylosa detritus) water type and C = ASW (artificial seawater) water type.  816 
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Appendix 825 

Appendix 1: Experiment 1. Results of post-hoc tests with Tukey HSD for time spent in same 826 

water type in each of the flume position. Significant test results are highlighted in bold. 827 

 828 

Water type Flume Position Comparison p 
A (RS+AM) Left Middle 0.420 

 Left Right 0.052 

 Middle Right 0.001 
    
B (RS) Left Middle <0.001 
 Left Right 0.994 
 Middle Right <0.001 
    
C (AM) Left Middle 0.089 
 Left Right 0.014 
 Middle Right <0.001 

RS+AM = a combination of Rhizophora stylosa and Avicennia marina water, AM = A. marina water 829 

and RS = R. stylosa water. 830 

 831 

Appendix 2: Experiment 2. Results of post-hoc tests with Bonferroni (α = 0.0167) correction 832 

for time spent in water type. Significant test results are highlighted in bold. 833 

 834 

Water type Comparison p 
RS+AM RS 0.835 
RS AM 0.014 
AM RS+AM 0.237 

RS+AM = a combination of Rhizophora stylosa and Avicennia marina water, AM = A. marina water 835 

and RS = R. stylosa water. 836 

 837 

Appendix 3: Experiment 2. Results of post-hoc analyses with Bonferroni (α = 0.0167) for 838 

times spent in the interaction of water types x six different water-flume combinations. 839 

Significant test results are highlighted in bold. 840 

 841 



37 
 

Water-flume 
Combination Water type  Comparison p 
ABC RS+AM RS 0.095 

 
RS AM <0.001 

 
AM RS+AM 0.028 

BCA RS+AM RS 1.000 

 
RS AM 0.005 

 
AM RS+AM <0.001 

CAB RS+AM RS <0.001 

 
RS AM <0.001 

 
AM RS+AM 0.556 

ACB RS+AM RS 0.258 

 
RS AM <0.001 

 
AM RS+AM <0.001 

CBA RS+AM RS <0.001 

 
RS AM 0.005 

 
AM RS+AM 0.016 

BAC RS+AM RS <0.001 

 
RS AM 1.000 

 
AM RS+AM 0.002 

RS+AM = a combination of Rhizophora stylosa and Avicennia marina water, AM = A. marina water 842 

and RS = R. stylosa water. 843 

 844 

Appendix 4: Experiment 3. Results of post-hoc tests with Bonferroni (α = 0.0167) corrections 845 

for times spent in water type. Significant test results are highlighted in bold. 846 

 847 

Water type Comparison P 
RS RS_Det <0.001 
RS_Det ASW 0.165 
ASW RS 0.021 

RS = R. stylosa water, RS_Det = R. stylosa detritus and ASW = artificial seawater 848 

 849 

Appendix 5: Experiment 3. Results of post-hoc analyses with Bonferroni (α = 0.0167) for 850 

times spent in the interaction of water types x six different water-flume combinations. 851 

Significant test results are highlighted in bold. 852 

 853 

 854 
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Flume 
Combination Water type  Comparison p 

ABC RS RS_Det <0.001 

 
RS_Det ASW <0.001 

 
ASW RS 0.967 

BCA RS RS_Det 0.003 

 
RS_Det ASW <0.001 

 
ASW RS <0.001 

CAB RS RS_Det 0.147 

 
RS_Det ASW 0.129 

 
ASW RS <0.001 

ACB RS RS_Det 0.208 

 
RS_Det ASW <0.001 

 
ASW RS <0.001 

CBA RS RS_Det <0.001 

 
RS_Det ASW <0.001 

 
ASW RS 1.000 

BAC RS RS_Det <0.001 

 
RS_Det ASW 0.033 

 
ASW RS <0.001 

RS = R. stylosa water, RS_Det = R. stylosa detritus and ASW = artificial seawater 855 

 856 

Appendix 6: Reported composition of leachates from leaves of mangrove species from 857 

Rhizophoraceae and Avicenniaceae. The symbols ‘+ ‘ and ‘-‘ respectively indicate presence 858 

and absence of the respective chemicals in the two families.  859 

 860 

Groups of 
chemicals 

Rhizophoraceae Avicenniaceae References 

(1) inorganic ions and organic acids (Popp 1984a) 
Inorganic ions    
SO4

2- + +  
Mg2+ + +  
Na+ + +  
Cl- + +  
Organic acids    
oxalate - +  
malate + +  
citrate + +  
quinate + +  
shikimate + +  
    
(2) low molecular weight carbohydrates (LMWC) (Popp 1984b) 
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cyclitol + -  
pinitol + -  
sucrose + +  
glucose + +  
fructose + +  
    
(3) free amino acids, total methylated onium compounds 
(TMOC) and total nitrogen 

(Popp et al. 1984) 

Free amino acids + +  
TMOC + +  
total Nitrogen + +  
glycinebetaine - +  
    
(4) condensed tannins             + 

 
+ (Hernes et al. 2001) 

(5) lignin-derived phenols (Marchand et al. 
2005) 

cinnamic phenols + +  
vanillic phenols + +  
syringic phenols + +  
    
(6)triterpenoids   (Koch et al. 2003) 
taraxerol + -  
germanicol + -  
lupeol + -  
betulin - +  
lupeol - +  
β-sitosterol - +  
 861 


